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a  b  s  t  r  a  c  t

Reaching  the  long  term  goals  of climate  policies  requires  the  implementation  of  a portfolio  of  meas-
ures.  This  paper  quantifies  the potentials  of energy  efficiency  technologies  and  CO2 capture  and  storage
(CCS)  for  seven  Dutch  industry  sectors  between  2008  and  2040.  Economically  viable  energy  efficiency
technologies  offer carbon  dioxide  (CO2) emission  reduction  potentials  of  25  ±  8%  in 2040  compared  to
1990  levels.  Economically  viable  CCS options  can  raise  the  industry’s  total  emission  reductions  to  39–47%.
These  potentials  require  abatement  costs  above  90  D (Euro)  per tonne  CO2, but  they  are  still  not  sufficient
to  reach  European  Union’s  long  term  emission  reduction  plans.  While  economically  viable  potentials  of
improving  energy  efficiency  may  exist  in all sectors  (energy  efficiency  improvements  of  2%  per  annum
CS
rade-offs between low carbon
echnologies

(p.a.)),  attractive  CCS  potentials  exist  in the  fertilizer,  basic  metal  and  refinery  sectors  with  abatement
costs  estimated  at 25–120  D  /t CO2 for 2040. Implementing  CCS  in  these  sectors  would  reduce  total  indus-
try’s  primary  energy  efficiency  improvement  rates  from  2% to  1.6%  p.a.  and would  increase  total  industrial
energy  use  by  at least  10%.  Reaching  higher  emission  reductions  in  the  Dutch  industry  will  require  the
implementation  of a portfolio  of  measures  including  energy  and  materials  efficiency,  renewables  and

CCS.

. Introduction

By 2008, economy-wide greenhouse gas (GHG) emissions of
he European Union (EU) were approximately 11% below the 1990
evel (5 gigatonnes (Gt) carbon dioxide equivalents (CO2-eq) versus
.6 Gt CO2-eq) (UNFCCC, 2011). By 2050, the EU plans to achieve
0% reductions compared to 1990, resulting in total emissions of
–1.2 Gt CO2-eq (EC, 2011). According to the same plan (EC, 2011)
ach sector should reduce its emissions by more than 50% to up
o nearly 100% (e.g. 54–67% CO2 emission reduction in the trans-
ortation sector vs. 93–99% for the power sector). Manufacturing

ndustry and refineries (hereafter jointly referred to as ‘indus-
ry’) should aim for 83–87% reductions (EC, 2011)1. Among the EU
ountries, the Netherlands accounted for about 4% of the total GHG
missions (205 megatonnes (Mt) CO2-eq) in 2008. The share of GHG

missions from the Dutch industry is similar to the EU average (29%;
0 Mt  CO2-eq/yr) (PBL, 2010; CBS, 2011a) and CO2 emissions repre-
ent 94% of the total industrial GHG emissions (57 Mt)  (see Fig. 1)2.

∗ Corresponding author. Tel.: +31 30 253 3750; fax: +31 30 253 7601.
E-mail address: saygindeger@gmail.com (D. Saygin).

1 The roadmap aims to stabilize the GHG emissions to 450 ppmv (parts per million
olume, CO2-eq) by 2050 which would limit the mean global average temperature
ise to 2 ◦C compared to the 1990 levels.

2 89% of the CO2 emissions are from fuel combustion (51 Mt)  and the remain-
er 11% of the emissions are non-energy related from industrial processes (e.g.

750-5836/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijggc.2013.05.032
© 2013  Elsevier  Ltd. All  rights  reserved.

Although no country specific goals are mentioned in the roadmap
(EC, 2011), Dutch industry may  need to reach similar reductions
as for the total EU industry3. Reaching these goals will require the
deployment of various measures among which improving energy
efficiency is considered as economically viable (e.g. Worrell et al.,
2009). Although it offers large potentials, alone it may  not be suffi-
cient to reach such substantial reductions. CO2 capture and storage
(CCS) technology can play an important role, but it increases energy
use and therefore it will have an adverse effect on energy savings.
Also if industrial plants invest in CCS, plants’ emissions would be
reduced. Hence a lower share of emissions would be subject to the
CO2 price which may  delay the implementation of energy saving
measures. On the other hand, improvements in energy efficiency
may  reduce the need for CCS.

There are many studies which address the outcome of imple-
menting different technologies together for the global industry as

well as for selected regions (e.g. Moya et al., 2011; Banerjee et al.,
2012; IEA, 2012; Deetman et al., 2013). While such studies are com-
monly not performed for the specific case of the Netherlands, the

emissions from mineral products and ammonia production) (6 Mt)  (see Figure 1)
(PBL, 2010).

3 In this study, the potential differences between the goals of EU member states
are excluded and we assume that the same plan for the EU will also apply to the
Netherlands.

dx.doi.org/10.1016/j.ijggc.2013.05.032
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2013.05.032&domain=pdf
mailto:saygindeger@gmail.com
dx.doi.org/10.1016/j.ijggc.2013.05.032
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Fig. 1. Total direct CO2 emissions of the Dutch industry sectors: (a) by fuel type and
conversion (data include emissions from joint venture combined heat and power
(CHP) plants which were originally excluded from the Dutch energy statistics (CBS,
1990–2008) and the national GHG emission inventories (PBL, 2010)) (own estimates
b
w
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ased on CBS, 1990–2008, 2011a), (b) by plant (data includes emissions from CHPs
hich are covered in the Dutch energy statistics only) (own estimates based on ER

2011) and ECN/PBL (2010)).

nalysis of industrial fuel use and the related CO2 emissions in the
etherlands (e.g. Ramírez et al., 2005, 2006; Neelis et al., 2007) as
ell as the assessment of its reduction potentials through individ-
al measures were central themes of various studies. These studies
ssessed the potentials of improving energy efficiency (e.g. Blok and
urkenburg, 1994; de Beer et al., 1996; Phylipsen et al., 2002; Saygin
t al., 2013), CCS4 (e.g. Damen et al., 2009; van Straelen et al., 2010;

an den Broek et al., 2010, 2011; Berghout et al., 2013), switching to
ow carbon energy and raw material supply sources (e.g. biomass)
e.g. PGG, 2006; de Jong et al., 2006; Blaauw et al., 2008; Vesterinen

4 CCS comprises the separation of CO2 from industrial and energy-related sources
s  well as the transport of CO2 to a storage location where is isolated for long term
rom the atmosphere (IPCC, 2005).
enhouse Gas Control 18 (2013) 23–37

et al., 2010) and improved materials efficiency (e.g. Worrell et al.,
1995; Laurijssen et al., 2010; Corsten et al., 2010).

Among these measures, most research for the industrial sector
has focused on conservation of fuel use by improving energy effi-
ciency as it is a relatively cheap option (IEA, 2009a, Worrell et al.,
2009). On the other hand, potentials and other technical and envi-
ronmental issues related to CCS have mostly focused on the power
sector (e.g. von Hirschhasuen et al., 2012). Only few studies assess
in detail the CCS potentials for the industry sector and they mostly
focus on generic process designs (e.g. IEA, 2009a; UNIDO, 2010;
Kuramochi et al., 2012). These studies mainly assess the reduction
potentials in a few sectors, in particular those with high emis-
sions and with high CO2 concentration in the flue gases (e.g. iron,
cement production, refinery processes). While this is justified by
the current concentration of industrial CO2 emissions, less energy
intensive sectors consist of a large number of scattered plants which
also provide capture potentials (e.g. >80 plants in the Dutch food
sector, >20 plants in the paper sector) (see Fig. 1).

In view of these knowledge gaps which concern the lack of stud-
ies about the combined potentials of energy efficiency and CCS in
the Netherlands and the limited sectoral coverage of present anal-
yses, the main goal of this paper is to quantify the extent to which a
portfolio consisting of both energy efficiency technologies and CCS
technology could offer economically viable CO2 emission reduc-
tions in the total Dutch industry compared to EU’s long term plans
and how CCS technology could influence the gains from energy
efficiency.

This paper is organized as follows: In the next section, we
describe the methodology and provide an overview of the input
data. In Section 3, we  project industrial CO2 emissions in the
Netherlands at sector level between 2008 and 2040 for various
energy efficiency scenarios and identify which sectors offer the
largest potentials for CCS. We then quantify the emission reduc-
tion potentials by improving energy efficiency and by CCS. Next,
we discuss the validity of our findings in view of the limitation of
our methodology and the uncertainties of our analysis and provide
recommendations for future research (Section 4). We  end this paper
in Section 5 with conclusions which are relevant for policy makers
and the industry.

