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1. Introduction 

1.1. Background  

Industrial production is driven by society’s demand of fuels, chemicals and materials. Raw 
materials are transformed into products, generally to be disposed of. The often-called “linear 
economy” pattern is based on the assumption that resources are abundant, available, easy to 
source, and that waste is cheap to dispose (EC, 2014). However, the “take – make – dispose” 
pattern has resulted in unsustainable levels of consumption and emissions.   

In 2015, fossil fuels accounted for more than 80% of the world total primary energy supply1 
(IEA, 2017a). Industry and transportation, together, represented circa 60% of the world total 
final energy consumption2 (IEA, 2017b). In the industrial sector, the chemical and 
petrochemical sector remains the largest energy user, with a 28% share of the final energy 
consumed in 2014 (IEA, 2017c). In the transport sector, road transport has the largest share 
(75%) of the final energy consumption (IEA, 2017b). Furthermore, passenger transport is the 
only sector that has shown increasing energy intensity in the last 15 years (IEA, 2016).  

Besides the long-term availability issue, the chemical, petrochemical and road transport 
sectors contributed to circa 20% of the global greenhouse gas (GHG) emissions in 20123 (Fig. 
1.1, Ecofys, 2016). In line with its increasing energy intensity, the transport sector is the only 
major sector with growing GHG emissions since 1990 (EC, 2017a).  

  Source     Sector Greenhouse gas 

Fig. 1.1. World greenhouse gas (GHG) emissions flow chart in 2012. Total GHG emissions worldwide = 51 840 
Mtonnes CO2-eq (based on Ecofys, 2016). Direct emissions examples are: In the agricultural sector cows and 

other livestock emit tons of methane (CH4) by passing gas each day; Land Use Change due to cutting down trees 
for logging or agriculture releases CO2 stored in the biomass; Organic matter in landfills emits tons of methane 

(CH4) each year. 

The increase in atmospheric concentration of GHGs -emitted mainly through fossil fuel 
combustion- is the most significant driver of the observed climate change since the mid-

                                                 
1
 In 2015, 571 EJ were supplied worldwide (IEA, 2017a) 

2
 In 2015, 393 EJ of energy were consumed worldwide (IEA, 2017b) 

3
 In 2012, 51 840 Mtonnes CO2-eq of GHG were emitted worldwide (Ecofys, 2016) 
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20th century (IPCC, 2013; IEA, 2017d). In order to combat climate change, during the 21st 
Conference of Parties in Paris, 195 countries agreed to limit the temperature rise “well below 
2°C above pre-industrial levels” (UNFCCC, 2015). To avoid reaching the 2°C threshold with 
a more than 66% chance, global GHG emissions must therefore be 40-70% below 2010 levels 
by 2050 and reach zero around 2080-2100 (Rogelj et al., 2015). To achieve these mitigation 
targets, it has been estimated that a third of oil reserves (2500 EJ) and a half of gas reserves 
(3600 EJ) should remain unused from 2010 to 2050 (McGlade and Ekins, 2015). 

Identifying alternative carbon sources can be crucial to address these concerns derived from 
the large-scale use of fossil fuels. This dissertation investigates the development of novel 
production processes that do not rely on fossil resources, while still delivering the amounts of 
fuels and chemicals to maintain or improve current living standards. 

1.2. Waste as an alternative source to fossil carbon 

Fossil fuels are still the most common sources of carbon used in production processes but 
other alternatives may provide a more sustainable carbon source. These alternatives range 
from biomass (Moncada et al., 2018; Gerssen-Gondelach et al., 2014; Damartzis and 
Zabaniotou, 2011), municipal waste streams (Berge et al., 2011; Zaman, 2009) or industrial 
waste streams (Yu et al., 1998; Ashokkuma et al., 2013; Ravanchi and Sahebdelfar, 2014). 
Using alternative sources to fossil carbon for the production of chemicals and fuels appears to 
have a significant emission reduction potential (Bazzanella and Ausfelder, 2017)4. This thesis 
investigates the use of industrial waste streams (also including CO2 emitted in industrial 
processes) as alternative source for the production of chemicals and fuels. 

Through waste valorisation, waste streams are converted into valuable products to provide an 
additional service. The use of waste streams is explicitly included in the strategy for a 
resource efficient Europe (EC, 2011; EC, 2014). Furthermore, cascading waste streams into 
different applications fits in key elements of the circular economy5 concept (EMF, 2017, de 
Wit et al., 2018). Recent analyses suggest that the implementation of circular economy can 
cut down by half the gap between business as usual and Paris commitments (Blok et al., 
2016). However, our world economy is only 9% circular, leaving an immense “circularity 
gap” (Fig. 1.2)(de Wit et al., 2018). We still largely rely on the linear “take – make – dispose” 
pattern. Although converting waste into products is already commonly done in industrial 
recycling processes (e.g. aluminum, cardboard, paper, glass industry), it is necessary to 
explore new options that can contribute to close this “circularity gap”.  

 

 

                                                 

4
 Bazzanella and Ausfelder estimate that the production of chemical and fuels through low carbon processes allows a 98-180% reduction of 

the chemical’s sector CO2 emissions projected in 2050. Low carbon processes include further energy efficiency measures, the utilisation of 
alternative carbon feedstock (i.e. bio-based raw materials and CO2) and electricity-based processes that benefit from a progressive 
decarbonisation of the power sector. 
5
 Most accepted and employed definition: “an industrial system that is restorative or regenerative by intention and design. It replaces the 

‘end-of-life’ concept with restoration, shifts towards the use of renewable energy, eliminates the use of toxic chemicals, which impair reuse, 
and aims for the elimination of waste through the superior design of materials, products, systems, and, within this, business models” (EMF, 
2012). 
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Fig. 1.2. Today’s linear economy is largely based on a “Take-make-dispose” pattern. Our world economy is 

only 9% circular, leaving a massive “circularity gap”. Based on de Wit et al., 2018. 

Several strategies can be conceived in the transition towards circularity. As one of these 
efforts to close the circularity gap, developing novel waste-to-product technologies can 
contribute to moderate the environmental challenges related to the large-scale use of fossil 
resources in the production of chemicals and fuels.  

This dissertation therefore focuses on the investigation of novel waste-to-product technologies 
at early development stages. In particular, three knowledge gaps are explored, which are 
discussed below: the lack of understanding of the environmental performance and economic 
viability of novel waste-to-product technologies (section 1.3), the suitability of early 
assessments to evaluate the performance of novel waste-to-product technologies (section 1.4), 
and whether the increase in operational complexity in waste-to-product technologies pays-off 
(section 1.5). 

1.3. Economic and environmental performance of waste-to-product technologies  

In waste-to-product technologies, the waste stream becomes the carbon source and hence, the 
use of carbon-rich waste streams is preferred. The quality of the carbon source can be 
different, from biogenic to fossil-based carbon. Besides having diverse carbon content and 
quality, a waste stream can be gaseous, liquid or solid, and the amount of waste available can 
differ depending on the source. Furthermore, a wide range of final products can be produced, 
varying from e.g. fine chemicals and polymers, to transportation fuels.  

Regardless the differences, novel waste-to-product technologies need to fulfill three 
requirements to become widely implemented: i) they need to have a better environmental 
profile than the conventional production processes that they aim to replace; ii) they need to 
offer sufficient revenue in order to be economically viable; iii) they need to be socially 
accepted. 

At the core of the environmental performance of novel waste-to-product technologies, is the 
amount of carbon in the waste stream that can be effectively incorporated into the final 
product. This depends on the type of final product, the period of time that the carbon remains 
stored in the final product, and the end-of-life solution. For instance, when waste is utilised in 
the synthesis of polymers, carbon can be stored for several decades; when waste is the key 
feedstock for fuel production, a larger amount of carbon can be stored for days or perhaps 
months, until the fuel is combusted. 

Given the number of potential combinations, assessing all types of waste-to-product 
technologies is not achievable in a single thesis, but the evaluation of a subset of technologies 
is possible. This dissertation investigates the use of two different waste streams: industrial 
wastewater and CO2 emitted in the flue gas of industrial facilities or power plants. The study 
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of different types of waste, technologies, configurations and final products can provide 
valuable insights into the potential of waste-to-product alternatives as climate change 
mitigation options. Table 1.1 indicates the waste-to-product options explored in this thesis. 

Table 1.1. Waste-to-product alternatives investigated in this thesis. 
Item Options investigated 
waste stream industrial wastewater, CO2 from flue gases 

state of matter of the waste stream liquid, gas 

quality of the  carbon source biogenic carbon, fossil-based carbon 

amount of waste available to be converted 300-3000 kt/a 

C concentration in the waste stream 1-98% 

final product polymers, fine chemicals, transportation fuels 

amount of C effectively included in the final 
product 

3-300 kt/a 

period of time that C is stored in the final 
product 

days, months, decades 

logistics local solution, transport required 

 type of configuration simple, integrated processes, multi-output, 
cascading 

It is expected that using wastewater and CO2 as alternative carbon sources could lead to lower 
resource demand and environmental impacts. However, it is still not clear what will be the 
environmental and economic trade-offs of novel waste-to-product technologies when they are 
implemented at commercial scale. Consequently, there is a need for improving the 
understanding of the potential contribution of novel waste-to-product technologies to 
minimise resource depletion and GHG emissions while still providing a business case.  

1.4. Ex-ante technology assessment  

Quantifying whether environmental or economic benefits will be obtained when novel waste-
to-product technologies under development are implemented is not straightforward. These 
novel waste-to-product technologies are still not commercialised and therefore one challenge 
is how to project their future performance. 

Ex-ante technology assessment (ETA) aims to foresee the consequences of introducing a 
future technology (Braun, 1998; Remenyi et al., 2000). ETA enables exploring new concepts, 
contextualizing technology developments and comparing multiple alternatives (Simon et al., 
2016). This dissertation conducts ex-ante performance assessments of novel waste-to-product 
technologies including techno-economic evaluation and environmental life cycle assessment6 
(LCA). The analysis of the social aspects related to the introduction of novel waste-to-product 
technologies is out of the scope of this thesis. 

There are different stages of technology development, starting with the idea generation, 
continuing with laboratory experiments, the development of a process design, and pilot trials 
before a technology is commercialised at industrial scale. Decisions taken throughout these 
development phases determine the amounts of resource consumed, waste generated (EC, 
2017b) and therefore also on the environmental burdens (Villares et al., 2017) and costs 
(Ruiz-Mercado et al., 2012). Implementing ETA can profit from the larger freedom to make 
changes at the early-stage of development and thus potential downsides can be minimised 
(EC, 2009; Patel et al., 2012; Simon et al., 2016; Broeren et al., 2017).  

                                                 
6
 Life Cycle Assessment (LCA) is a structured, comprehensive and internationally standardised method. It quantifies all relevant emissions 

and resources consumed and the related environmental and health impacts and resource depletion issues that are associated with a product 
system. Life Cycle Assessment takes into account a product’s full life cycle: from the extraction of resources, through production, use, and 
recycling, up to the disposal of remaining waste (EC, 2010). 
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Fig. 1.3 depicts the trade-offs between data availability, design freedom, and degree of 
uncertainty during technology development (Simon et al., 2016; Broeren et al., 2017). 
Uncertainties and lack of information are important challenges when performing ETA (van 
der Spek et al., 2017a). The outcomes of an ETA should therefore not be considered in their 
absolute terms or as final result. Instead, ETA provides insights to support decision-making 
and to prioritize research focus on the most promising options (van der Spek et al., 2017b; 
Villares et al., 2017). Given the inherent uncertainty in ETA, identifying the weaknesses in 
the knowledge base allows for a transparent communication of the results. ETA could thus be 
complemented with uncertainty analysis to understand its limitations when assessing the 
performance of waste-to-product technologies at their early-stage of development.  

 

 
Fig. 1.3. Degree of design freedom, uncertainty in analysis and information content during different stages of 

technology development. Adapted from Broeren et al., 2017. TRL: technology readiness level, method of 
estimating technology maturity during the acquisition process based on a scale from 1 to 9, being 9 the most 

mature technology (DOE, 2009; EARTO, 2014).  

Specifically, for the assessment of the environmental performance of emerging technologies, 
research has already discussed the usefulness of ex-ante LCA at early-stages of development 
(Azapagic, 1999; Simon et al., 2016; Villares et al., 2017). These former studies agreed that 
ex-ante LCA can potentially identify environmental hotspots and guide further technology 
development. In these studies, laboratory-scale information was extrapolated to estimate the 
environmental performance for industrial scale practice. These prospective studies (Simon et 
al., 2016; Villares et al., 2017) were based on a theoretical future industrial scale production 
process. To our knowledge, there is a lack of studies that evaluate how distant are the ex-ante 
LCA results from the performance of a real commercialized process. Such an evaluation can 
only be done by retrospectively comparing the outcomes of an ex-ante LCA with those of a 
full LCA of the real industrial production process. 

In this context, it is relevant to improve our understanding of how useful is ETA -given its 
inherent level of uncertainty- and how capable is ex-ante LCA to project the environmental 
impacts of a commercialised process by comparing its results with those of a LCA based on 
the real commercialised production.  

1.5. Complexity in waste-to-product technologies 

Conventional technology development usually deals with a stand-alone process targeting a 
single final product and ends with waste disposal. Most ETAs disregard the interaction 
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between different processes or the role of process intensification7. The development of waste-
to-product technologies can be more complex than their conventional counterparts (Fig. 1.4): 

• Implementing waste-to-product technologies requires the collaboration of different 
stakeholders because waste is generated in a primary process (‘A’ in Fig. 1.4) and 
waste is converted in a secondary process (‘B’ in Fig. 1.4). 

• The interaction of different sectors could derive into scale mismatch issues, i.e. when 
the amount of waste generated in the primary process (‘waste a’ in Fig. 1.4) is 
different than the amount of waste that can be converted in the secondary process. 

• In some cases, the primary and secondary processes could be carried out in the same 
location; in other cases, waste will be transported to another location to be converted. 

• Conversion of waste streams could derive into a variety of co-products (‘co-product 
b1’, ‘co-product b2,’ ‘co-product b3’ in Fig. 1.4) with different market value. 

• Novel waste-to-product technologies can still generate waste (‘waste b’ in Fig. 1.4). 
Cascading waste streams in consecutive series could be an option to maximize the 
reuse of waste streams (‘C’ in Fig. 1.4). 
 

                                                 

7
 Any chemical engineering development that leads to a substantially smaller, cleaner, safer, and more energy efficient technology. It can be 

divided into two areas: i) Process Intensifying equipment, which are special designs that optimize critical parameters such as heat or mass 
transfer; ii) Process Intensifying methods, where multiple processing steps are integrated into a single unit operation or alternative energy 
sources are used (Stankiewicz and Moulijn, 2000). 
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Fig. 1.4. Increase in complexity in waste-to-product configurations.  

Compared to stand-alone processes producing only one product, increasing the configuration 
complexity could potentially result in economic and environmental gains (Moreno et al., 
2016; WBCSD, 2017). Integrated processes for waste conversion into multiple final co-
products in the same facility could benefit from synergies, such as sharing equipment and 
more efficient energy and resource use, analogous to the refinery concept. However, complex 
configurations might require further processing steps, consume extra energy, demand the 
supply of additional raw materials, or need the establishment of more elaborated logistics. 
Thus, the increase in the operational complexity of waste-to-product technologies does not 
guarantee economic or environmental gains. 

A range of different configurations can be envisioned for realising future waste-to-product 
technologies. Exploring complex configurations of novel waste-to-product technologies at 
their early development stages could help identifying whether and when the increase in 
operational complexity is paid-off by economic or environmental benefits.  

1.6. Goal of the thesis and chapters overview 

There is a need to improve our current understanding on to what extent waste-to-product 
approaches can contribute to reduce fossil feedstock demand and climate change while 
providing a business case. Careful assessments of different novel waste-to-product 
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technologies and configurations, quantifying costs and environmental impacts prior to 
commercial-scale implementation can provide insights of their potential and limitations, 
which are needed to foster the use of waste as an alternative carbon source. Eventually, this 
might enable minimising possible downsides and identify the most promising strategies.  

In consideration of the identified knowledge gaps, the overall goal of this thesis is to gain 
insights into novel waste-to-product technologies by assessing their environmental and 
economic performance at an early development stage. 

To accomplish this goal, the following research questions (RQ) are formulated: 

RQ I: To what extent can novel waste-to-product technologies offer improved economic and 
environmental performance compared to their conventional counterparts? 

RQ II: To what extent are available methodologies for ex-ante technology assessment 
adequate to evaluate the performance of novel waste-to-product technologies? 

RQ III: Does the increase in complexity in waste-to-product technologies configurations pay-
off from an economic or environmental point of view?  

To answer these research questions, several case studies were developed. In these case 
studies, novel waste-to-product technologies with different types of waste used as alternative 
source (i.e. wastewater or CO2), final products (i.e. polymers, fine chemicals or transportation 
fuels) and various levels of operational complexity (i.e. integrated systems, multi-output 
processes or cascading in consecutive series) were explored. Integrated assessments were 
performed including process design, modelling, ex-ante techno-economic and environmental 
life-cycle assessments of waste-to-product technologies at their early development stages. The 
three research questions are addressed through the chapters of this dissertation as indicated in 
Table 1.2. 

Table 1.2. Overview of the chapters of this thesis and research questions addressed 

Chapter Title 
Research 
question 
I II III 

2 
Microbial community-based polyhydroxyalkanoates (PHAs) production 
from wastewater: Techno-economic analysis and ex-ante environmental 
assessment 

x   

3 
Techno-economic and carbon footprint assessment of methyl crotonate and 
methyl acrylate production from wastewater-based polyhydroxybutyrate 
(PHB) 

 x x 

4 
Prospective techno-economic and environmental assessment of carbon 
capture at a refinery and CO2 utilisation in polyol synthesis 

x x  

5 
Closing carbon cycles: evaluating the performance of multi-product CO2 
utilisation and storage configurations in a refinery 

x  x 

6 
Potential and challenges of future energy options: Comparative assessment 
of alternative fuels for the transport sector 

x  x 

7 
Integrating toxicity and environmental assessments for innovative bio-based 
chemicals. A retrospective case study on lactic acid comparing early-stage 
and full assessment methods 

 x  

In chapter 2 wastewater from food or paper industry is converted to the polymer 
polyhydroxybutyrate (PHB) and is scaled-up based on pilot plant operation. PHB is the most 
common type of the family of polyhydroxyalkanoates (PHAs). PHAs are biodegradable 
polyesters, naturally synthesized by bacterial fermentation, which can serve as polymer 
material or as raw material for the production of chemical building blocks. In the technology 
investigated in chapter 2, industrial wastewater treatment is integrated with PHB production. 
Thus, the bacterial fermentation of wastewater produces PHB and a water effluent at the same 
quality standards of the existing wastewater treatment processes. Moreover, converting 
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wastewater from food or paper industry has the advantage of reusing biogenic carbon. Three 
downstream processes (DSP) for intracellular PHB release are designed based on laboratory 
and literature information. Ex-ante techno-economic and life cycle assessments are developed 
to identify key features of the industrial process prior to commercialisation. Wastewater-based 
PHB production shows promising results compared to traditional pure-culture PHB 
production. However, wastewater-based PHB production still needs further optimisation of 
the energy consumed during the DSP for cell release before becoming competitive with its 
petrochemical counterparts. Moreover, there are concerns on whether the quality of the final 
product PHB would be acceptable for specific applications.  

