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Introduction

1.1 Climate change and CO2 capture and storage
The warming of the climate system is unequivocal as shown by measurements of
temperature changes in the atmosphere, cryosphere, and oceans since the mid‐20th
century (IPCC, 2013). A large majority of climate scientists deem it extremely likely (95‐
100% probability) that the increase in anthropogenic greenhouse gas (GHG) emissions
since the pre‐industrial era has been the dominant cause of the observed average global
temperature increase (IPCC, 2013). Among the anthropogenic greenhouse gases, carbon
dioxide (CO2) is the major contributor to the increased radiative forcing of the climate
system (IPCC, 2013). The primary source of the increased atmospheric concentration of
CO2 has been the use of fossil fuels, industrial processes and land use change. The Fifth
Assessment Report (AR5) of the intergovernmental panel on climate change (IPCC)
reported that a rising global average temperature and concomitant atmospheric CO2
concentrations will have mainly detrimental consequences for ecosystems, health, food
and water security, and risk of conflicts (IPCC, 2014a). To date, temperature increases
have already affected many natural systems across the globe (IPCC, 2014a).
To keep the risk of biophysical and socio‐economic impacts within acceptable limits,
scientists agree that the average global surface temperature rise should not exceed 2.0‐
2.4 C compared to pre‐industrial levels (IPCC, 2014b). To achieve this goal, it is estimated
that the atmospheric GHG concentrations need to be stabilised at a level of 430‐480 parts
per million volume (ppmv) CO2‐equivalent (CO2‐eq). This would require curtailments of
annual global anthropogenic GHG emissions in the region of 40‐70%1 by 2050 compared
to 2010, and an emission level of nearly zero or below in 2100 (IPCC, 2014b). This
translates to a global emission budget of 1,000 GtCO2 that can still be emitted from 2014
onwards (IEA, 2014a).
To reach a target of 450 ppmv CO2‐eq, a broad set of low or zero carbon emitting energy
technologies is needed. Traditional CO2 mitigation options such as energy savings, energy
efficiency improvement, fuel switching (e.g. from coal to natural gas), renewables and
nuclear energy, may not suffice. Most GHG emission mitigation scenario studies show that
1

This range is based on a large number of climate mitigation scenarios that look at all GHG emissions. No specific target
was set for CO2 emission reductions in the AR5. In the AR4, an emission reduction range of 50‐85% compared to the year
2000 was indicated for CO2 only.
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CO2 capture and storage (CCS) will be an important component in the portfolio of
mitigation options to reach the 450 ppmv target (IPCC, 2014b). CCS is the process of
capturing CO2 from industrial and energy‐related sources, transporting it to an
(underground) storage site, and long term isolation from the atmosphere (IPCC, 2005).
CCS is the only technology capable of reducing CO2 emissions while preserving the value of
fossil fuel reserves and existing infrastructure (IEA, 2013). This is particularly important
considering the dominant role that fossil fuels will continue to play in the supply of
primary energy until at least the mid‐21st century. Moreover, CCS is the only mitigation
option available today to achieve deep CO2 emission reductions within carbon‐intensive
industries such as refineries, cement and iron & steel (IEA, 2013). Furthermore, several
450 ppmv scenarios project that use of biomass in combination with CCS (bio‐CCS), which
allows for a net removal of CO2 from the atmosphere, is necessary to reach low GHG
stabilisation targets (IPCC, 2014b). In this context, CCS may play a role as a bridging
technology, enabling a gradual and cost effective transition to a low‐carbon future energy
system (IPCC, 2005). Scenario analyses of the Global Energy Assessment (GEA) indicate
that without CCS in the portfolio of mitigation options, the cumulative energy investment
over the period 2010‐2050 would rise with 11‐22% (7‐17 trillion US$2005) (IEA, 2012).
Figure 1.1 presents the relative increase of GHG emission avoidance costs when excluding
certain technologies from a GHG emission mitigation portfolio, relative to a portfolio with
default technology assumptions. The outcomes are based on a large number of GHG
emission mitigation models. Note that the exclusion of CCS from the portfolio results in a
relative cost increase of around 40% and 135% (median values) when aiming at stabilising
atmospheric concentration levels within the range of 530‐580 and 430‐480 ppmv CO2‐eq,
respectively, in the year 2100. Unlike nuclear energy and limited solar/wind, inclusion of
CCS is critical in order to reach the climate targets via a cost effective route. Moreover, the
number of GHG emission mitigation models capable of meeting the 430‐480 ppmv target
in the absence of CCS is relatively low (4 out of 10).
The 2 C scenario (2DS) of the International Energy Agency (IEA, 2014b), which explores
the portfolio of measures needed to achieve 450 ppmv stabilisation targets, is commonly
used for policy purposes and as a guideline for research activities. Figure 1.2 presents the
required contributions of different sectors and CO2 mitigation technologies to the
necessary annual emission reductions to achieve the 2DS levels compared to business as
usual projections. In the 2DS, CCS contributes 14% of the necessary cumulative CO2
emission reductions over the period 2011‐2050. Of this 14%, approximately 55% occurs in
the power sector, mainly at coal‐ and gas‐fired power plants; the industrial sector
accounts for the other 45%. To achieve the reduction targets of the IEA 2DS for the
industrial sector, 20‐40% of all facilities would have to be equipped with CCS by 2050 (IEA,
14
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Figure 1.1: Relative increase in present value GHG emission avoidance costs (discounted at 5% per
year) for the period 2015‐2100 from mitigation technology portfolio variations relative to a GHG
emission mitigation scenario with default technology assumptions. The numbers below the graph
refer to the number of models capable of meeting the 430‐480 ppmv target with the respective
technology variation scenario vis‐à‐vis the total number of models attempting to run this scenario.
Source: IPCC (2014b).

2011). In total, a cumulative amount of approximately 120 GtCO2 would need to be
captured and stored between 2015 and 2050 (IEA, 2013).
From a first order assessment of the IEA GHG (2011), the global technical potential for bio‐
CCS in 2050 was estimated to be around ‐20 GtCO2‐eq/y and ‐7 GtCO2‐eq/y avoided for
the power and (bio)fuel sectors, respectively (ZEP, 2012). In Europe, bio‐CCS could remove
around 800 MtCO2‐eq per year from the atmosphere, which is equivalent to over 50% of
the current annual CO2 emissions of the EU power sector (IEA GHG, 2011). When climate
actions are postponed, mitigation portfolios become increasingly dependent on bio‐CCS in
the second half of the 21st century (IPCC, 2014b).
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Figure 1.2: Contributions to annual emission reductions between the 6 C scenario (6DS, business as
usual) and 2 C (2DS) scenario of the IEA (2014a) from different sectors (left graph) and mitigation
technologies (right graph). The percentages represent cumulative contributions over the period
2
2011‐2050 to emission reductions relative to 6DS.

1.2 General description of CCS
CCS is composed of three major components: capture, transport and storage. Each
component is shortly described in the following subsections. A more detailed description
can be found in reports published by the IEA (2008) and IPCC (2005).
Capture
CO2 capture is commonly divided into four main categories: post‐combustion capture,
oxyfuel combustion capture, pre‐combustion capture and capture from industrial process
streams. Post‐combustion capture involves the separation of CO2 from flue gas at
atmospheric pressure, produced by the combustion of a carbonaceous fuel with air. Due
to the low partial pressure of CO2 in the flue gas (typically 3‐15% by volume), capture is
normally performed by chemical absorption using a liquid solvent. Subsequently, the
solvent is regenerated using a temperature swing. The oxyfuel process involves the
combustion of a carbonaceous fuel with nearly pure oxygen (O2) instead of air, utilising
recycled flue gas to control the combustion temperature. This approach allows a gas
consisting mainly of CO2 and steam to be formed. Removal of the steam by condensation
results in a CO2 purity of nearly 80‐98% (IPCC, 2005). Oxygen is commonly produced by
2

End‐use fuel and electricity efficiency include emissions related to efficiency improvements in end‐use sectors
(buildings, transport, industry) and end‐use fuels (including electricity). End‐use fuel switching refers to emission
reductions related to switching from fossil end‐use fuels to other end‐use fuels (excluding renewables) in the end‐use
sectors. The category power generation efficiency and fuel switching includes emission reductions from efficiency
improvements in fossil electricity, cogeneration and heat plants as well as from switching to less carbon intensive fossil
fuels (e.g. from coal to gas) used for electricity generation.
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separating oxygen from air under cryogenic conditions. Pre‐combustion systems process
carbonaceous fuels in a reactor with steam and either air or oxygen to produce syngas, i.e.
a mixture consisting of carbon monoxide (CO) and hydrogen (H2). Subsequently, CO is
reacted with steam to recover additional H2 and CO2 (shift reaction). The CO2 is separated
from the high‐pressure gas mixture, which contains between 15‐40% CO2, typically by
using a physical solvent. The regeneration of the physical solvent is achieved by pressure
swing. For capture from industrial processes, one of the three aforementioned capture
systems can be used depending on the process conditions. In certain industrial processes
(e.g. purification of natural gas, or hydrogen, fertilizer or ethanol production), CO2 removal
is an inherent part of the production process.
Transport
CO2 can be transported at large scale via pipeline or ship. In both modes, the density of
the captured CO2 has to be increased to enable cost efficient transport, either by
compression (pipeline transport) or by liquefaction (ship transport). The optimal transport
mode depends mainly on the transport volume, location and distance to the storage site.
Pipeline transport is cost effective for large quantities of CO2 and has been applied in the
US for several decades, mainly to transport CO2 from natural, underground CO2 sources to
operational oil fields, with the aim to increase the amount of crude oil that can be
extracted from the reservoir, so‐called enhanced oil recovery (EOR). Transport by ship
appears an attractive option for large distances and smaller volumes overseas and offers
flexible CO2 supply, as ships can easily collect CO2 from multiple CO2 sources and transport
it to several sinks (Geske et al., 2015a, 2015b).
Storage
The final step is the injection of CO2 in dense or supercritical form3 into geological
formations below the earth’s surface. Alternatives to geological storage are injection into
the deep ocean, sequestration through mineral carbonation, algal bio‐sequestration, and
industrial uses (IEA, 2008). However, these alternatives are not further discussed here.
Several geological formations have been proposed for CO2 storage, particularly nearly
depleted oil and gas reservoirs, coal seams and saline formations, i.e. sedimentary rocks
saturated with formation water that contain high concentrations of dissolved salts (IPCC,
2005). Injection of CO2 can be used to increase hydrocarbon recovery in oil reservoirs
(EOR) or in unmineable coal seams (enhanced coal bed methane recovery). Geological
formations suitable for CO2 storage should have favourable characteristics including ample
storage volume, sufficiently high permeability to allow injection, depths below 800 metres
3
CO2 in the supercritical phase has a temperature higher than 31.1 °C and a pressure higher than 73 bar. If the
temperature is below 31.1 °C but the pressure remains above 73 bar, the liquid is often called dense (Knoope et al.,
2013).
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to preserve the high density of CO2, and a confining layer of shale or salt to retain the CO2
for thousands of years (IEA, 2008; IPCC, 2005). The CO2 is trapped underground by two
main mechanisms: (i) physical trapping of CO2 by caprocks, faults, geological layers, and/or
pore spaces; (ii) geochemical trapping of CO2 via dissolution in the formation fluids
(water/hydrocarbons), adsorption onto the mineral surface, and/or the formation of
carbonate minerals by reacting with the minerals in the formation (IEA, 2008; IPCC, 2005).
Costs
CCS avoidance costs are estimated to be around 40‐70 €2012/tCO2 avoided for coal‐fired
power plants and around 60‐90 €2012/tCO2 avoided for gas‐fired power plants4 (GCCSI,
2011; IEA GHG, 2012; ZEP, 2011). The economic performance depends strongly on the
capture technology and fuel prices. Moreover, costs may vary due to differences in
transport distances and storage site attributes. Cost estimates for CCS in industry show
even wider ranges due to varying sizes and properties of industrial gas streams (see also
Section 1.4.1).
Bio‐CCS
In recent years, bio‐CCS has received increasing attention for its role as a CO2 mitigation
option (ZEP, 2012). Biomass binds carbon from the atmosphere as it grows. With the
conversion of biomass to energy, liquid fuels, or materials (e.g. bioplastics), carbon is
(eventually) released back to the atmosphere in the form of CO2. Instead, if the CO2 is
captured and stored underground, there is a net removal of CO2 from the atmosphere.
While bio‐CCS has significant reduction potentials (see Section 1.1), it is important to
ensure that the biomass is produced in a sustainable manner as this will directly affect the
overall lifecycle GHG emission reductions.

1.3 Implementation of CCS
So far, CCS has mainly been implemented through a number of pilot and small scale
demonstration plants, ranging from capture and storage to full chain CCS projects. By the
end of 2014, the world’s first large scale CCS project in the power sector commenced
operation at the Boundary Dam coal‐fired power station in Saskatchewan, Canada. An
amine‐based post‐combustion unit currently captures one million tonnes of CO2 per year
from steam turbine flue gas, which corresponds to nearly one‐fifth of the power plants’
total CO2 emissions (GCCSI, 2014). After compression, the CO2 is transported by pipeline to
an operational oil field where it is employed for EOR. Boundary Dam is one of the 22 large
4

The original cost values were converted to Euros 2012 using an exchange rate of 1 US$ = 0.75 € for the year 2010
(OANDA, 2014) and a downstream capital costs index to escalate the costs to the year 2012 (IHS CERA, 2014).
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scale CCS projects in operation or construction around the world. Except for the Boundary
Dam project, all implemented large scale CCS demonstration projects are operating in
sectors where CO2 is removed as an inherent part of the production process. Currently,
the first large scale CCS demonstrating project in the iron & steel sector (0.8 MtCO2/y) in
Abu Dhabi, United Arab Emirates, is under construction and expected to come online in
2016. Other large scale demo projects are planned, but will not become operational
before 2017 (see GCCSI, 2014). If CCS is to reach its full potential, commensurate with its
role envisioned in CO2 mitigations scenarios, the body of large scale CCS projects must be
greatly expanded across a wider range of industries and regions in order to learn valuable
lessons, reduce costs and improve confidence in potential investors (GCCSI, 2014).

1.4

Gaps in knowledge

In addition to demonstration projects, several gaps in the current knowledge base need to
be addressed to provide further insight into the potential role and optimal deployment of
CCS over time. The following three main knowledge gaps are addressed in this thesis:
1. CO2 capture and transport in the industrial sector
Additional insight is needed into the techno‐economic performance, challenges and
optimal deployment of CO2 capture in industrial plants and zones over time. Moreover,
a better understanding is required of the role that CCS can play in a broader portfolio
of energy efficiency measures and GHG emission mitigation options in industrial plants
(see Section 1.4.1).
2. Large scale CO2 pipeline transport infrastructure
There is a requisite for a comprehensive overview of drivers, barriers and synergies
related to the design, construction and operation of large scale CO2 pipeline networks
(see Section 1.4.2).
3. The role of natural gas combined cycle power plants (NGCC) with CCS in future low‐
carbon power systems
Further insight is required for the potential role and cost competitiveness of NGCC‐CCS
over time, both as a baseload and backup power generation technology, compared to
several intermittent renewable energy systems and energy storage technologies (see
Section 1.4.3).
These knowledge gaps are further described in the following subsections.
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1.4.1 CO2 capture and transport in the industrial sector
The knowledge gap pertaining to CO2 capture and transport within industry can be divided
into four sub knowledge gaps: CO2 capture in industrial plants, CO2 capture and transport
in industrial zones, barriers related to the implementation and operation of CO2 capture in
industry, and optimal deployment of CCS within a portfolio of mitigation options in
industrial plants.
CO2 capture in industrial plants
The techno‐economic performance of CO2 capture in the industrial sector has been
investigated in various studies at the broad industrial (e.g. Damen et al., 2009; IEA, 2014a;
Saygin et al., 2013), sectoral (e.g. IEA GHG, 2008) and industrial plant level (Allam et al.,
2005a; IEA GHG, 2013; Johansson et al., 2012b). Cost estimations for CO2 capture in
industrial facilities vary considerably, due to differences in, among others, size and
properties of the industrial gas streams, energy prices, capture technologies, plant
configurations, and energy supply options for the capture process (see Table 1.1). In
general, CO2 capture from high‐pressure gas streams and/or with a high CO2
concentration is more cost effective than capture from gas streams with opposite
characteristics.
Table 1.1: Properties of typical gas streams in industry and their CO2 avoidance costs when applying
CO2 capture. Costs for transport and storage of CO2 are excluded. Sources: IEA (2013); Kuramochi
(2011, 2012); Meerman et al. (2012).
Source

Gas stream

Iron & Steel
Cement
Oil refineries

Blast furnace gas
Kiln offgas
Flue gas from
furnaces, boilers, or
catalytic cracker
Recovery boiler flue
gas
Process gas

CO2 concentration
in gas stream
(%vol)
24‐27
14‐33
8‐13

Pressure
gas stream
(bar)
1
1
1

CO2 partial
pressure
(bar)
0.24‐0.27
0.14‐0.33
0.08‐0.13

CO2 avoidance
cost (€2012/tCO2) a
45‐75
75‐155
60‐140

Pulp & paper
12‐14
1
0.12‐0.14
30‐60
(Kraft mill)
15‐35
20‐31
3‐11
40
H2 steam
reforming b
1
1
10
Natural gas
Process gas
~100 c
processing
a
Original cost values were converted to Euros 2012 by using an exchange rate of 1 US$ = 0.75 € for the year 2010
(OANDA, 2014) and a downstream capital costs index to escalate the costs to the year 2012 (IHS CERA, 2014).
b
These figures apply to a steam reformer with a pressure swing adsorption unit used to separate hydrogen from the
high‐pressure process stream after the waster gas shift reactor.
c
CO2 removal is an inherent part of the production process.
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Kuramochi et al. (2012) have conducted an extensive literature review into the techno‐
economic performance of the main CO2 capture technologies in the industrial sector by
standardising several key parameters (e.g. capacity factor, energy prices, economic
lifetime, interest rate, CO2 compression pressure) to enable a fair comparison. They have
shown that the short and midterm (coming 10‐15 years) CO2 avoidance costs range from
25‐65 €2007/tCO2 in the iron and steel sector, 65‐135 €2007/tCO2 in the cement sector, to 50‐
120 €2007/tCO2 in petroleum refineries and petrochemical facilities, depending on various
factors such as capture technology, energy supply options, energy prices and industrial
plant configurations (Kuramochi et al., 2012). While most studies at the broad industrial
and sectoral level explored standardised models of industrial processes (e.g. Kuramochi et
al., 2012), the bottom‐up studies examined real industrial plants, but limited the analysis
to one capture technology (e.g. Allam et al., 2005a,b) and/or one industrial plant (e.g. IEA
GHG, 2013, 2008). Hence, a more multifaceted understanding is needed on how different
types of capture technology and how site‐specific factors (e.g. size, gas compositions,
number of point sources, plant configurations) can affect the CO2 avoidance costs. Also, as
there are significant variations in point sources within a single plant, more insight is
needed into capture cost differences as well as into how to deploy CCS in an optimal
manner at the plant level (ZEP, 2013).
CO2 capture and transport in industrial zones
The cost of CCS at most industrial sources is currently too high to enable large scale
deployment. Since the cost for CO2 capture constitutes a large proportion of the CCS costs,
efforts should be made to significantly reduce capture costs in order for CCS to become a
viable option (IEA, 2011; ZEP, 2013). This can be done by increasing the efficiency of
capture technologies, designing new industrial processes with favourable properties for
CO2 capture (e.g. process streams with high CO2 partial pressure), or via a joint CO2
capture approach. Clustering multiple industrial plants via a joint CO2 capture and
transport infrastructure is a possible route to reduce costs, by exploiting economies of
scale (Benton, 2015; RCI, 2009). Bureau et al. (2011) examined the techno‐economic
feasibility of an innovative separated absorber‐stripper configuration with an amine
solution transport network for the French industrial area Le Havre. Their findings
confirmed that a cluster approach can indeed be more cost effective than CO2 capture
initiatives at individual plants. More infrastructure configurations for large scale CO2
capture in industrial zones should be investigated, including the three main CO2 capture
technologies, to identify opportunities for cost reductions. Furthermore, an in‐depth
analysis is needed as to how such infrastructure configurations can be deployed over time
in an optimal mode. For example, deployment pathways may vary regarding the sequence
in which industrial plants in an industrial zone start capturing CO2, the number of
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deployment steps, and whether CO2 capture units can be oversized at an early stage to
anticipate future capture demand, or not.
Barriers related to the implementation and operation of CO2 capture in industry
Aside from the techno‐economic aspect, barriers can arise during the implementation and
operation of CO2 capture equipment at industrial plants, such as limited space availability
and problems with retrofitting of industrial boilers and furnaces (e.g. Allam et al., 2005a;
van Straelen et al., 2010). It is currently difficult to determine which issues constitute real
barriers for CCS. An inventory of all the potential challenges related to the implementation
and operation of the three main capture technologies does not exist. Possible space
limitations may not be restricted to the industrial plant level, but could also play a role in
cramped industrial zones. Hence, research is needed to discover to what extent space
limitations could hamper the deployment of CCS across industrial zones.
Optimal deployment of CCS within a portfolio of mitigation options in industrial plants
Multiple mitigation options have to be deployed to achieve deep emission reductions in
the industrial sector (IEA, 2013). All mitigation options (e.g. energy efficiency, fuel and
feedstock switching, CCS) have varying degrees of emission reduction potentials,
avoidance costs and impact on the industrial core processes. Moreover, when
implemented in tandem, mitigation options show several interactions (e.g. decrease in
each other’s GHG reduction potential, synergies, lock‐in effects). To date, only a few
studies have examined the CO2 reduction potential for a combination of mitigation
options in the industrial sector, all of them from a high level perspective (e.g. Johansson et
al., 2012a; Saygin et al., 2013). Saygin et al. (2013) modelled the future CO2 reduction
potential of energy efficiency measures and CCS in seven Dutch industries up to 2040.
They found that economically viable energy efficiency measures will be implemented
before most CCS options, and that CCS options can further enhance total emission
reductions from 17‐33% (only economically viable efficiency measures) compared to 1990,
to 39‐47% in 2040, assuming a CO2 price of 92 €2008/tCO2 in line with the 450 ppmv
scenario of the IEA (2010). Such an analysis has not been undertaken at the industrial
plant level to date. Further insight is needed as to how to deploy a portfolio of available
mitigation options over time in an optimal manner, i.e. with low CO2‐eq avoidance costs,
high emission reductions, and/or low upfront investment costs. For each industrial plant,
the optimal deployment pathway will depend on the industrial sector, key processing
technologies, (future) plant configuration, fuel and feedstock mix, and energy prices.
Therefore, a method is needed to compare and assess the techno‐economic performance
of deployment pathways – based on different evaluation criteria (GHG avoidance cost,
GHG reduction potential, upfront investment cost) – for industrial plants across all sectors.
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1.4.2 Large scale CO2 pipeline transport infrastructure
CO2 pipeline transport is a mature and well‐known technology due to the operation of
around 6,500 km of CO2 pipelines in North America, which were mainly built for the
purpose of EOR (IEA, 2013; Noothout et al., 2014). Pipeline transport of CO2 from
anthropogenic sources is, however, different, mainly because of impurities in the CO2
stream (e.g. H2, O2) that may be entrained during the CO2 capture process, and
intermittency of the CO2 flow5. Experience with CO2 pipeline transport linked to CCS and
CO2 utilisation projects exists, but is very limited. In recent years, a number of R&D
programs (e.g. COOLTRANS, CO2PipeHaz, SARCO2, PIPETRANS) have been set up to
increase the technical knowledge base and bring down costs of anthropogenic, dense
phase CO2 pipeline transport. Moreover, several studies investigated non‐technical
aspects of CO2 pipeline, such as potential finance constructions (e.g. Sanders et al., 2013),
organisational models for pipeline projects (e.g. Chrysostomidis and Zakkour, 2008), and
the development of cost models to identify optimal pipeline network configurations (e.g.
Kanudia et al., 2013; Knoope et al., 2014a). In parallel to these research activities, legal
frameworks are being established for anthropogenic CO2 pipeline transport that is
designated for storage (see e.g. GCCSI, 2012b). Although significant progress has been
made into enabling CO2 pipeline transport, incumbent barriers related to pipeline
technology, legislation, policy, economics, finance and organisation may still exist.
For the realisation of large scale networks, such barriers should be tackled. In addition,
efforts should be made to exploit previous experience and knowledge accumulated
through conventional pipeline transport and CCS demonstration projects, which have
potential to further drive the development of CO2 pipeline networks. Several studies have
formerly identified drivers, barriers and synergies related to CO2 transport infrastructures
(Chrysostomidis and Zakkour, 2008; Element Energy Limited, 2010). Of these studies, most
originate from industry and are based on either literature reviews, desktop research,
interviews with stakeholders, and/or studies of existing pipeline trajectories, or only cover
one or two aspects of CO2 pipeline networks (e.g. technology, legislation, policy,
economics, finance and organisation). To date, a comprehensive and consistent method,
including all aforementioned data collection methods and aspects, to identify the drivers,
barriers and synergies for a regional pipeline network is not available in scientific
literature. Such a method would be desirable to provide overviews of drivers, barriers and
synergies, which can serve as input for region‐specific roadmaps.
5

CO2 flows coming from natural, sedimentary formations can be easily controlled such that there is a constant flow
through the pipeline. Instead, CO2 produced and captured at, for example, power plants is directly related to the amount
of electricity produced, which varies during the day. As a result, the CO2 supply varies as well. These supply swings could
result in significant pressure and temperature fluctuations of the CO2 flow in the pipeline, which is undesirable for
numerous reasons.
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1.4.3 The role of NGCC‐CCS in future low‐carbon power systems
The largest single application of CCS in the 2 °C mitigation scenario of the IEA (2013) is in
coal‐fired power plants. However, CCS at gas‐fired power plants has gained increasing
interest, due to the projected absolute growth in the global supply and use of natural gas
over the coming decades (IEA, 2014a). NGCC plants show several benefits over coal based
power plants. As natural gas is less CO2‐intensive (less than 400 kgCO2/MWhe) than coal
(around 800 kgCO2/MWhe), NGCC power plants are not only less polluting, but also
provide insurance against potentially rising CO2 prices (IEA, 2013). In addition, gas‐fired
power plants are generally less capital intensive and can contribute to baseload power
generation, or act as backup capacity in power systems with a high penetration of
intermittent renewable electricity systems (IRES). IRES technologies like photovoltaics PV,
wind, and concentrated solar power have a low carbon footprint, but are variable and
partially unpredictable, thus can only be controlled to a certain extent (Brouwer et al.,
2014; IPCC, 2011). Backup power capacity is compulsory to ensure high power system
reliability. To achieve deeper CO2 emission reductions, NGCC with CCS (either as a retrofit
technology or on new builds) could be an important low‐carbon electricity generation
technology. However, the role of NGCC‐CCS is still uncertain. For example, its quantitative
role in GHG emission mitigation scenarios holds projection ranges from 0% (Ecofys/WWF,
2011) to 36% (GEA, 2012) of the current total global electricity production.
The potential role of NGCC‐CCS in future low‐carbon power systems will depend
principally on its cost competitiveness relative to other low‐carbon power generation
options. With respect to baseload operation, important competitive technologies are IRES,
hydropower, geothermal, coal and biomass based power plants and nuclear power.
Alternatives for backup power capacity are, for example, pumped hydro storage,
compressed air energy storage, and batteries. To garner further insight into the
competitiveness of NGCC‐CCS, the low‐carbon power and storage technologies should be
compared on an equal footing, which implies that additional costs related to extra
balancing services, extra transmission requirements and adequacy requirements, should
be included in the analysis as well6. To date, such a systematic comparison of the costs
over time has not been carried out. Several studies have assessed and/or compared the
electricity production costs of NGCC‐CCS and IRES (e.g. Larsson et al., 2014; Viebahn et al.,
2012). However, none of these studies made a cost comparison on a level playing field,
including system integration costs and projections into the future (Larsson et al., 2014). A

6
Balancing costs are related to measures needed to match power supply and demand on a short term basis, for
example, by having extra reserve requirements. Transmission costs include grid expansion and upgrading costs.
Adequacy costs arise from backup or storage capacity that is needed at times when there is insufficient renewable
energy generation.
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comprehensive understanding of the costs is necessary to determine how NGCC‐CCS could
be optimally deployed over time in a broader portfolio of low‐carbon power technologies.

1.5 Objective, research questions and outline of thesis
In the context of the preceding knowledge gaps, the objective of this thesis is to assess
promising deployment pathways for CO2 capture and transport in industry and the
electricity generation sector.
To meet this objective, the following three research questions were formulated:
I.
What are cost effective CO2 capture and transport infrastructure configurations
and deployment pathways in industrial plants and zones over time?
II.

What are the drivers, barriers and synergies of CO2 capture and pipeline
transport infrastructure configurations over time at the local, national and
international level?

III.

How can CCS be optimally deployed over time in a broader portfolio of energy
efficiency measures and low‐carbon energy technologies, both from a cost and
emission reduction perspective?

Table 1.2 gives an overview of the chapters of this thesis in which these research
questions are addressed.
Table 1.2: Overview of the topics of the thesis chapters and the research question(s) addressed in
them.
Chapter

Topic

2

Techno‐economic performance and challenges of applying CO2 capture in
industry
Techno‐economic performance and spatial footprint of CO2 capture
infrastructure configurations in industrial zones
Deployment pathways for CO2 capture and transport infrastructure
configurations in industrial zones
Deployment pathways for greenhouse gas mitigation options in an industrial
plant
Drivers, barriers and synergies related to the deployment of a CO2 pipeline
network
The potential role of NGCC‐CCS in future low‐carbon power systems

3
4
5
6
7

Research question
I
II
III
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Chapter 2 addresses research questions I and II by conducting a techno‐economic analysis
of the implementation of the three main CO2 capture technologies, post‐, pre‐ and oxyfuel
combustion capture, at industrial plant level for the short term (2020‐2025) and long term
(2040‐2050). Five industrial plants from various industrial sectors in the port of Rotterdam
in the Netherlands are used as case studies to examine the impact of site‐specific factors.
The set of case studies consists of two refineries, a medium and small sized chemical
plant, and a hydrogen plant. The techno‐economic analysis is complemented by way of
interviews held with experts from industry to assess the barriers related to the
implementation and operation of CO2 capture at industrial plants.
Chapter 3 addresses research questions I and II by developing a bottom‐up method to
assess the techno‐economic performance and spatial footprint of infrastructure
configurations for large scale CO2 capture in industrial zones. A group of sixteen industrial
plants in the Dutch industrial Botlek area is selected as a case study. The time frame of this
study is the period 2020‐2030. The configurations differ inter alia with respect to CO2
capture technology, location of capture components, local pipeline network, and energy
supply for CO2 capture.
Chapter 4 addresses research questions I and II by extending the analysis carried out in
Chapter 3. Several deployment pathways for the most cost effective CO2 capture
infrastructure configurations previously identified in chapter 3 are examined. The
deployment pathways are assumed to be realised through three separate buildout steps
and vary in regard to the capture technology, the sequence and timing in which the
sixteen industrial plants start capturing CO2, and whether capture components and
pipelines are oversized, or not.
Chapter 5 addresses research question III by developing a bottom‐up method to identify
and assess deployment pathways for GHG emission reductions in an industrial plant. The
method is applied to a large, complex oil refinery in northwest Europe. The studied
mitigation options are: energy efficiency measures, CCS (post‐, pre‐ and oxyfuel
combustion), fast pyrolysis of woody biomass to produce infrastructure‐ready
transportation fuels, and gasification of torrefied wood pellets to produce electricity,
hydrogen and/or Fischer‐Tropsch fuels. Based on their techno‐economic performance,
several deployment pathways will be identified and assessed.
Chapter 6 addresses research question II by developing a method to identify drivers,
barriers and synergies related to the deployment of a CO2 pipeline network. The method is
demonstrated for the West Mediterranean region, i.e. Spain, Portugal and Morocco. The
method comprises a literature review, analysis of embedded pipeline trajectories,
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interviews with experts, and workshops with stakeholders. Subsequently, the collected
information is used to identify route specific drivers, barriers and synergies in several CO2
pipeline network deployment scenarios that were modelled for the West Mediterranean
region in a related study. Finally, several key measures are proposed to enable CO2
pipeline networks in the future.
Chapter 7 addresses research question III by comparing the costs of NGCC‐CCS, on a level
playing field, to those of IRES combined with power storage technologies in a CO2
mitigation portfolio, both as baseload power generation and as a back‐up service. The
focus is on three IRES technologies, namely offshore wind, photovoltaic systems, and
concentrated solar power with thermal storage, plus five power storage technologies,
pumped hydro storage, compressed air energy storage, and lithium ion, NaNiCl, and Zn‐Br
battery systems. The potential cost reduction due to technological learning up to 2050 is
estimated for each technology by combining techno‐economic data, progress ratios, and
deployment projections from different worldwide energy scenarios.
Chapter 8 summarises the findings of Chapters 2 to 7, provides answers to the research
questions, and gives recommendations for policy makers and for further research
activities.
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ABSTRACT
To date, literature often presents generic results on the techno‐economic performance of
CO2 capture in industry. Insufficient knowledge is available on the impact of site‐specific
factors on the feasibility of CO2 capture at industrial plant level. This chapter presents a
techno‐economic analysis and an inventory of potential implementation and operational
challenges related to the three main CO2 capture technologies applied at industrial plant
level for the short term (2020‐2025) and long term (2040‐2050). Five industrial plants
from various industrial sectors (a medium and large sized petroleum refinery, a small and
medium sized chemical plant, and a large hydrogen plant) in the Netherlands were used
for this study.
The results show the lowest CO2 avoidance costs for the refineries (24‐57 €2010/tCO2) and
chemical plants (37‐124 €2010/tCO2) when operated in oxyfuel combustion mode, both for
the short and long term, although post‐combustion is economically preferable for the
smallest chemical plant (117 €2010/tCO2) in the short term. For the hydrogen plant,
avoidance costs (67 €2010/tCO2) are lowest when capturing CO2 solely from the high‐
pressure process gas. For the short term cases, spatial constraints on existing plant sites
could increase the indicated CO2 avoidance costs, especially for post‐combustion capture;
for the long term cases, new‐built capture ready process units, plant integration and
optimised utilities are expected to lower the avoidance costs for all three capture
technologies.
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Industrial energy contributes to roughly one third of the total CO2 emissions worldwide
(about 12 GtCO2 in 2007) (Gielen et al., 2008). According to the reference case of the
World Energy Outlook 2009 (IEA, 2009a), worldwide industrial energy consumption is
projected to grow in primary terms from 185 EJ to 259 EJ in 2030. Several studies have
looked at options to mitigate CO2 emissions in the industrial sector. Many of these studies
focus on the potential of increasing energy efficiency (e.g. Gielen et al., 2002; Phylipsen et
al., 2002; Wang et al., 2007). However, forecast exercises have indicated that additional
saving measures are necessary if stabilisation targets of around 450 ppmv or lower are to
be achieved. A combined portfolio of mitigation options including energy and material
efficiency, feedstock substitution, and carbon capture and storage (CCS), is necessary to
achieve larger reduction targets. Scenario work made by the IEA (Blue Map Scenario
exploring the portfolio of measures needed to achieve 450 ppmv stabilisation targets)
concluded that CCS can contribute about one fifth to the required CO2 emission
reductions, of which almost half would take place in industry and fuel transformation
sectors (IEA, 2009b).
To date, the techno‐economic performance of CO2 capture in the industrial sector has
been assessed at the aggregate, sectoral and industrial plant level. The first category is
mainly exploratory in nature and tends to take average industrial figures for CO2
concentrations in flue gases (Damen et al., 2009; IEA, 2009b), energy and capital
requirements for CO2 capture (Damen et al., 2009), or only considered large and high
concentration emission sources (IEA GHG, 2002). Saygin et al. (2013), on the other hand,
carried out a top‐down analysis for the Dutch industry, and distinguished between CO2
concentrations in gas streams, specific energy and capital requirements for CO2 capture
and included the emission sources from less CO2 emission and energy intensive sectors as
well (e.g. food, paper). The second category focused on usually one industry, e.g. the
cement (IEA GHG, 2008) or iron & steel industry (Oda et al., 2007), and did not specify or
examine the three main CO2 capture technologies: post‐, oxyfuel and pre‐combustion
capture. Up to now, only Kuramochi et al. (2012) made an extensive techno‐economic
assessment and comparison of the main CO2 capture technologies for industrial processes
in various sectors. In the third category, several bottom‐up studies have been conducted
to assess the techno‐economic performance of CO2 capture at industrial plants (e.g. Allam
et al., 2005a,b; IEA GHG, 2008, 2000; van Straelen et al., 2010). Apart from the IEA GHG
(2008, 2000) reports, in which one industrial plant was investigated, all the bottom‐up
studies examined only one type of CO2 capture technology. So far, the techno‐economic
consequences of applying different types of CO2 capture technologies in real industrial
plants, in contrast to standardised models of an industrial process, have not been analysed
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and compared. Therefore, insufficient knowledge is available on how the different types
of CO2 capture technology at specific industrial plants and how site‐specific factors (e.g.
scale effects and number of point sources) can affect the CO2 avoidance costs.
Furthermore, although several studies state that retrofitting industrial boilers and
furnaces with CO2 capture equipment is technically feasible (Allam et al., 2005a,b; IEA
GHG, 2000; Wilkinson et al., 2003), no overview exists of additional challenges which may
arise during implementation and operation of CO2 capture equipment at industrial plants.
It may, for example, be challenging to install flue gas ducting and CO2 capture equipment
on an already congested industrial site (Hurst and Walker, 2005; IEA GHG, 2008; van
Straelen et al., 2010). More insights can help to evaluate whether such challenges could
impede the adoption of CO2 capture altogether, or to what extent they would affect the
implementation and operation costs and/or the technical performance of a plant.
This is why the objective of this study is twofold, namely to investigate and compare the
techno‐economic performance of the three main CO2 capture technologies in the industry,
and to make an inventory of potential implementation and operational challenges related
to these technologies. For this purpose, five industrial plants from various industrial
sectors (a medium and large sized petroleum refinery, a small and medium sized chemical
plant, and a large hydrogen plant) have been selected as case study. The variety in case
studies allows for a comparison of different industrial sectors, plant sizes and plant
configurations. All plants are located in the Dutch industrial area Rijnmond, which is
appointed by the local government as a potential area for large scale CO2 capture (RCI,
2011). Based on the results, efforts will be made to draw general lessons for CO2 capture
at industrial plants.
This chapter is structured as follows. Section 2.2 describes the method and data used in
this study, while Section 2.3 presents the results on the energy use, CO2 emissions and
costs for different CO2 capture configurations. The research method, results, and
uncertainties involved are discussed in Section 2.4. Lastly, the main conclusions are
reported in Section 2.5.
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The bottom‐up analysis allows for a detailed assessment of the techno‐economic
performance of different CO2 capture technologies (post‐, pre‐ and oxyfuel combustion)
at industrial plant level. The analysis is based on five case studies for which several CO2
capture configurations are considered. Additionally, a literature review and interviews
with experts are conducted to identify and assess issues and remaining knowledge gaps
related to the implementation and operation of CO2 capture at industrial plants.

2.2.1 Case studies
Table 2.1 shows the five case studies investigated in this study, namely two petroleum
refineries, two petrochemical plants, and a steam reforming hydrogen plant. These case
studies were selected in order to assess how different characteristics of industrial plants
can affect the techno‐economic performance and challenges encountered during the
implementation and operation of CO2 capture equipment. The case studies vary with
respect to industrial sector, annual CO2 emissions (large vs. small emitters), space
availability for capture equipment, and the distribution of the point sources. Two
petroleum refineries were chosen to examine the effect of plant size and plant specific
factors on CO2 capture. The Shell refinery Pernis (refinery I) is one of the largest refineries
worldwide with an annual throughput of around 21 million tonnes of crude oil, whereas
the Esso refinery (refinery II) processes less than half the amount of crude oil per year (~10
million tonnes). Moreover, the refineries have low space availability on the plant site and
a high number of dispersed point sources. The Rotterdam Aromatic Plant (RAP, chemical
plant I) and Rotterdam Oxo‐alcohol Plant (ROP, chemical plant II) are both small CO2
emitters and have less point sources. Finally, the steam reforming hydrogen plant HyCO4
of Air Products is a medium sized CO2 emitter that represents an attractive opportunity to
capture CO2 from high‐pressure process gas, which requires relatively little energy, rather
than only from the atmospheric pressure flue gases emanating from the stacks.
Table 2.1: Overview of case studies investigated in this study (Based on: DHV, 2009; Esso, 2010; RAP,
2011; ROP, 2011; Shell, 2011, 2010).
Refinery I
Refinery II
Chemical plant I
Chemical plant II
Industry
Oil refining
Petrochemical
MtCO2/y
4.1
2.2
0.4
<0.1
Space availability
Low
Low
Low
Medium
17 b
8b
4
2
Point sources a
a
Flares and point sources smaller than 5 ktCO2/year were not considered in this study.
b
These point sources are scattered across the industrial plant site.
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H2 production
0.8
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Core processes and data sets
Figure 2.1 shows simplified flow diagrams of the core processes (demarcated by the blue
boxes) in the industrial plants. The main mass and energy flows are indicated with arrows.
Although both refineries (Figure 2.1a) differ significantly in daily throughput, number of
point sources and process units (i.e. boilers, furnaces, catalytic crackers, CHP plants,
hydrogen plants and gasifiers), the core processes are in general rather similar. A relevant
difference is that the more extensive refinery I has four cracking installations and a
separate gasifier, whereas refinery II has only one hydrocracker and a combined thermal
gasification/cracking unit (Flexicoker). The process units from which the CO2 is captured
are indicated by the hatched boxes. The core processes of the chemical plants are
presented in Figure 2.1b and c. Unlike the refineries, the CO2 is only captured from the
furnace(s) (and boilers). As the CO2 capture configurations are principally similar for all
industrial plants, the dashed boxes are omitted in Figure 2.1b and c. The hydrogen plant is
not shown separately in Figure 2.1 as the core processes are similar to the pre‐combustion
configuration in box III. In order to perform detailed and plans‐specific calculations, data
sets for the refineries and chemical plants (DHV, 2009; Esso, 2010; RAP, 2011; ROP, 2011;
Shell, 2011, 2010) were obtained from environmental reports (Dutch: Milieujaarverslagen)
and monitoring plans commissioned by the Dutch Emissions Authority on an annual basis.
These data sets contain, among others, detailed key data on energy flows, fuel
consumption, fuel composition, CO2 emissions, capacities, and capacity and load factors of
the process units. For the recently built hydrogen plant, the submitted license application
is used instead, because no environmental reports were available yet. The data sets are
not presented in this study for the sake of brevity.

2.2.2 CO2 capture configurations and data
For the refineries and chemical plants, the techno‐economic performance of the post‐ and
oxyfuel configurations are calculated for the short term (2020‐2025) and long term (2040‐
2050), whereas only a short term configuration is calculated for the pre‐combustion
configuration. The configurations are schematically shown in Figure 2.1 and described in
the next sub‐sections. The short term configurations are characterised by commercially
available, first generation CO2 capture technologies, whereas the long term configurations
are based on advanced, second generation capture technologies. Three configurations are
devised for the steam reforming hydrogen plant: (i) CO2 capture from the atmospheric
pressure stack flue gases (post‐combustion), (ii) CO2 capture from the high‐pressure (HP)
process gas between the water‐gas shift reactor and Pressure Swing Adsorption unit, and
(iii) CO2 capture from both the HP process gas and flue gas (see box III, Figure 2.1). Since
CHP plants still display operational difficulties when fired with nearly pure oxygen or
hydrogen (Kvamsdal et al., 2006), two sub‐configurations are devised for the oxyfuel and
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Figure 2.1: Simplified flow diagrams of the core processes in the industrial plants (blue boxes) and
the basic CO2 capture configurations (grey boxes) for post‐combustion (I), oxyfuel (II) and pre‐
combustion technology (III). Box III also represents the flow diagram of the steam reforming
hydrogen plant with CO2 capture. The red boxes represent the process units from which the CO2 is
captured. The CO2 drying, purification and compression step is shared for all three CO2 capture
configurations.
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pre‐combustion configurations of the two refineries, which both have one or more CHP
units installed on the industrial plant site. In the first sub‐configuration, CO2 is captured
from all process units except the CHP plants by using oxyfuel or pre‐combustion
technology (single technology (ST) configuration); in the second sub‐configuration, the CO2
emanating from the CHP plant(s) is also captured by using post‐combustion technology,
thereby combining either oxyfuel or pre‐combustion technology with post‐combustion
technology (combined technology (CT) configuration). The latter option allows for a higher
CO2 emission reduction rate. All configurations require additional energy for the capture
process. Additional heat is provided by an extra boiler (from which CO2 is also captured),
while the extra electricity is purchased from the grid.
Although plant modifications will probably take place to some degree, the main plant
characteristics and layouts are assumed to remain roughly the same in the short term. The
recent data sets of the industrial plants are, therefore, assumed to represent the short
term conditions of the industrial sites. The short term capture technologies will likely be
applied by means of retrofit under non‐optimal conditions (e.g., space limitations and
existing process units), resulting in several issues regarding the implementation and
operation of process units at plant level. A literature review and interviews with experts
are conducted to identify and assess these issues and knowledge gaps. The literature
encompasses reports and papers on CO2 capture technologies and industrial case studies,
mostly refineries. Interviews were held with ten experts working at large oil companies, an
oil and gas contractor, an industrial gas producer, and furnace and boiler manufacturers.
All experts have profound knowledge and/or are doing research on industrial facilities
(mostly refineries) in combination with CO2 capture. The names, organisations and
affiliations of the experts are not mentioned for the sake of confidentiality.
The data sets are also used for the long term, despite higher chances of changes in the
plant composition regarding process units, energy flows and CO2 emissions due to core
process modifications, replacements of process units, plant expansion, energy efficiency
measures, or other reasons. It should, therefore, be emphasised strongly that the long
term results are more indicative than the short term results. The long term technologies
will probably capture CO2 under optimal conditions in terms of space availability and
capture ready process units. The impact of optimal conditions on the techno‐economic
performance of CO2 capture will also be discussed in this chapter.
The relevant equations used to compute the technical and economic performance of the
CO2 capture configurations can be found in the Appendix (Section 2.6). Table 2.2 gives an
overview of the general parameters used in this study. All costs are reported in €2010. Costs
data found in the literature are converted with the European power capital cost index
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(EPCCI) (IHS CERA, 2011) to €2010, thus taking into account cost increases of energy, steel
and engineering services over the last few years (van Straelen et al., 2009). Costs that are
reported in US$ are first converted to Euro using the exchange rate data (year average)
from OANDA (2011), and are then updated to €2010.

2

Table 2.2: General input parameters standardised for technical and economic performance
calculations in this study.
Parameter

Unit

Nominal value
Short
Long
term
term
10
10
20
20
130
130
110
110
31.7
31.7
2.79
2.79

Sensitivity
analysis

Source

Real interest rate
%
5‐15
Own value
Economic lifetime
years
15‐25
Own value
%‐PPC a
van Horssen et al. (2009)
Total Plant Cost a
%‐TPC
van Horssen et al. (2009)
Total Capital Requirement a
Rabou et al. (2006)
Calorific value natural gas
MJLHV/Nm3
Rabou et al. (2006)
Heat content high‐pressure
GJth/t
steam
Industrial energy price
CBS (2011); ECN/PBL (2010);
€/GJLHV
9.3
14.0
±30%
Natural gas b
IEA (2010); own estimations
€/GJe
18.5
21.5
±30%
Electricity b
CO2 emission factor
kgCO2/GJe
88.9
9.3
±30%
van den Broek et al. (2011)
Dutch electricity
production c
56.7
56.7
Agentschap NL (2010)
Natural gas
kgCO2/GJLHV
%
85
85
IEA GHG (2000)
Industrial boiler efficiency d
%
80
80
IEA GHG (2000)
Industrial furnace efficiency d
78
78
Grahn et al. (2007)
Capital costs boiler
€/kWth
O&M costs boiler
%
2
2
Assumption
0.57 e
DOE/NETL (2002)
Scaling factor boiler
0.57 e
a
As the indirect costs were not specified or similarly defined in the underlying studies, standard percentages were used
to account for these costs. Process Plant Cost (PPC) comprises equipment cost and installation costs. Total Plant Cost
(TPC) comprises PPC and engineering fees and contingencies. Total Capital Requirement (TCR) comprises TPC, owner
costs and interests during construction. The values are within the ranges observed for power plant construction
(Kuramochi et al., 2012; van Horssen et al., 2009).
b
Ranges are assumed based on variations of quarterly energy prices within individual years studied over the period
1997‐2008 for the small electricity (2‐3 MWh/y) and natural gas (500‐150,000 m3/y) consumers in the Netherlands
(CBS, 2011).
c
It was assumed that in the industrialised world where CCS is also deployed for industrial processes, a large share of the
worldwide CO2 emissions is already reduced though renewable energy technologies, power plant CCS, and other CO2
mitigation options. Therefore, the CO2 emission factors for the Dutch electricity mix in 2020‐2025 (short term) and
2040‐2050 (long term) as modelled by van den Broek et al. (2011) in MARKAL was used, which assumed a scenario for
which around 50% of the CO2 is reduced worldwide.
d
In case efficiencies were not indicated in the environmental reports or monitoring plans, average efficiencies of 80% for
industrial furnaces and 85% for stand‐alone boilers are assumed to compensate for missing data.
e
This figure is derived from the data reported for boilers of 4‐111 MWth scale generating steam of 18.3 bar, 263 C
(DOE/NETL, 2002).
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Post‐combustion
The post‐combustion configurations capture CO2 from the flue gases (4‐16% CO2
concentration in the industrial plants) by using an absorber(s) with an aqueous solvent
with a mass fraction of 30% monoethanolamine (MEA), and a regeneration tower
(stripper). MEA was chosen, because it is already widely used in industry, and sufficient
detailed data are available for this solvent. No flue gas desulphurization (FGD) unit was
installed prior to the CO2 capture process since the SO2 and NOx concentrations in the flue
gases were found to be lower than the maximum allowed level for MEA scrubbing (<10
ppmv for SOx and <10 ppmv for NOx) as indicated by Hurst and Walker (2005). The specific
heat and electricity requirements for the regeneration of MEA were calculated for
different CO2 concentrations using process simulation software Aspen Plus® (Nienoord,
2012). According to Feron (2005) and Peeters et al. (2007), the thermal energy of the
regeneration process for future solvents could be improved by approximately 35%
compared to the values used for the short term. This study assumes a similar
improvement for the long term. After the stripper(s), the high‐temperature CO2 flow is
routed to a cooling tower, and subsequently, to a drying, purification unit and
compression unit in order to make it ready for transport in supercritical state. CO2
compression to 110 bar was assumed to ensure that the CO2 flow retains its supercritical
state during transport (IEA GHG, 2004; Koornneef et al., 2008). The compression is
performed in two steps. First, the CO2 is compressed up to the critical pressure of 73.8 bar
by using a multistage compressor. Second, the dense/supercritical CO2 is further
compressed by using a pump (Kuramochi et al., 2013). For the long term post‐combustion
case, cost reductions due to technological learning were assumed to take place for the
CO2 capture equipment and O&M costs. The cost reductions were derived by using the
learning rates as reported in van den Broek et al. (2009) in combination with the projected
cumulative amount of installed capacity in 2040‐2050 as indicated in the Technology
Roadmap of the IEA (2009b) (see Table 2.3). A simplified overview of the post‐combustion
configuration is given in Figure 2.1, box I. The technical and economic performance
parameters for the post‐combustion capture configurations are presented in Table 2.3.
Oxyfuel combustion
In the oxyfuel configurations capture a nearly pure CO2 stream, which is formed during the
combustion of fuel gases with pure oxygen (instead of air), in the boilers, furnaces and
catalytic cracker (see Figure 2.1, box II). For the short term, oxygen is assumed to be
produced in a cryogenic air separation unit (ASU). According to Universal Industrial Gases
(2010), on‐site oxygen production via ASU is preferable over import when using more than
100 t/d oxygen. For the long term, oxygen conducting membranes (OCM) are expected to
become the most cost efficient oxygen production technology (Allam et al., 2005b). The
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boilers, furnaces and catalytic cracker need to be adjusted to avoid air‐in leakage and
enable flue gas recirculation. Hot flue gas is partly recirculated to control combustion
temperatures, thus saving fuel flow to the boilers, furnaces and catalytic cracker.
Additional pipelines are needed to route the oxygen to the process units and CO2 to the
DPC units. Two different sub‐configurations were devised for the refineries. First, the
option of CO2 capture from all process units except the CHP plants (single technology
configuration), which shows operational difficulties when operated in oxyfuel (and pre‐
combustion) mode (Kvamsdal et al., 2006), and the existing hydrogen plants. Second, the
option of maximum CO2 capture by implementing, next to the oxyfuel technology, post‐
combustion technology to capture the CO2 emanating from the CHP plant (combined
technology configuration). Table 2.4 shows the technical performance parameters for
oxyfuel combustion capture used in this study.
Pre‐combustion
In the pre‐combustion concept CO2 is captured through decarbonisation of the fuel gases
in order to obtain a nearly pure CO2 and H2 stream (see Figure 2.1, box III). The steam
reforming decarbonisation process involves the reaction of a fuel gas with steam to
produce syngas composed of carbon monoxide and hydrogen. Subsequently, the carbon
monoxide is reacted with steam in a water‐gas shift reactor (WGS) to produce CO2 and
hydrogen (IPCC, 2005). The high partial pressure CO2 and hydrogen are separated after the
WGS by using the solvent methyldiethanolamine mixed with small amounts of piperazine
(3 mass%). This mixed solvent (ADIP‐X) was indicated by Meerman et al. (2012) to be
preferable over other solvents (high loading capacity per time unit and chemical stability
and low energy requirement, corrosiveness and vapour pressure) to capture CO2 from the
high‐pressure process gas in a steam reformer (SR). The hydrogen in the process gas is
extracted using a pressure swing adsorption (PSA) unit. Next, the hydrogen is fired in the
boilers, furnaces and catalytic cracker. The CO2 in the atmospheric pressure flue gas,
produced during the combustion of fuel gases in the reforming furnace, is captured by
using MEA. The waste heat coming from the process can be used for steam production
using heat exchangers. The captured CO2 coming from the high‐pressure process gas and
flue gas are directed to the DPC units. Similar to the oxyfuel configurations, two different
sub‐configurations were devised for the refineries, i.e. single and combined technology
configuration. All fuel gases were assumed to be used as feed and fuel for the SR facility.
Table 2.5 shows the technical performance parameters for pre‐combustion capture used
in this study.
There are several studies (e.g. Gazzani et al., 2013; Manzolini et al., 2013; Middleton et al.,
2005) which investigated promising future pre‐combustion technologies (e.g. the sorption
enhanced water‐gas shift process and the water‐gas shift membrane reactor). However,
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Table 2.3: Techno‐economic performance parameters for post‐combustion capture. The economic
data pertain to a post‐combustion system capturing annually 1.0 MtCO2 from 4 vol% CO2 flue gas
and 12‐14 vol% CO2 flue gas using one absorber and one stripper. Based on: CESAR (2011); IEA GHG
a
(2010); NETL (2010).
Parameter

Unit

Nominal value
Short term Long term

References

CESAR (2011); IEA GHG (2010); NETL
(2010)
Kuramochi et al. (2010); Rao et al. (2004);
Yagi et al. (2004)
Hurst and Walker (2005)
Feron (2005); Nienoord (2012); Peeters et
al. (2007)
Feron (2005); Nienoord (2012); Peeters et
al. (2007)
CESAR (2011)

GENERAL
CO2 capture ratio
Maximum processing capacity
Absorber
Stripper
Electricity flue gas blower
Regeneration heat c

%

90 b

90

ktCO2/d
ktCO2/d
GJe/tCO2
GJth/tCO2

3
10
0.35 b
3.5‐4.0

8
10
0.35
2.3‐2.6

CO2 capture (pumps and fans) c

GJe/tCO2

0.1‐0.3 b

0.1‐0.3

CO2 treatment and compression
Technological learning
CO2 capture equipment
CO2 treatment & compression
O&M costs
CAPEX
Gas gathering system

GJe/tCO2

0.6 b

0.6

%
%
%
€/MtCO2

45
0b
18
4 vol%
12

12‐14 vol%
12
Hurst and Walker (2005)

Modifications to stacks
CO2 capture equipment d

M€/stack

0.1

0.1

Hurst and Walker (2005)

Materials/equipment
Construction
CO2 treatment & compression d
Materials/equipment
Construction
Economic scaling factor
Absorber
Stripper
CO2 Compressor
OPEX
Fixed costs
Labour
Administration & overhead
Maintenance

€/MtCO2
€/MtCO2

46
26

22
14

CESAR (2011); IEA GHG (2010); NETL
(2010)

€/MtCO2
€/MtCO2

7
3

7
3

CESAR (2011); IEA GHG (2010); NETL
(2010)

0.67
0.67
0.7
4 vol%

Variable costs
Water usage
Other chemicals
MEA

a

van den Broek et al. (2009)

M€/y
% of labour
% of TPC

0.2 e
27.5
3.8

0.67
Kreutz et al. (2005); Sipöcz et al. (2011)
0.67
Larson et al., (2005); Sipöcz et al. ( 2011)
0.7
Kuramochi et al. (2010)
12‐14 vol%
NETL (2010)
0.1 e
See footnote
27.5
3.8

M€/y
M€/y

0.9
0.1
0.5

0.9
0.2
0.5

NETL (2010)

M€/y

Activated carbon
M€/y
0.1
0.1
Ammonia
M€/y
0.2
0.1
Corrosion inhibitor
M€/y
0.0
0.0
SCR catalyst
M€/y
0.1
0.1
The parameters used for economic costs are based on three detailed studies (CESAR, 2011; IEA GHG, 2010; NETL,
2010), which describe post‐combustion capture at a pulverised coal‐fired (PC) power plant (high CO2 concentration)
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and at a natural gas fired combined cycle (NGCC, low CO2 concentration). Since the CO2 concentration in the flue gases
can change significantly among and within industrial plants, data from both the capture systems applied at the PC and
NGCC power plants were used to account for this factor.
b
These values were assumed to remain constant for the long term. The development potential of CO2 compression is
expected to be marginal, because the compression train is based on mature and optimised technology (IEA GHG, 2006;
Peeters et al., 2007; van den Broek et al., 2009). The same reasoning applies to the electricity consumption of the
blower, fans and pumps.
c
Regeneration heat and electricity needed for flue gas with CO2 concentrations in the range of 4‐16%. It is assumed
there is no effect of scale on the specific energy requirement, which is concluded from a literature review (Kuramochi
et al., 2013).
d
All capital costs were standardised to and corrected for the amount of CO2 captured of 1.0 MtCO2 per year using one
absorber and stripper. Scaling factors were used not only to account for differences in CO2 capture capacity but also for
the number of absorbers and strippers. The cost category CO2 capture equipment represents the direct contact cooler,
absorber and stripper; the cost category CO2 treatment & compression comprises a CO2 drying, purification and
compression unit.
e
The average number of labour hours were taken from CESAR (2011); IEA GHG (2010); NETL (2010), and multiplied with
average European wages 60,000 €/FTE/y (IEA GHG, 2010).
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Table 2.4: Techno‐economic performance parameters for oxyfuel combustion capture.
Parameter
GENERAL
CO2 capture ratio (CR)
Oxygen production
Fuel savings furnaces
Fuel savings boilers
CO2 treatment & compression c
energy requirement
CAPEX
Boiler modification
Furnace modification
Air Separation Unit (ASU)

Unit

Nominal value
Short term
Long term

Reference

%
MJe/tO2
%
%
GJe/tCO2

87
684 a
8.3
4.2
0.53

87
376
5.9 b
9.6 b
0.53

Allam et al. (2005a,b)
ZEP (2011)
Allam et al. (2005a,b)
Allam et al. (2005a,b)
IEA GHG (2005)

M€/MtCO2/y
M€/MtCO2/y
M€/ktO2/day

3d

3d

Allam et al. (2005a,b)

d

1d
21

1
75 e

Allam et al. (2005a,b); IEA GHG
(2008); Spero (2008)
Allam et al. (2005a)
IEA GHG (2008)
See footnote f

11
14
Cooling water system
M€/MtCO2/y
M€/MtCO2/y
18
18
CO2 treatment & compression
Economic scaling factor ASU
0.65
OPEX
Maintenance
M€/y
2.2
2.6
0.7 g
Allam et al. (2005a,b)
Operator manpower
M€/y
0.7 g
Water
M€/y
1.2
2.2
Consumables
M€/y
0.2
0.2
a
The electricity consumption for oxygen production depends on the extent of heat and cycle (e.g. with a gas turbine)
integration. However, this study assumed a non‐integrated ASU. The effect of the production capacity on the Specific
Electricity Requirement (scale effect) was considered to be negligible.
b
OCM oxygen production (long term) shows higher fuel reductions than cryogenic oxygen production due to the higher
oxygen delivery temperature of this technology.
c
The treatment unit cools and dries the hot, wet CO2 coming from the boilers and furnaces.
d
Medium values calculated from the total boiler and furnace modification costs in Allam et al. (2005a,b). The scaling
factor for boiler and furnace modification are assumed to be 1 because the modification takes place on many small‐
medium scale boilers and furnaces that the total modification cost can be considered proportional to the total CO2
emissions of the industrial plant in question.
e
Average value based on Allam et al. (2005a,b); IEA GHG (2008); Spero (2008).
f
An average value was used based on Hamelinck and Faaij (2002); IEA GHG (2008); Larson et al. (2005); Tijmensen et al.(
2002).
g
No data were available on the amount of operating manpower hours in Allam et al. (2005a,b); only monetary values
were presented.
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Table 2.5: Techno‐economic performance parameters for pre‐combustion capture.

2

Parameter
Unit
Nominal value
References
GENERAL
Feed natural gas needed for H2 production
GJp/tH2
132
NREL (2009)
GJp/tH2
46
Fuel natural gas needed for H2 production
GJe/tH2
2.2
Electricity needed for H2 production
CO2 produced
tCO2/tH2
6.9
Production process (CO2 in process gas)
tCO2/tH2
3.2
SR furnace (CO2 in flue gas)
GJth/tH2
30
Appl (1997)
Waste heat (HP steam) a
%
95
CO2 capture ratio process gas
1.97
Meerman et al. (2012)
Heat for regeneration ADIP‐X
GJth/tCO2
0.04
Meerman et al. (2012)
Power for regeneration ADIP‐X
GJe/tCO2
GJe/tCO2
0.30
Meerman et al. (2012)
Power for CO2 treatment and compression
CAPEX
118
NREL (2009)
SR‐WGS plant
M€/MtCO2
47
NREL (2009)
M€/MtCO2
Balance of Plant
M€/MtCO2
35
NREL (2009)
CO2 treatment & Compression
M€/MtCO2
23
IEA GHG (2000)
SCR NOx control on stack
80
IEA GHG (2000)
Modified burners
k€/MtCO2
Economic scaling factor SR plant
0.67
Kreutz et al. (2005)
OPEX
Fixed costs
NREL (2009)
0.4 b
Labour
€/tCO2
Administration & overhead
% of labour costs
20
Maintenance
% of TPC
2
Variable costs
NREL (2009)
0.8
Demineralized water
€/tCO2
€/tCO2
1.8
Chemicals c
a
High‐pressure steam of 75 bar and 350 °C. It was assumed that the all waste heat is transferred to produce steam,
thereby ignoring possible heat losses.
b
The average amount of labour hours were taken from CESAR (2011); IEA GHG (2010); NETL (2010), and multiplied with
average European wages 60,000 €/FTE/y (IEA GHG, 2010).
c
SR and WGS catalysts, PSA sorbent, HP process gas solvent, MEA, SCR catalyst.
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the techno‐economic performance data presented in these studies were too aggregated
for the purpose of this study. Efforts to retrieve more detailed data were not successful
for reasons of confidentiality. Therefore, the pre‐combustion configuration is not included
in the long term portfolio.

2

2.3 Results
2.3.1 Techno‐economic performance
The results of the techno‐economic analysis will be discussed for the two refineries, two
chemical plants, and a hydrogen plant. Hereafter, the CO2 avoidance costs will be
presented for each individual point source within refinery I.
Refineries
The techno‐economic performance of the CO2 capture configurations of refinery I is
presented in Figure 2.2 and Table 2.6.
The results show that the heat production is high for the post‐combustion cases (MEA
regeneration) compared to the other cases, whereas the oxyfuel cases require larger
amounts of electricity, especially for oxygen production. The post‐combustion cases
require extra boilers with capacities of 448 MWth (short term) and 291 MWth (long term).
The pre‐combustion cases show no additional heat production due to the availability of
waste heat for solvent regeneration; however, significant amounts of natural gas are
needed for hydrogen production. The pre‐combustion cases also show the highest CO2
production. The short term single technology (ST) and long term oxyfuel cases show even
lower amounts of produced CO2 than in the base case due to fuel savings when firing fuels
in oxyfuel mode. Note that the amount of CO2 avoided is lowest for the ST oxyfuel (2.8‐3.1
MtCO2/y) and pre‐combustion cases (2.6 MtCO2/y). The long term combined technology
(CT) oxyfuel case shows the highest amount of avoided CO2 emissions (3.7 MtCO2/y).
Figure 2.2 shows that the CT pre‐combustion and short term post‐combustion case display
the highest annual costs, whereas the long term ST oxyfuel case show the lowest annual
costs. Note that the CT cases display higher CAPEX than the ST cases, since multiple CO2
capture technologies have to be installed. Furthermore, the energy costs of the oxyfuel
cases are much lower than for the post‐ and pre‐combustion cases, mainly due to fuel
savings. The long term ST oxyfuel case even displays negative fuel costs, implying that the
cost savings related to the boiler and furnace fuel reductions outweigh the additional
electricity costs for oxygen production using ion transport membranes. Despite significant
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Figure 2.2: Economic performance of CO2 capture configurations for refinery I.
Table 2.6: Energy requirements for CO2 capture configurations in refinery I. CT and ST stand for
combined technology and single technology configuration, respectively.
Base case

Energy (PJ/y)
Heat
Electricity
CO2 (Mt/y)
Produced
Captured
Emitted
Avoided
CO2 reduction (%)

Post‐ combustion
Short
Long
term
term

Oxyfuel combustion
Short term
Long term

Pre‐combustion

CT

ST

CT

CT

17.3
0.9

27.6
2.4

24.0
2.4

17.3
4.3

17.3
4.3

17.3
3.5

17.3
3.5

17.3
3.2

17.3
3.0

4.1
‐
4.1
‐
‐

5.0
4.3
0.7
3.4
83

4.6
4.1
0.6
3.6
87

4.4
3.6
0.8
3.3
80

4.0
2.6
1.3
2.8
68

4.0
3.7
0.4
3.7
89

3.7
2.6
1.0
3.1
75

5.4
4.9
0.5
3.6
87

5.4
3.9
1.5
2.6
64

ST

ST

reductions in solvent regeneration heat (35%) for the long term compared to the short
term post‐combustion cases, the energy costs remain about the same, because of
projected increases in natural gas price. The lower CO2 avoidance costs for the long term
compared to the short term post‐combustion case result from technological learning,
which is reflected in the decrease in CAPEX.
For the short term, the ST oxyfuel case displays the lowest CO2 avoidance costs (66
€/tCO2), followed by the CT oxyfuel case (69 €/tCO2), pre‐combustion case (73 €/tCO2), the
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post‐combustion case (76 €/tCO2), and the ST pre‐combustion case (87 €/tCO2). The main
reason for the ST pre‐combustion case to show lower costs for the CT case is because of
synergies between the post‐ and pre‐combustion technologies. After all, since the MEA
absorbers and strippers are already built to capture CO2 from the stack flue gas of the
Steam Reformer, additional absorber and stripper capacity lowers the average CO2
avoidance costs due to economic scale effects. Also for the long term, the ST oxyfuel case
shows the lowest avoidance costs (24 €/tCO2), followed by the CT oxyfuel case (39 €/tCO2)
and the post‐combustion case (69 €/tCO2).
The techno‐economic performance of the CO2 capture configurations of refinery II is
presented in Figure 2.3 and Table 2.7.
Refinery II shows similar results as refinery I in terms of additional heat and electricity
production for the CO2 capture configurations. The capacities of the extra boilers are
218MWth and 134MWth for the short and long term post‐combustion cases, respectively.
The amount of CO2 avoided is lowest for the ST oxyfuel cases (1.6 MtCO2/y). The short
term CT pre‐combustion case shows the highest avoided CO2 emissions (2.1 MtCO2/y).
Figure 2.3 shows that the order of CO2 avoidance costs from high to low is almost similar
as for refinery I. The only difference is that the short term post‐combustion case is now
cheaper (80 €/tCO2) than the ST pre‐combustion case (84 €/tCO2). The costs levels,
however, are different for the two refineries; the reason for this difference is threefold.
First, as refinery I emits almost twice as much CO2 in the base case (refinery I: 4.1
MtCO2/y; refinery II: 2.2 MtCO2/y), refinery I enjoys significant economic scale effects,
implying lower average CO2 avoidance costs. Second, the refinery I has a higher number of
utility facilities (three CHP plant and one gas turbine), whereas refinery II has only one CHP
plant. As a result, refinery I enjoys more economic scale effects for post‐combustion
capture at the CHP plants in the CT cases. After all, more CO2 is captured from the CHP
plants and gas turbine. Third, refinery I has a substantial amount of CO2 (848 ktCO2/y)
coming available from the gasifier in nearly pure form (99% CO2), which saves significant
energy expenditures and capital costs compared to refinery II.
For refinery I, the CAPEX of the pre‐combustion cases are still lower than the CAPEX of the
short term oxyfuel cases. However, for refinery II, the CAPEX of the pre‐combustion cases
are about similar as for refinery I. On top of that, the energy costs (mostly natural gas) are
very high. The post‐combustion cases show low CAPEX, but high energy costs; the oxyfuel
cases show high CAPEX, but low energy costs; however, the pre‐combustion cases show
both high CAPEX, especially when the amount of avoided CO2 becomes smaller, and high
energy costs.
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Figure 2.3: Economic performance of CO2 capture configurations for refinery II.
Table 2.7: Energy requirements for CO2 capture configurations in refinery II. CT and ST stand for
combined technology and single technology configuration, respectively.
Base case

Energy (PJ/y)
Heat
Electricity
CO2 (Mt/y)
Produced
Captured
Emitted
Avoided
CO2 reduction (%)

Post‐ combustion
Short
Long
term
term

Oxyfuel combustion
Short term
Long term

Pre‐combustion

CT

ST

CT

CT

17.3
0.9

23.6
1.9

21.2
1.8

17.3
2.9

17.3
2.8

17.3
2.5

17.3
2.3

17.3
2.0

17.3
1.8

2.2
‐
2.2
‐
‐

2.7
2.3
0.4
1.8
81

2.4
1.9
0.4
1.7
85

2.3
1.9
0.4
1.8
81

2.2
1.6
0.6
1.6
70

2.2
1.9
0.3
1.9
86

2.1
1.6
0.6
1.6
74

2.2
2.1
0.1
2.1
96

2.2
1.8
0.4
1.8
82

ST

ST

The pre‐combustion cases display the highest CO2 avoidance costs (84‐90 €/tCO2),
followed by the post‐combustion cases (80‐69 €/tCO2), and the oxyfuel cases (31‐62
€/tCO2). The long term ST oxyfuel case shows the lowest CO2 avoidance costs (31 €/tCO2).
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Chemical plants
The combined technology configurations do not apply for the two small chemical plants
since these plants only have significant amounts of CO2 emissions coming from boilers
and/or furnaces. The techno‐economic performance of the CO2 capture configurations of
chemical plant I is presented in Table 2.8 and Figure 2.4.
Table 2.8 shows a similar pattern in the additional energy demand for CO2 capture as for
the refinery cases. The capacities of the extra boilers were calculated to be 48 MWth and
30 MWth for short and long term post‐combustion cases, respectively. The main difference
with the refineries is the considerably lower amount of avoided CO2, which is lowest for
the post‐combustion cases (0.3‐0.4 MtCO2/y), followed by the short term oxyfuel case (0.4
MtCO2/y), the pre‐combustion case (0.4 MtCO2/y), and the long term oxyfuel case (0.4
MtCO2/y).
Figure 2.4 shows that the lower amount of CO2 captured is reflected in the high CO2
avoidance costs compared to the refineries, resulting from lower economies of scale. This
is also illustrated by the smaller cost difference between the short term post‐combustion
(92 €/tCO2) and short term oxyfuel combustion (80 €/tCO2) cases, which is due to the
relatively high capital expenditures for the ASU. Similarly, the pre‐combustion case
becomes rapidly more expensive with lower amounts of CO2 avoided (114 €/tCO2). The
long term oxyfuel case shows by far the lowest CO2 avoidance costs (37 €/tCO2).
Table 2.8: Energy requirements for CO2 capture configurations in chemical plant I. Some categories
show figures of zero owing to rounding.

Energy (PJ/y)
Heat
Electricity
CO2 (Mt/y)
Produced
Captured
Emitted
Avoided
CO2 reduction (%)

Base case

Post‐combustion
Short term
Long term

Oxyfuel combustion
Short term
Long term

Pre‐combustion
Short term

4.3
0

5.6
0.2

5.1
0.2

4.3
0.5

4.3
0.4

4.3
0.2

0.4
‐
0.4
‐
‐

0.5
0.4
0.1
0.3
81

0.5
0.4
0.1
0.4
85

0.4
0.4
0.0
0.4
87

0.4
0.4
0.0
0.4
96

0.4
0.4
0.0
0.4
90
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Figure 2.4: Economic performance of CO2 capture configurations for chemical plant I.

The techno‐economic performance of the CO2 capture configurations of chemical plant II
is presented in Figure 2.5 and Table 2.9.
Chemical plant II emits annually the lowest amount of CO2 (53 ktCO2/y). The main
difference with chemical plant I is the amount of CO2 emissions captured per year.
Although the core processes of the chemical facilities are very different, the energy
production units, i.c. boilers and furnaces, are similar. The capacities of the extra boilers
were calculated to be 6 MWth and 4 MWth for short and long term post‐combustion cases,
respectively. Table 2.9 and Figure 2.5 show that the CO2 avoidance costs are higher for
chemical plant II due to the smaller amount of CO2 captured. Moreover, the declining
trend in the relative CO2 avoidance costs of the post‐combustion cases (117‐96 €/tCO2)
compared to the short term oxyfuel case (124 €/tCO2) is continued. The CO2 avoidance
costs were calculated to be very high: 142 €/tCO2. Despite its lowest CO2 avoidance costs,
the long term oxyfuel case shows significantly higher avoidance costs (72 €/tCO2) than for
the refineries and chemical plant I (24‐37 €/tCO2). The pre‐combustion case shows the
highest CO2 avoidance costs (167 €/tCO2).
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Figure 2.5: Economic performance of CO2 capture configurations for chemical plant II.
Table 2.9: Energy requirements for CO2 capture configurations in chemical plant II. Some categories
show figures of zero owing to rounding.
Base case

Post‐combustion
Short term
Long term

Oxyfuel combustion
Short term
Long term

Pre‐combustion
Short term

Energy (PJ/y)
Heat
1.2
1.4
1.3
1.2
1.2
1.2
Electricity
0.0
0.0
0.0
0.1
0.1
0.0
CO2 (Mt/y)
Produced
53
67
60
59
48
57
Captured
‐
56
53
56
42
58
Emitted
53
11
7
2
6
‐2
Avoided
‐
42
46
50
47
55
‐
79
86
88
98
102 a
CO2 reduction (%)
a
The CO2 reduction ratio of more than 100% is due to steam export resulting in additionally avoided CO2.

Hydrogen plant
The techno‐economic performance of the CO2 capture configurations of the steam
reforming hydrogen plant is presented in Figure 2.6 and Table 2.10.
The short term post‐combustion case requires the highest amount of heat and electricity
of all four cases due to the high amounts of CO2 captured using a solvent (MEA) with a
high heat requirement per tonne CO2 captured. The case with CO2 capture from the high‐
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Figure 2.6: Economic performance of CO2 capture configurations for the steam reforming hydrogen
plant.
Table 2.10: Energy requirements for CO2 capture configurations for the steam reforming hydrogen
plant. Some categories show figures of zero owing to rounding.

Energy (PJ/y)
Heat
Electricity
CO2 (Mt/y)
Produced
Captured
Emitted
Avoided
CO2 reduction (%)

Base case

Post‐combustion
Short term
Long term

Capture HP
process gas

Capture HP process gas +
post‐combustion

6.8
0.0

9.2
0.9

8.5
0.9

7.8
0.2

8.5
0.4

0.8
‐
0.8
‐
‐

1.0
0.8
0.2
0.6
71

0.9
0.8
0.1
0.7
82

0.9
0.5
0.4
0.4
54

1.0
0.9
0.1
0.7
84

pressure process gas shows significantly lower heat requirements due to the low specific
energy requirements for the solvent ADIP‐X. The capacity of the extra boilers needed for
heat production was calculated to be 89 MWth, 62 MWth,, 85 MWth, and 43 MWth for the
short post‐combustion case, the long term post‐combustion case, the WGS‐PSA case, and
the WGS‐PSA + post‐combustion case, respectively. The long term post‐combustion case
and WGS‐PSA + post‐combustion case show the highest amount of CO2 avoided.
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The WGS‐PSA case 3 shows the lowest CO2 avoidance costs (67 €/tCO2) due to the low
CAPEX and low energy consumption. However, only a limited amount of CO2 is avoided
(54%). Although the WGS‐post‐combustion case shows higher CO2 avoidance costs (87
€/tCO2), significantly more CO2 can be reduced (84%). Figure 2.6 shows that the energy
expenses for the post‐combustion cases are highest of all four cases.
Marginal abatement cost curve refinery I
Figure 2.7 shows CO2 abatement cost curves for the short term post‐combustion
configuration in refinery I. The dashed line denotes the avoidance costs when capturing
CO2 from each individual point source alone, starting with the lowest avoidance costs (28
€/tCO2) on the left side of the graph and ending with the highest avoidance costs (1221
€/tCO2) for a furnace stack emitting less than 1 kt annually (right side of the graph, not
visible in Figure 2.7), which would never be captured alone. The blue, red and green areas
show the marginal capital, operational and energy costs per tonne CO2 avoided when
capturing CO2 from the next cheapest point source in the refinery, respectively. The upper
limit of the green area shows the marginal total CO2 avoidance costs. The solid line
denotes the average avoidance costs of the cumulative amount of CO2 avoided up till that
point.
Figure 2.7 shows that for refinery I the avoidance costs can differ significantly with
cumulative amounts of avoided CO2 and varying CO2 concentrations in the flue gases. The
low CO2 avoidance costs for the gasifier are a result of the low capital and energy costs,
mainly because the chemical absorption step is not required (99% pure CO2 stream). A big
step in capital and energy costs can be observed for the second point source (H2 plant
furnace), which is due to the relatively small scale of the absorber and stripper used for
this step. With higher cumulative amounts of avoided CO2 the capital costs per tonne CO2
avoided decrease slightly up till the point that an additional absorber and/or stripper is
needed (absorber: 1 MtCO2/y; stripper: 3.3 MtCO2/y), which is reflected in the three
bumps in the blue area (as of 2.0 MtCO2/y). This illustrates that the impact of economies
of scale of post‐combustion capture is rather limited. Nonetheless, especially the small
point sources (on the right of the graph) benefit greatly from the scale effects as can be
seen by the widening gap between the dashed line representing the avoidance costs of
each separate point source and the solid line representing the average avoidance costs.
Whereas the energy costs fluctuate to some extent per point source, due to varying CO2
concentrations in the flue gases, the operational costs per tonne CO2 avoided remain
rather constant. Note that the marginal avoidance costs remain quite similar for all point
sources after capturing CO2 from the gasifier. The average avoidance costs increase with
higher cumulative amounts of avoided CO2.
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Figure 2.7: CO2 avoidance cost curve for post‐combustion capture in refinery I.

Overview and comparison of results
Table 2.11 gives an overview of the CO2 reductions and CO2 avoidance costs of the five
case studies. The implications of our study are many. As expected, the results show that
for all cases the CO2 avoidance costs are lower for the long term than for the short term,
mainly as a result of the lower regeneration energy requirements for future solvents and
future oxygen production technology. Also, the single technology (ST) cases for the
refineries display lower CO2 avoidance costs than the combined technology (CT) cases
(including CO2 capture from the CHP plants and gas turbine using post‐combustion),
because of the relatively lower CAPEX and OPEX per tonne CO2 avoided for the ST cases.
Table 2.11 also shows that CO2 avoidance costs increase across the board for smaller
emitter size (annual CO2 emissions), due to economies of scale. Next to emitter size, the
refineries have a gasifier (refinery I) and hydrogen plants from which the CO2 can be
captured at low costs, thereby lowering the average CO2 avoidance costs. As post‐
combustion technology seems to be less affected by emitter size, the economic
competiveness compared to the oxyfuel and pre‐combustion cases improves for smaller
emitter sizes. Notwithstanding, the long term ST oxyfuel case using oxygen conducting
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membranes for oxygen production remains the most competitive option from an
economic point of view.
Table 2.11: Overview of the CO2 avoidance costs for the CO2 capture configurations of all five
industrial plants. CT and ST stand for combined technology and single technology configuration,
respectively.
Unit

Refinery I (4.1 MtCO2/y)
CO2 reduction
Avoidance cost
Refinery II (2.2 MtCO2/y)
CO2 reduction
Avoidance costs
Chemical plant I (0.4 MtCO2/y)
CO2 reduction
Avoidance costs
Chemical plant II (54 ktCO2/y)
CO2 reduction
Avoidance costs

Post‐ combustion
Short
Long
term
term

Oxyfuel combustion
Short term
Long term

Pre‐combustion

CT

ST

CT

ST

CT

ST

%
€/tCO2

83
76

87
69

80
59

68
52

89
33

75
24

87
73

64
87

%
€/tCO2

81
80

85
69

81
62

70
57

86
38

74
31

96
84

82
90

%
€/tCO2

81
92

85
81

n/a
n/a

87
80

n/a
n/a

96
37

n/a
n/a

90
114

%
€/tCO2
Unit

79
86
117
96
Post‐combustion

n/a
94
n/a
n/a
124
n/a
Capture HP process
gas

87
n/a
102 a
72
n/a
167
Capture HP process gas
+ post‐combustion

Hydrogen plant (0.8 MtCO2/y)
CO2 reduction
%
71
82
54
84
114
98
67
87
Avoidance costs
€/tCO2
a
The CO2 reduction ratio of more than 100% is due to steam export resulting in additionally avoided CO2.

Note that the pre‐combustion cases shows structurally higher CO2 avoidance costs than
the post‐ and oxyfuel combustion cases, mainly because of high natural gas and capital
costs. It should be emphasised that the CO2 avoidance costs of the post‐ and pre‐
combustion cases are significantly affected by the natural gas price, whereas the oxyfuel
cases are predominantly affected by the CAPEX. When comparing the ST cases, the CO2
reduction ratios depend heavily on the number of gas turbines and CHP plants present at
the facilities’ sites. For example, the CO2 reduction rates of the ST pre‐combustion and ST
oxyfuel cases for the refineries are significantly lower than for the chemical plants, which
have no CHP plants or gas turbines on their premises.
For the steam reforming hydrogen plant, the CO2 avoidance costs are highest for the post‐
combustion cases (short term: 114 €/tCO2; long term: 98 €/tCO2), followed by the case
combining capture from process gas and flue gas (87 €/tCO2), and the case capturing CO2
solely from the process gas (67 €/tCO2). However, the latter case reduces considerably less
CO2 (54%) than the other cases (71‐84%). The case combining capture from process gas
and flue gas shows the highest CO2 reduction rate (84%).
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2.3.2 Challenges related to implementation and operation of CCS in the
industry
2

Several issues related to implementation and operation of CCS in the industry were
identified and assessed in this analysis. Some general findings, which are important to
consider before discussing the specific issues, are itemised below.
 Most experts emphasised that greenfield facilities (i.e. new‐built industrial plants)
involve less spatial and reliability issues in case they have been made capture‐ready
than brownfield plants (i.e. existing industrial plants).
 Retrofitting of CO2 capture ready process units is usually preferred from a cost
perspective over replacement of existing process units form a cost perspective, unless
the process units are at the end of their lifetime. Investments made in existing process
units (frozen capital) pose a barrier for replacement of process units with capture ready
technology.
 The reliability of the core processes is a leading principle when considering CO2 capture.
A drop‐out of the process units would have a significant impact on the economics of the
industrial plant. CO2 capture installations will most likely be designed in such a way that
the CO2 capture equipment can be shut down and operations can continue without
capturing CO2.
An overview of the specific findings of the issue inventory is presented in Table 2.12. In
addition, several findings are described in more detail for the technical feasibility of
retrofitting, spatial limitations and operational issues. Most findings of the inventory were
based on experiences with refinery furnaces and boilers, but they probably also hold for
installations in the chemical industry because of large similarities in boiler and furnace
design.
Technical feasibility
 All experts and literature (e.g. Hurst and Walker, 2005; IEA GHG, 2000; van Straelen et
al., 2010) indicate that retrofitting process units with post‐combustion technology is
technically feasible, because it is an add‐on technology and a relatively simple process,
which has been applied in the natural gas sector for years.
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Table 2.12: Overview of issues related to the implementation and operation of industrial process
units with oxyfuel, post‐, and pre‐combustion technology. The performance of the capture
technologies for the issues is indicated as follows: possible (++); probably possible (+); neutral (0),
probably not possible (‐); not possible (‐‐).
Post‐combustion
Oxyfuel combustion
Pre‐combustion
IMPLEMENTATION
Technically feasible
+b
+c
Furnaces
++ a
a
b
Boilers
++
+
+c
Catalytic cracker
++ a
+d
n/a
+e
+e
CHP plant/GT
++ a
H2 plant (SR)
++ a
n/a
n/a
Spatial limitations
0g
++ h
Around process units or stack
+f
0g
+h
Overall industrial site
0g
OPERATIONAL ISSUES
Unknown k
Unknown k
Chance operational failure process unit
Small i
Unknown k
Unknown k
Effect operational failure core processes
Small j
a
All experts and literature (e.g. Hurst and Walker, 2005; IEA GHG, 2000; van Straelen et al., 2010) state that retrofitting
industrial process units with post‐combustion is technically feasible.
b
Boilers and furnaces can be retrofitted with oxyfuel combustion technology (e.g. Allam et al., 2005a), but depends on
space availability (experts).
c
Consensus exists in literature (e.g. Thomas and Kerr, 2005) and among experts that this is possible; however, it still
needs to be proven in practice.
d
Pilot plant runs show no operational difficulties (de Mello et al., 2009); however, the technology still needs to be
proven on a commercial scale.
e
Although oxyfuel and pre‐combustion capture is, in principle, technically feasible for CHP plants, these technologies will
most likely face a high degree of operational challenges (Kvamsdal et al., 2006).
f
Space is often available around the stacks; however, this differs for each case (experts).
g
Depends on space availability on specific industrial site and on the number of point sources from which CO2 is captured.
After all, more ducting and piping is required to capture CO2 from the small point sources (van Straelen et al., 2010).
h
The existing fuel distribution network can be used for hydrogen distribution (experts; Lowe et al., 2011). The spatial
footprint of the steam reformer is relatively small compared to post‐combustion absorbers.
i
The implementation of post‐combustion technology does not have a serious impact on the reliability of the process
units, i.e. the chance of an operational failure is nearly the same as when operating without CO2 capture.
j
A drop‐out of the CO2 capture equipment requires only the opening of a valve to vent the flue gas or CO2‐rich stream to
the atmosphere (expert). This can be done on a short notice.
k
None of the experts had any idea on the chance of an operational failure, nor on the impact it would have on the core
processes, nor on the time needed to restore normal operation of the process units.
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 The technical difficulties and costs of retrofitting furnaces and boilers to oxyfuel
combustion depend on the configuration. Experts indicate that natural draft furnaces
are more costly and difficult to retrofit than forced draft furnaces, since the former was
originally not designed for forced draft operation and requires, therefore, additional
modifications (piping, ducting, flue gas recirculation fan, burners) to operate in oxyfuel
mode. Also, furnaces differ from boilers in a number of respects: (i) a wider range of
furnace designs and different techniques used to construct them often results in
greater air in‐leakage; (ii) hydrocarbons are often present in furnace tubes, presenting
additional hazards; (iii) usually, burner types are used without automatic control of
air/fuel ratio and draft. Retrofitting of furnaces may, therefore, raise operational issues
not encountered with boilers (Kuramochi et al., 2012; Wilkinson et al., 2003).
 Metallurgical limitations of boiler and furnace walls due to higher oxyfuel combustion
temperatures do not seem to be a problem as flue gases can be looped back to the inlet
of the process unit to simulate air combustion conditions (Scheffknecht et al., 2011).
Although the flame characteristics and temperature distribution across the radiative
and convective sections of the process unit will change, the flue gas recycling ratio can
be used as a tuning parameter to control those parameters (Andersson et al., 2008).
Problems with fuel ignition and flame instability can be solved by special oxygen
injection or by making modifications to the burner geometry itself to ensure good fuel‐
oxygen mixtures (Scheffknecht et al., 2011).
 In recent years, a number of laboratory and pilot‐scale tests have been carried out to
shed light on corrosion mechanisms taking place in oxyfuel gas atmospheres. To date,
no distinct prove has been provided that oxyfuel gas conditions, i.e. a combination of
high partial pressure CO2 and O2 gas as well as large amounts of water, induce more
corrosion than air‐fired conditions (Otsuka, 2012). Some studies report that the oxyfuel
gas atmosphere can actually have a counteractive effect on corrosion (Otsuka, 2012).
Nevertheless, problems with corrosion may occur if fuel gases contain high levels of
sulphur, chlorine and/or heavy metals. In case these contaminant levels are too high,
the flue gases need to be condensated first to extract the contaminants before
recirculating the gases back to the process unit. The aforementioned research results
on corrosion should, however, be placed in perspective since the underlying lab and
pilot‐scale tests were carried out in synthetic atmospheres and with exposure times
below a thousand hours (Scheffknecht et al., 2011). Further research on corrosion in
large‐scale applications is therefore needed.
 The retrofit of catalytic crackers to oxyfuel combustion is deemed possible. Pilot plant
tests carried out by Petrobras showed no significant changes from normal operation of
a fluid catalytic cracker when operated in oxyfuel mode. The product profile, stability of
operation and effectiveness of coke burn did not show any abnormalities (de Mello et
al., 2009).
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 For pre‐combustion, Thomas and Kerr (2005) report that no modifications of furnaces
and boilers are needed for the firing of nearly pure hydrogen. Nevertheless, Lowe et al.
(2011) recommend that upgrading of materials is advisable to ensure an extended
lifetime of the walls and burner, because the different hydrogen flame geometry
(compared to refinery and natural gas) could change the heat flux distribution in the
convection and radiation sections and expose materials to higher temperatures.
 The replacement of pre‐mixed burners (if used) for raw gas burners is needed due to
the danger of flash‐backs in pre‐mixed burners as a result of the high flame speed of
hydrogen. Installed raw gas burners do need not to be adjusted as the Wobbe index of
hydrogen and natural gas is rather similar (Lowe et al., 2011).
 For hydrogen firing, more maintenance on burners may be required, especially burner
tips need to be replaced more often.
 Several experts recommend the installation of a downstream SCR unit for hydrogen
firing to ensure NOx emission thresholds are not exceeded.
 Retrofit of boilers and furnaces to oxyfuel and pre‐combustion mode, and the hook‐up
to oxygen/hydrogen supply and CO2 processing equipment can be executed during
plant turn around.
Spatial limitations
 All experts indicated that spatial issues for industrial plants are very site‐specific.
 Spatial constraints regarding post‐combustion concentrate specifically on the CO2
capture equipment (especially absorbers, cooling towers and blowers) and large
diameter ducting, whereas for oxyfuel combustion the spatial issues are predominantly
related to the space directly around the boilers, heaters and catalytic cracker. Pre‐
combustion seems to have the least spatial constraints. Another advantage of pre‐
combustion is that the additional hydrogen plant and CO2 compressor do not have to
be installed in close proximity to the process units where space is often limited. Several
refinery experts indicated the following capture technology ranking in terms of spatial
limitations from most to least preferable: pre‐combustion (1); oxyfuel combustion (2);
post‐combustion (3).
 Next to site‐specific conditions, the amount of captured CO2 also determines the extent
of the space problem for post‐ and oxyfuel combustion capture. After all, in case of
ambitious CO2 emission reductions targets, more ducting and piping is required to
capture CO2 from the small and scattered point sources where space is often limited
(Lowe et al., 2011; van Straelen et al., 2010). Pre‐combustion capture does not have
this problem, since the existing fuel system can most likely be used for hydrogen
distribution. A preliminary assessment of the metallurgy of the existing fuel distribution
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system in a Chevron refinery showed that no piping material modifications are required
when shifting from fossil gas to hydrogen (Lowe et al., 2011).
 Several experts noted that infrastructural modifications and replacement of existing
installations (e.g. storage tanks) on the plant site is unavoidable to make space for large
diameter post‐combustion absorbers. However, other experts refuted this statement
and claimed space can always be found.
Operational issues
 The process units when operated in oxyfuel or pre‐combustion mode are slightly less
reliable than when operated in air‐ or fossil fuel combustion mode. An operational
failure might occur as a result of the changed combustion process or, more likely, due
to a drop‐out in the upstream oxygen or hydrogen supply.
 None of the experts was able to indicate the chance of a possible drop‐out of the
upstream oxygen and hydrogen production units. Furnaces and boilers will always
retain the option of switching back from oxygen to air combustion, and from hydrogen
to fossil gas fuelling. However, experts were also unable to indicate the time required
to do this.
 Although oxyfuel and pre‐combustion capture is, in principle, technically feasible for
CHP plants, these technologies will face a high degree of operational challenges. Both
technologies require the recirculation of exhaust gases, which makes the system
vulnerable to start‐up, shut‐down and load changes. It involves a high number of
subsystems, recirculation streams and heat exchanging streams, what makes the
control of such plants very challenging (Kvamsdal et al., 2006).