2. Methodology

In the first two  sections, we  explain our methodology to estimate
Dutch industry’s CO2 emissions between 2008 and 2040. Next, we
explain the methodology to estimate the emission reduction poten-
tials by improving energy efficiency and CCS.

2.1. Dutch industry’s CO2 emissions: 2008

We  use a bottom-up model which was  developed to analyze the
industrial energy use in the Netherlands at product level (Ramírez
et al., 2006; Neelis et al., 2007; Saygin et al., 2013). We  use a mod-

ified version of the model to analyze the CO2 emissions of seven
industrial sectors based on the 62 most energy intensive products
(see Appendices A and B). The sectors analyzed are the petroleum
refineries and the other chemical, fertilizer, basic metal (total of
iron and steel and non-ferrous metals sectors), paper (excluding
printing and publishing), building materials and food sectors. For
each product, the model includes: (i) The amount of energy con-
sumed per physical unit of product (specific energy consumption
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SEC), total use of fuels and heat in primary energy terms5) for the
ear 2008 and (ii) the production volumes for 2008.

We  estimate the total direct CO2 emissions (TEj,2008 in Mt
O2/yr) of sector j with x representing the number of selected pro-
esses for 2008 according to Eq. (1):

Ej,2008 =
n∑

x=1

(
SECx,j,2008 × Px,j,2008 × EEFx,j,2008

)
(1)

here SECx,j,2008 is the SEC for process x in sector j (in gigajoules (GJ)
er tonne of product) in 2008, Px,j,2008 is the production volume (in
t/yr) of process x of sector j in 2008 and EEFx,j,2008 is the estimated

mission factor (in t CO2/GJ) of process x of sector j based on the
uel mix  of 2008 for that process (see Appendix A). We  estimate
he EEF by allocating the fuels consumed for energy purposes (e.g.
aphtha in steam cracking process) to individual products in our
odel (e.g. ethylene) (CBS, 1990–2008; PBL, 2010).

.2. Projections of CO2 emissions: 2008–2040

In this study, we project industrial CO2 emissions for three sce-
arios and analyze the period 2008–2040 based on earlier work by
aygin et al. (2013). These scenarios are:

(i) Frozen efficiency: no improvements in efficiency, i.e.,
SECx,j,2008 = SECx,j,t,

(ii) Business as Usual (BaU): autonomous reductions in primary
energy use of 1% per annum (p.a.) based on the historical
achievements in the Netherlands between 1980 and 2008
(Ramírez et al., 2006; Neelis et al., 2007; Saygin et al., 2013),

iii) Best practice and new and emerging energy efficient tech-
nology (BPT/EME): implementation of BPTs by 2025 and new
and emerging technologies by 2040 in all industrial processes
based on a literature review of energy efficiency technologies
(Saygin et al., 2013).

To project CO2 emissions, we first estimate the total direct CO2
missions of the frozen efficiency scenario (TESj,t,e,2008 in Mt  CO2/yr)
f sector j in year t for energy carrier e according to Eq. (2):

ESj,t,e,frozen =
n∑

x=1

[(
Cj,e,2008 × EFe

)
×

(
1 + rj,t

)t−2008
]

(2)

here Cj,e,2008 is total primary energy consumption of any of the
our components ((i) final consumption energy use, (ii) final con-
umption non-energy use (accounting for carbon stored in end
roducts of the sector), (iii) conversion balance for other conversion
rocesses, and (iv) conversion balance for CHP) which constitute
he consumption balance of sector j in year 2008 for energy car-
ier e according to Dutch energy statistics (CBS, 1990–2008; see
ppendices A and B) (in petajoules (PJ) per year); r is the average
nnual growth rate of sector j between 2008 and year t (in % p.a.)
for the total industry 0.9 ± 0.3% p.a. for 2008–2040; see Appen-
ices A and B), and EFe is the emission factor of energy carrier e
in t CO2/GJ)6. The sum of TESj,t,e for all energy carriers yields the

ector’s total CO2 emissions based on the Dutch energy statistics
TESj,t) (CBS, 1990–2008). We  use a single scenario for the average
nnual growth rates based on the reference projections of ECN/PBL

5 Primary fuel equivalent for steam production is estimated by dividing the spe-
ific steam consumption by a factor of 0.9 which refers to the conversion efficiency
f  industrial stand-alone steam boilers (Neelis et al., 2007).
6 We use emission factors which are specific to the Netherlands (PBL, 2010). The
ethodology to estimate the fuel mix  of each sector is explained in Appendices A

nd B.
enhouse Gas Control 18 (2013) 23–37 25

(2010) where the authors assume that growth is independent from
the climate policy scheme (see Appendices A and B).

For the BaU and the BPT/EME scenarios (z), we use the estimated
SEC values for each product according to Saygin et al. (2013). We
then apply them to Eq. (1) to estimate the TEj,t,z of sector j for year t.
Since our product selection does not cover the total CO2 emissions
of sector j, we estimate the uncovered CO2 emissions (in Mt  CO2/yr)
in year t for scenario z for component c of the Dutch energy statistics
(CBS, 1990–2008) based on Eq. (3):

Uncovered emissionsj,t,z,c = TEj,t,z

TEj,t,frozen
× TESj,t,frozen,c − TEj,t,z,c (3)

Eq. (3) assumes that the average CO2 emission reductions (com-
pared to frozen efficiency scenario) achieved at process level will
also apply to uncovered processes of the sector. Adding the total of
TEj,t,z,c and Uncovered emissionsj,t,z,c gives the total direct CO2 emis-
sions for component c (in Mt  CO2/yr)7. The total of all components
(c) yield the total direct CO2 emissions of sector j in year t (TEj,t,z).

Our methodology follows the sectoral emission accounting
approach of the International Panel of Climate Change (IPCC, 2006).
CO2 emissions include: (i) direct emissions from fuel combus-
tion (to generate process heat, steam or electricity by stand-alone
or CHP units which are registered and fully or partly owned by
the industry), and (ii) emissions from industrial processes (e.g.
production processes of clinker or glass, limestone use in iron
and steel production)8. Future CHP capacity is determined by
multiplying the current fuel demand for CHP with production
growth and by assuming that the demand for CHP products will
decrease at the same rate energy efficiency improves (in %). Sec-
ond, we  assume that total fuel utilization efficiency of CHP plants
will improve from historic levels of 75–85% (CBS, 1990–2008)
to 85–90%, but we  keep the load factor identical to the cur-
rent industrial average of 62% (85% for the sensitivity analysis).
Indirect emissions from the power sector (related to electric-
ity use) and emissions from carbon stored in products either
during use phase (e.g. urea, solvents) or at the end of prod-
uct lifetime (e.g. post-consumer plastic waste incineration) are
excluded.

2.3. CO2 emission reduction potentials in the industry by
improving energy efficiency and CCS: 2025 and 2040

We estimate the CO2 emission reduction potentials for the years
2025 and 2040. We  first estimate the potentials by improving
energy efficiency (EE) for sector j in year t for scenario z according
to Eq. (4):

EEj,t,z = 1 − TEj,t,z

TEj,t,frozen
(4)

where EE is the economic potential of improving energy efficiency
at a specific level of CO2 price. Higher levels of EE can be achieved
with higher CO2 price (in EUR2008 (Euro) per tonne of CO2).9 We
give indications of the required CO2 price by comparing our energy
efficiency scenarios to the climate policy scenarios of the Inter-
apply this analogy due to the lack of recent data availability on the
related costs. Despite a number of differences in the background
assumptions (e.g. production growth, autonomous improvement

7 We repeat this calculation step for each component of the Dutch energy statistics
(CBS, 1990–2008).

8 Energy and industrial process related emissions of the industry are represented
by  categories 1A2 and 2 respectively, and the petroleum refineries are represented
by the category 1AA1B (IPCC, 2006).

9 Exchange rate in 2008 was 1 US Dollar = 0.68 D (IEA, 2009b).
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ates), we expect BaU scenario energy efficiency improvements of
% p.a. to match with the ambition level of IEA’s (2010) current poli-
ies scenario (CO2 price level of 23 and 32 D /t CO2 in 2025 and 2040,
espectively). The annual rate of BaU improvements can be doubled
rom 1% to 2% p.a. by implementing BPTs and new and emerging
echnologies (Saygin et al., 2013). The additional CO2 price in the
ew policies scenario of the IEA (2010) (∼5 D t/CO2) could be too
onservative to realize this increase. Therefore we regard IEA’s most
mbitious 450ppm scenario more realistic to reach higher levels of
nergy efficiency improvements. This scenario requires 51 and 92

 /t CO2 by 2025 and 2040, respectively (IEA, 2010)10 which is an
ncrease by more than 10 times compared to the 2012 CO2 price in
U-27 (∼8 D /t CO2) (PC, 2012).