As an alternative to PHB traditional polymer use, chapter 3 investigates the direct conversion 
of intracellular wastewater-based PHB into the chemical building blocks methyl crotonate 
(MC) and methyl acrylate (MA). Thus, costs and carbon intensive DSP for cell release after 
wastewater fermentation and quality issues can be avoided. A conceptual process design, 
process modelling, economic and carbon footprint assessments of five conversion alternatives 
for wastewater-based PHB to MC or MA are performed based on laboratory data. A 
sensitivity analysis is conducted to evaluate the eco-efficiency (carbon footprint vs. total 
costs) of the PHB conversion routes when co-products are sold. Integration of wastewater 
treatment in a multiproduct system including co-products valorisation are key aspects to 
improve the eco-efficiency of the processes for PHB conversion to MC or MA. 

Chapter 4 presents a prospective assessment of CO2 capture from a hydrogen unit at a real 
refinery, and utilisation for polyols production. Only 10% of the CO2 captured from an 
industrial hydrogen unit can be utilised in a commercial-scale polyol plant. Therefore, CCU to 
polymers has limited potential for climate change mitigation from industrial sources. To 
obtain large reduction on CO2 emission, the CCU option considered in chapter 4 is combined 
with partial storage. The methodology used in chapter 4 integrates technical, economic and 
environmental models (including seven LCA indicators of a multi-functional system) with 
uncertainty analysis.  The evaluation is carried out from a system perspective including the 
CO2 source (hydrogen unit of the refinery) inside the system boundaries. The performance of 
the CO2 utilisation and partial storage system is compared with a reference case in which no 
CO2 is captured at the refinery and with a storage-only case, in which all the CO2 captured is 
stored. To allow a fair comparison, in the reference and storage-only cases, polyols are also 
produced, following the conventional route. 

Chapter 5 builds upon chapter 4. In spite of being an interesting business case, CO2 
utilisation in polyol synthesis needs to be combined with partial storage to provide significant 
CO2 emissions reduction from industrial sources. Larger amounts of CO2 can be utilised in 
the synthesis of fuels, such as dimethyl ether (DME). However, CO2 is stored for a limited 
time. In contrast to single-product CCU, chapter 5 explores the techno-economic and 
environmental trade-offs of complex configurations combining multi-product CCU or multi-
product CCU with CO2 storage. Two configurations are designed, in which CO2 is captured in 
a refinery and converted into DME and polyols, simultaneously (parallel configuration) or in 
two consecutive cycles (cascade configuration). To determine the production costs of each 
co-product, CO2 capture costs are allocated to the CO2 source or to the CO2 product, taking 
into account whether the main purpose of the CO2 capture unit is storage or utilisation. Life 
cycle climate change and fossil depletion are selected as environmental key indicators with 
special attention to the upstream contribution. 

Chapters 4 and 5 focus on CO2 capture at refineries and comparison of CO2 utilisation 
alternatives to their conventional counterparts and to CO2 storage. Chapter 6 focuses on the 
transport sector and investigates whether CO2-based fuels have an actual decarbonisation 
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effect considering the full carbon cycle. Thus, the end-of-life phase (CO2 emission from fuel 
combustion) is included in the assessment. Moreover, chapter 6 compares the relative 
performance of two CO2-based fuels (i.e. CO2-DME and CO2-methanol) and hydrogen, which 
is other alternative fuel that has the potential to decarbonize the transport sector. Chapter 6 
also identifies methodological concerns related to carbon accounting in CO2-utilisation 
options, such as the possible allocation of emissions to the different sectors involved. The 
impacts of different allocation approaches in the performance assessment of CO2 concepts are 
discussed, followed by recommendations from the perspectives of technology developers, 
policy makers and life cycle assessment practitioners. 

Unlike chapters 2 to 6, where technology assessments are carried out in detail, chapter 7 
stands as a methodological discussion chapter. The aim of chapter 7 is to evaluate the 
applicability and accuracy of the current methods that assess the performance of novel 
technologies before they are established at commercial scale. In chapters 2 to 6, the life cycle 
inventory of each novel technology investigated is generated based on a theoretical industrial 
scale, using data from laboratory experiments, pilot plants or from the literature. In contrast, 
chapter 7 conducts a retrospective study on lactic acid using information from a real 
production plant as it is currently in operation at commercial scale. A selection of the 
available early-stage assessment methods are thoroughly reviewed and implemented to the 
early development phases of lactic acid. The outcomes of the simplemented early-stage 
assessment methods are compared to those of a detailed LCA based on the present 
commercialised production of lactic acid. Hence, the usefulness and limitations of the current 
assessment methods to evaluate the performance of novel technologies can be examined. 
Additionally, chapter 7 has a special focus to the concept of “Safe and sustainable by design” 
via the integration of toxicity and environmental assessments in the early-development phases 
of novel technologies. 

To close, chapter 8 places the specific case studies in the broader context of “alternative 
sources to fossil carbon” and the potential contribution of novel waste-to-product 
technologies to provide environmental and economic gains. The higher-level goal and the 
learnings gained in chapters 2 to 7 are discussed, the three research questions are answered 
and linked to each of the case studies, and recommendations are given. 
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Abstract  

This chapter investigates the potential for polyhydroxbutyrate (PHB) production from 
wastewater, from a techno-economic and an environmental perspective, examining scale-up 
opportunities and bottlenecks prior to commercialisation. Conceptual process design, 
economic, environmental impacts and sensitivity analysis are developed for one fermentation 
process and three downstream processing routes, based on alkali, surfactant-hypochlorite and 
solvent treatments. Environmentally and cost-wise, the alkali treatment is the most favourable 
with production costs of 1.40 €/kg PHB, global warming potential of 2.4 kg CO2 eq/kg PHB 
and non-renewable energy use of 106 MJ/kg PHB. The solvent-based process yields the 
highest costs and environmental burdens: 1.95 €/kg PHB, 4.30 kg CO2 eq/kg PHB and 156 
MJ/kg PHB. The production of PHB from wastewater is identified as an interesting 
alternative to pure culture-polyhydroxyalkanoates production from sugars. However, these 
results are not yet competitive with those for the petrochemical counterparts. Additional 
performance improvements may be possible, through process integration and optimisation. 

2.1. Introduction 

Global bio-based plastic production is approximately 1400 kt/a, accounting for nearly 0.5% of 
the current worldwide plastic production capacity (European Bioplastics, 2013; Plastics 
Europe, 2013). Hence, the development of competitive industrial processes, which utilise 
renewable resources as feedstock for polymer production, can be a relevant aspect in the shift 
from a petrochemical-based chemical industry, towards a bio-based one.   

In this context, the family of polyhydroxyalkanoates (PHAs) and its most common type, 
polyhydroxybutyrate (PHB), can be an interesting alternative to investigate. PHAs are 
biodegradable polyesters, naturally synthesised by bacterial fermentation, which can serve as 
polymer material (Endres and Siebert-Raths, 2011) or as raw material for the production of 
chemical building blocks (Koller et. al, 2012). PHAs have attracted widespread interest as an 
alternative to conventional plastics due to their natural origin, biodegradability, and 
functionality. High production costs, which are estimated at 20% to 80% higher than for their 
petrochemical counterparts (Marketsandmarkets, 2013), remain a key bottleneck for their 
commercialisation. Three main factors contribute to this relative increase of the production 
costs of PHAs: i) the energy used for the sterilisation of the fermentation equipment (Van 
Wegen et al., 1998), ii) the PHA yield on the substrate, and iii) the efficiency of the 
downstream processing (DSP) (Reddy et al., 2003). In terms of potential environmental 
impacts, it is not clear whether the production of PHAs using pure culture bacterial 
fermentation shows any clear advantage compared to fossil-based polymers. The substrates 
used in the pure culture bacterial fermentation, i.e. glucose, methanol or acetic acid, 
contribute significantly to the overall environmental impacts of the process, (Patel et al., 
2005).  

In order to address these issues on higher production costs and environmental impacts, a 
microbial community engineering process for PHA production has been proposed, as an 
alternative strategy (Salehizadeh and van Loosdrecht, 2004). Instead of the traditional pure 
culture bacterial fermentation, which consumes expensive feedstocks, the novel process is 
based on the selection of a microorganisms’ populations from a variety present in the 
wastewater, which resulted in the provision of an enhanced PHA producing capacity (77% 
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dry weight). Lower production costs and decreased related environmental impacts are 
expected as the process uses substrates such as industrial waste and non-aseptic process 
conditions (Salehizadeh and van Loosdrecht, 2004). A proof-of-concept has been achieved at 
laboratory and pilot scale using separately wastewater from a paper mill, and from the food 
industry (Jiang et al., 2012; Tamis et al., 2014). The first full scale demonstration plant of 
PHAs production has been initiated by Veolia (Press release, 06-14-2013).  

In addition to an efficient fermentation process, the development of a competitive DSP 
facility to release the intracellular PHA is needed to further reduce manufacturing costs and 
environmental impacts. Based on studies with synthetic wastewater, Gurieff and Lant (2007) 
concluded that the main drawback of the mixed culture production of PHA from wastewater 
is the relatively large energy consumption within the DSP. However, their work is based on 
literature studies and only considers one DSP configuration. Several approaches have been 
described in the literature for recovery and purification of intracellular PHB after fermentation 
(Akiyama et al., 2003; Choi and Lee, 1997; Jacquel et al., 2008; Naranjo et al., 2013; Posada 
et al., 2011). The most common procedures involve the use of organic solvent, or treatment 
by chemical digestion. The use of solvent leads to improved purity and recovery yield. 
However, environmental impacts can increase if the solvent is not 100% recovered due to the 
surplus chemicals being released into the environment (de Koning and Witholt, 1997). From 
an environmental and an economic perspective, digestion with chemicals appears to be more 
attractive (Choi and Lee, 1997; Jacquel et al., 2008; Posada et al., 2011). Nevertheless, the 
thermal stability of the final product is lower, whilst in a solvent-based DSP the quality of the 
PHB is comparable to that of a commercial polymer (Jiang et al., 2015).  

The aim of this chapter is two-fold: i) to design a system for the industrial production of PHB, 
with improved economic and environmental performance, and ii) to identify specific 
processing steps that may be further improved prior to commercialisation. To aid in these 
objectives, data from laboratory and pilot plant scale, based on real effluents from industrial 
wastewater (Jiang et al., 2012; Tamis et al., 2014) is used. Whereby, one fermentation process 
and three DSP options are evaluated: two DSP routes are based on chemical treatment with 
surfactant combined with alkali or hypochlorite and the third one is based on solvent 
extraction with dichloromethane (DCM).  

2.2. Materials and methods 

An ex-ante economic and environmental analysis of the full-scale production of PHB from 
wastewater is performed in this chapter. The analysis is comprised of a conceptual process 
design, techno-economic evaluation and environmental Life Cycle Assessment (LCA). 

2.2.1. Process design 

The conceptual process design follows a hierarchical design strategy based on heuristics and 
experience, to develop the processing flowsheets. The processing units and operating 
conditions are selected from either data available at laboratory or pilot scale (Jiang et al., 
2012, 2015; Tamis et al., 2014), or from literature review. Once the processing flowsheets are 
well defined, the mass and energy balances are obtained from conducting process modelling 
in Aspen Plus software. The production capacity of PHB from wastewater deriving from a 
paper mill or the food industry is fixed at 1.5 kilotons per annum (kt/a) based on 6.8 kt COD 
(chemical oxygen demand)/a availability from wastewater and the yields reported in section 
2.2.1.1 Fermentation.  The final product purity is 99.9 wt%.  

2.2.1.1.Fermentation 

PHB is produced in an aerobic conversion reaction by a microbial enrichment culture 
according to the schemes validated at laboratory and pilot plant scale (Jiang et al., 2012; 
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Tamis et al., 2014). This microbial process consists of three sequential fermentation steps, as 
presented in Fig. 2.1a. 

 First, the organic material present in the wastewater is fermented into volatile fatty acids 
(VFA) in the acidification reactor (R-101) with a yield of 0.91 g COD/g COD (based on Jiang 
et al., 2012: CODinitial=26.3 g/L, CODend=24.0 g/L, Table 2.1). Second, the resulting VFA rich 
solution is split into two streams. One stream is directed towards the selector (R-102), a 
sequencing batch reactor operating with a solids retention time of 1 day and a cycle duration 
of 0.5 days (Tamis et al., 2014). In the selector, the enrichment of PHA producing bacteria 
(X) takes place with a biomass yield on a substrate of 0.34 g X/g COD (Tamis et al., 2014). 
The maximal biomass concentration in the selector ([X] max) is 0.5 kg/m3, based on a maximal 
biomass oxygen uptake rate (qO2) of 1 kgO2/kgXh and a maximal oxygen transfer rate 
(OTRmax) of 0.5 kgO2/m

3h ([X]max = OTRmax/qO2). A dilution flow recycled from downstream 
(R-103) avoids surpassing the maximal biomass concentration. 

The third and last step is PHB accumulation, carried out in the fed-batch accumulation reactor 
(R-103), where the content of intracellular PHB is maximized to 70 wt% (Tamis et al., 2014). 
To avoid substrate inhibition (maximal allowed substrate concentration assumed is 0.25 kg 
COD/m3), the other sub-stream of the acidification reactor product stream is continuously 
dosed during the entire batch length. The total suspended solids (TSS) concentration in the 
outlet stream of the accumulation reactor is 2.7 kg TSS/m3. To concentrate the product 
stream, the solids are separated via settling during 30 minutes at the end of the cycle (based 
on laboratory and pilot plant experience). The clarified fraction is removed from the top of the 
settler and 75% of this stream is recycled for the purpose of dilution water to the selector. The 
settled product is sent to the buffer tank (T-101) and subsequently fed continuously to the 
DSP configuration for PHB extraction and purification. 

2.2.1.1.Downstream processes (DSP) 

Three DSP routes were evaluated for the recovery of intracellular PHB. The parameters of the 
cell disruption steps are based on both literature (Dong and Sun, 2000; Jacquel et al., 2008; 
Lee and Choi, 1998) and laboratory work carried out at Delft University and Eindhoven 
University in the Netherlands. 

Case I: Alkali-surfactant 

The flow diagram of the DSP for Case I is shown Fig. 2.1b. The concentrated fermentation 
broth, containing 20 kg TSS/m3, with 70 wt% PHB, is preheated to 30°C (in H-201). The 
chemical digestion of the cell material is carried out in the alkali reactor (R-201), with sodium 
hydroxide (NaOH, 0.2 M) and sodium dodecyl sulphate (SDS, 0.2 wt/v%), and a residence 
time of 1 hour  (Jiang et al., 2015). 95% of the intracellular PHB is released (Jiang et al., 
2015) and subsequently recovered in two consecutive solid-liquid separation units. 70% of the 
total wastewater content is assumed to be removed in a hydrocyclone (C-201) and 90% of the 
remaining wastewater is removed by centrifugation (C-202). Impurities, which correspond to 
about 9% of the solid phase, are removed by washing with counter current fresh water in 
mixing tanks and centrifuges (M-301, C-301, M-302, C-302). PHB is further concentrated by 
centrifugation (C-401) and evaporation of the residual humidity in a final air drying step (D-
401). Air drying is favoured because it does not affect the thermal stability of PHB neither 
molecular weight during the melt processing, as temperatures below 65°C are implemented 
(Chen et al., 2013). A 99.9 wt% purity of the final product is obtained. 
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Fig. 2.1. Process flow diagrams. (a) WW fermentation to PHB. R-101: acidification fermenter, R-102: selection fermenter, R-103: accumulation fermenter, T-101: buffer 

tank. (b) Alkali-surfactant. H-201: preheater, R-201: alkali reactor, H-202: cooler, C-201: hydrocyclone, C-202: centrifuge, M-301: mixing tank, C-301: centrifuge, M-302: 
mixing tank, C-302: centrifuge, C-401: centrifuge, D-401: air dryer. (c) Surfactant-hypochlorite. H-201: preheater, R-201: surfactant reactor, H-202: cooler, C-201: 

hydrocyclone, C-202: centrifuge, H-301: pre-cooler, R-301: SDS crystallisation reactor, F-301: filter, R-401: hypochlorite reactor, C-401: centrifuge, M-501: mixing tank, 
C-501: centrifuge, M-502: mixing tank, C-502: centrifuge, C-601: centrifuge, D-601: air dryer. (d) DCM solvent route. C-201: centrifuge, F-201: filter, D-201: air dryer, R-
201: DCM reactor, F-202: filter, D-202: solid phase dryer, H-201: DCM evaporator, H-202: DCM condenser, R-301: ethanol precipitation reactor, F-301: filter, D-301: 

dryer, H-301: condenser, V-401: vacuum distillation.
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Table 2.1. Operational and biological parameters of wastewater fermentation towards PHB (Jiang et al., 2012; 
Tamis et. al, 2014). 