2.3.3 Sensitivity of CO2 avoidance costs
The CO2 avoidance costs of the different CO2 capture configurations, which were
presented in Section 2.3.1, may change due to uncertainties in key input parameters, but
can also be affected by the implementation and operational challenges dealt with in
Section 2.3.2. This section discusses both effects. The spider diagrams in Figure 2.8 show
the sensitivity of the CO2 avoidance costs of refinery I related to the following key
variables: natural gas price, electricity price, grid electricity CO2 emission factor, annuity
factor, CAPEX, OPEX, and energy use of CO2 capture. The uncertainty ranges general input
data and the technical and economic parameters of CO2 capture were taken from Table
2.2 and the underlying data sets, respectively. The centres (100%) of each diagram are the
nominal values used in this study. The sensitivity analysis of the CT oxyfuel configurations,
and the other industrial plants were not presented, since virtually similar spider diagrams
were produced as presented in Figure 2.8.
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The implementation and operational issues associated with the short term configurations
revolve mainly around retrofitting CO2 capture to existing plant sites and process units.
Although space limitations are not directly reflected in CO2 avoidance costs, site‐specific
conditions can necessitate the replacement of existing pipelines and installations, thereby
incurring higher costs. Also, the costs of retrofitting process units might turn out higher
than assumed for this study due to different boiler and furnace types. Although the higher
retrofit capital costs are only minor considering its small share in the overall CAPEX, the
avoidance costs of the oxyfuel configurations will be influenced most, due to the high
capital expenditures per tonne CO2 avoided (see Figure 2.8). Finally, although the chance
and the effect of an operational failure of the process units when operated in oxyfuel or
pre‐combustion mode is still unknown, it could impact the core processes of the industrial
plant and have significant economic consequences.
If CCS is to be deployed on a larger scale, retrofit issues are expected to play a less
prominent role for the long term. Instead, expectations are the concept of CO2 capture
will become increasingly incorporated in industrial plant process design by replacing old
process units by new‐built capture‐ready process units, minimum spatial restrictions in
(new‐built) plant configurations and capture technologies highly integrated with core
processes, thereby avoiding costs of retrofit, space consuming piping around the process
units, and lower operational issues due to optimal process unit design for CO2 capture.
Although difficult to quantify, these factors will have a damping effect on the projected
long term CO2 avoidance costs. The installation or expansion of a (existing) CHP plant
could have a lowering effect on the CO2 avoidance costs, because of economic scale
effects and high electric efficiencies of large‐scale CHP plants (compared to smaller
scales), thereby mitigating the impact of a higher natural gas price.
Both for the short and long term cases, the availability of waste heat coming either from
the own core processes or nearby facilities, could significantly lower the CO2 avoidance
costs of the post‐ and pre‐combustion configurations, due to lower energy costs for
solvent regeneration. The high impact of energy use and natural gas price on the
avoidance costs of the aforementioned configurations is illustrated in Figure 2.8. A
variation of ±30% in energy use already results in around ±23% and ±11% change in the
CO2 avoidance costs of the post‐ and pre‐combustion configurations, respectively. By
varying the natural gas price with ±30%, a deviation of around ±16% and ±8% can be
observed in the CO2 avoidance costs of the respective post‐ and pre‐combustion
configurations. Given the unpredictable nature of natural gas prices, CO2 avoidance costs
can, therefore, differ significantly. Note that a 30% lower short term natural gas price, or
30% higher short term electricity price, would render post‐combustion more cost efficient
than oxyfuel combustion in the short term. However, as natural gas and electricity prices
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are to some extent correlated (Yang and Blyth, 2007), future natural gas and electricity
prices will probably show similar trends, thereby making such a scenario unlikely.

2

The CO2 avoidance costs of the oxyfuel configurations also show high sensitivity to the
annuity factor. By using an uncertainty range of ±5 years for the economic lifetime and
±5% for the real interest rate results in a deviation of ‐26% to +45% in the CO2 avoidance
costs. The energy use and energy prices show lower impacts given its smaller contribution
in the overall costs. The negative correlation between natural gas price and CO2 avoidance
costs results from the fossil fuel savings in the process units when operated in oxyfuel
mode. Note that electricity prices and OPEX show higher impacts on the long term cases,
because of the higher share in the overall costs. The lowest two spider diagrams in Figure
2.8 show the sensitivity of the CO2 avoidance costs of the CT (left) and ST (right) pre‐
combustion configurations. For these configurations, both the energy use and annualized
capital costs have high impacts on the CO2 avoidance costs. The energy use shows the
largest impact on the CO2 avoidance costs of the CT configuration.

2.4 Discussion
The main strength of this study’s method is the high level of detail at plant level based on
various case studies. The underlying data is both specific and reliable, especially regarding
the process units characteristics and energy and CO2 flows. Nevertheless, this study has
several limitations.

2.4.1 CO2 capture technologies and clustering of industrial plants
This study investigated the techno‐economic performance of pre‐, post‐ and oxyfuel
combustion technologies. However, several alternative solvents, capture technologies and
process configurations may show different economics and challenges related to the
implementation and operation of CO2 capture equipment. More research on these
technologies (e.g. membranes and chilled ammonia process) is needed to provide a more
comprehensive overview of the technological possibilities, constraints and avoidance costs
of CCS in industry. Also, it would be useful to extend the analysis with a regional case
study in which the techno‐economic implications of clustering industrial facilities are
evaluated.
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Figure 2.8: Sensitivity of CO2 avoidance costs of refinery I for the short term (left) and long term
(right) of the post‐combustion and oxyfuel configurations. The lower two spider diagrams depict the
combined technology (left) and single technology (right) pre‐combustion configurations.
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2.4.2 Data limitations

2

The plant‐specific data underlying this study represents the current situation in the
industrial plants and does, therefore, not reflect future plant configurations. Process units,
energy flows and CO2 emissions may change considerably in the future as a result of
changes in the core processes, replacement of process units, energy efficiency measures,
or other reasons. It should, therefore, be emphasised that the long term results are more
indicative than the short term results. Also, cost data uncertainty, especially for the long
term technologies, is a caveat that should be addressed in future work. The sensitivity
analysis has shown that the capital expenditures can have a significant impact on the CO2
avoidance costs. Hence, more reliable (pilot plant) data is needed on the investment costs
of future technologies, particularly for the long term oxyfuel configuration. Other
uncertainties are related to energy prices and energy use.

2.4.3 Heat integration and CHP plant
More research is needed to determine the potential for cost reductions by achieving a
higher level of heat integration between the post‐combustion capture unit and the
industrial plants, particularly the refineries. Johansson et al. (2012) showed that the
utilisation of excess heat for post‐combustion CO2 capture in the process industry can
drive down avoidance costs to the same cost range as reported for oxyfuel combustion in
industry (30‐60 €/tCO2 avoided (Kuramochi et al., 2012), and post‐combustion capture in
the power sector (30‐40 €/tCO2 avoided (ZEP, 2011)). The advent of solvents with low
regeneration temperatures could result in even further cost reductions. Another option
that can have a significant impact on the economic performance is the use of an additional
CHP plant rather than a boiler (Kuramochi et al., 2012). This economic impact is even
larger when the cogenerated steam is used to replace that of the existing boilers, due to
economic scale effects and higher electric efficiencies of a large‐scale CHP plant. Especially
by clustering industrial facilities, CHP plants may become interesting as capital costs will
be lower per tonne of CO2 avoided. Especially by clustering industrial facilities, CHP plants
may become interesting as capital costs will be lower per tonne of CO2 avoided. Finally,
more research is needed to determine the techno‐economic feasibility and challenges
related to the implementation and operation of oxyfuel and pre‐combustion capture at
utility and CHP plants. Although operational difficulties are still present today (Kvamsdal et
al., 2006), oxyfuel and pre‐combustion capture might be promising options for the long
term.
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2.4.4 Implementation and operation of CO2 capture equipment
In this study a first overview is given of the remaining challenges and knowledge gaps
related to the implementation and operation of CO2 capture equipment at industrial plant
level. Industrial experts stressed the importance of identifying these challenges since
related uncertainties could impede, or at least delay, the adoption of CO2 capture in
industry. The next step would be to quantify these findings by collecting data on spatial
footprints, heat integration, retrofitting and replacement costs for a wider array of
furnace and boiler designs, and more (pilot plant) tests and modelling to determine the
probability, impact and recovery time of operational failures in both process units and
upstream H2/O2 supply facilities. By quantifying and extending knowledge on these issues,
the overall impact on the CO2 avoidance costs for both the short and long term can be
made more explicit.

2.5 Conclusions
This study did a techno‐economic analysis and made an inventory of potential
implementation or operational challenges related to the three main CO2 capture
technologies applied to five industrial plants from various industrial sectors in the
Netherlands.
The results show that CO2 capture at the boilers, furnaces, catalytic crackers and gasifier
of the refineries results in CO2 reductions of 64‐75% (including CO2 capture of additional
heat production) for oxyfuel and pre‐combustion technology. For the post‐combustion
configurations, CO2 was also captured from the hydrogen plants, CHP plants and gas
turbine, resulting in CO2 reductions of 81‐87%. CO2 capture from these process units using
oxyfuel or pre‐combustion technology was not deemed realistic due to operational
difficulties reported in literature. By combining oxyfuel and pre‐combustion with post‐
combustion technology (combined technology configuration, CT) for the hydrogen plants
and utilities, significantly higher CO2 reductions (80‐96%) were found for the refineries.
Whereas combining oxyfuel and post‐combustion technology results in higher CO2
avoidance costs, the combination of pre‐ and post‐combustion technology displays lower
CO2 avoidance costs (‐6 to 17%), due to economies of scale of shared absorbers and
strippers. As the chemical plants do not have cogeneration or hydrogen production units,
only single technology (ST) configurations were devised.
The CO2 avoidance costs increase for smaller CO2 emitter size (i.e. annual CO2 emissions)
for all CO2 capture configurations, due to the economies of scale. For the short term ST
cases, the results show the lowest CO2 avoidance costs for the oxyfuel configurations for
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the refineries (52‐57 €/tCO2) and medium sized chemical plant (80 €/tCO2) cases, partly
because of fuel savings, resulting from the operation of the process units in oxyfuel mode.
For the small sized chemical plant, the post‐combustion configuration shows the lowest
CO2 avoidance costs (117 €/tCO2), since due to the relatively low capital expenditures of
post‐combustion technology. The pre‐combustion configurations show structurally higher
CO2 avoidance costs (ranging from 73 €/tCO2 for the large refinery to 167 €/tCO2 for the
small chemical plant) than the post‐ and oxyfuel combustion configurations, due to high
natural gas costs and high capital expenditures.
The study shows that CO2 avoidance can also differ significantly within industrial plants,
not only because of economies of scale, but also due to varying CO2 concentrations in flue
gases. Implementation issues associated with short term configurations revolve mainly
around retrofitting process units. Although retrofitting is technically feasible for all three
capture technologies, it still needs prove on a commercial scale. Limited space availability
for capture equipment is a potential problem, especially for post‐combustion, but is a very
site‐specific issue. Although not quantified in this study, site‐specific conditions could lead
to higher costs than indicated in this study coming from the replacement of existing
equipment, retrofit of process units, and although still unknown, higher chances of
operational failure in the process units (or upstream H2/O2 supply facilities) when
operated in oxyfuel or pre‐combustion mode. More research into the latter issue is,
therefore, imperative to eliminate uncertainties for plant operators.
The long term results are more indicative than the short term results, due to cost data
uncertainty and the long time frame in which possible plant layout changes may take
place. For the long term ST cases, CO2 avoidance costs are lowest for the oxyfuel
configurations (large refinery: 24 €/tCO2; small chemical plant: 72 €/tCO2), followed by the
post‐combustion configurations (large refinery: 69 €/tCO2; small chemical plant: 96
€/tCO2). The pre‐combustion configuration was not examined for the long term due to
limited data availability. Expectations for the long term are that the focus will shift from
retrofit issues to the replacement of old process units with new‐built capture‐ready
process units. Furthermore, long term configurations will probably have minimal spatial
constraints in (new‐built) plant lay outs, capture technologies that are highly integrated
with core processes, and optimised utility plants. These factors are expected to have a
damping effect on the projected long term CO2 avoidance costs.
For the hydrogen plant case, the CO2 avoidance costs (67 €/tCO2) are lowest for the
configuration for which 54% of the CO2 is captured solely from the high‐pressure process
gas between the water‐gas shift reactor and pressure swing adsorption unit. Yet, by also
capturing CO2 from the furnace stack flue gas, a total CO2 reduction of 84% is achieved
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with a CO2 avoidance cost of 87 €/tCO2. Post‐combustion capture appears to be more
expensive for both the short and long term.
Both for the short and long term cases, the availability of waste heat could significantly
lower the CO2 avoidance costs of the post‐ and pre‐combustion configurations as well as
for the capture configuration of the hydrogen plant.
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2.6 Appendix
The relevant equations used to calculate the technical and economic performance of the
CO2 capture configurations are described in this Appendix.

2

2.6.1 Technical parameters
Base case
Most of the heat1 and electricity required for the core processes of the industrial facility
are produced by on‐site CHP plants, boilers and furnaces. The total heat, electricity and
CO2 emissions produced in n process units in the base case (without CO2 capture) were
calculated by using Equations 2.1‐2.3, respectively.
E����� � ∑���� C���� � ����� � C����� � ��� � ����

Equation 2.1

E���� � ∑���� C��� � ���� � C���� � ��� � ����
Y�� � ∑����

Equation 2.2

��� ���� ����

Equation 2.3

���

where Eth,bc and Ee,bc are the respective total annual heat (TJth) and electricity (TJe)
production in the industrial plant in the base case. Ci, CFi and Ŋi of process unit i are the
capacity (MW), capacity factor, and efficiency, respectively. Ybc is the total annual CO2
emissions in the industrial plant in the base case (MtCO2/y). FCi, OFi and EFi of process unit
i are the respective annual fuel consumption (GJi), oxidation factor, and CO2 emission
factor (kgCO2/GJp).
CO2 capture energy
The additional energy required for CO2 capture using post‐combustion technology is given
by Equations 2.4 and 2.5.
ΔE������� � ∑���� Y���� � C� ���� � ��� � ��� �������

ΔE������ � ∑���� Y���� � C� ���� � ��� � ��E� �� ������ � �E� �� � �E� � �

1

Equation 2.4
Equation 2.5

This study uses the term heat for direct heat (low and high temperature) as well as indirect heat (low, medium, high‐
pressure steam).
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where ΔEth and ΔEe are the respective total additional annual heat (TJth/y) and electricity
production (TJe/y) of the post‐combustion capture configurations. SERfg blower, SERcc, and
SERt are the Specific Electricity Requirement for flue gas transport, CO2 capture2, and CO2
treatment3 (GJe/tCO2), respectively. SHRpost is the Specific Heat Requirement for solvent
regeneration (GJth/tCO2). CRpost is the CO2 capture rate. Ybc,i is the CO2 emissions for
process unit i.
The heat savings for the oxyfuel configuration ΔEth,oxy (GJth/y) are calculated by Equation
2.6, using the base case fuel consumption for heat production for n boilers Ep,b,bc,i (GJp/y)
and m furnaces Ep,f,bc,j, and the Fuel Reduction Rates for boilers FRRb and furnaces FRRf.
ΔE������ � ∑������E�������� � ��� � � � ∑�
�����E�������� � ��� � �

Equation 2.6

ΔE����� � ∑������� � �E� �� � ����� � E��� � ����� � �� ��� � �E� ����� � ��� �

Equation 2.7

The additional electricity production for the oxyfuel case ΔEe (GJe/y) is calculated by using
Equation 2.7. SERO2 is the Specific Electricity Requirement for the amount of oxygen
required for the firing of the fuels (GJe/tO2). Fi (t/y) is the amount of fuel i consumed per
year. The amount of oxygen needed for oxyfuel combustion was estimated by multiplying
the fuel consumption per hour with the stoichiometric amount of oxygen needed for the
combustion of fuel i MO2 (tO2,i/t fuel), which in turn is multiplied with an Excess Oxygen
Factor (EOF) of 1.03 (3% excess electricity). In addition, the annual CO2 emissions in the
oxyfuel case Yoxy (MtCO2/y) were multiplied with the capture ratio CRoxy and the Specific
Electricity Requirement for the CO2 treatment and compression SERt,oxy (GJe/tCO2).

The hydrogen required to operate the boilers and furnaces in the pre‐combustion
configuration is produced in a Steam Reformer (SR) production unit. It was assumed that
the input energy requirement (natural gas) is proportionally related to the hydrogen
output. Hence, the amount of input energy required Eng,pre (GJp/t natural gas) for the SR
plant was obtained by multiplying the hydrogen in terms of energy EH2,pre (GJp/tH2) – which
is required as input fuel for the furnaces and boilers in the industrial plant in the pre‐
combustion configuration – with the ratio between the natural gas requirements Eng,ref
(GJp/t natural gas) and the hydrogen output EH2,ref (GJp/tH2) as indicated in literature (see
Equation 2.8). Similarly, the annual CO2 emissions of the SR plant Ypre (MtCO2/y) are
calculated by multiplying the hydrogen in terms of energy with the ratio between the

2
3

The electrical requirements are a result of the various pumps, fans, etc. in the amine process and cooling tower system.
The category CO2 treatment & compression comprises a CO2 drying, purification and compression.
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annual CO2 emissions in the reference case Yref (MtCO2/y) and the hydrogen production in
the reference case (see Equation 2.9).

2

E������ � E������ �
Y��� � E������ �

�������

Equation 2.8

��� ����

����

Equation 2.9

�������

To achieve high reduction levels, the CO2 is captured both from the high‐pressure process
gas (~17 bar) and from the SR furnace stack flue gas (~1 bar). In both processes, the
captured CO2 is stripped, cooled, dried, purified and compressed to make it ready for
transport. The CO2 capture from the process gas is done by using the solvent ADIP‐X. As
the (partial) pressure and CO2 concentration of the process gas is constant, one value was
used for the Specific Electricity Requirement SERADIP‐X (GJe/tCO2) and Specific Heat
Requirement SHRADIP‐X (GJth/tCO2) of the regeneration step of ADIP‐X. The CO2 capture
from the flue gases was done by using the solvent MEA.
The additional heat ΔEth,cc,pre (GJth/y) and electricity ΔEe,cc,pre (GJe/y) required for the CO2
capture process is calculated by multiplying the specific heat and electricity requirements
with the CO2 emissions and capture ratios (see Equations 2.10 and 2.11).
ΔE��������� � �Y�� � �� �� � ��� � ��� ������ � � �Y�� � �� ���� � ��� � ��� ��� �

Equation 2.10

ΔE�������� � �Y�� � �� �� � ��� � �E� ������ � � �Y�� � �� ���� � ��� � �E� ��� �

Equation 2.11

The additional electricity requirement ΔEe,pre (GJe/tCO2) and heat requirement ΔEth,pre
(GJth/tCO2) were calculated by using Equations 2.12 and 2.13, where SERt,pre (GJe/tCO2) is
the CO2 treatment and compression step, SERH2,pre (GJe/tCO2) is the hydrogen compression
step, SHRF is the Specific Heat Recovery Flow from the SR per tonne hydrogen (GJe/tH2)
and MH2 is the amount of hydrogen per tonne CO2 captured (tH2/tCO2).
ΔE��������� � ΔE��������� ���Y�� � �� �� �Y�� � �� �� � � ��� � ���� � ���� � ��� � ��

Equation 2.12

ΔE����� � ΔE�������� � ��Y�� � �� �� �Y�� � �� �� � � ��� � ��E� ����� � ��E� ����
68

���

��

Equation 2.13

Techno‐economic performance and challenges of applying CO2 capture in the industry:
A case study of five industrial plants

Amount of CO2 captured and avoided
The annual amount of CO2 produced in the capture configuration Yp,cc (MtCO2/y) is
calculated by multiplying the additional primary energy requirements ΔEp (GJp/y) with the
specific CO2 emissions factors for the fuels used in the industrial plants (kg/GJp) and adding
this to the annual CO2 emissions in the base case Ybc (MtCO2/y), and annual amount of CO2
related to the production of the imported electricity Yim (MtCO2/y) (see Equation 2.14). Yim
(Mt/y) is calculated by multiplying the additional imported electricity ΔEe,im (GJe/y) with
the average short or long term CO2 emission factor of the Dutch electricity mix EFgrid
(kgCO2/GJe) (see Equation 2.15).
Y���� � Y�� �
Y �� �

��� � ��������
���

������ � ������

� Y��

Equation 2.14
Equation 2.15

���

The annually captured CO2 emissions Yc (MtCO2/y) are calculated by multiplying the sum
of the total base case CO2 emissions Ybc (MtCO2/y) and total CO2 emissions of the extra
boiler(s) Yep (MtCO2/y) with the capture ratios of the CO2 capture technique applied (see
Equation 2.16). The amount of CO2 emissions Ye (MtCO2/y) and avoided CO2 emissions Ya
(MtCO2/y) is calculated by using Equations 2.17 and 2.18, respectively.
Y� � �Y�� � Y�� � � ��

Equation 2.16

Y� � Y�� � Y�

Equation 2.18

Y� � Y�� � Y�

Equation 2.17

2.6.2 Economic parameters
The annualized capital costs (CAPEX) are calculated by multiplying the investment costs I
(M€) with an annuity factor α (see Equation 2.19). The annuity factor is obtained by using
the real interest rate r (%) and lifetime LT (y) of the investment (see Equation 2.20).
����� � � � �

Equation 2.19

��

Equation 2.20

�

����������
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The capital cost of a system component depends mainly on two factors: size of process
trains and the number of parallel process trains. A generic scaling relation is applied to the
capital costs taken from literature to account for this effect (see Equation 2.21). SF is the
typical scaling factor for a particular capture component.

2

�����
�����

��

������ ��
������

�

Equation 2.21

The installed cost per train will be somewhat lower for a multi‐train system than that for a
single‐train system because the multiple units may share some auxiliary equipment, and
the required labour, the special machinery costs per train generally becomes lower
(Larson et al., 2005). The capital investment of a component i (Ii: M€) is expressed as
proposed by Larson et al. (2005) (Equation 2.22):
I� � I����� � �

������

����������

�

���

��

��

����

�

���

Equation 2.22

where Ii,ref is the reference capital investment (M€), Nunits is the number of parallel process
trains per system, Nunits,ref is the number of parallel process trains in the reference system,
Si is the capacity of a single process train of component i, Sref is the reference capacity of a
single process train (unit: component dependent), SFn is the scaling factor for multiple
trains, and SFi is the scaling factor for component i.
The operational costs (OPEX) comprise the costs for the additional energy use, materials,
maintenance, and miscellaneous costs (overhead, insurance, taxes and owner costs). The
additional energy costs can be calculated by multiplying the additional heat and electricity
production with the price of natural gas and electricity production. As it is assumed that
the extra boiler(s) will use merely natural gas as feedstock, the Dutch natural gas and
electricity prices for the industry Png (€/GJp) and Pe (€/GJe), the extra boiler(s) efficiency Ŋ,
and the additional heat (ΔEth/y) and electricity (ΔEe/y) can be used for the calculation of
the additional electricity Ce (M€/y) and natural gas Cng (M€/y) costs (see Equation 2.23 and
2.24).
C� � � ���� � ��
C�� � � � �

����

�������

Equation 2.23

� � ���

Equation 2.24
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The annual material costs Cm (M€/y) are calculated by multiplying the demand of material
i Mi (t/tCO2 captured) with the price of material i Pi (unit: material and capture case
dependent). Next, the costs of all materials are summed up (see Equation 2.25).
C� � ∑���� M� � ��

Equation 2.25

���� � C� � C�� � C� � C�� � C�

Equation 2.26

The total operational costs (M€/y) are obtained by adding up the annual costs for
materials, fuel, electricity, maintenance Cma (M€/y) and labour Cl (M€/y) (see Equation
2.26).

where Cs represent the costs for the solvent and additive make‐up (M€/y), SR the solvent
and additive requirement (kg/tCO2 captured), Yc the captured CO2 emissions (MtCO2/y), Ps
the solvent price (€/t), Ca the additive costs as percentage of the solvent costs.
The total annual cost (Ctot: M€/y) are obtained by adding up the OPEX and CAPEX (see
Equation 2.27).
C��� � ���� � C����

Equation 2.27

The CO2 captured Cc and CO2 avoidance costs Ca (€/tCO2) are calculated by dividing the
total annual costs by the annual captured (Yc) and annual avoided CO2 emissions (Ya),
respectively (see Equations 2.28 and 2.29).
C� �
C� �

����

Equation 2.28

����

Equation 2.29

��

��
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ABSTRACT
This study developed a method to assess the techno‐economic performance and spatial
footprint of CO2 capture infrastructure configurations in industrial zones. The method has
been successfully applied to a cluster of sixteen industrial plants in the Dutch industrial
Botlek area (7.1 MtCO2/y) for 2020‐2030. The configurations differ inter alia regarding
capture technology (post‐, pre‐, oxyfuel combustion) and location of capture components
(centralised vs. plant site). Results indicate that oxyfuel combustion with centralised
oxygen production and decentralised CO2 compression is the most cost effective and
realistic configuration when applying CO2 capture to all industrial plants (61 €/tCO2; 5.8
MtCO2/y avoided), mainly due to relatively low energy costs compared to post‐ and pre‐
combustion. However, oxyfuel combustion at plant level is economically preferable when
capturing CO2 from only the three largest industrial plants. For post‐combustion, a
separated absorber‐stripper configuration (73 €/tCO2; 7.1 MtCO2/y avoided) is preferable
from a cost perspective, due to economic scale effects of capture equipment. The optimal
pre‐combustion configuration shows a slightly less favourable performance (81 €/tCO2; 4.4
MtCO2/y avoided). Whereas many industrial plants have insufficient space available for
capture equipment, centralised/hybrid configurations show no insurmountable space
issues. The deployment of the most favourable configurations is addressed in Part B
(Chapter 4).
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3.1 Introduction

3

Nowadays, manufacturing industry and petroleum refineries are responsible for nearly
40% of the final global energy demand and around one‐third of the worldwide
anthropogenic CO2 emissions (IEA, 2014a, 2014b). Industrial energy consumption and CO2
emissions are projected to rise further in the coming decades (IEA, 2014b). Given these
projections, decisive action is required to curb anthropogenic greenhouse gas (GHG)
emissions in order to achieve the stabilisation targets of 450 ppm(v) (IPCC, 2014; ZEP,
2013). Despite the need to implement energy efficiency measures and lower the CO2
intensity of industrial processes, the International Energy Agency (IEA, 2014a, 2014b)
considers the deployment of carbon capture and storage (CCS) in the industry critical to
reach these ambitious climate targets.
The potential for and economic costs of CO2 capture in industry have been investigated in
various studies at the broad industrial (e.g. Damen et al., 2009; IEA, 2014a; Saygin et al.,
2013), sectoral (e.g. IEA GHG, 2008a; Oda et al., 2007) and industrial plant level (Allam et
al., 2005ab; Berghout, forthcoming; Berghout et al., 2013; IEA GHG, 2008a, 2000;
Johansson et al., 2013, 2012; van Straelen et al., 2010; Wilkinson et al., 2003). An
extensive literature review on the techno‐economic performance of CO2 capture
technologies in industry has shown that the short and midterm (coming 10‐15 years) CO2
avoidance costs range from 25‐65 €2007/tCO2 for the iron and steel sector, 65‐135
€2007/tCO2 for the cement sector, and 50‐120 €2007/tCO2 for petroleum refineries and
petrochemicals, depending on various factors such as capture technology, energy supply
options, energy prices and industrial plant configuration (Kuramochi et al., 2012). The
roadmaps of the IEA (2011) and the Zero Emissions Platform (2013) state that reducing
avoidance costs of CCS in industry is vital to reach the ambitious climate goals. Clustering
multiple industrial plants is a possibility to curtail costs by exploiting economies of scale
compared to individual plant chains, especially for smaller CO2 emitters (Bureau et al.,
2011; RCI, 2009). The Green Alliance estimated that the unitary CCS costs of the White
Rose demonstration plant in the UK would come down by nearly two‐thirds by engaging in
a joint cluster approach with industrial CO2 emitters in the Tees Valley (Benton, 2015).
To date, several studies undertook a feasibility study to assess the economic and practical
viability of a distributed CO2 collection and transmission network in an industrial region:
the Merseyside and Deeside Basin (UK) (IEA GHG, 2007a), Yorkshire and Humber region
(UK) (Yorkshire Forward, 2008), Tees valley (UK) (AMEC, 2010) and Le Havre (France)
(Roussanaly et al., 2013). The AMEC study also presented the CO2 capture costs, physical
footprint of capture equipment, and land availability on the industrial sites. However,
aggregated data from merely one source was used for the input parameters. Also, the
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study’s economic input parameters were rather generic and the underlying cost model
was not presented. Nørstebø et al. (2012) and Midthun et al. (2012) established a decision
support model for investment in a small Norwegian industrial park, thereby putting strong
emphasis on the optimisation of post‐combustion CO2 capture plants in terms of
investment profitability, size and how it should be operated during the life time. Bureau et
al. (2011) examined the techno‐economic feasibility of innovative amine‐solvent based
post‐combustion capture configurations for the French industrial area Le Havre, including
a variation with a flue gas collection network and a separated absorber‐stripper
configuration with an amine solution circulation. From this specific case, they found inter
alia that: (i) for several point sources with individual emissions smaller than 500 ktCO2/y,
pooling flue gases is more competitive than a standalone capture unit per emission point;
(ii) pooling flue gases is an interesting strategy to increase the CO2 volume and/or CO2
concentration in flue gases; (iii) in the case of large CO2 volumes and/or flue gases with
low CO2 concentrations, pooling CO2‐rich amine solutions is more economic than pooling
flue gases. However, as the interest of pooling depends strongly on the capture costs
considered and the selected capture process (Bureau et al., 2011), more research is
required. Up to this point, an in‐depth analysis into the feasibility of different CO2 capture
infrastructure configurations for the three main CO2 capture technologies has not been
conducted. Aside from the techno‐economic aspect, concerns have been expressed
regarding possible space limitations for CO2 capture equipment on industrial sites (e.g.
Berghout et al., 2013; Hurst and Walker, 2005; van Straelen et al., 2010). To date, only few
studies looked into the quantitative space requirement for CO2 capture retrofit (e.g.
GCCSI, 2010; IEA GHG, 2006, 2005a; Sinclair Knight Merz, 2009). Florin and Fennell (2009)
found a large variation in the required space reported in the literature, which is largely
due to assumptions made in each study mainly on plant capacity (net or gross capacity)
and the number of utility and/or capture trains. As physical footprints are very case‐
specific, physical footprints should be based on detailed process simulation and
engineering studies. More research is needed to assess potential space limitations on the
industrial cluster level. Moreover, a method is needed to assess the techno‐economic
performance and spatial footprint of CO2 large scale capture infrastructure configurations
in industrial zones in a consistent manner.
The objective of this study is to develop this method based on bottom‐up analysis and to
illustrate this method by investigating different infrastructure configurations for an
industrial cluster for the period 2020‐2030. The studied configurations differ with respect
to the CO2 capture technology (post‐, pre‐, or oxyfuel combustion), location of the capture
components (central, semi‐central, or industrial plant site), local pipeline network, and
energy supply alternatives for the CO2 capture process (combined heat and power (CHP)
plant, natural gas combined cycle (NGCC), gas‐fired boiler, electricity import from the
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grid). The spatial footprint of the CO2 capture infrastructure configurations will be taken
into account as well. The time frame of this study is the period 2020‐2030. The industrial
Botlek area in the Port of Rotterdam in the Netherlands was selected as a case study,
because of its high concentration of CO2 point sources representing various industrial
sectors, and a wide variety of small and large CO2 emitters, which are dispersed across an
area with limited space availability. Furthermore, the port has been appointed by the local
government as a potential region for large scale CO2 capture (RCI, 2009). This study did
not include the costs for the trunk CO2 pipeline that is planned by the Rotterdam Climate
Initiative to run through the Botlek in the future (RCI, 2011). CO2 storage was also
excluded from the analysis.
This is the first in a series of two studies investigating the optimal deployment of CCS in
industrial zones. While part A focuses on assessing capture infrastructure configurations
across a geographical area, part B (Chapter 4) centres around their buildout over time by
assessing deployment pathways, which differ regarding CCS buildout sequence, number of
deployment steps, and whether CO2 capture units and energy plants are oversized, or not.
This chapter is structured as follows. Section 3.2 describes the case study, method and key
input data used. Section 3.3 presents the techno‐economic performance and spatial
footprints of the CO2 capture infrastructure configurations. A discussion on the method
and results is laid out in Section 3.4. Finally, main conclusions are drawn in Section 3.5.

3.2 Method and data
The bottom‐up analysis allows for a detailed assessment of the techno‐economic
performance of different CO2 capture technologies (post‐, pre‐ and oxyfuel combustion)
at industrial plant level. The analysis is based on five case studies for which several CO2
capture configurations are considered. Additionally, a literature review and interviews
with experts are conducted to identify and assess issues and remaining knowledge gaps
related to the implementation and operation of CO2 capture at industrial plants.

3.2.1

Case studies

The Botlek is a separate, demarcated area within the port of Rotterdam since it is enclosed
by water and it accommodates over thirty companies of which fifteen are currently
obliged to compound and update so‐called monitoring plans because their annual CO2
emissions are higher than 25 ktCO2/y. The waste processing plant, which also has high CO2
emissions, is exempted from the monitoring obligation because emissions from waste
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processing are regarded as climate neutral. This study examines sixteen CO2 emitters
including the waste processing plant. Table 3.1 and Figure 3.1 present data of their size,
locations and potential space for CO2 capture equipment required for clustering multiple
industrial plants. The current mass and energy flows of the industrial plants were assumed
to remain constant in the short term (2020‐2030). Most of the limited space available in
the Botlek is leased by either the municipality or the private companies, which have the
first right to claim this land and build new installations. These parcels are therefore by no
means readily available for CO2 capture installations. However, experience with other
regional projects (e.g. the local steam pipe project) has shown that some sort of
arrangements can be made between industrial operators and the local authority as long as
pipelines or capture installations do not interfere with their core business (Hurenkamp,
2011). In this study, it is assumed that the plot spaces are available for capture equipment
and pipelines. The NGCC, CHP plants and hydrogen plants in the Botlek area will hereafter
be referred to as in situ technology to distinguish them from newly built NGCC, CHP and
hydrogen plants that are required for the CO2 capture infrastructure configurations.
Table 3.1: Point sources in the Botlek, their respective annual CO2 emissions and available space for
a
CO2 capture equipment required for clustering multiple industrial plants.
Plant name
Plant type
CO2 (kt/y)
Plant name
Plant type
CO2 (kt/y)
Esso
Refinery
2,200
Akzo Nobel
Chemical
181
AVR Rijnmond
Waste processing
1,760
Lyondell
Chemical
133
Air Products (new plant)
Industrial gases
800
DSM
Chemical
101
465
Shin Etsu
Chemical
80
Eurogen
Utility b
Rotterdam Aromatics
Evonik Carbon
Plant (RAP)
Chemical
411
Black
Chemical
61
Air Products (old plant)
Industrial gases
403
Air Liquide
Ind.l gases
53
Cabot
Chemical
228
Cargill
Chemical
26
204
Biopetrol
Biofuels
18
Enecal Energy
Utility c
TOTAL EMISSIONS: 7.1 MtCO2/y
Location
Free space (∙103 m2)
Location
Free space (∙103 m2)
Esso refinery site
~200
Distripark Botlek site
~90
Broekman Distriport site
~200
Botlekstraat plot 1
~30
Vopak site
~55
Botlekstraat plot 2
~25
a
Based on aerial photographs of Google Maps (2011). Sources: (Air Liquide, 2010; Air Products, 2010; Akzo Nobel, 2010;
AVR, 2010; Biopetrol, 2010; Cabot, 2010; Cargill, 2010; DSM, 2010; Enecal, 2010; Esso, 2010; Eurogen, 2010; Evonik
Carbon Black, 2010; Lyondell, 2010; RAP, 2010; Shin Etsu, 2011).
b
The emission sources are two in situ simple cycle gas turbine CHP plants, mainly fuelled on natural gas.
c
The emission source is one in situ gas turbine CHP plant that is fuelled entirely on natural gas.
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Figure 3.1: Botlek area with industrial plants emitting CO2 (red circles stars). The size of the circles
reflects the annual amount of CO2 emissions. The high‐pressure trunk CO2 pipeline planned by the
Rotterdam Climate Initiative would roughly follow the main pipelines strips on the map that run
from the southeast corner to the northwest corner. Map taken from Municipality Rotterdam (2015);
information regarding pipelines strips is based on Pipeliner (2012a, 2012b, 2012c).

3.2.2

CO2 capture infrastructure configurations

A set of possible CO2 capture infrastructure configurations was identified based on
literature, brainstorm sessions involving the authors and interviews with two CO2 capture
experts. Three main CO2 capture routes were selected: post‐combustion capture based on
chemical absorption using an aqueous solvent with a mass fraction of 30%
monoethanolamine (MEA), oxyfuel combustion, i.e. fossil fuel combustion with
cryogenically produced oxygen, and pre‐combustion capture, which is based on the
conversion of natural gas into hydrogen and CO2 in a steam reformer (SR). Chemical
absorption using MEA, cryogenic oxygen production and steam reforming are commercial,
long‐established technologies (Berghout et al., 2013; Kuramochi et al., 2012).
Furthermore, two different energy supply options were selected: a boiler/El case and a
CHP/NGCC case. The boiler/El case assumes additional heat to be produced in a newly‐
installed boiler, and/or electricity to be purchased from the grid. In the CHP/NGCC case,
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additional electricity (and heat) is produced in a newly‐installed NGCC(‐CHP) plant. The
CHP plant is dimensioned to deliver the steam demand required for the CO2 capture
process (post‐ and pre‐combustion configuration); excess electricity is sold to the grid.
Two sub‐cases were investigated: with CO2 capture (CC) and without CO2 capture (vent)
from the energy plant. The CO2 capture infrastructure configurations were distinguished
by varying the capture technology and locations of the CO2 capture units and energy
plants. The capture equipment and energy plants were either placed at the industrial plant
sites (decentral location), at a central spot, or at several semi‐central locations. As a
consequence, the capture and energy units vary in scale: smaller scales at the industrial
plant sites or larger at central locations where flows from different industrial sites are
jointly treated. In the central configurations, the capture equipment and energy plants
were placed on the available space lying idle north‐west of the Esso refinery (see Figure
3.1). The configurations are described in further detail for each capture technology.
Post‐combustion configurations
Three main post‐combustion configurations were investigated: a decentral configuration
with all capture units at the individual plant sites (Post‐Decentral), a central configuration
with all units at one central location (Post‐Central), and a configuration in which the flue
gas conditioning and absorption takes place at the industrial plant/semi‐central level, and
the regeneration, treatment (drying, purification, cooling (DPC)) and compression at semi‐
central level (Post‐Recsor1) (see Figure 3.2). Configurations with compressed flue gas
transport have not been investigated as earlier research found that these configurations
are uneconomic (Bureau et al., 2011). In each configuration (incl. Post‐Central), the flue
gas conditioning units (flue gas desulphurization (FGD), selective catalytic reduction (SCR),
and direct contact cooling (DCC)) are installed side by side at plant level to minimise flue
gas ducting2 corrosion problems. Similarly, the stripper, DPC units and compressors are
jointly installed at the same location for all configurations to avoid the transport of wet,
unpurified CO2 gas given the corrosive impact of sulphur, water and other contaminants
on the pumps and pipelines. Each industrial plant was considered as one point source with
one volumetric CO2 concentration flue gas stream. The latter was derived by taking the
average CO2 concentration of all flue gas streams. For Post‐Recsor, however, a distinction
was made between different flue gas streams on the industrial plant sites (see Figure 3.8).

1

Recsor stands for REmote Central SOlvent Regeneration.
The term ducting is used for the transport of atmospheric pressure flue gases, whereas pipelines refer to the transport
of fluids or gases at higher pressures.

2
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Figure 3.2: Schematic overview of the Post‐Recsor configuration with a separated absorption and
stripping section. The grey, black, purple, green and orange arrows denote the CO2‐rich flue gas,
CO2‐lean flue gas, CO2‐rich amine solution, CO2‐lean amine solution, and pure CO2 flows,
respectively.

Oxyfuel combustion configurations
Three main oxyfuel combustion configurations were distinguished by having the Air
Separation Unit (ASU) for oxygen production and CO2 compressors: at plant level (Oxy‐
Decentral), the ASU central and the CO2 compression step decentral (Oxy‐Hybrid) (see
Figure 3.3), the ASU and CO2 compression step central (Oxy‐Central). In the Oxy‐Central
configurations, atmospheric pressure (AP) CO2 gas is transported to a central location
using blowers. For all oxyfuel combustion configurations, DPC takes place at the plant
level to prevent the transport of wet flue gas. Several adjustments and additional
equipment (e.g. piping, ducting, flue gas recirculation fan) are needed to convert the
boilers and furnaces to oxyfuel mode (Berghout et al., 2013; Wilkinson et al., 2003). Based
on the plant’s fuel mix, each industrial plant was assumed to have one average fuel‐
oxygen ratio (see Table 3.4). In principle, oxyfuel can be applied to all point sources,
except to hydrogen plants. The CO2 emissions of the in situ hydrogen plants are captured
using MEA and ADIP‐X absorbers and strippers.
Pre‐combustion configurations
One main pre‐combustion configuration (Pre‐Central) was distinguished by having the
hydrogen plant, CO2 capture and DPC units and compressors at the central level (see
Figure 3.4). Decentral configurations were not deemed realistic given the relatively high
capital cost of (small) SRs. To achieve a reduction level of 90%, the CO2 is captured both
from the high‐pressure (HP) process gas using the solvent ADIP‐X (methyldiethanolamine
mixed with piperazine) and from the atmospheric pressure flue gas with the solvent MEA.
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Figure 3.3: Schematic overview of the Oxy‐Hybrid configuration with centralised oxygen production,
and CO2 drying, purification, cooling and compression at industrial plant level. The blue and orange
arrows denote the oxygen and the CO2 flows, respectively.

The produced hydrogen is routed to the individual plants and used as fuel for the furnaces
and boilers. According to Appl (1997), the SR generates HP steam (25 GJLHV/tH2; 75 bar,
350C) in a waste heat recovery boiler, which could be used for solvent regeneration.
However, it was difficult to determine whether this waste heat is still available in modern
SRs, or whether it is internally integrated. For this study, two subcases were made: with
waste heat (WH) availability and without waste heat availability. In case waste heat is
available, all heat is used for solvent regeneration and remaining steam was assumed to
be sold to other industrial plants. Unlike oxyfuel combustion, no significant modifications
are required to convert the boilers and furnaces to hydrogen firing mode (Lowe et al.,
2011).
The CO2 from the in situ hydrogen plants in the Botlek was also captured using a MEA and
ADIP‐X absorber and stripper. Next to natural gas, it was assumed that the chemical fuel
gases of the Esso refinery and Rotterdam Aromatics Plant (RAP) can also be converted to
hydrogen in the SR. As also indicated by an expert of Air Liquide (Kiewiet, 2012), chemical
process gases produced in other industrial plants were assumed to be unsuitable to be
used as feedstock for the SR. Also biomass fuel (mainly for the waste processing plant)
was not considered for hydrogen substitution, because biomass is already a sustainable
fuel. The CO2 from the additional NGCC/CHP plants was captured using post‐combustion
capture technology, as this was found to be more cost effective than using hydrogen as a
fuel (see Chapter 5).
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Figure 3.4: Schematic overview of the pre‐combustion configuration with central hydrogen
production, CO2 capture, CO2 drying, purification, cooling and compression. NG stands for natural
gas. The grey, green and orange arrows denote the natural gas, hydrogen and CO2 flows,
respectively.

3.2.3

Performance indicators and data

The relevant equations to assess the techno‐economic performance of the CO2 capture
infrastructure configurations were taken from Chapter 2. The annually avoided CO2
emissions Ya (tCO2/y) is the main technical indicator in this study. Ya is expressed using
Equation 3.1:
Y� � Y�� � �Y�� � Y�� � �Y�� � C� �� � � Y�� � C� �� ��� � Y���������

Equation 3.1

where Ybc, Yep and Yel,import (tCO2/y) are the respective CO2 emissions of the industrial plant
in the base case, from the energy plants, and from imported electricity. The export of
excess electricity from a CHP plant can be seen as a negative value for electricity import.
CRip and CRep are the capture ratios for the industrial plants and energy plants,
respectively.
The CO2 avoidance cost Ca (€/tCO2) is the main economic indicator. Ca is expressed using
Equation 3.2:
C� �

���� ���� ���� ��� �������� ������� ����������
��

Equation 3.2

where ∆Eng and ∆Ee are the net change in annual natural gas (GJLHV/y) and electricity
(GJe/y) consumption, ∆Esteam is HP steam from the SR that is exported to other industrial
plants, Png, Pe and Psteam are the prices of natural gas (€/GJLHV), electricity (€/GJe) and HP
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steam (€/GJLHV). I is the investment cost (€), α is the annuity factor, and ∆CO&M is the net
change in O&M cost (€/y).
For configurations with a CHP that export excess electricity to the grid, the avoidance
costs were determined both with and without credits for electricity export. When
excluding credits for electricity export, the monetary value and (indirect) CO2 emissions of
both the exported electricity and natural gas related to this electricity, which was
determined on an exergy basis (electricity: 1; heat: 0.28) (see Section 3.2.5), were
subtracted from the total emissions and costs.
The investments were considered as Total Capital Requirement (TCR). TCR consists of
various components:
 Process Plant Cost (PPC) comprising equipment and installation cost;
 Total Plant Cost (TPC) comprising PPC, engineering fees and contingencies;
 Owner costs (i.e. costs for pre‐production, royalties, inventory capital, land and site
preparation) and interest during construction.
In this study, all cost figures from data sources were converted to €2012. Costs reported in
other currencies were first converted to Euro using the year‐average exchange rate data
of OANDA (2014) for the year the cost data were reported, and were then escalated to the
year 2012 using the Downstream Capital Costs Index (DCCI) (IHS CERA, 2014). Table 3.2
presents the general techno‐economic input parameters used in this study. The impact of
the input parameter values on the results were assessed by doing a sensitivity analysis.
The OPEX and energy use for CO2 capture were varied with ±30%,; the other value ranges
are presented in Table 3.2. The trunk CO2 pipeline that is planned to run though the Botlek
is assumed to operate at 110 bar to ensure that the CO2 flow retains its dense phase
during transport. This pipeline is beyond the scope of this research.
The key performance data of the CO2 capture technologies are presented in Table 3.3‐
Table 3.5. The costs of retrofitting and production loss due to retrofitting were excluded
from the analysis. The data sets on the industrial plant characteristics (NEA, 2010) did not
provide information on the CO2 emission patterns throughout the year. Therefore, the
annual CO2 emissions were divided evenly over the year. In other words, the network was
not designed to accommodate peak flow rates.
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Parameter

Unit

Value

Sensitivity
analysis

References

Annual operating time a
Real interest rate
Economic lifetime a
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
Calorific value natural gas
Industrial energy price (average for
2020‐2030)
Natural gas (Png) b
Electricity (Pel) b
Steam (Psteam) c
CO2 emission factor
Dutch electricity production d
Natural gas
Industrial boiler efficiency e
Industrial furnace efficiency e
Capital cost boiler
O&M costs boiler
Max. NGCC efficiency f
Max. NGCC(‐CHP) efficiency g

h/y
%
years
%‐PPC
%‐TPC
MJLHV/Nm3

8,000
10
20
130
110
31.7

±30% for total
annualized
capital cost

Own value
Own value
Own value
van Horssen et al. (2009)
van Horssen et al. (2009)
Rabou et al. (2006)

€/GJLHV
€/GJe
€/GJLHV

10
22
12

7‐13
15‐29
8‐15

ECN/PBL (2010); IEA (2010); CBS
(2011); own estimations
Own value

kgCO2/GJe
kgCO2/GJLHV
%
%
€/kW
%‐CAPEX
% (LHV)
% (LHV)

63
56.7
85
80
65
2
‐
90

16‐110

van den Broek et al. (2011)
Agentschap NL (2010)
IEA GHG (2000)
IEA GHG (2000)
Grahn et al. (2007)
Own values
45‐60
Own values
75‐100
Bolland (1993); Kuramochi et al.
(2010)
a
The values for the annual operating time found in literature are in the range of 7,350 ‐ 8500 h/y (Andersson et al.,
2014; Ho et al., 2011; IEA GHG, 2000; Kuramochi et al., 2012). The values for the economic lifetime found in literature
range between 15 and 25 years (e.g. IEA GHG, 2000; Johansson et al., 2013; Kuramochi et al., 2012; Switzer et al.,
2005). The impact of the annual operating time and economic lifetime on the final results is examined indirectly by
varying the total annualized capital costs (±30%) in the sensitivity analysis.
b
Prices were determined based on quarterly energy prices over the period 1997‐2008 (CBS, 2011), and extrapolated to
the future. The electricity price of 22 €/GJe is in accordance with the costs of electricity (20‐24 €/GJe) as presented in
the Grand Coalition scenario over the period 2020‐2030 by Van den Broek et al. (2011). The Grand Coalition scenario is
based on the premise that around 50% of the CO2 is reduced worldwide through renewable energy technologies,
power plant CCS, and other CO2 mitigation options. This scenario was assumed to be a precondition for CCS to be
deployed at industrial processes.
c
It was assumed that the onsite steam production costs in an industrial boiler equal the steam price. Based on a natural
gas price of 10 €/GJLHV, boiler capital costs of 85 €/kW (Grahn et al., 2007) and boiler O&M costs of 2% of the total
investment costs, the production costs of HP steam were calculated to be 11.8 €/GJLHV. This figure is in line with steam
prices (11.1 €/GJLHV) indicated for industry (DACE, 2011). For the sensitivity analysis, the steam production costs were
varied with the range in natural gas price.
d
CO2 emission factor for the electricity mix in 2020‐2030 as modelled in the Grand Coalition scenario by Van den Broek
et al. (2011). An uncertainty range of ±75% was assumed.
e
In case efficiencies were not indicated in the environmental reports or monitoring plants, average efficiencies of 80%
for industrial furnaces and 85% for steam boilers were assumed.
f
The medium value for the newly installed NGCC electrical efficiency depends on the size of the installation and is
therefore not indicated in the Table. Usually values of 50‐55% were calculated (see Section 3.2.5).
g
In accordance to Bolland et al. (1993) and Kuramochi et al. (2010), it was assumed that the overall CHP efficiency (LHV
basis) does not exceed 90%.
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Table 3.3: Techno‐economic parameters for post‐combustion capture. The economic data pertain to
a post‐combustion system capturing annually 1.0 MtCO2 from flue gas streams of both 4 vol% and
12‐14 vol% CO2 using one absorber and one stripper. Based on: CESAR (2011); IEA GHG (2010); NETL
a
(2010).
TECHNICAL
CO2 capture ratio (CRip)

Unit

Value

References

%

90

GJLHV/tCO2
GJe/tCO2

3.5‐4.0
0.1‐0.3

CESAR (2011); IEA GHG (2000)
NETL (2010)
Nienoord (2012)

Regeneration heat CO2 capture b
Electricity CO2 capture (pumps and
fans) b
CO2 treatment & compression
CAPEX
Modifications to stacks
SCR/FGD units
CO2 capture equipment c

GJe/tCO2

0.6

CESAR (2011)

M€/stack
M€/MtCO2/y
M€/MtCO2/y

CO2 treatment & compression c

M€/MtCO2/y

0.1
25
76 (4 vol%); 44
(12‐14 vol%)
12

Hurst and Walker (2005)
Hurst and Walker (2005)
CESAR (2011); IEA GHG (2010);
NETL (2010)
CESAR (2011); IEA GHG (2010);
NETL (2010)

OPEX
Labour

€/tCO2

0.2 d

Feron (2005); Peeters et al. (2007)

CESAR (2011); IEA GHG (2010);
NETL (2010)
Administration & overhead
% of labour cost
28
NETL (2010)
2.0
NETL (2010)
Taxes & Insurances
€/tCO2
Maintenance
% of TPC
3.8
NETL (2010)
1.4
NETL (2010)
Water usage
€/tCO2
0.5
NETL (2010)
MEA
€/tCO2
0.1
NETL (2010)(NETL, 2010)
Activated carbon
€/tCO2
0.2
NETL (2010)
Ammonia
€/tCO2
0.0
NETL (2010)
Corrosion inhibitor
€/tCO2
0.1
NETL (2010)
SCR catalyst
€/tCO2
0.2
NETL (2010)
Other chemicals
€/tCO2
a
The parameters used for economic costs are based on three detailed studies (CESAR, 2011; IEA GHG, 2010; NETL,
2010), which describe post‐combustion capture at a pulverised coal‐fired (PC) power plant (12‐14 vol% CO2
concentration) and at a natural gas fired combined cycle (NGCC, 3‐4 vol% CO2 concentration). Since the CO2
concentration in the flue gases can change significantly among and within industrial plants, data from both the capture
systems applied at the PC and NGCC power plants were used to account for this factor.
b
Regeneration heat and electricity needed for flue gas with volumetric CO2 concentrations in the range of 4‐16%; the
specific regeneration energy (GJLHV/tCO2; GJe/tCO2) decreases with higher volumetric CO2 concentrations. It is assumed
there is no effect of scale on the specific energy requirement, which is concluded from a literature review (Kuramochi
et al., 2013).
c
All capital costs were standardised to and corrected for the amount of CO2 captured of 1.0 MtCO2 per year using one
absorber and stripper. The cost category CO2 capture equipment represents the direct contact cooler, absorber and
stripper.
d
The average amount of labour hours were taken from CESAR (2011), IEA GHG (2010) and NETL (2010), and multiplied
with a European wage for an operator of 60,000 €/FTE/y IEA GHG (2010).
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Table 3.4: Techno‐economic parameters for oxyfuel combustion capture.
TECHNICAL
CO2 capture ratio
Oxygen production

3

Stoichiometric O2:CO2 combustion
ratio (weight basis) b
Natural gas
Refinery gas
Excess oxygen use
Fuel savings furnaces b
CO2 treatment & compression
CAPEX
Furnace modification c
Air Separation Unit (ASU)

Unit

Value

References

%
GJe/tO2

90
0.7 a

Kuramochi et al. (2012)
ZEP (2011)

%
%
GJe/tCO2

1.77
1.45
3
8.3
0.5

Allam et al. (2005a); IEA GHG (2000)
Zanganeh et al. (2004)
Allam et al. (2005a,b)
IEA GHG (2005b)

M€/MtCO2/y
M€/ktO2/d

1c
51 d

Allam et al. (2005a,b)
Allam et al. (2005a,b); IEA GHG (2008b);
Meerman et al. (2012b); Spero (2008)
Allam et al. (2005a)
Allam et al. (2005a)
Allam et al. (2005a); IEA GHG (2008a)

12
Cooling water system
M€/MtCO2/y
7
Flue gas gathering system
M€/MtCO2/y
M€/MtCO2/y
24
CO2 treatment & compression
OPEX
1.0 e
Allam et al. (2005a,b)
Labour
€/tCO2
0.1
Allam et al. (2005a,b)
Administration & overhead
€/tCO2
3.0
Allam et al. (2005a,b)
Maintenance
€/tCO2
3.0
Allam et al. (2005a,b)
Taxes & Insurances
€/tCO2
1.6
Allam et al. (2005a,b)
Water
€/tCO2
0.3
Allam et al. (2005a,b)
Consumables
€/tCO2
a
The current specific energy requirement for cryogenic oxygen production was found to be in the range of 0.6‐0.8
GJe/tO2 (160‐220 kWhe/tO2) (ZEP, 2011).
b
Assumptions were made on the stoichiometric O2:CO2 combustion ratio due to insufficient information on the fuel
composition in the refinery. In the catalytic cracker, oxygen is used to burn the coke that is deposited on the surface of
the catalyst (C + O2  CO2), resulting in a molar ratio of 1:1, which translates to a mass ratio of 0.73 (32/44). The mass
ratio for the combustion of natural gas in the in situ NGCC/CHP plants (1.43) was derived from the volumetric O2:CO2
ratio as presented by C+B (C+B advies en expertise, 2014). The oxygen requirement for the refinery gases was based on
two studies performing detailed analyses into oxyfuel combustion of refinery fuel gases. The mass ratio derived from
these studies was 1.44 (Allam et al., 2005a) and 1.49 (IEA GHG, 2000). A value of 1.45 was used in this study. The high
stoichiometric O2:CO2 mass ratio for refinery fuel gas is mainly due to the high methane and hydrogen concentrations
in the fuel streams. However, as fuel gas compositions tend to vary considerably (also within refineries), the impact of
the oxygen demand was indirectly examined by varying the energy use for oxygen production in the sensitivity
analysis.
c
Average values derived from the total furnace modification costs as reported in Allam et al. (2005a,b). It was assumed
there is no scaling effect for furnace modifications considering the small scale of most furnaces.
d
Average value based on Allam et al. (2005a,b), Meerman et al. (2013), Spero (2008), and IEA GHG (2008b) and are valid
for a cryogenic Air Separation Unit and the oxygen compressor to 30 bar.
e
No data were available on the amount of operating manpower hours in Allam et al. (2005a,b); only monetary values
were presented.
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Table 3.5: Techno‐economic parameters for pre‐combustion capture.
TECHNICAL
Feed natural gas needed for H2 production
Fuel natural gas needed for H2 production
Electricity needed for H2 production
CO2 produced
Production process (CO2 in process gas)
SR furnace (CO2 in flue gas)
HP steam from waste heat SR a
CO2 capture ratio process gas
Heat for regeneration ADIP‐X
Power for regeneration ADIP‐X
Power for CO2 treatment & compression
CAPEX
SR plant (incl. WGS, PSA, SCR)

Unit

Value

References

GJLHV/tH2
GJLHV/tH2
GJe/tH2

122
43
2.2

NREL (2009)
NREL (2009)
NREL (2009)

tCO2/tH2
tCO2/tH2
GJLHV/tH2
%
GJLHV/tCO2
GJe/tCO2
GJe/tCO2

6.9
3.2
30
95
1.97
0.04
0.30

NREL (2009)
NREL (2009)
Appl (1997)
Meerman et al. (2012a)
Meerman et al. (2012a)
Meerman et al. (2012a)
Meerman et al. (2012a)
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INL (2010); NREL (2009); Rutkowski
(2005); Simbeck (2005)
INL (2010); NREL (2009); Rutkowski
(2005); Simbeck (2005)
INL (2010); NREL (2009); Rutkowski
(2005); Simbeck (2005)
IEA GHG (2000)

M€/MtCO2/y

CO2 capture equipment for HP process gas

M€/MtCO2/y

9

Drying & Compression

M€/MtCO2/y

24

Modified burners

M€/MtCO2/y

0.1

OPEX
Labour
Administration & overhead

0.4 b
NREL (2009)
€/tCO2
% of labour
20
NREL (2009)
costs
3.7
(NREL, 2009)
Taxes & Insurances
€/tCO2
4.5
(NREL, 2009)
Maintenance
€/tH2
0.9
(NETL, 2010)
Demineralized water
€/tCO2
€/tCO2
2.0
(NETL, 2010)
Chemicals c
a
The SR generates a lot of HP steam (75 bar, 350C) in a waste heat recovery boiler. In theory, 30 GJLHV/tH2 of waste heat
would become available.
b
The average amount of labour hours were taken from CESAR (2011), IEA GHG (2010) and NETL (2010), and multiplied
with a European wage for an operator of 60,000 €/FTE/y IEA GHG (2010). Subsequently, the costs were escalated to
the year 2012.
c
SR and WGS catalysts, PSA sorbent, HP process gas solvent, MEA, SCR catalyst.

3.2.4

Scaling and maximum unit size

A generic scaling relation is applied to the capital costs to account for economies of scale
(Equation 3.3). The investment cost of a component i (M€) is expressed as proposed by
Larson et al. (2005):
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Equation 3.3
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where Ii,ref is the reference capital investment (M€), Nunits,i is the number of parallel
process trains per system, Nunits,i,ref is the number of parallel process trains in the reference
system, Si is the capacity of a single process train, Si,ref is the reference capacity of a single
process train, SFn is the scaling factor for multiple trains (0.9 for all components), and SFi is
the economic scaling factor for component i.

3

The maximum capacity of the capture units was used to determine the number of trains
needed for each CO2 capture infrastructure configuration (see Table 3.6). No maximum
processing unit capacity was assumed for the SCR, FGD, cooling tower, boiler and NGCC(‐
CHP) units. It was assumed that the maximum capacity of tanks, drums, boilers and NGCC
will not be reached for the throughput and storage quantities discussed in this study.
Table 3.6: Maximum processing capacity and economic scaling factors of CO2 capture components.
Component

Unit

SCR/FGD units

ktCO2/d

Maximum
capacity
‐

SFi
0.70
0.67

Range sensitivity
analysis
0.6‐0.8
0.6‐0.8

Reference

IPPC (2006)
Kreutz et al. (2005); Sipöcz
Absorber a
ktCO2/d
3
et al. (2011)
ktCO2/d
10
0.67
0.6‐0.8
Assumption
Stripper a
‐
0.67
0.6‐0.8
Assumption
Cooling tower
ktCO2/d
Knoope et al. (2014);
8
0.67
0.6‐1.0
Compressor
ktCO2/d
Meerman et al. (2012b)
ktO2/d
6
0.65 c
0.5‐0.8
See footnote c
Air separation unit b
ktH2/d
10 d
0.67
0.6‐0.8
Kreutz et al. (2005)
Steam reformer
e
MWth
‐
0.57
0.5‐0.8
DOE/NETL (2002)
Boiler
a
Kuramochi et al. (2010) compared values of maximum processing capacity from several studies. Note that the
maximum processing capacity of absorbers and strippers, which in turn depends on the maximum manageable
diameter, differs per technology provider; the values for absorber diameters reported in literature are within the range
of 11‐20 meters. A conservative assumption was made with respect to the maximum processing capacity of the
absorber.
b
According to White (2009), the largest single‐train ASU in operation today is around 3.5 ktO2/d; Air Products reports
ASU units larger than 5 ktO2/d (IEA GHG, 2007b). In this study, the maximum oxygen production capacity for a single
ASU train is assumed to be 6 ktO2/d for the short term.
c
Medium value based on Hamelinck and Faaij (2002), IEA GHG (2008), Kreutz et al. (2005), Larson et al. (2005), and
Tijmensen et al. (2002).
d
Personal communication with an expert on industrial gas separation, who stated that 10 ktH2/d is technically feasible
today.
e
This figure is derived from the data reported for boilers of 4‐111 MWth scale generating steam of 18.3 bar, 263 °C
(DOE/NETL, 2002). Although unknown, it is assumed that this scaling factor applies to different steam qualities and
outside this capacity range as well.
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3.2.5

Energy plant

A regression curve was constructed by Kuramochi et al. (2010) for the relationship
between CHP plant scale and electrical conversion efficiency based on data from the Gas
Turbine World Handbook (GTW, 2007). The derived regression curve can be calculated as
follows:
ƞ����������� � ����� � � ������ ���� � �����

Equation 3.4
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Equation 3.5

where ηe,ngcc,cond is the electrical efficiency of the NGCC at full‐load in condensing
operation (power‐only mode) and X is the capacity of the NGCC plant (MWe). The
decrease in electrical conversion efficiency associated with the decrease in plant capacity
is due to a lowering of the combustion temperature (Rodrigues et al., 2003). The electrical
efficiency in CHP operation (ηel,ngcc-chp) was assessed as follows:

where ηth,cc is the heat production efficiency and fth,cc is the exergy factor for the heat. fth,cc
is assumed to be 0.28 (Bolland and Undrum, 2003; Kuramochi et al., 2010). The required
steam for CO2 capture has a temperature of around 130 °C (Peeters et al., 2007).
In this study, it was assumed that the maximum amount of low‐temperature steam for
CO2 capture (solvent regeneration) is extracted. At the same time, the maximum total net
CHP efficiency is assumed to be 90% (Bolland and Undrum, 2003; Kuramochi et al., 2010).
The gas turbine electrical efficiency is assumed to be two‐thirds of the NGCC efficiency in
condensing mode. For the sensitivity analysis, a value range of 70‐100% was used for the
maximum total net NGCC‐CHP efficiency (see Table 3.2). The capital cost of NGCC‐CHP
plant is calculated using the following equation for condensing NGCC plants derived from
the data presented in Gas Turbine World Handbook 2007‐2008 (GTW, 2007):
C���� �
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Equation 3.6

where Cngcc is the total NGCC equipment cost per installed kWe rated capacity in
condensing mode (€2008/kWe) and X is the rated capacity of the NGCC plant in condensing
mode (MWe).
The data and assumptions on stand‐alone industrial boilers can be found in Table 3.2.
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3.2.6

3

Spatial footprint

The diameter of the absorber and stripper are predominantly determined by the flue gas
flow rate and amine solution flow rate, respectively. A regression analysis based on data
from process simulation studies was performed to derive a relation between the CO2 flow
rate (ktCO2/d) and the diameter (m) of the absorber and stripper (see Figure 3.5). The
simulated absorbers contain an aqueous solvent with a mass fraction of 30% MEA
designated for a flue gas with a volumetric CO2 concentration of 12‐14%. It was assumed
that for each CO2 flow rate the diameter of a 3‐4 vol% CO2 flue gas absorber is three times
larger than for a 12‐14 vol% CO2 flue gas absorber (see Figure 3.5). The regression
functions were used to calculate the footprints of the absorbers and strippers in this
study.
The physical dimensions of other capture components were mainly taken from end‐to‐end
major equipment lists of two FEED studies (E.on, 2011a, 2011b; ScottishPower, 2011) (see
Table 3.7). The footprint of miscellaneous equipment (e.g. pumps) was assumed to be
negligible and therefore excluded from the analysis.
Florin and Fennell (2009) reported that using a linear scaling factor to calculate the spatial
footprint is overly simplistic. They suggested to take a modular approach instead and scale
foot print with respect to the number of capture trains. According to Blok (2009), the
capacity of many types of equipment increases with the third power of the size
(determined by volume) while capital costs only increase in a quadratic way (determined
by surface area). Therefore, the spatial footprint of the capture components for plant
scale k (m2) was assessed as follows:
A� � � ∑� �A����� � �
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Equation 3.7

where Ai,ref is the space requirement for component i for the reference capacity (m2), Si is
the capacity of component i for plant scale k (unit: component dependent), Si,ref is the
reference capacity of component i for plant scale k (unit: component dependent), and SFi
is the scaling factor for component i. Based on the reasoning of Blok (2009), a scaling
factors of 0.67 (or 2/3) was used.
A 20% margin was added to the computed physical footprints to account for space needed
for installation and maintenance. In the results section, the footprints of the direct contact
coolers, SCR/FGD units and absorbers are lumped together in one category. The footprints
of the reboilers, heat exchanger, tanks and strippers are combined as well.
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Figure 3.5: Diameter (m) of absorber and stripper as a function CO2 flow entering the column
(ktCO2/d). Data were taken from Hurst and Walker (2005), DOE/NETL (2007), Berstad et al. (2011),
E.on (2011a) and Nørstebø et al. (2012). The CO2 flow rate for the absorber was derived from the
CO2 partial pressure (12‐14 vol%) in the flue gas entering the absorber.
Table 3.7: Spatial footprint of CO2 capture components taken from literature.
Base scale (Si,ref)
Unit
m2
Reference
Utilities
NGCC
785
MWe
2∙104
IEA GHG (2005)
2∙102
Switzer et al. (2005)
Boiler
183
MWth
Post‐combustion
8∙102
ScottishPower (2011)
Direct Contact Cooler
56
kgCO2/s
a
56
kgCO2/s
4∙102
E.on (2011a)
SCR/FGD units
2∙103
ScottishPower (2011)
Reboiler, heat exchanger, tanks
56
kgCO2/s
56
kgCO2/s
2∙103
E.on (2011b)
CO2 drying & compression b
Oxyfuel combustion
25
kgO2/s
4∙103
DECC (2009); IEA GHG (2008a)
Air Separation Unit (one train) c
65
kgCO2/s
3∙103
DECC (2009)
CO2 drying & compression
Pre‐combustion
10
kgH2/s
5∙103
Allam et al. (2005b)
Steam Reformer
a
Applies to an industrial process flue gas stream with a volumetric CO2 concentration of 12%.
b
The spatial footprint was derived by adding op the physical dimensions of six compressors and three dryer beds. The
footprints presented by the IEA GHG (2008) are about two times higher. However, as the quality of these figures was
unknown, it was decided to use the simulation data from the Eon FEED study (E.on, 2011b).
c
Due to paucity of data on footprints of ASUs, figures were taken from IEA GHG (2008) and DECC (2009).
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3.2.7

3

Local transport

A detailed pipeline study was carried out for the Post‐Recsor (CHP/CC), Oxy‐Central
(NGCC/CC) and Pre‐Central (CHP/CC) configurations (see Pipeliner (2012a, 2012b, 2012c)).
The pipelines were designed to meet regulations regarding technical and spatial design,
environment, and safety of national, regional and local government agencies (e.g. Arcadis,
2009; CMS, 2013; MIE, 2012; Municipality Rotterdam, 2010; NEN 3650, 2012; NEN 3651,
2012; SenterNovem, 2006). The hierarchy used to determine the design and technical
performance of the local pipeline systems is shown in Figure 3.6. The optimal pipeline
route was determined by studying physical obstacles – e.g. railways, roads and dams – and
available space in communal underground pipelines strips across the Botlek. Pipelines on
industrial plants’ sites were included in the analysis. The flow velocity, pressure drop and
wall thickness were calculated for each individual pipeline; subsequently, the outlet
conditions of the transported gas/liquid were used to calculate the technical specifications
for the consecutive downstream pipeline. A feedback loop was included to ensure that the
maximum allowable velocity was not exceeded. Detailed information on the technical
input parameters, material selection and equations for the technical specifications for the
pipelines as well as for the compressors and blowers can be found in Appendix I (Section
3.6). The costs of local transport were assessed for compressors, blowers, and materials
and construction (drilling, excavation, etc.) needed for pipeline transport. The main input
parameters for the pipeline analysis are presented in Table 3.8. The total costs of the local
network were allocated to the individual plants on basis of their amount of avoided CO2.
Based on these detailed pipeline studies, a more generic pipeline analysis was carried out
for the other configurations using the equations in Appendix I (Section 3.6). However,
instead of designing an optimised pipeline network, as was done in the detailed analysis
shown in Figure 3.6, one fictional pipeline/duct (flue gas, O2, CO2, H2) running from the
capture plant to each industrial plant and vice versa, was designed and assessed.
Moreover, the assessment was done starting with a typical gas velocity3 rather than with
the pipeline diameter. The costs of the flue gas ducts were assessed using a typical
standard cost factor per square metre ductwork (see Table 3.8). Similar to Bureau et al.
(2011), a maximum flue gas duct diameter of 8 inch (2.03 m) was assumed. The costs of
the ducts were assessed using a typical standard cost factor per square metre ductwork
(see Table 3.8).
3
A velocity of 11 m/s was used for flue gas transport, which is at the high end of the range (4.5‐12 m/s) reported by
Lindeburg (2013). This value was chosen to minimise the diameter of the flue gas ducts. For the same reason, a velocity
of 10 m/s was assumed for gaseous O2, H2 and CO2 transport. This value is within the gas velocity range (5‐20 m/s)
indicated by Knoope et al. (2014) for gaseous CO2 and by Branan (2005) for gaseous O2 and H2 pipeline transport. For
high‐pressure (110 bar) CO2 pipeline transport a velocity of 6 m/s was used, which is in accordance with values
presented by Knoope et al. (2014) for liquid CO2 transport (0.5‐6 m/s). A standard Darcy friction factor of 0.02 was used.
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Figure 3.6: Hierarchy to determine the design and technical performance of the local pipeline
networks. The dashed box contains the steps needed to calculate the technical specifications of each
individual pipeline.

3.3 Results
The techno‐economic performance of the CO2 capture infrastructure configurations is
presented in Sections 3.3.1‐3.3.3. More detailed results on the configurations can be
found in Appendix II (Section 3.7). A comparison among the configurations is made in
Section 3.3.4, whereas the local pipeline networks and general lessons are discussed in
Sections 3.3.5 and 3.3.6. For configurations with a CHP that export excess electricity to the
grid, the presented avoidance costs include credits for electricity sale, unless otherwise
stated.
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Table 3.8: Economic parameters for ducting and pipelines.

3

Unit
Value
References
CAPEX
Ductwork a
€2010/m2
150
DACE (2011)
Carbon steel (CS)
€/kg
1.2
Steel prices (2012)
Price (2012) b
23
Conline Rhenania (2012)
Polyethylene coating
€/m2
48
Conline Rhenania (2012)
Polypropylene coating
€/m2
€/m2
1500
Pipeliner (2012a, 2012b, 2012c)
Construction price c
Stainless steel (SS; AISI 304)
Price (2012)
€/kg
2.9
Steel prices (2012)
28
Conline Rhenania (2012)
Polyethylene coating
€/m2
56
Conline Rhenania (2012)
Polypropylene coating
€/m2
€/m2
1800
Pipeliner (2012a, 2012b, 2012c)
Construction price c
M€
1.1
Gasunie (2012)
Natural gas pipeline for SR d
M€
0.2
Gasunie (2012)
Natural gas receiving station d
Flanges, junctions, appendages, etc.
% CAPEX
10
Pipeliner (2012a, 2012b, 2012c)
Pipeline valves
% CAPEX
20
Pipeliner (2012a, 2012b, 2012c)
OPEX
O&M costs (excl. energy costs)
% CAPEX
2
Pipeliner (2012a, 2012b, 2012c)
a
Typical cost for materials and installation of stainless steel ductwork with hangers and supports.
b
Although prices can differ considerably per carbon steel grade, one price (for grade S355) was used for the sake of
consistency.
c
An aggregated number for construction costs is presented for reasons of confidentiality; this number comprises costs
for excavation, welding, labour, pipeline removal, etc.
d
For the pre‐combustion configuration, an additional natural gas pipeline and receiving station has to be installed for
the SR hydrogen plant. The total costs were based on an official offer made by the Dutch natural gas company
(Gasunie, 2012).

3.3.1

Post‐combustion configurations

Figure 3.7 shows the average CO2 avoidance cost as a function of the annual CO2
emissions avoided (see caption for explanation), whereas a breakdown of the techno‐
economic performance is presented in Table 3.9. An aerial photograph of the industrial
Botlek area with the Post‐Recsor (CHP/CC) configuration is shown in Figure 3.8.
The results indicate that Post‐Recsor (CHP/CC) is the most realistic and cost effective (73
€/tCO2) post‐combustion configuration for the Botlek. Moreover, it has the highest CO2
emission reduction potential (7.1 MtCO2/y). The separated absorber‐stripper arrangement
shows a favourable combination of economic scale effects for the clustered strippers, CO2
treatment units and compressors, and low local flue gas transport costs due to short
distance between the CO2 emission point sources and partly decentralised absorbers.
Furthermore, sufficient space is available as the capture components and energy plants
are located at several places in the Botlek and the space consuming flue gas ducts are
relatively short (see Figure 3.8).
94

Techno‐economic performance and spatial footprint of infrastructure configurations for large scale CO2 capture
in industrial zones: A case study for the Rotterdam Botlek

3

Figure 3.7: Average CO2 avoidance costs as a function of total annual CO2 emissions avoided for the
post‐combustion configurations of the sixteen industrial plants in the Botlek. For the Post‐Decentral
configurations, the annual CO2 emissions of the industrial plants on the x‐axis are ordered from the
plant with lowest average CO2 avoidance cost to the plant with the highest average CO2 avoidance
cost. For the Post‐Central and Post‐Recsor configurations, the plants are ordered from the plant with
the highest amount of annual CO2 emissions avoided (Esso refinery) to the plant with the lowest
amount of annual CO2 emissions avoided (Biopetrol). The costs for the CHP cases include credits for
electricity sale.

The local pipeline network required for Post‐Recsor (CHP/CC) is technically and legally
feasible, although several new pipeline tracks are needed for the large diameter pipelines
(up to one metre) that circulate around 250 Mt of aqueous amine solution per year. Using
a CHP plant that captures its own CO2 – instead of a boiler in combination with electricity
import – was found to be most cost effective due to the high energy efficiency of the CHP
and credits for excess electricity sale.

Figure 3.8: Aerial photograph of the industrial Botlek area with the Post‐Recsor (CHP/CC)
configuration (see next page).
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Post‐Recsor (CHP/CC) is already economically preferable over CO2 capture at industrial
plant site (Post‐Decentral (CHP/CC)) when applying CO2 capture to both the Esso refinery
and the waste processing plant, due to economies of scale for both the capture units and
CHP plants (see intersection of blue and orange lines in Figure 3.7). The economic scale
effects are illustrated by the downward trend of the abatement curves of the Post‐Recsor
and Post‐Central configurations with higher amounts of CO2 avoided, whereas an opposite
trend is observed for the decentral configurations. The analysis also shows that it would
be very challenging, maybe even impossible, to accommodate all the capture units and
energy plants on certain industrial plan sites (e.g. Biopetrol, Cargill, Lyondell, Air Products
(old plant), Enecal, Eurogen, Air Liquide), thus rendering Post‐Decentral configurations
unrealistic. In contrast, sufficient space is lying idle (~200∙103 m2) north‐west of the Esso
refinery for the fully centralised configurations. Furthermore, Post‐Central (CHP/CC)
shows even slightly lower average avoidance costs (91 €/tCO2) than Post‐Recsor (CHP/CC)
(93 €/tCO2) when excluding credits for electricity sale. Nevertheless, the Post‐Central
configurations involve large diameter flue gas ducts (max. 80 inch); some tracks showing
over ten ducts running in parallel. Hence, pooling flue gases from multiple industrial plants
and routing these flows to central amine absorbers is unlikely from a spatial point of view.
Table 3.9: Techno‐economic performance of post‐combustion configurations in the Botlek.

TECHNICAL PERFORMANCE
CO2 base case
CO2 generated in Botlek
CO2 captured
CO2 avoided (w elec. sale)
CO2 avoided (w/o elec. sale)
Heat demand
Electricity demand
ECONOMIC PERFORMANCE
CAPEX
OPEX
Energy costs (w elec. sale)
Energy costs (w/o elec. sale)
Average CO2 avoidance cost
(with electricity sale)
Average CO2 avoidance cost
(without electricity sale)
PHYSICAL FOOTPRINT
Total

Unit

Boiler
Decentral
Vent
CC

Central
Vent
CC

CHP
Decentral
Vent
CC

Central
Vent
CC

Recsor
CC

MtCO2/y
MtCO2/y
MtCO2/y
MtCO2/y
MtCO2/y
PJth/y
PJe/y

7.1
8.7
6.4
n/a
4.6
23
5

7.1
8.7
7.8
n/a
5.9
24
6

7.1
8.7
6.4
n/a
4.4
23
7

7.1
8.7
7.8
n/a
5.7
24
9

7.1
9.3
9.1
4.7
4.5
23
5

7.1
10.1
9.1
6.9
6.1
29
8

7.1
9.7
6.4
4.5
3.8
23
7

7.1
10.3
9.3
7.0
6.1
28
11

7.1
10.3
9.3
7.1
6.1
28
10

M€
M€/y
M€/y
M€/y
€/tCO2

809
52
n/a
372
n/a

939
63
n/a
414
n/a

629
53
n/a
486
n/a

722
64
n/a
478
n/a

1964
111
181
209
96

1964
111
231
318
83

1432
86
222
256
106

1731
113
237
284
79

1652
109
212
262
73

€/tCO2

113

100

139

110

106

108

133

91

93

∙103 m2

34

53

17

20

116

232

101

119

119
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3.3.2

Oxyfuel combustion configurations

The abatement curves and techno‐economic performance of the oxyfuel configurations
are shown in Figure 3.9 and Table 3.10, respectively. An aerial photograph of the industrial
Botlek area with the Oxy‐Hybrid (El) configuration is shown in Figure 3.10. As the CO2
emissions of the in situ hydrogen plants cannot be captured via oxyfuel combustion, MEA
and ADIP‐X absorbers and strippers were used instead (see also Section 3.3.3).

3

Figure 3.9: Average CO2 avoidance costs as a function of total annual CO2 emissions avoided for the
oxyfuel combustion configurations of the sixteen industrial plants in the Botlek. For the Oxy‐
Decentral configurations, the annual CO2 emissions of the industrial plants on the x‐axis are ordered
from the plant with lowest average CO2 avoidance cost to the plant with the highest average CO2
avoidance cost. For the Oxy‐Central and Oxy‐Hybrid configurations, the emissions are ordered from
the plant with the highest amount of annual CO2 emissions avoided (Esso refinery) to the plant with
the lowest amount of annual CO2 emissions avoided (Biopetrol). LPO2 (~2 bar) and MPO2 (~30 bar)
stand for low and medium‐pressure oxygen transport, respectively. All configurations were assessed
for MPO2, except for Oxy‐Hybrid LPO2 (El) and Oxy‐Central LPO2 (El).

Figure 3.10: Aerial photograph of the industrial Botlek area with the Oxy‐Hybrid (El) configuration
(see next page).
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The results show that Oxy‐Hybrid (El) (central oxygen production and decentral CO2
treatment & compression) is the most realistic oxyfuel configuration. Oxy‐Hybrid (El) has
an emission reduction potential of 5.8 MtCO2/y and displays average avoidance costs of 61
€/tCO2 when applying CO2 capture to all sixteen industrial plants (hereafter referred to as
full deployment). Oxy‐Central (El) shows slightly lower avoidance costs (60.6 €/tCO2)
under full deployment, due to economies of scale for centralised CO2 treatment &
compression units and low energy expenses for the local atmospheric pressure CO2 gas
transport. However, Oxy‐Hybrid (El) is economically preferable up to 4.6 MtCO2/y avoided
(five largest industrial plants). Furthermore, the large diameter CO2 pipelines in the Oxy‐
Central configurations do not fit in the designated pipeline strips. Instead, Oxy‐Hybrid (El),
which has a local high‐pressure (110 bar) CO2 transport network, is more realistic. For the
same reason, medium‐pressure (~30 bar) instead of atmospheric pressure oxygen
transport is needed, which increases the average avoidance costs with around 5 €/tCO2.
As can be seen in Figure 3.9 and Table 3.10, the cost difference between atmospheric and
medium‐pressure CO2 pipeline transport is much smaller (up to 1 €/tCO2). Electricity
import was found to be more cost effective than using a NGCC as the latter operates in
power‐only mode, which is less efficient than CHP mode. However, as the avoidance costs
of Oxy‐Hybrid (El) and Oxy‐Hybrid (NGCC/CC) lie close together, the ranking of the Oxy‐
Hybrid configurations in terms of avoidance cost will depend strongly on the energy prices
and grid CO2 emission factor (see Section 3.3.4).
Table 3.10: Techno‐economic performance of oxyfuel combustion configurations in the Botlek. LP
and MP stand for low‐ and medium‐pressure pipeline transport, respectively.
Decentral ASU
Decentral compression
NGCC
NGCC
El
vent
CC
MP
O2

Central ASU
Decentral compression
El LP
NGCC
El
O2
vent
MP
O2

MtCO2/y
MtCO2/y

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

6.8

7.7

8.1

6.8

6.8

6.8

7.6

6.8

6.8

7.6

7.6

MtCO2/y
MtCO2/y

6.1

6.1

7.0

6.1

6.1

6.1

6.9

6.1

6.1

6.1

6.9

5.9

5.5

6.3

5.8

5.8

5.6

6.4

5.9

5.8

5.6

6.4

PJth/y
PJe/y

0.0
8.0

0.0
8.0

0.0
8.0

0.0
7.0

0.0
8.0

0.0
8.0

0.0
8.0

0.0
7.0

0.0
8.0

0.0
8.0

0.0
8.0

M€
M€/y
M€/y
€/tCO2

1347
58
175
66

1712
72
166
80

1900
81
173
75

1014
57
153
56

1068
58
175
61

1278
67
147
65

1390
76
152
61

974
59
153
55

1017
60
175
61

1263
69
147
65

1397
77
152
62

∙103 m2

50

75

82

34

39

48

52

33

33

47

52

Unit
TECHNICAL
CO2 base case
CO2
generated
CO2 captured
CO2 emissions
avoid.
Heat demand
Elec. demand
ECONOMIC
CAPEX
OPEX
Energy costs
Aver. CO2
avoid. cost
FOOTPRINT
Total

102

NGCC
CC

Central ASU
Central compression
El
El
NGCC
LP
MP
vent
O2
O2

NGCC
CC
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Oxy‐Hybrid (El) was found to be more cost effective than CO2 capture at industrial plant
level under full deployment, due to economies of scale for the ASUs, which compensate
the costs for local oxygen and CO2 transport. Moreover, whereas sufficient space is
available in the centre of the Botlek to instal the capture equipment, several industrial
plant sites show too little space for capture equipment (see Figure 3.10). The footprints of
the decentral CO2 compressors in the Oxy‐Hybrid configurations are small enough to be
placed on most plant sites. The few premises with limited plot space (i.e. Enecal and
Eurogen) may need to place (and share) compression units at other plant sites. Despite
the cost advantage of Oxy‐Hybrid (El) under full deployment, Oxy‐Decentral (El) (see
Figure 3.9) shows slightly lower average avoidance costs up to about a cumulative amount
of 3.9 MtCO2/y avoided, because of the oxygen transport costs between the central ASUs
and industrial plants. When applying decentralised CO2 capture to small industrial plants
as well, the average avoidance costs increase rapidly.

3.3.3

Pre‐combustion configurations

The average abatement curves and techno‐economic performance of the pre‐combustion
configurations are shown in Figure 3.11 and Table 3.11, respectively. An aerial photograph
of the industrial Botlek area with the Pre‐Central (El) configuration is shown in Figure 3.12.
As some industrial plants combust little natural gas, and large amounts of chemical fuel
gases that are not suitable for replacement with hydrogen, the total maximum amount of
CO2 that can be avoided via pre‐combustion capture (4.9 MtCO2/y; see Table 3.11) is
considerably smaller than for post‐ and oxyfuel combustion capture (Post‐combustion: 7.1
MtCO2/y; Oxyfuel: 6.4 MtCO2/y). As the fuel gases in the Cabot plant cannot be replaced
with hydrogen, CCS was not applied to this plant. A drop in the abatement curves can be
observed for the second and fifth plant, which are the in situ Air Liquide and Air Products
hydrogen plants in the Botlek. These plants show lower avoidance costs, because they do
not need to be fuelled with hydrogen, but require merely additional absorbers (MEA and
ADIP‐X) and strippers for CO2 capture.
Pre‐Central WH (El) is the most economic configuration (81 €/tCO2; 4.4 MtCO2/y) in case
the maximum amount of waste heat from the SR is available for solvent regeneration,
whereas Pre‐Central (CHP/CC) is most cost effective (99 €/tCO2; 4.9 MtCO2/y) in case
waste heat is unavailable, regardless of the amount of CO2 avoided. Both options show
low spatial footprints (Pre‐Central WH (El): 23∙103 m2; Pre‐Central (NGCC/CC): 47∙103 m2)
and capture equipment can be easily located in the centre of the Botlek (see Figure 3.12).
As the hydrogen exits the SR at around 17 bar, no additional compression is required,
resulting in low transport costs and small diameter pipelines. A potential bottleneck
indicated by the national natural gas supplier is that it would currently be unable to supply
103
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Figure 3.11: Average CO2 avoidance costs as a function of annual total CO2 emissions avoided for the
pre‐combustion configurations of fifteen industrial plants in the Botlek. Pre‐combustion capture was
not applied to the CABOT plant as the fuel gases cannot be replaced. In the abatement curves, the
plants are ordered from the plant with the highest amount of annual CO2 emissions avoided (Esso
refinery) to the plant with the lowest amount of annual CO2 emissions avoided (Biopetrol). The costs
for the CHP cases include credits for electricity sale.

the high natural gas demand for the SR in the Pre‐Central configurations due to
infrastructure limitations (Gasunie, 2012). However, this issue can be tackled by taking
timely action.
The avoidance costs and amount of avoided CO2 emissions of the Pre‐Central WH
configurations lie relatively close together (81‐86 €/tCO2 and 4.3‐4.5 MtCO2/y under full
deployment), which illustrates the relatively low impact of the energy supply mode on the
performance of the configurations. The small impact is due to the fact that the NGCC is
operated in power only mode and no electricity is exported to the grid, which shows
limited advantages compared to the boiler case with electricity import. Conversely, the
energy supply mode has a larger impact on the Pre‐Central configurations (w/o waste heat
availability), which is shown by the large differences in avoidance costs and avoided
emissions under full deployment (see Table 3.11). Using a CHP with CO2 capture is
economically preferable, due to the operation of a larger and more efficient energy plant
and credits for electricity sale. Also without electricity credits, the CHP/CC case (115
€/tCO2) is the preferred option.
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Table 3.11: Techno‐economic performance of pre‐combustion configurations in the Botlek. The Pre‐
Central WH (boiler) configuration requires no additional energy production for CO2 capture; hence,
the differentiation in venting and CO2 capture (CC) of the energy plant emissions is not applicable.
Boiler

TECHNICAL PERFORMANCE
CO2 base case
CO2 eligible for capture
CO2 generated in Botlek
CO2 captured
CO2 avoided (w elec. sale)
CO2 avoided (w/o elec. sale)
Heat demand
Electricity demand
ECONOMIC PERFORMANCE
CAPEX
OPEX
Energy costs (w elec. sale)
Energy costs (w/o elec. sale)
Average CO2 avoidance cost (w elec. sale)
Average CO2 avoidance cost (w/o elec. sale)
PHYSICAL FOOTPRINT
Total

3.3.4

CHP

Unit

No waste heat
Vent
CC

Waste heat
El

No waste heat
Vent
CC

Waste heat
Vent
CC

MtCO2/y
MtCO2/y
MtCO2/y
MtCO2/y
MtCO2/y
MtCO2/y
PJth/y
PJe/y

7.1
4.9
8.0
4.9
n/a
3.5
12
3

7.1
4.9
8.0
5.5
n/a
4.3
12
3

7.1
4.9
7.2
4.9
n/a
4.4
12
3

7.1
4.9
8.4
4.9
3.7
3.3
12
3

7.1
4.9
8.7
6.2
4.9
4.4
14
4

7.1
4.9
7.5
4.9
n/a
4.3
12
3

7.1
4.9
7.8
5.2
n/a
4.5
14
3

M€
M€/y
M€/y
M€/y
€/tCO2
€/tCO2

665
57
n/a
365
n/a
137

739
65
n/a
385
n/a
126

650
57
n/a
226
n/a
81

903
67
268
284
120
137

1054
84
277
302
99
115

755
61
n/a
220
n/a
86

795
65
n/a
233
n/a
86

∙103 m2

23

25

23

42

47

30

31

Sensitivity analysis and comparison of configurations

A sensitivity analysis was carried out to determine the impact of the economic scaling
factors, energy prices, pipeline/ducting costs and grid CO2 emission factor on the ranking
of the configurations within each capture technology in terms of avoidance costs under
full deployment. The ranges of these parameters can be found in Tables 3.2‐3.6. The
CAPEX of the pipelines/ducting were varied with ±30%.
The sensitivity analysis shows that for each capture technology the ranking of the
configurations in terms of average avoidance costs remains the same under any
combination of the varied economic scaling factors and pipeline/ducting costs. Table 3.12
shows the most cost effective configuration for each capture technology (with credits for
electricity sale) under medium conditions and when changing one input parameter
(energy price or grid CO2 emission factor). The results show that Post‐Recsor (CHP/CC) is
always the most cost effective post‐combustion configuration. Oxy‐Hybrid (El) and Oxy‐
Hybrid (NGCC/CC) show the lowest average avoidance costs for oxyfuel combustion,
which demonstrates that the optimal energy supply mode depends heavily on the energy
Figure 3.12: Aerial photograph of the industrial Botlek area with the Pre‐Central (CHP/CC)
configuration (next page).
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prices and grid emission factor. Note that the more cost effective oxyfuel configurations
with low‐pressure O2 and CO2 pipeline transport are not presented in Table 3.12 as these
were not considered realistic from a spatial perspective (see Section 3.3.2). The
configurations Pre‐Central WH (El) and Pre‐Central (NGCC/CC) always show the lowest
costs, regardless of the energy prices and grid emission factor.