For CCS, we estimate the potentials for the years 2025 and 2040
y assuming that a CO2 capture unit will be implemented for each

ndustrial plant currently in operation (290 plants, see Table 1). We
ssume that each plant will resume its activity between 2008 and
040 with the exception of the single clinker plant (see Table 1). For
his purpose, we estimate the direct CO2 emissions at plant level in
wo steps:

(i) We  use the emission source database prepared by the Dutch
Pollutant Release & Transfer Register which refers to the activ-
ity level in 2008 (PRTR, ‘Emissieregistratie’ in Dutch; ER (2011)).
We  estimate the frozen efficiency scenario CO2 emissions of
each plant by assuming that emissions will increase in line with
production increase of the sector where the plant belongs to,

ii) We  apply the sector level emission reduction potentials by
improved energy efficiency according to Eq. (4), assuming that
each plant will reduce its emissions at the same rate as the
emissions of the sector it belongs to.

In a subsequent step, we categorize the industrial CO2 emissions
f the Dutch industry by size (kilotonnes (kt) CO2/yr/plant) and CO2
oncentration in flue gas (CO2 vol%) per sector (see Table 1) for all
cenarios. By doing so, we identify which sectors are most suitable
or CCS.

Next, we estimate the CO2 abatement costs of CCS at sector
evel as the total costs of avoiding (i.e. CO2 capture costs by tak-
ng into account the additional energy requirements of CO2 capture
nd compression), transporting and storing CO2. We  exclude dif-
erences in process designs across individual plants and carry out
he entire analysis at sector level. We  analyze retrofitting CCS for
ll scenarios, but present and discuss the results for the BPT/EME
cenario since Saygin et al. (2013) show that this scenario offers
he highest energy efficiency improvements in the long term.

ence we estimate the CO2 price required to achieve high levels of
nergy efficiency improvements and implement CCS technology.
e also estimate the economic potentials of CCS by comparing the

batement cost estimates to the CO2 price required to realize the
PT/EME scenario according to IEA (2010). We  consider all options

COAj,t,z =

n∑
p=1

[
 ̨ × (ICs,p,j,t,z + ICa
elow the CO2 price as economically viable.
According to Saygin et al. (2013), each industry sector will

eplace the current average technology by investing in new plants

10 We estimate the CO2 prices in 2040 by extrapolating the CO2 price trend
etween 2030 and 2035 (IEA, 2010).
enhouse Gas Control 18 (2013) 23–37

with BPTs (2025) and new and emerging technologies (2040). We
retrofit all plants with amine based post-combustion (iron and steel
plant being the only exception with physical absorption capture).
We focus on post-combustion technologies only as they are suitable
for retrofitting and have the advantage of being commercialized
first (Page et al., 2009; Bhown and Freeman, 2011). We  assume that
a single CO2 capture unit will treat the CO2 flows generated in the
main processes of each plant. CCS requires additional energy in the
form of heat (e.g. for regeneration of the solvent) and electricity (e.g.
pumps, blowers, compression). We  gather the SEC of CO2 capture
technologies from a literature review. If specific data is not available
for a given process, we apply a generic approach to estimate the SEC
values based on the relationship between specific heat/electricity
(excluding compression) consumption in a post-combustion pro-
cess (in final energy terms) and the CO2 concentration in flue
gas (TNO, 2012). We  assume that CO2 needs to be compressed to
supercritical phase (at 110 bar) for transportation which requires
an electricity consumption of 0.4 GJe/t CO2 (Damen et al., 2007;
Koornneef et al., 2008). While capture related energy requirement
values refer to the current situation, we assume 20–30% energy
demand reduction potentials in 2040 compared to 2025 (Feron,
2005; Peeters et al., 2007). For compression, we  assume 5% poten-
tials (Peeters et al., 2007). We  assume a CO2 capture ratio of 90%
(Kuramochi et al., 2010).

We evaluate two types of plant settings based on how the energy
requirements of CCS are supplied11:

(i) Each industrial plant will invest in new natural gas-fired CHP
capacity to meet the total heat demand of the CCS. CHP plants
will also provide electricity to the CCS. Surplus electricity pro-
duction will be sold to third parties. If more electricity is
required, it will be purchased from the grid. Indirect CO2 emis-
sions due to electricity generation in power plants are assumed
to be allocated to the sectors (see Table 2) (unlike the rest of
the electricity consumption for industrial processes). We credit
the avoided CO2 emissions from surplus electricity sales which
would otherwise be generated from power plants.

(ii) Each industrial plant will invest in new natural gas-fired stand-
alone boiler capacity to meet the heat demand of the CCS.
Electricity demand will be supplied from the grid.

In Tables 2–4, we summarize the technical and economic param-
eters and combine the information to estimate the CO2 abatement
costs of CCS from sector j in year t for scenario z (CAj.t,z in D /t
CO2). We  first estimate the CO2 avoidance costs according to Eq.
(5) (COAj,t,z):

z) + O&Ms,p,j,t,z + O&Ma,p,j,t,z + Fs,p,j,t,z + Es,p,j,t,z − ERp,j,t,z

]

n∑
p=1

[(
TCETp,j,t,z × CRa

)
− TCSs

] (5)

where  ̨ is the annuity factor per year (estimated as r/(1 − (1 + r)−L,
r is the discount rate (in %) and L the economic lifetime (in years)),
ICs,p,j,t,z and ICa,p,j,t,z are the installed plant costs of the energy supply
system s and the CO2 capture technology a for plant p of sector j
O&Ma,p,j,t,z are the operation and maintenance (O&M) costs of the
energy supply system s and the CO2 capture unit a for plant p of
sector j in year t for scenario z, respectively (in million D per year),

11 We exclude CO2 capture from CHP plants or boilers which are implemented to
supply energy to CO2 capture process.
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Table  1
Sectoral breakdown of number of plants, registered emissions and ranges of CO2 concentration in the flue gas of the industrial plants in the Netherlands. Data refers to the
situation in 2008. Source: Own estimates based on CBS (1990–2008) and ER (2011).

Number of
installationsa

Registered
emissions (kt CO2)b

Average CO2 concentration in flue gas (in
brackets ranges from various plants)c (%)

References

Total chemical 122 16,940 – –
Other chemical 117 16,900 8 (3–14) IPCC (2005); Kuramochi et al.

(2010, 2012)
Fertilizer 5 40 8 (7–10)
Basic metald 30 11,415 19 (5–25) IPCC (2005); Kuramochi et al.

(2010, 2012); Meerman et al.
(2012)

Petroleum refineries 7 11,860 12 (3–35)
Food 84 2550 8 (3–14) IPCC (2005); Kuramochi et al.

(2010)
Paper 28 2000 8 (3–14)
Building materials 15 1600 9 (3–14)
High purity sourcese 4 2870 ∼100 UNIDO (2010)
Total of selected sectors 290 49,235 – –

a In case data was not reported for 2008 (but reported for another year between 2005 and 2009), we  corrected the 2005 data with the production growth rates between
2005  and 2008 (ECN/PBL, 2010).

b Data exclude the emissions from joint venture CHPs which are reported under the power sector emissions (CBS, 2011b).
c Data refers to combustion related CO2 emissions with the exception of process related emissions from fertilizer (feedstock related) and basic metal (blast furnace gas

(BFG))  sectors as well as from ethylene oxide production. We adapt the low and high end of the ranges by ±20% to re-estimate the average of each sector for the sensitivity
analysis.

d We adapt the system boundaries of the iron and steel plant by including the carbon contained in the BFG which, in the Netherlands, is combusted in a power plant. In
this  way  we account for all the carbon input to the sector (mostly from coke and coal use). In the rest of the study, we follow these adapted system boundaries.

e High purity sources include two ethylene oxide and two  ammonia plants which emitted in total 55 kt and 2815 kt CO2/yr, respectively (own estimates based on Neelis et al.
(2007)  and PBL (2010)). Emissions from ammonia production refer to natural gas use as feedstock, and they account for the CO2 used in urea production in the Netherlands
(based on 0.76 t CO2/t urea) (Farla et al., 1995).

Table 2
Technical parameters of the energy supply systems. Values in brackets refer to the ranges used for the sensitivity analysis. Sources: CBS (1990–2008); van den Broek et al.
(2011)  own estimates.