Fermenter Parameter Value Units 
Acidification Temperature 30 °C 

 Effluent COD 26.3 kg/m3 

 SRT 1 day 

 Conversion capacity 50 kg COD/m3d 

 Yield 0.91 g COD/g COD 
COD Selection Temperature 30 °C 

 SRT 1 day 

 Cycle length 0.5 day 

 OTR max 0.5 kgO2/m
3h 

 Yield 0.34 g X/g COD 

 qO2 1 kg O2/kg Xh 

Accumulation Temperature 30 °C 

 Cycle length 0.5 day 

 OTR max 0.5 kg O2/ m
3h 

 Yield 0.44 g PHA/g COD 

Case II: Surfactant-hypochlorite 

Cell disruption by chemical digestion can also be achieved by using surfactant and 
hypochlorite (Lee and Choi, 1998). The non-PHB cell material (NPCM) in the fermented 
wastewater is solubilised by sodium dodecyl sulphate (SDS) in the surfactant reactor (R-201), 
as depicted in Fig. 2.1c. Treatment conditions are 3:1 SDS:NPCM mass ratio, 55°C, and 15 
minutes of residence time based on Jacquel et al. (2008). 88% of the intracellular PHB 
(Jacquel et al., 2008) is recovered in the SDS treatment and subsequently concentrated in a 
hydrocyclone (C-201), followed by a centrifuge (C-202). The liquid phase is subjected to a 
crystallisation process (R-301) at 9°C to recover and recycle 80% of the SDS (Smith et al., 
2001). Further treatment with sodium hypochlorite (NaOCl) in a second reactor for chemical 
digestion (R-401), during 10 minutes at 30°C, recovers extra intracellular PHB in the solid 
phase. A mass ratio of 8:1 NaOCl:NPCM is used to recover 95% of the remaining PHB. The 
rest of the DSP is analogous to the alkali-surfactant route: PHB concentration by 
centrifugation (C-401), counter current water washing (M-501, C-501, M-502, C-502), 
centrifugation (C-601) and final air drying (D-601) allows the process to obtain a 99.9 wt% 
PHB. 

Case III: Dichloromethane solvent 

PHAs are highly soluble in some halogenated solvents such as dichloromethane (22.8 kg 
PHB/m3 DCM, Jacquel et al., 2007). The boiling point of DCM is 40°C, which makes its 
recovery and recycle comparatively easy and results in potential energy and solvent costs 
savings. This also permits performing DSP at milder temperatures, thus, avoiding final 
product degradation. 

Prior to an extraction step using DCM, and due to the limited solubility of PHB in water 
(7.6·10-6 kg PHB/m3 H2O, Jacquel et al., 2007), 100% water is removed from the 
fermentation product (as shown in Fig. 2.1d) by centrifugation (C-201), followed by filtration 
(F-201), and air drying (D-201). The intracellular PHB extraction is carried out in the solvent 
reactor (R-201) at 20°C with an efficiency of 86%, as observed at laboratory conditions. 
Subsequently, the solid and liquid phases are separated via a filter (F-202). Only 50% of the 
DCM in the liquid phase is evaporated (H-201), and then condensed (H-202) for recycling. 
This prevents high local supersaturation at the wall of the equipment and PHB film formation, 
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which affects product quality. Following this, ethanol is fed to the precipitation reactor (R-
301), with a mass ratio of 2 kg EtOH/kg DCM to precipitate 98% of the PHB (the solubility 
of PHB in the solvent mixture is 0.22 kg PHB/m3, Jacquel et al., 2007). The solid and liquid 
phases are then separated via the filter (F-301), the remaining solvent mixture in the solid 
phase is vaporized (D-301) to obtain a 99.9 wt% purity of PHB. In order to reduce operating 
costs and environmental concerns, DCM and ethanol are separated and recycled via 
distillation (V-401). High separation efficiency is required to reuse DCM and ethanol. Large 
amounts of energy are needed because DCM and ethanol form a homogeneous azeotrope 
(Gmehling et al., 2014). 99% purity of DCM and ethanol is reached over the top and bottoms, 
respectively by using 15 distillation stages at vacuum conditions, i.e. 0.5 bar. 

2.2.2. Economic evaluation 

The economic potential of the three process options was analysed by considering total capital 
investment, and material and energy consumption costs, which together account for the 
majority of the total production costs of PHB. Total capital expenditure was calculated using 
typical factors for delivered equipment costs (Smith, 2005). Delivered equipment costs were 
estimated from equipment manufacturers’ indications and using correlations based on 
individual equipment’s characteristic size (Sinnot, 2005). The calculated costs were updated 
to 2013 prices using the Chemical Engineering Plant Cost Index (CEPCI). Annual 
depreciation (��) was calculated based on the total capital (��) and the start-up material costs 
(���) with an interest rate (�) of 5% and a payback time (PB) of 20 years. See Eq. 2.1: 

�� = 
�� +���� ∙ �	
����
��


��������            Eq.2.1 

The total annual costs (TAC) were estimated using Eq. 2.2: 

��� = �� + � +� + � +�      Eq.2.2 

Utilities (U) and materials (m) costs were based on consumption levels from the energy and 
mass balances and Ulrich and Vasudevan, (2006). Maintenance costs (M) were assumed to 
account for 3% of the total fixed capital costs and the labour costs (L) were assumed to be 
10% of the total annual costs (TAC) (Peters et. al, 2003). 

Furthermore, the wastewater generated in any factory has to undergo a wastewater treatment 
(WWT) process (which causes additional costs for the attached industries). It is here assumed 
that the PHB production process developed produces water effluent at the same quality 
standards of the existing wastewater treatment process. Therefore, avoided wastewater 
treatment costs can be accounted as economic credits, which are directly deducted from the 
total annual costs. A similar approach is followed for the environmental credits in the LCA. 
These economic credits were estimated based on the treatment cost per m3 of wastewater and 
the volumetric flow entering to the fermentation tank (Ulrich and Vasudevan, 2006). No 
additional WWT costs were considered in the PHB production process since the wastewater 
effluent was already treated during fermentation and thus suitable for being returned to the 
water cycle. 

2.2.3. Life Cycle Assessment (LCA) 

An LCA was performed according to ISO 14040 and ISO 14044 standards (ISO, 2006a, 
2006b). A cradle-to-gate approach was selected for the system boundaries, including 
wastewater fermentation and PHB recovery, excluding the product use and end-of-life 
treatment. The functional unit selected was 1 kg of PHB production. 

An assessment of mechanical properties and applicability of the final product is out of the 
scope of this chapter and thus are not discussed. Despite this omission, it is important to 
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mention that the quality for thermoplastic application might not be achieved in Case I but 
reached in Case III (Jiang et al., 2015). Nevertheless, if PHB is considered as an intermediate 
for the production of chemical building blocks (e.g. methyl crotonate and methyl acrylate), its 
final quality is not considered a limiting factor.  This value chain from wastewater to chemical 
building blocks via PHB is addressed in chapter 3.  

The Life Cycle Inventory (LCI), including input and output flows of materials and energy, 
was derived from the mass and energy balances obtained from the process simulation. The 
focus of this chapter is on two impact categories: the global warming potential (GWP) and the 
non-renewable energy use (NREU). Individual impacts for materials and energy carriers were 
taken from the database ecoinvent v2.2. Combined with the inventory, the individual impacts 
when summed provided the overall impacts of each process option. Similarly as applied 
within the economic analysis, the environmental impacts that would have arisen from the 
avoided wastewater treatment (WWT) are considered as environmental credits. These 
environmental credits as well as the biogenic carbon embedded in the PHB are directly 
deducted from the total GWP and NREU following the guidelines of Pawelzik et al., 2013 
and U.S. EPA, 2011.  

2.2.4. Sensitivity analysis  

The four most critical variables and assumptions of the process designs were analysed to 
determine their influence on the techno-economic and environmental performance, and to 
identify opportunities for further improvement: i) the cell disruption efficiency obtained in 
laboratory was varied ±10%, ii) the SDS crystallisation step in Case II was removed, iii) the 
distillation of ethanol in Case III was carried out in two columns (instead of one), and iv) 
100% of DCM was vaporised after solvent extraction in Case III (instead of 50% DCM 
vaporization). 

2.3. Results and discussion 

2.3.1. Process design  

The considered DSP processes led to a final product purity of 99.9 wt% in the three cases 
investigated; however, the global PHB recovery yield was slightly different for each case, i.e. 
73.5% for Case I, 75.8% for Case II and 82.2% for Case III.  

The PHB released by chemical treatment (Cases I and II) was in solid phase and further 
purified in a 2 steps counter-current washing process, with the addition of water to remove the 
non-PHB cell material. This washing led to a PHB loss of about 10% of the released PHB. In 
Case III, PHB was extracted with DCM as solvent. The PHB in the liquid phase was 
recovered via precipitation with ethanol, therefore, no water-washing was required. 
Additionally, the overall recovery was enhanced in Case III, as the non-precipitated PHB was 
separated out at the bottoms stream of the distillation tower and recycled for further 
precipitation. No recycle loops, which could increase the recovery yield, were incorporated 
into Cases I and II. 

2.3.2. Economic evaluation 

The outcome of the economic evaluation of the fermentation and each DSP route is discussed 
in this section. The obtained results are subsequently compared to the costs associated to the 
traditional sugar-based production process of PHAs and those of the production processes 
utilising petrochemical counterparts. 

Based on the process conditions described in section 2.1, and the models and assumptions 
presented in section 2.2, the economic evaluation shows that Case I is the most cost-
competitive alternative amongst the various options designed (see Table 2.2 and Fig. 2.2a). 
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The total production costs, including economic credits, were: 1.40 €/kg PHB in Case I, 1.56 
€/kg PHB in Case II and 1.95 €/kg PHB in Case III.  

Table 2.2. Economic evaluation results. 

TOTAL COSTS (€/kg PHB) Case I Case II Case III 
Annual depreciation 0.22 0.24 0.37 

Utilities  1.30 1.08 1.82 

Materials 0.33 0.65 0.06 

Maintenance 0.01 0.01 0.01 

Labour 0.14 0.16 0.19 

Total (no WWT credits) 1.99 2.14 2.46 

Inclusion of credits  

WWT (avoided ) -0.60 -0.58 -0.51 

Total (with WWT credits) 1.40 1.56 1.95 

Costs by processing sections 

Fermentation 0.59 0.57 0.51 

DSP 1.40 1.57 1.95 
UTILITIES COSTS (€/kg 
PHB) 

Case I Case II Case III 
Electricity  0.41 0.24 0.19 

Hot water 0.11 0.16 0.60 

Steam 0.27 0.27 0.23 

Air 0.21 0.09 0.30 

Chilled water - 0.01 0.13 

CW 0.27 0.27 0.24 

Natural gas  0.01 0.00 0.01 

Solid waste - - 0.11 

Water (wash) 0.00 0.04 - 

Total (no WWT credits) 1.30 1.08 1.82 

Inclusion of credits 

WWT (avoided) -0.60 -0.58 -0.51 

Total  (with WWT credits) 0.70 0.51 1.31 
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Fig. 2.2. Economic evaluation (fermentation + DSP). (a) Total production costs. (b) Utilities costs. (c) 
Comparison with literature, different substrate, microorganism and DSP. 1.2.3.4. Choi & Lee, 1997, A.latus, 

M.organophilum, E.coli, A.eutrophus. 5.6. Akiyama, 2003, R.eutropha. 7. Lee & Choi, 1998, A.latus. 8. Posada 
et al., 2011, C. necator.9.10.11.12. Choi & Lee, 1997, A. Latus, M.organophilum, E.coli, A.eutrophus. 13.14. 

Naranjo et al., 2013, B.megaterium. 15.16. Posada et al., 2011, C.necator.17.18. van Wegen et al., 1998, E.coli, 
19.Gurieff & Lant, 2007. Mixed culture. 20.21.22. Jacquel et al., 2008, Biomer Biotechnology, Biogreen 

Mitsubishi, Metabolix. Process capacities range from 0.5 to 340 kt/a and are not harmonized in the figure. 
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In all three options, the costs attached to DSP are larger than those for the fermentation stage, 
with contributions of 70% (Case I), 73% (Case II) and 79% (Case III) (Table 2). Utility costs 
represent a major share of the total production costs: 65% (Case I), 51% (Case II) and 74% 
(Case III). The largest share in Case III is due to the distillation column used to recover DCM 
and ethanol, leading to high duties in the reboiler and condenser. 

Within the utilities (Table 2.2, Fig. 2.2b), steam costs were 14% and 12% of the total 
production costs in Cases I and II, and 10% in Case III. The higher steam costs in Cases I and 
II were due to the lower PHB recovery. Cooling water costs were similar to those of steam: 
13% (Case I), 12% (Case II) and 10% (Case III). Electricity consumption in Case I is 
observed as the most significant utility cost factor (21% of total costs) but its share is 
significantly lower in cases II and III (11% and 8%, respectively).  The variance can be 
attributed to the larger volumetric flow of the centrifuges in Case I due to the more diluted 
process streams. 

Case III was the least economically attractive option, mainly due to the high utilities 
consumption for hot water and hot-dry air. The air was applied to remove water from the 
fermentation product (95 wt%) before the extraction process with DCM since the water 
presence decreases the PHB solubility in DCM. Supply of hot-dry air accounted for 11% of 
the total costs. In Cases I and II, PHB was released in a solution, therefore, drying was not 
required. Hot water dominated the operating costs of Case III with a share of 25% of the total 
costs. 

Chemical material costs represented 16%, 31% and 2% of the total costs for the Cases I, II 
and III, respectively. The material costs in Case I were the half of the ones in Case II because 
of the relatively low price of NaOH (the cheapest of the utilised chemicals). In Case II, 
NaOCl and SDS were used. NaOCl has a comparable price to NaOH, but the price of SDS is 
three times higher. A similar amount of chemicals were used in Case I and II, but in Case III 
the make-up of solvents was minimal (1%) due to high recovery level of DCM and ethanol by 
distillation. 

The total production costs endured from the processes assessed in this chapter were lower 
than the expected price of PHA production for a scaled-up industrial biotechnology based 
process (2-4 €/kg PHB, Jacquel et al., 2008). Fig. 2.2c compares the PHA production costs 
estimated to those values reported by previous studies and by commercial processes, 
considering different C-sources, microorganisms and DSP options. 

Current industrial PHA production typically uses sugars, which can account for 23% of the 
total production costs (Choi and Lee, 1998). Wastewater as a feedstock for the mixed-culture 
bacterial fermentation is a key parameter that can explain the lower costs found in this chapter 
since sterilisation costs are negligible. Moreover, the costs of the avoided wastewater 
treatment were assigned as credits and therefore subtracted from the overall production costs. 
In Case I, the credits accounted for 30% of the total production costs, 27% in Case II and 21% 
in Case III. Economic credits are higher for Case I due to the higher volumetric flow of 
wastewater that is required to compensate its lower PHB recovery.  

Although PHB production costs from wastewater are lower compared to sugar-based 
production routes, the production costs need to be reduced further to provide a competitive 
alternative to the petrochemical counterparts. Polyethylene terephthalate (PET), for example, 
has a current market price of approximately 1.3 €/kg (Packham, 2014). It should be noted that 
production process for PET has been commercially available for many years and has matured 
towards optimum conditions. There is therefore potential for increasing the efficiency of PHB 
production via wastewater fermentation, because the current design of the industrial process is 
still at a moderately early stage of development compared to fossil resources based production 
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of PET. PET is selected as indicative benchmark because it is a polyester, as PHAs are. 
Mechanical properties of the final product are not discussed in this chapter. When the 
application of PHAs is for thermoplastic material, isotactic polypropylene should be used for 
comparison. 

2.3.3. Life cycle assessment 

The overall GWP including; fermentation and DSP stages, the credits from avoided 
wastewater treatment, and biogenic carbon, was: 2.38 kg CO2 eq/kg PHB for Case I, 2.06 kg 
CO2 eq/kg PHB for Case II and 4.30 kg CO2 eq/kg PHB for Case III. The NREU was 106, 
109 and 158 MJ/kg PHB for Cases I, II and III, respectively (Table 2.3). Results of LCA are 
shown in Figs. 2.3a and 2.3b. The environmental impacts of the fermentation step were 
relatively low compared to those induced by the DSP. The latter(s) accounted for 61% of total 
GWP in Case I, 60% in Case II and 76% in Case III. The share of total NREU arising from 
DSP was 70% in Case I, 72% in Case II and 82% in Case III. 

Table 2.3. Life cycle inventory and normalised impacts for Cases I, II and III including fermentation. 

Process Input LCI (unit/kg PHB) GWP (kg CO2 eq /kgPHB) NREU (MJ/kg PHB) 
Case I Case II Case III Case I Case II Case III Case I Case II Case III 

Nutrients (urea) (in kg) 0.25 0.24 0.21 0.79 0.77 0.68 16.37 15.87 14.03 

Nutrients (phosphate) (in kg) 0.05 0.04 0.04 0.12 0.11 0.10 2.16 2.09 1.85 

Steam (in kg) 3.11 3.02 2.67 0.70 0.60 0.60 12.30 11.92 10.54 

Electricity fermentation (in kg) 1.40 1.36 1.20 0.27 0.23 0.23 4.14 4.01 3.55 

Electricity DSP (in MJ) 10.15 7.75 25.86 1.94 1.48 4.94 30.07 22.96 76.59 

Natural gas (in MJ) 32.78 30.83 60.24 0.14 0.13 0.26 34.42 32.37 63.25 

Water  (in kg) 235.91 420.24 1175.06 0.00 0.00 0.01 0.02 0.04 0.10 

Solid waste (in kg) - - 0.66 - - -0.09 - - -1.41 

NaOH (in kg) 0.74 - - 0.88 - - 17.70 - - 

SDS (in kg) 0.02 0.38 - 0.03 0.69 - 1.13 23.14 - 

NaOCl (in kg) - 0.51 - - 0.43 - - 8.31 - 

DCM (in kg) - - 0.00 - - 0.00 - - 0.04 

Ethanol (in kg) - - 0.00 - - 0.00 - - 0.01 

WWT (avoided) (in m3) 0.20 0.19 0.17 -0.45 -0.43 -0.38 -12.56 -12.17 -10.76 

Biogenic carbon (in kg) 2.04 2.04 2.04 -2.04 -2.04 -2.04 - - - 
                              TOTAL 2.38 2.06 4.30 105.74 108.53 157.79 
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Fig. 2.3. Life cycle assessment of the three case studies (fermentation + DSP). (a) Global warming potential and 
(b) non-renewable energy usage. PET info from Liebich and Giegrich, 2010, PHA from sugars information from 

Patel et al., 2005. 

The key factors driving the environmental impacts caused by the fermentation process were 
steam use for heating the fermenters, and growth nutrients. Steam use for fermentation 
accounted for 15% of the GWP in Cases I and II, and 9% in Case III. Steam accounted for 
12% of the total NREU in cases I and II, and 6% in Case III. Urea and phosphate, the growth 
nutrients required for fermentation, represent 19% of the GWP in Cases I and II, and 12% in 
Case III. In terms of NREU, the nutrients accounted for 15% of the overall NREU in Cases I 
and II, and 9% in Case III. For all cases, the electricity consumption during DSP (assumes as 
medium voltage, produced at grid in the Netherlands) delivered the highest contribution in the 
GWP. In Cases I and II, DSP shares were 40% and 33% of the total GWP, and 73% in Case 
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III. The contribution from electricity usage to total NREU was 25% in Case I, 19% in Case II 
and 45% in Case III. 