3

Table 3.12: Most cost effective CO2 capture infrastructure configuration for each capture technology
under full deployment in terms of average avoidance costs (with credits for electricity sale)
depending on variations in the energy prices and grid CO2 emission factor. The minus indicates that
the best configuration under medium conditions is still most cost effective when changing the input
parameter.
Capture
technology

Best configuration
under medium
conditions

Post‐combustion

Post‐Recsor
(CHP/CC)
Oxy‐Hybrid (El)

Oxyfuel
combustion
Pre‐combustion
(waste heat)
Pre‐combustion
(no waste heat)

Pre‐Central WH (El)
Pre‐Central
(NGCC/CC)

Natural gas price

Electricity price

Grid CO2 emission
factor
Low
High
‐
‐

Low
‐

High
‐

Low
‐

High
‐

Oxy‐Hybrid
(NGCC/CC)
‐

‐

‐

‐

‐

Oxy‐Hybrid
(NGCC/CC)
‐

‐

Oxy‐Hybrid
(NGCC/CC)
‐

‐

‐

‐

‐

‐

‐

‐

Figure 3.13 presents the marginal abatement curves of the most costs‐effective post‐ and
oxyfuel combustion configurations in the Botlek (Pre‐Central was excluded because of its
higher avoidance costs and lower emission reduction potentials). The peaks in the curves
are due to either CO2 capture from an in situ hydrogen plant or the addition of an extra
CO2 capture component (i.e. absorber, stripper, ASU), which results in lower economic
scale effects (the amount of CO2 captured is divided over the total number of capture
units), and thus increases the specific capital costs (€/tCO2). The marginal avoidance costs
of the oxyfuel configurations are lower than for the post‐combustion configurations up to
about 3.2 MtCO2/y avoided. For emission reductions between 3.2 and 5.8 MtCO2/y, Oxy‐
Central (El) and Oxy‐Hybrid (El) are overall most cost effective. Post‐Recsor (CHP/CC) and
Post‐Central (CHP/CC) do, however, have a larger emission reduction potential, mainly
because of the energy supply mode (CHP/CC). Starting CO2 capture using oxyfuel
combustion at the largest point sources seems to be the best option, considering the
possibility that CO2 capture may not be applied to all industrial plants in the future, but
only to large emitters. Although Oxy‐Decentral (El) is more cost effective than Oxy‐Hybrid
(El) for the first three industrial plants, the latter is recommended as the cost difference is
rather small and a hybrid configuration is more realistic from a spatial perspective.
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Figure 3.13: Marginal CO2 avoidance costs as a function of annual total CO2 emissions avoided for
the most costs‐effective capture infrastructure configurations in the Botlek. In the abatement
curves, the plants are ordered from the plant with the highest annual CO2 emissions avoided (Esso
refinery) to the plant with the lowest annual CO2 emissions avoided (Biopetrol). The avoidance costs
of Post‐Central (CHP/CC) and Post‐Recsor (CHP/CC) include credits for excess electricity sale.

Figure 3.14 presents the techno‐economic performance of Post‐Recsor (CHP/CC), Oxy‐
central (NGCC/CC) and Pre‐Central WH (El) and Pre‐Central (CHP/CC). These
configurations were selected as the best configurations from both an economic and
spatial perspective. Figure 3.14 also shows the combined effect of the uncertainty in the
input parameters on the average avoidance cost and CO2 avoidance rate. The high and low
end sides of the error bars represent the extreme pessimistic and extreme optimistic case,
in which all parameters are set at their least and most favourable values, respectively.
Oxy‐Hybrid (El) shows the lowest average avoidance costs (61 €/tCO2). The combination of
high OPEX and capital costs renders Post‐Recsor (CHP/CC) less attractive than Oxy‐Hybrid
(El), even when electricity sale credits are included. Although Pre‐Central WH (El) and Pre‐
Central (NGCC/CC) have (relatively) low CAPEX, the high energy expenses, especially for
hydrogen production, and low avoided CO2 emissions result in high avoidance cost, even
when the maximum amount of waste heat from the SR is available for solvent
regeneration. The uncertainties in the avoidance costs of Oxy‐Hybrid (El) are considerably
less than for the other configurations. Nevertheless, there is still significant overlap
between the error bars. Post‐Recsor (CHP/CC) shows the largest amount of CO2 emissions
avoided, followed by Oxy‐Central (El), Pre‐Central (CHP/CC) and Pre‐Central WH (El). All
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Figure 3.14: CO2 avoidance costs and CO2 avoidance rate for Post‐Recsor (CHP/CC), Oxy‐Hybrid (El),
Pre‐Central WH (El) and Pre‐Central (NGCC/CC) under full deployment. The error bars show the
sensitivity of the results with respect to the uncertainty in the input parameters. The error bars for
the costs of Post‐Recsor (CHP/CC) and Pre‐Central (CHP/CC) apply to average avoidance costs with
credits for electricity sale (orange diamonds).

four CO2 capture infrastructure configurations are realistic from a spatial viewpoint. The
higher footprint of Post‐Recsor (CHP/CC) (115∙103 m2) compared to the other
configurations (23∙103‐47∙103 m2) is due to the high number of absorbers and strippers,
which are located at several places in the Botlek.
Figure 3.14 presents the techno‐economic performance of Post‐Recsor (CHP/CC), Oxy‐
central (NGCC/CC) and Pre‐Central WH (El) and Pre‐Central (CHP/CC). These
configurations were selected as the best configurations from both an economic and
spatial perspective. Figure 3.14 also shows the combined effect of the uncertainty in the
input parameters on the average avoidance cost and CO2 avoidance rate. The high and low
end sides of the error bars represent the extreme pessimistic and extreme optimistic case,
in which all parameters are set at their least and most favourable values, respectively.
The impact of the individual key input parameter values on the economic performance of
Post‐Recsor (CHP/CC), Oxy‐Hybrid (El) and Pre‐Central WH (El) is shown in Figure 3.15.
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The avoidance costs of Post‐Recsor (CHP/CC) and Pre‐Central WH are influenced more
strongly and by more input parameters than Oxy‐Hybrid (El) (see Figure 3.15). The
avoidance cost of Post‐Recsor (CHP/CC) is mainly influenced by the energy prices, whereas
Oxy‐Hybrid (El) shows large sensitivity to energy use for CO2 capture4 and the electricity
price. The avoidance cost of Pre‐Central WH (El) is strongly determined by the SR
production efficiency and natural gas price. These two strong sensitivities are also
observed for the Pre‐Central configurations without waste heat availability. A low natural
gas price or high electricity price would make Post‐Recsor (CHP/CC) the configuration with
the lowest avoidance cost (49 €/tCO2 with low natural gas price; 57 €/tCO2 with high
electricity price) when electricity credits are included; however, without these credits,
Oxy‐Hybrid (El) (either with NGCC/CC or electricity import) is economically preferable over
Post‐Recsor (CHP/CC), regardless of the energy prices. A combination of low capital costs
for pre‐combustion capture and high energy use for oxyfuel would set Pre‐Central WH (El)
on an equal cost footing as Oxy‐Hybrid (El). Furthermore, Pre‐Central WH (El) would be
the most cost effective configuration under, for instance, a high SR production efficiency
and low natural gas price; however, the combinations of input parameters rendering Pre‐
Central WH (El) the configuration with the lowest avoidance cost are rather unlikely.

3.3.5

Local pipeline networks

The required local pipeline networks were found to be feasible from a technical, spatial,
legal and safety perspective, except for the large scale flue gas duct network for Post‐
Central. Although new pipeline routes are needed to accommodate some of the new
pipelines (e.g. for the aqueous amine solution circulation), no insurmountable issues were
identified. However, the new pipeline routes involve additional costs for drilling,
excavation and crossings of numerous bottlenecks like other pipelines, roads and railway
tracks. These costs may increase as the demand for space in the pipeline strips is expected
to grow in the near future, which would entail alternative pipeline routing and more
bottlenecks to overcome (Pipeliner, 2012a, 2012b, 2012c). Part of these spatial issues can
be averted by increasing the operating pressure and thus the diameter of the pipelines
(e.g. for oxygen pipelines). Although the additional capital and energy costs to deal with
these spatial issues can be substantial, they are relatively minor compared to the total
capture costs. For each industrial area, the optimal local transport network will depend on
local conditions, not only related to space, but also to safety and environmental
regulations.

4

This applies to fuel savings due to oxyfuel combustion, energy use for CO2 capture from the in situ hydrogen plants, and
for oxygen and CO2 compression.
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Figure 3.15: Sensitivity of CO2 avoidance costs of Post‐Recsor (CHP/CC), Oxy‐Hybrid (El) and Pre‐
Central WH (El) on variations in the key input parameters. Note that the values on the x‐axes are
different.

3.3.6

General lessons

The method developed in this study has proven useful to assess the performance of
infrastructure configurations for large scale CO2 capture in industrial zones. Considering
the large advantages of centralised and hybrid configurations compared to decentral CO2
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capture, the findings of this study are expected to apply to other industrial areas as well,
even when these have a different mix of industrial plants (e.g. including cement or iron &
steel plants). Especially areas with multiple small industrial plants would benefit from joint
CO2 capture initiatives. Nevertheless, more generic insight is needed under which exact
conditions (e.g. type and number of plants, point source size, distance among plants)
certain configurations become preferable over other configurations. Clustering capture
equipment for industrial areas with a higher number of industrial plants and CO2
emissions than the Botlek will likely not provide much more cost benefits, due to the
maximum capacities, and thus economies of scale, of the capture units. After all, Post‐
Recsor (CHP/CC) and Oxy‐Hybrid (El) in the Botlek already show multiple absorbers,
strippers, compressors and/or ASUs. The feasibility of CO2 capture infrastructure
configurations in industrial areas with even lower plot space availability than the Botlek
remains to be seen for Post‐Recsor. For Oxy‐Hybrid and Pre‐Central, however, spatial
footprints can be reduced significantly by purchasing oxygen and hydrogen from industrial
gas producers and import it via pipelines into the industrial area. A factor that could affect
the selection of the capture technology is the availability of (low cost) waste heat in an
industrial area. For example, the techno‐economic performance of Post‐Recsor (CHP/CC)
in the Botlek could improve considerably by utilising waste heat for solvent regeneration
that comes from the recently installed steam pipeline (40 bar, 420 °C) across the Botlek
(Visser & Smit Hanab, 2014). Unfortunately, data limitations on waste heat prohibited the
assessment on the performance improvement potential of Post‐Recsor (CHP/CC).
Finally, as the average CO2 avoidance costs differ significantly per industrial plant, a full‐
fledged network across the area emerging simultaneously is not very likely to occur. If CCS
will come into existence, it will probably take off with several key anchor projects and the
rollout of a basic transport network. Subsequently, a sequential connection of other
industrial plants may follow. Such a gradual deployment will pose all kind of new
challenges for the industrial plants and authorities, and a fine‐tuned strategy will have to
be formulated to address these challenges in an adequate fashion. More insight is needed
on the conditions needed to deploy large scale CO2 capture infrastructure configurations
in an optimal manner over time. In part B of this analysis (Chapter 4), several deployment
pathways for Post‐Recsor (CHP/CC) and Oxy‐Hybrid (El) are investigated, which differ inter
alia regarding the sequence in which industrial plants start capturing CO2, the number of
deployment steps, and whether CO2 capture units and energy plants are oversized in an
early stage to anticipate future capture demand, or not.
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3.4 Discussion
This section provides a discussion on the main limitations of this study as well as
recommendations for further research.

3.4.1
3

Base case CO2 emissions and fluctuations in industrial activity

In this study, the CO2 emissions in the period 2020‐2030 were assumed to be similar to
current emission levels. In reality, the amount of CO2 emissions will likely alter as a result
of different industrial production rates, energy efficiency improvements and changes in
the portfolio of industrial plants located in the Botlek. Also, the CO2 capture infrastructure
configurations were not designed to cope with temporal fluctuations in industrial activity,
due to lack of data on the plants’ activity during the year. Including industrial activity
patterns would render the configurations more expensive because of the need for either
larger capture equipment and pipelines or venting part of the CO2 to the atmosphere
during activity peaks. Similarly, during low industrial activity, part of the capture capacity
will lay idle, resulting in higher specific capital costs per tonne CO2. Follow‐up research is
needed to examine the impact of temporal fluctuations as well as flexibility issues on the
performance of the configurations.

3.4.2

Data uncertainty and techno‐economic improvement potential
of studied configurations

The sensitivity analysis has shown that the position of Oxy‐Hybrid as the most favourable
infrastructure configuration is fairly robust to a change in the CO2 capture performance
data. Nevertheless, more detailed analyses and higher data quality on flue gas transport
and gas velocities as well as on the improvement potential of the infrastructure
configurations is desirable to obtain more accurate results for the techno‐economic
performance. The performance of flue gas transport depends strongly on the network
design as well as on the velocity and properties of the flue gas. As the specific capital costs
for flue gas transport were found to be around 50% lower than indicated by Bureau et al.
(2011), these parameters should be examined in further detail. Also, advanced solvents as
well as higher oxygen and hydrogen production efficiencies provide opportunities for cost
reductions in the short term. The hydrogen production efficiency can be lower than
indicated in this study by excluding the PSA step that is conventionally applied in steam
reformers to obtain high purity (>99.9%) hydrogen. For the purpose of pre‐combustion
capture, lower purity hydrogen (95%) will suffice. Data limitations prohibited the analysis
of this option. Also, the potential to utilise waste heat from the SR as well as from the
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recently installed steam pipeline across the Botlek should be investigated in further detail.
Although several industrial plants in the Botlek are already integrated to a large extent in
terms of energy and mass flows, the advent of CO2 capture may increase the potential for
further integration, both within and among industrial plants. For example, argon coming
from the ASUs can be sold to external parties to improve the economics of oxyfuel
combustion.

3.4.3

Physical footprint and other practical issues

An innovative modular approach was used to assess the physical footprint of CO2 capture
equipment. This approach needs to be validated by technology providers. However, even
when using a linear relation between equipment capacity and surface area, which results
in lower spatial footprints, several industrial plant sites would still have insufficient space
available for capture equipment. For several capture components, large variations in input
data were observed, which is mainly due to the disparate nature of the data sources. For
other components, only limited and aggregated data was available. More data is needed
to provide more accurate estimations. Despite these uncertainties, the findings of this
study with respect to space limitations on the industrial plant sites will likely remain
unaffected. It was assumed that the plot spaces in the Botlek will be available for CO2
capture installations. Although experts expected this to be true, further research is
needed to obtain confirmation. The scope for further improvements in spatial footprints
(e.g. by using more advanced packings to reduce the absorber diameter (Feron and
Jansen, 2002; Gronvold et al., 2005)) should be examined to assess the potential for
footprint reductions in the future. Several other issues related to CO2 capture in industry
have not been addressed in this study, such as (production losses due to) retrofit and the
impact of CO2 capture on the reliability of the industrial processes, operational difficulties
when using oxygen or hydrogen in in situ NGCC plants, plant operators lacking skills to
handle CO2 capture units, and the possibility to switch back to conventional production
(without CO2 capture).

3.5 Conclusions
This study developed a method to assess the techno‐economic performance and spatial
footprint of infrastructure configurations for large scale CO2 capture in industrial zones. A
group of sixteen industrial plants in the Dutch industrial Botlek area (CO2 emissions: 7.1
MtCO2/y) was selected as a case study. The time frame of the study is the period 2020‐
2030. The configurations differ with respect to CO2 capture technology (post‐, pre‐, or
oxyfuel combustion), location of capture components (centralised vs. decentralised), local
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pipeline network, energy supply for CO2 capture (NGCC(‐CHP), or gas‐fired boiler and/or
electricity import), and whether CO2 is captured from the energy plant (CC) or released to
the atmosphere (vent).

3

This analysis has shown that centralised/hybrid CO2 capture infrastructure configurations
provide good opportunities to lower the costs for CO2 capture in industry and circumvent
spatial limitations on industrial plants’ sites. Oxy‐Hybrid (El) with centralised oxygen
production and decentralised CO2 compression was found to be the most cost effective
and realistic configuration when applying CO2 capture to all industrial plants (61 €/tCO2;
5.8 MtCO2/y avoided), mainly because of the low energy costs compared to the other
capture technologies. For oxyfuel combustion, the economic scale effects of centralised
oxygen production units outweigh higher costs for local oxygen and CO2 transport. The
CO2 treatment and compression units in the Oxy‐Hybrid (El) configuration are small
enough to be placed on most plant sites. Yet, while Oxy‐Hybrid (El) is more cost effective
on a large scale, oxygen production and CO2 capture at plant level is still economically
preferable for the first three plants. For post‐combustion capture, using a separated
absorber‐stripper configuration (Post‐Recsor (CHP/CC): 73 €/tCO2; 7.1 MtCO2/y avoided) is
preferable both from an economic and spatial perspective. These performance figures
include economic and CO2 emission credits for excess electricity sale in the CO2 avoidance
costs. When including these credits, Post‐Recsor (CHP/CC) can be more cost effective than
Oxy‐Hybrid (El) depending on the energy prices. Although cost effective, a fully centralised
post‐combustion configuration is unrealistic due to the high spatial footprint of large
diameter flue gas ducting running across the Botlek. The performance of the pre‐
combustion configurations depends strongly on the availability of waste heat (WH) from
the steam reformer for solvent regeneration. Pre‐Central WH (El) shows lower avoidance
costs (81 €/tCO2) than Post‐Recsor (CHP/CC) (93 €/tCO2) in case electricity credits are
excluded. However, the CO2 emission reduction potential (4.4 MtCO2/y) is considerably
lower than for the post‐ and oxyfuel configurations as not all fuels in the industrial plants
can be replaced with hydrogen. Pre‐Central WH (El) can be more cost effective than Oxy‐
Hybrid (El) when varying several input parameters; yet, the combinations of input
parameters rendering Pre‐Central WH (El) the configuration with the lowest avoidance
cost are rather unlikely.
For all capture technologies, the optimal energy supply mode in terms of costs depends on
the energy prices and whether or not economic and CO2 emission credits for electricity
sale are taken into account. In general, when there is both heat and electricity demand for
CO2 capture, using a CHP plant is most cost effective, whereas electricity import is
preferable when only electricity is required. Capturing CO2 from the energy plant shows
often lower avoidance costs than venting the CO2 emissions to the atmosphere.
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Although our approach regarding spatial footprints requires expert validation and more
reliable data, the findings in this study are not expected to change. Building an extensive
local pipeline network across the Botlek was found to be technically and legally feasible,
albeit limited space availability in the designated pipeline strips would make several
detours and higher operating pressures necessary, which increase local transport costs.
However, these costs are minor compared to the total capture costs. For each industrial
area, the optimal local transport network will depend on local conditions, not only related
to space, but also to safety and environmental regulations. Considering the large
advantages of centralised/hybrid configurations compared to decentral CO2 capture, the
findings of this study are expected to apply to other industrial areas as well, especially
areas with small industrial plants as these benefit most from economic scale effects of
centralised capture units and energy plants. Oxy‐Hybrid (El) is the preferable configuration
from an economic and spatial perspective. Furthermore, the avoidance cost of Oxy‐Hybrid
(El) shows a higher robustness to changing energy prices than the other CO2 capture
configurations, which poses lower risks regarding costs. However, alternative industrial
areas should be examined to validate this study’s findings. The method developed in this
study has proven useful for such an analysis and provides valuable lessons for the
application of CCS in industrial zones.
Finally, more insight is needed on how to deploy these central/hybrid capture
infrastructure configurations in an optimal manner over time. In part B of this analysis
(Chapter 4), several deployment pathways for Post‐Recsor (CHP/CC) and Oxy‐Hybrid (El)
are investigated, which differ inter alia regarding the sequence in which industrial plants
start capturing CO2, the number of deployment steps, and whether CO2 capture units and
energy plants are oversized in an early stage to anticipate future capture demand, or not.
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3.6 Appendix I
This appendix presents information on the material selection and technical specifications
of pipelines. More detailed information can be found in the detailed pipeline studies
underlying this study (Pipeliner, 2012a, 2012b, 2012c).

3.6.1
3

Pipeline materials

An analysis was made on the material selections for the pipelines, including all relevant
aspects such as corrosion, embrittlement, mechanical stress, possible ruptures, the sound
barrier of moving gases, and possibly impingement. The selected pipeline materials are
discussed in this subsection. An external coating and cathodic protection are applied to all
pipelines to prevent corrosion. Polypropylene is used for pipelines that are installed via
the so‐called pipe ramming method, whereas polyethylene is used in other cases (see
Pipeliner, 2012a, 2012b, 2012c).
Flue gas ductwork
The conditions of the flue gas are typically similar to the outlet gas of a flue gas
desulphurization (FGD) unit (Billingham et al., 2012). A wide range of corrosion resistant
alloys have been used and proposed for FGD ducting, depending on the specific
requirements regarding temperature, stress, welding and corrosion resistance. A typical
stainless steel duct material (AISI 304) was assumed in this study.
Amine pipelines
The composition, temperature, pressure, density and flow rates of the CO2‐rich and CO2‐
lean amine flows were based on Fischer et al. (2005), who modelled a post‐combustion
capture system using MEA. The use of amine systems is known to cause significant
problems in terms of pipeline corrosion (Chakravarti et al., 2001), which will be enhanced
by the presence of CO2. The addition of bases to lower the acidity of the solution has not
shown to be an effective measure (Cummings et al., 2005). Carbon steel seems only to be
an option if the velocity of the gas remains below ±0.5 m/s; the intactness of the formed
oxidised layer, which protects the pipeline wall against corrosion, cannot be guaranteed
above this velocity. However, such a low velocity would result in a too large diameter to fit
in the designated pipeline strips that still have space for pipelines. The use of a coating on
the inside of the pipelines was not feasible for the small diameters considered in this
study. On top of that, damage to the coating layer could still result in corrosion (Pipeliner,
2012a). Other pipeline materials considered in this study are fiberglass, specially treated
polyethylene and concrete. However, these options were technically infeasible as
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fiberglass pipelines cannot undergo the drilling techniques required to instal the pipelines
in the Botlek area, polyethylene pipelines lose strength at relatively high temperatures
(the temperatures of the amine solutions are nearly 60°C), and concrete pipelines cannot
be used for the required pressures in this study. Therefore, stainless steel (AISI 304) was
used instead.
Oxygen pipelines
Gaseous oxygen transported by pipeline generally contains negligible amounts of water
and, thus, no special precautions against corrosion are required (EIGA, 2012). It is,
therefore, in principle not a problem to use carbon steel as a pipeline material (EIGA,
2012). The issue with pure oxygen in a carbon steel pipe is, however, not corrosion per se
but several concerns such as contamination of the oxygen, plugging of valves and
connections due to iron oxide and debris, and a possible combustion and/or explosion if
the pipeline is not sufficiently clean (NASA, 1996). Stainless steel is recommended over
carbon steel though stainless steel is still flammable in pure oxygen (NASA, 1996). The use
of more expensive stainless steel may therefore be a more reasonable choice. The use of
polymer pipelines was also investigated. However, as polymer has a lower ignition
temperature than steel and fire would propagate rather fast along the length of the
pipeline, stainless steel (AISI 304) was assumed for oxygen transport pipelines.
Hydrogen pipelines
Gaseous hydrogen is usually transported in carbon steel pipelines (EIGA, 2004). The most
important criteria for the material selection are stress corrosion, cracking, and
embrittlement (EIGA, 2004). Low strength carbon steel grades (e.g. X52) show resistance
to hydrogen embrittlement. Polymer pipelines were not considered suitable given the
hazardous nature and high operational pressures of hydrogen gas. Due to the small size of
hydrogen molecules, seamless steel pipes and specific welding techniques are
recommended for hydrogen transport to prevent leakage. A carbon steel grade of X52 was
used in this study.
CO2 pipelines
The technical specifications of the CO2 streams were such that no significant corrosion
would occur in carbon steel pipelines (Ramírez et al., 2011). Given the low level of
impurities after the CO2 treatment step (<10 ppmv SOx, <10 ppmv NOx, no free water),
carbon steel (X60 or X70) can be used for both low and high‐pressure pipelines, as this is
more economical than stainless steel (Ramírez et al., 2011).
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3.6.2

Equations pipeline calculations

The amount of gas is determined using the ideal gas law:
���������

Equation 3.8

where P is pressure (Pa), V is volume (m3), n is the amount of gas (mole), T is the
temperature (K) and R is the gas constant (8.314 J∙mole‐1∙K‐1).

3

The density of the gas ρ (kg/m3) can be derived from the following equation:
��

���

Equation 3.9

��������

where M is the molar mass (flue gas: 29.4 g/mole; amine solution; 25.1 g/mole; O2: 32.0
g/mole; H2: 2.0 g/mole; CO2: 44.0 g/mole) (Fischer et al., 2005).
The dynamic viscosity �ref (�Pa∙s) of the gas at the input temperature T (K) is determined
using the equation of Sutherland:
� � ���� � �

�

����

�

��
�

�

���� ��

Equation 3.10

���

where �ref is the reference viscosity (O2: 20.18 �Pa∙s; H2: 8.76 �Pa∙s; CO2: 14.8 �Pa∙s
(LMNO, 2014)) at temperature Tref (O2: 292.25 K; H2: 293.85 K; CO2: 293.15 K (LMNO,
2014)), and S is the Sutherland’s constant for the gaseous material (O2: 127 K; H2: 72 K;
CO2: 240 K (LMNO, 2014))5.
Subsequently, the kinematic viscosity v (m2/s) is determined using the following equation:
��

�

Equation 3.11

�

The Reynolds number Re (‐) can be calculated as follows:
�e �

������

Equation 3.12

�

where v is the mean velocity of the gas (m/s) and Di is the inner diameter of the pipe (m).
5

The dynamic viscosity of flue gas (17 �Pa∙s) was determined by using the mole based average of the dynamic viscosities

of its components (CO2, N2, O2, H2O).
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To limit the risk of fire with oxygen transport, the maximum velocity (10 m/s at a pressure
of 40 bar) was taken from EIGA (2012).
The mean gas velocity v is a function of the flow rate Q (m3/s) and inner pipeline diameter.
��

�
�� �����
�
�

Equation 3.13

For a Reynolds number that is larger than 4000, the Darcy friction factor f (‐) can be
determined using the Swamee‐Jain equation:
��

����
�

Equation 3.14
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������ ������� �

where ε is the roughness height (m). A value of 0.001 metre was assumed for both carbon
and stainless steel.
For a Reynolds number that is smaller than 2000, the Darcy friction factor f can be
calculated as follows:
��

��

Equation 3.15

��

The pressure drop in a pipeline ∆P (Pa) was calculated using the following equation:
�� � � � � �

�

��

�

��

Equation 3.16

�

where L is the pipeline distance (m).
When calculating each pipeline within the local network, the pressure drop and change in
density of the previous pipelines was taken into account as well.
The design pressure of the pipelines is assumed to be 10% higher than the operational
inlet pressure in order to give some operational freedom (Knoope et al., 2014).
Once the pressures in the pipelines are known, the material‐diameter‐wall thickness
combinations of the pipelines are determined:
σ� � �� �

�� ����
������

�

���

Equation 3.17

��
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where σp is the maximum working stress that material can tolerate (MPa), γp is the
(adapted) partial factor on the internal pressure (1.88) (Municipality Rotterdam, 2010), γm
is the partial material factor (1.1) (NEN 3650, 2012), Pd is the design pressure (MPa), Dao is
the average outside diameter of the pipeline (10‐3m), dmin is the minimum wall thickness
(10‐3m), and Reb is the yield strength of the pipeline material (N/10‐3m2).
The tolerance in the pipeline wall thickness and the corrosion buffer is calculated as
follows:

3

�

d��� � ������ + c

Equation 3.18

where d is the calculated pipeline wall thickness (10‐3m), ft is the fabrication tolerance
(12.5%, assumption), and c is the corrosion buffer c (assumed to be 1.0∙10‐3m).

3.6.3

Power for gas compression and pumping

The power requirement for blowers and compressors to route the gaseous flue gas,
oxygen and CO2 though the ductwork and pipelines is calculated using the following
equation (adapted from Damen et al., 2007b):
C� � �
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Equation 3.19

��� ���

where Cc is the compression power (kW), Z is the compressibility factor (H2: 1.001; O2: 1;
CO2: 0.625)6, N is the number of compressor/blower stages (compressor: 4, blower: 1), R is
the universal gas constant (8.3145 J/(mol∙K), T1 is the suction temperature (H2: 293 K; O2:
303 K (IEA GHG, 2000); flue gas7: 328 K; CO2: 308 K (Fischer et al., 2005)), k is the specific
heat ratio (H2: 1.38; O2: 1.39; flue gas8: 1.39; CO2: 1.29 (Air Liquide, 2014)), Mi is the molar
mass of gas i (flue gas: 29.4 g/mole (Fischer et al., 2005); amine solution; 25.1 g/mole; O2:
32.0 g/mole; H2: 2.0 g/mole; CO2: 44.0 g/mole), p1 is the suction pressure (H2: 15∙105 Pa
(IEA GHG, 2000); O2: 1.7∙105 Pa (Allam et al., 2005a); CO2: 1.92∙105 Pa (Fischer et al., 2005);
6

Compressibility Factor H2 and O2 at 1.013 bar and 15 °C (Air Liquide, 2014); average compressibility factor CO2: [Z(Pin: 1
bar) + Z(Pout: 150 bar)] /2 = 0.625 at 25‐40 °C (Mccollum and Ogden, 2006). The compressibility factor changes with the
addition of impurities. For example, with 1.5% SO2 added, the compressibility factor of CO2 changes by 2‐5% (Mccollum
and Ogden, 2006). As it was difficult to find compressibility factors for non‐pure CO2 streams, the value for pure CO2 was
used in this study.
7
Temperature of flue gas exiting the direct contact cooler.
8
The specific heat ratio (k) for flue gas is calculated to be 1.39 for a composition of 10 mol% CO2, 3 mol% O2 and 86
mol% N2 and 1 mol% Ar at 1.03 bar and 25 C.
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flue gas: 1.01∙105 Pa (Fischer et al., 2005)), p2 is the discharge pressure (Pa), mi is the mass
flow rate of gas i (kg/s), ηis is the isentropic efficiency (75%), ηm is the mechanical
efficiency (90%).
The specific energy requirement (SER) for the four stage O2 compression from 1.38 to 30
bar (0.35 GJe/tO2) is based on a vendor quote from a compressor technology provider
(Dresser‐Rand, 2015). The power requirement for pumps to circulate the amine solutions
between the absorbers and strippers is as follows:
���������

Equation 3.20

where P is the pump power (kW), Q is the flow rate (m3/s), ρ is the density of the amine
solution (953 kg/m3 for rich amine solution and 958 kg/m3 for lean amine solution (Fischer
et al., 2005)), g is the gravitational constant (9.81 m/s2), and H is the head difference (m).
An efficiency of 65% was assumed to obtain the SER for pumping.

Figure 3.16 shows the amine recirculation system with the pressure drops in the supply
and retour pipelines as well as in the absorber and stripper. The pressure drop in both the
absorber and stripper was assumed to be 0.1 bar/660 m3 for a packing consisting of
cascade mini rings (Fischer et al., 2005).

3.6.4

Costs for pipelines, blowers and compressors

The pipeline material costs were obtained using the following equation:
C� � �

��� ������� ���
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Equation 3.21

where Di is the inner pipeline diameter (m), Do the outer pipeline diameter (m), L the
pipeline length (m), d the wall thickness (m), ρs the density of steel (7800 kg/m3,
assumption), Ps the steel price (€/kg), and Pc the price for coating (€/m2). Specific cost
factors were applied to account for cutting losses (0.95), flanges, junctions, appendages,
etc. (1.2) and valves (1.1).
The construction costs Cc were derived as follows:
C� � C� � �� � �

Equation 3.22
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3
Figure 3.16: Schematic overview of amine recirculation system for a design pressure of 6 bar and the
associated pressure drops in the absorber, stripper and amine pipelines.

where Cp is the specific construction cost (€/mL/mD), which contain inter alia costs for
excavation, welding, labour and removal of the pipeline at the end of the lifetime.
The annual O&M costs are assumed to be 2% of the capital cost. The material and
construction costs for flue gas ducts were assessed using a standard specific cost factor
(see Table 3.8).
For the pre‐combustion case, an additional natural gas pipeline and receiving station has
to be installed for the SR hydrogen plant with a flow rate capacity of 3.2∙104 Nm3/h. The
total costs were based on an official offer made by the Dutch natural gas company
(Gasunie, 2012) and are presented in Table 3.8. More detailed information on the
technical specifications and costs can be found in (Pipeliner, 2012c).
The blower capital costs Cblower were determined by using an equation function of the gas
flow rate Q (m3/s) and power capacity P (kW), which was derived by using data from
process simulation software AspenPlus® in the COCATE project (Bureau et al., 2011).
C������ �

������������������������

Equation 3.23

���

The compressor capital costs for CO2 compression to 110 bar are presented in Table 3.3‐
Table 3.5. The capital cost for the four stage compressor trains to boost the O2 from 1.38
to 30 bar (22.6 M€/MtO2/y) is based on a vendor quote from a compressor technology
provider (Dresser‐Rand, 2015).
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3.7 Appendix II
Table 3.13: Techno‐economic performance of post‐combustion configurations in the Botlek.

TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 captured (without CC
energy plant)
Heat for capture
Electricity for capture
Energy plant performance
Heat output
Electrical output
Fuel input
Excess electrical output
Energy plant emissions
CO2 generated
CO2 captured
Remaining emissions
CO2 emissions
Total annual CO2 generated
Total annual CO2 captured
Emissions from imported
electricity
Total annual CO2 emissions
Total CO2 emissions avoided (with
elec. sale)
Total CO2 emissions avoided (w/o
elec. sale)
Number of units
Absorbers
Stripper
CO2 compressors
Boilers/NGCC‐CHP
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Modification to stacks
SCR/FGD units
Absorbers
Strippers
CO2 compressors & treatment
units
Total process plant costs
Total plant cost
Total capital requirement
OPEX

Unit

Boiler
Decentral
Vent
CC

Central
Vent

CC

CHP
Decentral
Vent
CC

Central
Vent

CC

Recsor
CC

Mt/y

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

Mt/y

6.4

6.4

6.4

6.4

9.1

6.4

6.4

6.4

6.4

TJth/y
TJe/y

23.2
4.5

23.6
6.2

23.2
7.1

23.6
8.8

23.2
5.4

29.1
7.6

23.2
7.1

28.5
10.8

28.5
9.6

MW
MW
MW
MW

804
0
946
0

820
0
964
0

804
0
946
0

820
0
964
0

804
489
1357
331

1009
612
1801
455

804
613
1575
366

989
754
1937
507

989
754
1937
546

Mt/y
Mt/y
Mt/y

1.5
0.0
1.5

1.6
1.4
0.2

1.5
0.0
1.5

1.6
1.4
0.2

2.2
0.0
2.2

2.9
2.6
0.3

2.6
0.0
2.6

3.2
2.8
0.3

3.2
2.8
0.3

Mt/y
Mt/y

8.7
6.4

8.7
7.8

8.7
6.4

8.7
7.8

9.3
9.1

10.1
9.1

9.7
6.4

10.3
9.3

10.3
9.3

Mt/y

0.4

0.4

0.4

0.6

‐0.6

‐0.8

‐0.7

‐0.9

‐1.0

Mt/y

2.5

1.3

2.7

1.4

2.3

0.2

2.6

0.1

0.0

Mt/y

n/a

n/a

n/a

n/a

4.7

6.9

4.5

7.0

7.1

Mt/y

4.6

5.9

4.4

5.7

4.5

6.1

3.8

6.1

6.1

‐
‐
‐
‐

18
16
16
16

19
16
16
16

7
2
3
1

8
3
3
1

18
16
16
16

19
16
16
16

7
2
3
1

10
3
4
1

11
4
4
2

M€
M€
M€
M€

7
93
229
107

7
107
245
123

7
93
159
60

7
107
188
75

7
93
229
107

7
119
280
140

7
93
159
60

7
121
221
84

7
121
232
105

M€

87

100

53

61

87

114

53

73

78

M€
M€
M€
M€/y

524
681
750
51

582
757
832
62

372
484
533
51

438
569
626
62

524
681
750
72

660
858
943
72

372
484
533
51

506
658
723
73

543
706
776
73

M€
M€/y

58
1

59
1

21
0

21
0

972
39

972
39

824
33

931
37

813
33

km
M€
MW
M€/y

7.1
35.8
49
0.9

7.1
36.7
49
0.9

14.4
74.6
98
1.9

14.4
74.6
98
1.9

7.1
35.8
49
0.9

7.1
36.7
49
0.9

14.4
74.6
98
1.9

14.4
74.6
98
1.9

7.1
36.7
49
0.9

km
M€
MW
M€/y

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

14.6
24.2
1
1.7

Energy plant
CAPEX
OPEX
Flue gas ducting
Length
CAPEX
Capacity blowers
OPEX
Amine pipelines (4 bar)
Length
CAPEX
Capacity pumps
OPEX
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3

CO2 pipeline (110 bar)
Length
CAPEX
Capacity compressors
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total (with credits for electricity
sale)
Total (without credits for
electricity sale)
Average CO2 avoidance cost (with
elec. sale)
Average CO2 avoidance cost (w/o
elec. sale)
PHYSICAL FOOTPRINT
Absorbers
Strippers
CO2 compressors & treatment units
Energy plant (Boiler/NGCC)
Total

km
M€
MW
M€/y

24.9
10.2
123
0.3

24.9
1.3
150
0.3

1.2
1.1
123
0.0

1.2
1.3
150
0.0

24.9
10.2
123
0.3

24.9
11.5
173
0.3

1.2
1.1
123
0.0

1.2
1.6
177
0.1

1.2
1.6
177
0.1

M€
M€/y

809
52

939
63

629
53

722
64

1964
111

1964
111

1432
86

1731
113

1652
109

M€/y
M€/y

272
100

278
136

272
214

278
200

519
‐288

519
‐288

453
‐232

558
‐321

558
‐346

n/a

n/a

n/a

n/a

181

231

222

237

212

M€/y

372

414

486

478

209

318

256

284

262

€/tCO2

n/a

n/a

n/a

n/a

96

83

106

79

73

€/tCO2

113

100

139

110

106

108

133

91

93

3

10.0
13.2
9.6
1.1
34

26.2
15.2
11.0
1.1
53

4.9
6.1
5.9
0.5
17

5.6
7.0
6.7
0.5
20

10.0
13.2
9.6
83.7
116

29.9
16.8
12.6
172.9
232

4.9
6.1
5.9
84.3
101

6.2
7.9
8.0
96.9
119

6.5
7.9
8.0
96.9
119

2

∙10 m
∙103 m2
∙103 m2
∙103 m2
∙103 m2

Table 3.14: Techno‐economic performance of oxyfuel combustion configurations in the Botlek.

TECHNICAL PERFORMANCE
Annual CO2 produced
base case
Annual CO2 produced
oxyfuel combustion
Annual CO2 captured
(without CC energy plant)
Heat for capture
Electricity for capture
Oxygen production
Air Separation Units
Energy plant performance
Electrical output
Fuel input
Energy plant emissions
CO2 generated
CO2 captured
Remaining emissions
CO2 emissions
Decrease emissions
industrial plants
Total annual CO2
generated
Total annual CO2
captured
Emissions from imported
electricity
Total annual CO2
emissions
Total CO2 emissions avoided

Decentral ASU

Central ASU

Central ASU

Decentral CO2
compression

Decentral CO2 compression

Central CO2 compression

Unit

El MP
O2

NGCC
vent

NGCC
CC

El LP
O2

El MP
O2

NGCC
vent

NGCC
CC

El LP
O2

El MP
O2

NGCC
vent

NGCC
CC

Mt/y

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

7.1

Mt/y

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

6.8

Mt/y

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

6.1

TJth/y
TJe/y
Kt/d
MWe

0.0
8.0
12
93

0.0
8.0
12
93

0.0
8.0
14
110

0.0
7.0
12
93

0.0
8.0
12
93

0.0
8.0
12
93

0.0
8.0
12
93

0.0
7.0
12
93

0.0
8.0
12
93

0.0
8.0
12
93

0.0
8.0
14
108

MW
MW

0
0

277
576

288
600

0
0

0
0

277
509

287
527

0
0

0
0

277
509

287
527

Mt/y
Mt/y
Mt/y

0.0
0.0
0.0

0.9
0.0
0.9

1.0
0.9
0.1

0.0
0.0
0.0

0.0
0.0
0.0

0.8
0.0
0.8

0.9
0.8
0.1

0.0
0.0
0.0

0.0
0.0
0.0

0.8
0.0
0.8

0.9
0.8
0.1

Mt/y

0.0

0.0

0.0

0.5

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Mt/y

6.8

7.7

8.1

6.8

6.8

6.8

7.6

6.8

6.8

7.6

7.6

Mt/y

6.1

6.1

7.0

6.1

6.1

6.1

6.9

6.1

6.1

6.1

6.9

Mt/y

0.6

0.0

0.0

0.5

0.6

0.0

0.0

0.5

0.6

0.0

0.0

Mt/y

1.2

0.7

0.7

1.2

1.3

0.7

0.7

1.2

1.3

0.7

0.7

Mt/y

5.9

5.5

6.3

5.8

5.8

5.6

6.4

5.9

5.8

5.6

6.4
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Number of units
Air separation units
CO2 compressors
NGCC plants
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Furnace modifications
Boiler modifications
Air Separation Units
Gas gathering system
Cooling system
Absorbers
Strippers
CO2 compressors &
treatment units
Total process plant costs
Total plant cost
Total capital
requirement
OPEX

‐
‐
‐

13
16
0

13
16
16

16
16
16

2
16
0

2
16
0

2
16
1

2
16
1

2
3
0

2
3
0

2
3
1

3
3
1

M€
M€
M€
M€
M€
M€
M€

5
11
510
43
74
33
16

5
11
510
43
83
33
16

5
11
590
49
91
33
16

5
11
300
43
74
33
16

4
11
300
43
83
33
16

5
11
300
43
74
33
16

5
11
332
43
74
33
16

5
11
300
43
74
33
16

5
11
300
43
74
33
16

5
11
300
43
74
33
16

5
11
367
43
74
33
16

M€

168

168

185

168

168

170

182

103

103

103

111

M€
M€

859
1117

868
1129

979
1272

650
845

658
856

652
847

695
904

585
760

585
760

585
760

660
858

M€

1229

1242

1400

930

942

932

994

836

836

836

944

M€/y

55

55

63

55

55

55

62

55

55

55

62

M€
M€/y

0
0

359
14

371
15

0
0

0
0

246
10

252
10

0
0

0
0

246
10

252
10

km
M€

8.5
107

8.5
100

8.5
117

20.0
72

20.0
115

20.0
88

20.0
131

20.0
72

20.0
115

20.0
115

20.0
131

Energy plant
CAPEX
OPEX
Oxygen pipeline
(2 and 30 bar)
Length
CAPEX
Capacity
compressors /blowers
OPEX
CO2 pipeline (2 and 110 bar)
Length (2 bar pipelines)
Length (110 bar
pipelines)
CAPEX
Capacity
compressors/blowers
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total
Average CO2 avoidance cost
PHYSICAL FOOTPRINT
NGCC plants
Absorbers
Strippers
Air Separation Units
CO2 compressors &
treatment units
Total

MW

47

47

47

12

47

47

47

12

47

47

47

M€/y

2.7

2.5

2.9

1.8

2.9

2.2

3.3

1.8

2.9

2.9

3.3

km

0.0

0.0

0.0

0.0

0.0

0.0

0.0

23.7

23.7

23.7

23.7

km

24.9

24.9

24.9

24.9

24.9

24.9

24.9

1.2

1.2

1.2

1.2

M€

11.4

11.4

11.9

11.8

11.8

11.8

12.5

66.0

66.0

66.0

70.3

MW

112

112

128

112

112

112

126

5

5

5

5

M€/y

0.3

0.3

0.3

0.3

0.3

0.3

0.3

1.6

1.6

1.6

1.7

M€
M€/y

1347
58

1712
72

1900
81

1014
57

1068
58

1278
67

1390
76

974
59

1017
60

1263
69

1397
77

M€/y
M€/y
M€/y
€/tCO2

0
175
175
66

166
0
166
80

173
0
173
75

0
153
153
56

0
175
175
61

147
0
147
65

152
0
152
61

0
153
153
55

0
175
175
61

147
0
147
65

152
0
152
62

∙103 m2
∙103 m2
∙103 m2
3
2
∙10 m

0
29
2
3

29
29
2
3

30
34
2
3

0
18
2
3

0
18
2
3

14
18
2
3

15
20
2
3

0
18
2
3

0
18
2
3

14
18
2
3

15
22
2
3

∙103 m2

16

16

18

16

16

16

17

10

10

10

11

∙103 m2

50

75

82

34

39

48

52

33

33

47

52
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Table 3.15: Techno‐economic performance of pre‐combustion configurations in the Botlek.

TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 base eligible for capture
Hydrogen production per day
Heat for capture
Electricity for capture
Energy plant performance
Heat output
Electrical output

3

Fuel input
Excess electrical output
Energy plant emissions
CO2 generated
CO2 captured
Remaining emissions
CO2 emissions
Total annual CO2 generated
Total annual CO2 captured
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided (with elec. sale)
Total CO2 emissions avoided (w/o elec. sale)
Number of units
Steam reformer
Absorbers process gas
Stripper process gas
Absorbers flue gas
Stripper flue gas
CO2 compressors
Boilers/NGCC(‐CHP)
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Steam reformer
Modification to burners
SCR/FGD units
Absorbers process gas
Strippers process gas
Absorbers flue gas
Strippers flue gas
CO2 compressors & treatment units
Total process plant costs
Total plant cost
Total capital requirement
OPEX

Unit

Boiler
No waste heat
Vent
CC

Waste heat
El

NGCC(‐CHP)
No waste heat
Vent
CC

Waste heat
Vent
CC

Mt/y
Mt/y
kt/d
TJth/y
TJe/y

7.1
4.9
1.2
11.7
2.5

7.1
4.9
1.2
11.9
3.3

7.1
4.9
1.2
11.9
2.5

7.1
4.9
1.2
11.7
2.5

7.1
4.9
1.2
14.4
4.2

7.1
4.9
1.2
11.7
2.5

7.1
4.9
1.2
14.4
2.8

MW
MW

405
0

413
0

0
0

405
286

499
352

0
88

0
108

MW

477

486

0

768

946

174

219

MW

0

0

0

198

264

0

0

Mt/y
Mt/y
Mt/y

0.8
0
0.8

0.8
0.7
0.1

0
0
0

1.3
0.0
1.3

1.5
1.4
0.2

0.3
0.0
0.3

0.4
0.3
0.0

Mt/y
Mt/y
Mt/y
Mt/y
Mt/y
Mt/y

8.0
4.9
0.2
3.3
n/a
3.5

8.0
5.5
0.2
2.6
n/a
4.3

7.2
4.9
0.2
2.5
n/a
4.4

8.4
4.9
‐0.4
3.2
3.7
3.3

8.7
6.2
‐0.5
2.0
4.9
4.4

7.5
4.9
0.0
2.6
n/a
4.3

7.8
5.2
0.0
2.6
n/a
4.5

‐
‐

1
4

1
4

1
4

1
4

1
4

1
4

1
4

‐

2

2

2

2

2

2

2

‐
‐
‐
‐

2
1
2
1

3
1
3
1

2
1
2
1

2
1
2
1

3
1
3
1

2
1
2
1

2
1
2
1

M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€/y

251
0.5
17
15
10
44
19
83
440
572
629
56

251
0.6
22
15
10
63
24
99
486
632
695
64

251
0
17
15
10
44
19
83
440
572
629
56

251
0
17
15
10
44
19
83
440
572
629
56

251
1
27
15
10
76
30
107
517
673
740
72

251
0
17
15
10
44
19
83
440
572
629
56

251
1
19
15
10
50
21
86
455
591
650
60

M€
M€/y

14
0.3

21
0.4

0
0

252
10.1

291
11.6

105
4.2

123
4.9

km
M€
M€/y

1.2
1.3
0.0

1.2
1.6
0.0

1.2
0.7
0.0

1.2
1.4
0.0

1.2
1.8
0.0

1.2
0.9
0.0

1.2
1.0
0.0

km
M€
M€/y

12.2
20
0.5

12.2
20
0.5

12.2
20
0

12.2
20
0.5

12.2
20
0.5

12.2
20
0.5

12.2
20
0.5

km
M€

1.2
0.8

1.2
1.1

1.2
0.8

1.2
1.1

1.2
1.1

1.2
0.8

1.2
0.9

Energy plant
CAPEX
OPEX
Natural gas pipeline (40 bar)
Length
CAPEX
OPEX
Hydrogen pipeline (15 bar)
Length
CAPEX
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
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Capacity compressors
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Steam export
Electricity
Total (with credits for electricity sale)
Total (without credits for electricity sale)
Average CO2 avoidance cost (with elec. sale)
Average CO2 avoidance cost (w/o elec. sale)
PHYSICAL FOOTPRINT
Steam reformer
Absorbers
Strippers
CO2 compressors & treatment units
Energy plant (Boiler/NGCC(‐CHP))
Total

MW
M€/y

73
0.0

80
0.0

73
0.0

73
0.0

86
0.0

73
0.0

76
0.0

M€
M€/y

665
57

739
65

650
57

903
67

1054
84

755
61

795
65

M€/y
M€/y
M€/y
M€/y
M€/y
€/tCO2
€/tCO2

309
0
56
n/a
365
n/a
137

312
0
74
n/a
385
n/a
126

172
‐2
56
n/a
226
n/a
81

393
0
‐125
268
284
120
137

444
0
‐167
277
302
99
115

222
‐2
0
n/a
220
n/a
86

233
‐2
0
n/a
233
n/a
86

∙103 m2
∙103 m2
∙103 m2
∙103 m2
3
2
∙10 m
∙103 m2

9.3
4.0
5.1
4.4
0.3
23

9.3
4.5
5.6
5.3
0.3
25

9.3
4.0
5.1
4.4
0.0
23

9.3
4.0
5.1
4.4
19.1
42

9.3
4.2
6.1
5.8
21.9
47

9.3
4.0
5.1
4.4
6.6
30

9.3
4.2
5.3
4.6
7.5
31
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Deployment of infrastructure configurations
for large scale CO2 capture in industrial zones:
A case study for the Rotterdam Botlek area
Niels Berghout, Machteld van den Broek, André Faaij

ABSTRACT
This chapter presents a method to assess deployment pathways for CO2 capture
infrastructure configurations in industrial zones. This method was demonstrated for the
Botlek area consisting of 16 emitters (7.1 MtCO2/y). Pathways were developed for two
optimal infrastructures: Post‐Recsor based on post‐combustion capture and Oxy‐Hybrid
based on oxyfuel capture (see part A, Chapter 3). The pathways vary regarding the
sequence and timing in which industrial plants are equipped with CCS, number of buildout
phases, and whether capture equipment is oversized or not. Results show that Post‐
Recsor and Oxy‐Hybrid can be realised in three phases while maintaining most cost
advantages of an ‘all‐at‐once’ strategy (Post‐Recsor: 94‐97 €/tCO2; Oxy‐Hybrid: 61‐64
€/tCO2) compared to CO2 capture at industrial plant level (Post‐Decentral: 100 €/tCO2;
Oxy‐Decentral: 66 €/tCO2). A fast deployment results in lower levelised avoidance costs
(Post‐Recsor: 86‐88 €/tCO2; Oxy‐Hybrid: 55‐58 €/tCO2) and higher cumulative avoided
emissions (Post‐Recsor: 120‐122 MtCO2; Oxy‐Hybrid: 116‐117 MtCO2) over a period of
twenty years. This strategy requires a sufficiently high CO2 price and a rapid replacement
of the capital stock. Oversizing is economically interesting for oxyfuel pathways with a fast
deployment, regardless of the real discount rate. For post‐combustion, oversizing is only
feasible under a fast deployment and low real discount rate.
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4.1 Introduction
The International Energy Agency (IEA, 2013) states that large scale deployment of carbon
capture and storage (CCS) in the industrial sector is critical to limit the average global
temperature increase to 2 C. In its 2 C scenario, the IEA (2013) envisaged that between
2015 and 2050 a cumulative amount of around 55 GtCO2 needs to be captured from
industrial processes around the world. Reducing the costs of CCS in industry is critical to
expedite the large‐scale deployment of CCS. Clustering multiple industrial plants is a
possible route to reduce these costs, by exploiting economies of scale compared to
individual point‐to‐point solutions (Bureau et al., 2011; RCI, 2009).

4

The economic and practical viability of industrial clusters have been assessed within the
COCATE project for the Tees valley in the UK (Bureau et al., 2011; Roussanaly et al., 2013)
and by AMEC (2010) for the Havre harbour area in France. Nørstebø et al. (2012) and
Midthun et al. (2012) established a decision support model for investment in carbon
capture plants in a small Norwegian industrial park. This model handles flexible and
dynamic operation of carbon capture plants over a time horizon of twenty years. In a
previous study (part A, Chapter 3), a method was developed to assess and compare the
techno‐economic performance of infrastructure configurations for large scale CO2 capture
in industrial zones (see Chapter 3). The method was applied to a group of sixteen
industrial plants in the Rotterdam Botlek area (CO2 emissions: 7.1 MtCO2/y) for the period
2020‐2030. The configurations vary regarding CO2 capture technology (post‐, pre‐, or
oxyfuel combustion), location of capture components (centralised vs. decentralised), local
pipeline network, energy supply for CO2 capture (natural gas combined cycle (NGCC)
(either in power only or CHP mode), or gas‐fired boiler and/or electricity import), and
whether CO2 is captured from the energy plant (CC) or released to the atmosphere (vent).
The results showed that by centralising capture equipment, instead of placing capture
equipment at each industrial plant site, considerable economies of scale can be achieved,
which is particularly interesting for industrial plants with low annual CO2 emissions.
Oxyfuel combustion with centralised oxygen production and decentralised CO2
compression was found to be most cost effective when applying CO2 capture to all sixteen
industrial plants at once (60 €/tCO2; 5.8 MtCO2/y avoided), whereas oxyfuel combustion at
plant level is economically preferable when capturing CO2 from only the three largest
industrial plants (Chapter 3). However, a full‐fledged network across the area emerging
simultaneously is not very likely to occur. Instead, a step‐wise deployment of capture
plants is more plausible. Yet, centralised configurations may become less cost effective
and more space consuming compared to decentralised configurations when deployed in
several steps. The aforementioned studies addressed these aspects only to a limited
extent. More attention needs to be given to the step‐wise deployment of such
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configurations over time and the strategies needed to address these challenges in an
adequate fashion.
Therefore, the objective of this study is to develop and demonstrate a method to assess
these deployment pathways and identify optimal conditions under which large scale CO2
capture infrastructure configurations can be realised over time. The studied deployment
pathways vary inter alia with respect to the capture technology, the order and timing in
which the industrial plants start capturing CO2, and whether capture units and energy
plants are oversized or not. The results are compared with the most favourable
infrastructure configurations in part A (Chapter 3).
This chapter is structured as follows. Section 4.2 describes the method and data used in
this study, while Section 4.3 presents the results for the deployment pathways. The
limitations of the method and uncertainty of the results are discussed in Section 4.4.
Lastly, the main conclusions are reported in Section 4.5.

4.2 Method and data
Section 4.2.1 presents a short overview of the context and best performing infrastructure
configurations that were identified in Chapter 3, for which it was assumed that all CO2
capture equipment is implemented all at once. The performance of the deployment
pathways are compared with the reference cases. The deployment pathways are further
described in Section 4.2.2, followed by the performance parameters (Section 4.2.3) and
equations and input data needed for the analysis (Section 4.2.4).

4.2.1 Context and ‘all‐at‐once’ cases
The CO2 capture infrastructure configurations designed for the Botlek area comprise
sixteen industrial plants (see Figure 4.1). Chapter 3 has shown that Oxy‐Hybrid (El) and
Post‐Recsor (CHP/CC) are the most favourable ‘all‐at‐once’ infrastructure configurations in
terms of CO2 avoidance cost, physical footprint and flexibility with respect to the location
of capture components. The techno‐economic performance of both configurations as well
as those of the most cost effective decentral configurations are presented in Table 4.1.
The techno‐economic performance of the deployment pathways assessed in this study are
compared with the ‘all‐at‐once’ configurations in Table 4.1 to examine whether a
central/hybrid approach is still preferable when infrastructure configurations are realised
in a stepwise manner. The starting year of the deployment pathways is in the period 2020‐
2030.
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Figure 4.1: Botlek area with industrial plants emitting CO2 (red circles). The size of the circles reflects
the annual amount of CO2 emissions.

4.2.2 Deployment pathways in an industrial zone
The deployment of the Post‐Recsor and Oxy‐Hybrid configurations can occur in numerous
ways. Figure 4.2 gives a simplified, non‐exhaustive list of factors affecting the deployment
of CCS across an industrial zone over time (left). Moreover, it presents the deployment
pathways investigated in this study (central box) as well as a description of the sensitivity
analysis (right).
Note that the factors on the left side of the flow sheet are difficult to predict. For that
reason, the deployment pathways are designed in such a way that they represent
different future developments of external factors as well as decisions made by firms
regarding the implementation of CCS across the Botlek. Two important driving factors for
CCS deployment are the CO2 price or carbon tax and the age structure of the vintage
capital stock. A low pace of capital stock turnover can constitute a prohibitive barrier for
the penetration of low‐carbon technologies in industries (e.g. IEA, 2007; Rootzén and
Johnsson, 2013; Worrell and Biermans, 2005). Most likely, firms will be reluctant to
implement CCS on ageing capital and wait with their investment till existing capital retires.
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However, the moment of investment in and decommissioning of capital is very difficult to
predict as this is largely driven by external market conditions (e.g. product demand,
regulations, government policy) rather than by the technical lifetime (Lempert et al.,
2002). Therefore, several pathways were designed reflecting various paces of capital stock
turnover.
Table 4.1: Techno‐economic performance of most favourable ‘all‐at‐once’ infrastructure
configurations identified in part A (Chapter 3).
Post‐Recsor
(all‐at‐once)
CHP/CC

Post‐
Decentral
Boiler/CC

Oxy‐Hybrid
(all‐at‐once)
El. import

Oxy‐Decentral

Unit
El. import
TECHNICAL PERFORMANCE
CO2 captured
MtCO2/y
9.3
7.8
6.1
6.1
MtCO2/y
7.1
n/a
n/a
n/a
CO2 avoided (w elec. sale)
MtCO2/y
6.1
5.9
5.8
5.9
CO2 avoided (w/o elec. sale)
ECONOMIC PERFORMANCE
CAPEX
M€
1652
939
1068
1347
OPEX
M€/y
109
63
58
58
Energy cost (w elec. sale)
M€/y
212
n/a
n/a
n/a
Energy cost (w/o elec. sale)
M€/y
262
414
175
175
Average CO2 avoidance cost
73
n/a
n/a
n/a
€/tCO2
(w elec. sale)
Average CO2 avoidance cost
€/tCO2
93
100
61
66
(w/o elec. sale)
NUMBER OF CAPTURE AND ENERGY
PLANTS
3a
Absorber
11
19
3a
3a
Stripper
4
16
3a
Air separation unit (ASU)
n/a
n/a
2
13
4
16
16
16
CO2 compressors
NGCC‐CHP / boilers
2
16
n/a
n/a
119 b
53 b
39
50
PHYSICAL FOOTPRINT
∙103 m2
a
The absorbers and strippers are for CO2 capture from the in‐situ hydrogen plants.
b
The physical footprint of Post‐Recsor is larger than for Post‐Decentral, due to the large footprint of the NGCC‐CHP unit.

Table 4.2 presents the characteristics of the three deployment pathway groups, which
comprise three separate buildout steps, or phases, and have a time horizon of twenty
years. The pathways vary in regard to the order and timing in which the sixteen industrial
plants start capturing CO2. For each deployment pathway, two subcases are investigated:
(i) oversizing capture units and energy plants in an early phase to anticipate capture and
energy demand in a later phase with the aim to maximise the exploitation of economies of
scale (OV case), and (ii) building new capture units in each phase that meet the capture
demand of that particular phase only (NO case) (see also Figure 4.2). For each deployment
pathway, two subcases will be investigated: (i) oversizing capture units and energy plants
in an early phase to anticipate capture and energy demand in a later phase with the aim to
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Figure 4.2: Simplified representation of factors affecting the deployment of CCS across an industrial
zone (left box), deployment pathways investigated in this study (central box) and description of the
sensitivity analysis (right box). OV and NO stand for oversizing and not oversizing, respectively.

maximise the exploitation of economies of scale (OV case), and (ii) building new capture
units in each phase that meet the capture demand of that particular phase only (NO case)
(see also Figure 4.2). In the second subcase, more capture units will be installed across the
three phases than in the first subcase. For each deployment pathway, the subcases with
and without oversizing are compared by calculating the maximum delay in years between
the construction and capture phase, at which the economic performance of both subcases
is economically on par. For the Post (OV) cases, it was assumed that oversized capacity of
capture units (absorbers, strippers, compressors) can only be used by the group of
industrial plants that are connected to these units in the ‘all‐at‐once’ configurations as
described in Chapter 3. For example, oversized capacity of the post‐combustion absorber
that is connected to AVR Rijnmond, Cabot, DSM and the NGCC‐CHP unit in Post‐Recsor
(all‐at‐once), cannot be temporarily used by another industrial plant (e.g. Air Liquide) for
CO2 capture. An overview of the industrial plants in the Botlek area with their
corresponding capture units in the Post‐Recsor (all‐at‐once) infrastructure configuration,
can be found in Appendix I (Section 4.6).
The impact of the base case CO2 emissions and number of phases on the results is
investigated in the sensitivity analysis. The future base case CO2 emissions depend on
multiple factors (e.g. industrial activity, composition of industrial plants across the area,
and the penetration of other CO2 mitigation options). Unfortunately, projections on future
industrial activity and CO2 emissions on plant level were unavailable. The impact of lower
base case CO2 emissions on the techno‐economic performance of the pathways without
oversizing is examined by excluding the Esso refinery – representing nearly one‐third of
the total annual CO2 emissions in the Botlek – from the CO2 capture infrastructure. The
effect of a higher number of phases (six) on the average CO2 avoidance costs was
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investigated for deployment pathway group 1 (large‐to‐small emitter). The details of Post‐
paths 1‐3 and Oxy‐paths 1‐3 with three phases and with oversized capture units and
energy plant (OV) are presented in Tables 4.3‐4.5. Post‐path 1 and Oxy‐path 1 with six
phases, which were derived by splitting up the three phases used in all the other
pathways, are also shown in Table 4.3. The technical foundation of the oversizing potential
is described in Section 4.2.4. The pathways without oversizing (NO) are not presented in
detail.

4.2.3 Performance indicators and data
The relevant equations and input data needed to assess the techno‐economic
performance of the deployment pathways can be found in Chapters 2 and 3. The
performance indicators are the CO2 avoidance cost (€/tCO2) and spatial footprint (m2),
which are used to compare the performance of the deployment pathways among each
other and with Post‐Recsor (all‐at‐once), Oxy‐Hybrid (all‐at‐once), Post‐Decentral
(boiler/CC) and Oxy‐Decentral (El). The deployment pathways are also compared among
each other on basis of the cumulative avoided CO2 emissions and levelised CO2 avoidance
cost (LCAC) over a period of twenty years. The LCAC is determined by setting the net
present value (NPV) of Equation 4.1 equal to zero:
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Equation 4.1

where I1, I2 and I3 are the investment costs (M€) for phases 1, 2 and 3, respectively. Px is
the first year of a new phase, Ce,t and COPEX,t are the annual energy costs and OPEX of the
deployment pathway in year t, CO2,t is the avoided CO2 emissions (MtCO2/y) in year t, i is
the real discount rate, N is the total number of periods (years), t is the time of the cash
flow (year).
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Table 4.2: Techno‐economic performance of most favourable ‘all‐at‐once’ infrastructure
configurations identified in part A (Chapter 3). P1, P2 and P3 stand for phase 1, 2 and 3, respectively.
Large‐to‐small emitter

Clusters a

Late adopter

Post‐path 1 / Oxy‐path 1
Description

Post‐path 2 / Oxy‐path 2
Description

Post‐path 3 / Oxy‐path 3
Description

 CO2 capture starts at plants with

 Plants form local clusters for CO2

 CO2 capture starts at three hydrogen

lowest CO2 avoidance cost (large
and high CO2 concentration
emitters) (P1), followed by
medium‐sized (P2) and small‐sized
emitters (P3).
Driving factors
 Sufficiently high CO2 price in early
phases.
 High pace of capital stock turnover.
Advantages

 High amount of cumulative CO2

4

emissions avoided over time.

 Exploitation of economies of scale
of all capture units from phase 1
onwards, thus relatively low
average CO2 avoidance cost from
start.

 Low number of additional capture

 Starts CO2 capture in two large
clusters (P1), followed by a
medium‐sized (P2) and a small‐
sized cluster (P3).
Driving factors
 Sufficiently high CO2 price in early
phases.
 Medium to high pace of capital
stock turnover.
Advantages

 Medium to high amount of
cumulative CO2 emissions avoided
over time.

 Exploitation of economies of scale
and full‐load operation of local
absorbers from phase 1 onwards
(also in oversized case), thus
relatively low average CO2
avoidance cost from start.

plants (P1), followed by medium‐
sized (P2), and two large and three
small‐sized emitters (P3).

Driving factors

 Insufficiently high CO2 price in early
phases, but higher CO2 price in
phase 3.

 Low pace of capital stock turnover.
Advantages
 Low investment costs in early
phases.

 Low risk exposure of declining CO2
prices over time, due to late
adoption of CCS.

units required compared to ‘all‐at‐
once’ cases, due to a nearly optimal
buildout.
Disadvantages

Disadvantages

Disadvantages

 High investment costs in early

 Medium to high investment costs in

 Low amount of cumulative CO2

phases.

 High risk exposure of declining CO2
prices over time, due to early
adoption of CCS.

 Part‐load operation of absorbers,
strippers, CO2 compressors and
energy plants.

a

capture with shared absorbers.

early phases.

emissions avoided over time.

 Medium to high risk exposure of
declining CO2 prices over time, due
to early adoption of CCS.

 Part‐load operation and/or higher
number of capture units needed
(except for local absorbers)
compared to ‘all‐at‐once’ cases than
for pathway group 1, due to a
suboptimal buildout.

 Low economies of scale in phase 1,
thus relatively high average CO2
avoidance cost in early phases.

 Part‐load operation and/or higher
number of capture units needed
than in ‘all‐at‐once’ cases, due to a
suboptimal buildout.

The cluster option was mainly designed for post‐combustion capture to examine the impact of a clustering approach on
the costs. The main advantage is that oversizing local absorbers is not required as they are already operated at full‐
load from the start onwards, thereby avoiding the installation of additional absorbers with higher specific capital costs
in a later phase, or oversized absorber capacity lying idle during phase 1 (and phase 2).
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Table 4.3: Post‐path 1 (OV) and Oxy‐path 1 (OV): overview of industrial plants, the amount of CO2
a,b
captured and the percentage of oversized capacity.

Phase 1

Phase 2

Phase 3

a

b
c

Industrial plant
Esso refinery
AVR Rijnmond
Air Products (new
plant)

Post‐path 1 (OV)
CO2 captured
NGCC‐
c
(Mt/y)
CHPs

Absorber

Stripper/
CO2 compressor

Oxy‐path 1 (OV)
ASU
CO2 captured
(Mt/y)

1.98
1.58
0.72

+
11% (Cabot)
+

11% (E.B.)
34% (W.B.)
11% (E.B.)

1.86
1.48
0.72

11% (E.B.)
34% (W.B.)

0.35
0.36

34 (W.B.)
34% (W.B.)/
11% (E.B)

0.05
n/a

24%

RAP
Air Products (old
plant)
Air Liquide
NGCC‐CHP

0.37
0.36
0.05
2.25

+
25%
(Lyondell)
‐
6% (DSM)

Sub total
Eurogen
Cabot
Enecal Energy

7.3
0.42
0.20
0.18

+
+
+

+
+
+

Lyondell
DSM
NGCC‐CHP
Sub total
Akzo Nobel
Shin Etsu

0.12
0.09
0.44
1.5
0.16
0.07

+
+
+

+
+
11% (E.B)

+
+

+
+

Carbon black
Cargill
Biopetrol
NGCC‐CHP
Sub total
TOTAL

0.06
0.02
0.02
0.16
0.5
9.3

+
+
+
+

+
+
+
+

6%

0%

4.8
0.39
0.19
0.17

26%

4
6%

0.11
0.09
n/a
1.0
0.15
0.07
0.05
0.02
0.02
n/a
0.3
6.1

0%

The plus (+) stands for capture units that have the same capacity as in Post‐Recsor (all‐at‐once), which means that
economies of scale are fully exploited and that the full capacity is used from the moment the plant is built. In case of
oversizing, the capture unit has a similar size as in Post‐Recsor (all‐at‐once) in order to exploit economies of scale, but
the capacity is not directly fully used. The oversized capacity is expressed as the percentage of the capture unit
capacity in Post‐Recsor (all‐at‐once) or Oxy‐Hybrid (all‐at‐once) that is lying idle. For example, the post‐combustion
absorber built for AVR Rijnmond and Cabot operates at 89% load in phase 1, i.e. it only captures the CO2 of AVR
Rijnmond; the remaining 11% of the capacity lies idle. The absorber operates at full‐load once Cabot starts capturing
CO2 in phase 2. The plant names and sub areas (west or east Botlek; indicated by W.B and E.B., respectively) for which
post‐combustion absorbers, strippers and CO2 compressors are oversized, are presented in parentheses after the
percentage of oversizing. The minus (‐) stands for capture units that have a lower capacity than in Post‐Recsor (all‐at‐
once) or Oxy‐Hybrid (all‐at‐once), due to the fact that the oversized capacity would be higher than the maximum
oversized capacity that is possible from a technical point of view (see Section 4.2.4 for technical foundation). These
smaller capture units are designed to meet the capture demand of that particular phase only and thus operate at full‐
load. For Post‐path 1, the absorber of the Air Liquide hydrogen plant cannot be oversized as the oversized capacity
would be high than technically possible, i.e. 233%.
The dashed lines indicate the division of industrial plants in the pathways deployed in six phases.
The percentage oversized capacity of the NGCC‐CHP plants refers to heat output capacity, towards which the CHP units
are dimensioned in the ‘all‐at‐once’ cases. The percentage oversized capacity applies to both CHP plants. In this study,
it was assumed that the two CHP plants are equally oversized. In practice, this will not be the case.
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Table 4.4: Post‐path 2 (OV) and Oxy‐path 2 (OV): overview of industrial plants, the amount of CO2
captured and the percentage of oversized capacity. See Table 4.3, notes a and c, for a detailed
explanation.

Phase 1

Phase 2

4

Phase 3

a

Industrial plant
Esso refinery
Air Products (new plant)
Eurogen
RAP
Enecal Energy
Akzo Nobel
Shin Etsu
Air Liquide
NGCC‐CHP
Sub total
AVR Rijnmond
Air Products (old plant)
Cabot
Lyondell
DSM
NGCC‐CHP
Sub total
Carbon black
Cargill
Biopetrol
NGCC‐CHP
Sub total
TOTAL

Post‐path 2 (OV)
CO2 captured
(Mt/y)
1.98
0.72
0.42
0.37
0.18
0.16
0.07
0.05
1.86
5.8
1.58
0.36
0.20
0.12
0.09
0.87
3.2
0.06
0.02
0.02
0.12
0.2
9.3

NGCC
‐CHPs

40%

3%

0%

Absorber
+
+
+
+
+
+
+
+
+

Stripper/
CO2 compressor
3% (E.B.)
3% (E.B.)
‐
3% (E.B.)
‐
3% (E.B.)
3% (E.B.)
‐
3% (E.B.)/‐ (W.B) a

+
+
+
+
+
+

+
+
+
+
+
‐ (W.B) a

+
+
+
+

+
+
+
+

Oxy‐path 2 (OV)
CO2 captured
(Mt/y)
1.86
0.72
0.39
0.35
0.17
0.15
0.07
0.05
n/a
3.8
1.48
0.36
0.19
0.11
0.09
n/a
2.2
0.05
0.02
0.02
n/a
0.1
6.1

ASU

40%

2%

0%

For Post‐path 2, the west Botlek stripper and CO2 compressors cannot be oversized as the oversized capacities would
be higher than technically possible, i.e. 233%.

140

Deployment of infrastructure configurations for large scale CO2 capture in industrial zones:
A case study for the Rotterdam Botlek area

Table 4.5: Post‐path 3 (OV) and Oxy‐path 3 (OV): overview of industrial plants, the amount of CO2
captured and the percentage of oversized capacity. See Table 4.3, notes a and c, for a detailed
explanation.

Phase 1

Phase 2

Phase 3

a

Industrial plant
Air Products (new plant)
Air Products (old plant)
Air Liquide
NGCC‐CHP
Sub total
AVR Rijnmond
Eurogen
Cabot
Enecal Energy
Akzo Nobel
Lyondell
DSM
Shin Etsu
NGCC‐CHP
Sub total
Esso refinery
RAP
Carbon black
Cargill
Biopetrol
NGCC‐CHP
Sub total
TOTAL

Post‐path 3 (OV)
CO2 captured
NGCC
(Mt/y)
‐CHPs
0.72
0.36
n/a
0.05
n/a
1.1
1.58
0.42
0.20
0.18
38%
0.16
0.12
0.09
0.07
1.91
4.7
1.98
0.37
0.06
0%
0.02
0.02
0.94
3.4
9.3

Absorber
21% (Esso/RAP)
25% (Lyondell)
‐a
n/a

Stripper/CO2
compressor
‐a
‐a
‐a
n/a

+
+
+
+
+
+
+
+
69% (E.B.)

+
+
+
+
‐a
+
+
‐a
‐a

+
+
+
+
+
+

+
+
+
+
+
+

Oxy‐path 3 (OV)
CO2 captured
(Mt/y)
0.72
0.36
0.05
n/a
1.1
1.48
0.39
0.19
0.17
0.15
0.11
0.09
0.07
n/a
2.7
1.86
0.35
0.05
0.02
0.02
n/a
2.3
6.1

ASU

n/a

46%

4

0%

For Post‐path 3, the Air Liquide flue gas absorber as well as the west and east Botlek strippers and CO2 compressors
cannot be oversized in phase 1 (and phase 2 for the east Botlek) as the oversized capacities would be higher than
technically possible, i.e. 233%.
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The investment for the capture equipment of phase 1 (I1) is made in year 0. Phase 1
always starts in year 1. The investments required for the capture equipment of phases 2
(I2) and 3 (I3) are assumed to be made one year before the start of phases 2 and 3,
respectively. For example, if phase 2 starts in year 5, the investment for the capture
equipment is made in year 4. Table 4.6 presents four combinations of phase transition
years that are used for the calculation of the LCAC. The combinations of years are chosen
in such a way that a fast (A) and intermediate (B and C) transition between phases is
investigated. Combination D reflects a slow transition between phases 1 and 2, but fast
transition between phases 2 and 3.
Table 4.6: Combinations of phase transition years used for the calculation of the LCAC over a time
horizon of twenty years.

4

Start phase 2 (year)
Start phase 3 (year)

A
1
2

B
5
10

C
10
15

D
18
19

For each deployment pathway, the subcases with and without oversizing are compared by
calculating the break‐even points (BEPs) in years, i.e. the maximum delay in years between
the construction and capture phase, at which the LCAC of both subcases are equal. The
BEPs can be calculated by using Equation 4.1. The combinations of P2 and P3 that yield a
similar LCAC between both subcases signify the BEPs.
The impact of the key input parameters on the BEPs is assessed in the sensitivity analysis.
The total capital cost and (part‐load) energy use for CO2 capture is varied with ±30%,; the
value ranges for the key economic input parameters are presented in Table 4.7. An
extreme pessimistic and extreme optimistic case are examined by setting all the varied
parameters at their least and most favourable values, respectively. The additional costs of
oversized capture equipment and energy plant are allocated to the industrial plants from
which CO2 is already captured on basis of the amount of CO2 avoided of each plant. All
cost figures presented in this study are in €2012. The costs of the post‐combustion
pathways exclude credits for electricity sale, unless otherwise stated, to enable a fair
comparison between the different pathways.
Table 4.7: Key economic input parameters used in this study.
Parameter
Real discount rate
Natural gas price
Electricity price

Unit
%
€/GJLHV
€/GJe

Nominal value
10
10
22
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4.2.4 Oversizing and part‐load operation
This section describes the minimum part‐load operation of capture units and energy
plants that is technically feasible as well as the specific energy requirement (SER) for
operation at various loads. The SER values for part‐load operation found in literature were
interpolated for the analysis where necessary. A detailed analysis of the buildout of the
local pipeline networks is beyond the scope of this study as this would require multiple
designs and cost analyses for each pipeline across the Botlek in all deployment pathways.
Instead, a simplified approach was used by assuming a linear relation between the total
amount of CO2 captured and the total pipeline costs of Post‐Recsor (all‐at‐once) and Oxy‐
Hybrid (all‐at‐once). This way, the pipeline costs were determined for each phase in the
deployment pathway. Given the small contribution of pipelines in the overall costs, this
approach does not have a significant impact on the overall performance of the
deployment pathways.
Post‐combustion capture
Several studies report that post‐combustion capture units (including pumps, fans and heat
exchangers) can operate at part‐load (Chalmers and Gibbins, 2007; IEA GHG, 2012; Kather
et al., 2010; Liebenthal and Kather, 2011; Oexmann et al., 2012). The minimum technical
part‐load operation for a modern post‐combustion packed column is reported to be
around 25‐30% (E.on, 2011; IEA GHG, 2012). Lower part‐load operation would lead to a
too low vapour/liquid ratio in the absorber, resulting in operational problems
(weeping/dumping) (Perry and Green, 2008). The IEA GHG (2012) and Roeder et al. (2013)
showed that the heat and cooling duties are reduced at lower loads due to: (i) the lower
temperature difference in the rich and lean amine solution heat exchanger as a result of
the overdesigned heat exchanger area at part‐load; (ii) a higher rich monoethanolamine
(MEA) solution loading because of an overdesign of the absorber and stripper for that
load, which induces a better CO 2 mass transfer to the MEA solution (30wt% MEA) and
closer approach to the chemical equilibrium, thereby reducing the regeneration level of
the rich amine flow, and thus, the regeneration heat and cooling duty (Roeder et al.,
2013). The quantitative relation between the SER and part‐load operation of post‐
combustion capture using a 30wt% MEA solution was based on chemical process
simulation data from Nienoord (2012) and Roeder et al. (2013) (see Table 4.8).
CO2 compression and treatment
A typical CO2 compressor system is capable of efficient turndown to approximately 70‐
75% of full flow at constant discharge pressure (Chalmers and Gibbins, 2007; IEA GHG,
2012). Higher turndown can be achieved by recirculating compressed CO2, but imposes a
significant energy penalty (IEA GHG, 2012). By installing multiple compressor trains,
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operation at lower loads can be achieved without incurring considerable efficiency losses
by switching off one of the compressor trains when the CO2 flow falls below 50% (see e.g.
Liebenthal and Kather, 2011). Roeder et al. (2013) modelled two compression trains and
presented the SER for operation at various loads (see Table 4.8). A minimum technical
operational load of the CO2 treatment (drying, purification and cooling, DPC) units after
the CO2 capture process was not found in literature, nor was any information found on
energy efficiency changes due to part‐load operation. As the input data value for the SER
applies to both the CO2 treatment and compression step (see Chapter 3), the relation
between SER and operational load of the compressors was assumed to apply to the
treatment units as well.

4

Table 4.8: Technical performance of CO2 capture components operated in part‐load. Based on
Nienoord (2012) and Roeder et al. (2013). The difference between values is sometimes very small
and not visible owing to rounding.
Unit

Specific energy requirement at various part‐load operations
40%
60%
80%
100%

POST‐COMBUSTION a
Regeneration heat b
GJth/tCO2
3.85
3.90
3.94
4.00
4 vol% CO2
GJth/tCO2
3.50
3.55
3.60
3.65
8 vol% CO2
GJth/tCO2
3.35
3.40
3.45
3.55
12‐14 vol% CO2
Fans & pumps b
GJe/tCO2
0.26
0.27
0.28
0.29
4 vol% CO2
GJe/tCO2
0.15
0.16
0.17
0.18
8 vol% CO2
GJe/tCO2
0.10
0.11
0.12
0.13
12‐14 vol% CO2
CO2 treatment &
GJe/tCO2
0.57
0.62
0.58
0.55
compression
OXYFUEL COMBUSTION
GJe/tO2
0.69
0.68
0.68
0.68
Air separation unit c
CO2 treatment &
GJe/tCO2
0.71
0.77
0.72
0.68
compression d
a
It was assumed that 90% of the CO2 is captured from the flue gas stream, regardless of the operational load and
volumetric CO2 concentration in the gas stream.
b
Roeder et al. (2013) modelled the behaviour of post‐combustion capture using a 30wt% MEA solution at a conventional
coal‐fired power plant (12‐14 vol% CO2 in flue gas stream) in part‐load operation. Based on communication with
Roeder (2013), it was considered justified to apply the relation between the SER and part‐load operation, which was
presented as a graph in Roeder et al. (2013), to gas streams with lower volumetric CO2 concentrations as well. Data on
SER for CO2 capture from various CO2 concentration flue gas streams at full‐load was taken from Nienoord (2012).
Subsequently, the relation between SER and part‐load operation was applied to derive the values presented in this
Table.
c
Two Air Separation Units with two compressors each are required for oxyfuel combustion across the entire Botlek area.
At part‐load, part of the compressor modules are switched off to maintain high efficiencies. Four compressors are used
for air compression at 100% and 80% load, three compressors are used at 60% load, and two compressors are used at
40% load (Roeder et al., 2013).
d
Two parallel multistage CO2 compression trains are modelled. One of the compressors is switched off when the CO2
flow falls below 50% (Liebenthal and Kather, 2011). This explains the efficiency increase when shifting from 60% to
40% load.
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Oxyfuel combustion
The SER and minimum technical part‐load operation of an air separation unit (ASU) is
defined by the air compressors. Roeder et al. (2013) presented the SER for ASUs for
various operational loads (see Table 4.8). Two compressor trains per ASU are needed to
provide the compression energy required for the oxygen production (Roeder et al., 2013).
At part‐load, part of the compressor modules are switched off to maintain high
efficiencies. As two ASUs with two compressors each are required for oxyfuel combustion
across the entire Botlek area, and compressors can operate at operational loads below 70‐
75%, the minimum technical part‐load operation for the entire Botlek should be at least
around 30%.
Energy Plant
Kuramochi et al. (2010) derived the part‐load efficiency of a NGCC‐CHP plant (see
Equation 4.2). The electrical efficiency of a gas turbine drops at part‐load operation
because of the lower combustion temperature. The steam turbine in the NGCC‐CHP unit is
hardly affected for loads above 50%, since the exhaust temperature can be maintained
well above 500°C (Kuramochi et al., 2010). To derive the electrical efficiency of the NGCC‐
CHP units at part‐load, Kuramochi et al. (2010) made two assumptions. First, it was
assumed that the gas turbine provides two‐thirds of the NGCC electricity at full‐load; this
assumption agrees with a general trend that was derived from the Gas Turbine World
Handbook 2007‐2008 (GTW, 2007) by Kuramochi et al. (2010). Second, the temperature
and the amount of steam at the steam turbine inlet was assumed to remain constant,
implying that the steam turbine efficiency is unaffected by the plant load. The part‐load
efficiency can be determined as follows:
η�������������� � η�������������� � �� �

������������� �
������ ��������

�

Equation 4.2

where ηNGCC,full‐load is the full‐load electrical efficiency, Rfuel is the fuel input rate compared
to full‐load input (0.6 ≤ Rfuel ≤ 1), and c is the zero load consumption, which is 0.2 for a gas
turbine (Kuramochi et al., 2010; Vuorinen, 2007). A minimum technical operational load of
60% was assumed. Although lower loads are possible, reliable data on part‐load operation
below 60% was not directly available. Therefore, for lower loads, it was assumed that heat
is produced in a boiler and electricity is imported from the grid.
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4.3 Results
The techno‐economic performance and physical footprints of the deployment pathways
for post‐ and oxyfuel combustion are presented in Sections 4.3.1 and 4.3.2, respectively. A
detailed overview of the techno‐economic performance of the deployment pathways can
be found in Appendix II (Section 4.7). Section 4.3.3 addresses the impact of the number of
phases and base case CO2 emissions on the costs. The presented avoidance costs of the
post‐combustion pathways exclude credits for electricity sale, unless otherwise stated.

4.3.1 Post‐combustion pathways

4

Figure 4.3 shows the economic performance of the three post‐combustion deployment
pathway groups (see caption for explanation). The number of capture units in the
pathways is presented in Table 4.9.
Based on Figure 4.3 and Table 4.9, several observations can be made:
 The deployment pathways show only slightly higher average avoidance costs (both with
and w/o credits for electricity sale) (2‐4%) and investment costs (6‐12%) than Post‐
Rector (all‐at‐once), thus indicating that most advantages of Post‐Recsor can be
maintained when realised in three phases. However, although the pathways show
lower average avoidance costs under full deployment than Post‐Decentral (decentral
capture at each industrial plant), the latter is on average economically preferable in
phase 1 (and 2), irrespective of the pathway.
 In Post‐path 1 and 2, the avoidance costs decrease with each new phase due to
economies of scale. In Post‐path 3, the avoidance costs in phase 1 are lower than in
phase 2, because of low‐cost CO2 capture from the three hydrogen plants in phase 1.
 Phase 1 of Post‐path 1 is the cheapest. This is mainly due to: (i) the larger economic
scale effects in phase 1 of Post‐path 1 compared to the other pathways; (ii) the lower
percentage oversizing of the NGCC‐CHP plant in phase 1 in Post‐path 1 compared to
Post‐path 2, and the fact that expensive electricity import takes place in phase 1 in
Post‐path 3. The avoidance costs in phase 3 are rather similar for all pathways. The
slightly higher avoidance costs of Post‐path 3 result from the higher number of parallel
capture units required compared to Post‐paths 1 and 2 (see Table 4.9).
 Post‐path 1 (OV) shows the largest oversizing potential (least additional capture units
and higher oversizing percentages) and thus cost benefits compared to not oversizing,
which would be 39 M€ in case the capture equipment of all three phases would be
installed simultaneously. In Post‐path 1 (OV), the phase transitions can occur at a later
moment in time to show similar overall costs as Post‐path 1 (NO). Table 4.10 presents
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Figure 4.3: Cost overview of the three post‐combustion deployment pathway groups for the
subcases with and without oversizing. The sum of the coloured bars denote the average CO2
avoidance costs of the pathways without credits for electricity sale, while the red diamonds
represent the average CO2 avoidance costs of Post‐Decentral (boiler/CC) for the industrial plants
from which CO2 is captured up till that point. The horizontal grey lines show the average CO2
avoidance cost without credits for electricity sale (dashed line) and total investment cost (dotted
line) of Post‐Recsor (all‐at‐once).
Table 4.9: Number of post‐combustion capture units in Post‐Decentral (boiler/CC), Post‐Rector (all‐
at‐once) and the three deployment pathway groups.
Post‐Decentral
(boiler/CC)

a

Parameter
Absorbers
19
Strippers
16
16
CO2 compressors
In Post‐path 2 (NO), an
Botlek.

Post‐Recsor
(all‐at‐once)

Post‐path 1
Post‐path 2
Post‐path 3
(large‐to‐small
(clusters)
(late adopter)
emitter)
OV
NO
OV
NO
OV
NO
11
12
15
12
13 a
13
15
4
4
5
5
6
6
6
4
5
6
5
6
7
7
additional absorber is required compared to Post‐path 2 (OV) for the CHP unit on the East

the BEPs between the subcases with and without oversizing for each pathway group as
well as the results of the sensitivity analysis. The BEPs show the year before phase 3
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should start at the latest given a certain year when phase 2 starts, or the other way
around. For example, assuming phase 2 starts in year 2, oversizing is interesting for
Post‐path 1, provided that phase 3 also starts in year 2 (assuming medium conditions,
see Table 4.10). In all three deployment pathways under medium conditions, phases 2
and 3 should occur at the same time in order for oversizing to be preferable over not
oversizing. Several of the combinations of BEPs for Post‐path 3, e.g. latest year of phase
2 (year 15) and earliest year of phase 3 (year 15) under medium conditions, indicate
that oversized CO 2 capture equipment in phase 1, can lay idle for a long time. However,
this is due to the fact that the oversized capture capacity in phase 1 is relatively small,
not because of favourable oversizing conditions of Post‐path 3. A downside of
oversizing is the higher avoidance and total investment costs in phase 1 (and 2), which
deteriorate the cost competitiveness of the pathway in phase 1 compared to decentral
CO2 capture (see Figure 4.3). The sensitivity analysis shows that the BEPs depend
strongly on the key parameters, especially on the real discount rate (see Table 4.10).
 The physical footprints of the three pathway groups are virtually similar in phase 3
(~120∙103 m2) and only slightly higher than the footprint of Post‐Recsor (all‐at‐once)
(~114∙103 m2) in spite of the higher number of capture units used. For all pathways, the
NGCC‐CHP plants contribute with over 80% (~95∙103 m2) to the total footprint, which
dwarves the impact of the additional absorbers, strippers and compressors.
Table 4.10: Break‐even points in years of phases 2 and 3 at which the net CO2 avoidance costs of the
a
post‐combustion deployment pathways with and without oversizing are about equal.

Phase
Combination
earliest year
phase 2 and
latest
year phase 3
Combination
latest year
phase 2 and
earliest year
phase 3

Post‐path 1
(large‐to‐small emitter)
Opt
Medium
Pes
2
3 2
3
2
3

Post‐path 2
(clusters)
Opt
Medium
2
3
2
3

Pes
2

3

5

6

2

2

1

1

1

6

1

1

‐b

‐b

1

1

1

1

1

1

5

5

‐b

‐b

‐b

‐b

‐b

‐b

2

3

‐b

‐b

20

20

15

15

11

11

a

Post‐path 3
(late adopter)
Opt
Medium
2
3
2
3

Pes
2

3

An optimistic, medium and pessimistic case are presented, which show BEPs when all the varied parameters are set at
their least, medium and most favourable values, respectively (see Section 4.2.3). Only the extreme combinations of
years are presented, i.e. with the earliest year for phase 2 and latest year for phase 3, and vice versa; possible other
combinations of years in between are omitted.
b
There is no or only one combination of BEPs for which the subcases with and without oversizing show CO2 avoidance
costs that are about equal.
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Figure 4.4: The techno‐economic performance of the post‐combustion deployment pathways with
oversizing of capture units for different combinations of phase transition years.