Steam boiler CHP Power plant

Fuel utilization efficiency to generate useful output (%)
2025 90% 85% N/A
2040 95% 90% N/A
Power-to-heat ratio (PHR) (-)
2025/2040 N/A 0.7 (0.4–1) N/A
Capacity utilization rates (%) (CBS, 1990–2008)
2025/2040 62 (85) 62 (85) N/A

0.062
0.059
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CO2 emissions (t CO2/GJ total output)
2025 

2040 

p,j,t,z and Ep,j,t,z are the total fuel and electricity costs of energy sup-
ly system s from plant p of sector j in year t for scenario z, ERp,j,t,z

s the total electricity revenues from electricity sales from plant p
f sector j in year t for scenario z (in million D per year), TCETp,j,t,z
s the total CO2 emissions of plant p of sector j in year t for sce-
ario z (in Mt  CO /yr), CR is the CO capture ratio of CO capture
2 a 2 2
echnology a (in %) and TCSs is the total CO2 emissions from heat
roduction and power generation from energy supply system s (in
t  CO2/yr). All capital costs are multiplied with a factor of 1.43

able 3
conomic parameters used in the analysis. Values in brackets refer to the ranges used for

Units 2025 

Economic lifetime (L) Years 2
Discount rate (r) (%) 10 (5–15)
Electricity pricea (D /GJ) 28 (21–35) 

Natural gas pricea (D /GJ) 10 (7–14) 

Capital costs
CHPb (D /kWe) 330–630 

Steam boiler (D /kWth) 430 (3

a Ranges are determined based on variations of quarterly energy prices for the period be
he  additional costs from CO2 price and or power generation from more expensive renewa
t  the market price.
b The low and high end values refer to electrical capacities of 450 and 10 MWe, respec

HR  is between 0.7 (for the smallest capacity) and 1.1 (for the largest capacity) (GTW, 20
 0.112 0.089
 0.105 0.01 (0.05)

to estimate the total capital requirements (total of equipment and
installation costs, engineering fees, contingencies, owner costs and
interests during construction) (Kuramochi et al., 2012). We include
the additional costs related to transporting and storing CO2 by sys-
tematically adding 10 D /t CO2 to all plants based on a range of 2–16
D /t CO estimated for various years between 2020 and 2050 in the
2
Netherlands (Damen et al., 2009; van den Broek et al., 2010).

Specific capital costs of CO2 capture units found from literature
are assumed to refer to year 2025 (see Table 4). Several studies

 the sensitivity analysis.

2040 References

5 UNIDO (2010)

31 (23–38) ECN/PBL (2010); IEA (2010); CBS (2011b)
11 (7–15)

300–570 GTW (2007)
25–535) Azar et al. (2003)

tween 1997 and 2008 in the Netherlands (CBS, 2011b). The electricity price excludes
ble technologies and CCS implementation. Surplus electricity is assumed to be sold

tively. The maximum CHP efficiency is equal to 90% and the maximum achievable
07).



28
 

D
.

 Saygin
 et

 al.
 /

 International
 Journal

 of
 G

reenhouse
 G

as
 Control

 18
 (2013)

 23–37

Table 4
Selected CO2 capture technologies for emission sources of the Dutch industry and the related technical and economic parameters used in the analysis.

Average size
(kt CO2/yr)

CO2 conc. in
flue gas (%)

Heat
requirements
(GJth/t CO2

captured)

Electricity
require-
ments (incl.
compres-
sion) (GJe/t
CO2

captured)

Specific capital
costsa (D /t CO2

captured/yr)

Further information on the
technology selected

Application References

Total chemical 2025 175 11 3.6 0.6 130–370 Chemical absorption (MEA) All other processes (excl. CHP) TNO (2003, 2012);
Weikl and Schmidt
(2010); Sherif (2010)

2040 175 11 2.7 0.5 95–320 All other processes (excl. CHP)
Basic  metal 2025 430 25 3.0 0.5 40 Chemical absorption (KS-1) Blast furnace (BF)b Kuramochi et al. (2012)

13 3.6 0.6 105 Chemical absorption (MEA) All other processes (excl. CHP) TNO (2003, 2012);
NETL (2010)

2040 530 95 – 1.0 20 Physical absorption (Selexol) Advanced smelt reduction
(HISarna)

Kuramochi et al. (2012)

13 2.7 0.5 215 Chemical absorption (MEA) All other processes (excl. CHP) TNO (2003, 2012);
NETL (2010)

Refineries 2025 1460 15 2.7 0.6 80 Absorption with mixed solvent Hydrogen TNO (2003,2012); NETL
(2010); Meerman et al.
(2012); Berghout et al.
(2013)

9 3.7 0.6 185–340 Chemical absorption (MEA) All other processes of the
refineries (incl. CHP)

2040  1290 15 2.0 0.5 60 Absorption with mixed solvent Hydrogen
9  2.8 0.5 125–230 Chemical absorption (MEA) All other processes of the

refineries (incl. CHP)
Food  2025 23 4–9 3.8 0.7 265–355 Chemical absorption (MEA) All processes (incl. CHP) TNO (2003, 2012);

NETL (2010);
Kuramochi et al. (2011)

2040 25 4–9 2.9 0.6 230–260
Paper  2025 66 4–9 3.9 0.7 355–390 Chemical absorption (MEA) All processes (incl. CHP)

2040  30 4–9 2.9 0.6 235–270
Building materials 2025 40 9–13 3.6 0.6 360 Chemical absorption (MEA) All processes (excl. clinker

production)
2040 40 9–13 2.7 0.5 250

High-purity sources 2025 – 100 – 0.4 20–40 Compression only Ethylene oxide, ammonia
2040  – 100 – 0.4 20–25

CHP  plantsc 2025 – 3–14 3.8 0.7 300–360 Chemical absorption (MEA) For all sectors TNO (2003, 2012);
NETL (2010);
Kuramochi et al. (2010,
2011)

2040 – 3–14 2.9 0.6 200–230

a The specific capital costs refer to the equipment and installation costs. Ranges indicate the lowest and highest values used for that sector. The emissions of each plant of the sectors are broken down into the share of emissions
from  CHP plants, other process heat equipment (e.g. boilers/furnaces), specific processes (e.g. hydrogen production) and, if any, high purity sources and non-energy related emissions. The specific capital costs of CHP plants,
specific  processes and high purity sources are separately provided in the table. For other process heat equipment where detailed capital cost of CCS technology data was not found, we first scale the size of each CO2 emission
source  (without a further breakdown by accounting for number of boilers or furnaces at site) after deducting the total emissions of the sources which were analyzed in detail and subsequently account for the CO2 concentrations
in  the flue gas to estimate the capital costs of CO2 capture units. The size of the reference emission source (scale = 1) used for scaling is 2.5 Mt  CO2 per year with a CO2 concentration of 7% in the flue gas (TNO, 2003). Data provided
in  TNO (2003) is assumed to refer to 2003 and to total of equipment and installation costs only. We  correct these values to 2008 based on EPPCI (IHS, 2012) indexes. The data for other process heat equipment is provided in the
table  under “all other processes”. We apply a 25% range for the sensitivity analysis on the specific capital costs.

b Technology refers to an air-blown blast furnace which does not require modification.
c The average size of CHP plants differs per sector from as low as 1–20 MWe/plant for the food sector to as high as 20–125 MWe/plant in the chemical sector. While steam and gas turbine plants have the largest capacity

(20–125  MWe/plant), gas motors have the smallest (0.5–1.0 MWe/plant) (CBS, 2011a). The output of industrial CHP plants are assumed to be consumed by the production processes.
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stimate learning rates between 6% and 17% for post-combustion
apture technologies for power plants (for flue gas desulphuriza-
ion (FGD) units; Riahi et al., 2004; Rubin et al., 2007). Based on
hese learning rates and the ambition level of the climate policy,
apital costs of CO2 capture can be reduced by between 18% (base-
ine scenario, low learning rates) and 73% (ambitious climate policy
cenario, high learning rates) by 2050 compared to today (van den
roek et al., 2009). For 2040, we assumed that the specific cap-

tal costs (excluding the compression units where no reductions
pply) can be reduced by 45% compared to 2025 by technological
earning12. We assume an O&M cost of 7% over the specific capital
osts which could also be reduced by 18% (10–25% range for sensi-
ivity analysis) due to technological learning (van den Broek et al.,
009) (see Table 4). In cases where capital costs refer to mature
echnologies for 2025 and 2040 (e.g. iron and steel sector), we
irectly use the data without applying these learning rates.