In Case I and II, the NREU relative to the natural gas was 29% and 27% of the total primary 
energy use. Case III proved the most energy intensive since the solvents recovery by 
distillation led to additional energy demand in the reboiler. Although the share of NREU 
attached to natural gas consumption in Case III was slightly higher in relative terms than for 
Cases I and II (37%), in absolute terms it almost doubled the amount of primary energy use of 
Cases I and II (63 MJ/kg PHB in Case III, vs. 33 MJ/kg PHB in Cases I and II).  

With respect to the chemicals used, NaOH and SDS when combined accounted for 18% of the 
total GWP and 16% of the NREU in Case I. Larger amounts of SDS were used in the 
chemical treatment in Case II, consequently their associated impacts were higher, i.e. 25% 
and 26% respect to the overall GWP and NREU, respectively. In Case III, the chemicals did 
not represent a significant environmental impact because they were recovered and recycled 
with very minor losses. 

Results from the LCA indicate that the solvent treatment is the less preferred route for 
intracellular PHB release and purification. It has approximately 90% higher GWP and 50% 
higher NREU impacts than Cases I and II. In Cases I and II, the GWP was in line with that 
reported for sugar-based PHA production (2.0 kg CO2 eq/kg PHA, Patel et al., 2005) and 
analogous fossil based plastics (2.15 kg CO2 eq/kg PET, Liebich and Giegrich, 2010); 
however this is not the case for Case III. For the DSP that involves solvent, the GWP obtained 
is double that of sugar-based PHA or PET. The NREU for Cases I and II were comparable to 
sugar based PHA (81 MJ/kg PHA, Patel et al., 2005) and PET production (69 MJ/kg PET, 
Liebich and Giegrich, 2010). Cases I and II had approximately 30% and 55%, respectively 
increased NREU per kg of PHB produced, compared to 1 kg of sugar-based PHA and 1 kg of 
PET production. The NREU results following the solvent route were 95% higher than the 
sugar-based PHA, and 130% higher than the NREU required for PET production.  

2.3.4. Sensitivity analysis 

2.3.4.1.Cell disruption efficiency 

As shown in Table 2.4, sensitivity analysis was performed on the base design for each of the 
three cases. The observed efficiency of the cell disruption when taken from laboratory data 
was varied ±10% with respect to the base design. The costs (€ per kg PHB) and the 
environmental impacts (GWP and NREU per kg PHB) increased with reduced recovery due 
to a lower overall PHB yield. At a higher efficiency, more PHB was recovered, thus, the costs 
and environmental impacts decreased. The solvent route (Case III) was the least affected by 
the changes. This can be explained by the most influential factors (i.e. energy use in the 
distillation for solvents recovery) not varying under conditions of lower cell disruption 
efficiency. 
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Table 2.4. Results of the Sensitivity analysis for the disruption efficiency. 
 Case I: NaOH-SDS  Case II: SDS-NaOCl  Case III: DCM 
Parameter Base 

case 
-10% +10% Base 

case 
-10% +10% Base 

case 
-

10
+10%
%% Disruption efficiency (%) 95.0 85.5 100.0a 88-95b 79.2-85.5b 96.8-100a,b 86.0 77.6 94.9 

Overall Recovery (%) 73.5 66.2 77.4 75.8 74.2 76.0 82.2 74.4 89.2 
Depreciation (€) 0.22 0.25 0.21 0.24 0.25 0.24 0.37 0.37 0.37 
Utilities (€) 0.70 0.76 0.68 0.51 0.51 0.51 1.31 1.35 1.27 
Total costs (€) 1.40 1.53 1.34 1.56 1.74 1.42 1.95 2.00 1.90 
GWP (kgCO2 eq) 2.38 2.88 2.11 2.06 2.28 1.58 4.30 5.00 4.26 
NREU (MJ) 106 118 101 108 114 99 158 174 156 

aCell disruption efficiency was only increased 5% respect to the base case because it was already 95%. bTwo values are 
given for the cell disruption efficiency corresponding to SDS treatment and NaOCl steps respectively. 

2.3.4.2.SDS crystallisation (Case II) 

In Case II, the surfactant was recovered and recycled via crystallisation. A filter was also 
included for the separation of the crystallised surfactant from the liquid phase. The process 
was carried out at 9°C, requiring the use of chilled water in a pre-cooler. As an alternative, the 
crystallisation step can be removed, and all of the SDS would enter the process as fresh 
material. The capital and utilities costs would then be reduced by 13% and 4%, respectively; 
but material costs would increase by 22%. Thus, the drawbacks of using extra material 
outweigh the benefits in terms of investment and utilities savings. The total production costs 
would then be 3.07 €/kg PHB, doubling the base design costs. 

The GWP and NREU, both with and without SDS recovery are compared in Figs. 2.4a and 
2.4b. Although the electricity consumption dropped because no chilled water was required 
when the crystallisation step was bypassed, the overall environmental impacts increased. 
Without crystallisation, the larger amount of make-up material would result in a 90% larger 
GWP and 60% higher NREU compared to the base design. 

2.3.4.1.Distillation (Case III) 

The utilities costs in Case III were 74% of the total production costs, of which 40% is directly 
linked to the energy demand for the distillation process. Instead of one column operating at 
0.5 bar of absolute pressure, two sequential columns were considered within the sensitivity 
analysis. The first separation is performed at atmospheric pressure and the second at vacuum 
conditions (0.5 bar) to obtain the desired purity in the product streams. The process option 
with two columns did not show any benefits compared to a single vacuum column. The 
separation efficiency was lower; therefore, additional DCM was needed. The material costs 
rose from 0.06 €/kg PHB to 0.51 €/kg PHB and the annual depreciation increased by 4% due 
to the extra equipment. The total production costs increased 27%, from 1.95 €/kg PHB to 2.48 
€/kg PHB. 

The LCA results for both process options using either one or two distillation columns are 
shown in Figs. 2.4c and 2.4d. Electricity impacts decreased in the case with two columns due 
to less chilled water being required in the condenser of the vacuum column, but the impacts 
caused by DCM increased because more fresh material was used. The NREU in the two 
columns setup dropped by 15% with respect to the base design, but the GWP was 12% higher. 
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Fig. 2.4. Sensitivity analysis of LCA (fermentation + DSP). Case II with SDS recovery (base case) and without 
SDS recovery via crystallisation: (a) GWP and (b) NREU comparison. Case III with 50% DCM evaporation and 

one distillation column for ethanol-DCM recovery (base case), 50% DCM evaporation and two distillation 
columns and 100% DCM vaporised: (c) GWP and (d) NREU comparison. 

2.3.4.1.DCM evaporation (Case III) 

In the base design, only 50% of the DCM was vaporised after extraction to avoid reaching 
supersaturation in the wall of the equipment and lower product quality, due to a less 
controlled crystallisation. On the assumption that optimised large-scale equipment is used and 
all DCM is evaporated, the DSP was simplified because no precipitation with ethanol or 
distillation was necessary. On the contrary, extra energy and larger heat exchangers were 
considered due to the absolute amount of DCM passing through vaporisation, condensation 
and recycling stages, which is doubled. The product purity and recovery yield decreased to 
97.6 wt% and 81.9%, respectively. Capital and utilities costs dropped by 7% and 26%, 
resulting in 21% lower total production costs (1.54 €/kg PHB). 

Figs. 2.4c and 2.4d compare LCA results of three alternative designs for Case III: i) 50% 
DCM evaporation and one distillation column for ethanol-DCM recovery (base case), ii) 50% 
DCM evaporation and two distillation columns, and iii) all DCM vaporised. Since distillation 
is not used in this third case, chilled water and large amounts of natural gas are not necessary. 
Furthermore, the GWP decreased to negative values (-0.10 kg CO2 eq/kg PHB) due to the 
credits from the avoided wastewater treatment and the biogenic carbon embedded in the PHB 
product. Additionally, the NREU values were halved (83 MJ/kg PHB). 
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Evaporation of all DCM simplifies the DSP significantly, leading to the most promising 
alternative from both an economic and environmental perspective. However, this high-
evaporation level concept should experimentally be proven and its influence on the final 
product quality should be determined.  

2.4. Conclusions  

Results of this chapter indicate that PHB production from wastewater could become an 
interesting alternative to the expensive sugar-based PHAs production. The process benefits 
from the use of wastewater as feedstock. An integrated approach including process design, 
economic and environmental assessments identified alkali treatment for cell disruption as the 
most promising route. When compared to the alkali route, treatment with surfactant-
hypochlorite needs one additional chemical digestion step. A downstream process using 
solvent includes a distillation step for the solvent recovery, increasing the final product costs 
and environmental impacts.  
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Abstract  

This chapter assesses whether a cleaner and more sustainable production of the chemical 
building blocks methyl crotonate (MC) and methyl acrylate (MA) can be obtained in an 
innovative process in which resource consumption, waste generation and environmental 
impacts are minimized by using polyhydroxybutyrate (PHB) produced from wastewater as 
feedstock. For this purpose, conceptual process design, process modelling, economic and 
carbon footprint assessments of five conversion alternatives for wastewater-based PHB to MC 
or MA are performed. The PHB conversion step is modelled based on experimental data for 
both intracellular and extracellular feedstock. Results show that, despite the lower reaction 
selectivity of the direct conversion of intracellular PHB to MC or MA, this route is 
economically and environmentally preferred because no intensive downstream process is 
required for cell release after wastewater fermentation. The lowest total production costs are 
achieved when dry intracellular PHB is used as feedstock: 1.31 €/kg MC and 2.89 €/kg MA. 
However, the use of aqueous PHB as starting material leads to minimal carbon footprint due 
to lower energy demand: 3.25 kg CO2 eq/kg MC and 8.78 kg CO2 eq/kg MA, respectively. A 
sensitivity analysis is conducted to evaluate the eco-efficiency of the PHB conversion routes 
when the co-products methyl 3-hydroxubutyrate, crotonic acid and propylene are sold. 

3.1. Introduction 

Sustainable production of chemicals and materials is attaining widespread interest due to 
concerns associated with depletion and environmental impacts of using fossil resources. The 
exploration of alternative pathways and products is essential in the transition towards a 
sustainable economy. As a consequence, much research has focused on the production of 
renewable chemicals, materials and polymers. A particular product of interest is 
polyhydroxybutyrate (PHB), a naturally synthesised and biodegradable polymer belonging to 
the family of polyhydroxyalkanoates (PHAs) (Verlinden et al., 2007). PHAs market is 
expected to grow from 10 kt/a in 2013 to about 34 kt/a by 2018 (Markets and markets, 2013) 
as they are suitable for use in the medical/biological fields (GoodFellow, 2016) and their 
biodegradability brings added value in packaging applications (SmithersRapra, 2016). 

However, despite technological advances that have been made on PHB production, its market 
penetration has been limited by the use of expensive pure carbon sources for intracellular 
bacterial fermentation (Reis et al., 2003) and large energy requirements during the cell release 
process (Gurieff and Lant, 2007). Industrial wastewater has been considered an alternative 
raw material as it poses several advantages, e.g. it reduces waste streams, it leads to costs 
savings on feedstock production, and it may potentially lower the PHB production costs 
because non-sterile conditions can be used (Khardenavis et al., 2007). 

Pilot plant studies (Tamis et al., 2014) and commercial scale plants (Veolia, 2013) have 
already demonstrated the technical feasibility of PHB production from industrial wastewater. 
In previous chapter 2, we investigated the techno-economic and environmental performance 
of large-scale production of PHB via bacterial fermentation of wastewater. In spite of the 
promising results obtained when compared to traditional pure-culture PHB production, the 
developed processes still need further optimization before becoming competitive with 
petrochemicals, and concerns have been raised on whether the quality of the final product 
would be acceptable for thermo-plastic polymer application. Anticipating these issues, PHB 
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applications could be expanded by including those with high added value, i.e. medical 
implants, drug delivery carriers, printing and photographic materials, nutritional supplements, 
fine chemicals, and biofuels (Chen, 2009). 

This chapter aims to provide a preliminary assessment of alternative uses of PHB as a 
platform chemical and to identify potential economic and environmental bottlenecks of PHB 
conversion. Intracellular PHB obtained by fermentation of industrial wastewater is used as 
feedstock for the production of two different final products, the chemical building blocks 
methyl crotonate (MC) and methyl acrylate (MA). Since PHB is converted to MC or MA, 
quality standards for PHB polymer application are no longer an issue. After fermentation, the 
extracellular PHB can be released following different downstream processing (DSP) routes. 
Chapter 2 showed that DSP has the largest share in the production costs and the 
environmental impacts of the waste-to-PHB technologies. Therefore, in addition to investigate 
the conversion of extracellular PHB, the conversion of intracellular PHB is also explored in 
this chapter. Besides MC or MA production, the co-products obtained are also identified, to 
potentially maximise the economic profitability and minimise the carbon footprint of the 
complete value chain.  

3.2. Methods 

The feasibility of large-scale wastewater-based PHB conversion to MC or MA is investigated 
combining conceptual process design, modelling, techno-economic analysis and carbon 
footprint assessment. 

3.2.1. Process design 

A conceptual process design is developed based on literature (Spekreijse et al., 2012, 2015, 
2016; Schweitzer and Snell, 2015) and on additional selectivity values achieved in the 
laboratory of Biobased Chemistry and Technology of the department of Agrotechnology & 
Food Sciences of Wageningen University (WUR) in the Netherlands (personal 
communication with Spekreijse, WUR, November 2014 – April 2015). Process modelling in 
Aspen Plus software is used for scaling-up the plant. 

Three cases for wastewater-based PHB conversion to MC, and two cases for PHB conversion 
to MA are designed based on different starting raw material conditions (Fig. 3.1):  

i. Case I: Conversion of extracellular PHB to MC.  Cell release via alkali DSP (for DSP 
details see chapter 2). 

ii.  Case II: Conversion of intracellular PHB to MC. 
iii.  Case III: Conversion of aqueous PHB to MC. Aqueous PHB is intracellular which still 

contains 11 wt% water from the fermentation (for fermentation details see chapter 2). 
iv. Case IV: Conversion of intracellular PHB to MA via MC as intermediate product. 
v. Case V: Conversion of aqueous PHB to MA via MC as intermediate product. 
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Fig. 3.1. Value chain. (a) Methyl crotonate (MC) production via esterification of wastewater-based PHB. (b) 

Methyl acrylate (MA) production via esterification of wastewater-based PHB to MC and subsequent metathesis. 

In the five cases investigated, all PHB is esterified with methanol to MC (r3.1). The potential 
co-products are methyl 3-hydroxubutyrate (M3HB), crotonic acid (CA), propylene, carbon 
dioxide and hydroxybutyric acid (HBA) (r3.2-r3.5). MC is the final product in Cases I to III. 
However, in Cases IV and V, MC is an intermediate in the production of MA. In these cases, 
following the esterification reaction, 81% of MC reacts with ethylene in a metathesis reaction 
yielding MA (r3.6). Acrylic acid (AA) is formed from the conversion of 81% of crotonic acid 
(r3.7): 

  r3.1 PHB + MeOH    �    MC + H2O 

  r3.2 PHB    + MeOH  �   M3HB +        H2O 

  r3.3 PHB    �    CA +        H2O 

  r3.4  PHB    �   C3H6 +    CO2      +      H2O 

  r3.5 PHB    +    H2O  �    HBA 

  r3.6 MC    +    C2H4  �    MA    +    C3H6 

  r3.7 CA    +    C2H4  �    AA    +    C3H6 

Specific reaction selectivities and conversions to the co-products were assumed depending on 
the starting raw material and based on laboratory work (Schweitzer and Snell, 2015; 
Spekreijse et al., 2012, 2015, 2016; personal communication with Spekreijse, WUR, 
November 2014 – April 2015), Table 3.1.  

Table 3.1. Reaction selectivity and conversion (mol%). Based on Spekreijse et al., 2012, 2015, 2016; Schweitzer 
and Snell, 2015; with additional personal communication with Spekreijse, WUR, November 2014 – April 2015. 

Reaction 
Selectivity (%) Conversion 

(%) Case I Case II Case III Case IV Case V 
r3.1 60 54 41 54 41 100 

r3.2 8 8 31 8 31 100 

r3.3 6 12 7 12 7 100 

r3.4 26 26 13 26 13 100 

r3.5 - - 8 - 8 100 

r3.6 - - - 100 100 81 

r3.7 - - - 100 100 81 
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The calculation basis for all cases is 2.04 kt/a of intracellular PHB obtained from wastewater 
fermentation, based on 6.8 kt COD (chemical oxygen demand)/a, available from the 
wastewater of the primary industry and specific fermentation yields (chapter 2). In Case I, 
extracellular PHB obtained from intracellular PHB after DSP for cell release is used in the 
esterification. Accounting for losses during DSP, the total amount of extracellular PHB 
available for esterification is 1.5 kt/a (chapter 2). In Cases II to V, intracellular PHB obtained 
after the wastewater fermentation is directly esterified, thus avoiding losses of PHB in the 
DSP. A total amount of 2.04 kt/a of intracellular PHB is fed to the esterification reactor in 
Cases II and III (Table 3.2). 

3.2.1.1.PHB to MC. Cases I-III 

Case I: Extracellular PHB to MC 

Methanol and extracellular waste-based PHB released via alkali treatment are fed into the 
esterification packed bed reactor (R-101) in Fig. 3.2a. At 200◦C, 16 bars and with a residence 
time of 5 hours, all PHB and half of the methanol fed into the reactor are converted to the 
reaction products. MC is the main product with 60% of reaction selectivity (Table 3.1). 
Following the esterification reaction, the co-products propylene and carbon dioxide are 
separated at 45◦C in a flash unit (V-101 in Fig. 3.2a) together with 14 wt% of the excess of 
methanol after the reaction. The gases leaving the process are burned for heat recovery. In a 
second flash (V-102), methanol is recovered at 20◦C and recycled back to the esterification 
reactor R-101. 