Figure 4.4 shows the cumulative performance of the three post‐combustion pathways
over twenty years with oversizing for different combinations of phase transition years1.
Based on Figure 4.4, several observations can be made:
The larger the amount of CO2 avoided in phase 1 and the earlier the phase transitions
occur in time, the higher the cumulative amount of CO2 emissions avoided and the lower
the LCAC. The decline in cumulative emissions and increase in LCAC with later phase
transitions is smallest for Post‐path 1, because the bulk of the CO2 emissions is captured in
phase 1, whereas the opposite is true for Post‐path 3. A fast upscaling of CO2 capture – by
applying CCS to many industrial plants in phase 1 and/or by an early transition to phase 2
(and 3) – reduces the LCAC due to the exploitation of economies of scale from an early
year onwards. However, at the same time, total costs increase, not only because of the
1

The performance of the subcases without oversizing is not presented, as these show rather similar results as
the subcases with oversizing, but can be found in Appendix III (Section 4.8).
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higher cumulative amount of CO2 avoided, but also as a result of the higher time value of
the costs in early years. For phase transitions occurring later in time, these effects work in
an opposite direction.

4.3.2 Oxyfuel pathways
Figure 4.5 shows the economic performance of the three oxyfuel deployment pathway
groups. The number of capture units in the pathways is presented in Table 4.11.
Most observations for the oxyfuel pathways are similar to those of the post‐combustion
pathways. The most important observations are as follows:

4

 The pathways with oversized capture units (ASUs) show similar avoidance costs and
total investment costs in phase 3 as Oxy‐Hybrid (all‐at‐once), thus demonstrating that
the advantages of Oxy‐Hybrid (all‐at‐once) can be fully achieved when realised in three
phases. This is mainly due to the efficient part‐load operation and high technical
oversizing potential of the ASUs, which allows to fully exploit economies of scale. The
oxyfuel pathways show significant cost advantages compared to Oxy‐Decentral (El) in
phases 2 and 3. Nevertheless, the average avoidance costs of Oxy‐Decentral (El) in
phase 1 are slightly lower than those of Oxy‐path 1 (OV), Oxy‐path 2 (OV) and Oxy‐path
3.
 Oxy‐path 1 shows the least additional avoidance costs in phase 1 compared to Oxy‐
Hybrid (all‐at‐once), followed by Oxy‐paths 2 and 3, for both subcases. Similar to the
post‐combustion pathways, this is mainly due to the larger economic scale effects in
phase 1 of Oxy‐path 1 compared to the other pathways, which follows directly from the
higher amount of CO2 avoided. Moreover, Oxy‐path 3 starts with relatively expensive
post‐combustion capture from the three hydrogen plants in phase 1. The avoidance
costs in phase 3 are rather similar for all three pathways.
 Oxy‐path 1 shows the largest oversizing potential and thus cost benefits compared to
not oversizing, which could become as large as 84 M€ in case the capture equipment of
all three phases would be installed at the same time in year 1. In Oxy‐path 1 (OV), the
phase transitions can occur at a later moment in time to show similar overall costs as
Oxy‐path 1 (NO). Table 4.12 presents the BEPs between the subcases with and without
oversizing for each pathway group as well as the results of the sensitivity analysis.
Oversizing is economically interesting for both Oxy‐paths 1 and 2, regardless whether
the key parameters are set at their most optimistic or pessimistic values. The
combinations of BEPs for Oxy‐path 3 show that oversizing in phase 1 is interesting.
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Figure 4.5: Cost overview of the three oxyfuel combustion deployment pathway groups for the
subcases with and without oversizing. The sum of the coloured bars denote the average CO2
avoidance costs of the pathways, while the black diamonds represent the average CO2 avoidance
costs of Oxy‐Decentral (El) for the industrial plants from which CO2 is captured up till that point. The
horizontal grey lines show the average CO2 avoidance cost (dashed line) and total investment cost
(dotted line) of Oxy‐Hybrid (all‐at‐once).
Table 4.11: Number of oxyfuel combustion capture units in Oxy‐Decentral (El), Oxy‐Hybrid (all‐at‐
once) and the three deployment pathway groups.

Parameter
Air separation units
Absorbers
Strippers
CO2 compressors

Oxy‐
Decentral
(El)

Oxy‐Hybrid
(all‐at‐once)

13
3
3
16

2
3
3
16

Oxy‐path 1
(large‐to‐small
emitter)
OV
NO
2
4
3
3
3
3
16
16

Oxy‐path 2
(clusters)

Oxy‐path 3
(late adopter)

OV
2
3
3
16

OV
2
3
3
16

NO
4
3
3
16

NO
3
3
3
16

 The physical footprints of the three pathways with oversized ASUs are similar to the
footprint of Oxy‐Hybrid (~39∙103 m2). Although the pathways without oversizing show
slightly higher footprints (39‐43∙103 m2), there is sufficient space available in the centre
of the Botlek to accommodate the additional ASUs.
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Table 4.12: Break‐even points in years of phases 2 and 3 at which the net CO2 avoidance costs of the
a
oxyfuel combustion deployment pathways with and without oversizing are about equal.

Phase
Combination
earliest year
phase 2 and
latest
year phase 3
Combination
latest year
phase 2 and
earliest year
phase 3

Oxy‐path 1
(large‐to‐small emitter)
Opt
Medium
Pes
2
3
2
3
2
3

Oxy‐path 2
(clusters)
Opt
Medium
2
3
2
3

Pes
2
3

Oxy‐path 3
(late adopter)
Opt
Medium
2
3
2
3

8

19

7

17

4

19

13

16

6

13

4

7

1

10

1

‐b

‐b

9

10

6

7

‐b

‐b

‐b

‐b

‐b

‐b

11

20

16

Pes
2

3

5

1

4

20

17

20

a

4

An optimistic, medium and pessimistic case are presented, which show BEPs when all the varied parameters are set at
their least, medium and most favourable values, respectively (see Section 4.2.3). Only the extreme combinations of
years are presented, i.e. with the earliest year for phase 2 and latest year for phase 3, and vice versa; possible other
combinations of years in between are omitted.
b
There is no or only one combination of BEPs for which the subcases with and without oversizing show CO2 avoidance
costs that are about equal.

Figure 4.6 shows the cumulative performance of the three post‐combustion deployment
pathway groups for different combinations of phase transition years. Many observations
for the oxyfuel pathways are similar to those of the post‐combustion pathways2. Based on
Figure 4.6, several observations can be made:
 The larger the amount of avoided CO2 emissions in phase 1 and the earlier the phases
follow each other up in time, the higher the cumulative amount of avoided CO2
emissions and the lower the LCAC. The costs and cumulative emissions of Oxy‐path 1
are least sensitive to the phase transition years, due to the fact that the bulk of the CO2
emissions is avoided in phase 1, whereas the opposite is true for Oxy‐path 3. The
underlying reasons are similar to those explained for the post‐combustion pathways.

2

The performance of the subcases without oversizing is not presented, as these show rather similar results as
the subcases with oversizing, but can be found in Appendix III (Section 4.8).
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Figure 4.6: The techno‐economic performance of the oxyfuel combustion deployment pathways
with oversizing of capture units for different combinations of phase transition years.

4.3.3 Number of phases and base case CO2 emissions
Figure 4.7 shows the economic performance of pathway group 1 (large‐to‐small emitter)
with six phases. The performance of the other two pathway groups are not presented,
since these show virtually similar results as pathway group 1. Note that under full
deployment the pathways are still more cost effective than the average costs of decentral
capture, although the cost differences have become slightly smaller for the subcases
without oversizing, due to the higher number of capture units required. For the subcases
with oversizing, the avoidance costs are similar to those of the pathways realised in three
phases. Whereas the difference in average avoidance costs between the first and last
phase has increased for Post‐path 1, the cost differences among the consecutive phases
are still relatively small for Oxy‐path 1. Hence, unlike Post‐path 1, Oxy‐path 1 shows only
slightly higher avoidance cost than the decentral capture case in phase 1. The avoidance
costs of the pathways would increase further when realised in even more phases. Yet,
Oxy‐path 1 (OV) will retain more cost advantages under a high number of buildout phases
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Figure 4.7: CO2 avoidance costs of Post‐path 1 and Oxy‐path 1 (large‐to‐small emitter) with six
phases. The sum of the coloured bars denote the average CO2 avoidance costs of the pathways,
while the black diamonds represent the average CO2 avoidance cost of Post‐Decentral (boiler/CC)
and Oxy‐Decentral (El) for the industrial plants from which CO2 is captured up till that point. The red,
horizontal stripes show average CO2 avoidance costs of the pathways with three phases. The
horizontal grey lines show the average CO2 avoidance cost of Post‐Recsor (all‐at‐once) (dashed line)
and Oxy‐Hybrid (all‐at‐once) (dotted line).

than Post‐path 1 (OV), due to the higher total oversizing potential of the centralised ASUs,
which cater to the oxygen demand of all industrial plants, compared to the local post‐
combustion absorbers and semi‐centralised level strippers, which serve only part of the
industrial plants. The higher number of phases is not expected to significantly affect the
findings and ranking of the pathway groups in terms of LCAC over the time horizon of
twenty years.
The impact of a lower amount of base case CO 2 emissions on the economic performance
of the deployment pathways without oversizing is shown in Figure 4.8. In general, the
average avoidance costs are higher when capturing a lower amount of CO2 across the
Botlek due to smaller economies of scale. This is also true for the average costs of the
decentral configurations, which are dampened less by the low avoidance costs of the Esso
refinery. The average avoidance costs in phases 1 and 2 of Post‐path 3 and Oxy‐path 3 are,
however, unaffected, as CO2 capture is not applied to the Esso refinery until phase 3. For
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Figure 4.8: CO2 avoidance costs of the pathway groups without oversizing of capture units under a
lower amount of base case CO2 emissions (4.9 MtCO2/y) by excluding the Esso refinery from the CO2
capture infrastructure. The sum of the coloured bars denote the average CO2 avoidance costs of the
pathways, while the black diamonds represent the average CO2 avoidance cost of Post‐Decentral
(boiler/CC) and Oxy‐Decentral (El) for the industrial plants from which CO2 is captured up till that
point. The red, horizontal stripes show the average CO2 avoidance costs of the pathways with full
base case CO2 emissions (7.1 MtCO2/y). The horizontal grey lines show the average CO2 avoidance
cost of Post‐Recsor (all‐at‐once) (dashed line) and Oxy‐Hybrid (all‐at‐once) (dotted line).

Post‐paths 1 and 2 and Oxy‐paths 1 and 2, the advantages in terms of average avoidance
costs in phase 3 compared to the decentral capture cases remain 3‐5 €/tCO2. For Post‐
path 3 and Oxy‐path 3, the average avoidance cost actually become higher (2‐4 €/tCO2)
than Post‐Decentral (boiler/CC) and Oxy‐Decentral (El). Obviously, the exclusion of
multiple large CO2 emitters would have an even larger impact on the average avoidance
costs. This effect would also be larger for the oversized subcases as the additional costs of
oversizing have to be divided over a much lower amount of CO2 avoided, and thus
industrial plants. A lower amount of base case CO2 emissions does not affect the findings
and ranking of the pathway groups in terms of average discounted CO2 avoidance costs
over the time horizon of twenty years. The cumulative performance of the three post‐
combustion deployment pathway groups without oversizing of capture units for different
combinations of phase transition years is shown in Figure 4.8.
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4.4 Discussion
Several issues concerning the limitations and uncertainties of the analysis are presented in
this section. These issues are in addition to the discussion points addressed in Chapter 3.

4.4.1 Scope

4

The variety in pathways investigated in this study covers various aspects of CCS
deployment across an industrial zone, including the order and timing in which industrial
plants start capturing CO2, capture technology, and oversizing. However, several aspects
require further research: (i) additional pathways with a mix of capture technologies as well
as interactions with other CO2 mitigation options; (ii) an extension of the time horizon by
including (the transition towards) advanced capture technologies and technological
learning; (iii) the impact of fluctuations in industrial activity over time on the technical
minimum operational load of capture units; (iv) an analysis into future developments of
industrial markets, plants’ activity levels, and the vintage structure of the capital stock
across the area; (v) application of the method to other industrial zones, especially to areas
with a large number of small emitters. Centralised/hybrid configurations can most likely
achieve larger cost advantages compared to decentral capture if there are fewer large
emitters in the area, which have a significant damping effect on the average avoidance
costs of CO2 capture at plant level. All these aspects will provide further insight in how to
design and deploy large scale capture infrastructures over time in an adequate manner.
Although unknown future developments constitute a risk for investors in CCS,
opportunities may open up as well, for example via the advent of bio‐based processes to
the Botlek, which enables deep CO2 emission reductions via bio‐CCS (see also Chapter 5;
ZEP, 2012).

4.4.2 Data limitations
Data on the SER for part‐load operation of both post‐ and oxyfuel combustion was taken
from merely one source, namely Roeder et al. (2013). Although the sensitivity analysis has
shown that the impact of (part‐load) energy use has a minor impact on the final results,
more data points are needed to enhance the accuracy of the results as well as to identify
the improvement potential of the SER of part‐load operation. In this study, a linear
relation was used between the total amount of CO 2 captured and the total pipeline costs
of Post‐Rector (all‐at‐once) and Oxy‐Hybrid (all‐at‐once). This way, the pipeline costs were
determined for each phase in the deployment pathway. In practice, the investment costs
may be higher than determined for the ‘all‐at‐once’ cases due to a suboptimal buildout of
the network. On the other hand, pipelines can be oversized and show significant

156

Deployment of infrastructure configurations for large scale CO2 capture in industrial zones:
A case study for the Rotterdam Botlek area

economies of scale (Knoope et al., 2014)3. Moreover, temporarily lower operating
pressures in oversized oxygen and CO2 pipelines could have a positive effect on the
compression costs4. A more detailed study into the optimal buildout – with and without
oversizing – and operation of the pipeline network is required.

4.4.3 Investment behaviour and cost allocation
The techno‐economic performance of the deployment pathways were assessed from a
societal perspective. More attention is needed for the private firm perspective. The
analysis should be extended with decision support modelling or real option analysis to
account for investment considerations of plant owners (see e.g. Knoope et al.,
forthcoming; Sanders et al., 2013). The probability of future CO2 capture demand,
sufficiently high CO2 price levels, age of capital stock as well as the valuation of risks will
play a key role in whether firms will invest in (oversized) capture capacity or not.
Interviews with plant operators are key to gauge their risk perception as well as their
attitude towards collaboration with other industrial plants. Insight in investment
behaviour of firms would be helpful for governments to determine optimal deployment
paths and the role they could play with respect to ownership of capture units and local
pipeline networks. On a related topic, more insight is needed on how to allocate the
additional costs of oversized CO2 capture capacity over the industrial plants. Possible
allocation options are: (i) allot the additional capacity costs according to the total amount
of captured CO2 of each plant over the entire lifetime of the capture unit; (ii) compare the
capture cost of an oversized capture unit with the capture cost of multiple, not‐oversized
capture units, and divide the cost savings in such a way that each industrial plant
connected to the capture unit enjoys the same average cost advantage; (iii) assume that
the capture unit is owned by the industrial plant with the largest share in the capture unit,
and that this plant will accrue all cost savings up until the point that the capture costs of
other (smaller) plants connected to the capture unit will be slightly lower than what they
would have paid in case they would have built their own capture facilities. The allocation
option can have a significant impact on the deployment of the pathways.

3

Two examples of pipelines demonstrating the possibility of oversizing are the Weyburn pipeline, currently
transporting 1.8 MtCO2/y, but with a design capacity of 4.6 MtCO2/y (Oosterkamp and Ramsen, 2008), and the
planned offshore pipeline for the ROAD project, which is planned to transport 5 MtCO2/y, but will have a spare
capacity of 3.5 MtCO2/y (RCI, 2012). The studies show oversized capacities of around 60% (Weyburn) and 40%
(ROAD), but higher oversizing is possible (Knoope et al., 2014).
4
The operating pressure of amine pipelines will probably remain constant during all three phases, because of its
low compressibility.
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4.5 Conclusions
This chapter presents a method to assess deployment pathways for large scale CO2
capture infrastructure configurations in industrial zones, thereby complementing the
method presented in part A (Chapter 3). This method was demonstrated for the
Rotterdam Botlek area consisting of 16 emitters (7.1 MtCO2/y). Pathways were developed
for two optimal infrastructure configurations: Post‐Recsor (all‐at‐once) based on post‐
combustion capture and Oxy‐Hybrid (all‐at‐once) based on oxyfuel combustion capture
(see Chapter 3). The deployment pathways vary inter alia regarding sequence and timing
in which industrial plants start capturing CO2, number of deployment phases, and whether
capture equipment is oversized or not.

4

The results show that Post‐Recsor and Oxy‐Hybrid can be realised in three consecutive
phases while maintaining most cost advantages of an ‘all‐at‐once’ strategy (Post‐Recsor:
94‐97 €/tCO2; Oxy‐Hybrid: 61‐64 €/tCO2) compared to CO2 capture at industrial plant level
(Post‐Decentral: 100 €/tCO2; Oxy‐Decentral: 66 €/tCO2). Larger cost advantages are most
likely possible if there are fewer large emitters in the area, which have a significant
damping effect on the average avoidance costs of CO2 capture at plant level. In addition,
the cost differences depend on the size of the industrial cluster and maximum technical
size of the capture equipment. Compared to the ‘all‐at‐once’ pathways, the spatial
footprints increase with 4‐6% and 0‐10%, respectively, which implies that there is still
sufficient space available to accommodate the capture equipment in the Botlek. However,
central coordination is required to encourage joint CCS initiatives and avoid a suboptimal
buildout via decentral CO2 capture, which can be more cost effective for large scale and
high concentration CO2 emitters (e.g. oil refineries or hydrogen plants) in the early phases.
A fast deployment of the CO2 capture and transport infrastructure results in lower
levelised CO2 avoidance costs (Post‐Recsor: 86‐88 €/tCO2; Oxy‐Hybrid: 55‐58 €/tCO2) and
higher cumulative avoided CO2 emissions (Post‐Recsor: 120‐122 MtCO2; Oxy‐Hybrid: 116‐
117 MtCO2) over the time horizon of twenty years. Deferring CCS investments to a later
phase involves lower risks, but results in higher levelised CO2 avoidance costs (Post‐
Recsor: 97‐116 €/tCO2; Oxy‐Hybrid: 58‐75 €/tCO2) and lower cumulative avoided CO2
emissions (Post‐Recsor: 33‐100 MtCO2; Oxy‐Hybrid: 34‐96 MtCO2). Involving large CO2
point sources in an early phase is therefore important. However, an early adoption of CCS
requires a rapidly increasing CO2 price and a high pace of capital stock turnover. Clear
signals about CO2 emission reduction goals in tandem with early and consistent incentives
are essential to assure firms that avoiding CO2 emissions has a value. Consequently, firms
will bring CO2 emission intensity into their investment decision process, which may bring
retrofit of process units with CO2 capture technology forward in time. Also, old process
units may be replaced sooner with capture‐ready process units.
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Minimising the number of phases is important for a cost effective deployment of the CO2
capture and transport infrastructure. Pathways with a fast deployment of the CO2 capture
infrastructure are still more cost effective than decentral CO2 capture when the base case
emissions are nearly one‐third lower. Oversizing capture units can prove interesting from
a cost perspective, also for pathways with six rather than three phases. However, the time
intervals over which oversized capture equipment can lay idle depends strongly on the
real discount rate. For post‐combustion, oversizing is only interesting for Post‐path 1
under a low real discount rate (5%). Even then, phases 2 and 3 should occur at the same
time and not later than in year 5 or 6. For Oxy‐paths 1 and 2, oversizing is more
economically interesting, regardless of the real discount rate. Under medium conditions,
Oxy‐path 1 with oversizing has the same costs as without oversizing when phase 2 starts
between the 7 th and 9th year and phase 3 between the 10th and 17th year. However,
oversizing entails problems like the first mover disadvantage and poses the major risk of
stranding a substantial part of the asset. Part of these problems can be solved by co‐
investments of the government or providing financial guarantees to absorb the additional
risk borne by private firms.
Oxyfuel pathways show several benefits over post‐combustion pathways. Even when
excluding the cost increasing effect of the oversized capacity and lower part‐load
efficiency of the NGCC‐CHP units (13‐20% higher costs), the levelised CO2 avoidance costs
of the oxyfuel pathways are still considerably lower, especially when excluding credits for
electricity sale. Moreover, as shown in Chapter 3, the techno‐economic performance of
Oxy‐Hybrid is more robust to changes in input parameters, including energy prices, and
shows less difference in avoidance costs between the pathways and phase transition
years. Oxyfuel pathways are also less complex and have better overall part‐load
performance, which is beneficial for pathways with a high number of phases.
Furthermore, oxyfuel pathways are more flexible in serving multiple industrial plants, or
using alternative market outlets to sell the oxygen, which enables them to operate at full‐
load and be more cost effective than decentral capture from phase 1 onwards. By
including the economic credits of oxygen sale in the analysis, oxyfuel combustion would
become even more cost effective than indicated in this study. Another disadvantage of
post‐combustion technology is that it shows larger lock‐in effects than the flexible ASUs in
case more advanced, low‐cost capture technologies become available in the future.
The studied deployment pathways are only a subset of conceivable pathways varying in
buildout sequence, number of phases, (mix of) capture technologies, and mix of industrial
plants. Nonetheless, most findings in this study are likely transferable to other industrial
areas as well, even with different compositions of industrial plants. The method
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developed in this study has proven useful for the analysis and provides valuable lessons
for the application of CCS in industrial areas.
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4.6 Appendix I
Table 4.13 presents the industrial plants in the Botlek area with their corresponding
capture units in the Post‐Recsor (all‐at‐once) infrastructure configuration. For example,
the flue gas of AVR Rijnmond is transported to absorber number 1, which in turn is
connected to stripper number 1 and compressor number 1. The location and number of
each capture unit can be found in Part A (Chapter 3).
Table 4.13: Overview of industrial plants in the Botlek area with their corresponding capture units in
the Post‐Recsor (all‐at‐once) infrastructure configuration.
PARAMETER
WEST BOTLEK
AVR Rijnmond
Cabot
DSM
NGCC‐CHP 1
Air Liquide
Enecal Energy
Eurogen
Lyondell
Air Products (old plant)
EAST BOTLEK
Akzo Nobel
Shin Etsu
Evonik Carbon Black
Cargill
Biopetrol
NGCC‐CHP 2
Esso
Rotterdam Aromatics Plant (RAP)
Air Products (new plant)

Absorber

Stripper

CO2 compressor

1
1
1
1
2
2
2
3
3

1
1
1
2
2
2
2
2
2

1
1
1
2
2
2
2
2
2

4
4
5
5
6
7
8,9,10
9,10
10

3
3
3
3
3
3
3,4
4
4

3
3
3
3
3
3
3,4
4
4
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4.7 Appendix II
Table 4.14: Techno‐economic performance of Post‐path 1 (large‐to‐small emitter) in the Botlek.

4

Unit

Oversizing
Phase 1

Phase 2

Phase 3

No oversizing
Phase 1
Phase 2

Phase 3

Mt/y
Mt/y
TJth/y
TJe/y

5.6
5.1
17.7
5.9

6.8
6.1
21.7
7.6

7.1
6.4
23.2
6.0

5.6
5.1
18.1
4.2

6.8
6.1
22.0
5.5

7.1
6.4
23.2
6.0

MW
MW
%
MW
MW

981
748
24
1529
351

989
754
6
1828
438

989
754
0
1937
546

765
567
0
1553
423

938
711
0
1849
521

989
754
0
1937
546

Mt/y
Mt/y
Mt/y

2.5
2.2
0.2

3.0
2.7
0.3

3.2
2.8
0.3

2.5
2.3
0.3

3.0
2.7
0.3

3.2
2.8
0.3

Mt/y
Mt/y
Mt/y
Mt/y
Mt/y
Mt/y

8.1
7.3
‐0.6
0.7
5.5
4.8

9.7
8.8
‐0.8
0.9
6.6
5.8

10.3
9.3
‐1.0
0.7
7.1
6.1

8.2
7.3
‐0.8
0.6
5.6
4.8

9.8
8.8
‐0.9
0.7
6.7
5.8

10.3
9.3
‐1.0
0.7
7.1
6.1

‐
‐

8
3

9
4

12
4

8
3

11
4

15
5

CO2 compressors
NGCC‐CHP
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Modification to stacks
SCR/FGD units
Absorbers
Strippers
Compressor & treatment units
Total Process Plant Costs (PPC)
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
OPEX
Energy plant

‐
‐

4
2

5
2

4
2

4
2

5
2

6
2

M€
M€
M€
M€
M€
M€
M€
M€
M€/y

2
95
218
101
103
519
674
742
58

4
117
245
101
105
572
744
818
70

7
125
264
101
105
601
781
859
73

2
89
205
77
79
454
590
649
58

4
118
258
96
102
579
753
828
70

7
130
287
106
112
642
835
918
73

CAPEX
OPEX
Flue gas ducting
Length
CAPEX
Capacity blowers
OPEX
Amine pipelines (4 bar)
Length
CAPEX
Capacity pumps
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
OPEX

M€
M€/y

809
32

813
33

813
33

809
32

812
32

813
33

km
M€
MW
M€/y

3.1
16
21
0.4

5.7
30
39
0.7

7.1
37
49
0.9

3.1
16
21
0.4

5.7
28
39
0.7

7.1
34
49
0.9

Km
M€
MW
M€/y

14.6
19
0.8
1.3

14.6
23
0.8
1.6

14.6
24
0.8
1.7

11.5
24
0.8
1.7

13.8
23
0.8
1.6

14.6
0
0.8
1.7

km
M€
M€/y

1.2
1.2
0.0

1.2
1.5
0.0

1.2
1.6
0.0

1.0
1.6
0.0

1.1
1.6
0.0

1.2
1.6
0.0

TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 captured (without CC energy plant)
Heat for capture
Electricity for capture
Energy plant performance
Heat output
Electrical output
Percentage oversized
Fuel input
Excess electrical output
Energy plant emissions
CO2 generated
CO2 captured
Remaining emissions
CO2 emissions
Total annual CO2 generated
Total annual CO2 captured
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided (with elec. sale)
Total CO2 emissions avoided (w/o elec. sale)
Number of units
Absorbers
Stripper

162

Deployment of infrastructure configurations for large scale CO2 capture in industrial zones:
A case study for the Rotterdam Botlek area
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total (with credits for electricity sale)
Total (without credits for electricity sale)
Average CO2 avoidance cost (with elec. sale)
Average CO2 avoidance cost (w/o elec. sale)
PHYSICAL FOOTPRINT
Absorbers
Strippers
CO2 compressor
Energy plant (NGCC)
Total

M€
M€/y

1587
92

1686
104

1734
109

1499
93

1695
105

1791
108

M€/y
M€/y
M€/y
€/tCO2
€/tCO2

440
‐223
218
238
91
107

527
‐278
249
286
84
102

558
‐346
212
262
74
94

447
‐268
179
205
80
99

532
‐330
202
248
75
95

558
‐346
212
262
75
95

∙103 m2
∙103 m2
∙103 m2
∙103 m2
∙103 m2

5
7
7
96
115

6
8
8
97
119

7
8
8
97
119

5
7
7
96
115

6
8
8
97
119

7
8
9
97
120

Table 4.15: Techno‐economic performance of Post‐path 2 (clusters) in the Botlek.
Oversizing
TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 captured (without CC energy plant)
Heat for capture
Electricity for capture
Energy plant performance
Heat output
Electrical output
Percentage oversized
Fuel input
Excess electrical output
Energy plant emissions
CO2 generated
CO2 captured
Remaining emissions
CO2 emissions
Total annual CO2 generated
Total annual CO2 captured
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided (with elec. sale)
Total CO2 emissions avoided (w/o elec. sale)
Number of units
Absorbers
Stripper
CO2 compressors
NGCC‐CHP
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Modification to stacks
SCR/FGD units
Absorbers
Strippers
Compressor & treatment units
Total Process Plant Costs (PPC)
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
OPEX
Energy plant
CAPEX

No oversizing

Unit

Phase 1

Phase 2

Phase 3

Phase 1

Phase 2

Phase 3

Mt/y
Mt/y
TJth/y
TJe/y

4.4
4.0
13.9
5.0

7.0
6.3
22.4
7.9

7.1
6.4
23.2
6.0

4.4
4.0
14.3
3.6

7.0
6.3
22.8
5.8

7.1
6.4
23.2
6.0

MW
MW
%
MW
MW

589
424
40
1266
252

956
726
3
1859
451

989
754
0
1937
546

610
441
0
1168
316

975
742
0
1907
540

989
754
0
1937
546

Mt/y
Mt/y
Mt/y

2.1
1.9
0.2

3.0
2.7
0.3

3.2
2.8
0.3

1.9
1.7
0.2

3.1
2.8
0.3

3.2
2.8
0.3

Mt/y
Mt/y
Mt/y
Mt/y
Mt/y
Mt/y

6.5
5.8
‐0.5
0.6
4.2
3.7

10.1
9.0
‐0.8
0.9
6.8
6.0

10.3
9.3
‐1.0
0.7
7.1
6.1

6.3
5.7
‐0.6
0.5
4.3
3.8

10.1
9.1
‐1.0
0.7
6.8
6.0

10.3
9.3
‐1.0
0.7
7.1
6.1

‐
‐

7
3

10
4

12
5

7
3

10
5

13
6

‐
‐

3
2

4
2

5
2

3
2

5
2

6
2

M€
M€
M€
M€
M€
M€
M€
M€
M€/y

3
88
163
65
67
385
501
551
46

5
124
253
107
109
599
779
857
72

7
127
261
107
112
614
798
878
73

3
77
169
65
67
380
494
544
45

5
124
255
107
110
602
782
860
72

7
128
263
110
113
621
808
889
73

M€

809

813

813

557

804

813
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OPEX
Flue gas ducting
Length
CAPEX
Capacity blowers
OPEX
Amine pipelines (4 bar)
Length
CAPEX
Capacity pumps
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total (with credits for electricity sale)
Total (without credits for electricity sale)
Average CO2 avoidance cost (with elec. sale)
Average CO2 avoidance cost (w/o elec. sale)
PHYSICAL FOOTPRINT
Absorbers
Strippers
CO2 compressor
Energy plant (NGCC)
Total

M€/y

32

33

33

22

32

33

km
M€
MW
M€/y

3.9
20
26
0.5

6.5
34
45
0.8

7.1
37
49
0.9

3.9
20
26
0.5

6.5
34
45
0.8

7.1
37
49
0.9

km
M€
MW
M€/y

14.6
15
0.8
1.0

14.6
24
0.8
1.6

14.6
24
0.8
1.7

14.6
15
0.8
1.0

14.6
24
0.8
1.6

14.6
24
0.8
1.7

km
M€
M€/y

1.2
1.0
0.0

1.2
1.5
0.0

1.2
1.6
0.0

1.2
1.0
0.0

1.2
1.5
0.0

1.2
1.6
0.0

M€
M€/y

1395
80

1729
107

1753
109

1353
80

1723
107

1764
108

M€/y
M€/y
M€/y
€/tCO2
€/tCO2

365
‐159
205
209
107
121

535
‐286
250
292
82
100

558
‐346
212
262
74
95

373
‐199
174
180
96
112

548
‐342
206
256
74
94

558
‐346
212
262
74
95

∙103 m2
3
2
∙10 m
∙103 m2
∙103 m2
∙103 m2

5
6
6
96
112

6
8
8
97
131

7
8
8
97
120

5
6
5
68
83

6
8
8
96
118

7
8
9
97
120

Table 4.16: Techno‐economic performance of Post‐path 3 (late adopter) in the Botlek.
TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 captured (without CC energy plant)
Heat for capture
Electricity for capture
Energy plant performance
Heat output
Electrical output
Percentage oversized
Fuel input
Excess electrical output
Energy plant emissions
CO2 generated
CO2 captured
Remaining emissions
CO2 emissions
Total annual CO2 generated
Total annual CO2 captured
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided (with elec. sale)
Total CO2 emissions avoided (w/o elec. sale)
Number of units
Absorbers
Stripper
CO2 compressors
NGCC‐CHP

Unit

Oversizing
Phase 1

Phase 2

Phase 3

No oversizing
Phase 1
Phase 2

Phase 3

Mt/y
Mt/y
TJth/y
TJe/y

1.3
1.1
3.9
1.4

4.4
4.0
14.4
3.8

7.1
6.4
23.2
6.0

1.3
1.1
3.9
1.0

4.4
4.0
14.4
3.8

7.1
6.4
23.2
6.0

MW
MW
%
MW
MW

134
0
0
161
0

804
920
38
1298
307

804
920
0
1937
546

134
0
0
161
0

499
541
0
1194
309

804
920
0
1937
546

Mt/y
Mt/y
Mt/y

0.3
0.2
0.0

2.1
1.9
0.2

3.2
2.8
0.3

0.3
0.2
0.0

2.0
1.8
0.2

3.2
2.8
0.3

Mt/y
Mt/y
Mt/y
Mt/y
Mt/y
Mt/y

1.5
1.4
0.1
0.4
1.0
1.0

6.5
5.9
‐0.6
0.5
4.3
3.8

10.3
9.3
‐1.0
0.7
7.1
6.1

1.5
1.4
0.1
0.4
1.0
1.0

6.4
5.7
‐0.6
0.5
4.3
3.8

10.3
9.3
‐1.0
0.7
7.1
6.1

‐
‐
‐
‐

3
2
2
2

8
5
5
2

13
6
7
2

3
2
2
2

9
5
5
2

15
6
7
2
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ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Modification to stacks
SCR/FGD units
Absorbers
Strippers
Compressor & treatment units
Total Process Plant Costs (PPC)
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
OPEX
Energy plant
CAPEX
OPEX
Flue gas ducting
Length
CAPEX
Capacity blowers
OPEX
Amine pipelines (4 bar)
Length
CAPEX
Capacity pumps
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total (with credits for electricity sale)
Total (without credits for electricity sale)
Average CO2 avoidance cost (with elec. sale)
Average CO2 avoidance cost (w/o elec. sale)
PHYSICAL FOOTPRINT
Absorbers
Strippers
CO2 compressor
Energy plant
Total

M€
M€
M€
M€
M€
M€
M€
M€
M€/y

1
16
49
20
20
107
139
152
11

5
97
208
86
91
487
633
696
47

7
126
272
110
123
638
830
913
73

1
16
39
20
20
97
125
138
11

5
87
183
83
86
444
577
634
45

7
129
299
111
126
672
874
962
73

M€
M€/y

8
0.3

816
33

813
33

8
0.3

616
25

826
34

km
M€
MW
M€/y

1.4
7
10
0.2

4.9
26
34
0.6

7.1
37
49
0.9

1.4
7
10
0.2

4.9
26
34
0.6

7.1
37
49
0.9

km
M€
MW
M€/y

14.6
4
0.8
0.3

14.6
15
0.8
1.0

14.6
24
0.8
1.7

14.6
4
0.8
0.3

14.6
15
0.8
1.0

14.6
24
0.8
1.7

km
M€
M€/y

1.2
0.3
0.0

1.2
1.0
0.0

1.2
1.6
0.0

1.2
0.3
0.0

1.2
1.0
0.0

1.2
1.6
0.0

M€
M€/y

172
12

1554
81

1788
109

158
12

1292
72

1850
110

M€/y
M€/y
M€/y
€/tCO2
€/tCO2

46
30
77
77
107
107

374
‐194
180
186
103
120

558
‐346
212
262
75
95

46
30
77
77
106
106

344
‐196
148
171
86
105

558
‐346
212
262
76
97

∙103 m2
∙103 m2
∙103 m2
∙103 m2
∙103 m2

2
2
2
0.2
6

5
6
6
96
113

7
8
9
97
121

2
2
2
0.2
6

5
6
6
74
90

7
8
9
97
121
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Table 4.17: Techno‐economic performance of Oxy‐path 1 (large‐to‐small emitter) in the Botlek.

4

TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 produced oxyfuel combustion
Annual CO2 captured (without CC energy plant)
Heat for capture
Electricity for capture
Oxygen production
Air Separation Units
Air Separation Unit oversized
CO2 emissions
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided
Number of units
ASU
Absorbers
Strippers
CO2 compressors
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Furnace modifications
Boiler modifications
Air Separation Units
Gas gathering system
Cooling system
Absorbers
Strippers
Compressor & treatment units
Total Process Plant Costs (PPC)
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
OPEX
Oxygen pipeline (2 and 30 bar)
Length
CAPEX
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total
Average CO2 avoidance cost
PHYSICAL FOOTPRINT
ASU
Absorbers
Strippers
CO2 compressor
Total

Unit

Oversizing
Phase 1

Phase 2

Phase 3

No oversizing
Phase 1
Phase 2

Phase 3

Mt/y
Mt/y
Mt/y
TJth/y
TJe/y
kt/d
MWe
%

5.6
5.4
4.8
0.8
6.1
9
69
26

6.8
6.4
5.8
0.2
7.5
11
87
6

7.1
6.8
6.1
0.0
8.0
12
93
0

5.6
5.4
4.8
0.8
6.1
9
69
26

6.8
6.4
5.8
0.2
7.5
11
87
6

7.1
6.8
6.1
0.0
8.0
12
93
0

Mt/y
Mt/y
Mt/y

0.5
5.4
4.6

0.6
6.4
5.5

0.6
6.8
5.8

0.5
5.4
4.6

0.6
6.4
5.5

0.6
6.8
5.8

‐
‐
‐
‐

2
1
1
6

2
3
3
11

2
3
3
16

2
1
1
6

3
3
3
11

4
3
3
16

M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€/y

3
8
300
34
56
33
16
113
563
732
805
44

4
10
300
40
75
33
16
151
630
818
900
52

4
11
300
43
83
33
16
168
658
856
942
55

3
8
248
34
56
33
16
113
511
664
730
44

4
10
335
40
75
33
16
151
664
863
950
52

4
11
376
43
83
33
16
168
734
955
1050
55

km
M€
M€/y

20.0
89
2

20.0
109
3

20.0
115
3

20.0
89
2

20.0
109
3

20.0
115
3

km
M€
M€/y

24.9
9
0.2

24.9
10
0.3

24.9
11
0

24.9
9
0

24.9
10
0

24.9
11
0

M€
M€/y

905
46

1020
55

1068
58

829
46

1070
55

1177
58

M€/y
M€/y
M€/y
€/tCO2

9
134
143
64.2

2
165
168
61.8

0
175
175
61.4

9
134
143
62.2

2
165
168
62.8

0
175
175
63.6

∙103 m2
∙103 m2
3
2
∙10 m
∙103 m2
3
2
∙10 m

18
2
3
11
33

18
2
3
15
37

18
2
3
16
39

15
2
3
11
30

20
2
3
15
39

22
2
3
16
43
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Table 4.18: Techno‐economic performance of Oxy‐path 2 (clusters) in the Botlek.
TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 produced oxyfuel combustion
Annual CO2 captured (without CC energy plant)
Heat for capture
Electricity for capture
Oxygen production
Air Separation Units
Air Separation Unit oversized
CO2 emissions
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided
Number of units
ASU
Absorbers
Strippers
CO2 compressors
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Furnace modifications
Boiler modifications
Air Separation Units
Gas gathering system
Cooling system
Absorbers
Strippers
Compressor & treatment units
Total Process Plant Costs (PPC)
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
OPEX
Oxygen pipeline (2 and 30 bar)
Length
CAPEX
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total
Average CO2 avoidance cost
PHYSICAL FOOTPRINT
ASU
Absorbers
Strippers
CO2 compressor
Total

Unit

Oversizing
Phase 1

Phase 2

Phase 3

No oversizing
Phase 1
Phase 2

Phase 3

Mt/y
Mt/y
Mt/y
TJth/y
TJe/y
kt/d
MWe
%

4.4
4.2
3.8
0.2
4.8
7.1
93
40

7.0
6.7
6.0
0.1
7.8
11.5
93
2

7.1
6.8
6.1
0.0
8.0
11.7
93
0

4.4
4.2
3.8
0.2
4.9
7.1
56
0

7.0
6.7
6.0
0.1
7.8
11.5
91
0

7.1
6.8
6.1
0.0
8.0
11.7
93
0

Mt/y
Mt/y
Mt/y

0.4
4.2
3.6

0.6
6.7
5.8

0.6
6.8
5.8

0.4
4.2
3.6

0.6
6.7
5.8

0.6
6.8
5.8

‐
‐
‐
‐

2
2
2
8

2
3
3
13

2
3
3
16

2
2
2
8

3
3
3
13

4
3
3
16

M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€/y

2
6
300
26
50
21
11
101
518
673
741
43

4
11
300
42
80
33
16
162
648
842
926
54

4
11
300
43
83
33
16
168
658
856
942
55

2
6
217
26
50
21
11
101
434
564
621
34

4
11
351
42
80
33
16
162
698
907
998
54

4
11
369
43
83
33
16
168
727
945
1040
55

km
M€
M€/y

20.0
70
2

20.0
113
3

20.0
115
3

20.0
70
2

20.0
113
3

20.0
115
3

km
M€
M€/y

24.9
7
0

24.9
11
0

24.9
11
0

15.8
11
0

24.5
0
0

24.9
0
0

M€
M€/y

818
36

1051
57

1068
58

698
36

1123
57

1166
58

M€/y
M€/y
M€/y
€/tCO2

3
106
109
67

1
173
173
61

0
175
175
61

3
107
110
63

1
173
173
63

0
175
175
63

∙103 m2
∙103 m2
3
2
∙10 m
∙103 m2
3
2
∙10 m

18
1
2
10
30

18
2
3
16
38

18
2
3
16
39

13
1
2
10
25

21
2
3
16
41

22
2
3
16
42
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Table 4.19: Techno‐economic performance of Oxy‐path 3 (late adopter) in the Botlek.

4

TECHNICAL PERFORMANCE
Annual CO2 produced base case
Annual CO2 produced oxyfuel combustion
Annual CO2 captured (without CC energy plant)
Heat for capture
Electricity for capture
Oxygen production
Air Separation Units
Air Separation Unit oversized
CO2 emissions
Emissions from imported electricity
Total annual CO2 emissions
Total CO2 emissions avoided
Number of units
ASU
Absorbers
Strippers
CO2 compressors
ECONOMIC PERFORMANCE
CO2 capture
CAPEX
Furnace modifications
Boiler modifications
Air Separation Units
Gas gathering system
Cooling system
Absorbers
Strippers
Compressor & treatment units
Total Process Plant Costs (PPC)
Total Plant Cost (TPC)
Total Capital Requirement (TCR)
OPEX
Oxygen pipeline (2 and 30 bar)
Length
CAPEX
OPEX
CO2 pipeline (110 bar)
Length
CAPEX
OPEX
Total costs
CAPEX
OPEX
Energy costs
Natural gas
Electricity
Total
Average CO2 avoidance cost
PHYSICAL FOOTPRINT
ASU
Absorbers
Strippers
CO2 compressor
Total

Unit

Oversizing
Phase 1

Phase 2

Phase 3

No oversizing
Phase 1
Phase 2

Phase 3

Mt/y
Mt/y
Mt/y
TJth/y
TJe/y
kt/d
MWe
%

1.3
1.3
1.1
3.1
0.6
0
0
0

4.4
4.2
3.8
1.4
4.6
6
50
46

7.1
6.8
6.1
0.0
8.0
12
93
0

1.3
1.3
1.1
3.1
0.6
0
0
0

4.4
4.2
3.8
1.4
4.6
6
50
0

7.1
6.8
6.1
0.0
8.0
12
93
0

Mt/y
Mt/y
Mt/y

0.0
1.3
1.1

0.3
4.2
3.6

0.6
6.8
5.8

0.0
1.3
1.1

0.3
4.2
3.6

0.6
6.8
5.8

‐
‐
‐
‐

0
3
3
3

2
3
3
11

2
3
3
16

0
3
3
3

2
3
3
11

3
3
3
16

M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€
M€/y

1
0
0
8
17
33
16
34
109
142
156
10

3
6
300
27
56
33
16
114
555
722
794
34

4
11
300
43
83
33
16
168
658
856
942
55

1
0
0
8
17
33
16
34
109
142
156
10

3
6
201
27
56
33
16
114
456
592
652
34

5
11
354
43
83
33
16
168
713
926
1019
55

km
M€
M€/y

0.0
0
0

20.0
60
1

20.0
115
3

20.0
0
0

20.0
74
1

20.0
115
3

km
M€
M€/y

24.9
1
0

24.9
6
0

24.9
11
0

24.9
1
0

24.9
6
0

24.9
11
0

M€
M€/y

158
10

861
36

1068
58

158
10

732
36

1145
58

M€/y
M€/y
M€/y
€/tCO2

37
13
50
72

17
100
117
70

0
175
175
61

37
13
50
72

17
100
117
66

0
175
175
63

∙103 m2
∙103 m2
3
2
∙10 m
∙103 m2
3
2
∙10 m

0
2
2
3
7

18
2
2
11
32

18
2
2
16
39

0
2
2
3
7

12
2
2
11
26

21
2
2
16
41
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4.8 Appendix III

4

Figure 4.9: Techno‐economic performance of post‐combustion deployment pathways
without oversizing of capture units for different combinations of phase transition years.

Figure 4.10: Techno‐economic performance of oxyfuel combustion deployment pathways
without oversizing of capture units for different combinations of phase transition years.
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4

Figure 4.11: Techno‐economic performance of post‐combustion deployment pathways
with oversizing of capture units under a lower amount of base case CO2 emissions (4.9
MtCO2/y) for different combinations of phase transition years.
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Assessing optimal deployment pathways for
GHG emission reductions in industrial plants:
A case study for a complex refinery
Niels Berghout, Hans Meerman, Machteld van den Broek, André Faaij

ABSTRACT
This study developed a method to identify and assess the techno‐economic performance
of deployment pathways for greenhouse gas (GHG) emission reductions in an industrial
plant. The method has been successfully applied to a large, complex petroleum refinery
(~4.1 MtCO2/y) in northwest Europe. The studied mitigation options are: energy efficiency
measures (EEM), CO2 Capture and Storage (CCS) (post‐, pre‐ and oxyfuel combustion), fast
pyrolysis of woody biomass to produce infrastructure‐ready transportation fuels, and
gasification of torrefied wood pellets (BIG) to produce electricity, hydrogen and/or
Fischer‐Tropsch fuels. Four deployment pathways were examined, all starting with EEM
and followed by oxyfuel combustion (EEM‐OXY), post‐combustion capture (EEM‐POST),
BIG vent (EEM‐BIG‐vent), or BIG CCS (EEM‐BIG‐CCS). The pathways account for
interactions (e.g. cost synergies) among mitigation options. Pathway EEM‐BIG‐CCS is most
cost‐effective under medium assumptions, regardless of the GHG emission reduction
target. For a 75% emission reduction target, the average avoidance cost of the EEM‐BIG‐
CCS pathway is around ‐25 €2012/tCO2‐eq. In comparison, the most cost‐effective CCS
pathway (EEM‐OXY) was evaluated at average avoidance costs of ‐5 €2012/tCO2‐eq.
However, the ranking of the pathways in terms of avoidance cost depends strongly on
future energy prices. Deep GHG emission reductions can be achieved via pathway EEM‐
BIG‐CCS (6.3 MtCO2‐eq/y; 154% reduction compared to the 2012 base case).
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5.1 Introduction

5

Manufacturing industry and petroleum refineries account for 30% of the global final
energy consumption and almost 40% of the total annual global CO2 emissions (IEA, 2013,
2009). To reach the ambitious climate targets of 450 ppm(v) CO2‐eq. as set by the IPCC
(2007), the European Union (EU) plans to reduce greenhouse gas (GHG) emissions in the
manufacturing industry and petroleum refineries (hereafter jointly referred to as
‘industrial sector’) with 83‐87% below the 1990 level in 2050 (EC, 2011). To this end, a
broad portfolio of GHG mitigation option needs to be considered (IEA, 2011). To date,
many studies have investigated the GHG reduction potential at the aggregate or sector
level by means of energy efficiency measures (EEM), e.g. (EC, 2011; IPCC, 2007), Carbon
Capture and Storage (CCS), e.g. (Damen et al., 2009; Kuramochi et al., 2012a), switching to
low‐carbon energy and raw material supply sources, e.g. (Blaauw et al., 2008; Saygin et al.,
2014; Vesterinen et al., 2010), or renewable energy sources, e.g. (McLellan et al., 2012;
Taibi et al., 2012). Only few studies assessed the CO2 reduction potential for a
combination of mitigation options. Saygin et al. (2013) modelled the future CO2 reduction
potential of energy efficiency and CCS in seven Dutch industry sectors up to 2040 by doing
a sector analysis. They assumed that under increasing CO2 prices, economically viable EEM
will be implemented before economically viable CCS. The results showed that CCS options
can enhance industry’s total emission reductions from 17‐33% (only economically viable
EEM) compared to 1990, to 39‐47% in 2040, assuming a CO2 price of 92 €2008/tCO2
according to the 450 ppmv scenario of the International Energy Agency (IEA, 2010).
Implementing CCS was found to reduce the total industry’s energy efficiency improvement
rates from 2.0% to 1.6% per year and increase total industrial energy use by at least 10%.
Johansson et al. (2012a) assessed the CO2 reduction potential for the European petroleum
refining industry up to 2050 for EEM, CCS and fuel switching. Although they acknowledged
that mitigation options affect each other’s individual CO2 reduction potential when
implemented in tandem, Johansson et al. (2012a) did not assess the CO2 reduction
potential of the mitigation options together, nor did they determine optimal deployment
pathways.
Next to high level assessments, numerous studies investigated the techno‐economic
performance and CO2 reduction potential at the industrial plant level by means of EEM
(e.g. Szklo and Schaeffer; Holmgren and Sternhufvud, 2008) and CCS (e.g. Allam et al.,
2005a, Kuramochi et al., 2012; Johansson et al., 2013). However, the implementation of a
combined portfolio of mitigation options at the industrial plant level has not been
evaluated so far. In view of the need for deep GHG emission reductions, more insight is
required in how to deploy a portfolio of available mitigation options over time in an
optimal manner (i.e. with low CO2‐eq avoidance cost, high GHG emission reduction,
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and/or low upfront investment cost). The optimal deployment pathway in an industrial
plant will depend strongly on, among others, the industrial sector, key processing
technologies, (future) plant configuration, fuel and feedstock mix, and energy prices. A
method is needed to assess the techno‐economic performance of deployment pathways
for industrial plants across all sectors. This method should be based on the main process
components and allow for assessing different process configurations via different
deployment pathways.
The objective of this study is to develop this method based on a bottom‐up analysis and to
illustrate the method by identifying optimal deployment pathways in the refinery sector
up to the year 2030. The time period was limited to 2030 considering the large uncertainty
in sector developments and costs and performance of technologies in the long term.

5.1.1 Oil refining industry
Petroleum refineries account for approximately 4% of the global CO2 emissions, which
corresponds to around 1 GtCO2/y (Kuramochi et al., 2012b; van Straelen et al., 2010). In
the EU, the oil refining industry accounts for 8% (155 MtCO2/y) of the EU industrial sector
emissions and has a total processing capacity of around 770 Mt/y of crude oil (Johansson
et al., 2012a). Today, there are 114 refineries in the EU27 countries, which range in size
from small, simple refineries with low conversion capacity (only naphtha reforming),
meaning few different output products, (so‐called topping/hydroskimming refineries) to
large, complex refineries with deep conversion capacity and high flexibility, meaning many
different output products (Johansson et al., 2012a). Johansson et al. (2012a) identified 18
complex refineries in the EU, which have both hydrocracking and catalytic cracking
processing units and sometimes also gasification and/or coking capacity to convert heavy
fractions into lighter product, power and/or steam. In this study, a large, complex
petroleum refinery in northwest Europe was selected as a case study to demonstrate the
method. Large, complex refineries are particularly interesting for this study considering
their high annual CO2 emissions, variety in point sources, and opportunities for a
(complex) mixture of mitigation options.
Finally, one last remark is made regarding the use of the terms CO2 and GHG emissions in
this chapter. The term CO2 emissions is used to refer to the refinery (sector), CCS and CO2
prices, whereas GHG emissions refer to emission reduction potentials (tCO2‐eq/y) and
avoidance costs (€/tCO2‐eq).
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5.2 Method
5.2.1 General approach
To assess optimal GHG mitigation strategies for an industrial plant, several factors need to
be analysed, such as the current plant configuration and activity, feed and fuel mix, future
market trends (both upstream and downstream) and available mitigation options. The
general method involves the following steps:

5

 Inventory of key parameters of industrial plant (e.g. GHG emissions, capacity, energy
flows);
 Projection of baseline GHG emissions by analysing future trends (e.g. product demand,
product quality requirements);
 Identification and data collection of GHG emission mitigation options;
 Identification of interactions among mitigation options (i.e. decrease in each other’s
GHG reduction potential, synergies, economies of scale, lock‐in effect);
 Assessment of GHG reduction potential and GHG avoidance costs of individual and
integrated mitigation options;
 Identification of deployment pathways, which combine mitigation options that show
favourable performance (low GHG avoidance costs and/or high GHG reduction
potential) and interactions (economies of scale, low decrease in each other’s GHG
reduction potential);
 Sensitivity analysis of key parameters;
 Construction of marginal abatement curves for the deployment pathways.
The mitigation options are divided in short term measures (before 2020) and medium
term measures (between 2020 and 2030). Moreover, the mitigation options are assigned
to one of the following categories, each with an increasing impact on the current plant
layout:
 Add‐on measures, whereby the mitigation options do not affect the core processes and
throughput of the industrial plant.
 Retrofit measures, which involve modifications to either the core process units, the
energy supply units (e.g. furnaces), or both.
 Replacement measures, which imply the replacement of existing process units with
advanced units with a lower carbon footprint.
 New concepts that replace the core processes of the industrial plant altogether and
have a lower carbon footprint than the reference processes.
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5.2.2 System boundaries and performance indicators
The analysis incorporates the costs and GHG emissions related to the net mass and energy
flows – i.e. the difference in energy and mass flows between the base case and mitigation
options. The feedstock input and main industrial plant product output remain constant1.
The annually avoided GHG emissions GHGa (tCO2‐eq/y) is the main technical indicator in
this study. GHGa is expressed using Equation 5.1:
∆GHG� � ∆GHG�������� � ∆GHG����� � ∆GHG����������

Equation 5.1

where ∆GHGplant, ∆GHGup, and ∆GHGdown are the net change in annual GHG emissions
(tCO2‐eq/y) of the industrial plant, and upstream and downstream processes, respectively.
Life cycle GHG emissions related to a change in the production or consumption of energy
carriers are included in the analysis.
The GHG avoidance cost Ca (€/tCO2‐eq) is the main economic indicator in this study. Ca is
expressed using Equation 5.2:
C� �

∆��� ���� �∆�� ��� �∆�� ��� ����������

Equation 5.2

∆����

where ∆Eng, ∆Ee and ∆Ef are the net change in annual natural gas (GJng/y), electricity
(GJe/y), and fuel consumption (GJf/y), Png, Pe and Pf are the prices of natural gas (€/GJng),
electricity (€/GJe), and fuel (€/GJf). I is the investment cost (€), α is the annuity factor, and
∆CO&M is the net change in O&M cost (€/y).
The annuity factor is a function of the real interest rate r (%) and economic lifetime LT
(years) of the technology (see Equation 5.3).
��

�

Equation 5.3

����������

Only limited recent data on investment costs of EEM is available in literature. Instead,
numbers on simple pay‐back periods for EEM are presented more often. Hence, the
1
In case of EEM, mainly natural gas and electricity are saved, which are unrelated to the feedstock (i.e. crude oil) input.
However, deep energy savings may lead to savings of process fuel gases, which are a by‐product of the core refinery
processes and thus related to the crude oil feedstock. In principle, these saved process gases could be used as feedstock
to produce valuable output products, thereby reducing the required feedstock input. However, this reduction in
required feedstock level will be very small. Furthermore, for the sake of consistency, it was assumed that the feedstock
input level remains constant and the saved fuel gases are sold to third parties.
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equation for the simple pay‐back period was used to calculate the total capital investment
costs:
��� �

�

Equation 5.4

���

where I is the total capital investment cost (M€), B is the annual benefit in terms of energy
savings (M€/y), and C is the annual cost (M€/y). The annual costs (C) in the equation were
assumed to be zero in this study (see Section 5.4.1). Literature data on simple pay‐back
periods and energy savings were used to derive the investment costs. Subsequently, the
investment costs and energy savings were used to compute the GHG avoidance cost using
Equation 5.2.

5.2.3 Standardisation of key parameters
To enable a fair comparison of the technologies, several underlying parameters were
standardised. The following procedure as proposed by Damen et al. (2006) and Kuramochi
et al. (2012a) was adopted:

5
1. Indexation. All cost figures are converted to €2012. Costs that are reported in other
currencies are first converted to Euro using the year‐average exchange rate data of
OANDA (2014) for the year the cost data are reported, and are then escalated to the
year 2012 using the Downstream Capital Costs Index (DCCI) (IHS CERA, 2014).
2. Normalisation of capital cost figures. As not all studies include the same cost
components, fixed percentages are used to correct for the differences. The Total
Capital Requirement consists of various components:
 Process Plant Cost (PPC) comprising equipment and installation cost;
 Total Plant Cost comprising PPC, engineering fees and contingencies;
 Owner costs (i.e. costs for pre‐production, royalties, inventory capital, land and site
preparation) and interest during construction.
3. Scaling of capital cost figures. The capital cost of a system component depends mainly
on two factors: the size of the component and the number of parallel components. A
generic scaling relation is applied to the capital costs to account for this effect
(Equation 5.5). The investment cost of a component i (Ii: M€) is expressed as proposed
by Larson et al. (2005):
I� � I����� � �

��������

������������

�

���

��

��

������

�

���

Equation 5.5

where Ii,ref is the reference capital investment (M€), Nunits,i is the number of parallel
process trains per system, Nunits,i,ref is the number of parallel process trains in the
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reference system, Si is the capacity of a single process train (unit: component
dependent), Sref is the reference capacity of a single process train (unit: component
dependent), SFn is the scaling factor for multiple trains, and SFi is the economic scaling
factor for component i.
Table 5.1 gives an overview of the general parameters used in this study. The value ranges
of these parameters used for the sensitivity analysis are presented in Table 5.9 in Section
5.3.5.
The GHG reductions and avoidance costs of the mitigation options are calculated for the
2012 base case emissions. Although projections are made on future CO2 emissions of the
entire refinery, too little data on the core refinery processes was available to allocate
these emissions to the specific refinery processes and stacks. The interactions between
the mitigation options (i.e. economies of scale, cost synergies, decrease in each other’s
GHG reduction potential, lock‐in effect) are quantified where possible. Economies of scale
and cost synergies are accounted for in the cost calculations by using economic scaling
factors and specific cost data for the combined application of mitigation options (e.g.
biomass and CCS). The cost advantage compared to small scale and single application of
mitigation options is made explicit. For the deployment pathways, the overlap in the GHG
reduction potential as well as the effect on the avoidance costs of the mitigation options,
was determined in two steps: (i) the GHG emission reduction and avoidance cost of the
mitigation option that is implemented first is computed; (ii) the GHG emission reductions
of the second mitigation option is computed by first subtracting the emission reductions
of the first mitigation option from the base case emissions, and subsequently by
computing the GHG emission reduction and avoidance cost of the second mitigation
option. Lastly, possible lock‐in effects of mitigation options are described in a qualitative
manner.
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Table 5.1: General techno‐economic input parameters used in this study.
Real interest rate
Total Plant Cost a
Total Capital Requirement a
Calorific value natural gas
Industrial energy price 2025
Transport fuels b
Natural gas c
Electricity c

5

Steam (LHV) d
Torrefied wood pellets (TOPS) e
Woody biomass for pyrolysis
CO2 emission factor
Natural gas
Life cycle GHG emissions
Electricity grid production f
Torrefied wood pellets (TOPS) g
Woody biomass for pyrolysis
Fossil gasoline
Fossil diesel
Natural gas
Industrial furnace efficiency h
Max. NGCC(‐CHP) efficiency (LHV)
Power equivalent factor LP steam

Unit
%
%‐PPC
%‐TPC
MJLHV/Nm3

Value
10
130
110
31.7

References
Own value
van Horssen et al. (2009)
van Horssen et al. (2009)
Rabou et al. (2006)

€/GJLHV
€/GJLHV

16
10

€/GJe

22

€/GJth
€/GJLHV
€/GJLHV

12
8.0
3.5

IEA (2013)
ECN/PBL (2010); IEA (2010); CBS (2011);
own estimations
ECN/PBL (2010); IEA (2010); CBS (2011);
own estimations
Own value
ConBio (2014); Meerman et al. (2012b)
PNNL (2013)

kgCO2/GJLHV

56.7

Agentschap NL (2010)

kgCO2‐eq/GJe
kgCO2‐eq/GJ
kgCO2‐eq/GJ
kg CO2‐eq/GJ
kg CO2‐eq/GJ
kg CO2‐eq/GJ
%
%

63
7.9
1.9
79.4
80.3
66.3
80
90
0.28

van den Broek et al. (2011)
Batidzirai et al. (2013, 2014a, 2014b)
Ecoinvent (2010)
Johansson et al. (2014)
Johansson et al. (2014)
Johansson et al. (2014)
IEA GHG (2000)
Bolland (1993); Kuramochi et al. (2010)
Bolland and Undrum (2003); Kuramochi et al.
(2010)
a
Process plant cost (PPC) comprises equipment and installation costs. Total plant cost (TPC) comprises PPC, engineering
fees and contingencies. Total capital requirement (TCR) comprises TPC, owner costs and interests during construction.
The values are within observed ranges for power plant construction (Kuramochi et al., 2012a; van Horssen et al., 2009).
b
The transport fuel price was based on projected developments in the crude oil price. Crude oil price projections of the
World Energy Outlook (WEO) (IEA, 2013) for the year 2025 in the New Policies Scenario (88 €/bbl), Current Policies
Scenario (96 €/bbl), and ), Current Policies Scenario (81 €/bbl) were used. The method of Knoope et al. (2013) was
adopted to derive the costs of the transport fuel price for the year 2025. Using a conversion factor of 6.12 GJHHV/bbl
(Meerman et al., 2013) and a HHV/LHV ratio of 1.06 (Blok, 2007), the prices of the WEO translate to a crude oil price
range of 14.0‐16.6 €/GJLHV. The costs for crude oil refining to obtain gasoline and diesel were indicated by Larson et al.
(2005) to be 27 €/m3 diesel. With a volume of 0.159 m3/bbl, this equates to a margin of 0.8 €/GJLHV. Using the crude oil
price range of 81‐96 €/bbl, the costs of fossil diesel and gasoline production are projected to be 15‐17€/GJLHV. A price
of 16€/GJLHV was used as medium value. Infrastructure‐ready green transport fuels were assumed to fetch similar
prices on the transport fuel market as their fossil counterparts.
c
Prices were determined based on quarterly energy prices over the period 1997‐2008 (CBS, 2011), and extrapolated to
the future. The electricity price of 22 €/GJe is in accordance with the costs of electricity (20‐24 €/GJe) as presented in
the Grand Coalition scenario over the period 2020‐2030 by van den Broek et al. (2011). The Grand Coalition scenario is
based on the premise that around 50% of the CO2 is reduced worldwide through renewable energy technologies,
power plant CCS, and other CO2 mitigation options. This scenario was assumed to be a precondition for large scale
deployment of GHG mitigation options at industrial processes.
d
It was assumed that the onsite steam production costs in an industrial boiler equal the steam price. Based on a natural
gas price of 10 €/GJLHV, boiler capital costs of 85 €/kW (Grahn et al., 2007) and boiler O&M costs of 2% of the total
investment costs, the production costs of high‐pressure steam were calculated to be 11.8 €/GJLHV. This figure is in line
with steam prices (11.1 €/GJLHV) indicated for industry (DACE, 2011).
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The method of Meerman et al. (2012b) was adopted to derive the medium value for the TOPS price. Albeit TOPS are
not produced commercially today, Meerman et al. (2012b) used biomass pellet prices as a proxy for TOPS prices,
assuming that the additional production costs of torrefaction compared to biomass pellets are compensated by the
reduction in transportation costs. Assuming an energy density of 17 GJLHV/t (Bradley et al., 2014), biomass pellet prices
fluctuated between 6.9 and 8.8 €/GJLHV during the period 2007‐2013 (ConBio, 2014; Meerman et al., 2012b). A medium
value of 8.0 €/GJLHV was used for this study.
f
This is the CO2 emission factor for the electricity mix in 2020‐2030 as modelled in the Grand Coalition scenario by van
den Broek et al. (2011) (see also footnote c).
g
Taken from Batidzirai et al. (2013, 2014a, 2014b) who presented data on supply chain GHG emissions of TOPS made
from eucalyptus and switchgrass in Mozambique, eucalyptus in Brazil, and agricultural residues in South Africa. The
supply chain includes biomass production, chipping, drying, torrefaction, milling, pelletizing, and transport by truck,
train and sea ship.
h
In case efficiencies for industrial furnaces were not indicated, an average efficiency of 80% was assumed.

5.3 Case study
5.3.1 Complex oil refinery
A large, complex petroleum refinery in northwest Europe was selected as a case study due
to its large processing capacity (over 20 Mt crude oil in 2012), high annual CO2 emissions
(around 4 MtCO2/y in 2012), variety in size and spatial distribution of point sources, and
large potential for various GHG mitigation options. The key characteristics of the refinery
are shown in Table 5.2. Th e refinery is capable of processing a high number of crude oil
types and shows high flexibility in the conversion routes and portfolio of final output
products. The key processes of the refinery are distillation of crude oil in the atmospheric
distillation unit, distillation of bottom product (long residue) in the vacuum distillation
unit, conversion of light oil fractions to naphtha in the catalytic reformer, cracking (hydro,
catalytic and thermal) of the vacuum distillate and short residue, gasification of the
cracked residue, and desulphurization of the intermediate and final products. The two
hydrocrackers are used to crack the vacuum distillate (hydrocracker 1) and short residue
(hydrocracker 2) into lighter distillates. The refinery has been expanded, upgraded and
rejuvenated several times in the past (NEA, 2012). A schematic overview of the refinery
and the CO2 emissions of the point sources are presented in Figure 5.1 and Figure 5.2.,
respectively. The CO2 emissions are vented via 18 stacks and two flares, which are
scattered over the refinery site, and have different mass flows and volumetric CO2
concentration. The majority of the CO2 emissions are attributed to the process furnaces,
followed by the gas turbine/CHP units2, and gasifier. The annual plant operation time was
assumed to be 8,000 hours per year. The gas turbine, CHP units, steam reformer (SR), and
gasifier on the refinery site will hereafter be referred to as in situ technology to distinguish
them from newly built CHP units, reformers and gasifiers, which are required for the
mitigation options.
2

The refinery has four gas turbines; three of them are CHP units.
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5
Figure 5.1: Simplified process layout of the case refinery. The main CO2 emission sources in the
refinery are depicted in bold. The other two CO2 emission sources (furnaces and flares) are not
displayed. GT, CHP, LPG, SRU, WGS stand for gas turbine, combined heat power, liquid petroleum
gas, sulphur recovery unit, and water‐gas shift, respectively.
Table 5.2: Key characteristics of the case refinery in 2012.a
Unit
Value
References
Crude oil throughput
Mt/y
~20
NEA (2012)
Annual CO2 emissions
Mt/y
4.1
NEA (2013)
PJp/y
~16
NEA (2013, 2012)
Estimated primary energy input CHP b
PJe/y
~5
NEA (2013, 2012)
Estimated electricity production CHP b
PJth/y
~9
NEA (2013, 2012)
Estimated steam production CHP b
PJH2/y
~7
NEA (2013, 2012)
Estimated hydrogen production SR c
Number of stacks
18
NEA (2013)
Volumetric CO2 concentration d
Gasifier
%‐vol
99
van Straelen et al. (2010)
%‐vol
30‐60
Meerman et al. (2012a)
SR WGS‐PSA e
SR furnace stack
%‐vol
5‐10
Meerman et al. (2012a)
Catalytic cracker
%‐vol
12
van Straelen et al. (2010)
Furnaces
%‐vol
8‐12
van Straelen et al. (2010)
Gas turbines
%‐vol
4
van Straelen et al. (2010)
a
The process heat demand in the refinery is not presented for reasons of confidentiality.
b
Based on a total in situ CHP input capacity of 560 MW, an operation time of 8000 h/y, and an assumed average electric
and thermal efficiency of 33% and 56%, respectively. The internal consumption and production of electricity were
assumed to be equal, i.e. no electricity import or export takes place.
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c

Natural gas was assumed to be the main fuel and feedstock for the in situ SR to produce hydrogen. Based on the fuel
input capacity, a capacity factor of 56%, a calorific value of 121 MJLHV/tH2, a SR efficiency of 75% (NREL, 2009) and a
ratio between the natural gas used for fuel and feedstock of around 1:2.9 (NREL, 2009), the hydrogen production was
estimated to be around 7 PJ/y. The capacity factor was derived from the SR furnace capacity and annual fuel gas input.
d
The values for the volumetric CO2 concentrations are based on generic data, which do not apply specifically to the case
refinery.
e
WGS and PSA stand for water‐gas shift and pressure swing adsorption, respectively.

5

Figure 5.2: Annual CO2 emissions vented via the stacks and flares of the refinery (bar chart) and
breakdown of CO2 emissions by source (pie chart), both for the year 2012 (NEA, 2013). The process
units related to the stacks are presented on the horizontal axis; each bar represents one stack (blue
bar) or flare (black bar). For example, the first bar denotes the stack that is connected to a gas
turbine (GT) and fifteen industrial furnaces.

5.3.2 Future trends
Future market trends were analysed to make projections for the baseline GHG emissions
for the years 2020 and 2030. This was done by reviewing studies from international
organisations (e.g. IEA, 2013; GEA, 2012) and industry organisations (e.g. CONCAWE, 2013;
Europia, 2012). The review, trends and data underlying the CO2 emission projections are
described in detail in Appendix I (Section 5.6). The following trends are relevant for the
case refinery:
 There is a global shift in demand from heavy (i.e. fuel oils and marine fuels) and light
distillates (i.e. gasoline and naphtha) to middle distillates (i.e. diesel and jet fuel).
Despite the projected lower crude oil demand in the EU, the specific refinery energy
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consumption and CO2 emissions are expected to rise due to higher demand for middle
distillates.
 EU legislation on fuel quality (mainly sulphur) will become more stringent in the future.
Stricter quality specifications will result in higher specific energy requirement and
concomitant CO2 emissions in EU refineries.
Based on quantitative projections of the CONCAWE association (2013, 2008), the case
refinery CO2 emissions were estimated to increase with 0.3 MtCO2/y over the period 2012‐
2020 as a result of the increasing middle distillates/gasoline (MD/G) ratio. Another
increase of 0.3 MtCO2/y was projected for the period 2020‐2030. The planned stricter
quality regulations are expected to increase the refinery CO2 emissions with 11% up till
2020 (0.5 MtCO2/y) compared to 2012. Additional legal changes might be introduced in
the period 2020‐2030. These changes could result in an increase of 16% (0.6 MtCO2/y) in
the refinery’s CO2 emissions compared to 2012.

5

The economic performance of the mitigation options are compared with a CO2 price range
of 10‐25 €/tCO2 in 2020 and 20‐75 €/tCO2 in 2030. This range is based on CO2 price
projections in three scenarios (Current Policies, New Policies and 450) of the IEA’s WEO
(2013). All three scenarios assume that carbon pricing in the EU Emissions Trading System
in 2030 will be limited to the power, industry and aviation sector. The scenarios are
underpinned by varying assumptions about economic and demographic changes, energy
and climate policies and technology deployment.

5.3.3 GHG mitigation options and data collection
Especially mitigation options with a high expected GHG reduction potential were
considered. The selected mitigation options are: energy efficiency measures, CO2 Capture
and Storage and the switch of natural gas to biomass, both as a feedstock and fuel. The
following mitigation options were excluded from the analysis:




Switch to lighter crude oil fractions to reduce the energy use and concomitant CO2
emissions in the processing steps. This option was disregarded as it requires detailed
data on the core refinery processes.
Utilisation of waste heat (WH) that cannot be used in the core refinery processes.
Previous research has shown that process integration with adjacent industries as well
as using low‐temperature WH for post‐combustion solvent regeneration, district
heating, or biomass drying could result in significant CO2 emission reductions
(Andersson et al., 2013; Johansson et al., 2012a). However, lack of data on WH
availability in the refinery rendered the assessment of this option unfeasible.
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The use of geothermal energy for process or fuel heating was not investigated due to
limited data availability on local geothermal energy supply.

Energy efficiency measures
Several opportunities for EEM were identified for the refinery based on the current plant
configuration. The potential EEM were structured and assessed conform the EEM
categorization for petroleum refineries as presented in the Energy Guide of Worrell et al.
(2013). Also data on energy savings, payback periods and economic lifetime were taken
from this up‐to‐date overview of available EEM for petroleum refineries (Worrell et al.,
2013). The data are mainly based on case studies from U.S. refineries around the year
2010. Next to energy savings, EEM may result in slightly higher or lower annual costs
related to the process units. The changes in these costs were neglected in this study3. As
the data are site‐specific and thus uncertain, the computed avoidance cost is indicative.
The data for EEM identified for the refinery is presented in Table 5.3. An estimated
reduction in primary energy use of 15‐16% was computed for the short term and another
19‐20% for the medium term (in total 34‐36% compared to base case). The main energy
savings can be achieved via heat integration, improved energy management & control,
and advanced separation and desulphurization systems. Whereas the short term EEM can
be implemented by retrofitting process units in the current refinery layout, two of the
medium term EEM (advanced separation and desulphurization systems) have a higher
impact on the refinery layout as it requires the replacement of current core process units
(distillation and hydrotreating units). Ideally, these units would be installed by the time
the current process units have to be replaced anyway.
Overlap in energy savings among the EEM (e.g. plant site heat integration and improved
furnace improvement) are accounted for by multiplying the primary energy reduction
factors of the EEM with each other. The EEM improved energy management & control and
heat integration & waste heat recovery apply to the overall refinery site and show
interaction with each other and with the other ‘isolated’ EEM: steam distribution system,
fouling mitigation, and improved furnace performance. Assuming that heat integration &
waste heat recovery will be implemented after the ‘isolated’ EEM, and followed by energy
management & control, the primary energy reductions of these two refinery wide EEM are
reduced from 2.0% to 1.9% and 3.0% to 2.8%, respectively.

3
The sensitivity analysis shows the effect of a change in the annual energy savings and natural gas price on the CO2‐eq
avoidance costs. Considering the large uncertainty in the gas price and annual energy savings, the effect of a change in
annual costs due to the implementation of an EEM (typically ±5% of the investment costs (Worrell, 2013)) on the CO2‐eq
avoidance costs will be minor.
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Table 5.3: Input data for energy saving measures identified for the refinery for the short and
medium term. The data are based on Worrell et al. (2013); the lifetimes are based on an expert’s
estimations (Worrell, 2013). The reductions are related to the total heat, electricity, and primary
energy use in the refinery in the year 2012, thus excluding growth in emissions due to future trends.
Reduction final energy use a
Heat
Electricity
PJ/y
%
PJ/y
%
Directly available measures (<2020)
Energy management & control c

5

1.1

3

0.1

3

Reduction primary
energy use

PBP

Life‐
time

Invest‐
ment b

PJ/y

%

y

y

M€

1.7

3.0

0.2
5
5
3
1

5

4.1

Heat integration distillation units
1.4
4
‐
‐
1.7
3.0
15
87
‐
‐
0.1
3
1.4
2.4
10
42
Motors & pumps d
0.9
3
‐
‐
1.2
2.0
20
12
Steam distribution system e
Heat integration & waste heat
0.9
3
‐
‐
56
1.2
2.0
5
15
recovery
0.5
1
‐
‐
0.6
1.0
1
10
6
Fouling mitigation f
0.5
1
‐
‐
0.6
1.0
2.5
15
14
Improved furnace performance g
1
‐
‐
0.4
0.7
3
15
12
Hydrogen management & recovery h 0.3
0.2
1
‐
‐
0.3
0.5
2.5
20
7
Flaring i
5.8
16
0.2
6
9.1
15.6
240
TOTAL
Advanced measures (2020‐2030)
4.6
13
‐
‐
5.8
10.0
10
25
580
Advanced desulphurization j
3.2
9
‐
‐
3.9
6.8
7
25
276
Advanced separation systems k
1.2
3
‐
‐
1.5
2.5
6
20
87
Turbine pre‐coupling l
TOTAL
9.0
25
0
0
11.2
19.3
942
a
A furnace efficiency of 80% and a single‐cycle gas turbine CHP with an electric efficiency of 27% and heat efficiency of
56% were assumed to compute the heat and electricity savings, respectively. The primary energy reduction is assumed
to result in natural gas savings. In case refinery fuels are saved, it was assumed that these can be used elsewhere in the
refinery where they replace natural gas, or in case where this is not possible, to be sold to other parties against the
same economic value per energy unit and carbon footprint as natural gas.
b
The investment costs were calculated using the simple payback period equation as presented in Section 5.2.2. The
annual costs C (M€/y) were assumed to be zero.
c
E.g. the implementation of organisation‐wide energy management programs, energy teams or energy monitoring and
control systems.
d
The replacement, adjustment and upgrading of pumps and electric motor systems.
e
E.g. improved insulation and steam trap improvement.
f
E.g. online cleaning of heat exchangers.
g
E.g. better furnace maintenance, inflow air preheating and/or the use of low‐NOx burners. The latter reduces the need
for energy consumption in the selective catalytic reduction unit.
h
E.g. hydrogen network integration to match different hydrogen sources with uses based on the quality of the hydrogen
streams.
i
E.g. implementing flare gas recovery systems and/or the use of electronic ignition system, which only burns fuel gas
when needed, instead of flare systems with a continuously burning pilot flame.
j
E.g. advanced hydrotreating or oxidative desulphurization.
k
E.g. a dividing wall‐column, which combines two conventional distillation columns into one resulting in a better heat
transfer and lower capital cost.
l
E.g. a newly built gas turbine can be pre‐coupled to the in situ SR so as to utilise the hot exhaust gas of the gas turbine
to supply heat to the SR furnace.

184

Assessing optimal deployment pathways for greenhouse gas emission reductions
in an industrial plant: A case study for a complex oil refinery

CO2 capture and storage
Three first generation CO2 capture technologies are assessed. Although not demonstrated
on a large scale yet, all three capture technologies are, in principle, technically available
today. However, given the early development stage of CCS, these technologies are not
expected to be deployed in industry before 2020. Therefore, it was assumed that these
technologies will come available in the period 2020‐2030. The studied concepts are:
 Post‐combustion capture, in which CO2 is separated from a flue gas stream. In this
study, the CO2 is assumed to be extracted by using the chemical solvent mono‐
ethanolamine (MEA)4, after which it is separated from the solvent under influence of
steam. Post‐combustion is considered to be an add‐on technology as no significant
changes have to be made on the process units (Kuramochi et al., 2012a) (see also
Chapter 2).
 Oxyfuel combustion, in which fuel is burned with nearly pure oxygen (instead of air),
thereby creating an almost pure CO2 off‐gas. The oxygen is assumed to be produced in
a cryogenic Air Separation Unit (ASU). As several adjustments and additional
equipment (e.g. piping, ducting, flue gas recirculation fan) are needed to convert
boilers, furnaces and gas turbines to oxyfuel mode, oxyfuel combustion is considered
to be a retrofit technology (Wilkinson et al., 2003) (see also Chapter 2).
 Pre‐combustion capture, in which the fuel is decarbonized prior to the combustion
step. In this study, methane and refinery gas are assumed to be converted to hydrogen
in a newly built SR. The CO2 is captured from the high‐pressure (HP) process gas
between the watergas shift (WGS) reactor and Pressure Swing Adsorption (PSA) unit
using the mixed solvent ADIP‐X (methyldiethanolamine mixed with small amounts of
piperazine (3 mass%), after which it is separated from the solvent under influence of
steam. Pre‐combustion is also considered to be a retrofit technology as several
adjustments need to be made to refinery infrastructure (see Chapter 2).
Post‐combustion capture is applied to the main CO2 sources on the refinery site: furnaces,
catalytic cracker, in situ CHP unit, and the in situ hydrogen plant. Oxyfuel and pre‐
combustion technology are applied to all these sources, except to the hydrogen plant and
catalytic cracker, respectively, due to technological constraints. Although CHP units still
display operational difficulties when fired with nearly pure oxygen or hydrogen (Kvamsdal
et al., 2006), it is assumed these issues will be solved in the period 2020‐2030. CO2 capture
from the in situ gasifier does not require a specific technology as the separation of the CO2
4

According to Feron (2005) and Peeters et al. (2007) improved solvents with a lower specific energy consumption than
MEA may become available in the future. However, as the pace of technological learning up till the year 2030 and the
specific energy consumption of advanced solvents/sorbents are unknown, the use of MEA was assumed.
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is already an inherent part of the gasification process. In all capture cases, the CO2 is
cooled, dried, purified and compressed to 110 bar before it is transported to a
sequestration site. The key data of the CO2 capture technologies were taken from an
earlier study by the authors (Chapter 3) and can be found in Table 5.4Table 5.6. The CO2
transport and storage costs (16€/tCO2) were taken from the Zero Emissions Platform (ZEP,
2011a, 2011b). Except for flue gas transport, on‐site transport of CO2, O2 and H2 was
excluded from the analysis. Additional electricity and steam supply needed for the post‐
and pre‐combustion options were considered to be produced in a newly built natural gas‐
fired NGCC(‐CHP) from which the CO2 is also captured. The extra electricity demand for
the oxyfuel option was assumed to be purchased from the grid as electricity production in
a newly‐built gas turbine turned out to be more expensive. For the CHP, it was assumed
that the maximum amount of low‐temperature steam (around 130 °C) for CO2 capture
(solvent regeneration) is extracted. The maximum total net CHP efficiency (LHV) is
assumed to be 90% (see Table 5.1). The gas turbine electrical efficiency is assumed to be
two‐thirds of the NGCC efficiency in condensing mode. The relationship between CHP unit
scale on the one hand and electrical conversion efficiency and CHP capital cost on the
other hand was derived by Kuramochi et al. (2010). As the CHP units are often
dimensioned towards the heat demand, excess electricity is produced, which can be sold
to the grid. Additional equations and data used to calculate the CCS configurations can be
found in Chapters 2 and 3. An economic lifetime of 20 years was assumed for all three
capture technologies (Berghout et al., 2013; Meerman et al., 2012a).
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Table 5.4: Techno‐economic parameters for post‐combustion capture. The economic data pertain to
a post‐combustion system capturing annually 1.0 MtCO2 from flue gas streams of both 4 and 12‐14
vol% CO2 using one absorber and one stripper. Based on: CESAR (2011); IEA GHG (2010); NETL
a
(2010).
Unit
TECHNICAL
CO2 capture ratio
%
Maximum processing capacity per unit
Absorber
ktCO2/d
Stripper
ktCO2/d
CO2 compressor
ktCO2/d
Electricity flue gas blower
GJe/tCO2
GJth/tCO2
Regeneration heatb
GJe/tCO2
CO2 capture (pumps and fans) b
GJe/tCO2
CO2 treatment & compression
CAPEX
Flue gas ducting
M€/MtCO2/y
Modifications to stacks
M€/stack
M€/MtCO2/y
CO2 capture equipment d

Value

References

87

CESAR (2011)

3
10
8
0.35
3.5‐4.0
0.1‐0.3
0.6

Rao et al. (2004); Yagi et al. (2004)
Rao et al. (2004); Yagi et al. (2004)
Knoope et al. (2014)
Hurst and Walker (2005)
Nienoord (2012)
Feron (2005); Peeters et al. (2007)
CESAR (2011)

12 c
0.1
75 (4 vol%);
49 (12‐14
vol%)
14

Hurst and Walker (2005)
Hurst and Walker (2005)
CESAR (2011); IEA GHG (2010); NETL (2010)

M€/MtCO2/y
CESAR (2011); IEA GHG (2010); NETL (2010)
CO2 treatment & compression d
Economic scaling factor
Absorber
0.67
Kreutz et al. (2005); Sipöcz et al. (2011)
Stripper
0.67
Larson et al. (2005); Sipöcz et al. (2011)
Compressor
0.67
Knoope et al. (2014); Kreutz et al. (2005)
OPEX
0.2 e
CESAR (2011); IEA GHG (2010); NETL (2010)
Labour
€/tCO2
Administration & overhead
% of labour cost
28
NETL (2010)
2.0
NETL (2010)
Taxes & Insurances
€/tCO2
Maintenance
% of TPC
3.8
NETL (2010)
1.4
NETL (2010)
Water usage
€/tCO2
0.5
NETL (2010)
MEA
€/tCO2
€/tCO2
0.1
NETL (2010)
Activated carbon
0.2
NETL (2010)
Ammonia
€/tCO2
0.0
NETL (2010)
Corrosion inhibitor
€/tCO2
€/tCO2
0.1
NETL (2010)
SCR catalyst f
0.2
NETL (2010)
Other chemicals
€/tCO2
a
The parameters used for economic costs are based on three detailed studies (CESAR, 2011; IEA GHG, 2010; NETL,
2010), which describe post‐combustion capture at a pulverised coal‐fired (PC) power plant (12‐14 vol% CO2
concentration) and at a natural gas fired combined cycle (NGCC, 3‐4 vol% CO2 concentration). Since the CO2
concentration in the flue gases can change significantly among and within industrial plants, data from both the capture
systems applied at the PC and NGCC power plants were used to account for this factor.
b
Regeneration heat and electricity needed for flue gas with volumetric CO2 concentrations in the range of 4‐16%; the
specific regeneration energy (GJth/tCO2; GJe/tCO2) decreases with higher volumetric CO2 concentrations. It is assumed
there is no effect of scale on the specific energy consumption, which is concluded from a literature review (Kuramochi
et al., 2013).
c
A total flue gas ducting system of 5km was assumed for the refinery.
d
All capital costs were standardised to and corrected for the amount of CO2 captured of 1.0 MtCO2 per year using one
absorber and stripper. Scaling factors were used to account for differences in CO2 capture capacity. The cost category
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CO2 capture equipment represents the direct contact cooler (DCC), absorber and stripper; the cost category CO2
treatment & compression comprises a CO2 drying, purification, cooling (DPC) and compression unit.
e
The average amount of labour hours were taken from CESAR (2011), IEA GHG (2010) and NETL (2010), and multiplied
with a European wage for an operator of 60,000 €/FTE/y (IEA GHG, 2010).
f
SCR stands for selective catalytic reduction.

Table 5.5: Techno‐economic parameters for oxyfuel combustion capture.

5

TECHNICAL
CO2 capture ratio
Maximum processing capacity
Air Separation Unit
Oxygen production
Stoichiometric O2:CO2 combustion
ratio (weight basis) b
Cokes (catalytic cracker)
Natural gas
Refinery gas furnaces
Excess oxygen use
Fuel savings furnaces b
CO2 treatment & compression c
CAPEX
Furnace modification
Air Separation Unit (ASU)
Cooling water system
Flue gas gathering system
CO2 treatment & compression
Economic scaling factor ASU

Unit

Value

Reference

%

87

Allam et al. (2005a,b)

ktO2/d
GJe/tO2

6
0.7 a

IEA GHG (2007)
ZEP (2011c)

%
%
GJe/tCO2

0.73
1.43
1.45
3
8.3
0.5

Allam et al. (2005a); IEA GHG (2000)
Zanganeh et al. (2004)
Allam et al. (2005a,b)
IEA GHG (2005)

M€/MtCO2/y
M€/ktO2/y

1d
53 e

M€/MtCO2/y
M€/MtCO2/y
M€/MtCO2/y

12
7
23
0.63 f

Allam et al. (2005a,b)
Allam et al. (2005a,b); IEA GHG (2008b);
Meerman et al.(2012b); Spero (2008)
Allam et al. (2005a,b)
Allam et al. (2005a,b)
IEA GHG (2008a)
IEA GHG (2008a); Kreutz et al. (2005); Tijmensen
et al. (2002)

OPEX
1.0 g
Allam et al. (2005a,b)
Labour
€/tCO2
0.1
Allam et al. (2005a,b)
Administration & overhead
€/tCO2
3.0
Allam et al. (2005a,b)
Maintenance
€/tCO2
3.0
Allam et al. (2005a,b)
Taxes & Insurances
€/tCO2
1.6
Allam et al. (2005a,b)
Water
€/tCO2
0.3
Allam et al. (2005a,b)
Consumables
€/tCO2
a
The current SER for cryogenic oxygen production was found to be in the range of 0.6‐0.8 GJe/tO2 (160‐220 kWhe/tO2)
(ZEP, 2011c).
b
Assumptions were made on the stoichiometric O2:CO2 combustion ratio due to insufficient information on the fuel
composition in the refinery. In the catalytic cracker, oxygen is used to burn the coke that is deposited on the surface of
the catalyst (C + O2  CO2), resulting in a molar ratio of 1:1, which translates to a mass ratio of 0.73 (32/44). The mass
ratio for the combustion of natural gas in the in situ gas turbine/CHP units (1.43) was derived from the volumetric
O2:CO2 ratio as presented by C+B (C+B advies en expertise, 2014). The oxygen requirement for the refinery gases was
based on two studies performing detailed analyses into oxyfuel combustion of refinery fuel gases. The mass ratio
derived from these studies was 1.44 (Allam et al., 2005a) and 1.49 (IEA GHG, 2000). A value of 1.45 was used in this
study. The high stoichiometric O2:CO2 mass ratio for refinery fuel gas is mainly due to the high methane and hydrogen
concentrations in the fuel streams. However, as fuel gas compositions tend to vary considerably (also within
refineries), the impact of the oxygen demand was indirectly examined by varying the energy use for oxygen production
in the sensitivity analysis.
c
The treatment unit cools, purifies and dries the hot, wet CO2 coming from the process units.
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Average values calculated from the total furnace modification costs in Allam et al. (2005a,b). It was assumed there is no
scaling effect for furnace modifications considering the small scale of most furnaces.
e
Average value based on Allam et al. (2005a,b), Meerman et al. (2012b), Spero (2008) and IEA GHG (2008b) and valid for
a cryogenic ASU and the oxygen compressor to 40 bar.
f
Average value based on IEA GHG (2008a), Kreutz et al. (2005) and Tijmensen et al. (2002).
g
No data were available on the amount of operating manpower hours in Allam et al. (2005a,b); only monetary values
were presented.