We  present the uncertainties in our results as (±) around the
ean value based on Saygin et al. (2013) where authors accounted

or the various sources of uncertainties in the energy scenarios.
oreover, our results for the CCS analysis are subject to further

ncertainties due to the numerous assumptions made and our data
hoice. We  quantify the effect of the variations in the parameter
alues by a sensitivity analysis.

We  compare the estimated industrial CO2 emissions in 2025
nd 2040 with the 1990 levels in the Netherlands to show whether
mproving energy efficiency and implementing CCS are sufficient to

eet the goals of EU’s long term plans13. Since no specific goals are
rovided for these years, we interpolate data available for years
005 (20%), 2030 (34–40%) and 2050 (83–87%) to estimate the
mission reduction goals for 2025 and 2040 as 31–36% and 59–64%,
espectively.

. Results

In the first two sections, we show Dutch industry’s CO2 emis-
ion reduction potentials (Section 3.1) and its emission structure at
ector level (Section 3.2). We  then present the economic potentials
f CCS (Section 3.3). In Section 3.4, we compare the potentials of
nergy efficiency and CCS.

.1. Dutch industry’s CO2 emissions: Energy efficiency only

By combining sector level production growth estimates
ECN/PBL, 2010) and the energy efficiency improvement potentials
Saygin et al., 2013), we estimate the following CO2 emissions for
he Dutch industry:

(i) Total direct CO2 emissions will rise from 57 Mt  CO2/yr in 2008
to a total of 67 ± 7 Mt  CO2/yr in 2025 and 75 ± 8 Mt  CO2/yr in
2040 according to the frozen efficiency scenario (Fig. 2).

(ii) We  estimate total direct CO2 emissions of 57 ± 6 Mt  CO2/yr
in 2025 and 56 ± 6 Mt  CO2/yr in 2040 according to the BaU
scenario (i.e. stabilizing at the 2008 level). Compared to the
frozen efficiency scenario, this is equivalent to 25 ± 11% emis-

sion reductions in 2040.

iii) In the BPT/EME scenario, upgrading from the current technol-
ogy level to BPTs offers reduction potentials of 25 ± 18% by

12 Modelling of cumulative installed CCS capacity is excluded from this analysis.
13 1990 CO2 emissions are estimated as the total emissions of energy and industrial
rocess related emissions of the industry, and petroleum refineries and emissions
rom fuel use in CHP plants which were not reported under the industry sector (PBL,
010). We also add the carbon contained in the BFG combusted in the power sector
CBS, 1990–2008). We estimate this by multiplying the 1990 pig iron production
ith the ratio of BFG combusted in the power sector to total pig iron production in

008. Total CO2 emissions in 1990 are estimated as 64 Mt  CO2.
Fig. 2. Total direct CO2 emissions of the Dutch industry for three scenarios. Error
bars  show the 95% confidence intervals of each scenario based on Saygin et al. (2013).

2025 compared to the frozen efficiency scenario or 13 ± 3%
compared to the BaU scenario (Fig. 2). Implementing new and
emerging technologies can reduce industrial CO2 emissions by
36 ± 15% in 2040 compared to the frozen efficiency scenario or
by 15 ± 6% compared to the BaU scenario (Fig. 2). This results
in total direct emissions of 48 ± 4 Mt  CO2 in 2040.

Fig. 3 shows the total direct CO2 emissions and the savings
achievable per sector in each scenario. We  summarize the key find-
ings according to the BPT/EME scenario below (see Appendix C for
detailed results):

(i) In 2025, BPTs offer emission reduction potentials between
32 ± 10% and 39 ± 22% compared to the frozen efficiency sce-
nario for various sectors. The iron and steel and the fertilizer
sectors are exceptions with potentials of 15 ± 10% and 14 ± 4%,
respectively. This is explained by the limited reduction poten-
tials for coke and coal consumption in blast furnaces (for iron
and steel sector) and our approach, where we  assign all carbon
input to the sector as emissions. Similarly, there are no savings
in natural gas used as feedstock for ammonia production (∼70%
of the sector’s total final energy use).

(ii) By implementing new and emerging technologies in 2040, the
potentials increase by estimated 5% to 30% points compared
to the BPTs for the sectors analyzed. We  estimate the largest
additional potential for the paper sector due to reductions in
heat demand in the drying section of paper mills. The iron and
steel sector is an exception with negligible additional savings
compared to BPT (less than 2% points)14.
In the short term (2025), improved energy efficiency allows
reducing Dutch industry’s CO2 emissions by 11 ± 10% (BaU) below
the 1990 levels (64 Mt  CO2/yr)15. This is about half of EU-27 goals

14 Despite higher carbon input per tonne of hot metal (de Beer et al., 1998), smelt
reduction is advantageous since flue gas has a higher CO2 emission concentration
which makes CO2 capture easier (Kuramochi et al., 2012). See Section 3.2 for a more
detailed explanation.

15 This comparison and other comparisons throughout this study include CO2

emissions from feedstock energy use and other industrial process emissions which
cannot be reduced by improved energy efficiency.
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ig. 3. Total direct CO2 emissions of the BaU and BPT/EME scenarios (grey shaded
or  each scenario compared to frozen efficiency. Building materials sector are exclu

o reduce 20% of total emissions. The reductions in the short and
ong term according to BPT/EME scenarios is higher, 22 ± 8% and
5 ± 8%, respectively which could be realized under the CO2 price

evel of 92 D /t CO2 by 2040 (i.e. IEA’s 450ppm scenario). In the long
erm, at such high levels of CO2 price, implementation of BPTs
40–60 D /t CO2) and other new and emerging energy efficiency
echnologies (85–100 D /t CO2) would be economically viable (IEA,
012), such as advanced catalysis and separation technologies for
he chemical sector (e.g. IEA, 2012), process optimization and var-
ous technologies for the paper sector (e.g. Fleiter et al., 2012),
mproved thermal insulation (Neelis et al., 2012) and motor sys-
ems (i.e. fans, compressors, pumps) (e.g. McKane and Hasanbeigi,

011).

The results of our analysis further show that implementing
conomically viable energy efficiency technologies in the Dutch
ndustry according to the BPT/EME scenario can only meet about
and the CO2 emission savings by improving energy efficiency (white shaded bars)
3% of the total industrial emissions).

40% of the EU’s long term goals of 59–64% CO2 emission reductions
in 2040 compared to 1990 levels (EC, 2011).

3.2. CO2 emission structure of the Dutch industry and suitability
for CCS

Based on production developments and energy efficiency
improvements, emissions of individual plants are estimated to
grow by up to 25% and 7% according to BaU and BPT/EME scenarios,
respectively between 2008 and 2025/2040 (see Table 5). About 70%
of the total emissions will remain within the emission category of
>1000 kt CO2/yr/plant as today. In both scenarios, 8–9 plants will

operate as large emission sources within this category. The iron
and steel plant is projected to emit ∼10–13 Mt  CO2/yr in 2025 and
∼9–15 Mt  CO2/yr in 2040, with all other plants of the category (from
refineries and the other chemical sector) emitting between 1–5 Mt
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Table  5
Breakdown of total industrial CO2 emissions by CO2 emission size. Sources: Own  estimates based on ECN/PBL (2010) and ER (2011).

Average CO2 emissions within the categories (kt CO2/yr/plant) Total CO2 emissions covered by the categories (kt CO2/yr)

>1000 100–1000 100–10 <10 >1000 100–1000 100–10 <10

2008 3780 265 35 4 34,000 10,075 3700 465
2025
BaU  4740 320 40 4 41,250 11,785 4260 560
BPT/EME 4200 310 40 4 35,350 8770 4160 630
2040
BaU  4800 325 40 4 43,325 12,700 4240 590
BPT/EME 4720 345 40 4 37,800 9000 4140 660
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p.a. (no CCS) to 0.5 ± 0.3% and 1.3 ± 0.2% p.a. in 2025 and 2040,
respectively. The magnitude of additional CO2 emissions mainly
depends on the total energy requirements of CCS (and the related
Fig. 4. Distribution of CO2 concentration in flue gas as a function of the

O2/yr. Accounting for the plants within the 100–1000 kt CO2/yr
ategory also (on average 0.2–0.4 Mt  CO2/yr/plant), we  cover 90%
f Dutch industry’s total emissions. Industry’s emission structure
ill remain similar to the current situation and sectors which cur-

ently have the largest share of industrial emissions will remain so
n 2025 and 2040. The majority of the CCS potential will remain in
nergy and carbon intensive sectors.