After the removal of propylene and carbon dioxide, the remaining methanol and M3HB are 
separated at the top of a distillation column (C-101), while MC and water are recovered at the 
bottom. The distillation is carried out at 2 bars to avoid condensation temperatures below 
18◦C, which would require the use of very cold utilities in the condenser and thus result on 
extra energy costs. M3HB and methanol are separated in a second distillation column (C-102). 
Prior to the distillation, off-gas is flashed out at 50◦C in V-103 to keep the condensation 
temperature of the distillation no lower than 17◦C. Methanol has enough purity (86 wt%) to be 
directly recycled to the esterification reactor and the M3HB stream (69 wt%) is burned for 
heat recovery. Alternatively, M3HB can be sold as a co-product but this would require an 
additional distillation unit to further purify M3HB to 90 wt% purity (Table 3.5). After 
distillation in C-101, MC and water are separated via decantation (D-101) at 95◦C. MC is 
obtained at 90 wt% purity. 
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Fig. 3.2. Process flow diagrams. (a) Extracellular PHB conversion to MC. P-101: pump, R-101: esterification reactor, V-101: flash, V-102: flash, H-101: cooler, P-102: 
pump, C-101: distillation, D-101: decanter, V-103: flash, C-102: distillation. (b) Intracellular PHB conversion to MC. P-101: pump, R-101: esterification reactor, V-101: 

flash, V-102: flash, H-101: cooler, P-102: pump, C-101: distillation, V-103: flash, C-102: distillation, D-101: decanter, C-103: distillation. (c) Aqueous PHB, conversion to 
MC. P-101: pump, R-101: esterification reactor, V-101: flash, V-102: flash, H-101: cooler, P-102: pump, C-101: distillation, V-103: flash, C-102: distillation, D-101: 

decanter, C-103: distillation, C-104: distillation. (d) MC conversion to MA. R-101: metathesis reactor, V-101: flash, H-101: cooler, C-101: distillation, D-101: decanter, C-
102: distillation, P-101: pump, C-103: distillation, D-102: decanter, H-102: heater, C-104: distillation.

(a) (b) 

(c) (d) 
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Case II: Intracellular PHB to MC 

Laboratory experiments have shown that intracellular PHB can successfully be converted into 
MC (Spekreijse et al., 2015). Following wastewater fermentation, no DSP is required for cell 
release. Water is simply removed via centrifugation, filtration and evaporation. Intracellular 
PHB is fed to the esterification fluidised bed reactor (R-101 in Fig. 3.2b). HBA is produced 
through reaction five (r3.5) only when the volume ratio of water to methanol is at least 20:1 
(Spekreisje et al., 2016). In this case study, the water to methanol ratio is 5.6. Reaction five 
(r3.5) does not occur and thus, there is no HBA in the system. 

However, selectivity towards MC drops to 54%, compared to 60% in the conversion of 
extracellular PHB (Table 3.1). The process design is similar to Case I, but contrary to the 
extracellular conversion, cell material is present during the reaction. Based on laboratory data, 
it is assumed that after the reaction, 10 wt% of the cell material ends as soot and the rest is 
released in gas form. The soot is separated via filtration and undergoes solid treatment before 
disposal.  

Another difference with respect to Case I is the introduction of an additional separation step 
because the amount of CA produced in the esterification reactor is about two times larger. 
Therefore, after water is removed in the decanter D-101, the MC stream still contains 14 wt% 
of CA. An additional distillation unit (C-103) is required to separate CA as the bottoms and 
obtain MC at 94 wt% purity in the top product. 

Case III: Aqueous PHB to MC 

A volume ratio of water to methanol higher than 20 negatively affects the selectivity towards 
MC (from 60% in Case I and 54% in Case II, to 41% in Case III, Table 3.1) because HBA, 
which is not present in Cases I and II, is produced following reaction five (r3.5). Compared to 
Case II, and due to the presence of HBA, the process design includes an additional distillation 
step to separate CA and HBA as the bottoms and recover additional amount of MC in the top 
product (C-104 in Fig. 3.2c). The purity of the final product MC is 94 wt%, the same as in 
Case II. 

3.2.1.2. PHB to MA. Cases IV-V 

Following the esterification of PHB to MC, MA can be obtained via the metathesis of MC 
with ethylene (r3.6). The first part of the process (PHB conversion to MC) is the same as 
described in section 3.2.1.1. The conversion of extracellular PHB to MA is not investigated 
due to the high production costs and related environmental impacts associated to the 
production of the intermediate product MC with lower purity (90 wt% in Case I, against 94 
wt% in Cases II and III). The second part of the process is the metathesis of MC to MA. The 
same processing steps are required regardless whether the MC is produced from intracellular 
PHB (Case II) or aqueous PHB (Case III). 

The metathesis is carried out in reactor R-101 (Fig. 3.2d), at 40◦C, 1 bar and with a residence 
time of 22 hours (Schweitzer and Snell, 2015; personal communication with Spekreijse, 
WUR, November 2014 – April 2015). Dichloromethane (DCM) is used as solvent, with a 
mass ratio of 3:1 (DCM:MC). A catalyst is required for the metathesis of MC. A 
homogeneous ruthenium based catalyst (Hoveyda-Grubbs 2nd generation) is used and recycled 
with a turnover number (TON) of 322 (Schweitzer and Snell, 2015; personal communication 
with Spekreijse, WUR, November 2014 – April 2015).   

A rather complex DSP is required after the reaction in order to: (i) minimize DCM solvent 
losses and fresh material requirements because DMC poses potential human health risks 
(EPA, 2014); (ii) maximize the overall conversion of the process by recovering the non-
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reacted MC and recycling it to the metathesis reactor R-101; and (iii) obtain a final product 
with > 99 wt% MA. 

The first step of the DSP after the metathesis reaction is a flash separation (V-101 in Fig. 
3.2d), at 20◦C. The gas stream contains the majority of the propylene produced in the reaction 
between MC and ethylene and 11 wt% of DCM flowing out of the metathesis reactor. The 
remaining DCM, MA, and the unreacted MC mainly form the liquid stream. The DCM in the 
gas stream is purified via distillation of the propylene (C-101) and decantation of the water at 
5◦C (D-101). The DCM in the liquid stream is recovered at the top of the distillation tower (C-
102) together with some propylene and water. A DCM stream with 98 wt% is recycled to the 
metathesis reactor after distillation (C-103) and decantation (D-102), in which propylene and 
water are separated, respectively.  

Due to the presence of propylene gas and the low boiling point of DCM (40◦C), pressure 
distillation (8-10 bar) is implemented in the columns C-101, C-102 and C-103 to avoid 
temperatures lower than 10◦C in the condensers and therefore the use of expensive refrigerant. 

Unreacted MC is recovered as the bottoms of the distillation column C-104 and recycled back 
to the reactor. The final product MA is obtained at the top of the column C-104 at a purity of 
99.6 wt%. 

3.2.2. Economic evaluation 

The economic evaluation provides total production costs, covering capital investment, energy, 
material, labour and maintenance costs.  

Bare equipment costs are estimated from independent cost data for the process industry 
(DACE, 2014). The total investment is calculated applying typical factors for capital cost 
based on delivered equipment costs (Smith, 2005). Annual depreciation is calculated 
assuming an interest rate of 5% and a depreciation schedule of 20 years. Maintenance is 
assumed 3% of the total fixed capital costs, and labour 10% of the total annual costs (Peters et 
al., 2003). Utilities costs are based on the amounts consumed and prices calculated following 
Ulrich and Vasudevan (2006) correlations. Catalyst costs are based on the ruthenium content 
in the Hoveyda-Grubbs 2nd generation catalyst, a ruthenium market price of 1.42 €/kg  
(Johnson Matthey, 2015), and assuming that the catalyst is reused with a TON of 322 
(Schweitzer and Snell, 2015). Material costs include methanol and PHB used as raw materials 
in the esterification as well as ethylene and DCM used in the metathesis.  

Intracellular PHB is obtained as part of the bacterial fermentative wastewater treatment of the 
primary industry (Fig. 3.1). Assuming that the water effluent after wastewater fermentation 
has the same quality as the one obtained with the traditional wastewater treatment process, the 
wastewater fermentation costs are associated to the primary industry. In the conversion of 
intracellular PHB (Cases II to V), the PHB inside the bacterial cells is directly used after 
fermentation and thus, it is a free of costs feedstock. Extracellular PHB (Case I) is obtained 
after DSP for cell release and thus, the production costs of extracellular PHB are the ones of 
the DSP (1.40 €/kg PHB, chapter 2). 

3.2.3. Carbon footprint assessment 

The carbon footprint of each process alternative is estimated using a life cycle perspective 
following the guidelines of ISO 14040-14044 (ISO, 2006a and ISO, 2006b). An inventory of 
all the input and output flows of materials and energy for each case study is derived from the 
mass and energy balances obtained in Aspen Plus. The global warming potential (GWP) of 
individual material and energy carriers is taken from the database ecoinvent v2.2.  Two 
different bases for comparison are considered in this chapter. For Cases I to III, the basis for 
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comparison is 1 kg of MC. For Cases IV and V, the basis for comparison is 1 kg of MA. As 
this work is a comparative study of PHB conversion routes, a cradle-to-gate approach is 
applied. The system boundaries are shown in Fig. 3.1. Note that in Cases I to III they include 
wastewater-based PHB esterification to MC. In Cases IV and V the system boundaries also 
include MC metathesis to MA.  

Following life cycle practices, intracellular PHB is considered free of any environmental 
burden because it is generated as a product waste of the primary industry.  However, 
extracellular PHB cannot be treated as a feedstock free of environmental burden because 
intensive DSP is needed for cell release after fermentation (Case I). Thus, the carbon footprint 
associated to extracellular PHB is that of the DSP for cell release (2.99 kg CO2 eq/kg PHB, 
chapter 2).  

3.2.4. Sensitivity analysis 

In the base scenarios (section 3.2.1), the streams coming out of the processes were treated as 
waste or burned for heat recovery. However, some of these streams can be sold as co-
products.  A sensitivity analysis was performed to investigate the effect of selling co-products 
on economics and on the carbon footprint.  

Depending on the raw material conditions, different amounts of M3HB are produced in the 
esterification of PHB to MC (Table 3.1). Furthermore, during the intracellular conversion of 
PHB to MC (Case II), a substantial quantity of CA is produced. Propylene, also obtained as 
co-product in the metathesis of MC to MA, can potentially be sold (Cases IV and V). To 
allow consistent and fair comparisons, additional separation steps were included in the 
process models to ensure the same purity of the co-products sold in the sensitivity analysis 
(Table 3.5). 

Due to the many uncertainties related to the application and market value of the co-products, a 
range of selling prices is considered. The market price for M3HB is estimated at 1 €/kg for a 
fuel use, in line with global ethanol price (Scott et al., 2013) and 1.1 €/kg when used as fuel 
additive (Chen, 2009). However, M3HB could also be used in high added value applications 
such as optically active starting material (Santa Cruz Biotechnology, 2015) or for 
pharmaceutical purposes (Zhang et al., 2013). For these types of applications only laboratory 
prices are found (Sigma Aldrich, 2015a). These values are most likely on the high side as the 
price of any material is lower at industrial scale due to economies of scale and impurities 
(Kuppens et al., 2010). Rough scaling factors relating large-scale market prices to lab-scale 
prices for lactic acid (technical grade, 88%, ICIS, 2015; highly pure, 98%, Sigma Aldrich, 
2015a) are used to convert the laboratory prices found for M3HB into market values (Santa 
Cruz Biotechnology, 2015; Sigma Aldrich, 2015b). Following this approach, M3HB market 
price can reach a value of 3 €/kg for specific applications.  

Crotonic acid is mainly used in the synthesis of copolymers (Mamat et al., 2014). Monomer 
market prices range from 2 to 5 €/kg (Scott et al., 2013). Used in cosmetic, resin, coating or 
plasticizer applications, the CA market price is about 4-5 €/kg (Alibaba, 2015). Also rough 
scaling factors are used to convert the laboratory price for CA (Sigma Aldrich, 2015c) to 
market price. In this case the laboratory price of acetic acid (Sigma Aldrich, 2015d) is divided 
by the industrial price of acetic acid (ICIS, 2015). Applying these rough scaling factors the 
values obtained for the CA price decrease to 0.7-0.8 €/kg. 

18 different scenarios for PHB conversion to MC and 15 scenarios for PHB conversion to MA 
are developed changing the co-products market price. Given the reasons discussed above, and 
to cover a wide spectrum of potential large-scale market prices, the market price selected for 
M3HB is in the range of 1 to 3 €/kg, and 0.7 to 5 €/kg for CA. Propylene market is quite 
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established and prices are well known, thus a fixed value of 0.75 €/kg is assumed based on 
real suppliers data (ICIS, 2015). 

Sensitivity analysis for the carbon footprint results is also performed to evaluate the 
robustness of the GWP of MC and MA value chains with respect to changes in the co-
products (M3HB, CA, propylene). The ISO 14040-14044 series (ISO, 2006a and ISO, 2006b) 
recommend applying substitution (system expansion) to evaluate these types of 
multifunctional systems. In this particular case, it is also interesting to get insights of the 
impacts associated to the individual products. The ISO guidelines (ISO, 2006a and ISO, 
2006b) recommend using relevant variables that reflect the physical relationship, such as the 
mass content. Therefore, mass allocation is applied in the sensitivity analysis to obtain 
consistent results uniformly applied across the co-products (Tsiropoulos et al., 2014). 
Economic allocation is not applied due to many uncertainties in the co-products market 
prices. 

The results of both sensitivity analyses are combined in a graph of eco-efficiency (Fig. 3.4). 
The carbon footprint is shown on the x-axis, whereas the total production costs are shown in 
the y-axis. The most promising alternatives are those located in the lower left side quadrant 
(low production costs and carbon footprint) and the least preferred options are those located in 
the upper right quadrant of the eco-efficiency figure (high total production costs and carbon 
footprint).  

3.3. Results and discussion 

3.3.1. Process design 

3.3.1.1.PHB to MC. Cases I-III 

For the Cases I to III, approximately 1 kt/a of MC, at ≥ 90 wt% of purity, was obtained based 
on 2 kt/a of intracellular PHB. However in Case I, only 1.5 kt/a of extracellular PHB enters 
the esterification reactor due to losses during the DSP for cell release (Table 3.2). The overall 
process yield and product amounts obtained in each process option vary subject to the 
reaction selectivities (Table 3.1).  

Table 3.2.  Process design results. PHB to MC.  
PHB to MC  Case I Case II Case III 
Intracellular PHB from WWT amount (kt/a) 2.0 2.0 2.0 
Feed esterification PHB amount (kt/a) 1.5 2.0 2.0 

Final product  MC amount (kt/a) 1.1 1.3 1.0 
  purity (wt%) 89.5 94.3 93.8 

Co-product streams 
burned for heat 
recovery 

M3HB amount (kt/a) 0.2 0.2 0.8 
 purity (wt%) 69.4 70.8 89.8 
CA amount (kt/a) - 0.2 - 

 purity (wt%) - 100 - 

Heat from burning co-products (kW) 89.8 188.6 239.7 
Yield  (kg MC/kg PHB) 0.5 0.6 0.4 

The material and energy flows based on the process designs modelled in Aspen Plus (Fig. 3.2) 
are summarized in Table 3.3. 
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Table 3.3. Process inputs and outputs. PHB to MC. 
Process Input Case I Case II Case III 
   PHB (kg/kg MC) 2.0 1.7 2.3 

   MeOH (kg/kg MC) 0.4 0.5 1.1 

   Steam (kg/kg MC) 0.2 1.3 2.4 

   Cooling water (kg/kg MC) 126.0 176.4 206.7 

   Chilled water (kg/kg MC) 164.2 185.6 0.0 

   Electricity (MJ/kg MC) 0.01 2.6 3.6 

Process output Case I Case II Case III 
   Water treatment (m3/kg MC) 0.0 0.0 0.0 

   Solid treatment (kg/kg MC) - 0.1 0.9 

   Gases (kg/kg MC) 0.4 0.5 0.4 

   M3HB (kg/kg MC) 0.2 0.2 0.9 

   CA (kg/kg MC) - 0.1 - 

The process scheme of Case I is the simplest because of a higher reaction selectivity towards 
MC. Less separation steps are needed after the reaction to obtain 1.12 kt/a of MC. However, 
fewer purification steps also imply that the maximum purity attained for the final product is 
90 wt%. Additional separation steps to obtain higher purity would increase the costs and 
environmental burdens of Case I. Thus, Case I is discarded for further analysis and no extra 
processing units are included since this route already shows higher production costs and 
environmental impacts at a low purity of 90 wt%, when compared to Cases II and III (sections 
3.3.2 and 3.3.3)  

In Case II, and additional separation step is required because a larger quantity of the co-
product CA is produced in the esterification reaction. Consequently, more amount of MC is 
recovered at a higher purity (1.28 kt/a, 94 wt%). The overall yield of the process is 0.49 kg 
MC/kg intracellular PHB (before DSP) in Case I and 0.59 kg MC/kg intracellular PHB in 
Case II. The lower yield reached in Case I is a consequence of losing part of the intracellular 
PHB during the DSP after the wastewater fermentation, whereas in Case II intracellular PHB 
is directly converted to MC after the fermentation.  

The formation of the co-product HBA only occurs in Case III and thus this alternative 
incorporates an additional separation step compared to Case II. In order to reach the same 
purity of the final product (94 wt% MC), lower yield and lower amount of MC (0.44 kg 
MC/kg intracellular PHB, 0.96 kt/a) are obtained due to reduced reaction selectivity towards 
MC. 

3.3.1.2.PHB to MA. Cases IV-V 

The entire value chain from wastewater-based PHB to MA is investigated only using 
intracellular PHB as starting material due to the lower performance of the extracellular 
conversion of PHB to MC (Case I). Analogous process schemes are designed for the 
metathesis of MC to MA regardless whether intracellular or aqueous PHB is used as starting 
material (Cases IV and V, respectively, Fig. 3.2d). Due to a lower reaction selectivity in the 
PHB esterification to MC when using aqueous PHB, almost 30% less amount of final product 
MA is obtained in Case V: 0.76 kt MA/a vs. 1.05 kt MA/a in Case IV. The overall yield of 
intracellular PHB conversion to MA (at 99.6 wt%, see Table 3.4) is 0.5 and 0.4 kg MA/ kg 
PHB, for Cases IV and V, respectively. 
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Table 3.4. Process design results. PHB to MA. 
PHB to MA   Case IV Case V 

Feed PHB amount (kt/a) 2.0 2.0 

Final product  MA  amount (kt/a) 1.0 0.76 

  purity (wt%) 99.6 99.6 

Co-product 
streams burned 
for heat recovery 

C3H6 amount (kt/a) 0.5 0.4 

 purity (wt%) 99.5 92.5 
M3HB amount (kt/a) 0.2 0.8 

 purity (wt%) 70.8 89.8 
CA amount (kt/a) 0.20 - 

 purity (wt%) 100 - 

Heat from burning co-products (kW) 7.9 6.8 

Yield  (kg MA/kg PHB) 0.5 0.4 

The material and energy flows based on the process designs modelled in Aspen Plus (Fig. 3.2) 
are summarized in Table 3.5. 