Table 5.6: Techno‐economic parameters for pre-combustion capture.
TECHNICAL
Feed natural gas needed for H2 production
Fuel natural gas needed for H2 production
Electricity needed for H2 production
CO2 produced
Production process (CO2 in process gas)
SR furnace (CO2 in flue gas)
HP steam from waste heat of the SR a
CO2 capture ratio process gas
Maximum processing capacity
Steam reformer
Heat for regeneration ADIP‐X
Power for regeneration ADIP‐X
Power for CO2 treatment and compression
CAPEX
SR plant (incl. WGS, PSA, SCR)
CO2 capture equipment
DPC & Compression
Modified burners

Unit

Value

References

GJp/tH2
GJp/tH2
GJe/tH2

122
43
2.2

NREL (2009)
NREL (2009)
NREL (2009)

tCO2/tH2
tCO2/tH2
GJth/tH2
%

6.9
3.2
25
95

NREL (2009)
NREL (2009)
Appl (1997)
Meerman et al. (2012a)

ktH2/d
GJth/tCO2
GJe/tCO2
GJe/tCO2

10
1.97
0.04
0.3

Kiewiet (2012)
Meerman et al. (2012a)
Meerman et al. (2012a)
Meerman et al. (2012a)

M€/MtCO2/y

87

M€/MtCO2/y
M€/MtCO2/y
M€/MtCO2/y

19
24
0.1

INL (2010); NREL (2009); Rutkowski
(2005); Simbeck (2005)
NREL (2009)
NREL (2009)
IEA GHG (2000)

0.67

Kreutz et al. (2005)

Economic scaling factor SR plant
OPEX
Labour
Administration & overhead

0.4 b
NREL (2009)
€/tCO2
% of labour
20
NREL (2009)
costs
3.7
NREL (2009)
Taxes & Insurances
€/tCO2
4.5
NREL (2009)
Maintenance
€/tH2
0.9
NETL (2010)
Demineralized water
€/tCO2
€/tCO2
2.0
NETL (2010)
Chemicals c
a
The SR generates a lot of high‐pressure steam (75 bar, 350C) in a waste heat recovery boiler. In theory, 30 GJth/tH2 of
WH would become available. Considering heat losses, it is assumed that 25 GJth/tH2 of steam can be produced.
b
The average amount of labour hours were taken from CESAR (2011), IEA GHG (2010) and NETL (2010), and multiplied
with a European wage for an operator of 60,000 €/FTE/y (IEA GHG, 2010).
c
SR and WGS catalysts, PSA sorbent, HP process gas solvent, MEA, SCR catalyst.
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Biomass utilisation
Balat et al. (2009a) distinguished three main thermo‐chemical conversion routes for
biomass: gasification, pyrolysis and combustion. As the refinery units are mainly fueled
with refinery gases, (solid) biomass combustion does not seem to be a realistic option.
Therefore, only the first and second options were considered in this study. Both options
are new concepts that differ from the core refinery process.

5

Biomass gasification
The first biomass route is the production and processing of syngas through biomass
gasification (BIG), which can subsequently be converted into electricity, chemicals and/or
transportation fuels. The BIG option has been investigated in numerous studies over the
years, e.g. (Johansson, Daniella et al., 2014; Meerman et al., 2012b, 2011; Tijmensen et al.,
2002). Gasification is a thermo‐chemical process that converts carbonaceous materials
(i.c. biomass) into syngas (mixture of mainly CO and H2) carried out at high temperatures
(>900°C) and by using a sub‐stoichiometric amount of oxygen (Balat et al., 2009b). Next, a
purification and optimisation step is needed before the syngas can be converted into the
final products. Four sub‐routes are investigated for the case study, which are all preceded
by a sour water‐gas shift reactor and acid gas removal (AGR) process: (i) the production of
steam and electricity by combusting the syngas/H2 and combustible waste streams diluted
with N2) in the CHP units (BIG‐CHP); (ii) the production of hydrogen by shifting the syngas
in a sweet water‐gas shift reactor and extracting the hydrogen from the resulting product
gas using a pressure swing adsorption (PSA) unit (BIG‐H2); (iii) the production of Fischer‐
Tropsch (FT) fuels by converting the syngas to linear alkanes and 1‐alkenes, followed by a
hydrocracking process to upgrade the intermediate products to FT‐syncrude, and
subsequently by a distillation process to separate the FT‐fuels into FT‐gasoline and FT‐
diesel (BIG‐FT); and (iv) all three output products together produced in an integrated
facility (BIG‐IG). The acid compounds are converted to liquid sulphur in the Claus/SCOT
unit. All four sub‐routes can be integrated with CCS. CO2 capture after the acid gas
removal step is particularly interesting for two reasons. First, the process already requires
the removal of CO2 from the process gas. Second, the high partial pressure of CO2 makes
capture using a physical solvent relatively cheap. Assuming sustainable biomass feedstock
is available, the integration of biomass gasification and CCS can deliver negative net GHG
emissions.
The hydrogen emanating from the BIG is assumed to completely replace the hydrogen
from the in situ SR and the natural gas for the in situ gas turbine/CHP units in the refinery.
The FT‐fuels are produced in addition to the fossil gasoline and diesel made in the
refinery, and are assumed to replace fossil diesel and gasoline elsewhere in less efficient
refineries. The upgrading process of the FT‐process is assumed to occur in a new
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hydrocracker and distillation columns as the spare throughput capacity of the existing
hydrocracking and distillation units on the refinery site are unknown. Moreover,
integration of the FT‐process with existing refinery units would require detailed data on
the refinery processes, which is not publicly available. The key input data of the
gasification routes were taken from Meerman et al. (2012b, 2011), who modelled the BIG
sub‐routes in the process simulation software AspenPlus®, and adapted for the case
refinery. Meerman et al. (2012b, 2011) investigated two representative carbon‐containing
biomass feedstock, namely eucalyptus pellets and torrefied wood pellets (TOPS). The
latter was chosen for this study because of the better biomass properties (heating value
and moisture content), resulting in more efficient transportation and handling of the
biomass, higher process conversion efficiency, and, assuming that TOPS can be supplied at
the same costs as EP in the future, lower production cost. The BIG‐FT option was limited
to 1,000 MWHHV of TOPS feed input. As shown by Tijmensen et al. (2002), plant scales
higher than 1,000 MWHHV input would result in only slightly lower production costs. The
1,000 MWHHV input TOPS results in an FT output capacity of 425 MWFT, which corresponds
to around 13 PJ/y (~2.9∙105 toe/y; 1% of the refinery’s crude oil input). Although the BIG
technology is based on commercial technologies, BIG facilities are not expected to come
on line before 2020 due to the long lead time as a result of the planning, permit, design
and construction phase. Therefore, the BIG technology was assumed to become available
in the period 2020‐2030. In accordance with Meerman et al. (2012b), an economic lifetime
of 20 years was assumed. The input data for the BIG sub‐routes can be found in Table 5.7.
Table 5.7 also shows that there is excess electricity production in the BIG‐FT sub‐route,
excess steam production in the BIG‐H2 sub‐route and a shortage of electricity production
in the BIG‐CHP, BIG‐H2 and BIG‐IG sub‐routes. These deviating electricity and steam flows
are due to an assumed fixed heat‐power ratio for the CHP units (see footnote c in Table
5.7), and excess heat and waste gas streams, which were assumed to be utilised for
additional steam and electricity production, respectively. Excess steam and electricity
were assumed to be sold to third parties and the grid, respectively, whereas an electricity
shortage was compensated by purchasing electricity from the grid.
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Table 5.7: Input data for biomass gasification sub‐routes. Based on NEA (2013, 2012) and Meerman
et al. (2012b, 2011).
Unit
Input refinery
Natural gas a
TOPS

5

MWLHV
MWLHV
(MWHHV)
tdry/h
tC/h

REF

BIG‐CHP
Vent
CCS

BIG‐H2
Vent
CCS

BIG‐FT
Vent

CCS

1,167

607

607

560

560

‐

473

511

401

401

‐
‐

84
166

91
179

71
141

71
141

1,167
937
(1,000)
167
329

1,167
937
(1,000)
167
329

BIG‐IG
Vent

CCS

0

0

1,499

1,499

267
527

267
527

Output refinery b
MWth
314
314
314
406 d 406 d 314
314
314
314
Steam c,e
c,e
MWe
182
72
51
156 f
149 f
308 h
286 h
86
86
Elec. CHP
MWH2
255
255
255
255
255
255
255
255
255
Hydrogen e,g
‐
‐
‐
‐
‐
458
458
458
458
FT‐fuels
MWFT
Δ output REF
0
0
0
92
92
0
0
0
0
Steam
MWth
0
‐110
‐131
‐26
‐33
126
104
‐61
‐96
Electricity
MWe
GHG emissions
512
385
229
425
287
390
193
201
‐116
Emitted
tCO2‐eq/h
‐
‐
162
‐
139
‐
202
‐
324
Captured
tCO2/h
‐
‐
‐
‐
‐
107
107
107
107
FT (carbon)
tCO2/h
‐
127
283
87
225
122
319
311
627
Avoided
tCO2‐eq/h
CAPEX
M€
‐
266
328
264
268
571
582
765
783
M€/y
‐
16
19
16
16
34
34
45
46
OPEX i
a
Natural gas used in the base case for the production of steam, electricity and hydrogen.
b
The capacity factors of the CHP units (power/steam production) and SR (H2 production) are 91% and 56%, respectively.
To meet the current power and steam demand, a similar capacity factor was assumed for the BIG‐CHP sub‐route. The
BIG‐H2 sub‐route was designed in such a way that the current H2 demand can be met when operating the BIG train with
a capacity factor of 91% (8000 h/y). For the BIG‐FT sub‐route, also a capacity factor of 91% was assumed.
c
The model was set to replace 560 MW of natural gas used as fuel for the in situ CHP units in sub‐routes 1 (BIG‐CHP) and
4 (BIG‐IG). The CHP units were assumed to be dimensioned towards steam output (314 MWth), as this is often the case
in the refining industry. The BIG trains produce large amounts of WH, which is converted to medium and high‐pressure
steam. As a result, the steam demand from the CHP units is lower than in the base case. Assuming a fixed heat‐power
ratio (HPR), this results in less electricity produced (2 PJe/y) compared to the base case (5 PJe/y). The deficit electricity
was assumed to be purchased from the grid. The fixed HPR was assumed, because of missing information on the CHP
characteristics and steam quality.
d
Excess heat in the gasification train is used for the production of excess steam.
e
The fossil fuel replaced in the BIG‐CHP and BIG‐H2 sub‐routes was considered to be natural gas. The small amount of
refinery fuels entering these units in the base case were assumed to be used elsewhere in the refinery where they
replace natural gas, or in case where this is not possible, to be sold to other parties against the same economic value
per energy unit and carbon footprint as natural gas. In light of other uncertainties in this study, the effect of this
assumption on the final results is expected to be minor.
f
In the BIG‐H2 sub‐route electricity is consumed for the production of hydrogen, which is purchased from the grid.
g
The in situ SR unit is assumed to operate at an efficiency of 75%.
h
Waste gases coming from the gasification process are combusted in a newly built steam turbine to produce electricity.
i
Meerman et al. (2012b, 2011) assumed the O&M cost to be 4% of the total capital investment cost.
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Fast pyrolysis
The second biomass route is the production and upgrading of pyrolysis oil from biomass as
a means for generating infrastructure‐ready renewable gasoline and diesel. Although
pyrolysis oil can also be used for the production of heat, power and/or chemicals, this
study focuses merely on the derivation of transport fuels. At present, fast pyrolysis
(instead of slow pyrolysis) is the preferred process mode for the production of transport
fuels as it exhibits high liquid yields (Balat et al., 2009a). Several advanced pyrolysis routes
(e.g. catalytic (hydro‐)pyrolysis) show promising economics, but are currently still at the
R&D or pilot stage (Marker, 2012; NREL, 2013). A typical process for pyrolysis oil
production comprises several steps (PNNL, 2009):
 Pre‐treatment: drying and size reduction (pre‐treatment) of lignocellulosic biomass.
 Fast pyrolysis: thermal decomposition of carbonaceous material in the absence of
oxygen in a reactor to produce light hydrocarbons, char and raw pyrolysis oil, which is
a liquid product rich in oxygenated hydrocarbons and pyrolytic lignin. The temperature
(around 500 °C) and residence time are optimised to maximise the liquid yields.
 Hydrotreating: upgrading of the raw, unstable pyrolysis oil to a conventional
hydrocarbon fuel by deoxygenating the oxygenated hydrocarbons and pyrolytic lignin
by means of pressurised hydrogen gas at moderate temperatures (<400 °C) in a fixed
bed reactor. Other output products are waste water and off‐gas. The off‐gas is sent to
a PSA unit for recovery of hydrogen gas. The PSA tail gas is routed to the SR for
hydrogen production and partly to the furnace that preheats the feed for the
hydrotreater.

 Hydrocracking and product separation: the separation of stable pyrolysis oil into light
and heavy fractions, the hydrocracking (~425 °C; 90 bar) of the heavy fractions into
light fractions, and the separation of the light fractions into gasoline and diesel. The
off‐gas is sent to the SR.
The pyrolysis oil could be processed in the hydrotreaters and hydrocrackers already
present on the refinery site, which will lessen the initial investment. However, direct use
of pyrolysis oil in the refinery units requires complete deoxygenation and a low acid
number to prevent corrosion, assuming the existing processing units are not made of
dedicated stainless steel. Furthermore, the integration of these flows in the refinery would
require additional information on the spare capacity of the process units as well as on the
core process streams to compute the effect on the other refinery flows. Instead, the
pyrolysis fuels were assumed to be produced in new processing units and in addition to
the refinery product output mix, which was kept constant in this study. For the same
reason, the required hydrogen was assumed to be produced in a new SR. An economic
lifetime of 20 years was assumed. Although the fast pyrolysis process is already being
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commercialised, the upgrading step to transport fuels is largely in the development phase
today, and further development is required before large scale penetration on the market
can take place. This technology was assumed to become available in the period 2020‐
2030. Fast pyrolysis and upgrading to transport fuels have been investigated in numerous
studies, e.g. (NREL, 2010; Patel, 2014; PNNL, 2009). The techno‐economic input data in the
referenced studies varies considerably and is based on several assumptions regarding fuel
yield, fuel energy content and process conditions. Data from a detailed techno‐economic
study of PNNL (2013) was used for the analysis. The PNNL study used recent, publicly
available data on fast pyrolysis coming from several US research institutes. Similar to the
BIG‐FT sub‐route, the size of the pyrolysis train was limited to 1,000 MWHHV feed input,
which allows for a fair comparison of both options.
Table 5.8: Input data for fuel production via fast pyrolysis, hydrotreating and hydrocracking. All
weights pertain to dry woody biomass. The abbreviations p‐oil, bf and bm stand for pyrolysis oil,
biofuel and biomass, respectively. Based on PNNL (2013).

5

Unit
Quantity
Energy content biomass
MJLHV/kgbm
18.6
Fast pyrolysis
ktbm/d
2.0 a
Capacity pyrolysis unit a
Mass yield
t p‐oil/tbm
0.62
0.70
Overall energy yield
GJbf/GJbm
32
Energy content biofuel
MJbf/Lbf
1.2
Electricity
MJe/Lbf
1.5
Water
L/Lbf
4.7
Natural gas
MJ/Lbf
Costs
385
Process Plant Cost
€/Lbf/day
0.2
OPEX
€/Lbf
a
The reference size of the pyrolysis unit was 2.0 kt/d of dry biomass. For 1,000 MW biomass input (5.1 kt/d), three
pyrolysis units were assumed to be required.

5.3.4 Interactions among mitigation options
There are several interactions among the mitigation options. The EEM affect (to some
extent) each other’s GHG reduction potential. Likewise, fewer emissions can be reduced
via CCS in case EEM are already implemented. The interaction between EEM and BIG,
however, is only minor. Although the three CO2 capture technologies can be implemented
side by side, this was found to be rather expensive in earlier research by the authors
(Chapter 3), due to of the high capital and operational costs per tCO2‐eq avoided, and thus
undesirable. Significant economies of scale can be achieved for both the CCS option, by
capturing CO2 from multiple sources, and BIG sub‐route, by producing multiple output
products (hydrogen, power and FT‐fuels) (sub‐route 4) instead of only one output product
(sub‐routes 1‐3). CCS and BIG are complementary technologies and can result in net
negative emissions. However, the implementation of fossil‐CCS or BIG to avoid emissions
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from the in situ SR and/or in situ gas turbine/CHP units could also create a lock‐in effect
for other point sources, because extending a BIG or CCS to other point sources may be
economically preferable due to economies of scale over implementing other mitigation
options. BIG and pyrolysis compete with respect to the production of green fuels.

5.3.5 Sensitivity analysis
The impact of the input parameter values were assessed by doing a sensitivity analysis.
The parameters included in this analysis are: energy prices, annualized capital cost, grid
electricity GHG emission factor, biomass supply chain GHG emissions, CO2 transport &
storage costs, process energy use, and NGCC(‐CHP) efficiency. The variations in the input
parameters are presented in Table 5.9. The combined effect of the parameters on the
results was assessed by calculating an extreme pessimistic and extreme optimistic case, in
which all parameters are set at their least and most favourable values, respectively. The
impact of the varied input parameters is indicated with error bars in the GHG reduction
potential and avoidance costs.

5.4 Results

5

5.4.1 Mitigation options
Figure 5.3 presents the GHG reduction potential and average GHG avoidance cost of the
individual mitigation options for each mitigation category (e.g. EEM, post‐combustion
capture) (see caption Figure 5.3 for explanation). The lower black bars show that the base
case CO2 emissions (4.1 MtCO2‐eq/y) increase to 4.8 MtCO2‐eq/y (2020‐2030) as a result
of the higher MD/G ratio, and possibly to 5.9 MtCO2‐eq/y (43%) due to stricter regulations
on product quality change (see Section 5.3.2). Most error bars in Figure 5.3 are
asymmetric due to uneven uncertainty ranges of the input parameters (annualized capital
costs, efficiency BIG, efficiency CHP, and prices) underlying these bars, and the fact that
certain optimistic changes in input parameters can have a larger effect on the avoidance
costs than pessimistic changes, and vice versa. Lastly, the GHG reduction potentials
mentioned in this section are related to the base case emissions (2012). The absolute
reduction potentials for the years 2020 and 2030 would be higher in case the mitigation
options would have been analysed for the projected CO2 emissions (see Section 5.4.1).
The short and long term EEM show a reduction potential of 1.1 MtCO2‐eq/y, which
corresponds to 28% of the base case emissions, and an average avoidance cost of ‐133
€/tCO2‐eq. The EEM with the lowest avoidance costs are improved energy management &
control, followed by optimisation of the steam distribution systems and fouling mitigation
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Table 5.9: Input parameters and ranges used for sensitivity analysis.
Unit

Medium
value

Range for
sensitivity
analysis

References

€/GJLHV
€/GJLHV

16
10

9‐26
7‐13

Electricity

€/GJe

22

15‐29

Steam (LHV) b
Torrefied wood pellets (TOPS) c

€/GJth
€/GJLHV

12
8.0

8‐15
3.4‐8.8

Woody biomass for pyrolysis
Life cycle GHG emissions
Electricity grid production d
Torrefied wood pellets (TOPS)

€/GJLHV

3.5

2.6‐5.2

IEA (2013)
ECN/PBL (2010); IEA (2010); CBS
(2011); own estimations
ECN/PBL (2010); IEA (2010); CBS
(2011); own estimations
Own value
ConBio (2014); Meerman et al.
(2012b)
PNNL (2013)

kgCO2‐eq/GJe
kgCO2‐eq/GJ

63
7.9

16‐110
4.9‐10.9

Woody biomass for pyrolysis
CAPEX

kgCO2‐eq/GJ

1.9
‐e

1.2‐2.6
±30% for
total
annualized
capital cost

GENERIC
Industrial energy price 2025
Transport fuel a
Natural gas

5

van den Broek et al. (2011)
Batidzirai et al. (2013, 2014a,
2014b)
Ecoinvent (2010)
Berghout et al. (2013)

EEM
±30%
Worrell (2013)
Primary energy savings
GJ/y
‐f
CCS
GJ/tCO2
‐f
±30%
Berghout et al. (2013)
Energy use CO2 capture
25
20‐30
Own values
HP steam from waste heat of the SR
GJth/tCO2
45‐60
Own values
Max. NGCC efficiency (LHV)
%
‐g
Max. NGCC‐CHP efficiency (LHV)
%
90
75‐100
Own values
€/tCO2
16
7‐26 h
ZEP (2011a, 2011b)
CO2 transport & storage costs
BIG
‐i
+15/‐5 j
Own values
Energy efficiency
%‐pt
PYROLYSIS
Energy efficiency
%
70
62‐72
PNNL (2013)
a
The transport fuel price was based on projected developments in the crude oil price. Considering the large uncertainty
in the crude oil price, which is driven by many factors (e.g. market conditions, economic events and forecasts,
geopolitics, oil reserves), extreme crude oil prices of 50 and 150 €/bbl were assumed for the sensitivity analysis; this
translates to a transport fuel price of 9 and 26 €/GJLHV, respectively. A similar price range was used for green transport
fuels.
b
The steam production costs were varied with the range in natural gas price.
c
The method of Meerman et al. (2012b) was adopted to derive the TOPS price range (see also footnote e in Table 5.1). A
high biomass pellet price of 8.8 €2012/GJLHV was used as a high‐end value for the TOPS price. Several literature studies
showed that TOPS prices could decrease to 3.0 €2008/GJHHV (e.g. de Wit et al., 2010; Smeets et al., 2009). Assuming a
HHV/LHV ratio of 1.06 for TOPS (Meerman et al., 2011), this translates to 3.4 €2012/GJLHV, which was used as a low‐end
value for the TOPS price.
d
A large uncertainty range of ±75% was assumed to examine the impact on the GHG reduction potential.
e
The medium value for the CAPEX differs for each technology and is therefore not indicated in the Table.
f
The medium values for the energy use differ for each individual EEM and capture technology and are therefore not
indicated in the Table.
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The medium value for the gas turbine electrical efficiency depends on the size of the installation and is therefore not
indicated in the Table. Usually values of 50‐55% were calculated (see Kuramochi et al. (2010)).
h
The presented cost range is mainly due to the various transport conditions (on‐ and offshore pipelines, volumes (2.5‐20
Mt/y) and distances (180‐1500 km)) as well as storage conditions (on‐ and offshore, depleted gas/oil reservoirs and
saline aquifers, field capacity and well injectivity, new and existing wells, liability transfer costs), and to a lesser degree
to uncertainty in the cost elements (ZEP, 2011a, 2011b).
i
The TOPS input energy demand differs for each BIG sub‐route and is therefore not indicated in the Table.
j
An asymmetric uncertainty range (+15%/‐5%) was used for the BIG technology, as the positive error, partly due to the
improvement potential in the BIG conversion efficiency for the period 2020‐2030 compared to the year 2012, is
expected to be larger than the negative error.

(medium values: ‐172 to ‐166 €/tCO2‐eq). As the avoidance costs are well below the CO2
price range (20‐75 €/tCO2), the EEM can be seen as a non‐regret option.
The CCS cases show significantly higher GHG reduction potentials than the EEM. The
higher reduction potential of the post‐combustion case (3.7 MtCO2‐eq/y; 90%) compared
to pre‐ and oxyfuel combustion is due to the fact that CO2 capture from the SR and
catalytic cracker is impossible in the respective oxyfuel and pre‐combustion case. The CO2
capture from the in situ gasifier shows the lowest avoidance costs (29 €/tCO2‐eq) as this
process requires ‘only’ few additional steps before CO2 is dismissed for transport and
storage5. For all three capture technologies, the avoidance costs of CO2 capture from all
suitable refinery emission sources together (integrated capture cases) are lower than for
CO2 capture from the individual CO2 emission sources, because of economies of scale and
the fact that the low costs for CO2 capture from the in situ gasifier lowers the avoidance
costs of the integrated cases. Oxyfuel and post‐combustion capture show the lowest
avoidance costs for the integrated cases (post: 76 €/tCO2‐eq; oxyfuel: 71 €/tCO2‐eq); the
range of avoidance costs falls partly within the bandwidth of projected CO2 prices.
However, the costs for post‐combustion capture would have been higher in case revenues
and avoided GHG emissions related to export of excess electricity production would have
been excluded6 from the analysis (post: 91 €/tCO2‐eq).
The pyrolysis route shows a GHG reduction potential of 0.9 MtCO2‐eq (21%) and
avoidance costs of 39 €/tCO2‐eq. The small GHG reduction potential is a direct result of
the ‘limited’ size assumed for the pyrolysis train (1,000 MWHHV feed input), which enabled
us to compare the performance with the BIG‐FT sub‐route. The results show that the GHG
5
For CO2 capture from the gasifier, electricity was purchased from the grid rather than generated in a newly installed
CHP unit as this showed lower costs.
6
When excluding credits for electricity export, the monetary value and (indirect) CO2 emissions of both the exported
electricity and natural gas related to this electricity, which was determined on an exergy basis (electricity: 1; heat: 0.28)
(see

Table 5.1), were subtracted from the total emissions and costs.
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Figure 5.3: CO2 emission projections, GHG reduction potential and average GHG avoidance cost of
the individual mitigation options. For each mitigation category, the top blue bar and diamond
represent the GHG reduction potential and avoidance cost of all options within each mitigation
category together (integrated capture case). The error bars show the sensitivity of the results with
respect to the uncertainty in the input parameters. Two errors bars are presented for the avoidance
costs: the sensitivity of the results without varying the natural gas, transport fuel, woody biomass
and TOPS prices (inner range), and the sensitivity of the results including these price variations
(outer range). For CO2 capture from the in situ gasifier, electricity was purchased from the grid
rather than generated in a newly installed CHP unit as this showed lower costs. The CO2 capture
from the CHP unit in the pre‐combustion case is captured using post‐combustion capture as this
shows lower costs than using pre‐combustion capture.
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avoidance costs and emission reduction potential of the pyrolysis and BIG‐FT CCS sub‐
route are comparable.
The large uncertainty ranges, especially for the BIG vent and pyrolysis routes, are due to
stacking of (independent) uncertainties in the underlying input parameters. The high
uncertainties for the BIG vent and pyrolysis routes are mainly because these options
depend strongly on biomass and natural gas (and transport fuel) prices, whereas EEM and
CCS depend predominantly on either natural gas or electricity prices. As the uncertainty
ranges are most likely normally distributed, the extreme values will be less likely than the
medium values.

5.4.2 Deployment pathways
Based on the interaction (Section 5.3.4) and performance (Section 5.4.1) of the individual
and integrated mitigation options, four deployment pathways were investigated:
 Pathway EEM‐OXY – Consecutive implementation of EEM (before and after 2020) and
the CCS technology with the lowest GHG avoidance cost (i.e. oxyfuel combustion);
 Pathway EEM‐POST – Consecutive implementation of EEM (before and after 2020) and
the CCS technology with the lowest impact on the core refinery processes (i.e. add‐on
technology post‐combustion capture);
 Pathway EEM‐BIG‐vent – Consecutive implementation of EEM (before and after 2020)
and BIG vent.
 Pathway EEM‐BIG‐CCS – Consecutive implementation of EEM and BIG CCS7.
In all four pathways, EEM are implemented first due to their negative avoidance costs. The
biomass utilisation pathway BIG was chosen instead of pyrolysis due to the large
uncertainty in the input parameters of the latter option.
Marginal cost abatement curves were constructed for all four pathways, starting with the
option with the lowest GHG avoidance cost (see Figure 5.4‐Figure 5.7). The curves show
the medium values of the computed emission reduction potentials and marginal
avoidance costs, i.e. the costs per tonne CO2‐eq avoided of the last implemented
mitigation option. The overlap among the mitigation options was taken into account. An
overview of the results on the pathways and the individual mitigation categories is
presented in Table 5.10.

7

Low‐cost CO2 capture from the in situ gasifier is included in this pathway as there is already a CCS infrastructure
available.

199

5

Chapter 5

5

Figure 5.4: Marginal abatement cost curve for pathway EEM‐OXY. GF, SR, CAC, F and CHP stand for
gasifier, steam reformer, catalytic cracker, furnaces and combined heat power, respectively.

Figure 5.5: Marginal abatement cost curve for pathway EEM‐POST. GF, SR, CAC, F and CHP stand for
gasifier, steam reformer, catalytic cracker, furnaces and combined heat power, respectively.
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The total GHG reduction potentials of pathways EEM‐OXY and EEM‐POST are 3.5 MtCO2‐
eq/y (85%) and 3.8 MtCO2‐eq/y (92%), respectively. When comparing the reduction
potentials to the projected refinery CO2 emissions in 2030, the potentials are reduced to
59% (EEM‐OXY) and 64% (EEM‐POST). In the pathways EEM‐OXY and EEM‐POST, EEM is
followed by CO2 capture from the in situ gasifier (30 €/tCO2‐eq). Although CO2 capture
from the high‐pressure process gas of the in situ SR is not an oxyfuel technology, this
option was also included in pathway EEM‐OXY – second point source from which CO2 is
captured – to maximise emission reductions. The EEM and CCS options show large
interactions: EEM lower the emission reduction potential of CCS. In pathways EEM‐OXY
and EEM‐POST, 24%pt and 26%pt, respectively, are reduced less than when CCS is applied
without EEM (see Table 5.10). In total, only 4%pt and 2%pt emissions, respectively, are
reduced more in the pathways than when only CCS is applied. Nevertheless, the average
avoidance costs of the entire pathways are substantially lower (EEM‐OXY: ‐67 €/tCO2‐eq;
EEM‐POST: ‐62 €/tCO2‐eq) than when applying only CCS due to the negative avoidance
cost of the EEM. The marginal avoidance costs of the integrated CCS cases for both post‐
and oxyfuel combustion are lower than of most individual CCS options, mainly due to
economies of scale of the capture equipment (and CHP plants).
Pathways EEM‐BIG‐vent and EEM‐BIG‐CCS show GHG reduction potentials of 3.2 MtCO2‐
eq/y (79%) and 6.3 MtCO2‐eq/y (154%, i.e. net negative emissions), respectively. When
comparing the GHG reduction potentials of the pathways with the projected refinery CO2
emissions in 2030, the reduction potentials decrease to 55% (EEM‐BIG‐vent) and 108%
(EEM‐BIG‐CCS), respectively. The EEM lowers the emission reduction potential of BIG less
than that of CCS (BIG vent: ‐10%pt; BIG CCS: ‐14%), because most EEM are heat related
and do not interact with BIG (see Table 5.10). The EEM interacting with the BIG‐CHP sub‐
route are energy management & control, motors & pumps and steam distribution system.
These EEM reduce primary energy input of the gas turbines/CHP’s with 30%, which cannot
be reduced anymore via the BIG‐CHP sub‐route. Similarly, the BIG‐H2 sub‐route interacts
with the EEM hydrogen management & recovery, which lowers the natural gas input of
the hydrogen production process with 2%8; this leaves a smaller reduction potential for
the BIG technology9. The reduction in average avoidance costs of the pathway compared
to applying only BIG (EEM‐BIG‐vent: ‐48 €/tCO2‐eq; EEM‐BIG‐CCS: ‐19 €/tCO2‐eq) is smaller
than for pathways EEM‐OXY and EEM‐POST, but still considerable. The uncertainties in
average avoidance costs for both pathways (EEM‐BIG‐vent: ‐180 to 100 €/tCO2‐eq; EEM‐
8

In reality, the interaction between the EEM hydrogen management & recovery and the BIG‐H2 sub‐route will be smaller
as not all the energy savings are related to the SR unit, but also to the hydrogen distribution system, which does not
show interactions with the BIG‐H2 sub‐route.
9
It was assumed that the EEM turbine pre‐coupling, which uses the exhaust gas of a newly built gas turbine to supply
heat to the in situ SR furnace, can be used together with the BIG‐H2 sub‐route as well.
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Figure 5.6: Marginal abatement cost curve for pathway EEM‐BIG‐vent.

Figure 5.7: Marginal abatement cost curve for pathway EEM‐BIG‐CCS.
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GHG emissions avoided
Reduction base case 2012
Upfront investment cost
Average GHG avoidance cost

Pathway EEM‐OXY
GHG emissions avoided
Reduction base case 2012
Upfront investment cost
Average GHG avoidance cost
Pathway EEM‐POST
GHG emissions avoided
Reduction base case 2012
Upfront investment cost
Average GHG avoidance cost
Pathway EEM‐BIG‐vent
GHG emissions avoided
Reduction base case 2012
Upfront investment cost
Average GHG avoidance cost
Pathway EEM‐BIG‐CCS

MtCO2‐eq/y
%
∙103 M€
€/tCO2‐eq

MtCO2‐eq/y
%
∙103 M€
€/tCO2‐eq

MtCO2‐eq/y
%
∙103 M€
€/tCO2‐eq

MtCO2‐eq/y
%
∙103 M€
€/tCO2‐eq

Unit

1.1
28%
0.2
‐133

EEM
1.1
28%
0.2
‐133
EEM
1.1
28%
0.2
‐133
EEM
1.1
28%
0.2
‐133
EEM
5.0
140%
0.8
31

Oxyfuel
3.3
81%
0.8
71
Post‐combustion
3.7
90%
0.7
76
BIG vent
2.5
61%
0.8
34
BIG CCS

No interaction
Individual mitigation category

1.1
28%
0.2
‐133

EEM
1.1
28%
0.2
‐133
EEM
1.1
28%
0.2
‐133
EEM
1.1
28%
0.2
‐133
EEM

Oxyfuel
2.3
57%
0.6
71
Post‐combustion
2.6
64%
0.6
77
BIG vent
2.1
51%
0.7
52
CCS in situ gasifier
+ BIG‐CCS
5.2
126%
0.8
39

With interaction
Pathway

0.1
‐14%pt
0.0
8

Total
3.5
85%
0.7
4
Total
3.8
92%
0.8
14
Total
3.2
79%
0.9
‐13
Total
6.3
154%
0.9
12

1.3
14%pt
0.2
‐19

Comparison
Difference pathway with
individual mitigation category
Oxyfuel
Total
‐1.0
0.2
‐24%pt
4%pt
‐0.2
0.0
0
‐67
Post‐combustion
Total
‐1.0
0.1
‐26%pt
2%pt
0.0
0.1
1
‐62
BIG vent
Total
‐0.4
0.7
‐10%pt
18%pt
0.0
0.1
18
‐48
BIG CCS
Total

Table 5.10: GHG emission reduction potential and costs of applying one individual mitigation category to the refinery (column 2, as also
presented in Figure 5.3) and of the four studied pathways in which the interactions among mitigation categories are taken into account (see
column 3). The EEM are the first mitigation category to be implemented in all four pathways and are therefore similar to the values as presented
in column 2. Column 4 presents the difference between the reduction potential and costs of the individual mitigation category and the pathway.
The costs and GHG emission reduction potentials of CCS and BIG apply to the integrated cases. The abbreviation %pt stands for percentage
point.
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BIG‐CCS: ‐93 to 81 €/tCO2‐eq) are higher than for CCS pathways EEM‐OXY and EEM‐POST,
mainly due to their high dependence on energy prices. Similar to the CCS pathways, the
marginal avoidance costs of the integrated options are lower than for most individual BIG
options, and are around the upper end (75 €/tCO2) of the CO2 price range. The difference
in the GHG reduction potential of the BIG‐IG CCS option (6.3 MtCO2‐eq/y) and individual
BIG CCS options (7.0 MtCO2‐eq/y) in the EEM‐BIG‐CCS pathway is because of the lower
amount of CO2 captured in the integrated case10. The GHG reduction potential of the
pathway with the BIG‐IG CCS option could be enhanced to 7.0 MtCO2‐eq/y as well by
designing the BIG facility differently11, which would result in slightly higher avoidance
costs. However this option was not examined in this study.

5

Under full deployment, the cumulative upfront investment costs for the BIG pathways (0.9
billion euros) are higher than for EEM‐OXY (0.7 billion euros) and EEM‐POST (0.8 billion
euros), but all four pathways show large uncertainty ranges of ±0.3‐0.4 billion euros.
Significant reductions in investment costs (0.1‐0.3 billion euros) can be achieved by
integrating the CCS and BIG mitigation options in one CCS or BIG facility. Note that up to
an emission reduction of 45%, the performance of the pathways is rather similar as they
all start with EEM and three of them follow with CO2 capture from the in situ gasifier. The
avoidance costs of the pathways start to differ for higher emission reductions. Although
the average avoidance cost of pathway EEM‐BIG‐CCS is higher than for EEM‐OXY and
EEM‐BIG‐vent under full deployment, the average and marginal avoidance costs are
lowest up to 6.1 MtCO2/y avoided. However, next to the techno‐economic performance,
the feasibility of the pathways also depends on the availability of a sustainable biomass
supply chain and/or a CCS infrastructure as well as the operator’s willingness to use novel
technologies and (partly) abandon conventional operational processes. While the EEM‐
POST pathway involves relatively little changes in the process units, the EEM‐OXY pathway
already requires more modifications. The BIG pathways are new concepts that completely
differ from the core refinery process.

10

In the BIG‐FT CCS and BIG‐IG CCS facilities the CO2 capture unit is placed after the sour WGS and AGR units. However,
the syngas needs to be further shifted in a sweet WGS unit for the production of hydrogen, power and steam. The CO2
formed during this reaction is not captured but vented to the atmosphere, resulting in a lower total amount of CO2
captured than in the individual BIG facilities together. This effect is reinforced by the fact that the syngas composition in
the BIG‐IG facility is geared towards a low H2:CO ratio, which is necessary for the production of the FT fuels, but sub‐
optimal for the production of the hydrogen, power and steam. Consequently, more CO2 is created in the sweet WGS
unit.
11
This issue can be tackled by installing an additional CO2 capture unit after the sweet WGS unit, which would increase
the avoidance cost of the BIG‐IG CCS facility. This option would still be cheaper than implementing three individual BIG
facilities separately.
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5.5 Discussion and conclusion
This section starts with a comparison of the results with other literature studies (Section
5.5.1). Subsequently, the context and main limitations of the analysis will be described
(Section 5.2). Finally, conclusions are drawn based on the results (Section 5.5.3).

5.5.1 Comparison with other studies
The results were compared with findings in other studies by converting these findings to
€2012 (see Table 5.11). Note that other dissimilarities (i.e. input parameters and system
boundaries) were not considered unless otherwise indicated. The total GHG reduction
potential of the EEM (20‐36%) was found to be in line with figures in other studies
investigating the EEM in US (20‐30%) and European (20‐50%)12 (Ecofys, 2009) refineries.
However, lower values (10‐20%) were found by Szklo and Schaeffer (2007), which can be
explained by: (i) the refinery specific GHG reduction potential; (ii) the exclusion of
particular EEM from their analysis due to unfavourable economics and/or practical issues.
The medium values for the GHG avoidance costs indicated by Ecofys (2009) fall within the
cost uncertainty ranges found in this study; however, less optimistic values were reported
by Holmgren and Sternhufvud (2008). A more detailed analysis into the costs and practical
issues related to the EEM in the studied refinery is therefore recommended. For the CCS
cases, only the capture costs were compared, i.e. the costs for the CO2 transport and
storage step were subtracted from the avoidance costs found in this study. The average
avoidance costs for post‐combustion capture are in agreement with Johansson et al.
(2013), but are partly lower than the findings of Kuramochi et al. (2012a), which can be
(partly) explained by the large economic scale effects and high revenues for electricity sale
in our own study. The emission reductions are similar to the values reported in the other
two studies. The emission reductions and avoidance costs of the oxyfuel and pre‐
combustion cases are in line with other studies (Berghout et al., 2013; Kuramochi et al.,
2012a). The avoidance costs of the BIG fuel case of Knoope et al. (2013) are almost similar
to our own findings. Finally, due to lack of data on avoidance costs for pyrolysis fuel
production with a similar production process as used in this study – which was based on
NREL data (PNNL, 2013) – the production costs of the first production step, the actual
pyrolysis, which is similar in most studies covering fast pyrolysis, were compared. A
generic equation presented by Bridgwater (2012) was used to compute the bio‐oil
production cost; this figure is in agreement with the cost value range found in this study.

12

The high end value refers to old and inefficient refineries with an extremely high reduction potential.
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Table 5.11: Comparison of results with other studies. The results (representing full uncertainty
range) from the present study are highlighted in bold. The values reported in other studies are cost
uncertainty ranges, unless otherwise indicated in the table notes. The results for CCS exclude costs
for CO2 capture from the gasifier and CO2 transport & storage for the sake of comparison.

EEM

Post‐combustion
(integrated)

5

Oxyfuel
combustion
(integrated)
Pre‐combustion
(integrated)

GHG reduction
potential (%)
20‐36
20‐50
20‐30
8‐22

Geographical
scope
NW Europe
Europe
US
Sweden

Aggregation
level
Refinery
Sector
Sector
Refinery

Economics
(€2012/tCO2‐eq)
‐226 to ‐33
‐150 to ‐102 a
N/A
‐98 to ‐27

10‐20

Brazil

Sector

N/A

5‐20
66‐75 b
61‐77 b
59
62‐63
77

Europe
NW Europe
Not indicated
Worldwide
NW Europe
Worldwide

Sector
Refinery
Sector
Sector
Refinery
Sector

N/A
45 ‐ 167
40 ‐ 130 c
104 ‐ 168
53 ‐ 106
52 ‐ 81

Reference

Ecofys (2009)
Worrell et al. (2013)
Holmgren and
Sternhufvud (2008)
Szklo and Schaeffer
(2007)
Johansson et al. (2012a)
Johansson et al. (2013)
Kuramochi et al. (2012a)
Kuramochi et al. (2012a)

65
NW Europe
Refinery
54 ‐ 152
64‐82
Netherlands
Refinery
87 ‐ 90 d
Chapter 2
BIG‐FT vent
11‐25
NW Europe
Refinery
64 ‐ 123 e
N/A
NW Europe
Plant
82 ‐ 137
Knoope et al. (2013)
BIG‐FT CCS
48‐60
NW Europe
Refinery
41 ‐ 65
N/A
NW Europe
Plant
38 ‐ 66
Knoope et al. (2013)
Bio‐oil
17‐23
NW Europe
Refinery
137 to 266
N/A
Worldwide
Plant
127 to 268
Bridgwater (2012)
a
These are medium values; the referenced study did not present uncertainty ranges.
b
The GHG reduction potential of this study and Johansson et al. (2013) include CO2 capture from the NGCC‐CHP,
whereas this is not included in Kuramochi et al. (2012a).
c
The range only covers the cases with an NGCC‐CHP as energy plant for post‐combustion capture as presented in
Johansson et al. (2013).
d
These are medium values; the sensitivity of these results were explored by doing a sensitivity analysis for each input
parameter. However, no cumulative cost uncertainty range is available.
e
The values were recalculated by using the natural gas price (6 €/GJ), TOPS price (6.7 €/GJ) and crude oil price (73 €/bbl)
of Knoope et al. (2013).

5.5.2 Discussion of data quality, method and results
One of the main strengths of this study’s method is that it makes uncertainties explicit.
Moreover, it clearly demonstrates the pros and cons of various deployment pathways.
Unlike deterministic approaches used by other literature studies, our method enables
stakeholders to determine which uncertainties should be diminished to make the risks
related to the deployment pathways acceptable. Furthermore, it shows which
uncertainties are inherent to the technologies and pathways and cannot be influenced,
such as energy prices. Next to the techno‐economic performance, uncertainties and risks
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will play a key role in GHG emission mitigation strategies of firms. The wide error bars
demonstrate large uncertainty in the results. However, as the extreme pessimistic and
optimistic cases are much less likely than the medium values, the method provides good
first estimations of the costs and GHG emission reductions of the studied technologies and
deployment pathways. A Monte Carlo analysis would be a valuable next step to quantify
the probability distribution of the uncertainty ranges. Three main points of discussion are
described in this subsection.
The first issue concerns paucity of data on refinery processes and mitigation options.
Several assumptions were made regarding capacity factors and efficiencies of process
units (e.g. furnaces and gas turbines) as well as on the hydrogen production output due to
limited data on core refinery processes. The effect of these assumptions on the final
results is, however, expected to be minor. For the same reason, the pyrolysis and FT‐fuel
production routes were examined as additional output products (processed in new
equipment) rather than substitutes of fossil gasoline and diesel. Integrating these
mitigation options into the refinery could significantly reduce avoidance costs (Johansson,
Daniella et al., 2014). Also the CCS options show potential for future cost reductions by
using advanced post‐combustion solvents and via higher oxygen and hydrogen production
efficiencies (Damen et al., 2006). Due to a lack of data on investment costs for EEM, costs
for EEM were derived using the simple payback period equation. More reliable data is
needed to assess the CCS and EEM options in further detail. Despite these uncertainties
caused by input data, EEM will most likely remain more cost effective than the CCS and
BIG options considering the outcome of the sensitivity analysis and costs reported in other
literature studies. However, the ranking in terms of costs between the CCS and BIG
options is much more uncertain. Several mitigation options (e.g. low‐grade waste heat
utilisation for district heating and geothermal energy) were not investigated in this study,
but could show promising from a GHG reduction perspective. Golombok and Beintema
(2008) report that under favourable conditions, utilising geothermal energy for process
heating could have a high financial reward for a large scale refinery, but risks are currently
too high and R&D is required before this process will become economically viable.
Second, the cost estimates of the mitigation options should be viewed with caution.
Although techno‐economic input data stem from studies covering multiple data sources,
these figures are not tailored to the case refinery. Furthermore, all the input cost data
pertain to technologies that are commercially mature, assuming the costs of advanced
EEM, CCS and biomass options will decline over time as a result of technological learning.
Yet, this will depend strongly on the deployment of these technologies over the coming
decades. Moreover, it should be noted that several factors affecting the practical
feasibility and economic performance of the mitigation options have been neglected, such
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as the creation of space for new process equipment and biomass storage, (production
losses due to) retrofit and lower process reliability. A rough calculation by the authors
indicates that biomass storage should be practically feasible13, but more detailed research
is needed. Another issue is that hydrogen production via TOPS gasification will result in
less O&M expenses, but also undepreciated capital costs for conventional hydrogen
production in the in situ SR; these costs have not been taken into account. Although most
of these neglected factors probably fall within the (normally distributed) uncertainty
ranges used for the most important input parameters underlying the analysis, more
research is desirable to acquire more accurate results. The avoidance costs of some
mitigation options include economic revenues and avoided GHG emissions related to the
sale of excess electricity or steam produced in the process. One might argue whether
these revenues should be taken into account or not. When excluding credits for electricity
sale, the avoidance cost of the integrated post‐combustion, BIG‐FT vent and BIG‐FT CCS
cases would increase from 76 to 91 €/tCO2‐eq, 54 to 108 €/tCO2‐eq and 37 to 51 €/tCO2‐
eq, respectively. Finally, it should be mentioned that the computed avoidance costs also
depend on the regional scope. The high European natural gas price used in this study (10
€/GJ) results in high avoidance costs for the pre‐combustion option; in the US, however,
pre‐ and post‐combustion capture will perform much better due to the lower natural gas
price, which was on average around 3 €/GJ in 2012 (EIA, 2014).
Third, the CO2 emission projections for the case refinery are uncertain. The projections for
the year 2030 are based on several assumptions related to the case refinery, such as an
increase in the MD/G ratio and a constant total product output, which in turn is based on
the premise that the complex case refinery will be more likely to survive in the market
than simple refineries. The CO2 emission increase was also based on the CONCAWE model,
for which several assumptions were made regarding the EU car fleet in 2030 (CONCAWE,
2013). Despite these uncertainties the projections help to understand how and why CO2
emissions will grow in the future. The combined effect of an increasing MD/G ratio and
stricter product quality regulations will increase the hydrogen demand, while the output
of the catalytic cracker, which is geared towards a high gasoline output, will decline. As a
result, the potential for CO2 capture from the SR, which is a high‐concentration CO2 point
source, may be higher than indicated in the results, whereas the opposite is true for the
catalytic cracker. This effect has not been examined in this study due to limited data
13

Calculation based on a calorific value of 19‐23 MJLHV/kg (Batidzirai et al., 2013), a bulk TOPS density of 750‐850 kg/m3
(Batidzirai et al., 2013), and a dome‐shaped storage facility with a diameter of 63 m, a height of 50 m and a volume of
110,000 m3 that is used for the Drax power station in the UK (RPS, 2015). As the TOPS storage capacity for the case
refinery for one week is lower (± 61,000 m3), a smaller dome would suffice (either with a smaller diameter (40 m) or
lower height (22 m)). Considering the space availability on the refinery site, placing such a dome should be practically
feasible. Furthermore, (part of the) biomass could be stored in river barges until unloading to the storage domes is
possible.
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available on the core refinery processes that is needed to allocate the future emission
increases to the specific CO2 point sources.

5.5.3 Conclusions
This study presents a method to identify and assess optimal deployment pathways for
GHG emission reductions in an industrial plant by examining potential mitigation options.
The method was demonstrated for a large, complex petroleum refinery in northwest
Europe with annual CO2 emissions of 4.1 Mt/y in 2012.
Most energy efficiency measures (EEM) are commercially available in the short term
(<2020). For the period 2020‐2030, a few other EEM as well as CCS (post‐, pre and oxyfuel
combustion), biomass gasification (BIG) and fast pyrolysis were identified. The EEM were
found to be a non‐regret option due to its negative avoidance costs. However, the GHG
reduction potential of EEM is limited to 28%, so a combination with other mitigation
options is required to reach deep emission reductions. Based on the performance and
interaction among mitigation options, four deployment pathways were identified and
assessed. They all start with EEM and are followed by oxyfuel combustion, post‐
combustion capture, BIG vent or BIG CCS. Examples of interactions among mitigation
options are the decrease in each other’s GHG reduction potential (e.g. between EEM and
CCS) and cost synergies (e.g. between BIG and CCS).
A pathway of EEM and BIG CCS was found to be most cost‐effective under medium
assumptions, regardless of the emission reduction target, mainly because of the cost
synergies between BIG and CCS. Furthermore, this pathway has the largest GHG reduction
potential (6.3 MtCO2‐eq/y; 154% compared to 2012 base case), which translates to net
refinery emissions of ‐2.2 MtCO2‐eq/y (i.e. negative emissions). Even when considering the
projected refinery CO2 emissions for the year 2030, the GHG reduction potential is still
108%. Up to an emission reduction of 45%, the performance of the pathways is rather
similar as they all start with EEM and three of them follow with CO2 capture from the in
situ gasifier. To reach this target, an upfront investment of nearly 0.2 billion euros is
needed. When aiming for a 75% emission reduction target (3.1 MtCO2‐eq), the EEM‐BIG‐
CCS pathway is most cost effective with average avoidance cost of around ‐25 €/tCO2‐eq.
In comparison, the most cost‐effective CCS pathway (EEM‐OXY) was evaluated at average
avoidance costs of ‐5 €/tCO2‐eq. The negative average avoidance costs of the pathways
are due to the deep negative avoidance cost (i.e. economic revenues) of the EEM (‐133
€/tCO2‐eq). Under full deployment, the EEM‐BIG‐CCS pathway requires higher upfront
investment costs (0.9 billion euros) than the oxyfuel pathway (0.7 billion euros), although
both pathways show large uncertainty ranges of ±0.3‐0.4 billion euros. Furthermore,
higher uncertainties in avoidance costs are involved in the BIG pathway, as it depends on
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several energy prices (biomass, natural gas, electricity, transport fuels). The uncertainty
ranges of the marginal avoidance cost of the integrated oxyfuel (44 to 115 €/tCO2‐eq),
post‐combustion (54 to 111 €/tCO2‐eq) and BIG CCS (‐64 to 98 €/tCO2‐eq) options in their
respective pathways fall partly within the projected CO2 price range (20‐75 €/tCO2) of the
IEA’s World Energy Outlook for the year 2030. The uncertainties are mainly related to
energy prices and techno‐economic input parameters. Given the large overlap in costs, the
ranking of the CCS and BIG pathways is by no means conclusive. Next to the techno‐
economic performance, the feasibility of the pathways will depend on the deployment of
biomass supply chains and/or a CCS infrastructure, and the operator’s willingness to use
novel, unconventional technologies, such as advanced desulphurization systems, CCS
and/or BIG.

5

To conclude, the method has proven useful to identify and assess deployment pathways
for emission reductions based on different evaluation criteria (GHG avoidance cost, GHG
reduction potential, upfront investment cost). In principle, the method can be used for
industrial plants across different sectors. More insight and detailed data on core processes
is required to assess the techno‐economic performance of mitigation options that involve
the replacement of conventional processes by new processes (e.g. BIG‐FT and pyrolysis
routes). Overall, the integrated assessment of this method creates a better understanding
of the joint potential of mitigation options in industry and provide valuable input for
strategies to combat climate change.
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5.6 Appendix I
Future trends were analysed to make projections for the baseline GHG emissions for the
years 2020 and 2030. Johansson et al. (2012a) and Rootzén and Johnsson (2013) analysed
scenarios on future market trends and trends for fuel quality in the EU refinery sector by
reviewing studies from government and industry organisations (a.o. CONCAWE, 2008;
European Commission, 2009) and by collecting data from the EU statistical database. This
approach was adopted for the present study and updated using additional studies
(CONCAWE, 2013; Europia, 2012). Furthermore, the approach was extended to the global
level based on the World Energy Outlook (WEO) 2013 (IEA, 2013), Energy Technology
Perspective (IEA, 2012), and Global Energy Assessment (GEA, 2012). The following trends
have been observed:
 The global refining sector will be re‐shaped in the coming decades owing to a declining
oil demand in the OECD countries alongside an increasing demand in non‐OECD areas
like Asia and the Middle East. Following liquid fuel demand, future refinery capacity
additions are expected in non‐OECD countries. The future global refinery capacity
additions, however, will depend strongly on the crude oil demand increase, which
ranges from 0.0 to 1.0 Gt/y (‐3 to 42 EJ/y)14 for the year 2030 compared to 2012 in the
different scenarios of the WEO. For 2012, an excess global crude oil refinery capacity
was calculated of around 0.2 Gt/y (11 EJ/y). At the same time, new refinery projects
with a total crude oil capacity of over 0.5 Gt/y (22 EJ/y) have been announced by
several countries (IEA, 2013). This overhang will lead to more competition for
internationally traded crude and result in capacity cuts, especially in the United States
and the EU where crude oil demand is expected to decline and refineries are older and
less sophisticated than in other parts of the world. Strains on the oil refining industry
will be amplified by a growing share of fuels (biofuels and oil supply coming from
natural gas and coal) bypassing the refining system. Another notable trend is the global
shift in demand from heavy (i.e. fuel oils and marine fuels) and light distillates (i.e.
gasoline and naphtha) to middle distillates (i.e. diesel and jet fuel). In the EU, a
constant increase in the middle distillates/gasoline (MD/G) ratio can be observed as a
result of transport and fiscal policies that favour diesel use over gasoline. If there will
be no reversal in policies, significant investments are required in new processing
capacity – mainly hydrocracking, coking and desulphurization – to accommodate these
throughput trends. The EU demand for fossil‐based refined products is expected to
14

The original values in the underlying sources were given in million barrels per day (md/d) or EJ/y. For crude oil, an
energy content of 6.12 GJ/bbl and a density of 0.14 t/bbl crude oil were assumed to compute the values presented in
this study.
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decline over the coming decades from 709 Mt/y (30 EJ/y) in 2008 to 603 Mt/y (26 EJ/y)
in 2030, caused in large part by legislative mandates to improve vehicle efficiency and
increase the share of alternative fuels (e.g. biofuels, electricity, hydrogen) (CONCAWE,
2013). Despite the fall in total energy use in the EU refinery sector, the specific refinery
energy consumption and CO2 emissions are expected to rise due to higher demand for
MD products15. The overall EU refining capacity is projected to drop with 0.4 Mt/d (6
EJ/y) up till 2035 owing to the combination of declining North Sea crude oil output,
increased global competition, and loss of gasoline export markets (IEA, 2013).
 Legislation on fuel quality (mainly sulphur and aromatic levels) has been tightened over
the last decades in several parts of the world, including the EU, and will become more
stringent in the future. In the EU, more stringent standards will follow for marine fuels
in the coming decade. Stricter quality specifications require significant investments in
additional fuel purification capacity, resulting in higher specific energy requirement
(SER) and concomitant CO2 emissions.

5

Both trends are expected to partly affect the CO2 emission profile of the case refinery. As
indicated by Johansson et al. (2012a), complex refineries can rather easily diversify and
change the product output mix, which enables them to cope with changes in fuel demand,
and are thus more likely to survive in a competitive environment than simple
hydroskimming refineries with low conversion capacity that need to make large
investments in new processing capacity. Although the overall EU demand for refined
product declines, it was assumed that the current product output level of the case refinery
will be maintained. Nevertheless, the SER and CO2 emissions in the refinery were assumed
to increase as a result of the increasing MD/G ratio. Quantitative projections of future CO2
emissions in the EU refining industry as a result of changes in the MD/G ratio and fuel
quality requirements were made based on the refining model of the CONCAWE
association (2013, 2008). Based on a projected increase in the MD/G ratio from 2.4 in
2012 to 2.8 in 2020 and 3.3 in 2030 in the CONCAWE base case scenario, the specific
refinery CO2 emissions (tCO2/t product) were found to increase with 8% in 2020 and 17%
in 2030 compared to 2012. Assuming the relative change in total CO2 emissions for the EU
refining sector applies to the individual refinery as well, this corresponds with additional
CO2 emissions of 0.3 MtCO2/y in 2020, increasing to 0.6 MtCO2/y in 203016. Furthermore,
as a result of planned stricter quality regulations, the case refinery’s CO2 emissions were
found to increase with 11% up till 2020 (0.5 MtCO2/y) compared to 2012. The planned
15

As MD production requires much higher amounts of hydrogen than gasoline production, and hydrogen production is
an energy‐intensive process, the overall balance tends towards increased energy use and CO2 emissions at high MD/G
ratios.
16
Ideally, the additional CO2 emissions at the refinery level would be computed on basis of the mass flows and
additional hydrogen demand. However, this was impossible due to limited data availability on the core refinery
processes. The CO2 projections are therefore indicative in nature (see also Section 5.5).
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tightening in regulations applies particularly to marine fuels. Additional legal changes
applying to other refinery products (e.g. gasoline, jet fuel, diesel, heating oil and heavy
fuel oil) might be introduced in the period 2020‐2030. These potential product quality
changes could result in an increase of 16% (0.6 MtCO2/y) in the refinery’s CO2 emissions
compared to 2012.

5

213

5

214

6

Method for identifying drivers, barriers and
synergies related to the deployment of a CO2
pipeline network

Niels Berghout, Helena Cabal, João Pedro Gouveia, Machteld van den Broek, André Faaij
Published in: International Journal of Greenhouse Gas Control 41 (2015), pp. 82‐106.
ABSTRACT
This chapter provides a method to identify drivers, barriers and synergies (DBS) related to
the deployment of a CO2 pipeline network. The method was demonstrated for the West
Mediterranean region (WMR) (i.e. Spain, Portugal and Morocco). The method comprises a
literature review, analysis of embedded pipeline trajectories, interviews with experts, and
workshops with stakeholders. Subsequently, the collected information was used to
identify route specific DBS in several CO2 pipeline network deployment scenarios that
were modelled for the WMR. Most identified DBS apply to CO2 pipeline transport in
general. The barriers (e.g. technical knowledge gaps, outstanding legislative issues, lack of
financial incentive) can in principle be tackled to make the design, construction and
operation of a CO2 pipeline network possible, but could sometimes lead to somewhat
higher costs. Furthermore, there are also facilitating processes (e.g. experience with CO2
pipeline transport for EOR). Cost benefits due to pipeline oversizing were identified as a
route specific driver, whereas crossings of mountains, water and nature areas are route
specific barriers. Installing CO2 pipelines along natural gas pipelines could be either a route
specific synergy or barrier, depending on site conditions. Finally, several key measures
were proposed to enable CO2 pipeline networks in the future.
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6.1 Introduction

6

CO2 Capture and Storage (CCS) can play a key role in a portfolio of greenhouse gas
emission (GHG) reduction options needed to achieve the stabilisation target of 450 ppmv
CO2‐equivalent (IEA, 2012). A key condition to the worldwide proliferation of CCS is the
development of large‐scale transport networks, which will form the essential link between
the carbon capture and storage step. First estimations of the International Energy Agency
(IEA, 2010) indicated that extensive worldwide pipeline networks of between 200,000 and
550,000 km would be required, depending on the configurations of the networks, to avoid
approximately 8.2 GtCO2 in 2050, which is around 19% of the necessary reduction
worldwide (Knoope et al., 2013). The large‐scale deployment of pipeline networks as
envisioned by the IEA requires timely and stable action (GCCSI, 2012). Region‐specific
roadmaps are needed to deal successfully with all aspects of CO2 network development,
including measures to remove potential barriers related to pipeline technology,
legislation, policy, economics, finance and organisation, which could hamper the
deployment of pipeline infrastructures (Element Energy Limited, 2010a; GCCSI, 2012). In
addition, efforts should be made to exploit the existing experience and knowledge base
accumulated with conventional pipeline transport and CCS demonstration projects, which
could drive and expedite the development of CO2 pipeline networks. A comprehensive
overview of relevant and important drivers, barriers and synergies (DBS) is, therefore,
desirable to serve as input for region‐specific roadmaps.
Several studies aimed to identify DBS related to CO2 transport infrastructures. These
studies are mainly based on literature reviews and desktop research (e.g. ICF
International, 2009; Insight Economics, 2011; Wu and Ramírez, 2010). Some analyses also
included interviews with stakeholders to gauge their views on various aspects of a
potential CCS network (e.g. ICF International, 2009; Mikunda et al., 2011b), studies of
pipeline trajectories transporting hydrocarbons or other substances to draw lessons from
other pipeline industries1 (NERA Economic Consulting, 2009a, 2009b), or both
(Chrysostomidis and Zakkour, 2008). Research carried out by Element Energy Limited
(2010b, 2010c) comprised workshops with groups of stakeholders, but excluded the
analysis of analogue pipeline trajectories. Whereas some of these studies (e.g. Element
Energy Limited, 2010b) covered multiple aspects (i.c. technology, legislation, policy,
economics, finance and organisation) of CO2 pipeline networks, most studies (e.g. DECC,
1

Several studies (e.g. NERA Economic Consulting, 2009a, 2009b) draw an analogy between pipelines carrying
anthropogenic CO2 and pipelines carrying other substances (mainly natural gas) due to the large overlap in design,
construction and operation practices, which allows for the identification of DBS related to CO2 pipelines. In this study,
existing pipeline trajectories from which lessons are drawn for future CO2 pipelines are referred to as ‘analogue pipeline
trajectories’.
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2010; ICF International, 2009) focused on merely one or two aspects (i.c. technology and
legislation). In addition, nearly all referenced studies originate from industry. To the
authors’ knowledge, a comprehensive and consistent, yet thorough method, including all
the aforementioned data collection methods and aspects, to identify the DBS for a
regional pipeline network is currently not available in the scientific literature.
The main objective of this study is, therefore, to provide a method for the DBS related to
the deployment of a regional CO2 pipeline network. The DBS cover the aspects of
technology, legislation/policy, economics/finance and organisation. Although relevant, the
aspect of public perception was excluded from the analysis as the topic was too broad for
the scope of this study. In this study, the West Mediterranean region (WMR) (i.e. Spain,
Portugal and Morocco) was selected as a case study to demonstrate the method. Such an
inventory has hitherto not been carried out for this region. In the COMET project2, the
potential role of CCS in the WMR as well as several possible CO2 pipeline networks have
been modelled (Gouveia et al., 2013; Kanudia et al., 2013, 2012a, 2012b, 2012c; van den
Broek et al., 2013b) (see Section 6.2). The results showed that CCS can play an important
role in the WMR to achieve deep CO2 emission reductions. Moreover, the WMR is a
suitable region for CCS considering its large CO2 storage capacity, mainly in the form of
saline aquifers, but also oil and gas fields (Martínez and Carneiro, 2011). If CCS will take off
on a large scale, the Iberian Peninsula (and Morocco) will likely form its own integrated
CO2 pipeline network with no connections to central and northwest Europe, due to the
large distances involved and the mountain ranges in between (Mikunda et al., 2011b; van
den Broek et al., 2013a). Furthermore, the heterogeneity among the countries in terms of
economic development and legal framework (EU vs. non‐EU) could possibly result in the
identification of drivers, barriers and synergies (DBS) that are currently still unknown. In
addition to generic DBS, this study aims to identify and assess specific DBS related to the
CO2 pipeline network configurations and deployment pathways modelled in the COMET
project.

6.2 Method and data
Section 6.2.1 presents the method to identify the DBS related to the deployment of a CO2
pipeline network. The case study and data collection are discussed in Section 6.2.2.

2

This chapter and cited research were conducted within the context of the COMET project, which aimed to identify and
assess the most cost effective CO2 transport and storage infrastructure able to serve the WMR. The COMET project was
funded by the EU.
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6.2.1 Approach
Prior to this analysis, a model was designed to simulate CO2 pipeline network deployment
scenarios for the WMR (see Kanudia et al., 2013, 2012a, 2012b, 2012c; van den Broek et
al., 2013b). These deployment scenarios were used to identify the specific DBS, hereafter
referred to as route specific DBS, related to the CO2 pipeline networks across the WMR.
Although this modelling step is not part of this study, a short explanation of the model is
provided to create a better understanding of the simulated pipeline networks. Next,
definitions are given for the DBS. Lastly, the scoring procedure, data collection and the
procedure for the identification of the route specific DBS are described.
COMET model
The tailor‐made COMET model was designed using a system analytical approach based on
bottom‐up techno‐economic models generated by the MARKAL‐TIMES software and
geographical information system (GIS). The approach was chosen to integrate spatial,
temporal, and techno‐economic aspects to determine the role of CCS in the energy system
and the development of the CCS infrastructure. Multiple scenarios were built, each with
different assumptions on inter alia Gross Domestic Production (GDP) growth and
concomitant CO2 emissions. Based on these scenarios, several potential CO2 pipeline
networks were simulated. More information on the model can be found in Kanudia et al.
(2013, 2012a, 2012b, 2012c).

6

Definitions
The DBS are categorized into four themes: technology, legislation/policy,
economics/finance and organisation. In this study, a driver is defined as a factor that
enhances the design, construction and operation of CO2 pipeline networks. A synergy is a
situation in which benefits can be attained by combining two or more processes. A barrier
is defined as a factor that impedes or delays the design, construction and operation of CO2
pipeline networks. In this study, the terms driver, barrier and synergy can refer to present
DBS (e.g. current low CO2 price) or to (potential) DBS in the future (e.g. sub‐optimal
buildout of a large‐scale CO2 pipeline network). Table 6.1 presents examples of the DBS for
each theme to clarify the concepts.
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Table 6.1: Examples of drivers, synergies and barriers reported in literature.
Examples

References

TECHNOLOGY
Driver a

Technical knowledge/experience with hydrocarbon pipeline
construction/operation.
Barrier
Knowledge gaps on the corrosion effect of the impurities in
CO2 streams.
LEGISLATION/POLICY
Driver a
Existing legislation and experience with legal procedures
related to (conventional or CO2) pipeline transport and pipeline
projects.
Barrier
Inconsistency in countries’ jurisdictions on technical standards
of CO2 pipeline construction, operation and CO2 flows
ECONOMICS/FINANCE
Driver a
Re‐use of captured CO2 in other markets (e.g. chemicals,
biofuels, greenhouses, etc.).
Synergy
Re‐use of existing pipelines.
Barrier
Lack of economic incentives (e.g. CO2 price).

European Union (2012); Insight
Economics (2011)
Ramírez et al. (2011)
Element Energy Limited
(2010a); SSEB (2010)
Insight Economics (2011)
Chrysostomidis and Zakkour
(2008) Insight Economics (2011)
Insight Economics (2011)
Chrysostomidis and Zakkour
(2008; Sanders et al. (2013)

ORGANISATION
Driver a

Experience with organisational models of natural gas pipeline
Mikunda et al. (2011); SSEB
projects.
(2010); Wu and Ramírez (2010)
Element Energy Limited
Barrier
Knowledge gap on planning and organisation of future CO2
pipeline networks.
(2010c)
a
Note that the term ‘driver’ is not very strict and is often interchangeable with terms such as ‘enabler’, ‘opportunity’ or
‘achievement’ found in literature; nevertheless, it was decided to adhere to the term ‘driver’ throughout this study for
the sake of consistency and clarity.

Scoring procedure
The data collection was divided into an international literature review and information
collection at the national country level. The scoring procedure is shown schematically in
Figure 6.1. The DBS that were identified in international literature or in a particular
country were indicated with a tick (). In case the DBS were not identified by a local
stakeholder and/or project partner, but was after discussion with local stakeholders
confirmed or expected to apply to this particular country as well, they were indicated with
a plus (+). In case they were considered not to apply to this country, they were indicated
with a minus (‐). A question mark (?) was used to indicate that it was unknown whether
the DBS apply to a particular country. The score ‘not identified’ applies to DBS that were
identified in one or more of the three studied countries, but not in the international
literature.
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Figure 6.1: Hierarchy for assigning scores to the drivers, barriers and synergies.

6

Data collection
The data collection comprised the following consecutive steps:


An inventory of international literature to obtain an up‐to‐date overview of available
knowledge on DBS related to the design, construction and operation of CO2 pipeline
networks. The review covered studies from both academia and industry, with varying
geographical scopes (country, regional and global level), and with a focus on the
technological, legislative, political, economic, financial or organisational aspects of
CO2 pipelines or pipeline networks.



An inventory of national literature comprising official policy and legal documents on
(hydrocarbon) pipeline design, construction and operation, academic publications
written in the local language, and if available, reports on local CCS projects. These
sources provide information on, among others, embedded legislation, technical
standards, routing, and organisation of pipeline networks.
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Studying analogue pipeline trajectories (e.g. carrying hydrocarbons, water or CO2) to
provide new insight on DBS of pipelines. This step concerns mainly the collection of
publicly available information.



Interviews with stakeholders and experts involved in the design, construction and
operation of the analogue pipeline trajectories to fill in remaining knowledge gaps
and allow for a better understanding of important pipeline issues and solutions.
Furthermore, the experts were asked about their expectations regarding future CO2
pipelines in order to validate and complement the DBS identified in literature.



Workshops with potential future stakeholders (e.g. energy and pipeline companies,
government institutes) were organised in each of the countries under study. The aim
of the workshops was to exchange information, ideas and visions on the
preconditions of future CO2 pipeline networks. Stakeholders were encouraged to ask
questions, provide feedback and give information on the presented DBS.

Analysis of DBS of chosen infrastructure options
The results from the data collection and CO2 pipeline networks were combined to identify
route specific DBS. Whereas some DBS are rather generic (e.g. related to finance), several
DBS can be related to the specific model results, such as oversizing of particular trunk CO2
pipelines. The route specific DBS were identified for the pipeline network under several
scenarios. Also, the uncertainty in the model results and its impact on the DBS are
discussed.

6.2.2 Case study: Iberian Peninsula and Morocco
West Mediterranean Region
Three CO2 pipeline network scenarios were modelled for the WMR that differed with
respect to: (i) whether CO2 pipelines should follow existing pipelines (mainly natural gas)
where available (Conservative CCS and Cross‐frontier scenario), or not (Free‐routes
scenario), and (ii) on the possibility to transport CO2 across national borders (Cross‐
frontier scenario) or to restrict CO2 transport to the country level (Conservative CCS and
Free‐routes scenarios) (see Figures 6.2‐6.4). The pipeline network scenarios apply to the
year 2030. Further information on the WMR case study and the three pipeline network
scenarios can be found in Appendix I (Section 6.6).
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6

Figure 6.2 CO2 pipeline networks in the Conservative CCS scenario in 2030. The source and sink hubs
represent the end points of the CO2 pipelines. The geographical slopes, current natural gas pipelines,
water bodies and protected areas are shown to illustrate potential interactions with the CO2
pipelines.
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Figure 6.3: CO2 pipeline networks in the Cross‐frontier scenario in 2030. The source and sink hubs
represent the end points of the CO2 pipelines. The geographical slopes, current natural gas pipelines,
water bodies and protected areas are shown to illustrate potential interactions with the CO2
pipelines.
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Figure 6.4: CO2 pipeline networks in the Free‐routes scenario in 2030. The source and sink hubs
represent the end points of the CO2 pipelines. The geographical slopes, current natural gas pipelines,
water bodies and protected areas are shown to illustrate potential interactions with the CO2
pipelines.
224

Method for identifying drivers, barriers and synergies related to the deployment of a CO2 pipeline network

Data collection
An overview of the main international literature sources published over the period 2008‐
2012 is presented in Table 6.3. Studies published before 2008 were excluded from the
inventory as they may contain outdated information on, for example, legislative issues.
Data on the national natural gas network were taken from government agencies (AICEP,
2008; CNE, 2013a, 2013b), (EDP, 2009; REN, 2013), environmental impact assessments
(Agripo Ambiente, 1995; Compostilla Project, 2013; Hidroprojecto, 2001; IMPACTE, 1997,
1996; Mikunda et al., 2011b; REN, 2007; SEIA, 1995a, 1995b, 1994), and academia (Relvas,
2008; Santos, 2011). Information on legislation was mainly taken from ERM Iberia S.A.,
(2004); Pöyry/Heymo (2011); Ren Gasodutos (2007).
Seven analogue pipeline trajectories were studied (see Table 6.2 and Figure 6.5). The
pipeline trajectories differ with respect to route, transported matter, length, and
underground (onshore vs. offshore). Experts within the organisations involved in the
analogue pipeline projects (Galp Energia; REN S.A.; CLC, Companhia Logística de
Combustíveis; ENDESA; ENAGÁS) were contacted to collect additional information and
make use of their knowledge, experience and expectations on CO2 pipelines. An overview
of the technical features of the analogue pipeline trajectories can be found in Appendix III
(Section 6.8).

6

Table 6.2: Analogue pipeline trajectories.
Pipeline route
I
II

Sines‐Setubal (Portugal)
Setubal‐Braga (Portugal)

Transported
matter
Natural gas
Natural gas

On‐/
offshore
On
On

III
IV

a

Length
(km)
87
580

Start year
operation
2003
1997

References
Hidroprojecto (2001)
SEIA (1995a, 1995b,
1994)
IMPACTE (1997, 1996)
Agripo Ambiente (1995)

Braga (Portugal)‐Tuy (Spain) Natural gas
On
76
1997
On
147
1996
Sines‐Aveiras de Cima
Multiple oil
(Portugal)
products
V
Campo Maior ‐ Leiria
Natural gas
On
220
1997
REN (2007)
(Portugal)
VI
Medgaz: Beni Saf (Algeria) ‐
Natural gas
On/off
210
2008
Mikunda et al. (2011b)
Almeria (Spain)
On
140
Cancelled a
Compostilla Project
VII
Compostilla ‐ Santa María
CO2
(2013)
del Monte de Cea (Spain)
Spanish energy company ENDESA was awarded European Commission funding by the end of 2009 for the CCS
Compostilla Project. The project involved the construction of three pilot plants to test capture, transport and storage
technologies, which would be used as input for the construction of a demonstration plant by the end of 2015. The
transport FEED study carried out for the Compostilla project was used as input for this study. By the end of 2013, it was
decided not to proceed with the project to the full scale demonstration stage (Foster Wheeler, 2013; GCCSI, 2014).
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trajectories
a

d



g

f

e



b

Interviews with
stakeholders
a
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b

The analysis was based on studies of pipelines transporting oil, gas and CO2 and other large scale public infrastructure works as well as on interviews with potential financiers.
Interviews with people involved in policy and commercial development of CO2 pipeline transport.
c
Studies on the British rail sector, British onshore gas networks, British electricity networks, UK offshore oil & gas networks, US interstate gas pipelines, English and Wels water
companies and German gas pipelines.
d
The studies focused on (the role of governments in) large scale infrastructure projects (future CO2 pipelines, hydrocarbon pipelines). The interviews and workshops involved more
than forty stakeholders, including government, industry and academia.
e
The data for this study were gathered through informal surveys, letters, personal interviews, site visits, and published reports.
f
The analysis was based on interviews and workshops with more than forty stakeholders and experts.
g
The analysis was based on interviews with members of gas transport operators and energy companies.
h
Three transboundary natural gas pipeline trajectories were examined to identify legal issues.

a

European Union (2012)

Mikunda et al. (2011a)

Element Energy Limited
(2010a)
SSEB (2010)
DECC (2010)
Element Energy Limited
(2010c)
Insight Economics (2011)
Mikunda et al. (2011b)
IEA (2011)




Worldwide
Norway, UK,
Denmark, Germany
and the Netherlands
Netherlands,
Germany,
Norway and the UK
Worldwide

Worldwide
Europe
London Protocol
contracting parties
Mainly the
Netherlands
Denmark, Norway,
Sweden



USA; Canada
UK

Element Energy Limited
(2010b)



Worldwide

Chrysostomidis and
Zakkour (2008)
ICF International (2009)
NERA Economic Consulting
(2009a, 2009b)
Koornneef et al. (2010)
Wu and Ramírez (2010)



ASPECTS COVERED
Techno‐
Policy/
logy
Legislation


GEOGRAPHICAL
SCOPE

STUDY

Table 6.3: Overview of international literature on CO2 pipeline transport (2008‐2012) used for the inventory.
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Figure 6.5: Locations of analogue pipeline trajectories (see previous page): (I) Sines‐Setubal, (II)
Setubal‐Braga, (III) Braga‐Tuy, (IV) Sines‐Aveiras de Cima, (V) Campo Maior‐Leiria, (VI) Medgaz: Beni
Saf‐Almeria, (VII) Compostilla‐Santa María del Monte de Cea. The natural gas pipelines are indicated
in grey. The Compostilla pipeline (VII) is shown as a straight line as the exact pipeline route is
unknown.
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Several interviews were held with experts from companies. In Spain, a meeting was
organised with the Spanish natural gas transport company ENAGÁS and the Spanish
energy company ENDESA. The latter has also participated in the COMET project as
industry partner contributing with its experience and knowledge based on OXY‐300‐CFB
project in Compostilla. In Portugal, two meetings took place, one with two experts from
REN Gasodutos S.A. (national natural gas transportation operator) and one meeting with
Galp Energia and CLC (a group of Portuguese companies engaged in inter alia natural gas
transport). In the results section, the interviews with Galp Energia, REN Gasodutos S.A.,
and ENDESA/ENAGÁS are referred to as interview 1,2 and 3, respectively; detailed
accounts of the interviews can be found in COMET (2012a), COMET (2012b) and COMET
(2012c), respectively.
The workshops with local stakeholders (energy and pipeline companies, government
institutes, industry, universities, and other organisations) were held in Marrakesh (1),
Lisbon (2) and Madrid (3). An overview of the stakeholders who attended the workshops
can be found in Appendix II (Section 6.7). In the results section, the workshops are
referred to as workshop 1,2 and 3; a detailed account of the workshops can be found in
Boavida et al. (2012b).

6.3 Results
6

The DBS related to technology, legislation/policy, economics/finance and organisation are
presented in Sections 6.3.1‐6.3.4, respectively. Each section is divided into two
subsections: drivers and synergies (1) and barriers (2). The DBS roughly were roughly
ordered from DBS with a potentially higher impact to lower impact. The findings include
both DBS related to CCS in general and for CO2 pipeline transport in particular. The latter
can be divided into DBS related to CO2 pipeline transport in general and for the specific
pipeline routes in the model scenarios. The last group of DBS is further discussed in
Section 6.3.5. The type of DBS is also indicated in the overview tables in each section.

6.3.1 Technology
An overview of the technological DBS is presented in Table 6.4.
Drivers and synergies
1. There is long worldwide experience with the design, construction and operation of
both on‐ and offshore (high‐pressure) pipeline networks carrying natural gas and oil
(Element Energy Limited, 2010a; European Union, 2012; Insight Economics, 2011),
which could drive the deployment of CO2 pipelines. Knowledge is available in all three
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countries on onshore pipelines. Both the study of analogue pipeline trajectories (see
Appendix III) and local experts (workshop 3; interviews 1,2,3) indicated that Spanish
stakeholders have detailed technical knowledge on the design, construction and
operation of offshore pipelines.
2. There is long worldwide experience with high‐pressure CO2 pipeline transport –
especially naturally occurring CO2 from underground sources in North America –
designated for enhanced oil recovery (EOR) (Element Energy Limited, 2010a; Insight
Economics, 2011; SSEB, 2010).
Barriers
1. Few engineers and professionals worldwide have the experience and skills to make
appropriate designs for the transport of captured CO2 (Element Energy Limited, 2010a),
especially with respect to offshore transport over long distances. For that reason,
demonstration projects are desirable to accumulate experience.
2. The potential intermittency character of captured CO2 flows poses challenges for
pipeline transport operators. Significant fluctuations in CO2 flows can lead to
depressurisation, temperature drop and phase changes, which can have an impact on
the pipe’s structural integrity, lead to solid CO2 deposits forming plugs and
metallurgical damage (embrittlement and fracture; damage to lining or coatings; ice
coating in subsea pipelines) (Ramírez et al., 2011). Temperature and pressure buffers
can only partly neutralise these effects. The operating philosophy including start‐up
and shut‐down procedures developed for a point‐to‐point CO2 pipeline designed for
the ROAD CCS demonstration project in the Netherlands could be an example how to
deal with the intermittency character (Road CCS, 2013). Additionally, more knowledge
is needed on the thermodynamic behaviour of CO2 pipeline flows by doing (laboratory)
research and developing sophisticated modelling tools (Element Energy Limited,
2010a). Although alleviation measures (e.g. matching supply and demand of CO2;
supply/off‐take agreements; CO2 storage tanks; start‐up, shut‐down, emergency and
blowdown procedures;, or storage of gaseous CO2 in the pipeline3) are available, these
may increase the cost of CO2 pipeline transport.
3. Insufficient knowledge is available on the physicochemical properties of CO2 flows

containing impurities. Impurities can affect the pipeline transportation capacity, the
3

An example of a CO2 pipeline using pressure swings to accommodate mismatches in supply and demand is the OCAP
pipeline in the Netherlands. At night, CO2 is stored in the pipeline, resulting in a pressure swing during the day from 20
bars in the morning to 10 bars by the end of the day (RCI, 2009). This example shows that there is scope for ‘pipeline
storage’ in the gaseous phase; yet, confirmation for storage potential at higher pressures is required and merits further
research.
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CO2 phase diagram, and the physical properties (e.g. viscosity, heat capacity,
compressibility). Hence, certain CO2 flows require a pipeline design that can withstand
pipeline fracturing, hydrate formation, corrosion and two‐phase flows (Ramírez et al.,
2011). Although the basic CO2 transport principles are understood, the interplay
among the various impurities, their effect on the physicochemical properties of CO2
and pipeline integrity is not completely clear yet. Furthermore, while technical
measures are available to solve most of these problems (e.g. high grade steel,
coatings), these may increase the costs of CO2 transport considerably. Lessons need to
be drawn from R&D programs set up to increase the knowledge base and bring down
the costs of anthropogenic, dense phase CO2 pipeline transport (such as COOLTRANS,
CO2PipeHaz, SARCO2, PIPETRANS).
4. There is a knowledge gap on the probability of a CO2 pipeline failure and the (fatal)

impact it could have on human beings (Koornneef et al., 2010; Ramírez et al., 2011). In
the United States, 10 significant and 18 non‐significant incidents4 with pipelines
transporting naturally occurring CO2 were observed in the period 1986 to mid‐2003
(PHMSA, 2013), resulting in an estimated failure frequency of 6.3∙10‐5 y‐1 km‐1 and
1.75∙10‐4 y‐1 km‐1 for only significant and for both significant and non‐significant
incidents, respectively (Knoope et al., 2014b). However, the installed capacity is too
low to derive reliable figures. Knoope et al. (2014b) argued that failure frequencies
based on natural gas pipelines (1.62∙10‐4 y‐1 km‐1 in the EU over the period 2006‐2010;
1.05∙10‐4 y‐1 km‐1 in the U.S. over the period 1993‐2012), which are often used in
literature as a proxy for CO2 pipelines, provide conservative (i.e. pessimistic)
estimations. This is due to the fact that CO2 pipelines will likely operate under more
favourable conditions, like a larger wall thickness that makes them more resistant to
external interference and corrosion. A study by the Health and Safety Laboratory
(2009) suggest that CO2 pipelines are safer, or at least as safe as natural gas pipelines.
Knoope et al. (2014b) concluded that the risks of liquid CO2 pipeline transport are most
likely manageable and widely accepted under current legislative frameworks, even
without risk mitigation measures (e.g. increasing soil coverage, concrete slabs, market
tape). In addition, risk mitigation measures can be applied in densely populated areas,
which will increase specific pipeline costs with around 4%. Gaseous CO2 transport
shows higher risks, especially for large mass flows, and requires considerable safety
zones (100‐770 metres depending on the mass flow and applied risk mitigation
measures) to meet Dutch regulations (Knoope et al., 2014b). Several R&D programs

6

4

PHMSA (2013) refers to significant incidents when any of the following consequences occur: “(i) fatality or injury
requiring in‐patient hospitalization; (ii) $50,000 or more in total costs, measured in 1984 dollars; (iii) highly volatile liquid
releases of 5 barrels or more or other liquid releases of 50 barrels or more; (iv) liquid releases resulting in an
unintentional fire or explosion.” The total costs of 50,000 USD1984 translate to around 80,000 €2010. The physical
conditions (temperature, pressure) of a barrel were not indicated.
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a

DRIVERS
Long experience with designing, constructing and operating pipeline networks carrying natural gas and oil, both on‐
and offshore.
Experience with transport of CO2 (for EOR, chemical industry and food industry).
BARRIERS
Few engineers/professionals available that can make sound designs for safe transport of anthropogenic CO2.
Knowledge gap on effect of intermittent flow character on the thermodynamic behaviour of CO2.
Knowledge gap on effect of impurities on the physicochemical behaviour of CO2 and pipeline design.
Knowledge gap on the probabilities and impacts of a pipeline failure.
Experience with (high‐pressure) CO2 pipeline transport in Spain, Portugal and Morocco is virtually non‐existent.
Lack of CO2 specific tools such as hydraulic CO2 simulators and commercial systems to control leakage.
Large altitude differences make the installation and maintenance of pipelines more difficult. Also insufficient
knowledge is available on the effect of altitude on the properties of CO2.
Laying CO2 pipelines in designated corridors in parallel to existing pipelines could be difficult or even technically
impossible, because of spatial limitations.

Table 6.4: Overview and comparison of drivers, synergies and barriers related to technology. a
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include experiments with CO2 pipelines to validate dispersion models and toxicity of
CO2 in order to provide a better understanding of the effects of a pipeline failure. More
insight is needed on the probability and effects of a CO2 pipeline failure in order to
take adequate and cost effective risk mitigation measures.
5. Local stakeholders in Spain, Portugal and Morocco report that experience with CO2
pipeline transport is virtually non‐existent (workshops 1,2,3; interviews 1,2,3). CCS
demonstration projects and knowledge transfer from abroad are therefore needed.
6. CO2 specific tools for modelling and leakage control to warrant safe and sound CO2
pipeline transport are not yet developed. It is essential that static and dynamic
hydraulic simulators of variable composition CO2 streams will make better projections
of CO2 flow behaviour (interview 3).
7. Geographical altitude differences are a determinant factor in the planning of a pipeline
network (workshop 2, 3; interviews 1, 2). Mountainous terrains should be avoided to
the extent possible so as to reduce technical difficulties and costs for design,
construction and operation. Furthermore, the effect of altitude differences on the
properties of CO2 is rather unknown and requires further research (interviews 1,2,3).

6

8. Laying CO2 pipelines in designated corridors in parallel to existing pipelines could be
difficult or even technically impossible, because of spatial limitations (workshop 2,3).
To avoid delay during the construction phase, timely action is required by reserving
space in pipeline corridors or land for alternative pipeline tracks.

6.3.2 Legislation and policy
The main findings of the legislative DBS are presented in Table 6.5.
Drivers and synergies
1. The extensive legislative body on hydrocarbon pipeline transport constitutes a good
basis for CO2 pipeline transport. Both literature (e.g. Element Energy Limited, 2010a;
SSEB, 2010) and local stakeholders (interviews 1,2,3) indicated that, if needed, existing
legislation on hydrocarbon pipeline transport can be applied to fill in most of the
regulatory gaps for CO2 pipeline transport.
2. The adoption of the EU CCS Directive 2009/31/EC governing inter alia third party
access to pipeline networks, monitoring and reporting guidelines on CO2 emissions and
transboundary CO2 transport, has been a major step in laying the legal foundation for
CO2 transport. This directive has been transposed to both Portuguese and Spanish law
in the respective years 2012 and 2011 (Shogenova et al., 2013).
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3. Earmarking pipeline ventures as public interest projects can expedite legal procedures
(interviews 1, 2, 3).
4. In some cases, Right of Way (ROW) – i.e. an easement to use a strip of land for a
particular purpose – of existing pipelines can be utilised for future CO2 pipelines, which
could avoid delay caused by legal procedures for acquiring new ROW (interviews
1,2,3). However, this is only possible if sufficient space is available for multiple
pipelines (see Section 6.3.1).
Barriers
1.

There is a lack of clarity on (the interactions between) EU and national policy
objectives (related to CO2 emission reductions, energy efficiency improvements and
renewable energy targets, which causes confusion and uncertainty among
stakeholders (workshop 3). In addition, uncertainty on policy on economic incentives
(e.g. EU Emission Trading Scheme, CO2 emission caps, taxes, public investments in CO2
pipeline projects) for CCS in general and CO2 pipeline transport in particular
constitutes a major barrier (workshops 2,3; interviews 1,2,3). Governments publishing
policy commitments or offering long term financial commitments would alleviate this
uncertainty (Mikunda et al., 2011b).

2.

Several aspects of pipeline transport of anthropogenic CO2 designated for storage are
not (sufficiently) covered in national law and regulations. Det Norske Veritas (2010)
published a recommended practice and set out basic specific codes for CO2 pipeline
design, construction and operation, which serves as a supplement to existing pipeline
standards. Notwithstanding, several national regulations and acts have to be amended
or clarified to encompass transport of anthropogenic CO2. Furthermore, additional
guidelines may have to be designed to fill in remaining regulatory gaps. Examples of
issues not (sufficiently) addressed in national jurisdictions are health, safety and
environmental aspects, standards for CO2 stream conditions (e.g. acceptable impurity
levels), siting of CO2 pipelines, and procedures on tariff setting of pipeline capacity
(Element Energy Limited, 2010a; European Union, 2012; Mikunda et al., 2011a; UCL,
2014) (interviews 1,2,3). More research is needed to identify the specific regulatory
needs for Spain, Portugal and Morocco.

3.

Article 6 of the London Protocol prohibits contracting parties (incl. Spain, Portugal and
Morocco) from allowing the export of wastes to other countries or dumping at sea.
Article 6 was amended by contracting parties to allow transboundary CO2 transport
designated for sub‐seabed storage, but requires ratification of two‐third of the
contracting parties (28 out of 42) to enter into force (Mikunda et al., 2011b; Warren,
2012). To date, only the UK and Norway have ratified the amendment, and it is
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unlikely that two‐third of the parties will have ratified the amendment in the near
term for a number of reasons, amongst others because CCS has a low priority for
several contracting parties (Garrett and McCoy, 2013). Several legal solutions were
proposed by an IEA working paper (IEA, 2011) to facilitate transboundary CO2
transport based on the international rules of treaty interpretation. Garrett and McCoy
(2013) considered that a provisional application of the Article 6 amendment would be
the fastest and most straightforward solution. No studies or documents were found
making statements on the expected period needed to solve this issue. As long as the
London Protocol has not been ratified, transboundary CO2 transport for the purpose of
sub‐seabed storage is prohibited.
4.

The Basel Convention (on the Control of Transboundary Movements of Hazardous
Wastes and Their Disposal) lacks a clear definition of captured CO2 (Macrory et al.,
2013). Uncertainty exists whether CO2 should be classified as a hazardous substance
or not. If CO2 is classified as a hazardous waste, several barriers will arise on regard to
transboundary CO2 transport across states (Element Energy Limited, 2010a; Raine,
2008). For example, CO2 export may only be allowed for countries that do not have
storage capacity themselves, or cost increases and delays may occur due to the
requirement to submit documents and notifications. Explicit definitions of CO2 flows
in terms of physicochemical properties (e.g. impurities, phase) during transport are
needed to eliminate this uncertainty, and clarify the status of CO2, either as a
pollutant, commodity, or both. To the knowledge of Macrory et al. (2013), new
definitions of CO2 have not been made by any of the convention parties (incl. Spain,
Portugal and Morocco). No studies or documents were found making statements on
the expected period needed to solve this issue.

5.

Inconsistency in countries’ jurisdictions on technical standards on CO2 pipeline design,
construction and operation (e.g. design and operating pressure, max. allowable
impurity levels) as well as conditions on third party access to pipeline facilities could
complicate transboundary CO2 transport, both inside and outside the EU (Insight
Economics, 2011). Moreover, state laws may conflict over pipeline control and
management. Concerted action of governments is needed to solve cross‐jurisdictional
issues and align regulations to the extent possible. Another solution is the use of
multi‐lateral agreements between states and companies; today, such agreements are
often used in transboundary pipeline projects to solve similar issues (Insight
Economics, 2011; Mikunda et al., 2011a; World Bank, 2011).

6.

Liability for harm caused by accidents or leaks from CO2 pipelines or other transport
facilities is unclear and creates uncertainty among potential pipeline owners and

6
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operators (UCL, 2014) (interview 2). This topic should be addressed clearly in
legislation.
7.