Average CO2 concentration in the flue gases of the seven indus-
ry sectors analyzed will range from 5% to 85% in 2025 and from
% to 95% in 2040 for both scenarios (Fig. 4). In the other chemical,
aper and food sectors, most industrial process heat is provided
y CHP plants with low CO2 concentration in the flue gas (3–10%;

PCC, 2005) and the remainder by stand-alone steam boilers with
 slightly higher concentration (7–14%; IPCC, 2005). We  estimate
hat in 2025 and 2040, 50–55% of the total industrial CO2 emis-
ions will be emitted at a CO2 concentration below 10%, requiring
ore expensive capture equipment and higher O&M and energy

osts compared to high concentration sources. In comparison, high
urity sources (>50%) account for about 4–5% of the total emis-
ions in 2025. However, their share could increase to 40% in 2040
f advanced smelt reduction process with high CO2 concentration
n its off-gas replaces the blast furnace for iron making. By com-
ining the information on the size of the emission sources (cut-off
riteria, >100 kt CO2/yr/plant) and the CO2 concentration (cut-off
riteria, >10%), we estimate approximately ∼26 Mt  CO2 emissions
hich would be available for capture in the short and long term

ccording to both scenarios.
.3. Dutch industry’s CO2 emissions: energy efficiency and CCS

We  estimate CO2 abatement costs of 100–163 D /t CO2 in 2025
nd 71–93 D /t CO2 in 2040 for the total Dutch industry for CCS
 cumulative direct CO2 emissions of the Dutch industry at sector level.

technology (see Fig. 5)16. In addition to the CO2 emission savings
achievable by improving energy efficiency of 18 ± 11 Mt  CO2/yr
(2025) and 28 ± 8 Mt  CO2/yr (2040) according to the BPT/EME sce-
nario, CCS offers further potentials of 33–36 Mt  CO2/yr in 2025 and
38–42 Mt  CO2/yr in 2040 (accounting for the additional CO2 emis-
sions from the energy requirements of CCS). This is equivalent to
about 85% emission reductions compared to the frozen efficiency
level. About 40% of the reductions would originate from improv-
ing energy efficiency and the remaining 60% from CCS. In 2040,
by improving energy efficiency and deploying CCS in all indus-
trial processes Dutch industry can reduce its total emissions by 80%
compared to 1990 levels. This is much higher than the 2040 goals
of the EU roadmap (59–64%).

While CCS can make important contributions to emission reduc-
tions, a total of 10–13 Mt  (2025) and 6–9 Mt  (2040) CO2 emissions
will be generated due to energy requirements of capturing, trans-
porting and storing CO2 for the BPT/EME scenario (see Fig. 5). These
additional emissions are about 25 ± 4% of the total captured emis-
sions in 2025, but they could decrease to 15 ± 2% by 2040. The
additional CO2 emissions generated are 64% and 27% of the total
emission reductions achieved by improving energy efficiency in
2025 and 2040, respectively. This would reduce total industry’s
annual primary energy efficiency improvements from 2.0 ± 0.5%
16 These values refer to weighted average of all industry sectors in the Netherlands
by  accounting for each sector’s total abated CO2 emissions and their costs. The low
and high ends of this range refer to whether CHPs and steam boilers/power plants
provide the energy requirements of the CCS technology, respectively.
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Fig. 5. Total direct CO2 emissions of the Dutch industry based on the results of the BPT/EME scenario with a breakdown by emission savings from improving energy efficiency
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basic metal sector in 2040.
These two sectors are followed by refineries with CO2 abate-

ment costs estimated at 119–180 D (2025) and 89–120 D (2040)
nergy efficiency indicated with white bars) by size of the emission sources (see 

iability  at sector level (i.e. CO2 abatement costs below the CO2 price, see Table 6). T
or  the additional emissions from CCS which are also displayed separately in the fig

mprovements), but also on the deployment of CCS in the power
ector (i.e. decarbonising power sector) (see Table 2) and the devel-
pments in technologies to supply the energy requirements of CCS
i.e. CHP or boiler/power plant) (Fig. 5).

In our model, we assume that CCS technology will be first
eployed in the power sector (between 2008 and 2040) that leads to
CS capital and O&M costs reductions (van den Broek et al., 2009).
owever, if CCS does not deploy in the power sector, CO2 abatement
osts in 2040 could be 10–17 D /t CO2 higher (assuming lower capi-
al and O&M cost reductions of 25% and 10%, respectively and power
eneration emission intensity of 0.07 t CO2/GJe)17. In contrast, with
igher learning rates (i.e. capital and O&M cost reductions of 65%
nd 25%, respectively) abatement costs could be lower by up to 12

 /t CO2.
We  now present the CO2 abatement costs and the contribu-

ion of CCS technology to emission reductions at sector level. In
ost sectors, CCS accounts for a lower share of the total CO2 emis-

ion reduction potentials in 2040 (25–50%) as compared to 2025
50–75%) since energy efficiency potentials are higher in 2040. CCS
ould play an important role in the fertilizer and the basic metal
ectors in 2040 by accounting for more than 75% of their emission
eduction potentials. Due to large share of emissions which orig-
nate from raw material use, energy efficiency improvements do
ot offer large potentials. We  estimate the lowest abatement costs

or the fertilizer (∼32 D /t CO2 and ∼25 D /t CO2 in 2025 and 2040,

espectively), and the basic metal sectors (55–104 D /t CO2 and ∼42

 /t CO2 in 2025 and 2040, respectively) (see Table 6). In the fer-
ilizer sector, more than 90% of all CO2 emissions originate from

17 The higher end of this range excludes the iron and steel plant and high purity
ources which we do not estimate their costs based on these learning rates because
ata is separately available for 2025 and 2040 (see Section 2.3). These plants account
or  about 35% of the total industrial CO2 emissions in 2040 according to BPT/EME
cenario.
6 for the categories), CO2 concentration at sector level (see Fig. 4) and economic
rs representing ‘Net emissions: energy efficiency and CCS scenario’ already account

feedstock used to synthesize ammonia which is of high purity.18

Early opportunities for CCS exist in the plants of the fertilizer sec-
tor as abatement costs are below IEA’s CO2 price of 51 D /t CO2 (IEA,
2010). This is equivalent to 2 Mt  abated emissions in 2025 and 2040.

In 2025, the estimated CO2 abatement costs of the basic metal
sector (55–104 D /t CO2) are slightly above the CO2 price in 2025.
Capturing these emissions which are dominated by a single iron and
steel plant (∼95%) would add another 10 Mt  CO2 emissions abated.
According to the BPT/EME scenario, we assume that iron would
be produced by the smelt reduction process which has a high CO2
concentration in its off-gas close to pure stream compared to the
BFG with on average 25% CO2 concentration19. This change, along
with other improvements in CCS, reduces the sector’s abatement
costs by 7–62 D /t CO2 between 2025 and 2040. If an improved blast
furnace remains in operation, we re-estimate the abatement costs
as 50–95 D /t CO2 based on chemical absorption or the membrane
technique (Kuramochi et al., 2012). Although these costs are higher
compared to the case of smelt reduction, CCS could still be consid-
ered as an economically viable technology in 2040. In total, about
16 Mt  CO2 emissions could be abated below the CO2 price from the
18 Currently, steam export from nitric acid production (high pressure) is typically
utilized in steam turbines for power production (EFMA, 2000); however, we assume
that some of this steam could also be used as heat source in sector’s other production
processes. In future, we assume that sector’s all heat and electricity demand could be
met  by steam export from nitric acid production (for ammonia, urea and ammonium
nitrate production processes). As a result, natural gas is required only as feedstock
for  ammonia production.

19 From an energy point of view, smelt reduction consumes 20% less energy com-
pared to the blast furnace (based on de Beer et al. (1998)). However, the coal input,
thereby the CO2 emissions per tonne of hot metal are about 10% higher compared
to  the blast furnace in the Netherlands (CBS, 1990–2008; Kuramochi et al., 2012).
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Table  6
CO2 abatement costs (in D /t CO2) and overview of abated emissions (in Mt  CO2/yr) at sector level for the results of the BPT/EME scenario compared to frozen efficiency.