Table 3.5. Process inputs and outputs. PHB to MA. 
Process Input Case IV Case V 

   PHB (kg/kg MA) 1.9 2.6 

   MeOH (kg/kg MA) 0.5 0.9 

   MC (kg/kg MA) 1.2 1.2 

   DCM (kg/kg MA) 0.01 0.01 

   C2H4 (kg/kg MA) 0.3 0.4 
   Steam (kg/kg MA) 3.0 2.8 
   Cooling water (kg/kg MA) 57.9 57.8 
   Chilled water (kg/kg MA) 119.2 115.8 
   Electricity (MJ/kg MA) 0.01 0.01 
   Refrigerant (kg/kg MA) 26.6 37.9 
Process output   
   Water treatment (m3/kgMA) 0.0 0.0 
   Propylene (kg/kg MA) 0.5 0.5 

   M3HB (kg/kg MA) 0.2 1.1 

   CA (kg/kg MA) 0.2 - 

 

3.3.2. Economic evaluation 

3.3.2.1.PHB to MC. Cases I-III 

 Table 3.6 depicts the results of the economic evaluation. Lower Capex and utilities in Case I 
originate from its simplest process design. Due to lower reaction selectivities towards MC and 
the production of larger amount of co-products, Case II incorporates one additional separation 
step, while Case III requires two additional separation steps, resulting on a Capex of 0.15 €/kg 
MC in Case I, 0.20 €/kg MC in Case II and 0.26 €/kg MC in Case III. However, extra 
separation steps led to a final product purity of 94 wt% MC in Cases II and III, whereas in 
Case I it was only 90 wt%. Due to these differences in purity, the MC produced in Case I 
might be considered for different final use.  
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Table 3.6. Economic evaluation results. PHB to MC. 
Total costs (€/kg MC) Case I Case II Case III 

Capex Depreciation 0.15 0.20 0.26 

Opex 

Utilities 0.54 0.81 1.06 

Materials 2.02 0.16 0.24 

Maintenance 0.00 0.01 0.01 

Labour 0.30 0.13 0.17 

TOTAL (€/kg  MC) 3.02 1.31 1.74 

Utilities costs account for 18% of total production costs in Case I, 62% in Case II and 61% in 
Case III. Compared to Case I, utilities costs are lager in Cases II and III because they 
consume extra steam in the reboilers of the additional distillation columns and they include 
solid treatment due to the presence of cell material (0.01 €/kg MC). Steam costs are 0.18 €/kg 
MC in Case I, 0.37 €/kg MC in Case II and 0.46 €/kg MC in Case III. 

While Case I presents lower Capex and utilities costs, the use of extracellular PHB has a large 
impact in the material costs. In Case I, PHB is released from the cell material in a cost-
intensive DSP after wastewater fermentation. Thus, the costs of extracellular PHB increased 
to 1.40 €/kg (chapter 2), which are 62% of the overall MC production costs in Case I. 
Eventually, total production costs in Case I are 3.02 €/kg MC for a final product which can 
not reach a purity higher than 90 wt%. In Cases II and III, intracellular PHB is directly 
converted to MC after wastewater fermentation, avoiding any DSP. Hence, the share of the 
material costs decrease to 12% and 14% of the total production costs (1.31 €/kg MC in Case 
II and 1.74 €/kg MC in Case III). The final product has a purity of 94 wt% in both cases, 
which was not possible not achieve following the scheme of Case I. No additional separation 
steps were considered in Case I to increase the purity of the final product MC because at 
already 90 wt% purity the total production costs were the highest among the three cases. 

3.3.2.2.PHB to MA. Cases IV-V 

As in the Case of MC, the production costs of MA are driven by the material costs. Case V 
has 30% higher material costs with respect to Case IV because of the higher production costs 
of MC from aqueous PHB (Case III) than from intracellular PHB (Case II). The amount of 
utilities used are comparable in both cases because similar processing steps are included in the 
designs (Table 3.7, Fig. 3.2d). The contribution of the utilities on the total costs is 23% in 
both processes. However, due to larger amounts of MA produced in Case IV, the costs of 
utilities per kg of final product are lower, 0.65  €/kg MA, whereas in Case V utilities costs are 
0.86 €/kg MA (Table 3.7). MA production costs are 2.89 €/kg MA employing dry 
intracellular PHB (Case IV) and 3.80 €/kg MA using aqueous PHB as starting material (Case 
V). 

Table 3.7. Economic evaluation results. PHB to MA. 
Total costs (€/kg MA)  Case IV Case V 
Capex Depreciation  0.10 0.10 
Opex Utilities   0.65 0.86 

Materials  1.85 2.46 

Maintenance  0.00 0.00 

Labour  0.29 0.38 

TOTAL (€/kg  MA)  2.89 3.80 
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3.3.3. Carbon footprint assessment 

3.3.3.1.PHB to MC. Cases I-III 

Likewise to the economic evaluation, the overall results of Case II and Case III show lower 
carbon footprint than Case I because intracellular PHB is immediately converted after 
fermentation, avoiding any energy-intensive and polluting DSP. The overall GWP of the 
esterification of extracellular PHB to MC (Case I) is 6.83 kg CO2 eq/kg MC (Fig. 3.3a). Case 
II shows a GWP of 4.12 kg CO2 eq/kg MC. The GWP in Case III is 3.25 kg CO2 eq/kg MC 
(Fig. 3.3a). 

 

 

Fig. 3.3. Carbon footprint assessment. (a) PHB to MC. (b) PHB to MA.          Sensitivity analysis results. GWP 
estimation applying mass allocation under the assumption that all products and co-products (MC, MA, M3HB, 

CA and propylene) are recovered and sold, instead of being burned for heat recovery as in the base case. 

Whereas the intracellular PHB used in Cases II and III is burden-free, the extracellular PHB 
used in Case I includes the carbon emissions associated with the DSP for cell release. 
Extracellular PHB accounts for 59% of the total GWP in Case I (2.99 kg CO2 eq/kg PHB, 
chapter 2).  
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Methanol is the other raw material used in the esterification of PHB towards MC. The GWP 
associated with the use of methanol is similar for Cases I and II, 0.28 and 0.30 kg CO2 eq/kg 
MC, respectively. However, in Case III 0.72 kg CO2 eq/kg MC are emitted due to lower 
reaction selectivity towards MC, thereby requiring more raw material per kg of final product 
obtained.  

The carbon footprint of the utilities is lower in Case I because fewer separation steps are 
required. Nonetheless, the amount of chilled water used in Case III is greatly reduced due to 
the presence of the co-product HBA. Since HBA has a boiling point of 269◦C, the 
temperatures in the condensers in the distillation towers (where chilled water is mainly 
required) increase and thus cooling water instead of chilled water can be used as condensing 
utility. Consequently, the GWP of chilled water accounts for 1.69 and 1.91 kg CO2 eq/kg MC 
in Case I and Case II, respectively, but only 0.02 kg CO2 eq/kg MC in Case III. 

3.3.3.1.PHB to MA. Cases IV-V 

The carbon footprint of PHB conversion to MA by MC metathesis is primarily driven by the 
impacts associated with the production of the intermediate material, MC (Fig. 3.3b). The 
shares of producing MC account for 52% of the overall emissions in Case IV and 46% in 
Case V (5.03 and 4.06 kg CO2 eq/kg MA, respectively).  

After the intermediate material MC, chilled water appears as the input with the highest 
impacts. The GWP share of chilled water is rather similar for both cases: 23-24% of the total 
CO2 emissions (2.18-2.12 kg CO2 eq/kg MA for Cases IV and V, respectively). The rest of 
the process inputs present similar contributions to the overall impacts. However, the gross 
impacts in absolute terms differ. Case IV presents a GWP of 9.52 kg CO2 eq/kg MA whereas 
for Case V the GWP decreases to 8.78 kg CO2 eq/kg MA due to the lower carbon footprint of 
the intermediate material MC. 

3.3.4. Sensitivity analysis 

3.3.4.1.Economic evaluation 

M3HB and CA are produced during the PHB esterification to MC and propylene is a co-
product in the metathesis of MC to MA. In the base cases no co-products were sold and thus 
they were burned for heat recovery. When M3HB and CA are sold, these streams are no 
longer available for burning and thus the steam demand and costs increase with respect to the 
base case. Steam costs rise to 0.23 €/kg MC in Case I, 0.42 €/kg MC in Case II and 0.55 €/kg 
MC in Case III.  

Moreover, under the assumption that M3HB can be sold, an extra distillation step is required 
in Cases I, II and IV to obtain M3HB at 90 wt% (Table 3.8). In the base Cases III and V, 
M3HB is already available at this level of purity, and thus no additional purification 
equipment are needed for the base case. The amount of M3HB obtained at 90 wt% varies 
according to the reaction selectivities of each case (Table 3.1), so that 0.11 kg M3HB/kg MC, 
0.14 kg M3HB/kg MC and 0.89 kg M3HB/kg MC are produced in Cases I, II and III, 
respectively and 0.16 kg M3HB/kg MA and 1.11 kg M3HB/kg MA in Cases IV and V. Cases 
III and V are most affected by changes in the market price of M3HB. CA, another co-product 
of the system, is only produced at a reasonable quantity and purity in Cases II and IV (0.15 kg 
CA/kg MC in Case II and 0.19 kg CA/kg MA in Case IV, 100 wt% purity). In the metathesis 
of MC to MA propylene is produced and sold at 0.75 €/kg (ICIS, 2015). To obtain the same 
propylene purity in Cases IV and V (99.5 wt%, Table 3.9), additional separation steps were 
included in the process models of Case V. In the base Case IV, propylene has already a purity 
of 99.5 wt% and thus no changes were done to the model. 
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Table 3.8.  Sensitivity analysis. Process design results. PHB to MC. 
PHB to MC  Case I Case II Case III 
Intracellular PHB from WWT amount (kt/a) 2.0 2.0 2.0 
Feed esterification PHB amount (kt/a) 1.5 2.0 2.0 

Final product MC amount (kt/a) 1.1 1.3 1.0 
  purity (wt%) 89.5 94.3 93.8 

Co-products 

M3HB amount (kt/a) 0.1 0.2 0.8 
 purity (wt%) 90.2 90.4 89.8 
CA amount (kt/a) - 0.2 - 

 purity (wt%) - 100 - 

Yield  (kg MC/kg PHB) 0.5 0.6 0.4 
 

Table 3.9. Sensitivity analysis. Process design results. PHB to MA. 
PHB to MA   Case IV Case V 
Feed PHB amount (kt/a) 2.0 2.0 
Final product MA  amount (kt/a) 1.0 0.8 
  purity (wt%) 99.6 99.6 

Co-products 

C3H6 amount (kt/a) 0.5 0.4 
 purity (wt%) 99.5 99.5 
M3HB amount (kt/a) 0.2 0.8 

 purity (wt%) 90.4 89.8 
CA amount (kt/a) 0.2 - 

 purity (wt%) 100 - 

Yield  (kg MA/kg PHB) 0.5 0.4 

Whereas in the base scenarios Case II is the preferred option, Case III presents lower 
production costs when the co-products are sold. When the most optimistic market prices are 
implemented (3 €/kg M3HB and 5 €/kg CA), the total production costs decrease to -1.21 €/kg 
MC in Case III. MC production combined with high-value sellable co-products can lead to 
negative values for the total production costs of MC because of: (i) integrating of wastewater 
treatment process with material production, thus using a free of costs feedstock and (ii) multi-
product systems in which the co-products have higher price than the main product. In this 
case, the revenues from selling a basket of different products surpass the costs of their 
production.  The main product is selected based on its market value, a combination of the 
product price and market volume. Future process optimisation focusing only on the co-
products with high price could be very attractive but with a very limited market potential due 
to lower volume of production and little option to grow in the short term.  

In the production of MA, Case IV is preferred when no co-products are sold but Case V 
would be preferred when the co-products are sold. The results of the economic sensitivity 
analysis are summarised in Table S3 and Fig. S1 of the supplementary information (SI) of the 
online version of the published article (Fernández-Dacosta et al., 2016).  

3.3.4.1.Carbon footprint assessment 

Mass allocation is applied to estimate the carbon footprint of each case study, under the 
assumption that all products and co-products (MC, MA, M3HB, CA and propylene) are 
recovered at enough amount and purity.  

In the sensitivity analysis no co-products are burned for heat recovery in any case study, and 
therefore almost double the amount of steam as compared to the base cases is required to 
fulfil the heating demand. Moreover, an extra distillation column is needed in Cases I and II 
to further purify M3HB to 90 wt% (Table 3.8), increasing the amount of cooling water and 
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steam required. The use of mass allocation affects the GWP the most in the cases in which 
higher amounts of co-products are obtained. In the production of MC, the carbon footprint of 
Case III decreases 40% respect to the base case, to 1.94 kg CO2 eq/kg MC (Fig. 3.3a).  

In the production of MA, the GWP of Case V is 3.57 kg CO2 eq/kg MA when all co-products 
are recovered, which is 59% lower than for the base case in which co-products are burned 
(Fig. 3.3b). Further details of the sensitivity analysis of the carbon footprint are summarised 
in Table S4 of the SI. 

3.3.4.2.Eco-efficiency 

The results of the sensitivity analysis of the total production costs and the carbon footprint of 
MC and MA production are combined in a graph of eco-efficiency (Fig. 3.4a for MC routes 
and Fig. 3.4b for MA routes). The base cases and all the scenarios evaluated in the sensitivity 
analysis are compared to identify additional opportunities and challenges. The most promising 
alternatives are those located in the left-low side quadrant of Fig. 3.4. Case II is the option 
with lowest production costs in the base scenarios of the conversion of PHB to MC, but Case 
III shows lower GWP. When co-products are recovered, Case III becomes the most preferred 
alternative, with the lowest costs and carbon footprint. In the base scenarios of the conversion 
of PHB to MA, the total production costs of MA are lower in Case IV than in Case V, but at 
the expenses of higher GWP. When co-products are sold, the total production costs and GWP 
of Case V are more affected and thus it is the most interesting alternative for PHB conversion 
to chemical building blocks. 
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Fig. 3.4. Sensitivity analysis. Eco-efficiency comparison of alternative scenarios. (a) PHB to MC. (b) PHB to 
MA. 1. Base case; 2. Sell M3HB at 1 €/kg and CA at 0.7 €/kg; 3. Sell M3HB at 1 €/kg and CA at 1 €/kg; 4. Sell 

M3HB at 1 €/kg and CA at 2 €/kg; 5. Sell M3HB at 1 €/kg and CA at 5 €/kg; 6. Sell M3HB at 2 €/kg and CA at 0.7 
€/kg; 7. Sell M3HB at 2 €/kg and CA at 1 €/kg; 8. Sell M3HB at 2 €/kg and CA at 2 €/kg; 9. Sell M3HB at 2 €/kg 

and CA at 5 €/kg; 10. Sell M3HB at 3 €/kg and CA at 0.7 €/kg; 11. Sell M3HB at 3 €/kg and CA at 1 €/kg; 12. Sell 
M3HB at 3 €/kg and CA at 2 €/kg; 13. Sell M3HB at 3 €/kg and CA at 5 €/kg. 

3.4. Conclusions 

Wastewater-based PHB conversion to building blocks is a potential alternative to its 
traditional biopolymer use. Economic and carbon intensive DSP for cell release after 
wastewater fermentation for PHB bacterial growth and quality issues can be avoided by 
directly converting dry intracellular PHB into MC or MA instead of using extracellular PHB, 
thus reducing the production costs of MC from 3.02 €/kg MC to 1.31€/kg MC. Production 
costs of MA from dry intracellular PHB are 2.89 €/kg MA, and 3.80 €/kg MA from aqueous 
intracellular PHB. The direct conversion of aqueous PHB after wastewater fermentation 
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reduces the carbon footprint of the processes from 6.83 kg CO2 eq/kg MC to 3.25 kg CO2 
eq/kg MC. The carbon footprint of dry intracellular PHB is 9.52 kg CO2 eq/kg MA, and the 
carbon footprint of aqueous PHB conversion to MA is 8.78 kg CO2 eq/kg MA. In the reaction 
of PHB with water, HBA is produced. Due to the high boiling point of HBA, no chilled water 
is used in the aqueous conversion of PHB, thus reducing the carbon footprint with respect to 
the routes that use dry intracellular PHB.  

Co-products valorisation can largely decrease the total production costs because of the 
integration of wastewater treatment process (thus using a free of costs feedstock) and having 
multi-product systems in which the co-products have high market price. When applying mass 
allocation, the carbon footprint of the PHB conversion routes also decreases if co-products are 
sold. When no co-products are sold, the use of dry PHB is economically preferred but 
aqueous PHB presents lower carbon footprint. When co-products are sold, aqueous PHB is 
the preferred feedstock for utilisation in the manufacture of the chemical building blocks MC 
and MA, both in economic and carbon footprint terms. 
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Abstract 

CO2 utilisation is gaining interest as a potential element towards a sustainable economy. CO2 
can be used as feedstock in the synthesis of fuels, chemicals and polymers. This chapter 
presents a prospective assessment of carbon capture from a hydrogen unit at a refinery, where 
the CO2 is either stored, or partly stored and partly utilised for polyols production. A 
methodology integrating technical, economic and environmental models with uncertainty 
analysis is used to assess the performance of carbon capture and storage or utilisation at the 
refinery.  

Results show that only 10% of the CO2 captured from an industrial hydrogen unit can be 
utilised in a commercial-scale polyol plant. This option has limited potential for large scale 
CO2 mitigation from industrial sources. However, CO2 capture from a hydrogen unit and its 
utilisation for the synthesis of polyols provides an interesting alternative from an economic 
perspective. The costs of CO2-based polyol are estimated at 1200 €/tonne polyol, 16% lower 
than those of conventional polyol. Furthermore, the costs of storing the remaining CO2 are 
offset by the benefits of cheaper polyol production. Therefore, the combination of CO2 
capture and partial utilisation provides an improved business case over capture and storage 
alone. The environmental assessment shows that the climate change potential of this CO2 
utilisation system is 23% lower compared to a reference case in which no CO2 is captured at 
the refinery. Five other environmental impact categories included in this chapter present 
slightly better performance for the utilisation case than for the reference case. 