Procedures to acquire ROW can be difficult and hamper a rapid build out of pipeline
networks. Acquiring ROW from too many land owners can be a major problem
(interviews 1, 2; workshop 1). In Morocco, this is also due to the different types of
property rights (incl. ancestral land), which makes the transfer of land from the
original owners difficult. Financial incentives can help to alleviate this problem
(workshop 1).

8.

Land use planning regulations pertaining to special areas – such as protected nature
reserves, military zones and sites of historical or special interest – oblige pipeline
developers to make detours, which can result in additional costs and a delay of the
project (Element Energy Limited, 2010a). Examples of such regulations in Portugal are
the Municipality Plans (e.g. notification n°6562/2010; notification n°11622/2012)
(Municipality Coimbra, 2010; Municipality Lisbon, 2012), National Agricultural Reserve
(Decree‐Law n°73/2009) (MARDF, 2009) and National Ecological Reserve (Decree‐Law
239/2012) (MASESP, 2012). Using planning and modelling tools in an early stage can
help to identify cost effective solutions and avoid delay of the project.

9.

Lengthy permit procedures impede a fast implementation of CO2 transport pipelines.
Permit procedures can differ per country and land zone (residential vs. rural area) due
to varying lead times, environmental regulations and possibility for third persons to
appeal to a higher administrative court requesting a formal change to the official
decision made. In case several countries are involved, project managers have to await
the outcome of the slowest permit procedure (European Union, 2012). In Portugal,
several provincial regions and municipalities crossed by a potential pipeline route
have to give positive feedback on the project proposal, which is a very time
consuming process (interview 2). Applying for permits in an early stage and labelling
pipeline ventures as public interest projects can avoid delay of the project.

10. Establishing jurisdiction and responsibilities on CO2 pipelines among public
administrations (e.g. national and local government actors) can be difficult. Close
communication among different government levels is therefore important (interview
3).
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If possible, the use of existing ROW facilitates the process of building new pipelines.
BARRIERS
Lack of clarity and uncertainty on policy objectives on CO2 emission reductions, renewables, and energy efficiency as
well as on economic incentives for CCS in general and CO2 pipeline transport in particular.
Several aspects of pipeline transport of anthropogenic CO2 designated for storage are not (sufficiently) covered in
national law and regulations.
Transboundary CO2 transport is currently not possible under London Protocol due to slow ratification process of the
amendment of Article 6.
No explicit definition of captured anthropogenic CO2 in the Basel Convention.
National future legislation on CO2 transport can differ per country, thereby complicating transboundary transport.
Liability for harm caused by accidents or leaks from CO2 pipelines or other transport facilities is unclear and creates
uncertainty among potential pipeline owners and operators.
Procedures to acquire ROW can be difficult and hamper a rapid build out of pipeline networks.
Land use planning regulations obliging pipeline developers to avoid designated areas can result in additional costs
and a delay in CO2 pipeline deployment.
Lengthy permit procedures can delay a rapid build out of pipeline networks, especially if multiple countries with
different permit procedures are involved.
Establishing jurisdiction and responsibilities among national and local government actors is often difficult.

DRIVERS/SYNERGIES
Use of existing legislation to fill existing gaps for codes and guidelines for transporting CO2.
Adoption of EU CCS Directive 2009/31/EC.
Earmarking CO2 pipeline ventures as public interest projects can expedite legal procedures, and thus, the
implementation of CO2 pipeline projects.

Type of
results
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6.3.3 Economics and finance
The main findings of the economic and financial DBS are presented in Table 6.6.
Drivers and synergies
1. The main economic driver relates to a national or international financial‐regulatory
framework (e.g. emission trading scheme (ETS), carbon tax, favourable loans, tax
incentives) to create a market for CCS (Element Energy Limited, 2010a; European
Union, 2012; Insight Economics, 2011).
2. Economic revenues can be created by utilising captured CO2 for EOR, greenhouses,
food and chemical industry and biofuel production (Chrysostomidis and Zakkour, 2008;
Insight Economics, 2011). Although several experts expected the potential for CO2
utilisation in the WMR to be limited (workshops 2 and 3), research is needed to
determine whether such opportunities exist or not, especially for greenhouses in the
Spanish horticulture sector.
3. Future CO2 pipeline projects can benefit from the large experience accumulated by
energy firms and project developers with investments models for natural gas and oil
pipeline networks (SSEB, 2010) (interviews 2, 3). An extensive overview of available
investment models available for CO2 pipelines can be found in Chrysostomidis and
Zakkour (2008).
4. Economic synergies can be achieved by oversizing CO2 trunk pipelines or amalgamating
demand for pipeline capacity to exploit economies of scale (Chrysostomidis and
Zakkour, 2008; Mikunda et al., 2011b). Knoope et al. (2014a) showed that oversizing of
CO2 trunk pipelines is economically interesting in case the oversized capacity is used
not later than five to ten years after the construction of the pipeline5.
5. The re‐use of existing pipelines for CO2 transport can save significant investment cost 6
(Insight Economics, 2011). However, the potential for re‐use of existing pipelines is
expected to be minor in the WMR (workshops 2,3; interviews 1,2,3).
6. In case CO2 pipelines can be installed parallel to other pipelines, bundling monitoring
and maintenance activities can reduce costs significantly (interviews 1,3).

5

This statement holds for two equal sized point sources in close proximity to each other (10 km) and using a real interest
rate of 10%.
6
The possibilities for re‐use depend on many factors, such as the design pressure of the existing pipeline, capacity,
impurities in the CO2 stream, pipeline materials, remaining service life and availability of the pipeline.
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Barriers
In total, eight economic/financial barriers were identified, of which four in international
literature.
1. The current low CO2 price and the uncertainty on future CO2 prices and government’s
commitments to EU CO2 emission allowances render it impossible to make a robust
business case for CCS (Chrysostomidis and Zakkour, 2008; Sanders et al., 2013)
(interviews 1,2,3). A possible solution is to reform the ETS by reducing the number of
emission allowances in order to increase the CO2 price and create a market for CCS
(ZEP, 2013).
2. The high level and high risk profile of investments in a CO2 pipeline (network) is
considered to be one of the main economic barriers (Chrysostomidis and Zakkour,
2008; Sanders et al., 2013) (interviews 1,2,3). The uncertainties on the technological
feasibility, economic revenues, policy, legislation, market development and public
acceptance is deemed unacceptable by investors (Sanders et al., 2013). The
government could reduce uncertainty by settling outstanding legal issues and make
clear (legally binding) commitments on CCS for the future. Furthermore, the
establishment of a strong, well‐functioning financial‐regulatory framework and the
provision of financial guarantees to private investors are needed to safeguard their
investments (Element Energy Limited, 2010a).

6

3. Private investors may refrain from oversizing CO2 pipelines due to the risk of low
demand for CO2 pipeline capacity in the future. This could result in higher total
investment cost for pipeline capacity from a societal point of view as economies of
scale will not be fully exploited (Chrysostomidis and Zakkour, 2008; Mikunda et al.,
2011b). Governments could alleviate this problem by promoting investors to
amalgamate their demand for pipeline capacity by, for example, obliging project
developers to hold open seasons7, and making explicit agreements on future usage of
the pipeline. Other possible options are public or public‐private finance constructions
and financial rewards for shareholders and/or private investors who are exposed to
the risk of future pipeline demand (Chrysostomidis and Zakkour, 2008; Mikunda et al.,
2011b). Striking the right balance between risk, revenues and the sources of finance is
quintessential in creating a commercially viable CO2 network (Chrysostomidis and
Zakkour, 2008; Mikunda et al., 2011b).

7

In an open season, a pipeline project developer makes it possible for other parties in the market to join the project.
Open seasons act as an insurance that pipeline project developers provide an efficient level of capacity and exploit
economies of scale.
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DRIVERS/SYNERGIES
Financial‐regulatory framework including for example: ETS, carbon tax, beneficial discount rates, tax incentives,
subsidies at local, regional, national and international level.
The use of CO2 for the production of synthetic methane, enhanced hydrocarbon recovery, greenhouses, food and
chemical industry and biofuel production can drive the market for CCS.
Large experience of energy companies and project developers with investments models for the development of
natural gas and oil pipeline networks.
Oversizing pipelines or amalgamating demand for pipeline capacity to exploit economies of scale.
Bundling monitoring and maintenance activities when CO2 pipelines can be installed parallel to other pipelines can
reduce costs.
Re‐use of existing pipelines to reduce costs for materials and construction.
BARRIERS
The low price of CO2 makes it virtually impossible to make a robust business case for CCS.
High level and risk profile of investments in CO2 transport infrastructure is often considered to be unacceptable by
private investors.
Uncertainty on future CO2 pipeline demand is a barrier to private firms oversizing CO2 transport pipelines.
The economic crisis delays CCS demonstration projects, which are needed to reduce the (perceived) risk for
investors.
Geographical altitude differences can increase the costs of CO2 transport significantly.
Need for an electric infrastructure for the booster stations to repressurise the CO2.
Private investors may delay or even refrain from investing in CO2 pipelines due to the risk of high and variable steel
prices.
Taxes levied in different Moroccan administrative areas could increase the costs of transport significantly.

Type of
results
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4. The economic crisis has had a delaying effect on the deployment of CCS demonstration
projects, which are needed to demonstrate the technological feasibility of the entire
CCS chain (including CO2 pipeline transport) (interviews 1,2,3).
5. Large geographical altitude differences in the WMR are a country‐specific barrier
(interview 3; workshops 2,3). Running pipelines across mountainous areas could
significantly increase the cost of CO2 pipeline transport due to large pressure drops,
and should therefore be avoided to the extent possible. Higher operating pipeline
pressures were suggested for Spain so as to avoid the need for booster stations along
pipeline routes (interview 3).
6. Natural gas pipelines can deliver their own energy to booster stations along pipeline
routes, which are needed to repressurize the transported gas. However, CO2 pipelines
would require an electric infrastructure to power the booster stations. Installing such
an infrastructure would increase the cost of a CO2 pipeline network considerably,
especially in remote areas without direct access to electric power sources (interviews
1,2,3).
7. Private investors may delay or even refrain from investing in CO2 pipelines due to the
risk of high and variable steel prices, which have a large impact on the total pipeline
cost (interview 3). Long term contracts can reduce uncertainties of steel price
fluctuations.

6

8. The taxes levied in Moroccan administrative areas could increase the costs of CO2
pipeline transport significantly (workshop 1). Early insight into potential administrative
costs is required to estimate the financial feasibility of CCS projects.

6.3.4 Organisation
The main findings of the organisational DBS are presented in Table 6.7.
Drivers and synergies
1. The wide experience with organisational models of natural gas pipeline projects
provides valuable lessons on the design, construction and operation of pipeline
infrastructures spanning national borders (Chrysostomidis and Zakkour, 2008; Mikunda
et al., 2011b; van den Broek et al., 2010; Wu and Ramírez, 2010) (interviews 1,2,3).
Groenenberg and Buit (2009) distinguish three organisation models, each with its own
merits and demerits: public ownership, private ownership and public‐private
partnership (PPP). A PPP, which is an organisational model involving a contract
between government and private parties to develop and operate public services, is
often considered most valuable for large scale projects serving a public good, such as a
future CO2 pipeline infrastructure, as it combines the safety of services due to public
240
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ownership and the working efficiency of the private sector (Groenenberg and Buit,
2009; van den Broek et al., 2010; Wu and Ramírez, 2010).
Barriers
1. The establishment of a CO2 pipeline network spanning national borders could be
difficult in case there will be inconsistencies in the countries’ organisational CO2
pipeline models. Experience with transboundary natural gas pipeline projects provides
valuable lessons. For example, in several natural gas pipeline projects, a commission
representing the governments of both countries was appointed to oversee and
facilitate the resolution of transboundary issues (Interconnector, 2012). Furthermore,
governments could anticipate on this issue by making multilateral agreements on tariff
setting as well as by collaborating on other organisational issues for transboundary
pipeline networks (Element Energy Limited, 2010b).
2. Insufficient planning and communication among stakeholders and countries could
result in a sub‐optimal buildout, delay and increased costs of a CO2 pipeline network
(Element Energy Limited, 2010b; Wu and Ramírez, 2010). Governments could prevent
such a scenario by promoting efficient pipeline investment (see Section 6.3.3), network
integration (e.g. oblige pipeline developers to provide technical possibilities for future
pipeline connections) and efficient use of pipeline capacity via unbundling of
ownership and operation, setting a fair tariff structure, and establishing a transparent
secondary trading platform for pipeline capacity (NERA Economic Consulting, 2009a).
3. Insufficient scheduling between pipeline network developers and CO2 capture
operators in the industrial and power sectors could be a potential barrier (Element
Energy Limited, 2010a) (interview 2). Working out a master plan for the deployment of
a large‐scale CCS network in and across the WMR is, therefore, of key importance.
4. The complicated relationships between different Spanish regions could make CO2
pipeline transport from one region to the other problematic. Storing one region’s CO2
in another region could be perceived as waste dumping and stir up tensions. Possible
solutions should focus on providing information and facilitating communication among
the regions involved as well as on financial compensations from the emitter to the
storage regions (interview 3).
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DRIVERS/SYNERGIES
Experience with organisational models of natural gas pipeline projects crossing international borders, which provides
valuable lessons on issues such as permitting, construction and operation of the pipeline infrastructure spanning
national borders.
BARRIERS
Differences in countries’ organisational models of transport networks may constitute a barrier for future
transboundary CO2 transport networks.
Insufficient planning and communication among stakeholders and countries could result in a sub‐optimal buildout,
delay and increased costs of a CO2 pipeline network.
Insufficient scheduling between the pipeline network and CO2 capture in industries and power plants could become a
barrier. Scheduling among the different parts of the CCS infrastructure is essential.
The complicated relationships between regions within a country could make CO2 pipeline transport from one region
to the other problematic.

Table 6.7: Overview and comparison of drivers, synergies and barriers related to organisation. a
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6.3.5 Route specific drivers, barriers and synergies
Synergies of utilisation of existing ROW and sharing costs between parallel pipelines
The CO2 pipeline networks in the three scenarios show several potential opportunities for
legal and economic synergies by laying CO2 pipelines parallel to natural gas pipelines (see
red and black lines running parallel in Figures 6.2‐6.4). However, as mentioned before, the
possibility to exploit these synergies is dependent on site‐specific conditions; further
research is required to identify specific tracks where these synergies can be exploited.
Table 6.8 presents a list of joint natural gas and CO2 pipeline tracks in Spain and Portugal
for distances of fifty kilometres or longer. However, several other joint tracks with shorter
distances (<50km) can be observed in Figures 6.2‐6.4. Table 6.8 shows that most joint
pipeline tracks were identified for all three scenarios, thus irrespective of the CO2
mitigation level, storage capacity potential and possibility of transboundary CO2 transport.
No joint pipeline tracks were identified for Morocco. It should be noted that from a cost
perspective following natural gas pipelines is not by definition the least cost pipeline
network solution. This is shown by the investment cost of the pipeline network, which is
lower in the Free‐routes scenario than in the other two scenarios (see Appendix I, Section
6.6).
Table 6.8: Pipeline tracks with potential opportunity for utilising existing ROW and sharing costs
between CO2 and natural gas pipelines. The connections are also indicated in Figure 6.3. CS, CFS and
FRS stand for the Conservative CCS, Cross‐frontier and Free‐routes scenario, respectively.
Route
Spain
Ribadeo ‐ Oviedo
Tudela ‐ Zaragoza
Benlloch ‐ Sagunt
Urda ‐ Puertollano
Portugal
Porto ‐ Aveiro

Connections

Scenarios

Rough estimate distance (km)

I
II
III
IV

CS,CFS,FRS
CS,CFS,FRS
CS,CFS
CS,CFS,FRS

100
50
100
100

V

CS,CFS,FRS

50

Oversizing of CO2 pipelines to exploit economies of scale
Table 6.9 gives an overview of CO2 pipelines eligible for oversizing in the three scenarios to
exploit economies of scale. The pipeline running from San Sebastián to Logroño is
oversized in all three scenarios; the other pipelines are oversized in one or two scenarios.
The pipelines should be oversized during the design and construction; this is before 2030
for all pipelines except for the pipeline running from Aranjuez to Puertollano, which
should be in operation in 2040.
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Table 6.9: CO2 pipelines with opportunity for oversizing. The connections are also indicated in Figure
6.3. CS, CFS and FRS stand for the Conservative CCS, Cross frontier and Free‐routes scenario,
respectively.
Route
Spain
San Sebastián ‐ Logroño
Bilbao ‐ San Sebastián
San Esteban de Gormaz ‐ Andorra (city)
Barcelona ‐ Valencia
Aranjuez ‐ Puertollano
Huelva ‐ Mengíbar
Tarragona ‐ Escatron
Morocco
Rabat ‐ Tetouan/Ceuta
Transboundary
Abrantes (Portugal) ‐ Córdoba (Spain)

Connections

Scenarios

Rough estimate distance (km)

a
b
c
d
e
f
g

CS,CFS,FRS
CS,CFS
CS,CFS
CS,CFS
CFS,FRS
CS,FRS
CFS

100
100
300
300
100
300
200

h

CFS

200

i

CFS

400

Water bodies and land use planning regulations of special areas

6

Water bodies and land use planning regulations pertaining to special areas result in high
costs for crossing these areas or even obliges pipeline developers to make detours, which
can also result in additional costs and a delay of project deployment (see Section 6.3.2).
Water bodies and protected nature reserves are marked with blue and green areas in
Figures 6.2‐6.4, respectively. An example of a pipeline crossing an estuary is the Sines ‐
Setúbal pipeline in Portugal in the Conservative CCS and Cross‐frontier scenarios in 2030,
which is a protected area (Natural Reserve of the Sado Estuary); and also Parque Natural
da Arrábida (where a cement plant is located). Water bodies (e.g. rivers and estuaries) are
crossed several times as these are more difficult to avoid.
Geographical altitude differences
Mountain crossings are mainly observed in the Cantabrian Mountains (north of Spain)
between Asturias and León, south of the province Cantabria, and between Vizcaya and
Guipuzcoa (Spain) in the Conservative CCS and Cross‐frontier scenarios; in the Free‐routes
scenario, mountain crossings are observed between San Sibrao and Ponferrada in León,
and Vizcaya and Alava (see Table 6.10). Installation and operation of CO2 pipelines and
power supply will be expensive along these CO2 pipeline tracks.
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Table 6.10: CO2 pipeline tracks with geographical altitude differences. The connections are also
indicated in Figure 6.3. CS, CFS and FRS stand for the Conservative CCS, Cross frontier and Free‐
routes scenario, respectively.
Route
Spain
Asturias ‐ León
Vizcaya ‐ Guipuzcoa
South of Cantabria
San Sibrao ‐ Ponferrada
Vizcaya ‐ Alava

Connections

Scenarios

Rough estimate distance (km)

1
2
3
4
5

CS,CFS
CS,CFS
CS,CFS
FRS
FRS

100
100
50
50
50

6.4 Discussion
The research resulted in a comprehensive list of DBS that is considered to be quite
exhaustive, because of the various ways of data collection. For this reason, the method
proved to be an effective way to identify DBS for a pipeline infrastructure. However, a
caveat is issued in relation to the route‐specific DBS, which depend strongly on the
pipeline modelling results and are thus rather uncertain. Despite this generic uncertainty,
several pipeline routes occur in all three scenarios and are, therefore, likely to be installed
in case CCS is deployed at a large scale across the region. Further research should aim to
identify for which parts of these pipeline routes, ROW can already be acquired, and, if
sufficient space is available in the pipeline corridors, where ROW of natural gas pipelines
can be used for the CO 2 pipelines to avoid unnecessary delays and exploit cost synergies.
Albeit crossings of mountains, nature areas and water bodies were discouraged in the
modelling work, several crossings can be observed in the pipeline networks (see Section
6.3.5). Where possible, alternative routes could be considered on a case‐by‐case basis; for
example, by deviating from the natural gas pipeline tracks in the CS and CFS scenarios,
several barriers can be avoided (see Section 6.3.5). Furthermore, in due time, assessments
should be made for which CO2 trunk pipelines that show opportunities for capacity
oversizing to exploit economies of scale (e.g. between San Sebastián to Logroño in the
north of Spain), oversizing is indeed economically interesting. To this end, the CO2 pipeline
design criteria of Knoope et al. (2014a) could be used, which allows for a more detailed
techno‐economic optimisation analysis of CO2 pipeline configurations, including pipeline
oversizing. Next to the route‐specific DBS, several other issues were identified that merit
further research:
 The data collection in Morocco was rather difficult. More research is needed to identify
potential remaining DBS in Morocco and validate the country specific DBS for the
Moroccan case, especially by studying analogue pipeline trajectories and doing
interviews with local stakeholders. Although the modelling results of (Kanudia et al.,
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2013, 2012c, 2012d) show only few CO2 pipelines in Morocco (Figures 6.2‐6.4), more
could follow in case further research would confirm expectations on the large offshore
CO2 storage potential, which is currently unknown due to limited (publicly) available
data (Martínez and Carneiro, 2011).
 Albeit offshore and transboundary pipeline transport plays only a minor role in the
modelled pipeline networks, it is recommended to anticipate on potential DBS related
to these topics, such as cross‐jurisdictional issues, by investigating them beforehand.
Improved input data quality for the COMET model, including the storage potential on
the Moroccan continental shelf and other parts of North Africa, could result in more
offshore and transboundary pipelines, thereby making these topics more relevant.
 Geske et al. (2015a, 2015b) show that CO2 shipping can be a cost effective alternative
for certain offshore pipeline routes, especially for transport of small volumes and over
long distances. Furthermore, ships have the advantage of flexibility, which could be
especially interesting in the early stages of the CCS market. Therefore, the DBS of the
CO2 shipping option should be further investigated to explore the practical feasibility of
this transport mode.

6

 Ways to engage the local public, politics and NGOs in the process of designing the CCS
infrastructure should be assessed so that their points of view can be optimally
incorporated in this process (see e.g. Terwel et al., 2012). Further research is desirable
to identify fruitful modes of engagement.

6.5 Conclusions
6.5.1 Conclusions
This study provided a method to identify drivers, barriers and synergies (DBS) related to
the deployment of a regional CO2 pipeline network. The method was demonstrated for
the West Mediterranean region (WMR) and is related to other research carried out in the
COMET project (Boavida et al., 2013; Gouveia et al., 2013; Kanudia et al., 2013; van den
Broek et al., 2013b), in which several possible CO2 pipeline networks were modelled under
three scenarios that differed with respect to: (i) whether CO2 pipelines should follow
existing pipelines (mainly natural gas) where available (Conservative CCS and Cross‐
frontier scenario), or not (Free‐routes scenario), and (ii) on the possibility to transport CO2
across national borders (Cross‐frontier scenario) or to restrict CO2 transport to the country
level (Conservative CCS and Free‐routes scenarios). The first part of the method comprised
a literature review, an analysis of analogue pipeline trajectories, interviews with pipeline
experts, and workshops with stakeholders. Subsequently, the collected information was
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used to identify route specific DBS in the modelled CO2 pipeline networks. Finally, where
applicable actions were identified that could alleviate the barriers or take advantage of
the synergies and drivers. The research resulted in a comprehensive list of DBS for the
WMR case study, which is expected to be quite exhaustive, because of the various ways of
data collection. Furthermore, the list provides a framework for action. For these reasons,
the method proves to be an effective way to identify DBS for a pipeline infrastructure, also
in other parts of the world.
Based on the WMR case study an extensive list of DBS has been compiled. The barriers can
in principle be tackled to make the design, construction and operation of a CO2 pipeline
network possible. Furthermore, there are opportunities for cost reductions and facilitating
processes as well. Most of the DBS can and should be addressed at an early stage to
enable CO2 pipeline transport in the future. The DBS are related to CCS and CO2 pipeline
transport in general as well as to the specific pipeline routes in the modelled scenarios.
The main drivers/synergies identified in both literature and by local stakeholders applying
to CO2 pipeline networks in general are the long experience with natural gas pipeline
transport, embedded legislation, and existing investment and organisational models for
hydrocarbon pipeline networks. Portuguese and Spanish stakeholders added that
earmarking CO2 pipeline ventures as public interest projects can expedite the
implementation of CO2 pipeline projects. Most route specific drivers and synergies apply
to all three scenarios, although not always to the same extent. The CO2 sources and sinks
in the WMR are located far from each other. There are several opportunities to lay CO2
pipelines along existing pipelines, provided sufficient space is available in the pipeline
corridors, thus creating opportunities to reduce costs and utilise existing Right of Way.
However, the Free‐routes scenario shows that it is not necessarily cheaper to follow
natural gas pipelines, because deviating from the natural gas pipelines can reduce the CO2
pipeline distances considerably. These cost considerations may affect the eventual routing
of the pipelines. Another potential synergy can be achieved by oversizing (trunk) CO2
pipelines to exploit economies of scale, provided the oversized capacity is used not later
than five to ten years after the construction of the pipeline.
The main technological barriers applying to CO2 pipeline networks in general are the
knowledge gaps on the (cost increasing) effect of impurities and intermittent flow
patterns on the physicochemical properties of the CO2 flow during pipeline transport as
well as on the probability and impact of a CO2 pipeline failure. Other main barriers are the
lack of specific legislation on CO2 pipeline transport, lengthy permit procedures, land use
planning regulations, uncertainty of future climate policy, lack of financial incentives, high
level and risk profile of CO2 pipeline investments, the economic crisis, and the need for an
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electric infrastructure to power booster stations. The technical and economic route
specific barriers relate to crossings of water bodies and mountainous areas as well as land
use planning regulations of special areas. The Cross‐frontier scenario shows specific
barriers related to unresolved issues in international conventions (e.g. London Protocol
and Basel Convention) and different jurisdictions and organisational models of transport
networks between countries, which currently hamper transboundary CO2 transport.
Although many barriers were identified, most of these barriers (e.g. technical knowledge
gaps, outstanding legislative issues, lack of financial incentive) can, in principle, be tackled.

6.5.2 Policy implications

6

Most DBS identified in this study are generic, i.e. they apply to CO2 pipeline transport in
general and are not route specific. The DBS list provides a framework for action
comprising short term measures related to different aspects of pipeline infrastructure,
namely technology (i), legislation/policy (ii, iii), economics/finance (iv, v) and organisation
(vi). The key measures are: (i) stimulating research and CCS demonstration projects to
investigate remaining technical knowledge gaps (e.g. effect of impurities in and
intermittency of CO2 flows) and prove the techno‐economic feasibility of CCS; (ii)
formulating consistent and transparent policy regarding CCS; (iii) resolving outstanding
legal issues in international treaties and establishing a transparent national and regional
(preferably on EU level) legislative framework to enable CO2 pipeline transport. Concerted
action and involvement of private and public stakeholders (also between countries) are
key to create a broadly supported and coherent legislative framework; (iv) establishing a
(European wide) well‐functioning financial regulatory framework (e.g. ETS) to make a
sound business case for CCS possible; (v) devising financial programs to supply potential
investors in CO2 pipeline infrastructure with funding resources and low risk exposure; (vi)
scheduling and communication among stakeholders and countries involved in different
parts of the CCS chain to avoid delay and sub‐optimal infrastructure deployment.
The route specific DBS in the WMR case study are more relevant for the mid‐long term.
Mid‐long term measures should focus on the preparation of public utility declarations and
permits for the crossings of nature reserves, the acquisition of ROW and pipeline
oversizing. More research is needed to identify for which parts of the identified pipeline
routes these measures should be taken.
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6.6 Appendix I
This appendix describes the case study of the Iberian Peninsula and Morocco that was
used for the analysis in this chapter.

6.6.1 West Mediterranean region
The WMR shows potential for CCS considering its large CO2 storage capacity, especially in
Spain (GCCSI, 2012). An inventory was made of the CO2 point sources and storage
locations across the WMR by Boavida and Sardinha (2012); Boavida et al. (2012a);
Martínez and Carneiro (2011).
The map in Figure 6.6 shows the 285 stationary CO2 point sources across the region over
the period 2005‐2009. The point sources are made up of utilities, oil refineries, cement,
iron & steel, pulp & paper and other industries. Note that Spain accounts for more than
70% of the point sources (221) and CO2 emissions (153 MtCO2/y) in the three countries.
The Spanish point sources are spread all over the country. Portugal and Morocco show
similar features in number of point sources (35 and 29, respectively) and emitted CO2
(both around 28 MtCO2/y) (Mesquita and Carneiro, 2013). Both the Portuguese and
Moroccan point sources are predominantly located in the coastal areas.
The map in Figure 6.7 provides an overview of the locations and storage potential of the
CO2 injection sites across the WMR. The total storage capacity amounts to nearly 30
GtCO2, which is divided over a number of 163 storage structures. Spain has the largest
estimated storage capacity (around 22 GtCO2, 118 structures), followed by Portugal (7.5
GtCO2, 36 structures) and Morocco (0.4 GtCO2, 9 structures) (Mesquita et al., 2013).
Storage structures with a capacity less than 3 MtCO2 were excluded from the inventory,
nor are they shown in Figure 6.7.

6.6.2 Scenarios and CO2 pipeline networks for the West Mediterranean
region
Eight scenarios were devised for the WMR for the time period 2010‐2050 with different
assumptions on gross domestic production (GDP) growth and concomitant CO2 emissions,
CO2 emission reduction levels, CCS availability, storage potential, CO2 pipeline networks,
and the possibility to transport CO2 across country borders (see Gouveia et al., 2013). For
the design of the pipeline networks, both the CO2 point sources and sinks were clustered
together to reduce the number of pipelines and exploit economies of scale (see Figure 6.6
and Figure 6.7). The hubs of the source and sink clusters were connected in a most cost
effective way for each scenario.
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Figure 6.6: Location of CO2 point sources and mean annual CO2 emissions over the period 2005‐
2009. The transparent ovals and circles indicate the clusters of CO2 point sources used for the
modelling exercise.
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Figure 6.7: Location of potential injection sites and storage capacity. Storage structures with a
capacity less than 3 MtCO2 are not shown. The transparent ovals and circles indicate the clusters of
sinks used for the modelling exercise.
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Three of the eight aforementioned scenarios differ with respect to assumptions made on
the CO2 pipeline network; hence, the focus in this study was on these three scenarios. The
assumptions differ on (1) whether CO2 pipelines should follow existing pipelines (mainly
natural gas) where available (Conservative CCS and Cross‐frontier), or not (Free‐routes),
and (2) on the possibility to transport CO2 across national borders (Cross‐frontier) or to
restrict CO2 transport to the country level (Conservative CCS and Free‐routes). These three
scenarios assume an annual GDP growth over the coming forty years (Spain: 2.4%/y;
Portugal: 2.0%/y; Morocco: 3.6%/y)8, a national CO2 emission target of 40% below 2005
levels in 2050, and the technical and economic availability of CCS from 2020 onwards. The
DBS identified in the literature review and country analyses were assessed for the CO2
pipeline networks simulated for the three scenarios. The assessment was done for the
pipeline networks in the year 2030 (instead of 2050) as this will result in lower uncertainty
in the scenario parameters, pipeline networks configurations, and thus, route specific DBS.
Table 6.11 gives an overview of the key characteristics of the CO2 sources, storage
potential and CCS for the three scenarios in the WMR for the years 2005‐2009 and 2030.
Figures 6.2‐6.4 in Section 6.2.2 show the CO2 pipeline networks for the Conservative CCS,
Cross‐frontier and Free‐routes scenarios for the year 2030, respectively.

6

As can be seen in Figure 6.2 and Figure 6.3, the CO2 pipeline networks in the Conservative
CCS and Cross‐frontier scenarios in 2030 are rather similar; this is mainly because in both
scenarios the CO2 pipelines have to follow the existing natural gas pipeline network. The
key differences are the transboundary pipelines in the Cross‐frontier scenario: between
Vigo (north of Spain) and Porto (north of Portugal), between Abrantes (centre of Portugal)
and Córdoba (southwest Spain), and between Algeciras (south of Spain) and
Ceuta/Tetouan (north of Morocco). Nevertheless, transboundary transport seems to play
a limited role in the future CO2 pipeline networks. Another notable difference is the
pipeline network along the Moroccan coast, which emerges in the northwest in the Cross‐
frontier scenario as a result of the opportunity to store Moroccan CO2 in low‐cost Spanish
storage reservoirs, instead of in the west of Morocco where storage sites are more
expensive. The Free‐routes scenario shows significantly more differences compared to the
other two scenarios, mainly due to the freedom in pipeline routing, which resulted in
more direct CO2 pipeline connections, especially in Spain. Also, whereas the Free‐routes
scenario shows three separate pipeline networks within Spain, the Conservative CCS and
Cross‐frontier scenario display a more integrated network within the country.
8

The annual GDP growth rates were mainly based on projections of the International Monetary Fund (IMF, 2012).
However, the projections could be regarded as too optimistic considering the current economic crisis. In the COMET
model, a scenario with a low GDP growth was run as well (see Kanudia et al., 2013). It was found that with low economic
growth assumptions CCS remains competitive but the market is reduced.
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Table 6.11: Key characteristics of CO2 point sources, CO2 storage potential and CCS in the COMET
model in the West Mediterranean for the years 2005‐2009 and 2030 in the Conservative CCS, Cross‐
frontier and Free‐routes scenarios.
Spain
Portugal
Morocco
General
CO2 point sources a (nr.)
221
35
29
44
10
12
Point source clusters b (nr.)
Storage structures c (nr.)
118
36
9
22
7.5
0.4
Storage potential c (GtCO2)
28
8
4
Storage clusters b (nr.)
2005‐2009
153
28
28
CO2 emissions a (MtCO2/y)
2030
365
51
86
CO2 emissions w/o capture (MtCO2/y)
50
5
3
CO2 captured d (MtCO2/y)
327
47
84
CO2 emissions after capture (MtCO2/y)
38
4
3
CO2 avoided via CCS (MtCO2/y)
a
Point sources emitting less than 0.08 MtCO2/y were excluded from the inventory (Boavida and Sardinha, 2012; Boavida
et al., 2012a; Martínez and Carneiro, 2011).
b
The clustering of point sources and sinks was based on a case‐by‐case analysis rather than on an automated procedure
imposing strict constraints (e.g. maximum CO2 emission size or constant distances between point sources).
Nevertheless, three criteria were followed loosely for identifying source clusters: (i) distance between point sources;
(ii) least cost paths direction between point sources and sinks/sink clusters; and (iii) geographical and infrastructure
barriers between point sources. Similarly, three criteria were used for the definition of sink clusters: (i) continuity of
the geological basin/structure; (ii) distance between sinks and injection sites; and (iii) distinction between on‐/offshore
clusters. Both the point source and sink clusters show a considerable range in terms of size (point sources: 0.1‐13.4
MtCO2/y; sinks: 4‐4,312 MtCO2) and number (point sources: 1‐15; sinks: 1‐20) (Mesquita et al., 2013).
c
Storage sites with a capacity lower than 3 MtCO2 were excluded from the inventory (Martínez and Carneiro, 2011).
d
For 2030, the COMET model projects CO2 capture to occur only in the power sector (both gas and coal‐fired power
plants) due to the relatively low CO2 capture costs. A CO2 capture rate of 90% was assumed for the electricity sector.
CO2 capture from industrial point sources (mainly in the cement sector in Spain and Portugal) was projected to occur
after 2030 (van den Broek et al., 2013a).

Figure 6.2 and Figure 6.3 show merely one offshore pipeline (Algeciras‐Ceuta/Tetouan),
which is used for transboundary transport in the Cross‐frontier scenario (Figure 6.3) rather
than for offshore storage. In 2030, the backbone of the CO2 pipeline network across the
region is already in place and has a length of around 5.5∙103 km in all three scenarios
(compared to around 7.9∙103 km in 2050) (van den Broek et al., 2013a). Therefore, most of
the investments in trunk pipelines will be needed in the period up to 2030. In the
Conservative CCS scenario, pipeline investments amount up to 3.9 billion euro out of 4.6
billion in 2050. The Free‐routes scenario shows that investments cost (0.6 billion euro in
2020) may be significantly lower compared to the Conservative CCS scenario (1.4 billion
euro in 2020) while being able to store the same amount of CO2, owing to the high degree
of freedom in selecting pipeline routes. Investment cost could be substantially reduced
(around 0.9 billion euro) by postponing a number of pipelines which are oversized for the
period after 2030 (van den Broek et al., 2013a).
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6.7 Appendix II
Table 6.12 gives an overview of the (local) stakeholders who attended the workshops in
Spain, Portugal and Morocco.
Table 6.12: Stakeholders present at workshops in Spain, Portugal and Morocco.
SPAIN

PORTUGAL

MOROCCO









 REN ‐ Gasodutos S.A. (energy
company)
 Galp Energia S.A. (natural gas
company)
 ENDESA (Spanish energy
company)
 EDP (Energy production
management corporation)
 Tejo Energía, S.A. (energy
company)
 CIMPOR (cement producer)
 DGEG (Directorate‐General for
Energy and Geology)
 CECAC (Executive Committee of
the Climate Change Commission)
 QUERCUS (National Association
for Nature Conservation)
 DGPM (Directorate‐General for
regional policies)
 Royal Norwegian Embassy
 LNEG (National laboratory of
energy and geology)
 FFCT (New University of Lisbon ‐
Faculty of Science and
Technology)
 UEVORA (University of Évora)

 SAMIR (refinery company)
 CNRST (National centre for
scientific research and
technology)
 OREDDO (regional
observatory for
environmental and
sustainable development of
the East)
 National Moroccan
phosphate company
 GPower Consultants
 ADEREE (Agency for the
development of renewable
energy and energy
efficiency)
 Managem (mining and
hydro metallurgy group)
 National office of electricity
 ONHYM (Moroccan Office
of Hydrocarbons and
Mining)
 Transcarbon (consultant)
 Ministry of energy, mines
and water
 Ministry of Environment
 University Al Akhawayn
 University of Rabat
 University of Mohammed
1st
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ENDESA (energy company)
ENAGÁS (natural gas company)
Gas Natural Fenosa (energy company)
Iberdrola (energy company)
ELCOGAS, S.A. (IGCC power plant)
Repsol S.A. (oil and gas company)
UNESA (Spanish Association of the
Power Industry)
Spanish CO2 platform
CEOE (Commission of Energy in the
Spanish Confederation of Employers'
Organisations)
OECC (Spanish Office of Climate Change)
Oil and Gas Capital (Hydrocarbons’
Prospecting company)
ISOLUX CORSAN , S.A. (Global
benchmark in the areas of concessions
energy, construction and industrial
services)
IPF (Petrophysical Institute Foundation)
CIUDEN (Energy City Foundation)
Air Liquide (industrial gas producer)
CIEMAT (Spanish National Research
Centre for Energy, Environment and
Technology)
IIMAC (Climate Change, Environmental
and Energy Consulting company)
IGME (Spanish institute for geology &
mining)
Ministry of Industry, Energy and
Tourism

6.8 Appendix III
Table 6.13 gives an overview of the main technical features of the study of analogue
pipeline trajectories used for this study. More detailed information on technical, legal,
financial and organisational aspects can be found in COMET (2012a, 2012b, 2012c) as well
as in the references presented in Table 6.12.
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84
CS API 5L X70
Not indicated
Industrial, forest,
agricultural,
populated
Yes (65 km)
Yes
Yes
Yes
Supervision/
control centres;
inspections by foot
(each 3 months) and
by helicopter (each 6
months)
Crossing protected
areas; 5 m. distance
between pipeline axes
required when
crossing rivers or
lakes
Not indicated

Operating pressure (bar)
Materials pipeline
Coating
Crossed terrains
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c

b

a

Not indicated

Yes
Yes
Yes
Yes
System remote control
from control centre;
volume measuring +
leak detection system;
surveillance by foot
and helicopter; PIGs c
Crossing protected
areas (Sado river);
establishment ROW;
risks related to
infrastructure building

99
CS API 5L Grx65
Not indicated
Industrial, forest,
agricultural, populated

No
1996
1996
147
16
0.2

Sines‐Aveiras de Cima
Agripo Ambiente
(1995)
Refined oil products
Onshore
Sines‐Aveiras

36‐85
CS API 5L X70
PE
Agricultural,
industrial, forestry,
populated
No
Yes
Yes
Yes
Control system;
surveillance pipeline;
cathodic protection;
optical cable along
pipeline for
information
Crossings protected
areas + water bodies;
use explosions in
rocky areas; impact
on environment

36‐85
CS API 5L X70
PE
Flat, agricultural,
forestry, populated

Compression,
maintenance,
monitoring, corrosion,
pressure drops,
intermittency

Not indicated

Yes
1997
1997
76
20
0.6

No
Not indicated
1997
580
4‐28
3.7

No
Yes
Yes
Yes
System for supervision
+ control transport
network; aerial, car and
foot patrol are
regularly carried out;
PIGs c
Crossing obstacles;
digging restrictions;
minimum distances
from constructions and
vegetation

Braga‐Tuy
IMPACTE (1997,
1996)
Natural gas
Onshore
Braga‐Tuy

Setubal‐Braga
SEIA (1995a, 1995b,
1994)
Natural gas
Onshore
Setubal‐Braga

Onshore patrolling
of route difficult in
areas with low
accessibility

Changes in
topography,
crossing natural
parks and other
protected areas

Not indicated

Not indicated

No
Yes (2)
Yes (18)
No
Yes

81
Welded steel
PP anti‐corrosion b
Not indicated

Yes
2006
2008
210
24
8

MEDGAZ
Mikunda et al.
(2011b)
Natural gas
On‐ and offshore
Beni Saf (Algeria) ‐
Almeria (Spain)

No
Not indicated
Not indicated
Not indicated
Border station that
monitors gas
imports

36‐85
CS API 5L X70
PE
a.o. crop fields and
pasture

No
Not indicated
1997
220
28
3.7

Natural gas
Onshore
Campo Maior‐
Leiria

Leiria‐Campo Maior
REN (2007)

Not indicated

Not indicated

Yes, for 17 km
Yes
Yes
Yes
Not indicated

180
CS API 5L Grx65
PE
Sandstone, slate,
clay, marl

Compostilla
Compostilla
Project (2013)
CO2
Onshore
Compostilla ‐
Santa María del
Monte de Cea
No
Not finished yet a
Not finished yet a
140
14
0.001

By the end of 2013, it was decided not to proceed the Compostilla project to the full scale demonstration stage (Foster Wheeler, 2013; GCCSI, 2014).
The parts of the pipeline nearest to the shores, down to depths of 250 m will also have an outside coating of reinforced concrete to provide stability and extra protection.
Pipeline inspection gauge (PIG)

Technical difficulties with
operation

Technical difficulties with
construction

Follows other tracks
River crossings
Road crossings
Railways
Monitoring system

No
Not indicated
2003
87
32
6

Sines‐Setubal
Hidroprojecto
(2001)
Natural gas
Onshore
Sines‐Setubal

Transboundary
Project start
Start year operation
Length pipeline (km)
Diameter pipeline (inch)
9
3
Capacity (10 m /y)

Transported matter
On‐/offshore
Route

REFERENCES 

Table 6.13: Overview of main technical features of the analogue pipeline trajectories used for this study.

Method for identifying drivers, barriers and synergies related to the deployment of a CO2 pipeline network

6
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ABSTRACT
The costs of intermittent renewable energy systems (IRES) and power storage
technologies are compared on a level playing field to those of natural gas combined cycle
power plants with CO2 capture and storage (NGCC‐CCS). To account for technological
progress over time, an ‘experience curve’ approach is used to project future levelised
costs of electricity (LCOE) based on technology progress ratios and deployment rates in
worldwide energy scenarios, together with European energy and technology cost
estimates. Under base case assumptions, the LCOE in 2040 for baseload NGCC‐CCS plants
is estimated to be 71 €2012/MWh. In contrast, the LCOE for electricity generated
intermittently from IRES is estimated at 68, 82, and 104 €2012/MWh for concentrated solar
power, offshore wind, and photovoltaic systems, respectively. Considering uncertainties in
costs, deployment rates and geographical conditions, LCOE ranges for IRES are wider than
for NGCC‐CCS. Also, the energy storage technologies versus NGCC‐CCS as backup options
for IRES are assessed. Here, for base case assumptions NGCC‐CCS with an LCOE of 90
€2012/MWh in 2040 is more costly than pumped hydro storage (PHS) or compressed air
and energy storage (CAES) with LCOEs of 57 and 88 €2012/MWh, respectively. Projected
costs for battery backup are 78, 149, and 321 €2012/MWh for Zn‐Br, ZEBRA, and Li‐ion
battery systems, respectively. Finally, four stylised low‐carbon systems are compared on a
common basis (including all ancillary costs for IRES). In the 2040 base case, the system
employing only NGCC‐CCS has the lowest LCOE and lowest cost of CO2 avoided with CO2
emissions of 45 kg/MWh. A zero CO2 emission system with IRES plus PHS as backup is 42%
more expensive in terms of LCOE, and 13% more costly than a system with IRES plus
NGCC‐CCS backup with emissions of 23 kg CO2/MWh. Sensitivity results and study
limitations are fully discussed within this chapter.
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7.1 Introduction
Based on scientific assessments of dangerous anthropogenic interference with the climate
system, public institutions have set targets to limit the average worldwide surface
temperature increase to no more than 2°C compared to pre‐industrial levels. This target is
often translated to one of stabilising the atmospheric concentration of GHGs to around
450 ppmv CO2 equivalent by the end of this century (IPCC, 2007). That would require
global CO2 emissions to be reduced drastically (e.g. 50‐85% by mid‐century). CO2 emission
mitigation scenarios envision different portfolios of low‐carbon technologies to achieve
those large reductions.
Natural gas fired combined cycle power plants (NGCCs) can be a first step in reducing CO2
emissions by about 50% compared to coal‐fired power plants. To achieve greater
reductions, NGCC with CO2 capture and storage (CCS) (either as a retrofit technology or on
new builds) could be an important low‐carbon technology option. However, the role of
NGCC‐CCS in CO2 mitigation scenarios is still uncertain. For example, its role in scenarios in
which fossil fuel power is phased out completely ranges from zero (Ecofys/WWF, 2011;
Greenpeace/GWEC/EREC, 2012) to 36% of total global electricity production (GEA, 2012).
In energy scenarios, NGCC‐CCS can either contribute substantially to baseload power
generation, or provide backup capacity in a portfolio rich with intermittent renewable
electricity systems (IRES) (IEA, 2014). IRES technologies have the advantage of generating
power without depleting natural resources. On the other hand, their power generation is
variable, partially unpredictable, and controllable only to a limited extent (Brouwer et al.,
2014; IPCC, 2011).

7

Ultimately, deployment of low‐carbon NGCC‐CCS power will depend on its cost‐
effectiveness relative to alternative low‐carbon power generation technologies. Important
competitors for baseload operation in a mitigation portfolio are IRES technologies like
photovoltaics (PV), wind power (onshore and offshore), and concentrated solar power
(CSP) used in conjunction with a thermal storage system to increase its availability and
control. Other low‐carbon competitors for baseload operation include hydropower,
geothermal, coal‐fired CCS power plants, biomass‐fired power generation and nuclear
power (IEA, 2014). Alternatives that compete with NGCC‐CCS for backup capacity include
pumped hydro storage, compressed air energy storage (CAES), and power storage systems
based on batteries (DOE/EPRI, 2013; IEA, 2014).
To plan R&D activities and demonstration projects related to NGCC‐CCS development, it is
important to get more insight into its potential role in the power generation mix. For
comparisons of baseload options, the requirement of a level playing field implies that the
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cost of IRES should also include the additional costs incurred due to extra balancing
services, extra transmission requirements, and adequacy requirements (Edenhofer et al.,
2013; Larsson et al., 2014). Such a comparison of NGCC‐CCS and IRES, including all these
costs and how they may develop over time, has not yet been done1. Furthermore, a
systematic cost comparison of NGCC‐CCS with power storage technologies as backup
capacity for IRES also is lacking2. The present study addresses these two gaps in the low‐
carbon energy systems literature.
The objective of this study is to get insights into the cost‐effectiveness of NGCC‐CCS
compared to IRES and power storage technologies as a CO2 mitigation strategy. Therefore,
the following three research questions are addressed in this study:
1.

What are the potential cost reductions for each technology due to future learning?

2.

How does the cost of NGCC‐CCS compare to the cost of IRES when they are each
operated to their full extent for baseload power generation?

3.

How does the cost of NGCC‐CCS compare to the cost of power storage over time in
providing backup services in low‐carbon systems with large shares of intermittent
renewables?

The starting point for this study was to establish a level playing field for an in‐depth
analysis focussed on a limited number of technologies. Besides NGCC‐CCS, selected three
IRES options are selected, namely, offshore wind, PV, and CSP. Also, five energy storage
technologies are selected, namely, PSH, CAES, lithium ion, ZEBRA, and Zn‐Br battery
systems. CSP is only partly intermittent because it can also be designed as a controllable
technology by adding thermal storage systems. In this study, IRES and power storage
technologies refer to these specific technologies.
A most low‐carbon technologies above are still in the early stages of commercialisation
and deployment there is significant potential for cost reductions as the technologies
mature. Several studies (e.g Junginger et al., 2004; Schaeffer et al., 2004), have
investigated the experience curve concept for energy technologies and identified so‐called
1

A review by Larsson et al. (2014) of twelve studies which assessed electricity production costs shows that these studies
did not compare costs of NGCC‐CCS and IRES on a level playing field including a projection into the future. Viebahn et al.
(2012) compared cost development of offshore wind and NGCC‐CCS, but did not add integration costs.
2
Numerous studies compared power storage technologies with respect to their technical characteristics without
addressing costs (e.g. (Mahlia et al., 2014; Yekini Suberu et al., 2014)) and other studies also included cost aspects (Chen
et al., 2009; Ma et al., 2014) but did not compare these to those of other backup technologies like NGCC.

259

7

Chapter 7

progress ratios (PRs) – a parameter expressing the fraction of the original unit cost of a
technology after a doubling of its cumulative production or installed capacity. Thus, a PR
of 0.90 means that the unit cost (e.g. €/kW) falls to 90% of its previous value with each
doubling of installed capacity. (The PR is directly related to the learning rate, LR, which is
the fractional reduction in cost for each doubling of capacity; thus, in the example above
LR= 0.1, or 10%). This study employs the experience curve approach to assess potential
cost reductions over the next several decades. Using an inventory of historical PRs (based
on empirical cost data) and current cost estimates for the energy technologies of interest,
the future cost of each technology is projected as a function of its future deployment.
This study focuses on technologies in Europe and the period 2011‐2050. It is assumed that
learning takes place at a global level, and use projections of global cumulative capacities of
each technology to derive potential cost reductions. Because decision‐makers also seek
projections into cost developments for shorter time horizons, cost estimates in 2020,
2030, and 2040 are also highlighted. All cost estimates are based on scenarios that assume
a policy framework in which deep CO2 emission reduction targets are set. Following the
presentation of our analysis the implications of key assumptions employed are discussed.

7.2 Method
7.2.1 Introduction

7

As noted earlier, an important aspect of this study is to compare technologies on a level
playing field. Thus, the cost of the IRES should include integration costs needed to deal
with specific characteristics of renewable technologies. PV and offshore wind power
generation are characterised by variability and a degree of unpredictability. They are often
deployed at spatially dispersed and unevenly distributed locations. CSP with thermal
storage is more predictable and can be regulated, but may be located far from load
demands. The integration costs are defined as the additional costs compared to an
electricity generation system in which intermittent renewable generation is replaced by a
hypothetical alternative system that is fully controllable, predictable, and can be
constructed easily along the existing grid3.

3
This definition is based on a definition presented by Meibom et al. (2009). Note that the most cost‐effective generation
mix system beside the intermittent generation or ´theoretical´ alternative generation may consist of different
technologies. The comparison is, therefore, simplified.
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Integration costs consist of three components, namely:
1.

Balancing costs. These are costs to match supply and demand on a short‐term basis.
They include cost of extra reserve requirements (primary and secondary reserves),
and other costs to deal with variable and unpredictable aspects of intermittent
renewable generation. For example, other power plants may have to run at lower
part‐load efficiencies, or start/stop more often, which induces extra costs.

2.

Transmission costs. These include grid expansion costs required to connect spatially
dispersed and unevenly distributed renewable generation technologies to the grid.

3.

Adequacy costs. These costs are for backup or storage capacity needed when there
is insufficient intermittent renewable electricity generation. Usually, these
technologies operate at low capacity factors. The adequacy costs include both the
investment costs of the backup or storage capacity and the incremental costs of
running at a lower capacity factor than in the case without intermittency.

Figure 7.1 shows an overview of the study methodology. The yellow shapes refer to the
inventory of data activities, and the blue boxes to the calculations of levelised cost of
electricity (LCOE). The calculations are all implemented in the Microsoft Excel spreadsheet
application (referred to as the Excel model hereafter). LCOE is a widely‐used metric for
reporting and comparing the cost of power generation technologies (EPRI, 1993; IEA,
2010a), though it must be used carefully when both baseload, load‐following, and
intermittent technologies are involved. Unlike load‐following units (e.g. an NGCC‐CCS
plant that operates whenever needed), IRES does not provide power on demand but on an
intermittent basis. Therefore, throughout this study the LCOE of an IRES option is
expressed as €/MWhint, where subscript ‘int’ refers to electricity generated intermittently.
In the first three LCOE calculations (see blue boxes 2.5, 2.6, and 2.8), the LCOEs of NGCC
and NGCC‐CCS are calculated assuming they are operated as either baseload or load‐
following units. In these sections, the ‘stand‐alone’ LCOEs of individual IRES include the
extra balancing and transmission costs required for IRES. However, to be able to properly
compare the LCOEs of IRES with NGCC‐CCS for situations including base load operation,
power system configurations that provide similar levels of service including adequacy
services also need to be investigated. For this reason, the costs of different base load
power system configurations are also assessed (box 2.10). These configurations are based
on current load patterns without demand‐side management measures. All costs are
presented in constant €2012. Capacity units (kW, MW, GW) refer to net power output and
energy units (kWh, MWh) refer to net electricity output unless otherwise stated.
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Figure 7.1: Scheme of the method (the numbers refer to the different sections in the method
section, data section, and result section).

7

7.2.2 Techno‐economic data collection
Data collection is based on the common method of cost estimation for CCS at fossil fuel
power plants as specified in Rubin et al. (2013), who address the problem of inconsistent
costing methods for CCS technologies currently employed by various organisations. They
establish a recommended method for estimating capital and O&M costs, and for
calculating the levelised cost of electricity (LCOE). The method of Rubin et al. (2013) was
adopted for this study to assess costs of other technologies than CCS power plants as well.
The specific cost parameters which were collected for each technology comprise capital
investment cost, and operation & maintenance (O&M) costs. Cost parameters for NGCC‐
CCS include costs of CO2 transport and storage. Cost parameters of IRES include those
related to extra balancing and transmission. Finally, efficiency parameters for all NGCC
options and CAES are collected to determine fuel costs, CO2 emissions, and associated
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costs for a given CO2 price. In each case, it was verified that capital and O&M cost
parameters included all cost elements as specified in the cost estimation method of Rubin
et al. (2013). Because the most recent year for which cost data are available differed per
technology, the base year for learning varies by technology between 2010 and 2012 in this
study.
Capital cost
The capital cost parameter is based on the total capital requirement (TCR), which includes
process equipment, supporting facilities, direct and indirect labour, engineering services,
contingencies, owner’s costs (including start‐up and initial stock feed inventories), and
interest during construction (IDC). A detailed description of the cost elements included in
the TCR can be found in Rubin et al. (2013).
O&M cost
The O&M cost comprises fixed O&M cost and variable O&M cost. The fixed O&M cost
consist of labour cost (operation, maintenance and administration & support), cost for
maintenance materials, property taxes and insurance cost. The variable O&M cost
includes costs for consumables other than fuel (e.g. chemicals, water and catalysts), waste
disposal, and by‐product sales.
Ranges of reported costs
Recent literature studies were used to collect techno‐economic input data for this study.
Many studies present data ranges to account for cost uncertainties, ranges in PRs,
differences in geographical conditions across Europe and technology configurations (e.g.
more or less heat storage in CSP systems). The techno‐economic input data in this study
were divided into optimistic, base case, and pessimistic values. The combination of
optimistic values for a specific technology results in the lowest LCOE for this technology
and vice versa4. The optimistic and pessimistic values represent the two end values of the
data range observed in literature. The base case values are the averages of the input data
found for a particular parameter (e.g. the investment cost parameter). The base case
values are considered to be the most representative (best estimate) values for Europe on
average. However, values could very well be lower or higher in particular regions in
Europe.

4

In some cases, an optimistic value for a specific cost parameter may be higher than the pessimistic value, but the
associated LCOE is lower. For example, higher investment costs of CSP result in a higher capacity factor and associated
lower LCOE.
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7.2.3 Progress ratios for technological learning
In this study, technological learning is defined as the various mechanisms (such as
learning‐by‐doing, learning‐by‐searching, learning‐by‐interacting, learning‐by‐using,
upsizing and economies of scale) that influence both the production process and the
product operation, resulting in technological change and cost reductions (Junginger et al.,
2010). Numerous literature studies have investigated the phenomenon of technological
learning with energy technologies by empirically observing a relationship between unit
costs of production and cumulative production or installed capacity. This study does not
seek to derive such empirical relationships, but rather identifies values for progress ratios
(PRs) in literature for the energy technologies under study5. Both Junginger et al. (2010)
and Azevedo et al. (2013) conducted a comprehensive literature review for energy
generation technologies and observed a broad range of PRs mainly for capital costs of
NGCC‐CCS, PV, CSP, and onshore wind energy technology. Junginger et al. (2010) have
shown that derived PRs can vary significantly for a particular energy technology due to
differences in underlying data sets and geographical scope. Moreover, many studies base
their analysis on data sets of other studies, which do not result in ‘original’ PRs. Therefore,
only studies presenting PRs based on original data sets were used for the analysis in this
chapter.

7.2.4 Extra costs related to intermittency and decentralisation

7

An inventory of extra balancing costs was assembled based on a literature review in which
these costs were preferably calculated in a power system simulation model. Such models
should: I. simulate the power system on an hourly basis (or smaller time step), II. include
the reserve market, interconnection capacities, and storage options, III. model the
variability and partial unpredictability of the intermittent renewable energy sources, and
IV. account for flexibility parameters of the generators (i.e. partial load efficiencies, start‐
up costs, ramp‐up and down rates, minimum down time, startup time, and minimum
partial load capacity).

5
PRs derived from empirical cost data can differ considerably among energy technologies. For example, unitary cost of
PV modules haven been observed to decline with a PR of 80% over the past four decades, whereas higher PRs (90‐96%)
have been determined for offshore wind turbines over a period of around 15 years (Junginger et al., 2010). As yet,
scientific literature has not been able to give clear explanations as to why these differences exist. A likely explanation
given by Junginger (2013) could be that technologies with a high number of product output and a modular nature that
can be easily standardised (e.g. PV), have low, i.e. more favourable, PRs than technologies with a relatively low output
number, which are more complex and thus more difficult to standardise (e.g. offshore wind). High output volumes and
standardisation are factors that are conducive to production process optimisation and will logically result in more
learning‐by‐doing and economies of scale.
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7.2.5 Calculation of LCOE per technology
The levelised cost of electricity (LCOE) is a constant unit price used for comparing the costs
of energy technologies having different fuel mixes, capital costs, annual costs, net outputs,
and economic lifetimes (Rubin et al., 2013). In this study the cost of electricity for
individual IRES also includes additional costs for balancing and transmission. In the Excel
model, the LCOE is calculated using Equation 7.1.
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where TCR is Total Capital Requirement (in €/kW), α is the annuity factor (%), FOC the
Fixed O&M cost (€/kW per year), COF the cost of fuel (€/GJ), VOCNGCC‐CCS the variable O&M
cost for the NGCC‐CCS plant (€/MWh), CBAL+TRAN the cost for balancing IRES and extra
transmission costs for IRES (€/MWh), CCO2T&S the cost of CO2 transport and storage (in the
case of CCS), CCO2 the cost of CO2 emission allowances in case CO2 is emitted (in €/tonne
CO2), CF the capacity factor, ƞ the energy efficiency (in MWhout/MWhin), r the real
discount rate (%), and LT the economic lifetime (years).

7.2.6 Calculation of LCOE per technology as function of the cumulative
capacity
The capital costs, O&M costs, PRs and cumulative installed capacities of the energy
technologies, as well as prices for natural gas and CO2, can be used to derive the
quantitative relation between cumulative capacity and LCOE (see Equation 7.2).
C� � C��� � C����

Equation 7.2

PR � � �� � �� �� � ��� � PR

Equation 7.3

where Cumi is the cumulative capacity of technology i (GW), Ci is the cost for the ith GW of
the cumulative capacity, Ci=1 is the cost for the first GW of the cumulative capacity, and b
is the experience index.
On the basis of PR, and cost data and cumulative capacity for the starting year per
technology, b and Ci=1 are derived for each technology. Next, the LCOE is plotted as a
function of the cumulative capacity starting at the base year of the technology up to its
maximum cumulative capacity potential in 2050. Since learning takes place at a global
scale, global projections of the cumulative capacity are used (see Section 7.2.7). For each
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technology, the maximum deployment worldwide in 2050 was taken to be the maximum
installed capacity in 2050 found in different global scenarios. The reductions in LCOE as a
function of cumulative capacity were calculated based on the base case techno‐economic
parameters and PRs. Capacity factors were set at their maximum, i.e. the availability factor
to show the maximum achievable cost reductions for each technology.

7.2.7 Inventory of scenario data
As the aim of the research is to assess the role of NGCC‐CCS in a climate mitigation
strategy, global deployment data from scenarios, in which the worldwide average
temperature increase is kept below 2°C compared to pre‐industrial levels, is collected. This
target is usually translated to a target of stabilising the concentration of atmospheric
GHGs at 450 ppmv by the end of this century. Various GHG emission scenarios are
modelled in the literature to achieve that objective.

7.2.8 Calculation of LCOE per technology over time
The LCOE over time is determined by combining the quantitative relations between
cumulative capacity and the cost components of LCOE. In this case, the cumulative
capacity i is linked to a specific year t (compare Equations 7.2 and 7.4) based on the
deployment of technologies in global mitigation scenarios (see 7.2.7).
C� � C��� � C����

Equation 7.4

The LCOEs are presented from the base year of the technology to 2050.

7

7.2.9 Definition of system configurations
In order to show the competitiveness of the technologies in the electricity system, the
system adequacy requirements discussed earlier has to be taken into account. As a
consequence, capacity factors are lower than the maximum availability factor. Secondly, in
a situation with IRES, more capacity has to be installed than without IRES for adequacy
requirements. Finally, in a system with IRES, power storage and limits on electricity
generation from certain IRES technologies may be necessary.
To compare the competitiveness of the technologies under study including costs for
adequacy requirements, four stylized systems of electricity generation technologies and
storage technologies are defined (see Table 7.1). Note that the worldwide energy
scenarios show that future power systems will consist of many more technologies than
included in these systems. The LCOEs which result from this exercise can, therefore, be
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interpreted as the costs of an isolated (and simplified) system in a world where only these
energy technologies are deployed to meet one of the selected global mitigation scenarios.
The stylized systems are characterised by their yearly capacity factors and the shares of
each technology in electricity generation (as a % of electricity demand). The first three
systems are based on the electricity demand pattern and the wind and solar supply
patterns in the Netherlands, as a representative North European country. Using these
patterns in the MARKAL‐NL‐UU model (van den Broek et al., 2011), capacity factors and
shares of electricity generation per technology are estimated. MARKAL formulates a
technology‐rich energy model into a linear programming (LP) problem. This LP problem is
solved by the CPLEX solver to calculate the technological configurations and dispatch in
the system by minimising the net present value of all system costs (Loulou et al., 2004).
Capacity factors of the fourth system, which consists only of IRES with power storage, is
taken from Ehler (2011), who modelled this system in detail with a power system
simulation model.
Table 7.1: Systems included in comparison.
Type of system
NGCC‐CCS
IRES/NGCC
IRES/NGCC ‐ CCS
IRES/Storage

Baseload
NGCC‐CCS
Mix of wind and PV
Mix of wind and PV
Mix of wind and PV

Units providing adequacy services
‐
NGCC
NGCC‐CCS
PHS

7.2.10 Calculation LCOE per system
In the Excel model, the LCOE per year of each stylized system is calculated first by using
the best estimate values of the techno‐economic parameters. Later the effect on LCOEs of
uncertainty in the various input parameters is examined.

7.3 Data inventory
7.3.1 Techno‐economic input data
Natural gas combined cycle (NGCC) with and without CO2 capture (CCS)
The performance parameters are based on four literature studies (IEA GHG, 2012a; Maas
et al., 2012; Parsons Brinckerhoff, 2011; ZEP, 2011a) presenting inter alia efficiencies and
cost estimates for typical NGCC‐CCS plants in Europe for the reference year 2011. Table
7.2 presents the techno‐economic input data used to calculate the LCOE for NGCC and
NGCC‐CCS. The data sets underlying the referenced studies have been populated mainly
with data on existing power plants, pre‐FEED studies and/or vendor quotes. The data
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applied to NGCC plants with net capacity sizes in the range of 420‐910 MW (w/o CO2
capture) and 350‐804 MW (with CO2 capture), respectively. Plant efficiencies were found
to be 54‐58% w/o CO2 capture and 46‐50% with CO2 capture, both on a LHV basis,
whereas the availability factors varied between 80‐93% (IEA GHG, 2012a; Parsons
Brinckerhoff, 2011). The total capital requirement of combined cycles are found to be in
the range of 650‐1080 €/kW and 650‐1245 €/kW for NGCC without CO2 capture and the
combined cycle part in a NGCC‐CCS plant, respectively. The fixed and variable operation
and maintenance costs range from 7‐12 €/kW/y and 2.1‐3.8 €/MWh, respectively.

7

The CCS plants are assumed to use post‐combustion capture systems employing
conventional, advanced (ZEP, 2011a) or proprietary amine systems (IEA GHG, 2012a); no
specific solvent was mentioned in Parsons Brinckerhoff (2011). CO2 capture ratios varied
between 86‐90%, whereas the discharge temperature and pressure of the CO2 stream was
30°C and in the range of 100‐120 bar. The total capital requirement of the CO2 capture
system and compression unit are 400‐795 €/kW and 35‐70 €/kW6, respectively. The fixed
and variable O&M costs show ranges of 21‐38 €/kW and 2.9‐5.4 €/MWh, respectively; the
wide range of the variable O&M costs is mainly due to the uncertainty in the costs for the
consumables. The energy needed for solvent regeneration, fans, pumps, and CO2
treatment (drying, purification and cooling) were reported to be 2,700 MJth/tCO2 and 294
MJe/tCO2 (23.5 MWe) and the electricity use for CO2 compression (26.5 MWe) was 331
MJe/tCO2 (IEA GHG, 2012a). Cost data for CO2 transport and storage were taken from the
Zero Emissions Platform (ZEP, 2011b, 2011c). The cost ranges presented are mainly due to
the various transport conditions (on‐ and offshore pipelines, volumes (2.5‐20 Mt per year)
and distances (180‐1500 km)) as well as storage conditions (on‐ and offshore, depleted
gas/oil reservoirs and saline aquifers, field capacity and well injection rates, new and
existing wells, liability transfer costs), and to a lesser degree to uncertainty in the cost
elements (ZEP, 2011b, 2011c).
Offshore wind
Table 7.3 presents the techno‐economic input data used to calculate the LCOE for offshore
wind energy. The techno‐economic input data were taken from two literature studies
(ARUP, 2011; Mott MacDonald, 2011), which cover a wide range of wind turbine sizes (2‐5
MW), wind farm sizes (100‐500 MW), water depths (up to 30 metres) and distances to
shore (up to 30 km). The cost data presented in the studies stem mainly from offshore UK
wind projects under development, tender prices, supplier quotes, and views of developers
equipment manufacturers, Engineering, Procurement, and Construction (EPC) contractors,
6

The outlier value for the compressor and dehydration unit (217 €/kW) derived from Maas et al. (2012) was excluded
from the cost range, as it was considered to be unrealistically high.
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Table 7.2: Techno‐economic input data for NGCC‐CCS for the year 2011 for net capacity units. Data
are taken from IEA GHG (2012a), Maas et al. (2012), Parsons Brinckerhoff (2011) and ZEP (2011a),
unless otherwise stated.
Parameter

Unit

Optimistic

Base case

Pessimistic

Plant efficiency (LHV) without CCS a
%
58
56
54
Plant efficiency (LHV) with CCS a
%
50
48
46
%
86
88
90
CO2 capture ratio b
TCR c,d
NGCC (single plant)
k€/kW
0.59
0.79
0.95
NGCC (part of NGCC‐CCS plant)
k€/kW
0.62
0.86
1.22
k€/kW
0.40
0.59
1.14
CO2 capture component
Compression unit
k€/kW
0.03
0.04
0.07
Fixed O&M costs e
€/kW/y
6
9
11
NGCC f
€/kW/y
12
17
22
NGCC‐CCS f
Variable O&M cost e
NGCC
€/MWh
1.9
2.7
3.6
€/MWh
4.1
5.9
7.7
NGCC‐CCS g
€/MWh
3
7
11
Variable O&M costs for transport & storage h
a
The net power plant efficiencies (LHV) were indicated by the IEA GHG (2012a), Parsons Brinckerhoff (2011) and ZEP
(2011a) to be 59, 57‐60, and 60% for NGCC and 51‐52, 47.5‐50.0 and 52% for NGCC with CO2 capture, respectively.
These values were considered to be too optimistic given the current power plant efficiencies for NGCC (Rubin, 2013).
Therefore, values were used of Maas et al. (2012) and van den Broek et al. (2009) of 56% and 48% for NGCC and NGCC
with CO2 capture, respectively.
b
The low end value originates from ZEP (2011a); the other three studies indicated a capture ratio of 90%.
c
The low and high end values for the TCR stem from the IEA GHG (2012a) and Parsons Brinckerhoff (2011), respectively.
The values originating from Maas et al. (2012) and ZEP (2011a) were in between these values. The base case TCR are
average values based on the four aforementioned studies used for input data. Except for ZEP (2011a), none of the
studies included interest during construction (IDC). Assuming a loan interest rate of 6%, the following investment cost
phasing from CESAR (2011) for NGCC was adopted: year 1: 40%; year 2: 30%; year 3: 30%, resulting in an IDC of 13% of
underlying investment cost data. Similarly, the following investment cost phasing from the IEA GHG (2012a) was used
for NGCC‐CCS: year 1: 15%; year 2: 35%; year 3: 40%; year 4: 10%. This resulted in an IDC of 16% of underlying
investment cost data.
d
Includes costs for pre‐licensing and contingency (25% for labour, 5‐10% on direct materials, 25% for profit on labour).
e
The ratio between fixed and variable O&M cost differed between Maas et al. (2012), ZEP (2011a), ZEP (2011a) and
Parsons Brinckerhoff (2011), which is likely due to different assumptions on the long term service agreements. The
total O&M cost (M€/y) of the four studies were, however, rather similar when using a similar base case availaibility
factor (86.5%) and NGCC plant size (700 MW). The average of the total O&M cost (M€/y) and the ratio between fixed
and variable O&M cost of Maas et al. (2012) were used to acquire the average fixed and variable O&M cost of the four
referenced studies. These average numbers were used for the base case values in this study. The low and high end
values for the O&M cost were chosen by using the uncertainty range of ±30% as indicated by Maas et al. (2012).
f
Routine maintenance and long term service agreement costs.
g
Consumables needed for the CO2 capture process.
h
Based on data from ZEP (2011b, 2011c).
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and other relevant stakeholders. The data apply to the reference year 2011. Although the
wide cost ranges result mainly from project‐specific conditions, they also reflect the
uncertainty in cost. It should be mentioned that capital costs increased over the last five
years as a result of technical challenges as well as higher demand for equipment and
service markets, which pushed up EPC prices (Mott MacDonald, 2011). This market
congestion premium is expected to disappear over time once the supply chains are able to
meet demand.
Table 7.3: Techno‐economic input data for offshore wind energy for the year 2011. Cost data are
based on (ARUP, 2011; Mott MacDonald, 2011).
Parameter

7

Unit

Optimistic

Base case

Pessimistic

Capacity factor 2011 a
%
34
40
46
Capacity factor 2050 b
%
40
45
50
k€/kW
2.15
3.43
4.22
TCR c
€/kW
97
151
264
Fixed O&M costs d
a
The capacity factor range for 2011 is based on Lemming et al. (2009) and ECN (2010), who indicated capacity ranges for
offshore wind in Europe to be in the range of 35‐45% and 34‐46%, respectively; ECN (2010) indicated an average value
of 40%.
b
An average capacity factor of 45% was projected for Europe by the European Wind Energy Association (EWEA) (2011)
for 2050. The offshore wind database of the NREL (2012a) gives detailed figures for the offshore wind energy potential
across Europe and the associated capacity factors. The NREL (2012a) reports that the largest potential offshore wind is
in areas with high capacity factors (>46%); therefore, a value of 50% was used for the high end value; the conservative
value of 40% was based on ECN (2010), who assumed no improvement in the average capacity factor up till the year
2050.
c
Both the low and high end values originate from ARUP (2011); values from Mott MacDonald (2011) fell within this
range. Data from Mott MacDonald (2011) includes contractors’ contingencies but not developers’ own contingencies.
Also, these data exclude IDC. Assuming a loan real interest rate of 6%, the following investment cost phasing from PWC
(2012) was adopted: year 1: 5%; year 2: 10%; year 3: 35%; year 4: 50%. This resulted in an IDC of 10.5% of underlying
investment cost data. Although the report from ARUP (2011) did not specify all cost categories as specified by Rubin et
al. (2013), it was assumed that they were included in the cost assessment.
d
The low end value is from Mott MacDonald (2011), whereas the high end value stems from ARUP (2011). These costs
include O&M services from wind turbine suppliers, vessel hire and other O&M support and labour costs. While Mott
Mott MacDonald (2011) excluded cost for insurances and grid charges (to recoup the grid connection costs), ARUP
(2011) did incorporate these costs, but did not quantify the amount.

Photovoltaic solar energy
Table 7.4 presents the techno‐economic input data used to calculate the LCOE for PV. The
data were taken from the PV simulation tool of the PV Parity project, which makes cost
projections for PV systems in several European countries7 and is based on data from local
manufacturers and stakeholders (Lettner, 2013; PV Parity, 2013). The tool accounts for the
variation in the average energy yields across Europe. The extracted data on PV systems
7

Austria, Belgium (Flanders and Wallonia), Czech Republic, France (North and South), Germany (North and South),
Greece (North and South), Italy (North and South), Portugal, Spain (North and South), the Netherlands and the UK.
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applies to the year 2012 and pertains to both households (3.5 kW) and industry (100 kW).
The cost range is mainly due to varying system sizes, PV module prices and installation
cost across European countries. The input data pertains to silicon crystalline modules,
which is currently the dominant PV technology in Europe.
Table 7.4: Techno‐economic input data for solar photovoltaic (PV) for the year 2012. Data are based
a
on the PV simulation tool of the PV parity project (2013).
Parameter

Unit

Optimistic

Base case

Pessimistic

Capacity factor
%
20
14
12
TCR b
k€/kWp
1.80
2.00
2.40
€/kWp
27
25
30
Fixed O&M costs c
a
Based on the data from the PV simulation tool, the LCOEs were calculated for each country. The techno‐economic data
of the most pessimistic case (highest LCOE) represents a PV household system in Austria, and the most optimistic
(lowest LCOE) an industrial PV system in Spain. The outlier values on total PV system costs (3,500‐5,200 €/kW in
France, 2,400‐3,025 €/kW in Belgium and 2,400‐2,700 €/kW in the UK) from the PV Parity tool were excluded from the
input data ranges as these were considered to be unrepresentative for the European case. Instead, values were
included from SolarNRG (2013) and CMS (CMS, 2013), which presented PV system cost of 1800‐2100 €/kW (4kWp
system) for Belgium and 2100 €/kW (4 kWp system) for the UK, respectively. The PV system cost for France were
excluded from the analysis.
b
Total PV system costs contains costs for PV modules, converter, installation, connection, commercialisation (Lettner
and Auer, 2012). c Operating costs for solar PV include insurance, operation and maintenance, and provisions for
inverter replacement (Lettner and Auer, 2012).

Concentrated solar power
Table 7.5 presents the techno‐economic input data used to calculate the LCOE for CSP.
The techno‐economic input data found in literature is often difficult to compare and
standardise due to site‐specific conditions (direct normal irradiation8, temperature, etc.),
type of solar thermal collectors (parabolic trough, linear Fresnel, solar tower, parabolic
dishes), cooling method (dry or wet cooling), heat fluid (thermo‐oil, salt, steam), and plant
capacity factor. The last factor depends heavily on if and how much thermal storage is
applied or co‐firing is assumed, which directly influences the size and design of the solar
field in relation to the generator capacity, expressed by the solar multiple (SM) (Kocheril
and Viebahn, 2011). CSP plants with higher storage capacities and/or co‐firing options are
more flexible in terms of electricity production and less limited by the inhomogeneous
diurnal and seasonal solar irradiation pattern. However, CSP plants with higher storage
capacity entail higher capital costs, assuming a constant generator size. The plant design
will be determined by the function it will have to replace in the current electricity system,

8

The Direct Normal Irradiation (DNI) is “The amount of solar radiation received per unit area by a surface perpendicular
(normal) to the rays that come in a straight line from the direction of the sun at its current position in the sky” in kWh/m2
(3TIER, 2013).
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i.e. providing peak power (low storage), load‐following power (base case storage) or
baseload power (high storage) (Kocheril and Viebahn, 2011).
Table 7.5: Techno‐economic input data for Concentrated Solar Power parabolic troughs and solar
towers for the year 2010. Data are based on Fichtner (2010), Trieb et al. (2012) and Turchi et al.
(2010).
Parameter

7

Unit

Optimistic

Base case

Pessimistic

CSP SM1, 0hr storage (CF 19%)
TCR a,b
k€/kWp
2.83
4.04
5.25
€/kW/y
38
54
71
Fixed O&M costs b
CSP SM2, 6‐9hr storage (CF 41%)
k€/kWp
4.91
6.65
9.12
TCR a,c
€/kW/y
10
34
71
Fixed O&M costs c
CSP SM3, 9‐15hr storage (CF 61%)
k€/kWp
6.42
8.47
10.71
TCR plant SM3, 9‐15hr storage a,c
€/kW/y
12
27
46
Fixed O&M costs c
CSP SM4, 15‐21hr storage (CF85%)
k€/kWp
8.10
11.57
15.04
TCR a,d
€/kW/y
16
37
64
Fixed O&M costs e
a
None of the underlying studies indicated whether cost for IDC were included; it was assumed these costs were not
incorporated. The construction period for CSP plants was reported to be 1‐3 years, depending on the technology
(parabolic troughs or solar towers) (IRENA, 2013). As no CAPEX phasing was found in literature, the following CAPEX
phasing from CESAR (2011) for NGCC plants was assumed to apply to CSP plants as well: year 1: 40%; year 2: 30%; year
3: 30%, resulting in an IDC of 13% (based on a loan interest rate of 6%), which was added to the total CAPEX.
b
Values were taken from Turchi et al. (2010).
c
Average values were taken from Turchi et al. (2010) and Fichtner (2010).
d
Values for TCR were taken from Trieb et al. (2012).
e
OPEX values were indicated by Trieb et al. (2012) to be 2.5% of TCR. However, Turchi et al. (2010) and Fichtner (2010)
assumed an OPEX‐TCR ratio of 0.2‐1.5%. A similar ratio was used in this study for reasons of consistency among the
different CSP plant configurations.

Several studies indicated that a trend towards higher storage capacities is expected for the
future (Bosetti et al., 2012; Viebahn et al., 2011). As the plant configurations are difficult
to compare, it was decided to adopt the approach of Trieb et al. (2011) by making cost
projections for four different configurations types, each with its own collector field and
storage capacity size, but with a similar generator capacity. Most CSP plants in Europe are
built in the centre and South of Spain due to the high DNI value (DNI > 2000 kWh/m2/y).
Locations with a DNI value lower than 1,800 kWh/m2/y are currently not economically
interesting for a CSP plant (Kocheril and Viebahn, 2011; Trieb et al., 2009; Ummel, 2010);
however, this might change in the future with decreasing capital and O&M costs. Most
plant configurations in Europe have a storage capacity of 0‐8 hours (SM1 and SM2), with
an exception for the German solar tower in the South of Spain, which has a storage
capacity of 15 hours (SM3) (NREL, 2012b). The LCOE range was determined by using the
TCR, O&M cost and capacity factors associated with the different plant configurations
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types (SM1, SM2, SM3), each with its own collector field and storage capacity size, but
with a similar generator capacity. The configuration type with SM4 was excluded from the
analysis as this type has as yet not been built. Data from literature on European CSP plants
are mostly outdated; therefore, data from US studies (Fichtner, 2010; Turchi et al., 2010)
were used instead9. The data applies to the emerging solar tower technology and the
parabolic trough technology. The latter accounts for the largest share of the current CSP
market (IEA, 2010b).
Energy storage technologies
The techno‐economic input data for the energy storage technologies are presented in
Table 7.6 Pumped Hydro Storage (PHS), Compressed Air Energy Storage (CAES) and
lithium‐ion (Li‐ion) batteries are considered to be mature commercial technologies,
whereas ZEBRA (Sodium‐Nickel‐Chloride, NaNiCl) and Zinc‐Bromine (ZnBr) flow batteries
are still in their infancy and not yet fully developed. PHS and CAES are both systems with
high storage capacities, low self‐discharge, long technical lifetimes, and high cycle life10,
which make them apt for supporting utility systems with varying loads during the daily
cycle. The response times are seconds to minutes for PHS and 5‐15 minutes for CAES (JRC,
2011). Unlike conventional batteries, which have short cycle life and low energy density
(lead acid batteries) or high environmental impact and memory effect (nickel cadmium
batteries), Li‐ion, ZEBRA and ZnBr batteries are advanced technologies that are suitable
for renewable energy storage. They also have significant improvement potential in terms
of techno‐economic performance (Gerssen‐Gondelach and Faaij, 2012; JRC, 2011). Li‐ion,
ZEBRA and ZnBr batteries display shorter response time (milliseconds) than PHS and CAES
and can, therefore, sustain frequent power delivery and storage cycles. However, battery
capacities are usually much smaller than for PHS and CAES. The promising Zn‐Br flow
batteries are particularly interesting as they can be scaled up to very large capacities by
adding more electrolytes combined in series or in parallel (Chen et al., 2009). The
relatively low energy density (60‐80 Wh/kg) renders Zn‐Br batteries more suitable for
stationary than for transportation purposes, whereas Li‐ion and ZEBRA can be used for
both purposes (DOE/EPRI, 2013; JRC, 2011). Potential applications of Zn‐Br batteries are to
support renewables, peak‐shaving, back‐up supply and power supply (JRC, 2011).
Although several other flow battery types show promise, Zn‐Br batteries were selected for
this study because of their favourable techno‐economic features. In general, it should be
9

Capital costs for CSP plants in Europe and the US are currently converging and are expected to become (almost) similar
in the near future (Dufour, 2013).
10
The cycle life as defined as the number of ‘discharge/charge’ cycles that an energy storage system can experience
before it fails to meet specific performance criteria (based on Gerssen‐Gondelach and Faaij (2012)). Note that the cycle
life for batteries is highly dependent on the level of discharge during each cycle; for this reason, the cycle life is often
quoted together with the Depth of Discharge (DoD). A DoD of 100% means that a battery is fully discharged (Gerssen‐
Gondelach and Faaij, 2012).
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borne in mind that cost projections on future battery technologies (ZEBRA, ZnBr) are more
uncertain than the projections for commercial battery technologies (Li‐ion).
Table 7.6: Performance data for energy storage technologies. a
Parameter
Efficiency
Capacity
Energy density
Life time
Response time
TCR b
Fixed O&M cost b,d
Variable O&M cost b
Maturity
a
b

c
d

7

Unit
%
MW
Wh/kg
Years
cycles
k€/kW
k€/kWhstor
€/kW/y
€/MWh

PHS c
75‐85
100‐5,000
0.5‐1.5
40‐100
13∙103‐50∙103
sec‐min.
2.10‐2.58
0.13‐0.32
34‐40
0.6
Mature

CAES
70‐90
5‐400
30‐60
20‐40 a
5∙103‐20∙103
5‐15 min.
0.55‐1.70
0.07‐0.34
25‐34
6.7‐8.6
Com.

Li‐ion
85‐95
1∙10‐3‐40
75‐600
5‐15
1∙103‐5∙103
msec.
5.50‐5.85
1.09‐1.95
66‐75
2.0‐3.3
Com.

ZEBRA
90
1∙10‐3‐53
125‐790
10‐15
>2,500
msec.
2.18‐4.82
0.44‐0.96
35‐70
0.9‐2.0
Demo

ZnBr
65‐75
5∙10‐3‐100
60‐80
5‐20
>2,000
msec.
1.27‐2.17
0.25‐0.43
22‐47
1.1‐2.5
Demo

Data based on DOE/EPRI (2013), Evans et al. (2012); Gerssen‐Gondelach and Faaij (2012), JRC (2011) and PNNL (2012).
Cost ranges are based on vendor quotes in the US (DOE/EPRI, 2013). The cost ranges represent the full investment cost
of the storage systems and are presented both in € per kW discharge capacity and in kWh storage capacity. These
should not be added together.
The cost values presented for PHS apply to greenfield plants, and not to the retrofit of existing hydropower plants.
Fixed O&M includes major maintenance: every 20 years for PHS and every 4‐7 years for CAES. Including battery
replacement cost; every 5 or 15 years for Li‐ion and every 8 or 15 years for ZEBRA; no replacement cost were included
for ZnBr batteries. The number of years depends on the specific type, which can diff for each vendor (DOE/EPRI, 2013).

Limited lithium reserves are sometimes indicated as a potential barrier to large‐scale
deployment of Li‐ion batteries. Gaines and Nelson (2010) conclude that even with
aggressive deployment of light‐weight vehicles based on Li‐ion batteries, known lithium
supplies would suffice for decades, provided a high level of recycling is instituted.
According to Gerssen‐Gondelach and Faaij (Gerssen‐Gondelach and Faaij, 2012), lithium
demand could exceed the world base reserves under very extreme conditions. Thus, they
emphasise the necessity of recycling, as do (Andersson and Råde, 2001). Including larger
vehicles with higher driving ranges in the electric drive fleet would strongly increase
demand for lithium, which could eventually strain lithium supplies (Gaines and Nelson,
2010), and result in concomitant price premiums. The constituent materials nickel (used
both in Li‐ion and ZEBRA batteries) and zinc (Zn‐Br batteries), may face scarcity problems
when used at a very large scale; (Andersson and Råde, 2001) foresee that conventional
nickel resources will be depleted by 2050, and that its availability for batteries will depend
predominantly on demand from other sectors and the discovery of new, low‐cost
resources. Recycling of metals will therefore be essential to ensure material availability.
Data for power storage technologies in Table 7.6 were taken from a variety of sources that
provide data on systems in Europe as well as the US (DOE/EPRI, 2013; Evans et al., 2012;
Gerssen‐Gondelach and Faaij, 2012; JRC, 2011; PNNL, 2012). The large ranges observed for
the techno‐economic performance data result from different project requirements,
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uncertainties for novel battery technologies, and differences in operational parameters,
market indicators, prices and tariffs used in the sources underlying the referenced studies.
Financial factors
Real discount rate
The real discount rate mirrors the risk perception of developers, lenders and investors. In
this study, the real discount rate reflects the risk perspective of a private, unregulated
company. Discount rates are usually higher for nascent technologies, such as CCS and
offshore wind, than for mature and proven technologies, such as gas‐fired power plants,
which entail lower technical risks. Growing experience with emerging technologies will
lower the risks and instil confidence in investors, resulting in lower discount rates over
time. The literature reports wide ranges of discount rates. Oxera (2011) identified ranges
for real discount rates for a series of low‐carbon generation technologies for the year
2011. To do this, they assessed the main underlying drivers, taking into account both
technological and market risks derived from the literature and a survey of industry
participants (Oxera, 2011). Despite this analysis, uncertainty remains on the values of
discount rates. Therefore, it was decided to use a standard value of 10% in the analysis
over the entire period (2011‐2050). The ranges identified by Oxera (2011) are used in the
sensitivity analysis to demonstrate the impact of the technology‐specific real discount
rates on the final results. An overview of the real discount rates as presented in Oxera
(2011) is given in Table 7.7 for NGCC, NGCC‐CCS, offshore wind, and PV. The remaining
technologies were taken from other sources.
Economic lifetime
The economic life time is the period over which the technology is depreciated, which is
often subject to rules or approval of the government, such as a minimum time for
depreciation. The economic lifetime does not necessarily reflect the technical plant life,
which can be significantly longer (Rubin, 2013). Table 7.8 presents an overview of the
values used for the economic lifetime in this study. The values were taken from literature;
the low and high end values were assumed to be five to ten years below and above the
base case value, respectively. The selected ranges are in agreement with economic
lifetimes reported in other studies (ARUP, 2011; Evans et al., 2012; Fichtner, 2010; GCCSI,
2011; Hernández‐Moro and Martínez‐Duart, 2013; IEA, 2010b; IRENA, 2013; JRC, 2011;
Maas et al., 2012; Mott MacDonald, 2011; Turchi et al., 2010; ZEP, 2011a)11. The impact of
the economic lifetime on the final results is discussed further in the sensitivity analysis.

11

An exception exists for PHS and CAES. The lifetime value ranges indicated by Evans et al. (2012) and JRC (2011) are 40‐
60 and 50‐100 years for PSH, and 20‐40 and 25‐40 years for CAES, respectively. A smaller range was used in this study.
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Table 7.7: Ranges of real discount rates for the year 2010‐2012 (depending on the technology) as
presented in Oxera (2011), unless otherwise stated.
Technology

2010‐2012

Optimistic
Base case
Optimistic
NGCC
6
7.5
9
NGCC‐CCS
12
14.5
17
Offshore wind
10
12
14
6
7.5
9
PV
10
12
15
CSP a
6
7.5
9
PHS b
12
14.5
17
CAES c
8
10
12
Li‐ion d
12
14.5
17
ZEBRA and ZnBr batteries e
a
The Energy Technologies Perspectives of the IEA (2012a) presented ranges of observed real discount rates for inter alia
CSP of 10‐15%, respectively. The ranges were based on discussions with various financial institutions.
b
Mott MacDonald (2011) and Guzman (2010) used a real discount rate of 7.5% and 7% for hydropower projects and
Pumped Hydro Storage, respectively. Oxera (2011) indicated a real discount rate range of 6‐9% for run‐of‐the‐river
hydropower plants. The real discount rate is expected to be low as large‐scale hydropower is a well‐developed, long‐
term proven, technology with few operational risks.
c
Oxera (2011) did not report real discount rates for CAES systems. As only two compressed air facilities are in operation
today (JRC, 2011), the technology is not yet mature. Similar to NGCC‐CCS, a range of 12‐17% was used for this study.
d
Van Vliet et al. (2011), Budischak et al. (2013) and Gerssen‐Gondelach and Faaij (2012) employed a real discount rate of
10% for Lithium‐ion batteries. This value is deemed realistic given the fact that the Li‐ion battery is a mature
technology.
e
The large risks associated with early development technologies, such as the ZEBRA and ZnBr battery systems, result in
high real discount rates. Similar to NGCC‐CCS, a range of 12‐17% was used for this study.