CO2 abatement costs CO2 abated: Energy
efficiency

CO2 abated: CCS
(=captured − additional)

Net emissions (=frozen − energy
efficiency − CCS)

2025 2040 2025 2040 2025 2040 2025 2040

Basic metal 55–104 42 2 3 9–10 16 4–5 1
Other chemical 124–199 95–132 10 16 14 14 7–8 7
Fertilizer 32 25 0.3 0.5 2 2 0.3 0.2
Refineries 119–180 89–120 4 4 7 6–7 3 2–3
Paper 156–237 122–152 0.4 2 1 1 1 0.4
Food  143–210 120–150 1 2 1 1–2 1 1
Building materials 146–217 115–143 0.4 0.6 0.4 0.4 0.2 0.2
Total  100–163 71–93 18 28 33–36 38–42 16–18 10–13
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ote: Data in italics represent uncertain results due to lack of data availability on co

er tonne of CO2 (Table 6). Approximately, two-thirds of the sec-
or’s emissions are from process heaters/boilers (40–45% of the
ector’s total emissions) and CHPs (20–25%) which are abated at

 cost above 140 D /t CO2 due to low CO2 concentration in the flue
as and the small size of the emission sources (CBS, 1990–2008,
011b). Sector’s remainder emissions are abated at 60–100 D /t
O2 from hydrogen production (∼30%) and the catalytic cracking
rocess (∼3%) with an average CO2 concentration of 15% and 19%,
espectively. CCS in refineries offers a further economically viable
pportunity in the long term (2040) where a total of 6–7 Mt  CO2
missions could be abated.

For the other chemical sector, we estimate abatement costs of
25–199 D (2025) and 95–132 D (2040) per tonne of CO2 (Table 6).
lthough sector’s emission sources are large (total of 19 plants
over 90% of the sector’s total emissions with an average above
.1 Mt  CO2/yr/plant), process heat demand of the sector is pro-
ided by small size CHP plants (40–45% of total CO2 emissions) and
umerous process heaters/boilers (55–60%) which are both esti-
ated to have high abatement costs20. However, for the sector’s

ix steam crackers, CCS offers economically viable opportunities in
he long term at an abatement cost of approximately ∼80 D /t CO2
i.e. 3 Mt  CO2 abated). Both in the short and long term, ∼0.1 Mt  CO2
ould be abated from the two ethylene oxide plants at an abatement
ost of ∼25 D /t CO2.

For building materials, paper and food sectors, abatement costs
re 110–150 D /t CO2 in 2025 and 2040 (Table 6). This is due to the
mall size of these emission sources and the numerous small size
HP plants which provide process heat (CBS, 2011b).

In total, economically viable CCS can abate up to 2 Mt  CO2/yr in
025, and as high as 20–26 Mt  CO2/yr by 2040 (Table 6). This also
oincides with our earlier finding of 26 Mt  CO2 emissions which
re available for capture in the long term (cut-off criteria: emission
ources >100 kt CO2/yr/plant and CO2 concentration >10%, Section
.2). Compared to all industrial emissions which could be abated by
CS (33–36 Mt  CO2), economically viable opportunities are equiv-
lent to 5%. In the long term, this share could increase to 50–60%
hich we regard as the economic potentials of CCS.

We estimate that economic potentials of energy efficiency and
CS can together reduce total industrial emissions by 40–49% below
990 levels in 2040 under IEA’s 450ppm scenario CO2 price levels.
hese reductions are below EU’s goals of 59–64% (EC, 2011). Indus-

ry would emit a total of 49 Mt  and 25–31 Mt  CO2 in 2025 and 2040,
espectively (see last row in Table 6). Most emission reductions in
025 will be from improving energy efficiency. The contribution

20 In 2008, other chemical sector owned a total of 53 CHP plants which had a total
lectricity generation capacity of 1423 MWe. This is equivalent to 26 MWe per plant.
ased on the annual operation rates of CHP plants in the sector (i.e. 67% in 2008),
hese plants emitted on average 87 kt CO2/yr (CBS, 2011b).
8 2 20–26 49 25–31

 energy efficiency technologies.

of energy efficiency technologies will be 50–60% in 2040 and the
remaining reductions will be from CCS technology. CCS technology
would, however, increase the total energy use of the four sectors
by 20% to 32% and would consequently reduce the annual energy
efficiency improvement rates of the total industry from 2.0 ± 0.5%
to 1.6 ± 0.3% p.a. for 2008–2040.

3.4. Comparison of the potentials of energy efficiency and CCS

Improving energy efficiency can reduce Dutch industry’s total
energy costs by approximately 10.0 billion (i.e. 10,000 million) D /yr
in 2040 compared to the frozen efficiency (see Table 7). Net reduc-
tion in energy costs, after accounting for the additional energy costs
of CCS and the electricity revenues, is in the range of 1.8 billion
D /yr in 2040. For the total CCS chain, we  estimate total costs of
2.8–3.9 billion D /yr in 2040. The benefits from improving energy
efficiency would be partly consumed to cover the additional costs
of implementing energy efficiency technologies and especially CCS.

4. Discussion

In Section 4.1, we  discuss our findings by comparison to other
literature and in view of the sensitivity analysis results. We  then
provide a critical discussion of our methodology in Section 4.2.

4.1. Discussion of results

Our CO2 avoidance cost estimates are similar to the findings of
studies which analyze specific plant configurations in detail. Our
estimates for refineries at 109–170 D and 79–110 D /t CO2 com-
pare well with the findings of van Straelen et al. (2010) (90–120
D /t CO2). However, we  estimate slightly higher costs than Berghout
et al. (2013) for two  Dutch refineries (i.e. 76–117 D /t CO2 in 2025
and 69–98 D /t CO2 in 2040) since while we assume a single CCS unit
for each emission source, Berghout et al. (2013) model large scale
CCS configurations to capture CO2 from various processes simul-
taneously (e.g. hydrogen unit and CHP). For hydrogen production
process, Meerman et al. (2012) estimate CO2 avoidance costs of
37 D /t CO2 for the short term (capture from between the water
gas shift reactor and the pressure swing adsorption unit which
accounts for 60% of the total plant emissions). Based on slightly
higher energy prices and by capturing all CO2 emissions from the
process, we estimate avoidance costs of 61 D /t CO2 for 2025. Our
short term estimates for the iron and steel sector (39–94 D /tCO2)
are slightly higher than the findings of Kuramochi et al. (2012)
(41–64 D /tCO2) which is due to higher energy prices of our model

as well as the different energy supply configurations for the CO2
capture units. Kuramochi et al. (2011) estimate avoidance costs of
100–120 D /t CO2 for small scale (<0.3 Mt  CO2/yr) refinery gas and
natural gas industrial furnaces/boilers which matches our findings
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Table 7
Comparison of the benefits, costs and potentials of energy efficiency and CCS (total industry). Results are based on the BPT/EME scenario and compared to the frozen efficiency.

Energy efficiency CCS Energy efficiency & CCS

2025 2040 2025 2040 2025 2040

Total benefits (all sectors)a (billion D /yr) 5.6 10.0 – – 5.6 10.0
Total  net costs of CCS (all sectors)b (billion D /yr) ? ? 3.7–5.6 2.8–3.9 ? ?
Total  energy costs (billion D /yr) ? ? 1.8–3.2 1.1–1.9 ? ?
Total  other costs (billion D /yr) ? ? 0.8–2.6 1.0–2.1 ? ?
Total  electricity revenues (billion D /yr) ? ? −0.8–2.4 −1.0–0.8 ? ?
Total  CO2 abated (all sectors) (Mt  CO2/yr) 18 28 33–36 38–42 51–54 66–70
CO2 abatement costs (all sectors) (D /t CO2) ? ? 100–163 71–93 ? ?
Total  CO2 abated (economic potentials) (Mt  CO2/yr) 18 28 2 20–26 20 48–54

Note: Question marks indicate the results which were unavailable and data in italics represent uncertain results due to lack of data availability.
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a Benefits are estimated by multiplying the total reductions in the total fuel and e
b Total net costs = energy costs + other (i.e. capital, O&M) costs − electricity reven

or the chemical sector and refineries. Despite similarities of our
ndings with other studies, our bottom-up estimates, particularly

or the long term, are subject to uncertainties due to background
ata and assumptions.

We  quantify the effects of the variations in the parameter values
ver the CO2 avoidance costs for 2040 (61–83 D /t CO2) (see Fig. 6).
O2 avoidance costs change by ±15% when the discount rates and
nergy prices are varied by ±50% and ±35%, respectively. Varia-
ions in the capital (±25%) and O&M (±70%) costs of CCS have ±10%
ffect over the avoidance costs. When the power-to-heat ratios of
HP plants are varied by ±45%, the costs change by ±13% due to the
hanges in the amount of electricity sold to or bought from the grid.
ther parameter values have less than ±5% effect over our findings.
s a result of variations in parameter values, CCS could also be eco-
omically viable for all plants of the chemical sector. In this case,
utch industry’s total CO2 emission would be 65–70% below 1990

evels which is sufficient to meet EU’s 2040 goals (59–64%). This
ould reduce the primary energy efficiency improvements further
own to 1.3 ± 0.2% p.a.