4.1. Introduction 

Carbon dioxide can be used as feedstock in the synthesis of fuels, chemicals and materials 
(IEA, 2014; Cuéllar-Franca and Azapagic, 2015). CO2 utilisation has recently gained interest 
and is, for instance, part of the latest European Union strategy to mitigate climate change 
(SETIS, 2016). Identifying and understanding the challenges and performance of CO2 
utilisation technologies, however, is complex. There is no current consensus on what role 
these technologies can play in realising large reductions in CO2 emissions (IEA, 2014). To 
play a major role, the environmental performance of utilisation options should lead to 
extensive net CO2 emission reductions. However, studies have shown that, depending on the 
process and system boundaries, net emissions could in fact increase (Cuéllar-Franca and 
Azapagic, 2015; Schakel et al, 2016). Besides reducing net CO2 emissions, CO2 utilisation 
needs to be a viable candidate for upscaling and offer sufficient revenue to become a realistic 
solution to climate change.  

Although most literature sources link CO2 utilisation to the power sector, CO2 utilisation can 
and probably will be implemented in industrial clusters (Markewitz et al., 2012; Bennet et al., 
2014). It is therefore important to assess how such concepts could also be integrated in 
industrial CO2 mitigation strategies. The refinery sector is responsible for 10% of industrial 
emissions, of which 20% originates from the production of hydrogen (IEA and UNIDO, 
2011). Hydrogen production processes have the advantage that CO2 separation facilities are 
already (partially) available on-site (Air Products, 2013; Shell, 2015). Furthermore, CO2 
capture can be implemented in hydrogen manufacturing units using commercially available 
technology in a cost-effective manner since the CO2 stream is emitted at relatively high 
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pressure. Moreover, waste heat integration from nearby facilities may reduce the energy (and 
cost) penalty of the capture unit (Meerman et al., 2012). 

One utilisation route that has drawn attention is the synthesis of polyethercarbonate polyol 
(PPC) for polyurethanes (Pérez-Fortes and Tzimas, 2016). Different research groups have 
studied the feasibility of CO2-based polyol synthesis (Quan et al., 2003; Darensbourg and 
Wilson, 2012; Langanke et al., 2014), and the manufacturing process has been described in 
several patents (Haider et al., 2008; Mijolovic et al., 2012; Hofmann et al., 2014; Müller et 
al., 2014). Moreover, Covestro (formerly BAYER Material Science) started a demonstration 
production line in 2016 in Dormagen, Germany, with a capacity of 5 kt/a of polyol for 
application in polyurethane (PU) flexible foams (Bio-based News, 2016) indicating the 
technical feasibility of the option. Environmental assessments have shown that polyol 
synthesis based on a pilot plant for CO2 capture from a power plant had lower global 
warming impacts than traditional polyol manufacturing routes (von der Assen and Bardow, 
2014). However, the environmental assessment of this chapter was carried out at a 
demonstration scale rather than at commercial scale. Also, the mismatch between the CO2 
amounts emitted by the source and the amounts used by the CO2 sink were not addressed. An 
integrated assessment of the technology, costs, and elaborate environmental impacts of CO2 
utilisation for polyol production at full commercial scale with system boundaries including an 
alternative CO2 source and steam production, is yet to be carried out. 

Polyols are already included in the chemicals product portfolio of some refinery companies. 
Therefore, the use of the large amounts of CO2 emitted at a refinery for on-site polyol 
synthesis may benefit from synergies. With a current global polyols market of about 6.7 Mt/a, 
a demand of 0.12 Mt/a of CO2 for polymer application is estimated if the European polyol 
market continues to grow at the expected rates (Pérez-Fortes and Tzimas, 2016). However, 
this amount is small compared to the CO2 emissions from industrial hydrogen units (220 Mt/a 
of CO2, Meerman et al., 2012). To achieve a substantial CO2 emission reduction, the same 
amounts of CO2 waste captured at the refinery should be used as feedstock for polyol 
synthesis. As an alternative, the combination of partial CO2 utilisation with partial CO2 
storage could be an interesting CO2 mitigation option for industrial sources. 

Due to their early stage of development (GCCSI, 2011), the knowledge base of most carbon 
capture and utilisation (CCU) technologies is characterized by large uncertainties and limited 
information due to confidentiality or the lack of process data. Therefore, a comprehensive 
uncertainty analysis that allows a better understanding of the knowledge gaps and robustness 
of the results must accompany an evaluation of the technology performance.  

In this chapter, an integrated techno-economic and environmental assessment in combination 
with uncertainty analysis is conducted of CO2 utilisation for polyol production at a refinery. 
The goal of this chapter is to investigate whether the implementation of CCU in combination 
with partial carbon storage is a cost-effective mitigation option for this industrial sector. 

The structure of this chapter is as follows: the integrated approach applied is presented in 
section 4.2. The three different case studies developed are described in section 4.2.1. The 
technical modelling is explained in section 4.2.2. Based on the results of the technical 
models, an economic evaluation is carried out (section 4.2.3). Technical and economic 
models are used to develop a life cycle inventory and perform an environmental assessment 
(section 4.2.4). Section 4.2.5 describes the uncertainty analysis. In section 4.3, the outcomes 
and key indicators of the technical, economic, environmental and uncertainty assessments are 
presented and discussed. Finally, in section 4.4, the limitations and the major implications of 
this chapter are addressed. 
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4.2. Methodology 

This research uses the environmental due diligence (EDD) framework developed as part of 
the European EDDiCCUT project (2012). The framework provides a systematic assessment 
of existing and emerging carbon capture, storage and utilisation (CCS/U) technologies by 
integrating technical performance, cost estimation and life cycle inventory data with 
uncertainty analysis. The key elements of the framework and their application to the case 
study are described in this section. 

4.2.1. Scoping 

To assess whether the implementation of this CO2 utilisation option in combination with 
partial carbon storage (CCUS) has advantages with respect to the common practice in 
industry, a reference case was designed: a refinery with a hydrogen unit without CO2 capture 
and a conventional polyol synthesis process. Additionally, a case with carbon capture and 
storage (CCS) but without CO2 utilisation was investigated to understand potential benefits of 
CCUS over CCS. To ensure system equivalence, in the reference and CCS cases, the same 
amount of hydrogen, polyol are produced as in the CCUS case. 

The three different systems investigated are: 

i. Reference case (REF), Fig. 4.1a: refinery with H2 manufacturing unit without CO2 
capture; conventional polyol synthesis. 

ii.  Storage case (CCS), Fig. 4.1b: refinery with H2 manufacturing unit with CO2 capture 
and storage; conventional polyol synthesis. 

iii.  Utilisation and partial storage case (CCUS), Fig. 4.1c: refinery with H2 manufacturing 
unit with CO2 capture and utilisation for CO2-based polyol synthesis. The captured 
CO2 that cannot be used in polyol synthesis is stored, similar to case ii. 

The temporal scope for all cases is 2015 and the geographical location is Northwestern 
Europe. The same process sizes were defined for the three cases: 77 kt/a of H2 production and 
250 kt/a of polyol production (based on a world-class scale plant). The different processes 
that are part of the value chains have been combined in interconnected system areas (SA) 
taking into account sequence, location and similarities. In this way, data is consistently 
organized and easily shared among the different research disciplines (technical, economic and 
environmental). Fig. 4.1 presents the SAs of each case study. A more detailed description of 
each process is provided in the supplementary information (SI) of the online version of the 
published article (Fernández-Dacosta et al., 2017). 
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(a) 

 

(b) 

 

(c) 

 

Fig. 4.1. System areas (SA) of the different case studies. (a) Reference case (REF), (b) storage case (CCS), (c) 
utilisation case (CCUS). MPG: monopropylene glycol; PSA: pressure swing adsorption; WGS: water gas shift. 

4.2.1.1.H2 production  

The reference case (Fig. 4.2a) is based on data from a real refinery in Asia, which produces 
77 kt/a of H2 at 99.99 % purity via naphtha steam reforming followed by a water gas shift 
reaction (WGS) and pressure swing adsorption (PSA). In this refinery, desulphurised naphtha 
and steam are pre-heated to 520oC and fed to the reformer (860oC, 25 bar). After heat 
recovery, the reformer products flow to the WGS reactor (400oC, 25 bar). The WGS product 
stream contains 43 wt% water, which is removed in a process condensate separator unit. 
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After water removal, H2 is recovered in a pressure swing adsorption unit (PSA, 40oC, 25 bar) 
with an overall yield of 89 wt%. The offgas of the PSA unit is fed to the furnace section of 
the reformer and burned with air for heat recovery. The energy provided by burning the PSA 
offgas is not enough to drive the endothermic steam reforming reactions, so additional 
naphtha is used as fuel to achieve the reformer temperature and duty requirements. Hot flue 
gases and process gas from the reformer are cooled by preheating the reformer feed and by 
generating steam. 890 kt/a of CO2 are emitted in the reference case because there is no carbon 
capture. 

Alternatively, CO2 can be captured in the H2 unit (Fig. 4.2c). As in the previous case, H2 is 
produced via naphtha steam reforming followed by a WGS reaction. The most efficient CO2 
capture point in steam reforming facilities is upstream the PSA unit (Meerman et al., 2012). 
Chemical absorption with ADIP-X solvent (a mixture of methyl diethanolamine (MDEA) and 
piperazine) leads to a capture efficiency of 95% of the total CO2 emissions, which 
corresponds to 552 kt/a of CO2. Also in this case, the offgas of the PSA unit is burned in the 
furnace of the reformer. Since the CO2 is captured upstream the PSA, the PSA offgas has 
higher calorific value, and consequently naphtha fuel requirements for the furnace are 
lowered with respect to the reference case. The reduced CO2 content in the feed gas will 
affect the PSA cycles and time, which should be adjusted so the separation targets are met 
despite the CO2 feed variation. Note that the impact of CO2 capture on the performance of the 
PSA unit is however not covered in the scope of this chapter. H2 recovery efficiency in the 
PSA was assumed 89% for all cases. 
The captured CO2 can be either transported for storage (CCS case) or be partially utilised in 
polyol synthesis and partially stored (CCUS case). In the CCS case, a compression train 
formed by four compression stages with intercoolers and a final pump is applied to reach 110 
bar. At that pressure, CO2 is in a supercritical state for transport 2.5 km onshore and 95 km to 
an offshore aquifer, where it is stored. In the CCUS case, the CO2 stream is split after the 
second compression stage (20 bar). The required amount of CO2 is used in polyol synthesis 
while the rest is further compressed to 110 bar and sent to storage. In the CCS and CCUS 
cases, CO2 emissions are reduced to 271 kt/a. Further details are in the SI. 

4.2.1.2.Polyol synthesis 

Propylene oxide (PO), glycerol (G) and monopropylene glycol (MPG) are the starting 
materials in the synthesis route of conventional polyether polyol (PP), (Fig. 4.2b). The 
reaction takes place at 135oC and 3 bar (Eleveld, 2015). Double metal cyanide (DMC) is used 
as catalyst, recovered via filtration after the reaction step and disposed as waste. Odours and 
other impurities are removed from the polyol product in a vacuum-stripping step (140oC, 25 
mbar, Miljolovic et al., 2012; Eleveld, 2015).  

The manufacture of CO2-based polyol follows similar steps as the conventional route (Fig. 
4.2d). The key difference is that part of the PO used in the conventional route is substituted 
by CO2. Reaction conditions are 135oC and 20 bar (Eleveld, 2015). After the reaction, the 
excess CO2 is recovered in a flash step and recycled back to the reaction. Cyclic propylene 
carbonate (cPC) is produced as a by-product (Langanke et al., 2014; von der Assen and 
Bardow, 2014). In this study, we assume it is removed in the vacuum stripper together with 
the odours (Miljolovic et al., 2012). The CO2 content in the polyol is 20 wt% (Bio-based 
news, 2016; von der Assen and Bardow, 2014) because at higher shares, the polyol viscosity 
increases to the point of making it unsuitable for flexible PU foam application (Langanke et 
al., 2014; Prokofyeva and Gürtler, 2014). In the SI, a more detailed description of each 
process is provided. 
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Fig. 4.2.  Process flow diagrams. (a) H2 unit without CO2 capture; (b) Conventional polyol synthesis; (c) H2 unit with CO2 capture; (d) CO2-based polyol synthesis. cPC: 
cyclic propylene carbonate; DMC: double metal cyanide; MPG: monopropylene glycol; PO: propylene oxide; PSA: pressure swing adsorption; WGS: water gas shift.
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4.2.2. Technical. Process modelling 

Process models were developed for the H2 unit with and without CO2 capture and for the 
conventional and CO2-based polyol synthesis (SA 2a, 2b, 4a and 4b in Fig. 4.1). 

The H2 unit was modelled in Aspen Plus V8.4. Using process data from a refinery hydrogen 
manufacturing unit in Asia, the model of the H2 unit was validated with good accuracy (±1 % 
deviation with refinery process data, Appendix 4A). The process streams, pieces of 
equipment and the efficiencies of the reformer, WGS and PSA unit are equal regardless the 
location of the H2 unit. However, cooling water temperature, cooling requirements and 
availability vary depending on the local ambient temperature. Since the geographical scope of 
this chapter is Northwestern Europe, sea filtered water at 15oC with no limited availability is 
used to fulfill the cooling requirements.  

The model of the capture unit was based on a previous in-house study at Utrecht University 
(Meerman et al., 2012). The H2 concentration entering the PSA must be equal to or greater 
than 70 mol% for an economical PSA process that achieves 85% per-pass H2 separation 
(Spath et al., 2005).  The H2 concentration entering the PSA was 72 mol% in the model of the 
H2 unit without capture and 91 mol% in the model of the H2 unit with capture. 

The conventional polyol production process was assessed with a spreadsheet model using 
reaction parameters, polyol properties and process line-ups described by experts in polyol 
R&D and manufacturing (Eleveld, 2015). The CO2-based polyol model was based on several 
literature sources (Darensbourg and Wilson, 2012; Langanke et al., 2014, von der Assen, and 
Bardow, 2014) and patents (Haider et al., 2008; Miljolovic et al., 2012; Hofmann et al., 2014; 
Müller et al., 2014) and also specified in a spreadsheet. Following consultation with experts 
from the polyol manufacturing sector (Eleveld, 2015), the heat of reaction of the CO2-based 
polyol is reduced compared to the heat of reaction of the conventional polyol, by the amount 
of CO2 introduced into the polyol. The PO ring opening reaction is exothermic (Nuyken and 
Pask, 2013) and the CO2 bond breaking is an endothermic reaction (Sanderson, 1991). Since 
in the CO2-based polyol synthesis, CO2 substitutes part of the PO that reacts, the total heat 
released in the CO2-based polyol is lower than that of conventional polyol. The overall 
polymerization reaction in both conventional and CO2-based polyol synthesis is exothermic, 
but the energy released in the CO2-based polyol is lower. Although an external cooler is 
required in both exothermic reaction steps, the cooling requirement of the CO2-based polyol 
synthesis is lower than that of the conventional polyol. Details on the data used in the polyols 
models are reported in Appendix 4A and the SI. Using these models, the mass and heat 
balances and the equipment sizes of the three cases (REF, CCS, CCUS) were calculated. Key 
performance indicators were selected to compare the technical performance of the three 
alternatives (Table 4.1).  
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Table 4.1. Key performance indicators. LCOP: levelised cost of product; PBP: payback period; NMVOC: non-
methane volatile organic carbon. 

Technical  Units 
CO2 emissions kt/a 
CO2 utilised kt/a 
CO2 stored kt/a 
Naphtha fuel consumption kt/a 
PO consumption kt/a 
Primary energy use GWh 
Economic  Units 
Capex M€ 
Opex M€/a 
LCOP25- H2 €/GJ H2 
LCOP25- PPC  €/kg polyol 
Break-even CO2 price €/tonne CO2 
PBP years 
Environmental  Units 
Climate change  kg CO2 eq 
Photochemical oxidant formation  kg NMVOC 
Fossil depletion  kg oil eq 

CO2 flows were chosen to evaluate the emissions reduction and potential for utilization. 
Naphtha fuel consumption was selected to quantify the savings in the cases with CO2 capture, 
due to an enhanced heating value of the PSA offgas burned in the furnace of the reformer. PO 
is the main feedstock for polyol synthesis, and replaced by CO2 in the utilization case. The 
primary energy use indicator reflects the increase in energy demand due to the capture unit 
and compression train in the capture cases and the additional energy of the CO2-based polyol 
production. 

4.2.3. Economic. Cost estimation 

To carry out the cost estimation, it was assumed that the H2 unit and the polyol plant are 
extensions to an existing plant located in Northwestern Europe. They are built in an existing 
industrial area with all utilities and support in place. Specific control rooms or buildings were 
excluded. The host site was assumed to deliver the utilities and therefore facilities such as 
cooling towers or steam production were excluded from the cost estimates. The same level of 
detail was implemented for each case study (REF, CCS, CCUS), allowing a fair comparison 
of the results. 

To estimate the capital costs, a detailed equipment list was derived from the technical models. 
The Capex of SA 2 (H2 unit) was based on a previous detailed in-house economic evaluation 
of a H2 unit with the same pieces of equipment and stream compositions, but with smaller 
capacity (Meerman et al., 2012). The different sizes of the equipment were adjusted to the 
equipment sizes required in this chapter using the exponent method (Towler and Sinnot, 
2013). The scale exponent varies for different types of plants. As a typical value for 
petrochemical processes, 0.65 was chosen (Towler and Sinnot, 2013).  

For estimating capital costs of SA 4 (polyol synthesis), design conditions and equipment size 
from the technical models were used as input to the Aspen Capital Cost Estimator. Aspen 
software provided the purchased equipment costs (PEC). Based on the PEC, the bare erected 
costs of the equipment (BEC) and the engineering, procurement and construction costs 
(EPCC) were estimated applying typical factors for project capital cost items (SI, Sinnot, 
2005; Rubin et al., 2013). To calculate the total plant costs, a 20% project contingency was 
assumed. 