Table 7.8: Ranges of economic lifetime used for this study.
Technology

7

a

b

2010‐2012
Reference
Pessimistic
Base case
Optimistic
NGCC
20
25
30
EA GHG (2012a, 2012b)
NGCC‐CCS
20
25
30
EA GHG (2012a, 2012b)
Offshore wind
15
20
25
Crown Estate (2012)
20
25
30
ECN (2010)
PV a
CSP
20
25
30
ECN (2010)
PHS
50
60
70
DOE/EPRI (2013)
15
20
25
PNNL (2013)
CAES
10
15
20
DOE/EPRI (2013)
Batteries b
Hernández‐Moro and Martínez‐Duart (2013) state that most PV producers warrant their systems for a duration of 25‐
30 years (based on Dunlop et al. (2005) and IEA (2010c)).
DOE/EPRI (2013) indicates a lifetime of 15 years for the Li‐ion, ZEBRA and ZnBr battery storage systems (including
power conversion electronics, monitoring and control systems, physical enclosure, miscellaneous switchgear and
hardware to connect to the grid of customer load). The lifetime applies to the storage systems, not to intermediate
battery replacement, which is sometimes required.
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7.3.2 Progress ratios
NGCC‐CCS
Two studies derived learning effects from original data of NGCC plant technology. Colpier
and Cornland (2002) derived PRs of 90% for the specific investment costs and 94% for the
O&M costs in the maturity stage of the technology. A log‐linear relationship between
energy loss based on higher heating value (1‐efficiencyHHV) in an NGCC power plant and its
cumulative capacity with a PR of 95% was found by van den Broek et al. (2009). Rubin et
al. (2007) derived a PR for flue gas desulphurisation units (FGD) to serve as a reasonable
guide to future rates of technological progress in post‐combustion amine systems due to
the many similarities between these technologies. Both systems can be used as a post‐
combustion control technology using chemical agents (IEA GHG, 2006). The PRs are 89%
and 78% for the capital cost and O&M cost, respectively, of the amine CO 2 capture
system,. By analogy with energy efficiency improvements observed for cryogenic air
separation units, the PR for reduced energy consumption of the CO2 capture process was
set at 95% (IEA GHG, 2006). Improvements in energy consumption are expected to come
mainly from the advent of advanced solvents (van den Broek et al., 2009). Peeters et al.
(2007) argued that only limited scope exists for technological learning in the conventional
compression process, as the technology is already mature and optimised. However, cost
reductions from unit standardisation and innovative compressor technologies may still be
possible if CCS is deployed at a large scale. An example of a novel compressor technology
is the supersonic shock wave compressor, which is currently under development and
shows potential for cost reductions (DOE/NETL, 2012; Meerman et al., 2013; Osch et al.,
2010). This study assumes a PR of 97.5% as the base case value for the compressor
technology. Ramírez et al. (2011) report several opportunities for reductions in pipeline
costs, such as shifting to alternative steel types, use of higher strength materials and
economies of scale. Nevertheless, it is very difficult to quantify such cost reductions. Also,
if CCS were deployed at a large scale, operators would have to resort increasingly to more
distant and less favourable storage sites, which would at least partly offset potential cost
reductions. For this reason, no technological learning was assumed for CO2 transport and
storage.
Offshore wind
To date, three studies have utilised the experience curve method to explore past and
future price reductions of offshore wind farms (Junginger et al., 2010). ECN (2002) and
Isles (2006) report PRs to be in the range of 90‐96% and 90%, respectively. Junginger et al.
(2004) produced a more detailed analysis by applying the experience curve method to
individual components of offshore wind farms – offshore turbines, grid connection and
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installation – to derive respective PR ranges of 81‐85%, 62‐71% and 77‐95%.
Unfortunately, the aggregated capital costs input data of offshore wind farms used for the
base year did not allow us to perform a detailed component‐based analysis. Instead, the
PRs of ECN (2002) and Isles (2006) were used for TCR. There is still significant potential for
learning in both capital and O&M cost (Engels, 2013) and PRs of both are expected to be
similar (Lensink, 2013). However, the expected decrease in O&M cost may be partly offset
by the development of wind turbines being built further offshore, which will make
maintenance trips to the turbine parks more expensive. Therefore, similar PRs are
assumed for capital and O&M costs (Lensink, 2013).
PV
Most experience curve studies for PV investigate technological learning for the PV module
or cell price, whereas only one study (Schaeffer et al., 2004) looked into balance‐of‐system
(BOS) components (i.e. inverter, supports and cables). Experience curves are mainly based
on price data rather than cost data, because the latter are extremely difficult to obtain.
Substantial differences can be observed in the reported PR values (65‐95%), which depend
heavily on the time period of the underlying data sets used. Experience curve analyses
spanning long time series (around four decades) will probably yield the most reliable PR
values, which are around 80% (Junginger et al., 2004). Schaeffer et al. (2004) found PR
values of 77.9±1.1% and 81% for the BOS cost for Germany and the Netherlands,
respectively, over the period 1992‐2001. A base case value of 80% for the PR of the entire
PV system was used in this study.
CSP

7

The limited amount of CSP capacity installed worldwide has made the construction of
experience curves rather difficult. A study by Enermodal (1999), which was based on data
for capital costs for CSP plants installed in California, reports a PR of 88%. However, as
noted by Junginger et al. (2010), reliable PRs can only be derived after many doublings of
the cumulative installed capacity. As there have been at most three doublings in capacity,
it was recommended to use a range of PRs (85‐92%) rather than one value (Enermodal,
1999). Although other (more recent) publications on technological learning are available,
none of them derived PRs from historical data. Nor did experience curves establish
quantitative relations between O&M costs and cumulative production and/or capacity.
Although Kolb et al. (2011) reports that O&M costs can be curtailed through improved
automation and better O&M techniques, no quantitative reduction potential was given.
Thus, no technological learning was assumed for O&M costs in this study.
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Power storage
The low penetration rate and large cost range of Pumped Hydro Storage (PHS) and
Compressed Air Energy Storage (CAES) have made it very difficult to construct experience
curves for these technologies. A PR of 90% was assumed for energy storage technologies
in general in the bottom‐up energy system model ReMIND (Luderer et al., 2011). Efforts to
make experience curves for battery technology were more successful. Nagelhout and Ros
(2009) observed a PR of 83% for lithium‐ion cells for consumer electronics. For nickel‐
metal‐hydride batteries, PRs of 89.8% (Toyota, 2009) and 91% (IIT, 2005) were identified.
A PR range of 85‐95% was assumed for all energy storage technologies. The PR for Li‐ion
battery systems is assumed to be higher than the PR observed by Nagelhout and Ros
(2009) for batteries alone, since the overall system, which consists of multiple components
(e.g. batteries, power conversion electronics, monitoring and control systems, physical
enclosure, miscellaneous switchgear and hardware to connect to the grid of customer
load),probably does not learn as fast as the battery component by itself. Also, no
technological learning was assumed for O&M costs for the five storage technologies
included in this study.
Summary
Table 7.9 presents a summary of the PR value ranges used in this study. The PRs for the
TCR are all related to cumulative installed capacity (in GW), except for the batteries which
apply to cumulative installed energy storage capacity (in GWh). In Appendix I (Section 7.7),
all base case, optimistic, and pessimistic values are presented in separate tables.
Table 7.9: Summary of progress ratios used in this study.
Technology

CAPEX
OPEX
Energy loss
Opt.
Base
Pes.
Opt.
Base
Pes.
Opt.
Base
Pes.
85
90
95
90
94
100
92
95
98
NGCC a
CO2 capture unit a
83
89
94
70
78
90
92
95
98
95
97.5
100
‐
‐
‐
‐
‐
‐
CO2 compression unit
Offshore wind
86
90
94
86
90
94
‐
‐
‐
75
80
85
100
100
100
‐
‐
‐
PV b
CSP
85
88
92
100
100
100
‐
‐
‐
85
90
95
100
100
100
100
100
100
PHS c
85
90
95
100
100
100
100
100
100
CAES c
85
90
95
100
100
100
100
100
100
Batteries c
a
The PR ranges for costs of NGCC and CO2 capture unit are based on IEA GHG (2006) and for energy loss on van den
Broek et al. (2009).
b
The low and high end values for the PR range of the TCR for PV are based on the distribution of derived PRs calculated
over various time periods as presented by Nemet (2009).
c
The low and high end values for the PR ranges of the TCR for power storage technologies are based on own
assumptions. No improvements in efficiency of these technologies were taken into account.
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7.3.3 Extra costs for balancing and transmission
Balancing costs
Table 7.10 presents balancing costs found in the literature review. These range from 0‐6.1
€2012/MWhint for wind penetration rates up to 35%. In this study 3 €2012/MWhint is used as a
base case value.
The studies mentioned are in general not explicit about which aspects (e.g. ramping rate,
partial load efficiencies, etc.) are included and how. Meibom et al. (2009) found that with
increasing wind penetration rates, the balancing costs increase per MWhint. Furthermore,
they noted that in regions with high capacities of hydropower balancing costs are lower,
because its flexibility parameters are favourable (i.e. low start‐up costs, low part‐load
operation, no restrictions on ramp‐up and ramp down rates).
Most of the studies have calculated the balancing costs for wind integration in systems
without power plants with CCS. Integration of a combination of PV with wind can possibly
reduce the balancing costs as wind, and solar PV power generation patterns are weakly
correlated, which leads to smoothing of the combined power production (Brouwer et al.,
2014; ECF, 2010; Halamay et al., 2011).
Transmission costs

7

Table 7.11 presents the transmission investment costs. These also show a large range (1‐
26 €2012/MWhint for wind penetration rates up to 53%). This is mainly caused by different
assumptions about the distances between wind turbines and the existing grid and/or
electricity demand centres, and also about the capacity factor of wind. In this study, 5.5
€/MWhint is used, which is the average of the figures in Table 7.11.
Again most of the studies calculated the extra transmission costs for integration of wind
energy. Costs for PV may be different. In general costs presented showed an increase in
transmission costs per MWhint for higher penetration rates. However, a US overview study
found that for higher penetration rates, costs went down because of economies of scale
(Holttinen et al., 2009).
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Table 7.10: Overview of balancing costs found in the literature.
Wind
penetration

Calculation Method

Reference

The increase in reserve costs of a unit commitment
and economic dispatch (UCED) simulation between a
scenario without and a scenario with wind. a
Size of extra reserves is calculated statistically and
multiplied by the simplified costs of reserves

Klobasa et al. (2009)

35%

Costs (in
€2012/MWhint)
min
max
2,5
6,1

4 ‐ 19%

0,9

5,1

25%

‐0,1

0,2

20%

3,6

The increase in costs from a UCED simulation with
perfect foresight from a simulation that accounts for
a forecast error of wind

EWIS (2010)

25%

0,5

The cost effect of increasing the combined reserve
size from 5% of peak load to 75 of peak load is
simulated with a UCED model.

EnerNex Corporation
(2006)

<20%

1,1

4,4

review of literature up until 2008

Holttinen et al. (2009)

20%

0,0

5,3

Review of literature up until 2005

UKERC (2006)

10‐13%

2,2

3,1

Costs are based on the difference in costs for CO2,
startup, fuel costs, fuel startup, and O&M compared
to system with 5% wind penetration.

EWIS (2010)

6% ‐ 31%

0,2

3,1

The increase in costs compared to a scenario with
100% predictability and no variability. c

Meibom et al. (2009)

Not available

0,7

5,2

Stated in World Energy Outlook without reference

IEA (2012b)

Size of extra primary reserves is determined
statistically and multiplied by the calculated cost
supply curve of reserves for the ERCOT area. b

a

Holttinen et al. (2009),
based on Strbac et al.
(2007)
GE Energy (2008)

Partly based on Brouwer et al. (2014): Detailed figures are based on the original source, which is the PhD thesis of the
author (Klobasa, 2007).
b
Costs are low because only primary reserves are considered. Higher wind penetrations lead to cheaper units providing
regulation reserve, which results in a decrease in costs compared to the reference (0% wind) case.
c
Wind penetration rate is ratio between average wind power production and the sum of transmission capacity and
average power demand. It takes into account interconnection capacities, and transmission bottlenecks in certain
regions.
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Table 7.11: Extra transmission investment costs to integrate intermittent renewables into the grid.
Intermittency
share a
35%

Costs
(€2012/MWhint)
min
max
2.5
5.0

20%

2.7

5.2

15‐53%

1.4

7.0

n.a. c

1.6

10.1

Description of costs

Reference

Extra costs for wind (grid reinforcements). Review of
literature up until 2007 b
Extra costs for wind (grid reinforcements). Based on
estimates of National Grid, the TSO of UK
Extra costs for wind. Review of literature up until 2008 b

Klobasa et al. (2009)
Strbac et al. (2007)
Holttinen et al.
(2009)

Extra costs for IRES (Grid connection, reinforcement,
IEA (2012b)
lower usage, longer distances)
10‐13%
0.6
3.0
Grid re‐enforcements to handle additional power flows
EWIS (2010)
from wind on the grid
IEA (2012a)
29%
4.3
Extra investments in transmission and distribution grid
for renewables d
2.1
26.3
Extra costs for IRES due to longer average transmission
Delucchi and
n.a. c
distances (with 10% undersea transmission).
Jacobson (2011)
a
Intermittency share is ratio between electricity generated by IRES and total electricity generation in one year.
b
Converted from €/kW to €/MWhint assuming a 40 year life time, discount rate of 7%, and an annual load factor of 35%.
c
n.a. is not available.
d
In the ETP, the world is divided into 6 regions (OECD Europe, OECD Americas, OECD Asia Oceania, India, China, and
other non‐OECD). Calculations are based on the extra grid investment costs for renewables in the OECD regions
(assuming life time of 40 years and discount rate of 7%) .

7.3.4 Inventory of scenarios

7

Many energy scenarios with a 450 ppmv target have been created, like the 4412 pathways
in the Global Energy Assessment (GEA, 2012), and one scenario in Energy Technologies
Perspectives 2012 (IEA, 2012a). To assess the role of NGCC‐CCS, deployment scenarios of
the electricity generation technologies are required. Unfortunately, only ETP 2012 (IEA,
2012a) provides the deployment rates of the technologies in GW, and, therefore, this
publication has our preference. However, ETP 2012 provides only one 450‐ppmv scenario.
GEA (2012), conversely, presents a wide range of pathways giving a good overview of how
climate targets can be met with different technology portfolios. They group their
pathways with respect to three rates of efficiency improvement, namely, the Efficiency
pathways with high rates of efficiency improvement (i.e. primary energy consumption
grows from 490 EJ in 2005 to 700 in 2050), the Supply pathways with low rates (i.e. 1050
EJ in 2050), and the Mix pathways with an average rate (with 920 EJ in 2050). In all their
pathways, population grows from 7 billion to 9 billion in 2050 after which it starts
declining. Average worldwide economic growth is projected to be 2% per year in the next
50 years. Furthermore, they classify their pathways into two groups with respect to
12

41 pathways with the MESSAGE model, and 3 with the IMAGE‐TIMER model (GEA, 2012).
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transport: conventional, in which transport remains liquid‐based, and advanced, in which
a shift can be made to electric or hydrogen transport.
Figure 7.2 presents ranges for the number of doublings of IRES and NGCC‐based
technologies over a wide range of deployment scenarios in the GEA pathways and ETP
450‐ppmv scenario.13 In this study, the focus lays on two GEA pathways, namely, Image‐
mix – called HIGH‐NGCC‐CCS in this study – which has a large role for NGCC‐CCS; and GEA‐
efficiency conventional transport – no BECCS, no sinks, limited biomass – called HIGH‐REN
in this study – which has a large role for IRES. As a base scenario, the 2 degrees scenario of
the ETP 2012 study – called BASE 450 in this study –, which has an intermediate role for
both NGCC‐CCS and IRES, is used.
The GEA pathways only present the electricity production figures per technology over
time. The capacities and capacity factors per technology, although they are determined in
the GEA energy models, have not been published. For this reason, the capacity factors of
the BASE 450 (of the ETP 2012 study) is used to deduce the capacities of the technologies
in the GEA pathways. In BASE 450, the capacity factors of CSP and PV increase over time
from 16% and 10% in 2009 to 37% and 16% in 2050, respectively. The capacity factor of
gas‐fired power in ETP 2012 reduces from 38% in 2009 to 27% in 2050. The resulting
capacity deployment of these 3 scenarios is shown in Appendix II (Section 7.8).
GEA and IEA did not quantify the power storage capacity requirements in the global
energy systems. In order to estimate the storage capacity in the different scenarios, a ratio
is deduced between storage capacity and intermittent capacity from two studies that
explicitly included and reported the storage capacity used in their power system
simulation modelling. Pöyry (2011) found a ratio of 0.09‐0.22 kWstorage/kWIRES to be
sufficient in scenarios with 55‐77%14 intermittent capacity in the UK. In Germany, Ehler
(2011) found ratios varying between 0.11‐0.2 kWstorage/kWIRES in scenarios with 46‐82%
intermittent capacity and a 0.33 kWstorage/kWIRES ratio in a 100% intermittent capacity
scenario. Based on these figures, it was estimated that 0.2 kW storage capacity per kW of
intermittent capacity would be sufficient for the HIGH‐REN scenario with intermittent
capacity increasing from 26% to 70% of total capacity between 2020 and 2050.

13

This range represents almost all GEA pathways and 450 ETP scenario. Only 4 pathways out of the 44 GEA pathways
have a higher cumulative PV capacity (up to 35% higher) and 1 pathway has a 5% higher cumulative wind capacity by
2050 than the maxima used in this study.
14
Storage capacity includes the capacity of batteries in electric vehicles. Total capacity includes the interconnection
capacity. Intermittency includes marine capacity which may also include the more predictable tidal power capacity.
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7

Figure 7.2: The ranges of doublings of global cumulative capacity per technology in selected
scenarios.
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Therefore, 0.2 kWstorage/kWIRES is used to calculate storage capacity deployment and
assumed that half of this capacity would be delivered by PHS, and the other half by CAES
and batteries. The resulting cumulative capacities can be considered as the upper bound
for the individual storage technologies. In the period before 2050 the intermittency
capacity ratio is lower, and consequently, other power generation units are available to
meet adequacy requirements. In the HIGH‐NGCC‐CCS scenario, it was assumed that no
power storage is needed, and in the BASE 450 scenario 0.1 kWstorage/kWIRES. In the period
2020‐2050 intermittent capacity increased in these scenarios from 14 to 38% and 6 to
The maximum cumulative installed capacity for most power generation technologies is
between 1.5‐5.4 TW; PV has a higher cumulative capacity (12 TW), which originates from
the HIGH‐REN scenario. An overview of the cumulative capacity of the different
technologies is presented in Table 7.12.
Table 7.12: Cumulative capacity of the different technologies. Based on: Watson (2009), IEA (2013),
van den Broek et al. (2009), GWEC (2013), EPIA (2012), CSP World (2013) and Rastler (2013).
Technology

Base year
Techno‐
economic data

Cum. inst.
capacity
Base year

Base year
cum. inst.
capacity

Max. cum. inst.
Capacity in
2050

Max. nr. of
doublings.
in 2050

GW
TW
Combined cycle
2011
2011
674
5.42 c
3.0
CO2 capture unit
2011
2011
10
3.56 d
8.7
Offshore wind
2011
2011
3.0
4.12
9.6
2012
2012
102
12.19
6.9
PV
10.6
CSP
2010
2010
1.0
1.57
3.7
PHS
2010
2010
127
1.66 e
CAES
2011
2011
0.4
0.59
10.4
3.06 TWhstor
9.4
Li‐ion batteries
2010
2013
4.4 GWhstor a,b
1.82 TWhstor
10.9
ZEBRA, Zn‐Br
2011
1 GWhstor a,b
a
Power system storage capacity based on Li‐ion batteries is estimated to be 0.1 GW (Rastler, 2013). However, the total
worldwide capacity of Li‐ion batteries for transportation application is also included (Richard and Laverne, 2013).
b
According to Rubin et al. (2007), technological learning does not start starts before a certain pre‐learning phase. They
argue that costs during early commercialisation of energy technologies may actually increase rather than decrease,
due to uncertainties and optimism about cost data (van den Broek et al., 2009). The length of the pre‐learning phase is
determined by the complexity and maturity of the technology. A pre‐learning phase of 1 GWh for ZEBRA and Zn‐Br
power storage systems (with a kWh/kW ratio of 5, this is equivalent to 0.2 GW) is assumed.
c
Maximum cumulative capacity includes NGCC components of both NGCC and NGCC‐CCS. To deduce the NGCC
deployment from gas‐fired deployment, it was assumed that the share of NGCC in gas‐fired power grows from 47% in
2009 to 80% in 2050. Furthermore, all gas‐fired CCS is assumed to consist of NGCC‐CCS technologies.
d
Cumulative capacity of post‐combustion capture units include capture units of both NGCC‐CCS and PC‐CCS. No
distinction is made in the scenarios regarding the type of capture at coal‐fired power plants. It was assumed that in
2020 90% of coal‐CCS plants would consist of PC‐CCS diminishing to 70% in 2050. Other coal‐CCS would be either
oxyfuel based power plants or IGCC‐CCS.
e
This global discharge capacity of PHS corresponds to 13‐27 TWh of storage capacity. JRC (2013) estimated an available
storage capacity of 54 ‐ 123 TWh in Europe when a PHS consisting of two storage reservoirs cannot be more than 20
km apart from each other.
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Natural gas and CO2 price development
Table 7.13 presents the natural gas and CO2 price developments as used in this study.
They are based on the 450‐ppmv scenario in the World Energy Outlook 2012 (WEO2012)
(IEA, 2012b) which are similar to the prices in the ETP‐450 ppmv scenario. GEA did not
report any prices. In the scenarios, the unit price on CO2 emissions increases more than
ten‐fold by 2050. In turn, European gas prices increase through 2025, then gradually
decrease to levels slightly below current prices by 2050 in response to decreased demand
in a carbon‐constrained world. In the sensitivity analysis, a high price scenario is
investigated in which natural gas prices continue to rise through 2050 (see Table 7.13)
based on the Current Policy scenario in WEO2012.
Table 7.13: Prices used in the calculations of LCOEs over time based on WEO 2012 2DS scenario and
current policy scenario (IEA, 2012b).
Scenario
WEO2012 450
WEO2012 450

WEO2012
Current policy

Price of
Natural gas
CO2
emission
allowance
Natural gas

€/GJ
€/tCO2

2011
6.7
13.5

2015
7.6
23.3

2020
7.5
33.2

2025
7.3
51.6

2030
7.0
70.1

2035
6.7
88.5

2040
6.5
106.9

2045
6.2
125.4

2050
6.0
143.8

€/GJ

6.7

7.8

8.5

9.0

9.4

9.6

9.8

10.1

10.4

7.3.5 Definition of system configurations

7

Figure 7.3 presents the shares of the technologies and the capacity factors of the four
stylized electricity systems. Capacity factors and electricity generation shares are based on
our MARKAL runs (see 7.2.9) for the first three systems. System II and III are modelled
with no more than 50% from IRES electricity generation as most investigated global
mitigation scenarios have less than 50% IRES in the power generation mix15. As can be
seen, the resulting capacity factors of the systems with only NGCC or NGCC‐CCS are lower
than their maximum availability to account for the yearly demand pattern including the
peak demand, and extra reserve above the peak demand to meet contingencies in the
system. Furthermore, in the MARKAL runs, capacity credits for offshore wind and PV were,
respectively, 0.15 and 0.0516. As a consequence, capacity factors of the NGCC options
decrease from 58% to 33%.

15

Only in the Ecofys/WNF scenario, this rate increases to 55% in 2050 (Ecofys/WWF, 2011).
It is not certain whether IRES can provide full power output at peak demand, therefore, it does not receive full
capacity credit toward the reserves.
16
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Figure 7.3: Share of technologies in electricity generation mix for the four stylized electricity
generation systems.

The capacity factors of the IRES/STORAGE system are taken from Ehler (2011). In this
system, PHS takes care of the daily and weekly electricity storage requirements. Seasonal
backup is realised by installing so much PV and wind capacity that in seasons with less
wind or PV still sufficient electricity to cover the demand on a daily/weekly basis. As a
consequence, in periods with a lot of wind or solar insolation and filled PHS reservoirs, the
electricity produced by the PV modules or wind turbines is curtailed. The capacity factors
of PV and offshore wind are 11% and 43% in the German system. However, part of the
generated electricity is used for storage input (18% of total electricity demand), and part is
curtailed (9% of total demand). Therefore, the capacity factors of wind and PV are lower in
Figure 7.3: they represent the electricity produced that is directly used to meet the
electricity demand.
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7.4 Results
7.4.1 LCOE for individual technologies
In 2011, the LCOEs of the power generation technologies vary considerably (see Figure
7.4). As can be expected, NGCC plants show lower LCOE (63 €/MWh) than NGCC‐CCS
plants (83 €/MWh), offshore wind (167 €/MWhint), PV (231 €/MWhint), and CSP (169
€/MWhint). Electricity production costs for the PV, CSP and offshore wind systems consist
mainly of capital expenditures. The remaining part is mainly made up of fixed O&M cost
and extra transmission and balancing costs. NGCC‐based technologies, however, have
relatively low capital cost per MWh produced, but relatively high fuel costs. Also, large
differences are observed in the LCOEs of the backup technologies, namely, battery
systems, PHS, CAES, and NGCC‐CCS. The LCOEs of the battery systems are between 1.3
and 8.9 times more expensive than the alternatives.
Figure 7.4 also presents the variability in LCOEs for the historical year 2011. The ranges in
costs for commercial technologies are due to different geographic circumstances, different
plant configurations, and different operating conditions or site‐specific costs. For example,
the capacity factor of PVs varies over Europe, and CSP systems can be equipped with more
or less heat storage. In the case of NGCC‐CCS, the cost parameters are based on estimates
because a commercial scale NGCC‐CCS has not yet been built. It is noteworthy that the
range in LCOE for NGCC‐CCS is still much smaller than those of IRES and the storage
technologies.

7

Note that the LCOEs based on technology‐specific discount rates differ from those under
the base case discount rate of 10%. For NGCC‐CCS (15%) and offshore wind (12%) the
LCOE is higher using the technology‐specific discount rate. For NGCC (8%) and PV (8%) the
LCOE is lower. For CSP (10%) the LCOE remains the same.

7.4.2 LCOEs as function of cumulative capacity
Figure 7.5 presents the LCOE cost projections for the maximum deployment potential of
the technologies. This combines the extrapolated experience curves for investment costs
(as described in the previous section) with experience curves for O&M costs (if applicable).
Constant prices are assumed for natural gas (6.7 €/GJ based on the 2011 value for
European gas imports in WEO2012 (IEA, 2012b)) and CO2 emissions tax (13.5 €/t based on
the average EU‐ETS value for 2011 (Bertolino, 2012)). The base case values for the techno‐
economic data and PRs were used. Besides the LCOE of baseload NGCC‐CCS (with
CF=87%), also that of load‐following NGCC‐CCS (with CF=40%) is shown in Figure 7.5a. This
latter technology has a similar CF as offshore wind (40%) and CSP (41%), but is completely
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Figure 7.4: Breakdown of the LCOE for individual power generation and power storage technologies
for the year 2011. The bars denote the LCOEs under base case conditions (a discount rate of 10%,
gas price of 6.7 €/GJ, and CO2 price of 13.5 €/t). The lower and upper ends of the error bars show
the LCOEs under optimistic and pessimistic conditions, respectively. The yellow triangles indicate the
LCOEs under base case conditions and with technology‐specific discount rates.

controllable. Figure 7.5b shows the LCOE of individual power storage technologies and
load‐following NGCC‐CCS as an alternative technology for backup capacity. The power
costs to charge the storage systems were excluded in the stand‐alone LCOEs as these are
highly uncertain. For example, if additional IRES is constructed to fill power storage
systems, those costs may be high; but in cases of power oversupply those costs could be
negative. In the base case, the power needed to charge the different storage systems
varies between 111% (for Li‐ion system) to 153% (ZnBr system) of power output.
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7

Figure 7.5: LCOE of technologies as a function of their cumulative installed capacity under base case
conditions (a discount rate of 10%, gas price of 6.7 €/GJ, and CO2 price of 13.5 €/t). The left end of
each line represents cumulative capacity and LCOE in the base year. The right end of each line
represent the maximum capacity deployment potential in 2050, as indicated in the scenarios with
minimum achievable LCOE for each technology. Upper (7.5a): Power generation technologies. Lower
(7.5b): power storage technologies and load‐following NGCC‐CCS as an alternative for power
storage.
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Figure 7.6: Breakdown of LCOEs when maximum cumulative deployment is reached in 2050. The
bars denote the LCOEs under base case conditions, a discount rate of 10%, gas price of 6.7 €/GJ, and
CO2 price of 13.5 €/t. The percentages in the figure present the cost reductions compared to the
starting LCOEs.

All power generation technologies have the potential to reduce costs to a range varying
between 55 and 70 €/MWh in 2050 (see Figure 7.6). PV would be at the high end of the
range (67 €/MWhint), followed by NGCC‐CCS (62 €/MWh), offshore wind (61 €/MWhint),
CSP (55 €/MWhint) and NGCC (55 €/MWh). The IRES show larger potentials (>60%) for cost
reductions than the NGCC‐based technologies (<30%). The potential for cost reductions is
largest for PV, especially due to the low PR of 80% for capital costs. Offshore wind and CSP
have a higher number of doublings of capacity than PV (10 and 11, vs. 7, respectively).
However, their cost reductions are slightly lower due to higher PRs for capital costs. The
cost reduction potential for NGCC and NGCC‐CCS plants are significantly less than for the
IRES, because of the low number of doublings (i.e. 3) in the cumulative installed CC
capacity, together with relatively high PRs, and the fact that the LCOEs of these
technologies are mainly determined by the fuel costs. However, fuel costs also declined
due to improvements (learning) in plant efficiency, which increased from 56% to 62% for
NGCC, and from 48% to 57% for NGCC‐CCS. With respect to the backup systems, the
battery systems have higher cost reduction potentials (>50%) than load‐following NGCC‐
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CCS, PHS, and CAES (<30%). The potential for absolute cost reductions of PHS, CAES, NGCC
and NGCC‐CCS are rather limited due to the fact that the costs are already relatively low
(<100 €/MWh) (NGCC and PHS). In addition, due to the large existing capacity of the CC
component in the NGCC‐based options (i.e. 674 GW in 2011) and the large existing PHS
capacity (i.e. 127 GW in 2010), the number of doublings is smaller for these technologies
than for the others.

7.4.3 LCOE per technology as function of time
Figure 7.7 presents the cost projections of the power technologies over time for the BASE
450, HIGH‐REN and HIGH‐NGCC‐CCS scenarios. The projections for natural gas and CO2
prices over the period 2011‐2050 were taken from the World Energy Outlook 2012 ‐ 450
ppmv scenario 2DS (see 7.3.4). The LCOEs are presented over the time frame 2011‐2050.

7

In the HIGH‐REN scenario, a rapid decline in the LCOE of PV is observed for the period
2011‐2050, mainly due to the low PR of PV and approximately 7 doublings of cumulative
capacity. The resulting LCOE is 67 €/MWhint in 2050. Also, offshore wind and CSP show
marked cost reductions over the period 2011‐2050 (offshore wind: 167 to 61 €/MWhint
over 9.6 doublings; CSP: 169 to 55 €/MWhint over 10.6 doublings). The improved
performance of both PV and CSP comes mainly from lower capital costs due to
technological learning. For offshore wind, technological learning in O&M also reduces the
cost. In spite of technological learning, the LCOE of NGCC in this scenario increases from
63 €/MWh in 2011 to 98 €/MWh in 2050 due to continuously rising CO2 prices. With
increasing CO2 prices (unlike in Figure 7.5), the LCOE of CSP and offshore wind equal the
LCOE of NGCC and NGCC‐CCS just after 2025, and of PV just after 2035. The LCOE of NGCC‐
CCS decreases from 83 €/MWh in 2011 to 69 €/MWh in 2050, which is then almost equal
to the LCOE of PV. The cost decrease is due to learning in the CC (1.5 doublings) and CO2
capture components (6.6 doublings). A crossover between the LCOE of NGCC and NGCC‐
CCS can be observed in 2025 as a consequence of the CO2 emission costs (18 €/MWh at a
CO2 price of 52 €/t) and the increase in cumulative capacity of CCS units (5 doublings by
2025 in this scenario, including capture units at PC as well as NGCC plants).
In the HIGH‐NGCC‐CCS scenario, the LCOEs of NGCC and NGCC‐CCS stay below those of PV
and CSP over the whole 2011‐2050 time frame. However, the LCOE of PV is still reduced
by 45% (despite the low number of doublings, i.e. 2.7) over this period compared to a
smaller cost reduction of 25% for NGCC‐CCS. CSP does not show cost reductions after
2011 because CSP was not considered as an option in the HIGH‐NGCC‐CCS scenario.
Offshore wind displays the lowest LCOE of the IRES over the period 2011‐2050, and equals
the LCOE of NGCC just after 2035 when it has reached 6.2 doublings. In 2050, the LCOE of
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Figure 7.7: LCOEs of power generation technologies for the HIGH‐REN (a), BASE 450 (b), and HIGH‐
NGCC‐CCS (c) scenarios over the period 2011‐2050 under base case conditions. Note, power
generation from offshore wind and PV are not controllable; CSP is partly controllable.
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offshore wind (75 €/MWhint) is still higher than that of NGCC‐CCS (63 €/MWh, after 8.7
doublings of the capture unit and 3.0 doublings of the CC‐component). Thus, the cost
reductions for NGCC‐CCS stem mainly from technological learning in the post‐combustion
capture unit, and to a lesser degree due to learning in the NGCC plant. For example, the
investment costs of the CC‐component decreased from 856 to 625 €/kW, while the costs
of the capture part of the power plant (the capture and compression units) decreased
from 626 to 244 €/kW. The efficiency of the NGCC‐CCS plant also increases from 48% to
57% by 2050 due to learning.
Timing of cross‐overs of LCOEs of technologies
Table 7.14 shows that the crossovers between the power generation technologies differ
by scenario and by case (where cases are differentiated by whether optimistic, pessimistic,
or base case values are used).
With respect to the competition between NGCC and NGCC‐CCS, it can be seen that in all
cases NGCC‐CCS has a lower LCOE than NGCC by 2050. The crossover in LCOE occurs
between 2020 and 2040. Under the given CO 2 price development path (i.e. from 13.5 €/t
to 144 €/t in 2050, see Table 7.13), the exact timing of the crossover depends on whether
the techno‐economic conditions of the capture unit are favourable compared to those of
the combined cycle component.

7

Table 7.14 also gives insights into the development of competition between NGCC‐CCS
and the IRES technologies. An LCOE crossover from NGCC‐CCS to IRES never occurs in
cases with pessimistic estimates for IRES and optimistic estimates for NGCC‐CCS. However,
LCOE crossovers from NGCC‐CCS to IRES take place for the base case assumptions in the
HIGH‐REN scenario, to some extent in BASE 450, and not at all in HIGH‐NGCC‐CCS. The
crossovers in cases with optimistic estimates for IRES occur mostly before 2015, meaning
that IRES under favourable conditions already have lower LCOEs than NGCC‐CCS with costs
at the high end of the range. Summarising, the cost‐effectiveness of IRES in relation to
NGCC‐CCS is very dependent on the specific conditions of where and how IRES is applied
and the relative costs of different technologies.
Sensitivity analysis
Figure 7.8 shows the sensitivity of the LCOE for power generation and power storage
technologies for the illustrative year 2040 based on ten variants (see Table 7.15). All
variants were calculated using natural gas prices from the WEO450 scenario (except for
one instance) and a discount rate of 10%. The levelised cost of electricity (LCOE) in 2040
was assessed to be 71 €2012/MWh for baseload NGCC‐CCS plants (with CF of 87%), and 68,
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82, and 104 €2012/MWhint for, respectively, concentrated solar power (CSP with thermal
storage and CF of 41%), offshore wind plants (with CF of 40%), and PV (with CF of 14%).
Table 7.14: Overview of LCOE crossovers between different power generation technologies.

BASE 450

HIGH‐REN

HIGH‐
NGCC‐CCS

Type of values a
NGCC‐
Alternative
CCS
technology
Opt.
Pes.

Timing of crossover b from
NGCC to
NGCC‐CCS to
NGCC‐CCS c
offshore
2020‐2025
x

NGCC‐CCS to
PV
x

NGCC‐CCS to CSP

Med.

Med.

2025‐2030

x

x

2034‐2040

Pes.
Opt.
Med.
Pes.
Opt.

Opt.
Pes.
Med.
Opt.
Pes.

2035‐2040
2020‐2025
2025‐2030
2035‐2040
2025‐2030 d

2011‐2015
x
2020‐2025
2011‐2015
x

2015‐2020
x
2045‐2050
2011‐2015
x

2011‐2015
x
2020‐2025
2011‐2015
x

Med.

Med.

2025‐2030

x

x

x

x

Pes.
Opt.
2035‐2040
2011‐2015
2035‐2040
2011‐2015
a
Pes: pessimistic; opt: optimistic; med: base case.
b
The period when the technology with the lowest LCOE in 2011 becomes more expensive than the alternative.
c
In the assessment of the LCOE crossovers between NGCC and NGCC‐CCS, the type of values (pes, opt, med) refer to the
values of the capture unit of the NGCC‐CCS and the CC‐component in the case of NGCC.
d
Although this is the HIGH‐NGCC‐CCS scenario implying that the cumulative capacity of NGCC‐CCS is highest in 2050 in
this scenario, the deployment of NGCC‐CS starts later in this scenario than in the other scenarios (see Figure 2) and,
therefore, the crossover is 5 years later.

Table 7.15: Variants used for the sensitivity analysis.
Scenario\type of values
Base case
Optimistic
BASE 450
X
X
BASE 450 + High gas price scenario a
X
HIGH‐REN
X
X
HIGH‐NGCC‐CCS
X
X
a
Gas price development is based on the Current policy scenario in WEO 2012 (IEA, 2012b).

Pessimistic
X
X
X

Power generation technologies
The large variations in the LCOE of the IRES options shown in Figure 7.8 are not merely
due to techno‐economic uncertainties and ranges in PRs, but also to differences in
technology configurations (e.g. CPS with more or less storage) and geographical
conditions. The LCOE ranges of most technologies apply to the whole of Europe except for
the LCOE of CSP which applies only to South Europe. Less favourable conditions in
Northern Europe were not accounted for in the input data for CSP technologies.
Different techno‐economic assumptions and scenarios have a smaller impact on the LCOEs
of NGCC and NGCC‐CCS than for IRES technologies. While the LCOE of NGCC‐CCS varies
between ‐27% and +41% of the base case value in 2040, the LCOEs of the IRES vary
between ‐68% and +260%. If the LCOE ranges of the IRES technologies are compared to
each other, the range is largest for CSP (‐57% to +260%), followed by PV (‐64% to +150%)
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Figure 7.8: Sensitivity analysis for LCOEs of technologies in 2040.

and offshore wind (‐68% to +97%). The highest LCOE of CSP is a consequence of zero
deployment of CSP resulting in no learning, a system with no heat storage, a low
availability factor, and pessimistic cost data.

7

The HIGH‐REN and HIGH‐NGCC‐CCS scenarios have limited impact on the LCOEs of the
NGCC‐based power plants and offshore wind in 2040, because the number of cumulative
doublings of these technologies does not differ much per scenario. Conversely, the choice
of scenario has a large influence on the LCOE of PV and CSP. Differences in cumulative
doublings for PV and CSP are 4 and 8, respectively.
Note also that the CO2 price can have a significant impact on the LCOE of NGCC and thus
on its competitiveness. The red part of the bar representing the CO2 emission costs would
double with a doubling of the CO2 emission allowance price.
Summarising, the base case LCOE values for 2040 are lowest for NGCC‐CCS, followed by
CSP, offshore wind, NGCC, and PV. However, the large variation in LCOEs for the IRES
could result in much lower or higher LCOEs, depending on techno‐economic costs, PRs,
deployment rate, technology configurations, and geographical conditions.
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Power storage technologies
Figure 7.8 also gives an indication of the learning potential of power storage technologies
and uncertainties involved. As no data were available on deployment rates of any of the
storage technologies, it was assumed that these rates could be zero as well. The highest
LCOEs occur where no learning has taken place and pessimistic conditions still persist in
2040.
With respect to backup technologies, the LCOE of load‐following NGCC‐CCS (with CF=40%)
has the smallest uncertainty range (‐32% to + 50% of the base case value). In 2040, its
base case LCOE is 2‐33 €/MWh higher than CAES, PHS, and Zn‐Br. However, these latter
values do not include power costs to charge the systems. Of the power storage
technologies, PHS seems to perform the best: it is the cheapest with the lowest financial
risks. The LCOE of PHS not only has the lowest LCOE (57 €/MWh) compared to the other
power storage technology, but also the smallest uncertainty range (i.e. from ‐50% to +
81% of its base case value). Furthermore, it is noteworthy that its highest LCOE value is
just over 100 €/MWh, which is low compared to the highest cost for other storage
technologies (i.e. between 204 and 933 €/MWh). The base case values of the Li‐ion and
ZEBRA battery systems are even higher (i.e. 321 and 149 €/MWh, respectively).
With regard to the impact of different scenarios (HIGH‐NGCC‐CCS vs. HIGH‐REN), the
power storage technologies respond differently. The choice of scenario hardly has an
impact on the LCOE of PHS because the number of doublings is never more than four (due
to a high initial cumulative capacity and the long lifetime of the technology). In the case of
batteries, the choice of scenario has a large impact because the number of doublings
varies between zero in HIGH‐NGCC‐CCS and 9 to 11 in HIGH‐REN. This uncertainty in the
future deployment of batteries makes it difficult to project their costs. Although doublings
in the CAES technology vary between zero and almost ten depending on the scenario, this
range does not have a major effect on the LCOE because the LCOE is determined mainly
by the fuel costs and the CO 2 emission costs.

7.4.4 LCOE of total systems
Figure 7.9 presents the annual average LCOEs and the CO2 emissions for each stylized
system. The bars show the LCOE development in the BASE 450 scenario for the years
2020, 2030, and 2040 under base case conditions. The error bars are based on LCOEs of all
variants specified in Table 7.15.
In all four systems CO2 emissions are considerably below the average CO2 emission rate of
400 kg/MWh for electricity generation in the EU27 in 2009 (EEA, 2013). For example, in
2040, CO2 emissions decrease to 45 kg/MWh for the NGCC‐CCS system, 23 kg/MWh for
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the IRES/NGCC‐CCS system, and zero kg/MWh for the IRES/STORAGE system. These
represent reductions below 2009 values of 89%, 94%, and 100%, respectively, for the
three systems above. For the IRES/NGCC system the reduction is only 58%, the smallest of
the four cases.
With regard to costs, the annual average LCOE of the system based only on natural gas
(the NGCC‐CCS system) remains the lowest over the whole period while achieving an 89%
emission reduction. For the systems based on a combination of natural gas and IRES, the
annual average LCOE of the system with CCS (IRES/NGCC‐CCS) is higher in 2020 and 2030
than the system without CCS (IRES/NGCC) due to its higher capital cost and low capacity
factor. In 2040, however, the higher CO2 emission price of 107 €/t results in IRES/NGCC‐
CCS becoming cheaper than IRES/NGCC. Furthermore, the LCOE of IRES/NGCC is more
sensitive to the CO2 price. For example, in 2030 for each 10 €/t increase in CO2 price, the
LCOE of the IRES/NGCC system increases by 1.7 €/MWh, while for the IRES/NGCC‐CCS
system the cost increase is only 0.2 €/MWh.

7

Finally, the zero CO2 emission system based only on IRES and energy storage is the most
expensive system in all periods. The annual average LCOE of this system in 2040 is 13%
more expensive than the IRES/NGCC‐CCS system and 42% more expensive than the NGCC‐
CCS system for the base case assumptions. For other years these percentages vary. Note
that the cost of the IRES/STORAGE system could be underestimated for two reasons. The
first is that it is based mainly on offshore wind. If the share of PV were higher, the system
LCOE would increase because the LCOE of PV is higher than offshore wind (for example,
26% higher in 2040, see Figure 7.8). Secondly, if another storage technology were used
instead of PHS, the overall cost would again increase since PHS is the lowest‐cost storage
technology – the LCOEs of other options are 55% to 462% higher (see Figure 7.8). Only if
some offshore wind were replaced by CSP (with a 17% lower LCOE in 2040) would the
overall LCOE of the IRES/STORAGE system decrease relative to the base case values.
Note that since the four stylized systems achieve different levels of CO 2 reductions, their
cost‐effectiveness levels (€/tCO2 avoided) are not simply proportional to the differences in
LCOE. Thus, the CO2 avoidance cost of the systems in a specific period compared to an
NGCC reference system in the same period17 is lowest for the NGCC‐CCS system
(decreasing from 87 €/tCO2 in 2020 to 57 €/tCO2 in 2040). The CO2 avoidance cost of the
IRES/NGCC‐CCS system decreases from 147 to 124 €/CO2, while for the highest‐cost IRES/
STORAGE system the avoidance cost falls from 244 to 162 €/tCO2 between 2020 and 2040.
17
Note that in order to evaluate whether the CO2 price is high enough to cover the CO2 avoidance costs, the reference
system should be the business as usual system without climate policy. The NGCC reference system is probably not the
business as usual system.
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Figure 7.9: Annual average LCOE of the four stylized electricity generation systems and the
contribution of different technologies to the cost.

The error bars in Figure 7.9 show the spread in the annual average LCOEs due to
uncertainties and variability of assumptions. In the NGCC‐CCS system, the spread is the
smallest (ranging from ‐29% to +44% compared to the base case LCOE), while the spread
of IRES/STORAGE is highest, ranging from ‐59% to +106% of the base cases value.

7.5 Discussion
Our assessment of the LCOE trajectories for different power generation and storage
technologies required a considerable amount of input data including techno‐economic
data, progress ratios for different technologies, and projections of technology
deployment. To deal with the associated uncertainties, all input data and their uncertainty
ranges were fully reported and documented insofar as possible based on an extensive
literature review. The effects of all uncertainties also are clearly shown in the results
presented, in contrast to other studies that often neglect uncertainties (e.g. Criqui et al.,
2014; Narbel and Hansen, 2014). LCOE figures reported in other prominent studies like the
IEA Energy Technology Perspectives 2014 report (2014) fall within the ranges found in this
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study. In the remainder of this section, a few issues concerning specific limitations and
uncertainties of this study are further elaborated.
 The techno‐economic input data underlying the LCOEs in this study were taken from
different sources in order to represent Europe as a case study region. However, it was
not always possible to find sufficient data for all of Europe. For example, cost data for
offshore wind were taken from studies applying to the UK as these estimates were
most recent and detailed. Data on offshore wind from South European countries would
be especially desirable to validate the current input data.

7

 Uncertainty related to the pace of technological learning was addressed by using
ranges rather than single values for PRs. Reliable and robust values for PRs were not
available for all technologies due either to their early stage of development (CAES,
ZEBRA and ZnBr batteries), limited installed capacity (CSP and CAES), or difficulty of
standardising a complex technology (CSP, offshore wind). Furthermore, the use of
equipment prices creates uncertainty in some estimates of PR, especially for PV
systems and offshore wind turbines, which are susceptible to fierce market dynamics.
More research also is needed on the trajectory of O&M costs for most technologies.
Here, PR values were applied only to O&M costs of NGCC‐based options and offshore
wind systems. Finally, learning rates for CCS were derived from cost reductions
observed for analogous technologies (e.g. the PR of flue gas desulphurisation systems
was used for the amine‐based CO2 capture system). To reduce these uncertainties,
future studies should attempt to identify the potential for cost reductions from a
bottom‐up perspective for all technologies, insofar as possible (e.g. as was done by
Junginger et al. (2004) for offshore wind).
 The techno‐economic input data for novel technologies, such as ZEBRA and ZnBr
batteries, entail large uncertainty due to their early development stage. Ongoing
research and demonstration projects will have to prove their techno‐economic
feasibility. Moreover, the cost competitiveness of Li‐ion and ZEBRA batteries will
depend partly on the availability (or scarcity) of key materials, mainly lithium and
nickel. This is difficult to estimate given uncertainties in world reserves, undiscovered
resources, supply chain constraints and demands from other sectors.
 Numerous other battery types (e.g. flow batteries) show favourable techno‐economic
features in the long term and could become credible alternatives to those analysed
here. Including other batteries in follow‐up research is therefore recommended.
300

The potential of renewables versus natural gas with CO2 capture and
storage for power generation under CO2 constraints

 The worldwide global energy scenarios available for this study did not provide data on
the required deployment of power storage technologies. Although they acknowledge
the need for power storage in their scenarios, they do not quantify their use or identify
which type of storage technologies would be deployed. Further research should
provide insights into the potential deployment of these technologies.
 In this study, four stylized power systems are investigated in order to compare the full
costs of alternative systems employing natural gas and IRES on a level playing field,
including costs for adequacy as well as balancing and transmission costs. The power
mixes in future scenarios in which CO2 emissions are reduced drastically will certainly
be more complex than these stylized systems. Furthermore, a full analysis needs to
take into account future load pattern developments due to changes in electrical
appliances (e.g. electric vehicles) and demand side management measures. Results
from power system simulation modelling for such systems, including data on capacity
factors and storage requirements, are not sufficiently available at the present time.
 To better quantify the need for power storage and the full costs of other projected
mixes of low‐carbon power systems, the inclusion of demand side management
measures, together with more extensive and detailed power system simulation
modelling of the type found elsewhere in literature (e.g. Cleary et al., 2015; Garrison,
2014; Mantena, 2013; Norouzi et al., 2014), is recommended for future studies.

7.6 Conclusions
The objective of this study was to obtain insights into the comparative costs, on a level
playing field, of natural gas combined cycle power plants with CO2 capture and storage
(NGCC‐CCS) versus intermittent renewable energy systems (IRES) combined with power
storage technologies in a CO2 mitigation portfolio. The focus lays on three IRES
technologies, namely, PV, offshore wind, and CSP with thermal storage, plus five power
storage technologies, PHS, CAES, and Li‐ion, ZEBRA, and Zn‐Br battery systems.
The potential cost reduction due to technological learning up to 2050 was estimated for
each technology by combining techno‐economic data, progress ratios, and deployment
projections from different worldwide energy scenarios. For the intermittent renewable
technologies, extra balancing and transmission costs were included (3 €/MWhint and 6
€/MWhint, respectively, in the base case). Optimistic and pessimistic cost estimates for
each technology were developed to bound the base case values. For context, all energy
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and technology costs were based on European values, and an increasing price on CO2
emissions from 2011 to 2050 was assumed as a driver for emission mitigation.
In all cases, it was found that by 2050 NGCC‐CCS as a baseload technology had a lower
LCOE than NGCC without CCS due mainly to the CO2 price. Depending on the scenario, the
cost crossover occurs between 2020 and 2040. NGCC‐CCS also remains cheaper than IRES
under pessimistic assumptions regarding IRES learning rates and technology costs.
However, with optimistic assumptions the cost of variable (intermittent) electricity from
IRES may be lower than baseload electricity from NGCC‐CCS before 2020. The uncertainty
in LCOE ranges for IRES is much wider than for the NGCC cases, mainly due to higher
uncertainties in technology costs, the larger number of ‘doublings’ of installed capacity,
different deployment rates across scenarios, and varying geographical conditions. The cost
reduction potential for power storage technologies also showed large variations.
In 2040 under base case assumptions backup using NGCC‐CCS (40% capacity factor) with
an LCOE of 90 €2012/MWh is more costly than PHS or CAES backup with LCOEs (excluding
charging cost) of 57 and 88 €2012/MWh, respectively. Projected costs for battery backup
are 78, 149, and 321 €2012/MWh for Zn‐Br, ZEBRA, and Li‐ion battery systems, respectively.

7

The LCOEs of four stylised ‘island’ power systems providing low‐carbon electricity
generation on a common basis, including additional costs for adequacy of service in cases
with intermittent renewable technologies, are also compared. It was found that in 2040
under base case conditions a zero CO2 emission system with IRES plus PHS backup was
13% more expensive in terms of LCOE than IRES plus NGCC‐CCS backup with emissions of
23 kg CO2/MWh, and 42% more costly than the system employing only NGCC‐CCS with
CO2 emissions of 45 kg/MWh. The scenario with high deployment rates of IRES showed
that high deployment is essential to drive down future power system costs.
In future research, the requirements and total cost of more complex power system
portfolios, projected in global climate change mitigation scenarios, should be investigated.
Specifically, more advanced power system simulation modelling (including all costs for
adequacy, transmission and balancing requirements, as well as demand side management
measures) is necessary to estimate power storage requirements, curtailment of
renewables, and overall costs of low‐carbon energy systems.
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Based on historical data of an analogous technology.
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Although a PR of 83% was identified for the Lithium‐ion battery, no PR was identified for a storage system based on Lithium‐ion batteries.
d
A PR of 90% was chosen as in the ReMIND model (Luderer et al., 2011) . However, this does not seem to be based on historical data.
e
The same PR as for the TCR is applied assuming there is a fixed ratio between TCR and OPEX.
f
No quantitative data on the learning potential were found. No learning was assumed in these cases.
g
Costs for CO2 transport and storage.
h
Costs for extra balancing and transmission associated with IRES. In the case of CSP, only extra transmission costs are considered.
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2010
2011
2011

Li‐ion
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3.43
2.00
6.65

2011
2012
2010

1.77
1.01
(€/kWhstor)
1.41
0.74
0.35

0.04
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2010
2011

0.59
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PHS
CAES
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NGCC‐CCS plant)
CO2 capture unit
(90%)
CO2 compression
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Offshore wind
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CSP (SM2, 6‐9
hours storage)
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(k€/kW)

Reference
year
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Table 7.16: Overview of values used in the base case variants (i.e. TCR and OPEX costs and efficiencies in the base year,
additional costs, and PRs) and the specific discount rate per technology (only used in a sensitivity variant).
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7.7 Appendix I

Tables 7.16‐7.18 present an overview of all techno‐economic values per technology for
the base case, optimistic, and pessimistic variants.
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The same PR as for the TCR is applied assuming there is a fixed ratio between TCR and OPEX.
No quantitative data on the learning potential were found. No learning was assumed in these cases.
Costs for CO2 transport and storage.
d
Costs for extra balancing and transmission associated with IRES.
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‐
‐
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‐
‐
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‐
c
3 €/tCO2
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Table 7.17: Overview of values used in the optimistic variants (i.e. TCR and OPEX costs and efficiencies in the base year, additional
costs, and PRs).
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95
95
95

95
95

94
85
92

100

94

PR
TCR
(%)
95
95

10
10
10

50
15

15
20
30

20

Economic
lifetime
(years)
20
20

100
100
100
100
100

0
0
0

0.6
8.6
3.3
2.0
2.5

264
30
71

40
34
(€/kWhstor /y)
22
14
9

c

b

94
100
100

a

3.5

8

90

3.6
4.2

11
13

b

b

b

b

b

b

b

PR
OPEX
(%)
100
100

VOM
(€/MWh)

FOM
(€/kW/y)

The same PR as for the TCR is applied assuming there is a fixed ratio between TCR and OPEX.
No quantitative data on the learning potential were found. No learning was assumed in these cases.
Costs for CO2 transport and storage.
d
Costs for extra balancing and transmission associated with IRES.

a

2010
2011
2011

Li‐ion
ZEBRA
ZnBr

4.22
2.40
5.24

2011
2012
2010

2.58
1.70
(€/kWhstor)
1.95
0.96
0.43

0.07

2011

2010
2011

1.14

2011

PHS
CAES

0.95
1.22

2011
2011

NGCC
NGCC (part of
NGCC‐CCS plant)
CO2 capture unit
(90%)
CO2 compression
unit
Offshore wind
PV
CSP (SM2, 6‐9
hours storage)

TCR
(k€/kW)

Reference
year

Technology

85
90
60

Round trip
efficiency /
NG efficiency
75
70/83

8%point
penalty

54
54

efficiency
LHV (%)

100
100
100

100
100

‐
‐
‐

98

b

b

b

b

b

PR
energy
loss (%)
98
98

365, 3
365, 5
365, 5

‐
‐
‐

‐
‐

Cycli per
year, ratio
kWhstor / kW
365, 8
365, 5

d

32 €/MWh
d
32 €/MWh
id
32 €/MWh

‐
11 €/tCO2 c

Additional
costs

46
12
19

80
80

Availability
factor (%)

Table 7.18: Overview of values used in the pessimistic variants (i.e. TCR and OPEX costs and efficiencies in the base year, additional
costs, and PRs).
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7.8 Appendix II
Figures 7.10‐7.12 present the deployment of power generation technologies for the three
studied scenarios.

Figure 7.10: Installed capacity of the HIGH‐NGCC‐CCS scenario. Data based on the
IMAGE – mix pathway in GEA (2012).

7

Figure 7.11: Installed capacity in HIGH‐REN scenario. Data from the GEA‐efficiency ‐
conventional transport, no beccs, no sinks, limited biomass pathway in GEA (2012).
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Figure 7.12: Installed capacity of BASE 450 scenario. Data taken from ETP 2012 (IEA,
2012a). Hydropower does not include pumped hydro storage capacity.
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8.1 Research context
The warming of the climate system is unequivocal as shown by measurements of
temperature changes in the atmosphere, cryosphere, and oceans since the mid‐20th
century (IPCC, 2013). A large majority of climate scientists deem it extremely likely (95‐
100% probability) that the increase in anthropogenic greenhouse gas (GHG) emissions
since the pre‐industrial era has been the dominant cause of the observed average global
temperature increase (IPCC, 2013). Among the anthropogenic greenhouse gases, carbon
dioxide (CO2) is the major contributor to the increased radiative forcing of the climate
system (IPCC, 2013). The primary source of the increased atmospheric concentration of
CO2 has been the use of fossil fuels, industrial processes and land use change. A rising
global average temperature will have mainly detrimental consequences for ecosystems,
health, food and water security, and risk of conflicts (IPCC, 2014a).
To keep the risk of biophysical and socio‐economic impacts within acceptable limits,
scientists agree that the average global surface temperature rise should not exceed 2.0‐
2.4 C compared to pre‐industrial levels (IPCC, 2014b). To achieve this goal, it is estimated
that the atmospheric GHG concentrations need to be stabilised at a level of 430‐480 parts
per million volume (ppmv) CO2‐equivalent (CO2‐eq). This translates to a global emission
budget of 1,000 GtCO2 that can still be emitted from 2014 onwards (IEA, 2014a).
To reach a target of 450 ppmv CO2‐eq, a broad set of low or zero carbon emitting energy
technologies is needed. Most GHG emission mitigation scenario studies show that CO2
capture and storage (CCS) will be an important component in the portfolio of mitigation
options to reach the 450 ppmv target (IPCC, 2014b). CCS is the process of capturing CO2
from industrial and energy‐related sources, transporting it to an (underground) storage
site, and long term isolation from the atmosphere (IPCC, 2005). CCS is the only technology
capable of reducing CO2 emissions while preserving the value of fossil fuel reserves and
existing infrastructure (IEA, 2013). This is particularly important considering the dominant
role that fossil fuels will continue to play in the supply of primary energy until at least the
mid‐21st century. Moreover, CCS is the only mitigation option available today to achieve
deep CO2 emission reductions within carbon‐intensive industries such as refineries,
cement and iron & steel (IEA, 2013). Furthermore, several 450 ppmv scenarios project that
use of biomass in combination with CCS (bio‐CCS), which allows for a net removal of CO2
309

8

Chapter 8

from the atmosphere, is necessary to reach low GHG stabilisation targets (IPCC, 2014b).
Scenario analyses of the Global Energy Assessment (GEA) indicate that without CCS in the
portfolio of mitigation options, the cumulative energy investment over the period 2010‐
2050 would rise with 11‐22% (7‐17 trillion US$2005) (IEA, 2012).
In the 2 °C scenario of the International Energy Agency (IEA, 2014a), which explores the
portfolio of measures needed to achieve 450 ppmv stabilisation targets, CCS contributes
14% of the necessary cumulative CO2 emission reductions through 2050. Of this 14%,
approximately 55% occurs in the power sector, mainly at coal‐ and gas‐fired power plants;
the industrial sector accounts for the other 45%. In total, a cumulative amount of
approximately 120 GtCO2 has to be captured and stored between 2015 and 2050 (IEA,
2013). To date, CCS has mainly been implemented through a number of pilot and small
scale demonstration plants, ranging from capture and storage to full chain CCS projects.
Multiple large scale CCS projects are needed across a wide range of industries and regions
in order to learn valuable lessons, reduce costs and build confidence with potential
investors. In addition, several gaps in knowledge need to be addressed to gain further
insight into the potential role and optimal deployment of CCS over time. The following
three knowledge gaps are addressed in this thesis:
1. CO2 capture and transport in the industrial sectors
Additional insight is needed into the techno‐economic performance, challenges and
optimal deployment of CO2 capture in industrial plants and zones over time.
Moreover, a better understanding is required of the role that CCS can play in a
broader portfolio of energy efficiency measures and GHG emission mitigation options
in industrial plants.
2. Large scale CO2 pipeline transport infrastructure.
There is a requisite for a comprehensive overview of drivers, barriers and synergies
related to the design, construction and operation of large scale CO2 pipeline networks.

8

3. The role of natural gas combined cycle power plants (NGCC) with CCS in future low‐
carbon power systems. Further insight is required for the potential role and cost
competitiveness of NGCC‐CCS over time, both as a baseload and backup power
generation technology, compared to several intermittent renewable energy systems
and energy storage technologies.
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8.2 Objective and research questions of this thesis
In this context, the main objective of this thesis is to assess promising deployment
pathways for CO2 capture and transport in industry and the electricity generation sector.
To meet this objective, the following three research questions were formulated:
I.

What are cost effective CO2 capture and transport infrastructure configurations
and deployment pathways in industrial plants and zones over time?

II.

What are the drivers, barriers and synergies of CO2 capture and pipeline transport
infrastructure configurations over time at the local, national and international
level?

III.

How can CCS be optimally deployed over time in a broader portfolio of energy
efficiency measures and low‐carbon energy technologies, both from a cost and
emission reduction perspective?

Table 8.1 gives an overview of the chapters of this thesis in which these research
questions are addressed. In textbox 1, some remarks are given regarding differences in
definitions and input parameters used throughout this thesis.
Table 8.1: Overview of the topics of the thesis chapters and the research question(s) addressed in
them.
Chapter

Topic

2

Techno‐economic performance and challenges of applying CO2 capture in
industry
Techno‐economic performance and spatial footprint of CO2 capture
infrastructure configurations in industrial zones
Deployment pathways for CO2 capture and transport infrastructure
configurations in industrial zones
Deployment pathways for greenhouse gas mitigation options in an industrial
plant
Drivers, barriers and synergies related to the deployment of a CO2 pipeline
network
The potential role of NGCC‐CCS in future low‐carbon power systems

3
4
5
6
7

Research question
I
II
III
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Textbox 1: Varying definitions and input parameters used throughout the thesis.
To some extent, definitions on the time horizon, monetary units and several key input
parameters vary throughout this thesis. Although the use of these terms, units and
values is consistent within each chapter, differences exist between chapters (see
Table 8.1). This should be borne in mind when comparing the findings between
chapters. Finally, some of the cost input data related to analyses on CO2 capture in
the industrial sector (Chapters 2‐5) have been updated with additional or better data
sources during the research process over the years.
Table 8.1: Differences in time horizon, monetary units and several key input parameters used
throughout this thesis. ST, MT and LT stand for short, medium and long term, respectively.
Chapter

Time horizon

2
3
4
5
6
7

ST: 2020‐2025; LT: 2040‐2050
ST/MT: up to 2025/2030
ST/MT: up to 2025/2030
ST: up to 2020; MT: 2020‐2030
Not specified
2011‐2050

Economic lifetime
CCS equipment
(years)
20
20
20
20
n/a
25 b

Natural gas
price
(€/GJ) a
9.3 (ST)
10
10
10
n/a
6‐10.4 c

Electricity price
(€/GJ) a

Monetary
unit

18.5 (ST); 21.5 (LT)
22
22
22
n/a
n/a

€2010
€2012
€2012
€2012
n/a
€2012

a

The monetary term (€) in the energy price units are related to the monetary units presented in the last column.
The economic lifetime applies to an entire NGCC‐CCS, so not just to the CCS equipment.
c
Time series of projected natural gas prices were used for two different scenarios.
b

This chapter continues with a summary of the key findings of the research reported in the
preceding chapters. Next, the three main research questions are answered and
conclusions are drawn. Lastly, recommendations for policy makers, industrial stakeholders
and further research activities are given.
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8.3 Summary
Chapter 2 addressed research questions I and II by conducting a techno‐economic analysis
of the implementation of the three main CO2 capture technologies, post‐, pre‐ and oxyfuel
combustion capture, at industrial plant level for the short term (2020‐2025) and long term
(2040‐2050). Five industrial plants from various industrial sectors in the Netherlands were
used as case studies to examine the impact of site‐specific factors. The set of case studies
consists of two refineries, a medium and small sized chemical plant, and a hydrogen plant.
The techno‐economic analysis was complemented by way of interviews held with experts
from industry to assess the barriers related to the implementation and operation of CO2
capture at industrial plants.
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The findings show that CO2 emissions can be reduced by 68‐70% and 64‐82% using,
respectively, oxyfuel and pre‐combustion CO2 capture from the boilers, furnaces, catalytic
crackers and gasifier in the two studied oil refineries. The reduction is 81‐87% with post‐
combustion technology as CO2 can also be captured from the hydrogen plants, combined
heat and power (CHP) plants and gas turbine. CO2 capture from these process units using
oxyfuel or pre‐combustion technology was deemed unrealistic due to operational
difficulties. By combining oxyfuel and pre‐combustion with post‐combustion technology
for the hydrogen plants and utilities, significantly higher CO2 reductions (80‐96%) can be
achieved for the refineries. For the chemical plants, the emission reductions range from
79‐86% for the post‐combustion technology and 87‐102%1 for the oxyfuel and pre‐
combustion technology.
The CO2 avoidance costs decrease for larger CO2 emitter size for all capture technologies
due to higher economies of scale. In the short term, CO2 avoidance costs are lowest for
oxyfuel combustion in the refineries (52‐57 €2010/tCO2) and medium sized chemical plant
(80 €2010/tCO2), mainly because of fuel savings resulting from operating process units in
oxyfuel mode. In the small chemical plant, post‐combustion is cheapest (117 €2010/tCO2)
owing to the relatively low capital costs of this technology. Pre‐combustion shows
structurally higher CO2 avoidance costs (ranging from 73 to 167 €2010/tCO2), because of the
high costs for natural gas and capital. The economics of the combined capture technology
configurations differs from applying only oxyfuel or pre‐combustion technology. Whereas
combining oxyfuel and post‐combustion technology results in higher CO2 avoidance costs,
the combination of pre‐ and post‐combustion technology displays lower CO2 avoidance
costs. Also within industrial plants, the CO2 avoidance costs differ considerably, not only
because of economies of scale, but also due to varying CO2 concentrations in the flue
gases.
The interviews with experts resulted in the identification of several barriers for CO2
capture at industrial plants in the short term. First, there may be limited space available
for oxyfuel capture equipment around process units as well as for post‐combustion units
on the overall industrial plant site. Second, retrofitting process units with oxyfuel and pre‐
combustion technology involves several technical challenges. Third, there is no experience
with the operation of process units in oxyfuel and pre‐combustion mode, which causes
uncertainty on the chance, impact and recovery time of an operational failure in the
process units and/or upstream O2/H2 production unit.

1

A CO2 emission reduction of 102% was found for short term pre‐combustion capture technology, due to CO2 emission
credits related to the export of steam, which is produced from waste heat coming from the hydrogen production unit.
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In the longer term, CO2 avoidance costs are lowest for the oxyfuel configurations (large
refinery: 24 €2010/tCO2; small chemical plant: 72 €2010/tCO2), followed by the post‐
combustion configurations (large refinery: 69 €2010/tCO2; small chemical plant: 96
€2010/tCO2). The pre‐combustion configuration was not examined for the long term due to
data limitations. However, long term results are more indicative than the short term
results. Expectations for the long term are that the focus will shift from retrofit issues to
the replacement of old process units with new‐built capture‐ready process units.
Furthermore, long term configurations will probably have minimal spatial constraints in
(new‐built) plant lay outs, capture technologies that are highly integrated with core
processes, and optimised utility plants.
For the hydrogen plant, the CO2 avoidance costs (67 €2010/tCO2) are lowest for the
configuration for which CO2 is captured (54%) solely from the high pressure process gas.
Yet, by also capturing CO2 from the furnace stack flue gas, a total CO2 reduction of 84% is
achieved with a CO2 avoidance cost of 87 €2010/tCO2. Post‐combustion capture appears to
be more expensive for both the short and long term.
Chapter 3 addressed research questions I and II by developing a bottom‐up method to
assess the techno‐economic performance and spatial footprint of infrastructure
configurations for large scale CO2 capture in industrial zones. A group of sixteen industrial
plants in the Dutch industrial Botlek area, which emits around 7.1 MtCO2/y, was selected
as a case study. The time frame of this study is the period 2020‐2030. The configurations
differ, amongst others, with respect to CO2 capture technology, location of capture
components, local pipeline network, and energy supply for CO2 capture.

8

Clustering multiple industrial plants by using a joint CO2 capture and transport
infrastructure provides good opportunities to lower the costs for CO2 capture and
circumvent spatial limitations on industrial plant sites. In general, the economic scale
effects of centralised capture units outweigh higher costs for local transport of CO2, O2
and H2. Oxyfuel combustion with centralised oxygen production and decentralised CO2
compression, Oxy‐Hybrid, was found to be the most cost effective and realistic
configuration when applying CO2 capture to all sixteen industrial plants (61 €2012/tCO2; 5.8
MtCO2/y avoided), mainly due to relatively low energy costs compared to post‐ and pre‐
combustion. However, oxyfuel combustion at plant level is economically preferable when
capturing CO2 from only the three largest industrial plants. For post‐combustion, a
configuration which combines partly decentralised absorbers with centralised strippers
and a CHP unit for the energy supply, Post‐Recsor, is preferable from both an economic
and spatial perspective (73 €2012/tCO2; 7.1 MtCO2/y avoided). This configuration can even
become cheaper than Oxy‐hybrid in case of higher electricity prices and, as a
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consequence, higher revenues from sale of the excess electricity generated by the CHP
unit. The optimal pre‐combustion configuration with central hydrogen production and CO2
capture, Pre‐Central, shows a less favourable performance (81 €2012/tCO2; 4.4 MtCO2/y
avoided) even when assuming that waste heat from the steam reformer is available for
solvent regeneration. Yet, this configuration is cheaper than Post‐Recsor in case the latter
does not obtain any revenues from electricity sale (93 €2012/tCO2). The sensitivity analysis
shows that it will be unlikely that Pre‐Central can become more cost effective than Oxy‐
Hybrid.
Building a local pipeline network across the Botlek was found to be feasible from both a
technical and legal perspective, albeit limited space availability in the designated pipeline
strips would make several detours and higher operating pressures necessary, which
increase local transport costs. However, these costs are minor compared to the total
capture costs. For each industrial zone, the optimal local transport network will depend on
local conditions. Considering the large advantages of centralised infrastructure
configurations compared to decentral CO2 capture, the findings of this study are expected
to apply to other industrial zones as well.
Chapter 4 addressed research questions I and II by extending the analysis carried out in
Chapter 3. Three deployment pathways for the most cost effective CO2 capture
infrastructure configurations previously identified in Chapter 3, Oxy‐Hybrid and Post‐
Rector, were examined. The three studied deployment pathways were assumed to be
realised though three separate buildout steps (phases) and vary in regard to the capture
technology, the sequence and timing in which the sixteen industrial plants start capturing
CO2 and whether capture components and pipelines are oversized, or not. Oversizing
capture units in an early phase, rather than building parallel capture units over time, may
have the advantage that economies of scale can be exploited in a later phase.
Results indicate that Post‐Recsor and Oxy‐Hybrid can be realised in three phases while
maintaining most cost (Post: 94 €2012/tCO22; Oxy: 61 €2012/tCO2) and physical footprint
advantages compared to decentral CO2 capture at industrial plant level (Post: 100
€2012/tCO2; Oxy: 66 €2012/tCO2). Compared to the static configurations identified in Chapter
3, the spatial footprints increase with 4‐6% and 0‐10% for post‐ and oxyfuel combustion,
respectively. This implies that there is still more than sufficient space available to
accommodate the capture units in the Botlek area. However, central coordination is
required to encourage joint CCS initiatives and avoid a suboptimal buildout, e.g. via
decentral capture activities, which can be more cost effective for large scale and high
2

Economic and CO2 emission credits related to the sale of excess electricity coming from the combined heat and power
plant are excluded.
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concentration CO2 emitters (e.g. oil refineries or hydrogen plants) in the early phases. A
fast deployment of the CO2 capture and transport infrastructure results in low levelised
CO2 avoidance costs and high cumulative avoided CO2 emissions over the time horizon of
twenty years. An early adoption of CCS does, however, require a rapidly increasing CO2
price and a fast replacement of the current capital stock in the Botlek. After all, firms are
likely reluctant to implement CO2 capture equipment on ageing capital and wait with their
investment till the current capital retires. Deferring investments in CCS to a later phase
involves lower risks, but results in higher levelised CO2 avoidance costs and lower
cumulative avoided CO2 emissions.
Minimising the number of phases is important for a cost effective deployment of the CO2
capture and transport infrastructure. Oversizing capture units for oxyfuel combustion can
prove interesting from a cost perspective, also for pathways with six rather than three
phases. Pathways with a fast deployment of the CO2 capture infrastructure are still more
cost effective than decentral CO2 capture when the base case emissions are nearly one‐
third lower, for instance due to industrial plants taking up CCS on their own, or not at all.
Apart from the costs, the stepwise deployment of oxyfuel configurations compared to
post‐combustion configurations show several other advantages, such as lower complexity,
better part‐load performance and higher flexibility.

8

Chapter 5 addressed research question III by developing a bottom‐up method to assess
the techno‐economic performance of deployment pathways for GHG emission reductions
in an industrial plant. The method has been successfully applied to a large, complex oil
refinery (2012: 4.1 MtCO2/y) in northwest Europe. The studied mitigation options are:
energy efficiency measures (EEM), CO2 Capture and Storage (CCS) (post‐, pre‐ and oxyfuel
combustion), fast pyrolysis of woody biomass to produce infrastructure‐ready
transportation fuels, and gasification of torrefied wood pellets (BIG) to produce electricity,
hydrogen and/or Fischer‐Tropsch fuels. Most energy efficiency measures (EEM) are
commercially available in the short term (<2020). A few other EEM as well as CCS, fast
pyrolysis and BIG are available for the period 2020‐2030. Interactions among mitigation
options (i.e. reduction of each other’s GHG reduction potential, synergies, economies of
scale, lock‐in effect) were accounted for in the pathways.
The EEM were found to be a non‐regret option due to its negative avoidance costs.
However, the GHG reduction potential of EEM is limited to 28%, so a combination with
other mitigation options is required to obtain deep emission reductions. Based on the
interaction and performance of the mitigation options, four deployment pathways were
investigated, all starting with EEM and followed by either oxyfuel combustion (EEM‐OXY),
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post‐combustion capture (EEM‐POST), BIG (EEM‐BIG‐vent), or BIG combined with CCS
(EEM‐BIG‐CCS).
Pathway EEM‐BIG‐CCS was found to be most cost effective, regardless of the emission
reduction target, mainly because of the cost synergies between BIG and CCS.
Furthermore, this pathway has the largest GHG emission reduction potential (6.3 MtCO2‐
eq/y; 154% compared to 2012 base case), which translates to net refinery emissions of ‐
2.2 MtCO2‐eq/y (i.e. negative emissions). For a 75% emission reduction target, the average
avoidance cost of the EEM‐BIG‐CCS pathway is around ‐25 €2012/tCO2‐eq. In comparison,
the most cost‐effective CCS pathway (EEM‐OXY) was evaluated at average avoidance costs
of ‐5 €2012/tCO2‐eq. However, the ranking of the pathways in terms of avoidance cost
depends strongly on future energy prices. The negative average avoidance costs of the
pathways are due to the deep negative avoidance cost (i.e. economic revenues) of the
EEM (‐133 €2012/tCO2‐eq).
Under full deployment, the cumulative upfront investment costs for the BIG pathways (0.9
billion euros) are higher than for EEM‐OXY (0.7 billion euros) and EEM‐POST (0.8 billion
euros), although all four pathways show large uncertainty ranges of ±0.3‐0.4 billion euros.
The BIG pathways involve higher uncertainties in avoidance costs, as it depends on several
energy prices (biomass, natural gas, electricity, transport fuels). The uncertainty ranges of
the marginal avoidance cost of the oxyfuel (44 to 115 €2012/tCO2‐eq), post‐combustion (54
to 111 €2012/tCO2‐eq) and BIG CCS (‐64 to 98 €2012/tCO2‐eq) options in their respective
pathways fall partly within the projected CO2 price range (20‐75 €2012/tCO2) of the IEA’s
World Energy Outlook for the year 2030. However, next to the techno‐economic
performance, the feasibility of the pathways also depends on the availability of a
sustainable biomass supply chain and/or a CCS infrastructure as well as the operator’s
willingness to use novel technologies and (partly) abandon conventional operational
processes. While the EEM‐POST pathway involves relatively little changes in the process
units, the EEM‐OXY pathway already requires more modifications. The BIG pathways are
new concepts that completely differ from the conventional refinery process.
Chapter 6 addressed research question II by developing a method to identify drivers,
barriers and synergies related to the design, construction and operation of a CO2 pipeline
network. The West Mediterranean region (i.e. Spain, Portugal and Morocco) was used as a
case study. The method comprised literature review, analysis of embedded pipeline
trajectories, interviews with experts, and workshops with stakeholders. Subsequently, the
collected information was used to identify route specific drivers, barriers and synergies
related to three CO2 pipeline network deployment scenarios that were modelled for the
West Mediterranean region in a related study. These scenarios differed with respect to: (i)
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whether CO2 pipelines should follow existing pipelines (mainly natural gas) where
available or not, and (ii) on the possibility to transport CO2 across national borders or to
restrict CO2 transport to the country level. The research resulted in a comprehensive list of
drivers, barriers and synergies for the case study. Furthermore, the list provides a
framework for action. The identified barriers can, in principle, be tackled to make the
design, construction and operation of a CO2 pipeline network possible. In addition, there
are opportunities for cost reductions and facilitating processes as well.
The main drivers/synergies applying to CO2 pipeline networks in general are the long
experience with natural gas pipeline transport, embedded pipeline legislation and existing
investment and organisational models for hydrocarbon pipeline networks. Portuguese and
Spanish stakeholders added that earmarking CO2 pipeline ventures as public interest
projects can expedite the implementation of CO2 pipeline projects. Most route specific
drivers and synergies apply to all three scenarios, although not always to the same extent.
There are several opportunities to lay CO2 pipelines along existing pipelines, provided
sufficient space is available in the pipeline corridors, thus creating opportunities to reduce
costs and utilise existing Right of Way. However, the scenario analysis shows that it is not
necessarily cheaper to follow natural gas pipelines, because deviating can reduce the CO2
pipeline distances considerably. These cost considerations may affect the eventual routing
of the pipeline networks. Another potential synergy can be achieved by oversizing (trunk)
CO2 pipelines to exploit economies of scale in case the oversized capacity is used not later
than five to ten years after the construction of the pipeline.

8

The main technological barriers applying to CO2 pipeline networks in general are the
knowledge gaps on the (cost increasing) effect of impurities and dynamic flow behaviour
on the physicochemical properties of CO2. Moreover, the impact of these factors on the
probability and impact of a CO2 pipeline failure is not fully understood yet. Other main
barriers are the lack of specific legislation on CO2 pipeline transport, lengthy permit
procedures, land use planning regulations, uncertainty of future climate policy, lack of
financial incentives, high level and risk profile of CO2 pipeline investments, the economic
crisis, and the need for an electric infrastructure to power booster stations. The route
specific barriers pertain to crossings of water bodies and mountainous areas as well as
land use planning regulations of special areas. Finally, at the international level,
unresolved issues in international conventions and different jurisdictions and
organisational models of transport networks between countries may hamper
transboundary CO2 pipeline transport.
Chapter 7 addressed research question III by comparing the costs of natural gas combined
cycle power plants with CCS (NGCC–CCS), on a level playing field, to those of intermittent
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renewable energy systems (IRES) combined with power storage technologies in a CO2
mitigation portfolio, both as baseload power generation and as a back‐up service. The
focus was on three IRES technologies (offshore wind, photovoltaic systems and
concentrated solar power with thermal storage) and five power storage technologies
(pumped hydro storage, compressed air energy storage, and lithium ion, NaNiCl, and ZnBr
battery systems). The potential cost reduction due to technological learning up to 2050
was estimated for each technology by combining techno‐economic data, progress ratios,
and deployment projections from different worldwide energy scenarios. For the IRES,
extra balancing and transmission costs were included (3 €2012/MWh and 6 €2012/MWh,
respectively, in the base case). “Optimistic” and “pessimistic” cost estimates for each
technology were developed to represent the two end values of the data range observed in
literature. An increasing CO2 emission price over the timeframe 2011‐2050 was assumed
as a driver for emission mitigation.
In all cases, it was found that by 2050 NGCC–CCS as a baseload technology shows lower
levelised cost of electricity (LCOE) than NGCC without CCS, mainly due to the effect of the
CO2 price. Irrespective of the scenario, the cost crossover occurs between 2020 and 2040.
Under medium assumptions, the LCOE in 2040 for baseload NGCC–CCS plants was
estimated to be 71 €2012/MWh. In contrast, the LCOE for electricity generated from IRES
was estimated at 68, 82, and 104 €2012/MWh for CSP, offshore wind, and PV systems,
respectively. NGCC‐CCS remains cheaper than IRES under pessimistic assumptions
regarding IRES learning rates and technology costs, whereas with optimistic assumptions
the cost of variable (intermittent) electricity from IRES may be lower than baseload
electricity from NGCC–CCS before 2020. Considering uncertainties in costs, deployment
rates and geographical conditions, LCOE ranges for IRES are wider than for NGCC‐CCS. The
cost reduction potential for power storage technologies also showed large variations. In
2040, under base case conditions, backup using NGCC‐CCS (40% capacity factor) with an
LCOE of 90 €2012/MWh is more costly than pumped hydro storage, compressed air energy
storage and ZnBr battery backup with LCOEs (excluding charging cost) of 57, 88 and 78
€2012/MWh, respectively. Projected costs for NaNiCl and lithium ion battery systems are
149, and 321 €2012/MWh, respectively.
Finally, the LCOEs of four stylized “island” low carbon power systems were compared on a
common basis, including all ancillary costs for IRES. In the 2040 base case, a zero CO2
emission system with IRES and pumped hydro storage backup was found to be 13% more
expensive in terms of LCOE than IRES plus NGCC–CCS backup with emissions of 23 kg
CO2/MWh, and 42% more costly than the system employing only NGCC‐CCS with CO2
emissions of 45 kg/MWh.
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8.4 Main findings and conclusions
The findings in Chapters 2 to 7 are used to answer the three research questions of this
thesis.
Research question 1: What are cost effective CO2 capture and transport infrastructure
configurations and deployment pathways in industrial plants and zones?
At the industrial plant level, the techno‐economic performance of several CO2 capture
configurations of post‐, pre‐ and oxyfuel combustion was investigated. The assessment
was based on case studies of two oil refineries, two chemical plants and a steam reformer
hydrogen plant. Findings show that using oxyfuel combustion for CO2 capture from
industrial boilers, furnaces and crackers is 25‐40% cheaper than post‐ and pre‐combustion
technology and more robust to changes in energy prices. However, post‐combustion is
cheapest for CO2 emitters smaller than at least 0.4 MtCO2/y due to the relatively low
capital costs of this technology. In the short term (2020‐2025), oxyfuel combustion costs
52 to 124 €2010/tCO2 avoided and reduces CO2 emissions by 68‐94%. The broad cost ranges
are mainly due to differences in the layout of the industrial plants and CO2 emitter size. In
the longer term (2040‐2050), avoidance costs may decline to 24 to 72 €2010/tCO2 if ion
transport membranes become commercially available for oxygen production. The
uncertainty ranges show that post‐ and pre‐combustion capture technologies could also
be cost‐effective under certain conditions, especially when the price of natural gas is low.
For a steam reformer hydrogen plant, capturing CO2 with a chemical solvent from the
high‐pressure process gas was found to be most cost effective (67 €2010/tCO2).

8

At the level of industrial zones, the assessment was based on a case study of sixteen
industrial plants in the industrial Botlek area, which emit around 7.1 MtCO2/y. Centralised
CO2 capture and transport infrastructure configurations in which equipment is shared by
multiple plants, were compared to decentral configurations with CO2 capture at each
industrial plant. Results show that an oxyfuel combustion configuration with centralised
oxygen production and decentralised CO2 compressors (Oxy‐Hybrid) is more cost effective
(61 €2012/tCO2; 5.8 MtCO2/y avoided) than any other post‐, pre‐ and oxyfuel combustion
configuration. Not only in the case of oxyfuel, but also for post‐ and pre‐combustion, a
certain level of equipment sharing by industrial plants proofs to be cheaper than decentral
configurations.
Besides the comparison of the all‐at‐once configurations, it was investigated how CO2
capture and transport infrastructures could develop in an industrial zone over time.
Several deployment pathways were studied, each differing, amongst others, with respect
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to the sequence and timing in which the sixteen industrial plants start capturing CO2 and
the number of deployment phases. Results indicate that the most cost effective post‐ and
oxyfuel combustion configuration can be realised in three phases while maintaining most
cost advantages (Post3: 94 €2012/tCO2; Oxy: 61 €2012/tCO2) of the all‐at‐once configurations.
A strategy with a fast CCS deployment rate would result in low levelised CO2 avoidance
costs (Oxy‐Hybrid: 55‐58 €2012/tCO2) and high cumulative avoided CO2 emissions (Oxy‐
Hybrid: 116‐117 MtCO2) over the time horizon of twenty years. In contrast, deferring CCS
investments to a later phase involves lower risks, but results in higher levelised CO2
avoidance costs (Post‐Recsor: 97‐116 €2012/tCO2; Oxy‐Hybrid: 58‐75 €2012/tCO2) and lower
cumulative avoided CO2 emissions (Post‐Recsor: 33‐100 MtCO2; Oxy‐Hybrid: 34‐96
MtCO2). The stepwise deployment of Oxy‐Hybrid compared to the most cost effective
post‐combustion configuration, has several advantages, such as lower costs, lower
complexity, better part‐load performance and higher flexibility.
The findings are expected to apply to other industrial zones as well. However, the
potential cost reductions compared to CO2 capture at plant level depend on the size of the
centralised infrastructure, deployment pathways and mix of industrial plants across the
area. Especially areas with multiple small industrial plants would benefit from joint CO2
capture initiatives.
Research question 2: What are the drivers, barriers and synergies of CO2 capture and
pipeline transport infrastructure configurations over time at the local, national and
international level?
An inventory was made of potential implementation and operational barriers related to
the three main CO2 capture technologies at industrial plant level. Most barriers were
found for the oxyfuel combustion technology. First of all, retrofitting process units with
this technology is a technical challenge and requires sufficient space around the process
units, which is not always available. Moreover, there is a lack of experience with the
operation of process units in oxyfuel mode, which causes uncertainty on the chance,
impact and recovery time of an operational failure in the process units and/or oxyfuel
production unit. Pre‐combustion technology faces the same barriers as oxyfuel
combustion, but does not require additional space around the process units. In general,
no specific problems are expected with the implementation and operation of post‐
combustion technology, because it is an add‐on technology that does not affect the
industrial core process. However, post‐combustion technology requires large amounts of
space, which is not always directly available on industrial plant sites. Although not
3

Economic and CO2 emission credits related to the sale of excess electricity coming from the combined heat and power
plant are excluded.
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quantified, necessary plant site modifications and production losses due to operational
failures increase the costs of CO2 capture. Centralised CO2 capture and transport
infrastructure configurations in industrial zones provide opportunities to circumvent space
limitations on industrial plant sites, not only by lowering the total physical footprint of the
capture equipment, but also by the possibility to place capture units on some distance
from the industrial core process. However, implementing local pipelines in designated
pipeline strips across the industrial zone can be difficult due to limited space availability
and physical obstacles. As a result, several detours and higher operating pressures may be
necessary, which increase local transport costs. In the longer term, expectations are that
CO2 capture will be increasingly incorporated in the design of new industrial plants and
zones, thus avoiding potential problems and costs of retrofit and space constraints.
The early design and planning of large scale CO2 pipeline networks is needed to realise
cost effective pipeline infrastructures. Several drivers, barriers and synergies related to
the design, construction and operation of CO2 pipeline infrastructure can affect the
deployment rate and costs of pipeline networks. A comprehensive method was developed
that comprises literature review, analysis of existing pipeline trajectories, interviews with
experts, and workshops with stakeholders to identify these drivers, barriers and synergies.
Moreover, the method can be used to identify route specific drivers, barriers and
synergies of CO2 pipeline networks simulated by spatially explicit energy models. In this
thesis, the West Mediterranean region was selected as a case study.

8

Most drivers and synergies apply to CO2 pipeline transport in general rather than to
specific pipeline routes. One of the key drivers is the long experience with the design,
construction and operation of pipeline transport of natural gas and CO2 coming from
natural sources. Industrial stakeholders will benefit from existing pipeline legislation and
experience with investment and organisational models for pipeline networks. The
government could drive CO2 pipeline ventures by earmarking them as public interest
projects to expedite legal procedures, which could speed up permit procedures. Other
drivers and synergies are related to specific pipeline routes. In some cases, CO2 pipelines
can be placed along existing pipelines in order to reduce costs and utilise existing right of
way. Other CO2 pipeline routes may show opportunities for oversizing (trunk) pipelines to
exploit economies of scale.
Also most barriers apply to CO2 pipeline transport and CCS in general. The main
technological barriers are the knowledge gaps on the effect of impurities and dynamic
flow behaviour on the physical and chemical properties of CO2. Moreover, the impact of
these factors on the probability and impact of a CO2 pipeline failure is not fully understood
yet. CO2 pipeline experiments and demonstration projects are required to fill in the
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knowledge gaps. Legal barriers apply to unresolved issues in international conventions,
lengthy permit procedures, and land use planning regulations. Efforts are currently being
made to resolve these outstanding legal barriers. Barriers may also arise due to
differences in technical specifications, jurisdictions and organisational models of CO2
pipeline transport between countries. Close communication and planning at the
international level is therefore required. Uncertainty on future climate policy and the lack
of a financial incentive to invest in CCS were identified as major barriers to CCS in general.
The route specific barriers relate to crossings of water bodies and mountainous areas,
which could increase costs. Early planning of pipeline networks is needed to minimise the
number of crossings.
All barriers identified at the local, national and international level can, in principle, be
tackled but require early action and coordination at different aggregation levels. Also
drivers and synergies should be addressed in an early stage.
Research question 3: How can CCS be optimally deployed in a broader portfolio of energy
efficiency measures and low‐carbon energy technologies over time, both from a cost and
emission reduction perspective?
For the industry, a method was developed to assess the techno‐economic performance of
deployment pathways for greenhouse gas (GHG) emission reductions in an industrial
plant. Portfolios of mitigation options are usually not assessed for industries at a detailed
level. Deployment pathways for GHG emission reductions up to 2030 have been
investigated for a large oil refinery emitting around 4.1 MtCO2/y. The studied mitigation
options are, among others, energy efficiency measures (EEM), CCS (post‐, pre and oxyfuel
combustion), and gasification of torrefied wood pellets (BIG) to produce electricity,
hydrogen and/or Fischer‐Tropsch fuels. The EEM were found to be a non‐regret option
due to its negative avoidance costs. However, the GHG reduction potential of EEM is
limited to 28%, so a combination with other mitigation options is required to obtain deep
emission reductions. Three deployment pathways with CCS were found to be particularly
interesting from a cost and emission reduction perspective, each of them starting with
EEM and followed by either oxyfuel combustion (EEM‐OXY), post‐combustion (EEM‐POST),
or BIG combined with CCS (EEM‐BIG‐CCS).
The EEM‐OXY and EEM‐POST pathways show emission reductions of 85% and 92% and
marginal GHG emission avoidance cost for oxyfuel and post‐combustion of around 71 and
78 €2012/tCO2‐eq, respectively. These options include costs for transport and storage of
CO2. By combining BIG and CCS, significant cost synergies can be achieved, resulting in
marginal GHG emission avoidance cost of around 31 €2012/tCO2‐eq. Moreover, in
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combination with EEM, BIG‐CCS has an emission reduction potential of 154% (i.e. negative
emissions for the refinery). However, BIG‐CCS involves larger cost uncertainties than CCS
alone. The uncertainty ranges of the marginal avoidance cost of the oxyfuel (44 to 115
€2012/tCO2‐eq), post‐combustion (54 to 111 €2012/tCO2‐eq) and BIG CCS options (‐64 to 98
€2012/tCO2‐eq) fall partly within the projected CO2 price range (20‐75 €2012/tCO2‐eq) of the
IEA’s World Energy Outlook for the year 20304. Given the large overlap in the cost ranges,
the ranking of the CCS and BIG‐CCS pathways in terms of costs is by no means conclusive
and will depend strongly on energy and biomass prices.
The optimal deployment of CCS in industrial facilities over time depends strongly on the
type of industrial process, size and characteristics of CO2 point sources, and energy prices.
Other combinations of mitigation options may prove more interesting for other industrial
plants (e.g. cement or iron & steel). Moreover, next to costs and the emission reduction
target, the optimal deployment depends on the willingness of companies and firms to use
novel technologies and abandon conventional operational processes. The use of a retrofit
technology (e.g. oxyfuel combustion) or novel technology (e.g. BIG‐CCS) involves more
operational barriers and risks than an add‐on technology (e.g. post‐combustion).
For the power sector, the costs of natural gas combined cycle power plants with CCS
(NGCC–CCS) were compared on a level playing field to those of intermittent renewable
energy systems (IRES) and power storage technologies in a CO2 mitigation portfolio, both
as baseload power generation and as a back‐up service. Such a comparison of costs and
how they may develop over time due to technological learning, has not yet been done. To
account for technological progress over time, an experience curve approach was used to
project future levelised costs of electricity (LCOE) based on technology progress ratios and
deployment rates in worldwide energy scenarios, together with European energy and
technology cost estimates. The learning potential of NGCC‐CCS has been considered in
much more detail than usually is the case in literature.