Estimated CO2 abatement costs for the total industry decrease
y about 30–40% between 2025 (100–163 D /t CO2) and 2040
71–93 D /t CO2). The decrease in capital and O&M costs due to tech-
ological learning and the lower energy requirements contribute

o half of this decrease. The other major factor is the CCS technology
pplied in the iron and steel sector which consumes minor quanti-
ies of electricity and no heat while capturing substantial amounts
f CO2 (Kuramochi et al., 2012). Moreover, the sensitivity analysis
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ig. 6. Sensitivities of the CO2 avoidance costs to the changes in parameter values (in %) 
city use of the Dutch industry (Saygin et al., 2013) with the energy prices (Table 3).
ll related to capturing, transporting and injecting CO2).

showed that abatement costs are to a large extent determined by
the energy costs. To deploy economically viable post-combustion
CCS, less energy-intensive capture processes using advanced sol-
vents will be required. Finally, research and deployment of CCS in
both the power and industry sectors are necessary worldwide to
accelerate technological learning.

4.2. Discussion on other uncertainties and limitations of the
methodology

Based on sensitivity analysis results, we regard our model use-
ful to assess the potentials of CCS at sector level and to generate
first order estimates of the abatement costs for the total industry.
However, our model and analysis could be further improved, in
particular since the developments in other sectors of the economy
(power, transport) and within the global industry are excluded.
Accounting for these would broaden the uncertainty ranges which
are currently based on the techno-economic components of our
model only. Hence such developments could substantially change
our results. We  discuss these along with their potential effects in
more detail below:

• Having in focus on the Dutch industry sector only, our study

considers to a limited extent that the industry sector is glob-
alized and that many factors influence the production volume
and where it will be located. In the past decades, industrialized
countries have experienced production re-location to developing

-20

-10

0

10

20

-100 -75 -50 -25 0 25 50 75 100C
ha

ng
e 

in
 C

O
2

av
oi

da
nc

e 
co

st
s 

(%
)

Change in parameter value (%)

BPT/EME + CCS  scenar io (B oiler  + PP )

Discount  rate Energy p rices
Boil er cap ita l cost Carbon  captu re  cap ita l cost
O&M cost Capacity utilization rates
CO2 concentration in flue gas CCS Tech. learning (capital cost)
CCS Tech. le arning (O &M)

Defau lt  value  te sted: 
83 €/t CO2 avoided

expressed as a percentage deviation from the original model output for year 2040.



of Gre

•

•

•

•

•

D. Saygin et al. / International Journal 

countries due to loss of competitiveness (e.g. increasing energy
prices, high transportation costs). Similar to the cement sector
in our model, other Dutch industry sectors may  also experience
similar trends (e.g. iron, chemicals) in future due to similar rea-
sons and also from additional cost burdens of climate policies.
Such interactions are excluded from our model but they could
strongly influence the costs and deployment of energy efficiency
and CCS technologies as well as the production volumes. More-
over, in view of EU’s long term emission reduction goals, further
scenarios on the development of production volumes should be
analyzed and the impacts on industry’s CO2 emissions should be
assessed.
Given the fact that energy efficiency and CCS technologies are
not sufficient to reach EU’s long-term CO2 emission reduction
goals, renewable energy technologies are required to close the
gap. To take this into account, our model needs to be extended by
assessing the economic viability of process heat generation from
biomass-fired boilers and solar thermal and geothermal heat
technologies. Under high CO2 prices and favourable energy prices,
renewable energy technologies could be economically viable
and contribute to reaching EU’s emission reduction goals. Based
on their abatement costs and reduction potentials, investing in
renewable technologies could gain more priority, thereby leav-
ing less need to energy efficiency and CCS technologies compared
to their potentials estimated in this study. Similar developments
could also be the case in the power sector. This would impact the
cumulative investments of the CCS technology and the capital
cost reductions. More combinations including renewable energy
technologies at regional and global level should be investigated
by developing further scenarios.
While we assumed 45% reductions in capital costs of the capture
units, reductions could be from as low as 18% to as high as 70%
based on observed learning rates of FGD units (van den Broek
et al., 2009). The size of industrial emission sources is smaller
compared to those of the power sector and they vary with respect
to their flue gas composition. This may  require tailored CO2 cap-
ture units. In view of these uncertainties, capital cost reductions
could be different than what we assumed impacting the economic
viability of CCS in the long term. Furthermore, a more detailed
analysis differentiating between CCS in the power sector only as
opposed to the combined implementation of CCS in the power
sector and in industry would help to gain better insights into the
potential technological learning for CCS.
Our long term energy efficiency analysis is simplified since we
assumed that all plants will implement BPTs by 2025 and new
and emerging technologies by 2040 without modelling the incre-
mental technology transition between the two  levels. For some
industry sectors, information on new and emerging technologies
was available; while for others only old information had to be
used (see Saygin et al. (2013) for a detailed discussion). With
more cost and performance data of new and emerging technolo-
gies, the abatement costs of energy efficiency technologies could
be estimated in a more reliable manner.
We quantified the energy efficiency potentials at sector level and
approximated our findings to individual plants. For CCS, we  col-
lected data from literature referring to specific processes and
applied them to the entire sector. The long term abatement cost
estimates of the CCS technology need to be improved and our
assumptions need to be refined by more plant and process specific
analysis, thereby accounting for different process configurations
and site specific issues such as space availability or process inte-
gration potentials.

We estimated the economic potentials based on a CO2 price ceil-
ing according to IEA’s 450ppm scenario. While the short term
CO2 price of this scenario is similar to other literature (see Tol,
2012), the long term price may  be too low compared to the
enhouse Gas Control 18 (2013) 23–37 35

scenarios of other studies which similarly seek to stabilize global
CO2 emission concentration in the atmosphere at 450 ppmv

(200 D /t CO2; van den Broek et al., 2011). Differences in the
background assumptions explain the variations in price levels
across studies, such as GDP and population growth, discount
rates, sectoral developments, energy prices, technological learn-
ing, potentials of mitigation options and different policy settings.
Improved modelling based on the aforementioned suggestions
and comparisons of our estimates to the CO2 price levels deter-
mined by other models will improve our findings.

• We exclude the limitations in CCS deployment related to spatial
differences in CO2 storage availability. Given the potential com-
petition for storing CO2 and the limitations in storage availability
(e.g., Damen et al., 2009), this issue requires special attention in
future research and can be overcome by geographic information
system (GIS) type modelling.

5. Conclusions

In this study, we modelled and analyzed the potentials of
improving energy efficiency and CCS for the Dutch industry. Our
analysis shows that improving energy efficiency alone (25 ± 8%
reductions compared to 1990) will not be sufficient to reach sub-
stantial CO2 emission reductions in the long term. In the short term,
economically viable early opportunities for CCS exist in the fertil-
izer sector. With moderate technological developments, long-term
opportunities exist also in the iron and steel sector, refineries and
in several plants of the sector “other chemicals”. By implementa-
tion of economically viable potentials of CCS in these sectors, and
by improving energy efficiency in the entire industry, total indus-
trial emissions in the Netherlands could be 39–47% lower in 2040
compared to the 1990 levels with a CO2 price assuming 92 D /t
CO2 according to IEA’s 450ppm scenario. However, these potentials
are not sufficient to reach the long term EU goals. Economically
viable CCS requires worldwide simultaneous deployment in the
power and the industry sectors, thereby making best possible
use of the technological opportunities. Industrial CCS can con-
tribute to large reductions in CO2 emissions as aimed by the EU
for the long term; however, industrial energy use would increase
and could reduce annual energy efficiency improvement rates in
the Netherlands from 2% to 1.3–1.6% p.a. This is equivalent to an
increase in industrial energy consumption of 11–22% (or 70–145 PJ)
by 2040, compared to the energy efficiency scenario excluding the
implementation of CCS. This is an important trade-off to consider
in designing future climate and energy policy. Given the concerns
about security of energy supply, the energy penalty of CCS may
limit its deployment, next to other barriers (e.g. public perception).
The successful transition to a low-carbon Dutch industry will hence
require a combination of renewable energy technologies alongside
energy efficiency and CCS as well as a mix  of policies to ensure
the deployment of these technologies. Therefore future modelling
efforts should investigate and include the potentials of all meas-
ures, namely energy efficient breakthrough technologies which are
not covered in this analysis, renewable energy technologies and
material efficiency.
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