8

Results show that NGCC‐CCS is likely more cost effective and involves lower cost
uncertainties than most IRES up till the year 2050. In 2040, under medium conditions and
a CO2 price of 107 €2012/tCO2, the levelised cost of electricity (LCOE) of baseload NGCC–CCS
plants is 71 €2012/MWh, while the LCOE of photovoltaic systems, offshore wind and
concentrated solar power with thermal storage were found to be 68, 82 and 104
€2012/MWh, respectively.

4

The low and high end values of the uncertainty ranges reflect an extreme pessimistic and extreme optimistic case, in
which all input parameters are set at their least and most favourable values, respectively. As the uncertainty ranges are
most likely normally distributed, the extreme values will be less likely than the medium values.
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NGCC‐CCS is also a cost effective backup power generation technology. In 2040, a zero
CO2 emission power system with IRES and pumped hydro storage was found to be 13%
more expensive in terms of LCOE than a power system with IRES plus NGCC–CCS backup,
and 42% more costly than a power system employing only NGCC‐CCS. However, the future
role of CCS will depend strongly on energy and CO2 prices, geographical location and
technology deployment over time.
Given its cost effectiveness, NGCC‐CCS can play an important role as a baseload
technology in geographical areas with a low potential for IRES and as backup capacity in
areas with high penetration levels of IRES. A fast upscaling and implementation of NGCC‐
CCS is essential to cost effectively reduce CO2 emissions in the power sector. Moreover,
technology deployment will reduce the unitary generation costs as a result of
technological learning.

8.5 Final remarks
CO2 capture technology
For the industry, oxyfuel combustion was found to be the most cost effective technology
for CO2 capture from industrial boilers, furnaces and crackers with combined CO2
emissions of at least 0.4 MtCO2/y. In the short term, oxyfuel combustion can reduce CO2
emissions up to 94%. However, retrofitting process units with the technology and
operating them in oxyfuel mode has not been demonstrated on a large scale yet. Before
companies will invest in oxyfuel combustion, trust has to be gained in the technology.
Demonstration projects are needed to prove the technical feasibility and determine the
impact of oxyfuel combustion on the core process reliability.
CO2 capture and transport in industrial zones
This thesis shows that it can be beneficial to apply CO2 capture in a coordinated way in
industrial zones. Due to economies of scale, CO2 avoidance costs can be lower and larger
CO2 reduction potentials are achievable as smaller emission sources can also hook up to a
centralised CO2 capture and transport infrastructure. Although cost advantages compared
to decentral CO2 capture were found to be rather small (around 5 €2012/tCO2), they are
likely higher for industrial zones consisting of mainly small CO2 emitters. Moreover, the
cost advantages depend on the size of the centralised capture and transport
infrastructure. Apart from the costs, a centralised infrastructure makes it possible to place
part of the capture units on some distance from the industrial core processes. The
methods developed in Chapters 3 and 4 of this thesis can be used to identify (future)
industrial zones suitable for large scale CO2 capture and assess the benefits and costs of a
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coordinated deployment of a joint infrastructure over time. This includes making
projections about the future structure and CO2 emissions of industrial zones.
The government could play a key role as coordinator and driving force behind the
deployment of centralised infrastructures. As industrial zones may have limited space
availability, reserving plot spaces for capture equipment and pipeline tracks is required.
Close communication and collaboration with companies is important to create broad
support for centralised CO2 capture and transport infrastructures. The government could
become (co‐)owner of the centralised infrastructure to reduce the risks for companies and
influence the deployment of the infrastructure over time. Companies with large CO2
emissions may prefer decentral CO2 capture over a joint infrastructure because of the
limited cost advantages for these companies. The participation of these companies is,
however, important to drive down CO2 avoidance costs by exploiting economies of scale.
Financial compensations may be needed to persuade them to join the CO2 capture and
transport infrastructure.
When CO2 capture is applied at a large scale from an early stage onwards, cumulative CO2
emission reductions increase and the levelised costs of CO2 capture are reduced. However,
an early adoption of CCS involves higher risks for companies as CO2 price levels may
decline and government policy may change. Moreover, companies with ageing capital may
be reluctant to implement CCS in an early stage and wait with their investment till the
current capital retires. Governments should encourage companies to start CO2 capture in
an early stage by sending clear signals about CO2 emission reduction goals. In addition,
early and consistent financial incentives are required to assure that firms incorporate CO2
emission intensity into their investment decision process. This may bring retrofit of
process units with CO2 capture technology forward in time. Also, old process units may be
replaced sooner with capture‐ready process units.
Planning CCS as part of a portfolio of GHG reduction options

8

The results show that a combination of CCS with energy efficiency measures and/or
biomass gasification reduces average GHG emission avoidance costs and increases
emission reductions compared to CCS alone. The method developed in Chapter 5 of this
thesis can be employed by companies to assess cost effective deployment pathways for
GHG emission reductions in their industrial plants. Moreover, such assessments enable
companies to identify uncertainties and barriers surrounding the technologies and use this
as input for strategies to reduce or tackle them. Furthermore, companies can
communicate the prerequisites for optimal deployment pathways to the government in an
early stage. Examples of such prerequisites are clear legislation and financial warranties.
Although optimal combinations of GHG mitigation options vary per industrial plant, energy
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efficiency measures and CO2 capture from high‐purity CO2 sources are in general good
opportunities for early emission reductions due to their cost effectiveness.
Findings show that NGCC‐CCS can enable a smooth and cost effective transition to low
carbon power systems. Including CCS in the electricity generation mix involves lower costs
and uncertainties and higher system reliability than power systems with only intermittent
renewable energy systems. A fast deployment of CCS in the power sector is required to
fulfil its potential and achieve cost reductions due to technological learning. In addition,
the proliferation of CCS in the power sector will create trust in the technology and drive
the deployment of large scale CCS infrastructures. Subsequently, CCS can be applied to
industrial point sources with higher CO2 avoidance costs, either directly or in combination
with biomass.
Insight in the potential role of CCS in industry and the power sector is important for the
planning of large scale CO2 pipeline transport networks. Projections on the geographical
locations and amount of CO2 captured over time in industrial zones and power plants
could be used as input in integrated energy models combined with geographical
information systems to determine the deployment of CO2 pipeline networks spatially
explicit over time. The method developed in Chapter 6 of this thesis can be used to
identify CO2 pipeline route‐specific barriers related to crossings of nature reserves and
opportunities like pipeline oversizing to exploit economies of scale. Moreover, drivers,
barriers and synergies related to CO2 pipeline transport and CCS in general should be
identified and incorporated in regional roadmaps. The realisation of large scale CO2
pipeline transport networks requires central coordination and careful planning.
Communication and collaboration is essential between stakeholders at the local, national
and international level. For all geographical scales, either the government or any other
organisation should take responsibility for the coordination of the deployment of CCS
infrastructures over time.

8.6 Recommendations for further research


CO2 capture in industrial plants may lower the operational reliability of process units
or require the replacement of industrial process equipment, thereby increasing the
overall costs of CO2 capture. Research is needed to determine the economic
consequences of production losses due to CO2 capture retrofit and lower operational
reliability of brownfield process units (e.g. boilers, furnaces) when operated in oxyfuel
or pre‐combustion mode. This also requires further insight into the probability,
impacts and recovery time of operational failures in process units and upstream H2/O2
supply facilities. Pilot plant tests can be useful to quantify these factors.
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In this thesis, the performance of different CO2 capture technologies was assessed in
comparison to each other and also to other GHG emission reduction technologies. A
broader portfolio of (advanced) CO2 capture technologies, CO2 emission reduction
options, innovative industrial processes and power storage technologies should be
assessed to provide a more comprehensive overview of technical possibilities and
constraints. With regard to the CO2 capture technologies, especially the economic
improvement potential of pre‐combustion capture using an autothermal reformer
(ATR) with CO2 capture (instead of a steam reformer) should be investigated.
Moreover, the techno‐economic analyses of CO2 capture in industry should be
improved by incorporating industrial waste heat utilisation and temporal load
patterns in industrial activity.
The approach used to assess the physical footprint of CO2 capture equipment
assumed that when the capacity of CO2 capture units increases with the third power
(determined by volume), the footprint increases only in a quadratic way (determined
by the ground surface area). This approach needs to be validated by technology
providers. Moreover, more and higher quality data from technology providers are
needed to provide more accurate estimations on the footprints of the different CO2
capture components.
In this thesis, the techno‐economic assessments of CCS deployment pathways were
based on deterministic estimates of relevant input parameters. Although sensitivity
analyses showed the impact of variation on the results, they did not incorporate
factors like risk perception and investment behaviour of industrial plant owners, and
their willingness to cooperate with other companies. Therefore, the assessments do
not give sufficient insights into the conditions under which plant owners are willing to
invest in CCS equipment and to follow a joint strategy. The assessments in this thesis
should, therefore, be extended with decision support modelling or real option
analysis to account for these additional factors influencing investment decisions. Data
for these tools can be based on in‐depth interviews with plant owners. Furthermore,
these tools can be complemented with analysis of market prospects for relevant
industrial products, as well as with the age of the current capital stock as this
influences the timing of investment decisions. The results would help governments to
formulate targeted policy measures related to, for instance, risk mitigation measures,
(joint) ownership of CO 2 capture and transport infrastructure by the government, and
(financial) encouragement of collaboration among industrial plants.
The costs of NGCC–CCS were compared on a level playing field to those of IRES and
power storage technologies, both as baseload power generation and as a back‐up
service. The analysis can be improved in several ways. A minimum capacity factor of
40% was assumed for power storage systems and NGCC‐CCS as backup service. In
power systems with high penetration levels of IRES, capacity factors of backup
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services are likely lower. This could affect the cost ranking between power storage
systems and NGCC‐CCS. Moreover, costs for CO2 transport and storage were assumed
to be fixed, regardless of whether NGCC‐CCS will be used as a baseload or back‐up
technology. In reality, costs for CO2 transport and storage will increase with lower
capacity factors. Furthermore, a larger number of battery types and power storage
technologies with favourable long term techno‐economic features should be
incorporated in the analysis. Lastly, little research has been conducted into the
technological learning potential of batteries. More research is needed in this area.

8.7 Recommendations for industry and policy makers






Industrial companies should make early assessments of deployment pathways for
GHG emission reductions in their industrial plants by using the methods developed in
this thesis. These pathways provide a good basis for investment strategies over time
but can be influenced by legislation or policy measures. Companies should
communicate potential barriers related to (lack of) legislation and high risks to the
government in an early stage.
Central coordination and planning by the government is important at the local,
national and international level to realise cost effective deployment of CCS
infrastructure configurations over time. The method developed in Chapter 6 of this
thesis can be employed by governments to identify drivers, barriers and synergies
related to CO2 capture, transport and storage. Next, governments should bring
industrial stakeholders together to come up with a broadly supported strategy for CCS
deployment at different aggregation levels. Companies should be encouraged to
cooperate and participate in joint infrastructures by providing financial compensation
and warranties. At the international level, close communication and collaboration
among governments is required to find solutions for differences in technical
specifications, jurisdictions and organisational models of CO2 pipeline and storage
infrastructures between countries.
Several large scale demonstration projects are needed to prove the techno‐economic
feasibility of oxyfuel combustion in industry and CO2 pipeline transport. This way,
further insight can be obtained in operational challenges and uncertainties
surrounding the technology, such as load patterns in industrial activity, impact of
oxyfuel combustion on core process reliability, and the impact of impurities and
dynamic flow behaviour on CO2 pipeline transport. The projects preferably include
demonstration of both CO2 capture in industry and pipeline transport, thereby
examining the techno‐economic implications of linking both steps in the CCS chain.
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9.1 Onderzoekscontext
De opwarming van het klimaatsysteem is onmiskenbaar zo blijkt uit metingen van tempe‐
ratuursveranderingen in de atmosfeer, cryosfeer en oceanen sinds het midden van de 20e
eeuw (IPCC, 2013). De overgrote meerderheid van klimaatwetenschappers acht het zeer
waarschijnlijk (95‐100% kans) dat de toename van antropogene broeikasgassen (BKG)
sinds het pre‐industriële tijdperk de voornaamste oorzaak is van de waargenomen gemid‐
delde wereldwijde temperatuurstijging (IPCC, 2013). Van deze antropogene broeikasgas‐
sen heeft koolstofdioxide (CO2) de belangrijkste bijdrage geleverd aan de toegenomen
stralingsforcering van het klimaatsysteem (IPCC, 2013). Het gebruik van fossiele brandstof‐
fen, industriële processen en veranderingen in landgebruik zijn de voornaamste bron van
de verhoogde atmosferische CO2‐concentratie. Een stijging van de gemiddelde tempera‐
tuur op aarde zal overwegend nadelige gevolgen hebben voor ecosystemen, de volksge‐
zondheid, voedsel‐ en waterveiligheid, en het risico op conflicten vergroten (IPCC, 2014a).
Wetenschappers zijn van mening dat de gemiddelde wereldwijde oppervlaktetemperatuur
met niet meer dan 2,0‐2,4 °C mag stijgen ten opzichte van het niveau van het pre‐
industriële tijdperk om zo het risico op biofysische en sociaaleconomische effecten binnen
aanvaardbare grenzen te houden (IPCC, 2014b). Schattingen geven aan dat de atmosferi‐
sche volumeconcentratie van broeikasgassen moet worden gestabiliseerd op een niveau
van 430‐480 deeltjes CO2‐equivalent (CO2‐eq) op één miljoen deeltjes lucht (parts per
million volume, ppmv) om dit doel te bereiken. Dit vertaalt zich naar een wereldwijd kool‐
stofbudget van 1,000 GtCO2 die nog maximaal mag worden uitgestoten vanaf het jaar
2014 (IEA, 2014a).
Om de doelstelling van 450 ppmv te halen, is een reeks aan energietechnologieën nodig
die (bijna) geen CO2 uitstoten. De meeste studies die scenario’s presenteren van BKG‐
emissiereducties tonen aan dat CO2‐afvang & opslag (carbon capture & storage, CCS) een
belangrijke component is in het portfolio van mitigatieopties dat nodig is om de 450 ppmv
stabilisatiedoelstelling te bereiken (IPCC, 2014b). CCS omvat het afvangen van CO2 uit
industriële en energiegerelateerde emissiebronnen, het transport van CO2 naar een (on‐
dergrondse) opslagplaats, en de langetermijnisolatie van CO2 van de atmosfeer (IPCC,
2005). CCS is de enige technologie die het mogelijk maakt om tegelijkertijd de CO2‐uitstoot
te verminderen en de waarde van fossiele brandstoffen en de bestaande infrastructuur te
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behouden (IEA, 2013). Dit is met name van belang gezien de dominante rol die fossiele
brandstoffen zullen blijven spelen in de levering van primaire energie tot ten minste het
midden van de 21e eeuw. Tevens is CCS momenteel de enige beschikbare mitigatieoptie
die vergaande CO2‐emissiereducties kan bewerkstellingen in koolstofintensieve sectoren
zoals olieraffinage, cement en de ijzer & staalsector (IEA, 2013). Daarnaast laten een aan‐
tal 450 ppmv scenario’s zien dat het gebruik van biomassa in combinatie met CCS (bio‐
CCS) – een technologie met een netto verwijdering van CO2 uit de atmosfeer – noodzake‐
lijk is om de emissiedoelstellingen te bereiken (IPCC, 2014b). Scenarioanalyses van de
Global Energy Assessment (GEA) tonen aan dat een portfolio van mitigatieopties zonder
CCS zou resulteren in een stijging van de cumulatieve energie‐investeringen in de periode
2010‐2050 van 11‐22% (7‐17 biljoen US$2005) ten opzichte van een portfolio waarin CCS
wel is meegenomen (IEA, 2012).
Het internationale energieagentschap (IEA) doet onderzoek naar het portfolio van mitiga‐
tieopties dat nodig is om de 450 ppmv stabilisatiedoelstelling te bereiken. In het 2°C‐
scenario van de IEA draagt CCS voor 14% bij aan de benodigde cumulatieve CO2‐
emissiesreducties tot aan het jaar 2050. Van deze 14% zal ongeveer 55% in de energiesec‐
tor moeten plaatsvinden, met name bij kolen‐ en gasgestookte centrales; de industriële
sector is goed voor de overige 45%. In totaal zal er een cumulatieve hoeveelheid van on‐
geveer 120 GtCO2 moeten worden afgevangen en opgeslagen in de periode 2015‐2050
(IEA, 2013). Tot op heden is CCS slechts op kleine schaal geïmplementeerd. Door de jaren
heen zijn er verschillende proefprojecten en kleinschalige demonstratiefabrieken gereali‐
seerd, variërend van projecten die alleen het afvang‐ of opslaggedeelte omvatten, tot
projecten die de volledige keten van CCS behelzen. Meerdere grootschalige CCS‐projecten
zijn nodig in verschillende sectoren en regio’s om zo waardevolle kennis op te doen, kos‐
ten te reduceren en het vertrouwen in de technologie bij potentiële investeerders te verg‐
roten. Tevens moeten verschillende kennishiaten worden onderzocht om zo meer inzicht
te krijgen in de potentiële rol en optimale uitrol van CCS door de tijd heen. De volgende
drie kennishiaten worden behandeld in dit proefschrift:

9

1. CO2‐afvang‐ en transport in de industriële sector
Er is meer inzicht nodig in de techno‐economische prestatie, de uitdagingen en de op‐
timale uitrol van CO2‐afvang in fabrieken en zones door de tijd heen. Tevens is meer
inzicht nodig in de rol die CCS kan spelen in een breder portfolio van energie‐
efficiëntiemaatregelen en broeikasgasreductie‐opties in fabrieken.
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2. Grootschalige transportinfrastructuur van CO2‐pijpleidingen
Er is behoefte aan een uitgebreid overzicht van de drivers1, barrières en synergiën met
betrekking tot het ontwerp, de bouw en het gebruik van grootschalige CO2‐
pijpleidingnetwerken.
3. De rol van aardgasgestookte stoom‐ en gasturbine elektriciteitsproductie‐eenheden
met CCS in toekomstige koolstofarme elektriciteitssystemen
Er is meer inzicht nodig in de potentiële rol en kostenontwikkeling van aardgasge‐
stookte stoom‐ en gasturbine elektriciteitsproductie‐eenheden (natural gas combined
cycle, NGCC) met CCS (NGCC‐CCS), zowel als basislast‐ en als back‐up technologie. De
kosten en potentiële rol moeten worden vergeleken met die van verschillende vari‐
erende hernieuwbare energiesystemen en energieopslagtechnologieën.

9.2 Doelstelling en onderzoeksvragen van dit proefschrift
De belangrijkste doelstelling van dit proefschrift is het evalueren van veelbelovende ont‐
wikkelingspaden voor CO2‐afvang‐ en transport in de industrie en elektriciteitssector.
Op basis van deze doelstelling zijn de drie volgende onderzoeksvragen geformuleerd:
I.

Wat zijn kosteneffectieve ontwerpen en ontwikkelingspaden van een CO2‐afvang‐
en transportinfrastructuur in fabrieken en industriële zones door de tijd heen?

II.

Wat zijn de drivers, barrières en synergiën van CO2‐afvang‐ en pijpleidinginfrastruc‐
tuurconfiguraties door de tijd heen op lokaal, nationaal en internationaal niveau?

III.

Hoe kan CCS optimaal worden ingezet door de tijd heen in een breder portfolio van
energie‐efficiëntiemaatregelen en koolstofarme energietechnologieën, zowel van‐
uit een kosten‐ als emissiereductieperspectief?

Tabel 9.1 geeft een overzicht van de hoofdstukken en de onderzoeksvragen die daarin
behandeld worden. In tekstbox 1 worden enkele verschillen in definities en input parame‐
ters beschreven die gebruikt zijn in de verschillende hoofdstukken in dit proefschrift.

1

Met ‘driver’ wordt hier een drijvende kracht bedoeld die de realisatie van CO2‐afvang‐ en/of
transport(infrastructuur) bespoedigd, mogelijk maakt, en/of de kosten ervan verlaagt.
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Tabel 9.1: Overzicht van de onderwerpen van de hoofdstukken in het proefschrift en de onder‐
zoeksvragen die daarin behandeld worden.
Hoofdstuk

Onderwerp
I

2

Techno‐economische prestatie en uitdagingen van de toepassing van CO2‐
afvang in de industrie.
Techno‐economische prestatie en ruimtebeslag van CO2‐afvang infrastruc‐
tuurconfiguraties in industriële zones.
Ontwikkelingspaden voor CO2‐afvang‐ en transport infrastructuurconfigu‐
raties in industriële zones.
Ontwikkelingspaden voor broeikasgasreductie‐opties in een fabriek.
Drivers, barrières en synergiën met betrekking tot de implementatie van
een CO2‐pijpleidingnetwerk.
De potentiële rol van NGCC‐CCS eenheden in toekomstige koolstofarme
elektriciteitssystemen.

3
4
5
6
7

Onderzoeksvraag
II
III

•

•

•

•

•

•
•
•
•

Tekstbox 1: Verschillen tussen definities en input parameters.
Tot op zekere hoogte zijn er in dit proefschrift verschillende definities gebruikt voor de
tijdshorizon en monetaire eenheden. Verder zijn er soms verschillende waardes ge‐
bruikt voor belangrijke input parameters. Alhoewel deze termen, eenheden en waar‐
des binnen elk hoofdstuk consistent gebruikt zijn, bestaan er verschillen tussen de
hoofdstukken (zie Tabel 9.2). Bij de vergelijking van de resultaten tussen de hoofdstuk‐
ken moet hiermee rekening worden gehouden. Tot slot dient te worden opgemerkt dat
gedurende het onderzoeksproces door de jaren heen een deel van de input data voor
de kosten, die gebruikt is voor de analyses over CO2‐afvang in de industrie (hoofdstuk‐
ken 2 tot 5), geüpdatet is met aanvullende of betere databronnen.
Tabel 9.1: Verschillen in tijdshorizon, monetaire eenheden en een aantal belangrijke input pa‐
rameters die gebruikt zijn in dit proefschrift. KT, MT and LT staan voor voor de korte, middellan‐
ge en lange termijn, respectievelijk.

9

Hoofdstuk

Tijdshorizon

Aardgasprijs
(€/GJ)a

Elektriciteits‐
prijs (€/GJ)a

Monetaire
eenheid

KT: 2020‐2025; LT: 2040‐2050

Economische levens‐
duur CCS installatie
(jaren)
20

2

9.3 (KT)

€2010

KT/MT: up to 2025/2030
KT/MT: up to 2025/2030
KT: up to 2020; MT: 2020‐2030
Niet gespecificeerd
2011‐2050

20
20
20
n/a
25b

10
10
10
n/a
6‐10.4c

18.5 (KT); 21.5
(LT)
22
22
22
n.v.t.
n.v.t.

3
4
5
6
7
a

€2012
€2012
€2012
n.v.t.
€2012

De energieprijzen zijn uitgedrukt in de monetaire eenheden in de laatste kolom.
De economische levensduur is van toepassing op de algehele NGCC‐CCS, dus niet alleen op de CCS‐installatie.
c
De geschatte aardgasprijzen door de tijd heen zijn voor twee verschillende scenario’s gebruikt.
b
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Dit hoofdstuk wordt vervolgd met een samenvatting van de belangrijkste bevindingen van
het onderzoek in dit proefschrift. Vervolgens worden de drie onderzoeksvragen beant‐
woord en worden er conclusies getrokken. Ten slotte worden er aanbevelingen gegeven
voor beleidsmakers, industriële stakeholders en voor verder onderzoek.

9.3 Samenvatting
Hoofdstuk 2 behandelt onderzoeksvragen I en II door een techno‐economische analyse uit
te voeren van de implementatie van de drie belangrijkste CO2‐afvangtechnologieën in
fabrieken op de korte termijn (2020‐2025) en op de lange termijn (2040‐2050). De drie
onderzochte afvangtechnologieën zijn ´post‐combustion´, ´pre‐combustion´ en ´oxyfuel
combustion’2. Vijf fabrieken uit diverse industriële sectoren in Nederland zijn gebruikt als
casestudy’s om de invloed van locatiespecifieke factoren te onderzoeken. De casestudy’s
bestaan uit een techno‐economische analyse van CO2‐afvang in twee olieraffinaderijen,
een middelgrote en kleine chemische fabriek, en een waterstoffabriek op basis van
stoomreforming (steam reforming, SR). In dit onderzoek zijn ook experts uit de industrie
geïnterviewd om eventuele knelpunten die zich kunnen voordoen bij de installatie en
toepassing van CO2‐afvang in fabrieken te identificeren.
De resultaten tonen aan dat de CO2‐uitstoot van de twee onderzochte olieraffinaderijen
met 68‐70% of 64‐82% kan worden verminderd met respectievelijk oxyfuel of pre‐
combustion. CO2 wordt dan afgevangen bij de ketels, fornuizen, katalytische krakers en de
vergasser in de olieraffinaderijen. Met post‐combustion kan de CO2‐uitstoot met 81‐87%
worden verminderd, omdat dan ook CO2 kan worden afgevangen bij de waterstoffabrie‐
ken, warmtekrachtkoppeling (WKK) eenheden en de gasturbine. Dit wordt bij oxyfuel of
pre‐combustion als onrealistisch gezien vanwege verschillende operationele problemen.
Een significant hogere CO2‐reductie (80‐96%) kan worden behaald als oxyfuel of pre‐
combustion wordt gecombineerd met post‐combustion in de waterstoffabrieken en
WKK’s. De emissiereducties in de chemische fabrieken worden geschat op 79‐86% voor
post‐combustion en op 87‐102%3 voor oxyfuel en pre‐combustion.

2
Bij de ‘Post‐combustion’ technologie wordt CO2 na het verbrandingsproces uit het rookgas gescheiden met behulp van
een chemisch oplosmiddel. Bij de ‘Pre‐combustion’ technologie wordt CO2 vóór de verbranding afgevangen door de
koolstofhoudende brandstof (bijv. aardgas of kolen) om te zetten naar CO2 en een schone, waterstofrijke stroom die
vervolgens voor de verbranding wordt gebruikt. Bij ‘Oxyfuel combustion’ technologie wordt de koolstofhoudende
brandstof met een zuurstofrijke stroom (i.p.v. lucht) verbrandt waardoor er een rookgas ontstaat met een hoge concen‐
tratie CO2.
3
Een reductie in de CO2‐emissies van 102% was berekend voor de pre‐combustion technologie op de korte termijn. Een
reductie van meer dan 100% is het gevolg van de CO2‐emissies die worden vermeden door de uitvoer van stoom die
geproduceerd is uit de restwarmte van de waterstofproductie‐eenheid die nodig is voor het pre‐combustion proces.
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De CO2‐vermijdingskosten dalen naarmate de omvang van de CO2‐uitstoot van de fabriek
groter wordt als gevolg van economische schaalvoordelen. Op de korte termijn zijn de
CO2‐vermijdingskosten het laagst voor oxyfuel, zowel in de raffinaderijen (52‐57
€2010/tCO2) als in de middelgrote chemische fabriek (80 €2010/tCO2). Dit komt met name
door brandstofbesparingen in de proceseenheden4 als gevolg van de verbranding van
brandstof met zuurstof in plaats van met lucht. Voor de kleine chemische fabriek is post‐
combustion het goedkoopst (117 €2010/tCO2) als gevolg van de relatief lage kapitaalkosten
van deze technologie. Pre‐combustion heeft structureel hogere CO2‐vermijdingskosten
(variërend van 73 tot 167 €2010/tCO2) vanwege de hoge kosten voor aardgas en kapitaal.
De CO2‐afvangconfiguratie met een combinatie van post‐combustion en oxyfuel resulteert
in hogere CO2‐vermijdingskosten dan de configuratie met alleen oxyfuel. Daarentegen zijn
de CO2‐vermijdingskosten van de configuratie met een combinatie van post‐ en pre‐
combustion lager dan die van een configuratie met alleen pre‐combustion. Ook binnen
fabrieken verschillen de CO2‐vermijdingskosten aanzienlijk, niet alleen vanwege economi‐
sche schaalvoordelen, maar ook als gevolg van de variërende CO2‐concentraties in de
rookgassen.
De interviews met experts hebben verschillende knelpunten blootgelegd voor CO2‐afvang
bij fabrieken op de korte termijn. Ten eerste is er in sommige gevallen te weinig ruimte
beschikbaar voor de componenten van de oxyfuel installatie rondom de proceseenheden.
Daarnaast kan er te weinig ruimte zijn op het fabrieksterrein voor de post‐combustion
installaties. Ten tweede brengt de retrofit van oxyfuel en pre‐combustion bij de proces‐
eenheden verschillende technische uitdagingen met zich mee. Ten derde is er gebrek aan
ervaring met de operatie van de aangepaste proceseenheden in de oxyfuel en pre‐
combustion modus. Dit leidt tot onzekerheid met betrekking tot de kans, het effect, en de
hersteltijd van een uitval van de proceseenheden en/of van de zuurstof‐/waterstoffabriek.

9

Op de langere termijn zijn de CO2‐vermijdingskosten het laagst voor oxyfuel (grote raffi‐
naderij: 24 €2010/tCO2; kleine chemische fabriek: 72 €2010/tCO2), gevolgd door post‐
combustion (grote raffinaderij: 69 €2010/tCO2, kleine chemische fabriek: 96 €2010/tCO2).
Deze langetermijnresultaten zijn echter met meer onzekerheid omgeven dan de korte‐
termijnresultaten Voor pre‐combustion was er te weinig data beschikbaar om een inschat‐
ting te kunnen doen voor de kosten op de lange termijn. Naar verwachting zal op de lange
termijn het knelpunt met betrekking tot retrofit van bestaande proceseenheden minder
relevant worden, omdat deze vervangen zullen worden door nieuwe proceseenheden die
geschikt zijn voor de installatie van CO2‐afvangtechnologieën. Verder zullen op de lange
termijn de (nieuwe) fabrieksterreinen zo worden ingericht dat er minimale ruimtebeper‐
4

Met proceseenheden worden hier ketels, fornuizen, krakers, WKK’s, waterstofproductie‐eenheden en vergassers
bedoeld.
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kingen zijn voor CO2‐afvanginstallaties. Hierbij zullen afvangtechnologieën in hoge mate
geïntegreerd zijn met de industriële kernprocessen van de fabrieken en zullen de energie‐
productieeenheden voor het CO2‐afvangproces optimaal ontworpen zijn.
Voor de waterstoffabriek zijn de CO2‐vermijdingskosten (67 €2010/tCO2) het laagst bij de
CO2‐afvangconfiguratie waarbij de CO2 uitsluitend wordt afgevangen (54%) uit het hoge‐
druk procesgas. De totale CO2‐reductie kan verhoogd worden tot 84% door ook CO2 af te
vangen uit het rookgas van het fornuis. De CO2‐vermijdingskosten van deze configuratie
zijn 87 €2010/tCO2. Post‐combustion lijkt de duurste optie te zijn voor zowel de korte als de
lange termijn.
Hoofdstuk 3 behandelt onderzoeksvragen I en II door een bottom‐up methode te ontwik‐
kelen waarmee de techno‐economische prestatie en het ruimtebeslag van infrastructuur‐
configuraties voor grootschalige CO2‐afvang in industriële zones kan worden geëvalueerd.
Een groep van zestien fabrieken in het Nederlandse Botlekgebied, die gezamenlijk onge‐
veer 7,1 miljoen ton CO2 per jaar uitstoten, is gebruikt als casestudy. Deze studie bekijkt
de periode 2020‐2030. De configuraties verschillen onder andere met betrekking tot de
CO2‐afvangtechnologie, de locatie van de afvangcomponenten, het lokale pijpleidingnet‐
werk en de energievoorziening voor het CO2‐afvangproces.
Een gezamenlijke CO2‐afvang‐ en transportinfrastructuur biedt de mogelijkheid voor fa‐
brieken om de kosten voor CO2‐afvang te reduceren en het probleem van ruimtegebrek
op de fabrieksterreinen te omzeilen. Over het algemeen wegen de economische schaal‐
voordelen van gecentraliseerde CO2‐afvangeenheden zwaarder dan de extra kosten voor
lokaal transport van CO2, O2 en H2. De oxyfuel configuratie met gecentraliseerde zuurstof‐
productie en decentrale CO2‐compressie, Oxy‐Hybrid, blijkt de meest kosteneffectieve en
realistische CO2‐afvangconfiguratie te zijn indien CO2‐afvang bij alle zestien fabrieken
wordt toegepast (61 €2012/tCO2; 5,8 MtCO2/jaar vermeden). De voornaamste reden hier‐
voor zijn de betrekkelijk lage energiekosten van oxyfuel vergeleken met post‐ en pre‐
combustion. Echter, indien CO2 alleen bij de drie grootste fabrieken wordt afgevangen, is
het plaatsten van de oxyfuel installaties op de fabrieksterreinen kosteneffectiever. De
meest ruimte‐ en kosteneffectieve post‐combustion CO2‐afvangconfiguratie, Post‐Recsor,
bestaat uit deels decentraal geplaatste absorbers, centraal geplaatste strippers en een
WKK‐eenheid voor de energievoorziening (73 €2012/tCO2; 7,8 MtCO2/jaar vermeden). Deze
configuratie kan zelfs goedkoper worden dan Oxy‐Hybrid indien de elektriciteitsprijs hoger
is en als gevolg daarvan de inkomsten uit de verkoop van de extra elektriciteit die is op‐
gewekt door de WKK‐eenheid ook hoger zijn. De optimale pre‐combustion configuratie
met centrale waterstofproductie en CO2‐afvang, Pre‐Central, presteert minder goed dan
de oxyfuel en post‐combustion configuraties (81 €2012/tCO2; 4,4 MtCO2/jaar vermeden),
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zelfs wanneer wordt aangenomen dat restwarmte van de SR beschikbaar is voor het CO2‐
afvangproces. Desondanks is deze configuratie goedkoper dan Post‐Recsor indien bij de
laatstgenoemde de inkomsten uit de verkoop van de extra elektriciteit niet worden mee‐
genomen in de berekening van de CO2‐vermijdingskosten (93 €2012/tCO2). Uit de gevoelig‐
heidsanalyse blijkt echter dat het onwaarschijnlijk is dat Pre‐Central kosteneffectiever zal
worden dan Oxy‐Hybrid.
De bouw van een lokaal pijpleidingnetwerk door de Botlek blijkt zowel vanuit een tech‐
nisch als juridisch oogpunt haalbaar te zijn, alhoewel er vanwege de beperkte beschikbare
ruimte in de leidingstroken er verschillende omleidingen nodig zijn en de operationele
druk verhoogt dient te worden. Deze aanpassingen verhogen de lokale transportkosten.
Echter, deze kosten zijn klein in vergelijking tot de totale CO2‐afvangkosten. De optimale
configuratie van het lokale transportnetwerk zal per industriële zone verschillen en afhan‐
kelijk zijn van de lokale omstandigheden. Gezien de grote voordelen van de gecentrali‐
seerde infrastructuurconfiguraties ten opzichte van decentrale CO2‐afvang, kan worden
verwacht dat de bevindingen van dit onderzoek ook op andere industriële zones van toe‐
passing zijn.
Hoofdstuk 4 behandelt onderzoeksvragen I en II door de analyse uit hoofdstuk 3 uit te
breiden. Voor elk van de meest kosteneffectieve CO2‐afvang infrastructuurconfiguraties
uit hoofdstuk 3, Oxy‐Hybrid en Post‐Recsor, zijn drie ontwikkelingspaden onderzocht. De
drie ontwikkelingspaden worden verondersteld in drie stappen (fasen) gerealiseerd te
worden en variëren met betrekking tot de CO2‐afvangtechnologie, de volgorde en timing
waarin de zestien fabrieken beginnen met CO2‐afvang en het wel of niet overdimensione‐
ren van de CO2‐afvangcomponenten en pijpleidingen. Het overdimensioneren van CO2‐
afvangeenheden in een vroeg stadium, in plaats van het bouwen van meerdere parallelle
CO2‐afvangeenheden, zou vanwege economische schaalvoordelen in een latere fase voor‐
delig kunnen zijn.

9

De resultaten geven aan dat zowel Post‐Recsor als Oxy‐Hybrid in drie fasen kunnen wor‐
den gerealiseerd met behoud van de meeste ruimte‐ en kostenvoordelen (Post: 94
€2012/tCO2; Oxy: 61 €2012/tCO2) ten opzichte van decentrale CO2‐afvang op fabrieksniveau.
Vergeleken met de ‘statische’ configuraties uit hoofdstuk 3 stijgt het ruimtebeslag met 4‐
6% en 0‐10% voor respectievelijk Post‐Recsor en Oxy‐Hybrid. Dit impliceert dat er nog
steeds meer dan voldoende ruimte beschikbaar is voor de CO2‐afvangeenheden in het
Botlekgebied. Echter, een centrale coördinatie is vereist om gezamenlijke initiatieven te
stimuleren en een suboptimale uitrol te voorkomen. Voor fabrieken met een hoge jaarlijk‐
se CO2‐uitstoot (bijv. olieraffinaderijen) kan het namelijk kosteneffectiever zijn om in de
eerste fase alleen CO2 af te gaan vangen in plaats van deel te nemen aan een gezamenlijke
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infrastructuur. Een snelle uitrol van de CO2‐afvang‐ en transportinfrastructuur resulteert in
lage ‘gewogen’ CO2‐mitigatiekosten (levelized CO2 avoidance costs, LCAC)5 en een hoge
cumulatieve hoeveelheid vermeden CO2‐emissies over een periode van twintig jaar. Ech‐
ter, een snelle uitrol van CCS vereist een snel stijgende CO2‐prijs en een snelle vervanging
van de huidige proceseenheden in de Botlek. Immers, bedrijven zijn waarschijnlijk terug‐
houdend met het implementeren van CO2‐afvangtechnologieën bij verouderde proces‐
eenheden en zullen wachten met investeren tot deze proceseenheden worden vervangen.
Het uitstellen van investeringen in CCS naar een latere fase brengt lagere risico’s met zich
mee, maar resulteert ook in hogere LCAC en in een lagere cumulatieve hoeveelheid ver‐
meden CO2‐emissies.
Het minimaliseren van het aantal fases is belangrijk om een kosteneffectieve uitrol van de
CO2‐afvang‐ en transportinfrastructuur te realiseren. Het overdimensioneren van CO2‐
afvangeenheden kan vanuit een kostenperspectief interessant zijn voor de ontwikkelings‐
paden met de oxyfuel technologie. Dit geldt ook als het aantal fases van drie naar zes
verhoogd wordt. Een snelle uitrol van de CO2‐afvang‐ en transportinfrastructuur is nog
steeds goedkoper dan decentrale CO2‐afvang als de CO2‐emissies in de referentiesituatie
bijna een derde lager zijn, bijvoorbeeld omdat fabrieken zelfstandig of juist geen CO2 gaan
afvangen. Afgezien van de kosten heeft de stapsgewijze uitrol van de oxyfuel configuraties
vergeleken met de post‐combustion configuraties verschillende andere voordelen, zoals
lagere complexiteit, betere deellastprestatie en een hogere mate van flexibiliteit.
Hoofdstuk 5 adresseert onderzoeksvraag III door een bottom‐up methode te ontwikkelen
waarmee de technisch‐economische prestatie van ontwikkelingspaden voor broeikas‐
gasemissiereducties in een fabriek kan worden geëvalueerd. De methode is met succes
toegepast op een grote, complexe olieraffinaderij (2012: 4,1 MtCO2/jaar) in Noordwest
Europa. De onderzochte mitigatieopties zijn: energie‐efficiëntiemaatregelen (EEM), CCS
(oxyfuel, post‐ en pre‐combustion), snelle pyrolyse van houtachtige biomassa om trans‐
portbrandstoffen te produceren die direct inzetbaar zijn in de huidige infrastructuur, en
vergassing van getorreficeerde houtpellets (biomass gasification, BIG) om elektriciteit,
waterstof en/of Fischer‐Tropschbrandstoffen te produceren. De meeste EEM zijn com‐
mercieel beschikbaar op de korte termijn (<2020). Enkele andere EEM evenals CCS, snelle
pyrolyse en BIG zijn waarschijnlijk pas beschikbaar in de periode 2020‐2030. De interacties
tussen de mitigatieopties (bijv. overlap in de BKG‐emissiereductiepotentiëlen van de indi‐
viduele mitigatieopties, synergiën, economische schaalvoordelen en lock‐in effecten) zijn
ook meegenomen in de analyse.

5

De LCAC zijn verkregen door de kosten en baten van de configuraties te verdisconteren over een periode van twintig
jaar.
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De resultaten laten zien dat de EEM negatieve BKG‐vermijdingskosten hebben. Echter, het
BKG‐emissiereductiepotentieel is beperkt tot 28%. Derhalve is een combinatie met andere
mitigatieopties noodzakelijk om diepe emissiereducties te realiseren. Op basis van de
interacties en de prestaties van de mitigatieopties zijn vier ontwikkelingspaden onder‐
zocht. Elk uitrolpad begint met de implementatie van de EEM en wordt gevolgd door de
implementatie van oxyfuel (EEM‐OXY), post‐combustion (EEM‐POST), BIG (EEM‐BIG‐vent),
of BIG in combinatie met CCS (EEM‐BIG‐CCS). Het uitrolpad EEM‐BIG‐CCS blijkt het meest
kosteneffectief te zijn, ongeacht de gestelde emissiereductiedoelstelling, met name door
de synergievoordelen tussen BIG en CCS. Daarnaast heeft dit uitrolpad het hoogste BKG‐
emissiereductiepotentieel (6,3 MtCO2‐eq/jaar; 154% ten opzichte van de referentiesitua‐
tie in 2012), wat zich vertaalt naar een netto BKG‐uitstoot van de raffinaderij van ‐2,2
MtCO2‐eq/jaar (d.w.z. negatieve uitstoot). Voor een emissiereductiedoelstelling van 75%
zijn de gemiddelde BKG‐vermijdingskosten van de EEM‐BIG‐CCS route ongeveer ‐25
€2012/tCO2‐eq. Ter vergelijking, de gemiddelde BKG‐vermijdingskosten van de meest kos‐
teneffectieve CCS route (EEM‐OXY) zijn ‐5 €2012/tCO2‐eq. De rangschikking van de ontwik‐
kelingspaden in termen van BKG‐vermijdingskosten is echter sterk afhankelijk van de toe‐
komstige energieprijzen. De negatieve gemiddelde BKG‐vermijdingskosten van de ontwik‐
kelingspaden zijn het gevolg van de negatieve BKG‐vermijdingskosten (d.w.z. economische
opbrengsten) van de EEM (‐133 €2012/tCO2‐eq).

9

Bij een volledige uitrol zijn de cumulatieve initiële investeringen voor de BIG ontwikke‐
lingspaden (0,9 miljard €2012) hoger dan voor de EEM‐OXY (0,7 miljard €2012) en EEM‐POST
(0,8 miljard €2012) ontwikkelingspaden. Echter, de investeringen van de vier ontwikkelings‐
paden hebben grote onzekerheidsmarges van 0,3‐0,4 miljard €2012. De BIG paden laten
grotere onzekerheden zien in de BKG‐vermijdingskosten, aangezien deze afhangen van
meerdere energieprijzen (biomassa, aardgas, elektriciteit en transportbrandstoffen). De
onzekerheidsmarges van de marginale BKG‐vermijdingskosten van de oxyfuel (44 tot 115
€2012/tCO2‐eq), post‐combustion (54 tot 111 €2012/tCO2‐eq) en BIG‐CCS (‐64 tot 98
€2012/tCO2‐eq) opties, in hun respectievelijke ontwikkelingspaden, vallen gedeeltelijk bin‐
nen de CO2‐prijsmarge voor het jaar 2030 (20‐75 €2012/tCO2) die zijn voorspeld door de IEA
in de World Energy Outlook. Afgezien van de techno‐economische prestatie is de haal‐
baarheid van de paden ook afhankelijk van de beschikbaarheid van een duurzame biomas‐
saketen en/of een CCS‐infrastructuur. Daarnaast is de bereidheid van de bedrijfsexploitant
om nieuwe technologieën te gebruiken en afstand te nemen van de conventionele opera‐
tionele processen van groot belang. Terwijl de EEM‐POST route relatief kleine veranderin‐
gen in de proceseenheden met zich meebrengt, vereist de EEM‐OXY route al meer modifi‐
caties in de kernprocessen. De BIG ontwikkelingspaden brengen nieuwe concepten met
zich mee die volledig verschillen van het conventionele raffinageproces.
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Hoofdstuk 6 richt zich op onderzoeksvraag II door een methode te ontwikkelen om de
drivers, barrières en synergiën met betrekking tot het ontwerp, de bouw en het gebruik
van een CO2‐pijpleidingnetwerk te identificeren. Het West Mediterrane gebied (West
Mediterranean Region, WMR) – d.w.z. Spanje, Portugal en Marokko – is gebruikt als case‐
study. De methode omvat literatuuronderzoek, analyse van bestaande pijpleidingtrajec‐
ten, interviews met experts en workshops met stakeholders. Vervolgens is de verzamelde
informatie gebruikt om zogenaamde routespecifieke drivers, barrières en synergiën te
identificeren die verband houden met drie uitrolscenario’s van CO2‐
pijpleidingennetwerken die gemodelleerd zijn voor de WMR in een gerelateerde studie.
Deze scenario's verschillen met betrekking tot: (i) of CO2‐pijpleidingen bestaande pijplei‐
dingen (voornamelijk aardgas) moeten volgen indien beschikbaar of niet, en (ii) of interna‐
tionaal CO2‐pijpleindingtransport mogelijk is of dat CO2‐transport tot landelijk niveau be‐
perkt moet worden. Het onderzoek heeft geresulteerd in een uitgebreide lijst van drivers,
barrières en synergiën voor de casestudy. Daarnaast vormt de lijst een raamwerk voor
maatregelen die genomen kunnen worden om de ontwikkeling en implementatie van deze
netwerken te realiseren. De geïdentificeerde barrières kunnen in principe worden geslecht
om zo het ontwerp, de bouw en het gebruik van een CO2‐pijpleidingnetwerk mogelijk te
maken. Daarnaast zijn er verschillende mogelijkheden voor kostenbesparingen.
De belangrijkste drivers en synergiën die van toepassing zijn op CO2‐pijpleidingnetwerken
in zijn algemeenheid zijn de lange ervaring met aardgaspijpleidingtransport, bestaande
pijpleidingwetgeving en bestaande investerings‐ en organisatiemodellen voor aardgaspijp‐
leidingnetwerken. Portugese en Spaanse stakeholders voegden hieraan toe dat risicovolle
CO2‐pijpleidingprojecten als projecten van algemeen belang kunnen worden aangemerkt
om zo de uitrol van deze projecten te versnellen. De meeste routespecifieke drivers en
synergiën zijn van toepassing op alle drie de scenario’s, alhoewel niet altijd in dezelfde
mate. Er zijn verschillende mogelijkheden om de CO2‐pijpleidingen langs bestaande (aard‐
gas)pijpleidingen te leggen om zo kosten te besparen en gebruik te maken van een al
reeds toegekende vergunning voor het gebruik van een stuk land voor pijpleiding‐
transport. Een voorwaarde voor het parallel leggen van pijpleidingen is dat er voldoende
ruimte beschikbaar is in de pijpleidingstraat. Uit de scenarioanalyse blijkt echter dat het
niet noodzakelijkerwijs goedkoper is om aardgaspijpleidingen te volgen, aangezien de CO2‐
pijpleidingafstanden aanzienlijk gereduceerd kunnen worden door af te wijken van de
bestaande pijpleidingen. Deze kostenoverwegingen kunnen de uiteindelijke configuratie
van de pijpleidingnetwerken beïnvloeden. Een andere mogelijke synergie is het overdi‐
mensioneren van (hoofd) CO2‐pijpleidingen om zo economische schaalvoordelen te beha‐
len. De overgedimensioneerde pijpleidingcapaciteit moet echter binnen vijf tot tien jaar
na de bouw van de pijpleiding gebruikt worden om de kostenvoordelen te behalen.
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De belangrijkste technologische barrières omtrent CO2‐pijpleidingnetwerken in zijn alge‐
meenheid zijn de kennishiaten op het gebied van het (kostenverhogende) effect van on‐
zuiverheden en de variërende massastromen op de fysisch‐chemische eigenschappen van
de CO2. Daarnaast is de invloed van deze factoren op de kans en de impact van een CO2‐
pijpleidingongeluk nog niet geheel duidelijk. Andere belangrijke barrières zijn het gebrek
aan specifieke wetgeving ten aanzien van CO2‐pijpleidingtransport, lange vergunningspro‐
cedures, wetgeving omtrent landgebruiksplanning, onzekerheid over toekomstig klimaat‐
beleid, het gebrek aan financiële prikkels, de hoge en risicovolle investeringen in CO2‐
pijpleidingen, de economische crisis, en de uitrol van een elektriciteitsinfrastructuur om
de CO2‐compressoren van energie te voorzien. De routespecifieke barrières hebben be‐
trekking op kruisingen van de CO2‐pijpleidingen met waterwegen en bergachtige gebie‐
den, alsmede de wetgeving omtrent landgebruiksplanning van speciale gebieden. Tot slot,
onopgeloste geschilpunten in internationale verdragen, verschillen tussen rechtsgebieden
en verschillen in organisatorische modellen van transportnetwerken tussen landen, kun‐
nen internationaal CO2‐pijpleidingtransport belemmeren.

9

Hoofdstuk 7 adresseert vraagstelling III door de kosten van aardgasgestookte stoom‐ en
gasturbines (natural gas combined cycle, NGCC) met CCS (NGCC‐CCS) te vergelijken met
die van variërende hernieuwbare energiesystemen en energieopslagtechnologieën. NGCC‐
CCS kan worden ingezet om continu elektriciteit te leveren (basislast) of om elektriciteit te
leveren op momenten dat er te weinig hernieuwbare elektriciteit geproduceerd wordt
door IRES (back‐up dienst). In het eerste geval concurreert NGCC‐CCS met IRES en in het
tweede geval met energieopslagtechnologieën. Ook is een vergelijking gemaakt met NGCC
zonder CCS. De verschillende opties zijn vergeleken op een gemeenschappelijke basis en in
een breder portfolio van CO2‐reductiemaatregelen. De focus lag op drie IRES technologie‐
en (wind op zee, zonnepanelen (photovoltaic, PV) en zonnekrachtcentrales met thermi‐
sche opslag (concentrated solar power, CSP)) en vijf energieopslagtechnologieën (pomp‐
centrales (pumped hydrostorage, PHS), energieopslag via perslucht (compressed air ener‐
gy storage, CAES), en lithium‐ion, NaNiCl en ZnBr batterijsystemen). Voor elke technologie
zijn de potentiële kostenbesparingen als gevolg van technologische leren tot 2050 geschat
door het combineren van techno‐economische gegevens, ‘progress ratios’, en projecties
van verschillende wereldwijde energiescenario's. Voor de IRES zijn extra ‘balancing’‐ en
transmissiekosten inbegrepen (respectievelijk 3 €2012/MWh en 6 €2012/MWh in de referen‐
tiesituatie). Voor elke technologie zijn ‘optimistische’ en ‘pessimistische’ kostenramingen
gemaakt om het effect van de spreiding in de input data uit de literatuur op de resultaten
expliciet te maken. Een stijgende CO2‐prijs over de periode 2011‐2050 is aangenomen als
drijvende kracht achter de CO2‐emissiemitigatie.
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In alle gevallen blijkt dat in 2050 NGCC‐CCS als basislasttechnologie lagere elektriciteits‐
kosten (levelized costs of electricity, LCOE)6 heeft dan NGCC zonder CCS, met name als
gevolg van de CO2‐prijs. De kosten ‘crossover’ tussen beide technologieën vindt plaats
tussen 2020 en 2040, ongeacht het scenario. In de referentiesituatie is de LCOE in 2040
voor basislast NGCC‐CCS‐installaties geraamd op 71 €2012/MWh. De LCOE voor IRES is ge‐
schat op 68, 82 en 104 €2012/MWh voor respectievelijk CSP, wind op zee en PV. NGCC‐CCS
blijft goedkoper dan IRES onder pessimistische aannames met betrekking tot ‘learning
rates’ en technologiekosten van IRES. Bij optimistische aannames kunnen de kosten van
de ‘variabele elektriciteit’ van IRES echter lager zijn dan de ‘basislastelektriciteit’ van de
NGCC‐CCS vóór 2020. Gezien de onzekerheden in de kosten, de geografische condities de
uitrolsnelheden van de technologieën, is de spreiding in de LCOE van de IRES groter dan
die voor de NGCC‐CCS. De kostenreductiepotentiëlen van de energieopslagtechnologieën
laten ook grote verschillen zien. In 2040 in de referentiesituatie is de LCOE van back‐up
elektriciteitsproductie met behulp van NGCC‐CCS (40% deellast) 90 €2012/MWh. Dit is
duurder dan back‐up elektriciteitslevering via PHS, CAES en ZnBr batterijsystemen die een
LCOE (exclusief oplaadkosten) hebben van respectievelijk 57, 88 en 78 €2012/MWh. De
geraamde kosten voor de NaNiCl en lithium‐ion batterijsystemen zijn respectievelijk 149
en 321 €2012/MWh.
Ten slotte zijn de LCOE’s van vier gestileerde koolstofarme elektriciteitssystemen, zoge‐
naamde ‘eilandconfiguraties’, vergeleken op een gemeenschappelijke basis. In deze analy‐
se zijn alle bijkomende kosten voor IRES meegenomen. In 2040 in de referentiesituatie
blijkt de LCOE van een elektriciteitssysteem zonder CO2‐uitstoot, bestaande uit IRES en
PHS, 13% duurder te zijn dan een systeem met IRES en back‐up NGCC‐CCS met een CO2‐
uitstoot van 23 kgCO2/MWh, en 42% duurder dan een elektriciteitssysteem met alleen
NGCC‐CCS dat een CO2‐uitstoot heeft van 45 kgCO2/MWh.

9
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De LCOE zijn verkregen door de kosten en baten van de energietechnologieën te verdisconteren over hun economische
levensduur.
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9.4 Voornaamste bevindingen en conclusies
De bevindingen uit hoofdstukken 2 tot 7 zijn gebruikt om de drie onderzoeksvragen van
dit proefschrift te beantwoorden.
Onderzoeksvraag 1: Wat zijn kosteneffectieve CO2‐afvang‐ en transport infrastructuurcon‐
figuraties en ontwikkelingspaden in fabrieken en zones door de tijd heen?
Op fabrieksniveau is de technisch‐economische prestatie van verschillende CO2‐
afvangconfiguraties van de oxyfuel, post‐ en pre‐combustion technologieën onderzocht.
Het onderzoek is gebaseerd op casestudy’s van twee olieraffinaderijen, twee chemische
fabrieken en een waterstoffabriek op basis van stoomreforming. De resultaten tonen aan
dat het gebruik van oxyfuel voor CO2‐afvang bij industriële ketels, fornuizen en krakers 25‐
40% goedkoper is dan voor post‐ en pre‐combustion. Tevens zijn de kosten van oxyfuel
robuuster voor veranderingen in de energieprijzen. Post‐combustion is echter het goed‐
koopst voor fabrieken met een CO2‐uitstoot die lager is dan ten minste 0,4 MtCO2/jaar
door de relatief lage investeringskosten van deze technologie. Op de korte termijn (2020‐
2025) kost oxyfuel 52‐124 €2010 per ton vermeden CO2 en wordt de CO2‐uitstoot met 68‐
94% verminderd. De grote kostenspreiding is voornamelijk te wijten aan verschillen in de
configuraties van de fabrieken en de hoogte van de jaarlijkse CO2‐uitstoot. Op de langere
termijn (2040‐2050) kunnen de CO2‐vermijdingskosten dalen tot 24‐72 €2010/tCO2 indien
zogenaamde ‘ion transport membranes’ commercieel beschikbaar komen voor zuurstof‐
productie. De onzekerheidsmarges laten zien dat onder bepaalde omstandigheden post‐
en pre‐combustion ook kosteneffectief kunnen zijn, met name als de aardgasprijs laag is.
Voor de waterstoffabriek blijkt CO2‐afvang uit het hogedruk procesgas met behulp van een
chemisch oplosmiddel het meest kosteneffectief te zijn (67 €2010/tCO2).

9

Op het niveau van de industriële zones is een casestudy geselecteerd van zestien fabrie‐
ken in het Botlekgebied die gezamenlijk ongeveer 7,1 miljoen ton CO2 per jaar uitstoten.
Gecentraliseerde CO2‐afvang‐ en transport infrastructuurconfiguraties waarbij CO2‐
afvangcomponenten worden gedeeld door meerdere fabrieken, zijn vergeleken met de‐
centrale configuraties waarbij CO2‐afvanginstallaties volledig op de fabrieksterreinen ge‐
plaatst zijn. De resultaten tonen aan dat een oxyfuel configuratie met centrale zuurstof‐
productie en decentraal geplaatste CO2 compressoren (Oxy‐Hybrid) kosteneffectiever (61
€2012/tCO2; 5,8 MtCO2 per jaar vermeden) is dan alle andere oxyfuel post‐, pre‐combustion
configuraties. Niet alleen voor oxyfuel, maar ook voor de post‐ en pre‐combustion zijn
centrale of hybride CO2‐afvangconfiguraties goedkoper dan decentrale configuraties.

344

Samenvatting en conclusies

Naast de vergelijking van de ‘statische’ configuraties is onderzocht hoe CO2‐afvang‐ en
transportinfrastructuren zich door de tijd heen zouden kunnen ontwikkelen in een indu‐
striële zone. Dit is gedaan door verscheidene ontwikkelingspaden te bestuderen die onder
meer verschillen ten aanzien van de volgorde en timing waarin de zestien fabrieken be‐
ginnen met CO2‐afvang, en het aantal uitrolfases. De resultaten geven aan dat de meest
kosteneffectieve oxyfuel en post‐combustion configuraties in drie fasen gerealiseerd kun‐
nen worden met behoud van de meeste kostenvoordelen (Post: 94 €2012/tCO2; Oxy: 61
€2012/tCO2) van de ‘statische’ configuraties. Een strategie met een snelle uitrol van CCS zou
leiden tot lage ‘gewogen’ CO2‐mitigatiekosten (levelized CO2 avoidance costs, LCAC) (Oxy‐
Hybrid: 55‐58 €2012/tCO2) en een hoge cumulatieve hoeveelheid vermeden CO2‐emissies
over een tijdshorizon van twintig jaar (Oxy‐Hybrid: 116‐117 MtCO2). Het uitstellen van
investeringen in CCS naar een latere fase brengt daarentegen lagere risico’s met zich mee,
maar resulteert ook in hogere CO2‐vermijdingskosten (Post‐Recsor: 97‐116 €2012/tCO2;
Oxy‐Hybrid: 58‐75 €2012/tCO2) en een lagere cumulatieve hoeveelheid vermeden CO2‐
emissies (Post‐Recsor: 33‐100 MtCO2; Oxy‐Hybrid: 34‐96 MtCO2). De stapsgewijze uitrol
van de Oxy‐Hybrid configuratie heeft verschillende voordelen ten opzichte van de meest
kosteneffectieve post‐combustion configuratie, zoals lagere kosten, lagere complexiteit,
betere deellastprestatie en een hogere mate van flexibiliteit.
Naar verwachting zullen de bevindingen van dit onderzoek ook opgaan voor andere indu‐
striële zones. De hoogte van de potentiële kostenbesparingen ten opzichte van CO2‐afvang
op fabrieksniveau hangt echter sterk af van de grootte van de gecentraliseerde infrastruc‐
tuur, de ontwikkelingspaden en de samenstelling van fabrieken in het gebied. Vooral ge‐
bieden met meerdere kleine fabrieken zouden kunnen profiteren van gezamenlijke CO2‐
afvanginitiatieven.
Onderzoeksvraag 2: Wat zijn de drivers, barrières en synergiën van CO2‐afvang‐ en pijplei‐
dingtransport infrastructuurconfiguraties door de tijd heen op lokaal, nationaal en interna‐
tionaal niveau?
Er is een inventarisatie gemaakt van mogelijke barrières ten aanzien van de implementatie
en het gebruik van de drie belangrijkste CO2‐afvangtechnologieën op industrieel fabrieks‐
niveau. De meeste barrières zijn geïdentificeerd voor oxyfuel. De eerste barrière is de
technische uitdaging van het retrofitten van proceseenheden met de oxyfuel technologie.
Daarnaast is er niet altijd voldoende ruimte beschikbaar voor de oxyfuel componenten
direct rondom de proceseenheden. Ook is er momenteel vrijwel geen ervaring met de
operatie van de aangepaste proceseenheden in de oxyfuel modus. Dit leidt tot onzeker‐
heid met betrekking tot de kans, het effect, en de hersteltijd van een uitval van de proces‐
eenheden en/of van de zuurstoffabriek. Pre‐combustion heeft te maken met dezelfde
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barrières als oxyfuel, maar heeft geen extra ruimte rondom de proceseenheden nodig. In
zijn algemeenheid worden er geen specifieke problemen verwacht met de implementatie
en het gebruik van de post‐combustion technologie, aangezien het een zogenaamde ‘add‐
on’ technologie betreft die geen invloed heeft op het industriële kernproces. Daarentegen
nemen post‐combustion installaties wel veel ruimte in beslag die niet altijd direct op de
fabrieksterreinen beschikbaar is. Eventuele veranderingen op fabrieksterreinen die nodig
zijn om CO2‐afvang mogelijk te maken, zijn niet gekwantificeerd. Desondanks kan gesteld
worden dat deze veranderingen, tezamen met productieverliezen als gevolg van uitvallen‐
de industriële installaties, de kosten van CO2‐afvang verhogen. Gecentraliseerde CO2‐
afvang‐ en transport infrastructuurconfiguraties in industriële zones bieden de mogelijk‐
heid om het probleem van ruimtegebrek op de fabrieksterreinen te omzeilen. Dit komt
niet alleen door het lagere totale ruimtebeslag van de CO2‐afvanginstallaties, maar ook
door de mogelijkheid om de CO2‐afvangeenheden op enige afstand van de industriële
kernprocessen te plaatsen. De uitrol van lokale pijpleidingen in de daartoe voorbestemde
pijpleidingstroken in de industriële zone kan moeilijk zijn vanwege beperkte ruimtebe‐
schikbaarheid en fysieke obstakels. Hierdoor kunnen verschillende omleidingen en een
hogere operationele druk nodig zijn, wat de lokale transportkosten doet stijgen. Naar
verwachting zal op de langere termijn CO2‐afvang in toenemende mate een integraal on‐
derdeel gaan uitmaken van het ontwerp van nieuwe fabrieken en zones. Hierdoor zullen
potentiële problemen en kosten ten aanzien van retrofit en ruimtebeperkingen zich niet
meer voordoen.

9

Het vroegtijdig ontwerpen en plannen van grootschalige CO2‐pijpleidingnetwerken is
noodzakelijk om kosteneffectieve pijpleidinginfrastructuren te kunnen realiseren. Verschil‐
lende drivers, barrières en synergiën ten aanzien van het ontwerp, de bouw en het ge‐
bruik van CO2‐pijpleidinginfrastructuur kunnen invloed hebben op de uitrolsnelheid en
kosten van pijpleidingnetwerken. Er is een uitgebreide methode ontwikkeld om deze dri‐
vers, barrières en synergiën te identificeren. Deze methode omvat literatuuronderzoek,
analyse van bestaande pijpleidingtrajecten, interviews met experts en workshops met
stakeholders. Daarnaast kan de methode gebruikt worden om routespecifieke drivers,
barrières en synergiën te identificeren van CO2‐pijpleidingnetwerken die ruimtelijk expli‐
ciet gemodelleerd zijn met energiemodellen. Het West Mediterrane gebied is gebruikt als
casestudy in dit proefschrift.
De meeste drivers en synergiën zijn van toepassing op CO2‐pijpleidingnetwerken in zijn
algemeenheid in plaats van op specifieke pijpleidingroutes. Een van de belangrijkste dri‐
vers is de lange ervaring met het ontwerp, de constructie en de exploitatie van pijpleiding‐
transport van aardgas en CO2 die gewonnen wordt uit natuurlijke bronnen. Daarnaast
zullen industriële partijen profijt hebben van bestaande wetgeving en ervaring met inves‐
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terings‐ en organisatiemodellen voor pijpleidingnetwerken. De overheid kan de uitrol van
CO2‐pijpleidingprojecten bespoedigen door deze als projecten van algemeen belang aan te
merken waardoor juridische procedures versnelt kunnen worden doorlopen. Andere dri‐
vers en synergiën zijn gerelateerd aan specifieke pijpleidingroutes. In sommige gevallen
kunnen CO2‐pijpleidingen langs bestaande leidingen worden geplaatst om zo kosten te
besparen en gebruik te maken van al reeds toegekende vergunningen voor het gebruik
van een stuk land voor pijpleidingtransport. Verder kunnen er door het overdimensione‐
ren van (hoofd) CO2‐pijpleidingen economische schaalvoordelen behaald worden.
Ook zijn de meeste barrières van toepassing op CO2‐pijpleidingtransport en CCS in zijn
algemeenheid. De belangrijkste technologische barrières zijn de kennishiaten ten aanzien
van het (kostenverhogende) effect van onzuiverheden en de variërende massastromen op
de fysisch‐chemische eigenschappen van de CO2. Daarnaast wordt de invloed van deze
factoren op de kans en de impact van een CO2‐pijpleidingongeluk nog niet volledig begre‐
pen. CO2‐pijpleidingexperimenten en demonstratieprojecten zijn nodig om deze kennishi‐
aten in te vullen. De juridische barrières zijn van toepassing op onopgeloste geschilpunten
in internationale verdragen, lange vergunningsprocedures en wetgeving omtrent landge‐
bruiksplanning. Op dit moment wordt er gewerkt aan het vinden van oplossingen voor
deze uitstaande juridische barrières. Barrières omtrent internationaal pijpleidingtransport
kunnen ontstaan als gevolg van verschillen in technische specificaties, jurisdicties en orga‐
nisatiemodellen van CO2‐pijpleidingtransport tussen landen. Een goede communicatie en
planning op internationaal niveau is derhalve vereist. Onzekerheid over toekomstige kli‐
maatbeleid en het ontbreken van een financiële prikkel om te investeren in CCS zijn ge‐
identificeerd als de belangrijkste barrières voor CCS in zijn algemeenheid. De routespeci‐
fieke barrières hebben betrekking op kruisingen van CO2‐pijpleidingen met waterwegen
en bergachtige gebieden die de kosten van pijpleidingtransport kunnen verhogen. Een
vroegtijdige planning van de pijpleidingnetwerken is nodig om het aantal kruisingen tot
een minimum te beperken.
Alle barrières die op lokaal, nationaal en internationaal niveau zijn geïdentificeerd, kunnen
in principe worden aangepakt, maar dit vereist vroegtijdige actie en coördinatie op ver‐
schillende aggregatieniveaus. Ook de drivers en synergiën dienen in een vroeg stadium
geadresseerd te worden.
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Onderzoeksvraag 3: Hoe kan CCS optimaal worden ingezet door de tijd heen in een breder
portfolio van energie‐efficiëntiemaatregelen en koolstofarme energietechnologieën, zowel
vanuit een kosten‐ als emissiereductieperspectief?
Voor de industrie is een methode ontwikkeld om de techno‐economische prestatie van
ontwikkelingspaden voor BKG‐emissiereducties in een fabriek te beoordelen. Normaliter
worden portfolio’s van mitigatieopties voor de industrie niet op een dusdanig gedetail‐
leerde niveau geëvalueerd in de wetenschappelijke literatuur. Er zijn ontwikkelingspaden
voor BKG‐emissiereducties tot 2030 onderzocht voor een grote olieraffinaderij met een
jaarlijkse CO2‐uitstoot van ongeveer 4,1 miljoen ton CO2. De onderzochte mitigatieopties
zijn onder andere energie‐efficiëntiemaatregelen (EEM), CCS (oxyfuel, post‐ en pre‐
combustion), en vergassing van getorreficeerde houtpellets (biomass gasification, BIG) om
elektriciteit, waterstof en/of Fischer‐Tropschbrandstoffen te produceren. De EEM bleken
een ‘no‐regret’ optie vanwege de negatieve vermijdingskosten. Echter, het BKG‐
emissiereductiepotentieel is beperkt tot 28%. Om die reden is een combinatie met andere
mitigatieopties noodzakelijk om diepe emissiereducties te realiseren. Drie ontwikkelings‐
paden met CCS bleken bijzonder interessant te zijn vanuit een kosten‐ en emissiereductie‐
perspectief. Elk uitrolpad begint met de implementatie van EEM en wordt gevolgd door
oxyfuel (EEM‐OXY), post‐combustion (EEM‐POST), BIG (EEM‐BIG‐vent), of BIG in combina‐
tie met CCS (EEM‐BIG‐CCS).

9

De EEM‐OXY en EEM‐POST ontwikkelingspaden hebben emissiereducties van respectieve‐
lijk 85% en 92% en marginale BKG‐vermijdingskosten voor oxyfuel en post‐combustion van
respectievelijk rond de 71 en 78 €2012/tCO2‐eq. De kosten voor CO2‐transport en opslag zijn
hierbij inbegrepen. De combinatie van BIG en CCS heeft aanzienlijke kostensynergiën, wat
resulteert in marginale BKG‐vermijdingskosten van rond de 31 €2012/tCO2‐eq. Daarnaast
heeft BIG‐CCS in combinatie met EEM een BKG‐emissiereductiepotentieel van 154%
(d.w.z. een negatieve BKG‐uitstoot voor de raffinaderij). De BIG‐CCS combinatie heeft
echter grotere kostenonzekerheden dan de individuele CCS opties. De onzekerheidsmar‐
ges van de marginale BKG‐vermijdingskosten van de oxyfuel (44 tot 115 €2012/tCO2‐eq),
post‐combustion (54 tot 111 €2012/tCO2‐eq) en BIG‐CCS (‐64 tot 98 €2012/tCO2‐eq) opties
vallen gedeeltelijk binnen de CO2‐prijsmarge voor het jaar 2030 (20‐75 €2012/tCO2) die zijn
voorspeld door de IEA in de World Energy Outlook. Gezien de grote overlap in de kosten‐
marges staat de rangschikking van de CCS en BIG‐CCS ontwikkelingspaden in termen van
kosten geenszins vast en zal deze sterk afhangen van de energie‐ en biomassaprijzen.
De optimale uitrol van CCS in fabrieken door de tijd heen is sterk afhankelijk van het type
industriële proces, de omvang en eigenschappen van de CO2‐puntbronnen, en de energie‐
prijzen. Alternatieve combinaties van mitigatieopties zijn wellicht interessanter voor ande‐
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re fabrieken (bijv. cement or ijzer & staal). Afgezien van de kosten en de emissiereductie‐
doelstelling is de optimale uitrol ook afhankelijk van de bereidheid van de bedrijfsexploi‐
tant om nieuwe technologieën te gebruiken en afstand te nemen van de conventionele
operationele processen. Het gebruik van een retrofittechnologie (bijv. oxyfuel) of nieuwe
technologie (bijv. BIG‐CCS) brengt meer operationele barrières en risico’s met zich mee
dan een ‘add‐on’ technologie (bijv. post‐combustion).
Voor de elektriciteitssector zijn de kosten van NGCC‐CCS vergeleken met die van IRES en
die van energieopslagtechnologieën. Hierbij is gekeken naar de kosten van NGCC‐CCS als
basislasttechnologie en als back‐up dienst. De verschillende opties zijn vergeleken op een
gemeenschappelijke basis en in een breder portfolio van CO2‐reductiemaatregelen. Een
dergelijke vergelijking van de kosten, en hoe deze zich door de tijd heen kunnen ontwikke‐
len als gevolg van technologische leren, is nog niet eerder gemaakt. Teneinde rekening te
houden met de technologische vooruitgang in de tijd, is de leercurvemethode gebruikt om
een schatting te maken van de toekomstige elektriciteitskosten (levelized costs of electri‐
city, LCOE). De methode is gebaseerd op kostenramingen en progress ratio’s van de ener‐
gie‐ en batterijtechnologieën alsmede op de uitrolsnelheden van deze technologieën in de
mondiale energiescenario's. Het leerpotentieel van NGCC‐CCS is veel gedetailleerder on‐
derzocht dan doorgaans het geval is in de literatuur.
De resultaten laten zien dat NGCC‐CCS waarschijnlijk kosteneffectiever is en lagere kos‐
tenonzekerheden met zich meebrengt tot het jaar 2050 dan de meeste IRES. In 2040 in
het referentiescenario en onder een CO2‐prijs van 107 €2012/tCO2, is de LCOE van NGCC‐
CCS als basislasttechnologie 71 €2012/MWh; de LCOE van PV, wind op zee en CSP is respec‐
tievelijk 68, 82 en 104 €2012/MWh.
NGCC‐CCS is ook een kosteneffectieve back‐up elektriciteitsproductietechnologie. Voor
het jaar 2040 blijkt een elektriciteitssysteem zonder CO2‐uitstoot, bestaande uit IRES en
PHS, 13% duurder te zijn in termen van LCOE dan een elektriciteitssysteem met IRES en
back‐up NGCC‐CCS, en 42% duurder dan een elektriciteitssysteem met alleen NGCC‐CCS.
De toekomstige rol van CCS zal echter sterk afhankelijk zijn van de energie‐ en CO2‐prijzen,
de geografische ligging en de uitrol van de technologie door de tijd heen.
Vanwege de relatief lage kosten kan NGCC‐CCS een belangrijke rol spelen als basislast‐
technologie in geografische gebieden met een laag potentieel voor IRES, en als back‐up
capaciteit in gebieden met een hoge penetratiegraad van IRES. Een snelle opschaling en
uitrol van NGCC‐CCS is essentieel om de CO2‐uitstoot van de energiesector kosteneffectief
te reduceren. Daarnaast zal de uitrol van de technologie de specifieke productiekosten
reduceren als gevolg van technologische leerprocessen.
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9.5 Slotopmerkingen
CO2‐afvangtechnologie
Voor de industrie is oxyfuel combustion de meest kosteneffectieve technologie om CO2 af
te vangen bij industriële ketels, fornuizen en krakers die een gezamenlijke CO2‐uitstoot
hebben van ten minste 0,4 MtCO2/jaar. Op de korte termijn kan oxyfuel combustion de
CO2‐emissies van deze proceseenheden met maximaal 94% verminderen. Het retrofitten
van de proceseenheden met oxyfuel alsmede de operatie van deze aangepaste proces‐
eenheden in de oxyfuel modus, is echter nog niet op grote schaal gedemonstreerd. Alvo‐
rens bedrijven zullen gaan investeren in oxyfuel combustion zal het vertrouwen in deze
technologie verder moeten toenemen. Demonstratieprojecten zijn nodig om de techni‐
sche haalbaarheid van oxyfuel te bewijzen en de impact van deze technologie op de be‐
trouwbaarheid van de industriële kernprocessen nader te bepalen.
CO2‐afvang en transport in industriële zones
Dit proefschrift toont aan dat een gecoördineerde uitrol van CO2‐afvang in industriële
zones voordelig kan zijn. Door fabrieken met een lage CO2‐uitstoot te betrekken bij een
gecentraliseerde CO2‐afvang‐ en transportinfrastructuur kunnen de CO2‐vermijdingskosten
en CO2‐emissiereductiepotentiëlen respectievelijk worden verlaagd en verhoogd als ge‐
volg van economische schaalvoordelen. Ondanks dat de kostenvoordelen ten opzichte van
CO2‐afvang op fabrieksniveau relatief klein zijn (ongeveer 5 €2012/tCO2), zijn deze waar‐
schijnlijk hoger voor industriële zones die hoofdzakelijk bestaan uit fabrieken met een lage
CO2‐uitstoot. Daarnaast zijn de kostenvoordelen ook afhankelijk van de omvang van de
gecentraliseerde CO2‐afvang‐ en transportinfrastructuur. Afgezien van de kosten biedt een
gecentraliseerde infrastructuur de mogelijkheid om een deel van de CO2‐afvangeenheden
op enige afstand van de industriële kernprocessen te plaatsen. De methodes die ontwik‐
kelt zijn in hoofdstukken 3 en 4 van dit proefschrift kunnen worden gebruikt om (toekom‐
stige) industriële zones te identificeren die geschikt zijn voor grootschalige CO2‐afvang.
Verder kunnen de kosten en baten van een gecoördineerde uitrol van een gedeelde CCS‐
infrastructuur door de tijd heen geëvalueerd worden. Het maken van schattingen over de
toekomstige structuur en CO2‐uitstoot van industriële zones maakt ook deel uit van deze
methode.

9

De overheid zou een belangrijke rol kunnen spelen als coördinator en drijvende kracht
achter de uitrol van een gecentraliseerde infrastructuur. Aangezien industriële zones soms
slechts beperkt ruimte beschikbaar hebben, is het reserveren van percelen grond voor
CO2‐afvanginstallaties en pijpleidingroutes noodzakelijk. Een goede communicatie en
samenwerking met de bedrijven is van belang om zo brede steun voor gecentraliseerde
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CO2‐afvang‐ en transportinfrastructuren te creëren. De overheid zou (mede‐)eigenaar van
de gecentraliseerde infrastructuur kunnen worden om zo de risico's voor bedrijven in te
perken en invloed uit te oefenen op de uitrol van de infrastructuur door de tijd heen.
Bedrijven met een grote CO2‐uitstoot geven wellicht de voorkeur aan decentrale CO2‐
afvang boven een gezamenlijke infrastructuur vanwege de voor hen beperkte kostenvoor‐
delen. De deelname van deze bedrijven is echter belangrijk om economische schaalvoor‐
delen te realiseren en als gevolg daarvan de gemiddelde CO2‐vermijdingskosten te reduce‐
ren. Het verstrekken van financiële vergoedingen kan wellicht helpen om deze bedrijven
over te halen om deel te nemen aan de CO2‐afvang‐ en transportinfrastructuur.
Door CO2‐afvang in een vroeg stadium op grote schaal uit te rollen kan de cumulatieve
CO2‐emissiereductie verhoogd en kunnen de CO2‐mitigatiekosten verlaagd worden. Een
snelle uitrol van CCS brengt echter hogere risico’s met zich mee voor bedrijven vanwege
de mogelijkheid van dalende CO2‐prijzen en een veranderend overheidsbeleid. Ook zullen
bedrijven met verouderde proceseenheden waarschijnlijk terughoudend zijn om afvang‐
technologieën in een vroeg stadium te implementeren, maar dit uitstellen totdat deze
proceseenheden aan vervanging toe zijn. Overheden zouden bedrijven moeten aanmoe‐
digen om in een vroeg stadium met CO2‐afvang te beginnen door duidelijke signalen af te
geven over CO2‐emissiereductiedoestellingen. Daarnaast zijn vroegtijdige en consistente
financiële prikkels nodig om ervoor te zorgen dat bedrijven CO2‐emisieintensiteit in hun
investeringsbeslissingen meenemen. Dit kan ervoor zorgen dat bedrijven eerder beginnen
met de retrofit van proceseenheden met afvangtechnologieën. Verder zullen oude pro‐
ceseenheden mogelijkerwijs sneller worden vervangen door nieuwe proceseenheden
waarop afvangtechnologieën direct kunnen worden geïnstalleerd.
Het plannen van CCS als onderdeel van een portfolio van BKG‐mitigatieopties
De resultaten laten zien dat een combinatie van CCS met energie‐efficiëntiemaatregelen
en/of biomassavergassing de gemiddelde BKG‐vermijdingskosten reduceert en de totale
emissiereducties verhoogt vergeleken met alleen CCS. De methode die ontwikkeld is in
hoofdstuk 5 van dit proefschrift kan door bedrijven gebruikt worden om kosteneffectieve
ontwikkelingspaden voor BKG‐emissiereducties in hun fabrieken te evalueren. Ook stellen
zulke evaluaties bedrijven in staat om onzekerheden en barrières rondom de technologie‐
en te identificeren en dit te gebruiken als input voor strategieën om deze te reduceren of
te elimineren. Daarnaast kunnen bedrijven in een vroeg stadium de randvoorwaarden
voor optimale ontwikkelingspaden kenbaar maken aan de overheid, zoals bijvoorbeeld
duidelijke wetgeving en financiële garanties. Alhoewel de optimale combinatie van BKG‐
mitigatieopties voor iedere fabriek verschilt, bieden energie‐efficiëntiemaatregelen en
CO2‐afvang van stromen met een hoge CO2‐concentratie over het algemeen goede mo‐
gelijkheden voor vroege emissiereducties vanwege de relatief lage kosten. De bevindingen
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laten zien dat NGCC‐CCS een soepele overgang naar koolstofarme elektriciteitssystemen
mogelijk maakt. Een elektriciteitssysteem met CCS brengt lagere kosten en onzekerheden
met zich mee dan systemen met alleen IRES. Een snelle uitrol van CCS in de elektriciteits‐
sector is noodzakelijk om het potentieel van CCS volledig te realiseren en kostenreducties
als gevolg van technologisch leren te bewerkstelligen. Verder zal de snelle toename van
CCS in de elektriciteitssector vertrouwen creëren in de technologie en een stimulans zijn
voor de uitrol van grootschalige CCS‐infrastructuren. Vervolgens kan CCS geïmplement‐
eerd worden bij industriële puntbronnen die hogere CO2‐vermijdingskosten hebben. Dit
kan door CCS ofwel direct of in combinatie met biomassa toe te passen.
Het verkrijgen van inzicht in de mogelijke rol die CCS in de industrie en elektriciteitssector
kan spelen, is belangrijk voor de planning van grootschalige CO2‐pijpleidingnetwerken.
Verder kunnen schattingen gemaakt worden van de geografische locaties en de hoeveel‐
heid afgevangen CO2 door de tijd heen in industriële zones en elektriciteitscentrales. Deze
informatie kan gebruikt worden als input in geïntegreerde energiemodellen die in combi‐
natie met geografische informatiesystemen de uitrol van CO2‐pijpleidingnetwerken ruim‐
telijk expliciet door de tijd heen kunnen bepalen. De methode die is ontwikkeld in hoofd‐
stuk 6 van dit proefschrift kan worden gebruikt om routespecifieke barrières omtrent
kruisingen van CO2‐pijpleidingen met natuurgebieden te identificeren. Verder kan de me‐
thode helpen bij het vinden van mogelijkheden voor het overdimensioneren van pijplei‐
dingen om zo economische schaalvoordelen te behalen. Ook de drivers, barrières en
synergiën die verband houden met CO2‐pijpleidingtransport en CCS in zijn algemeenheid
zouden geïdentificeerd en meegenomen moeten worden in regionale roadmaps. De reali‐
satie van grootschalige CO2‐pijpleidingnetwerken vereist centrale coördinatie en een zorg‐
vuldige planning. Communicatie en samenwerking tussen de stakeholders op lokaal, na‐
tionaal en regionaal niveau is daarbij van essentieel belang. Voor alle geografische niveaus
geldt dat ofwel de regering of een andere organisatie de verantwoordelijkheid moet ne‐
men voor de coördinatie van de uitrol van CCS‐infrastructuren door de tijd heen.

9.6 Aanbevelingen voor verder onderzoek


9

CO2‐afvang in fabrieken kan de operationele betrouwbaarheid van proceseenheden
verlagen, of de vervanging van industriële apparatuur noodzakelijk maken, waardoor
de totale kosten van CO2‐afvang kunnen stijgen. Onderzoek is nodig om de economi‐
sche impact van productieverliezen te bepalen die het gevolg zijn van de retrofit van
bestaande proceseenheden (bijv. ketels, fornuizen) met CO2‐afvangtechnologie en
van de lagere operationele betrouwbaarheid van de proceseenheden tijdens de ope‐
ratie in oxyfuel of pre‐combustion modus. Dit vereist ook meer inzicht in de kans, im‐
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pact en hersteltijd van een uitval van de proceseenheden en zuurstof‐/waterstof‐
fabrieken. Proefprojecten kunnen nuttig zijn om deze factoren te kwantificeren.
In dit proefschrift is de prestatie van verschillende CO2‐afvangtechnologieën geëvalu‐
eerd en zowel onderling als met die van andere BKG‐mitigatietechnologieën vergele‐
ken. Een breder portfolio van (geavanceerde) CO2‐afvangtechnologieën, CO2‐
mitigatieopties, energieopslagtechnologieën en innovatieve industriële processen zou
geëvalueerd moeten worden om zo een uitgebreider overzicht van de technische mo‐
gelijkheden en beperkingen te krijgen. Wat betreft de CO2‐afvangtechnologieën zou
met name het economische verbeterpotentieel van pre‐combustion via ‘autothermal
reforming’ met CO2‐afvang (i.p.v. een SR) onderzocht moeten worden. Verder zouden
de techno‐economische analyses van CO2‐afvang in de industrie verbeterd moeten
worden door het gebruik van industriële restwarmte en schommelingen in industriële
activiteit mee te nemen in de evaluatie.
In de methode die is gebruikt om het ruimtebeslag van de CO2‐afvanginstallaties te
bepalen, is aangenomen dat als de capaciteit van de CO2‐afvangeenheden tot de
macht drie stijgt (bepaald door het volume), het ruimtebeslag slechts kwadratisch
toeneemt (bepaald door het grondoppervlakte). Deze methode moet worden gevali‐
deerd door technologieleveranciers. Verder is er behoefte aan meer en hogere kwali‐
teit data van leveranciers om zo nauwkeurigere schattingen te kunnen maken van het
ruimtebeslag van de verschillende CO2‐afvangcomponenten.
In dit proefschrift zijn de techno‐economische analyses van de CCS ontwikkelingspa‐
den gebaseerd op deterministische schattingen van relevante input parameters. Al‐
hoewel de impact van variaties in parameters op de resultaten expliciet is gemaakt
door middel van gevoeligheidsanalyses, zijn factoren als risicoperceptie en investe‐
ringsgedrag van fabriekseigenaren, en hun bereidheid om samen te weken met ande‐
re bedrijven, niet meegenomen. Om die reden geven de analyses onvoldoende inzicht
in de voorwaarden waaronder zij bereid zijn om in CCS‐installaties te investeren en
een gezamenlijke strategie te volgen. De analyses in dit proefschrift zouden daarom
uitgebreid moeten worden met beslissingsondersteunende modellen (decision sup‐
port modelling) of reële optieanalyse (real option analysis) om zo deze factoren die de
investeringsbeslissingen beïnvloeden mee te nemen in de analyse. De benodigde data
voor deze analyses kan gebaseerd worden op diepte‐interviews met fabriekseigena‐
ren. Tevens kunnen deze analyses aangevuld worden met onderzoek naar marktvoor‐
uitzichten voor relevant industriële producten, en data over de ouderdom van de hui‐
dige proceseenheden in de Botlek, aangezien dit de timing van investeringsbeslissin‐
gen beïnvloedt. De resultaten zouden overheden kunnen helpen bij het formuleren
van gerichte beleidsmaatregelen, bijvoorbeeld met betrekking tot maatregelen voor
risicomitigatie, (gezamenlijke) eigendom van CO2‐afvang‐ en transportinfrastructuur
door de overheid, en (financiële) prikkels voor samenwerking tussen fabrieken.
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De kosten van NGCC‐CCS zijn op een gemeenschappelijke basis vergeleken met die
van IRES en energieopslagtechnologieën, zowel als basislast en als back‐up dienst. De
analyse kan op verschillende manieren worden verbeterd. In het onderzoek is voor de
energieopslagsystemen en NGCC‐CCS als back‐up dienst uitgegaan van een minimale
bezettingsgraad van 40%. Echter, in energiesystemen met een hoge penetratiegraad
van IRES zullen de bezettingsgraden van de back‐up diensten waarschijnlijk lager lig‐
gen. Dit zou de kostenrangschikking tussen de energieopslagtechnologieën en NGCC‐
CCS als back‐up dienst kunnen beïnvloeden. Daarnaast is aangenomen dat de kosten
van CO 2‐transport en opslag constant zijn, ongeacht of NGCC‐CCS als basislast‐ of als
back‐uptechnologie gebruikt zal worden. In werkelijkheid zullen de kosten voor CO2‐
transport en opslag toenemen naarmate de bezettingsgraad lager wordt. Verder
moet de analyse aangevuld worden met een groter aantal batterij‐ en energieopslag‐
technologieën die op de lange termijn veelbelovend zijn ten aanzien van de techno‐
economische prestaties. Ten slotte, er is weinig onderzoek gedaan naar het technolo‐
gische leerpotentieel van batterijen. Meer onderzoek op dit gebied is wenselijk.

9.7 Aanbevelingen voor de industrie en beleidsmakers




9

Industriële bedrijven zouden vroegtijdige evaluaties moeten maken van mogelijke
ontwikkelingspaden voor BKG‐emissiereducties in hun fabrieken met behulp van de
methodes die ontwikkeld zijn in dit proefschrift. Deze ontwikkelingspaden bieden een
goede basis voor investeringsstrategieën door de tijd heen, maar kunnen beïnvloed
worden door wetgeving of beleidsmaatregelen. Bedrijven zouden potentiële barrières
met betrekking tot (het ontbreken van) wetgeving en risico’s in een vroeg stadium
moeten communiceren naar de overheid.
Een centrale coördinatie en planning door de overheid is van groot belang, zowel op
lokaal, nationaal als internationaal niveau, om zo een kosteneffectieve uitrol van CCS‐
infrastructuren door de tijd heen te realiseren. De methode die is ontwikkeld in
hoofdstuk 6 van dit proefschrift kan door overheden worden gebruikt om drivers, bar‐
rières en synergiën die verband houden met CO2‐afvang, transport en opslag te iden‐
tificeren. Vervolgens moet de overheid industriële stakeholders bij elkaar brengen
met als doel om tot een breed gedragen strategie te komen voor de uitrol van CCS op
verschillende aggregatieniveaus. Bedrijven moeten worden aangemoedigd om samen
te werken en deel te nemen aan een gezamenlijke infrastructuur door financiële
compensaties en garanties te verstrekken. Op internationaal niveau is een goede
communicatie en samenwerking tussen overheden vereist om zo oplossingen te vin‐
den voor de verschillen in technische specificaties, jurisdicties en organisatiemodellen
van CO2‐pijpleiding en opslaginfrastructuren.
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Meerdere grootschalige demonstratieprojecten zijn nodig om de techno‐economische
haalbaarheid van oxyfuel combustion in de industrie en CO2‐pijpleidingtransport te
bewijzen. Op deze manier kan meer inzicht worden verkregen in de operationele uit‐
dagingen en onzekerheden rondom deze technologie, zoals schommelingen in indu‐
striële activiteit, de impact van oxyfuel combustion op de betrouwbaarheid van het
industriële kernproces, en de invloed van onzuiverheden en de variërende massa‐
stromen op CO2‐pijpleidingtransport. De projecten omvatten bij voorkeur zowel de
demonstratie van CO2‐afvang in de industrie als pijpleidingtransport, zodat de techno‐
economische implicaties van de koppeling van beide onderdelen in de CCS‐keten on‐
derzocht kunnen worden.
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