The Opex estimates for all SAs were based on the mass and energy flows from the technical 
models and current or historical market prices of utilities and chemicals. Labour costs were 
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estimated based on the amount of operators and engineers per SA and their assumed wages 
(based on LO, 2014; NHO, 2014). Maintenance costs were assumed 4% of the capital costs 
(Towler and Sinnot, 2013). Appendix 4B provides further details on the values assumed for 
the Opex estimation.  

Data from the European Zero Emission Platform (ZEP, 2011a; 2011b) was used as basis for 
estimating CO2 transport and storage costs (SA 3).  It was assumed that the number of 
injection wells drilled is proportional to the amount of CO2 stored and that the field has 
constant injectivity and permeability. Therefore, the storage costs provided in the ZEP report 
were proportionally adjusted to the amount of CO2 stored in each case study. Transport costs 
were estimated based on the pipeline diameter, length and pressure drop using an in-house 
pipeline model. 

Economic analyses of CO2 capture systems typically use the levelised cost of electricity 
(LCOE) as economic performance indicator (van der Spek et al., 2016b). In this chapter, we 
used an analogous indicator called the levelised cost of product (LCOP), (Table 4.1). LCOP 
is a measure of the H2 and polyol prices that the production plants need to receive in order to 
achieve a required return on investment. It incorporates all cash flows into and out of the 
project, levelised over the project lifetime, and normalized over the levelised amount of H2 
and/or polyol that is generated in that period. The LCOP was calculated for the two products 
of the system, H2 and polyol, following Eq. 4.1: 
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             Eq.4.1 

Where: 

LCOP: Levelised cost of product, (€/GJ H2, €/kg polyol) 

I i: Investment cost in year i, (€/a) 

Oi: Operational costs in year i, (€/a) 

r: Real discount rate, (%) 

Pi: Product production in year i, (GJ H2, kg polyol) 

This indicator allows the comparison of the economic performance of H2 and polyol 
synthesis following different routes, as in the three cases investigated (REF, CCS and 
CCUS).  In the CCUS case, the LCOP per kg of polyol included the costs of polyol 
production and a share of the costs of CO2 capture and compression. This fraction was 
estimated using the mass percentage of the captured CO2 that was used for polyol production. 
The LCOP per MJ of H2 included the costs of SA 1, SA 2, SA 3 and the remaining capture 
and compression costs. 

A break-even analysis was carried out based on the LCOP of H2 and polyol, their annual 
production capacities and the amount of CO2 emitted in each case study.  The break-even 
analysis shows the minimum cost of CO2 (€/tonne) that would make the CCS and CCUS 
cases, including CO2 capture, transport and storage, economically more attractive than the 
reference case. 

The payback period (PBP) was also estimated to compare the time needed to recover the 
investment in each case study. A H2 market price of 1135 €/tonne was assumed based on 
crude prices of about 45 US$/barrel (refinery data), since naphtha derived from crude is the 
source of H2. The market price of the polyol was estimated based on the values reported in 
Shen et al., 2009, which are specific for flexible polyols for polyurethane foam application. 
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The value was updated to 2015 using the chemical products price index (Statista, 2015) so a 
value of 1700 €/tonne of polyol was used for the payback period calculation. 

4.2.4. Environmental. Life cycle assessment 

In this framework, a hybrid life cycle assessment (LCA) was used. Hybrid life cycle 
approaches combine economic and process (technical) data to develop life cycle inventories 
(LCI) with high detail from process flows and improved completeness by addition of cost 
data. This allows for input of plant-specific production and capital expenses data that can 
improve LCA modelling as conventional LCA comprises a high resolution of bottom-up 
physical processes but suffers from incomplete system boundaries (Hendrickson et al., 2006).  

The environmental assessment comprises the inventory development and impact 
quantification for the whole value chain. A hybrid approach was applied to assess the 
environmental performance of the H2 production, CO2 capture, CO2 compression and both 
conventional and CO2-based polyol units. For these units, process data from the technical 
assessment was supplemented with the capital cost data to model the infrastructure (see SI). 
The value chains (including infrastructure) for naphtha and precursor chemicals and CO2 

transport and storage, were modelled entirely using a process LCA approach. Key 
assumptions taken and the full LCI are in the SI. Advanced contribution analysis and 
structural path analysis (Peters and Hertwich, 2006) were used to determine key processes 
and process chains responsible for environmental impacts. 

Seven environmental impact indicators were evaluated applying the ReCiPe 1.11 
characterization methodology with the hierarchist approach (2012). The complete list of the 
environmental indicators evaluated is presented in Appendix 4C. The ecoinvent v.3.2 
database (2015) was used to characterise the physical background of the production systems. 
The 2011 dataset from the EXIOBASE 3.3 environmentally extended, multi-regional supply-
use/input-output database (Tukker et al., 2013) was used to model the economic background 
for infrastructure of some SAs for hybrid modelling. Since a key driver of applying CCU is to 
reduce CO2 emissions and to substitute fossil feedstock by CO2, from the seven indicators 
included in the environmental assessment, climate change (CC) and fossil depletion (FD) 
were selected as key environmental performance indicators to compare the CCUS system 
with the reference and CCS system (Table 4.1). Photochemical oxidant formation (POF) was 
also selected as a key indicator to capture the differences in impact from the H2 unit with and 
without carbon capture due to a different composition of the PSA offgas. 

As the goal of the chapter is to assess the co-production of hydrogen and polyols, the system 
expansion approach is used for fair comparison of the three systems. The functional unit for 
all three cases is thus the production of 1 MJ H2 (LHV base), 0.03 kg polyols and 0.187 kg 
low pressure steam. In the REF and CCS cases, the polyols are produced through 
conventional synthesis, while in the CCUS case some of the captured CO2 is used as a 
feedstock to the novel polyol synthesis. Annual product output, or plant capacity, remained 
constant for all three cases, at 77 kt/a H2 production and 250 kt/a polyol production. To allow 
a fair comparison, the same net output of 1727 kt/a of low pressure steam from heat 
integration is assumed in the three case studies. As a result, additional low pressure steam, 
which is produced in a natural gas boiler, is required to meet this output in the CCS and 
CCUS cases. 

4.2.5. Uncertainty analysis 

Qualitative and quantitative uncertainties were identified performing pedigree analysis and 
sensitivity analysis, respectively. Pedigree analysis addresses the strengths and weaknesses in 
the knowledge base underlying a parameter and/or model by carefully reviewing the 
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background of that parameter/model (Kloprogge et al., 2011; van der Spek et al., 2016a). In 
combination with sensitivity analysis, pedigree analysis allows understanding the limitations 
of the prospective assessment carried out for the CCS and CCUS technologies studied in this 
work. Uncertainties, strengths and weaknesses of particular areas are identified at an early 
stage, which is added value information for researchers, companies and policy makers when 
assessing the performance of emerging CCS/U technologies.  

To minimize subjectivity, pre-defined pedigree matrices were used (Appendix 4D). For each 
research discipline (technical, economic, environmental), a different pedigree matrix was 
applied, reflecting the specific characteristics of technical, economic, or environmental data 
and models. An ordinal scale from 0 (weak) to 4 (strong) was used to evaluate the knowledge 
strength of each parameter or model. The scores were expressed with a colour code to aid the 
easy interpretation of the uncertainty status (red for low knowledge base/high uncertainty, 
green for high knowledge base/low uncertainty).   

Sensitivity analysis was conducted for the technical and economic models of the CCUS case. 
A contribution analysis of the SAs to the environmental impacts was carried out for the 
environmental assessment. Six technical input parameters were varied to assess their impact 
on the primary energy requirements of the total production system (H2 unit with capture (SA 
2b) and the CO2-polyol synthesis (SA 4b), (Table 4.2). All these parameters (with exception 
of the chilled water temperature) are reaction parameters of the CO2-polyol synthesis. They 
were selected because the CO2-polyol is the most novel part of the system and therefore the 
level of uncertainty of those input parameters is intrinsically higher (results shown in section 
4.3.1.1, Table 4.5). The economic parameters chosen for the sensitivity analysis were the 
prices of the major feedstocks (naphtha, PO and glycerol), the Capex of the H2 unit and 
polyol SA and the discount rate. The Capex was varied -30% to +50% because this is the 
inaccuracy range of the estimated baseline values (Christensen and Dysert, 2005). The effect 
of varying these parameters on the LCOP of H2 and polyol was calculated to identify in 
which scenarios CCUS for polyols is still an interesting business case. 

Table 4.2. Sensitivity analysis to technical and economic input parameters. Base value and % of change. 
Input parameter Units Base value % Change  
Technical    

Polyol selectivity % 94 ±5% 
Heat of reaction kJ/kg polyol 16.34 ±25% 

Reaction P bar 20 ±20% 

Reaction T °C 135 ±26% 

CO2 excess % 40 ±25% 

Chilled water T °C 10 ±50% 

Economic    

Naphtha price €/tonne 480 ±20% 
PO price €/tonne 1400 ±20% 

Glycerol price €/tonne 730 ±20% 

Capex H2 unit M€ 156 -30%/+50% 

Capex polyol M€ 21 -30%/+50% 

Real discount rate % 7.5 ±30% 

4.3. Results and discussion 

The results of the technical, economic and environmental models developed for the reference, 
CCS and CCUS cases are discussed in the next sections. The technical model outputs are 
presented first because the cost estimation built upon them. Since both the technical and 
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economic results were used for the life cycle assessment, the environmental results are 
presented last. Uncertainty analysis outcomes are discussed within each research area 
(technical, cost and environmental).  

4.3.1. Technical assessment 

Table 4.3 shows the key results of the technical models. Further details of the energy and 
mass balances are shown in Appendix 4A.  

The combination of H2 and polyol production processes is interesting from both the refinery 
and polyol manufacturing perspectives. CO2 capture in the refinery leads to lower emissions. 
In the CCS and CCUS cases, there is a reduction of 65% of the CO2 emissions with respect to 
the reference case. The remaining 35% of CO2 is emitted to the atmosphere as part of the 
reformer furnace flue gas. More specifically, since the commercial-scale polyol plant (250 
kt/a of polyol production) can only use 10% of the CO2 captured from the typically sized 
hydrogen plant (77 kt/a of H2 produced), the rest of the captured CO2 is sent to storage in the 
CCUS case. This is a relevant finding because it shows the limitations of this CO2 utilisation 
option in mitigating the CO2 emissions of an industrial source. Alternatively, the 
implementation of CO2 utilisation to larger markets such as transport fuels have been 
investigated (Dimitriou et al., 2015). The production of fuels from CO2 would not contribute 
to mitigation of CO2 emissions by long-term storage time before the CO2 is re-emitted to the 
atmosphere as in the polyol case, but by integrating renewable energy into the fuel-value 
chain (Centi and Perathoner, 2011). 

From a refinery perspective, 14 wt% less naphtha is needed as fuel for the reformer furnace 
in the CCS and CCUS cases. Since CO2 is captured upstream the PSA, the PSA offgas has an 
enhanced heating value and contributes more heat to the reformer furnace. The use of CO2 as 
feedstock for the polyol synthesis reduces the requirements on fossil resource demand. CO2-
based polyol benefits from 17 wt% lower PO feedstock requirement. Although the reduction 
of the amounts of naphtha and PO feedstock seems small, it has a substantial positive impact 
on the economic and environmental performances of the CCUS case (next sections). So 
although the CO2 utilisation capability of CO2-based polyols is small, there is added value in 
a significant replacement of fossil feedstock.  

Table 4.3. Technical performance indicators of the REF, CCS, and CCUS systems. 
Performance indicator Units REF CCS CCUS 

CO2 flows     

CO2 emissions  kt/a 890 271 271 

CO2 stored kt/a - 552 495 

CO2 utilised kt/a - - 58 

Major feedstock and energy flows 

Naphtha fuel consumption kt/a 70 60 60 

PO consumption kt/a 243 243 202 

Primary energy use GWh 125 613 623 

Note also that the introduction of a capture unit and a compression train requires extra 
utilities (Table 4.4).  In all case studies, there is low-pressure (LP) steam produced from heat 
integration (indicated by the minus sign). However, in the CCS and CCUS cases, part of the 
produced steam is required in the CO2 capture unit; the net steam production is reduced by 
35% as compared to the reference case. Cooling water and electricity requirements are larger 
in the CCS and CCUS cases as compared with the reference case (115% and 290%, 
respectively) because of the capture unit and compression train. Therefore, the primary 
energy use increases in the CCS and CCUS cases with respect to the reference case (Table 
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4.3). The CCUS case shows slightly more primary energy used with respect to the CCS case 
due to more steam and electricity needed in the pre-heater of the stripper and in the 
compressor for recycle CO2. 

Table 4.4. Utility flows into the REF, CCS, and CCUS systems. 
Model output Units REF CCS CCUS 

LP steam  kt/a -1 727 -1 126 -1 117 

Cooling water  kt/a 11 251 24 422 24 364 

Electricity  kW 1 920 7 424 7 576 

4.3.1.1.Technical uncertainty analysis 

The knowledge base uncertainty of the different research areas was systematically assessed 
using pre-defined pedigree matrices (Appendix 4D). Scores for the pedigree criteria of the 
technical input data and submodels are presented in Tables 4.5 and 4.6. 

Table 4.5. Pedigree scores for technical input data. 

  Proxy 
Empirical 

basis 
Theoretical 

understanding 
Methodological 

rigour 
Validation 

process 

SA 2a: H2 unit without CO 2 capture 

Feed streams 
 

4 
  

3 
  

4 
  

3 
  

- 
 

Design parameters 
 

3 
  

3 
  

4 
  

4 
  

3 
 

Boundary conditions 
 

4 
  

2 
  

4 
  

3 
  

3 
 

Other physical properties 
 

4 
  

4 
  

4 
  

4 
  

3 
 

SA 2b: CO2 capture unit 

Feed streams 
 

4 
  

3 
  

4 
  

3 
  

3 
 

Design parameters 
 

3 
  

2 
  

3 
  

3 
  

2 
 

Boundary conditions 
 

4 
  

2 
  

4 
  

3 
  

3 
 

Other physical properties 
 

4 
  

4 
  

4 
  

4 
  

3 
 

SA 4a: Conventional polyol 

Feed streams 
 

4 
  

3 
  

4 
  

3 
  

- 
 

Design parameters 
 

3 
  

3 
  

3 
  

2 
  

1 
 

Boundary conditions 
 

4 
  

2 
  

4 
  

3 
  

3 
 

Other physical properties 
 

4 
  

3 
  

4 
  

3 
  

1 
 

SA 4b: CO2-based polyol 

Feed streams 
 

4 
  

3 
  

4 
  

2 
  

- 
 

Design parameters 
 

3 
  

2 
  

3 
  

2 
  

1 
 

Boundary conditions 
 

4 
  

2 
  

4 
  

3 
  

3 
 

Other physical properties   4     2     4     2     0   

The input parameters have a high score for the Proxy criterion since they were based on data 
from the refinery and information from industrial experts in carbon capture and polyol 
synthesis. The Theoretical understanding is also of good quality. The Empirical basis and the 
Methodological rigour show a higher level of uncertainty. The input data of the conventional 
polyol process were provided by experts of a polyol R&D and manufacturing plant (Eleveld, 
2015). However, the input data of the CO2-based polyol was derived from conventional 
polyol data and thereby the level of uncertainty increased. The Validation process is the 
criterion with the lowest scores, especially for the polyol SAs. The values of the conventional 
polyol were validated against data from experts of a polyol manufacturing site. However, this 
was not done for the CO2-based polyols. Although there is experimental work and a 
demonstration plant has been built for CO2-based polyols, publicly available peer-reviewed 
or independent industrial independent information that could be used for validation purposes 
was unavailable. 
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Table 4.6. Pedigree scores for technical submodels. 

  Theoretical 
understanding 

Methodologi-
cal rigour 

Modelling 
resources 

Validation 
process 

SA 2a: H2 unit without CO 2 capture 
Flowsheet  

 
4 

  
3 

  
2 

  
4 

 
Thermodynamics 

 
4 

  
4 

  
2 

  
3 

 
Chemistry & Kinetics 

 
4 

  
3 

  
2 

  
3 

 
SA 2b: CO2 capture unit 
Flowsheet  

 
4 

  
3 

  
2 

  
2 

 
Thermodynamics 

 
3 

  
3 

  
2 

  
2 

 
Chemistry & Kinetics 

 
3 

  
3 

  
2 

  
2 

 
SA 4a: Conventional polyol 
Flowsheet  

 
4 

  
3 

  
3 

  
1 

 
Thermodynamics 

 
3 

  
3 

  
3 

  
1 

 
Chemistry & Kinetics 

 
3 

  
3 

  
3 

  
0 

 
SA 4b: CO2-based polyol 
Flowsheet  

 
3 

  
2 

  
2 

  
1 

 
Thermodynamics 

 
3 

  
2 

  
2 

  
0 

 
Chemistry & Kinetics   3     2     2     0   

The pedigree assessment of the technical submodels shows good Theoretical understanding 
and Methodological rigour. The CO2-based polyol system area presents higher uncertainty in 
the Methodological rigour since the model was derived from the conventional polyol system. 
The Modelling resources scored 2 for all SAs except for the conventional polyol synthesis, 
which scored 3. Most of the technical models were developed by a single modeller with 
limited expertise in this area but with enough time to build skills for the specific purpose. 
However, for the conventional polyol, senior and junior polyol technologists contributed to 
the development of the model, and therefore the Modelling resources present higher scores. 
As for the input data, the Validation process shows the highest uncertainties.  The models of 
the H2 unit were validated by comparing them with data from a real refinery (Appendix 4A), 
and therefore they have the highest score. Although there is no information on a real refinery 
with the specific CO2 capture unit included in the models, CO2 capture by chemical 
absorption has been applied to other systems. The model of the capture unit could thus be 
validated although the measurements included proxy variables or spanned a limited domain. 
In the case of the polyol processes, the flowsheets were validated by personal communication 
with experts from a polyol manufacturing site (Eleveld, 2015). This information was not 
peer-reviewed, and therefore lower pedigree scores were given to these SAs. There was no 
validation performed for the thermodynamics, chemistry, and kinetics included in the models, 
resulting in the low scores.  

Besides the qualitative pedigree analysis, a sensitivity analysis was carried out to quantify the 
effect that six selected input parameters have on the primary energy requirements for the 
polyol system area (SA 4b), and for the overall system (SA 2b and SA 4b). 
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Fig. 4.3. Tornado diagram: sensitivity of primary energy use to selected input parameters. (a) Polyol synthesis. 

(b) Overall system: H2 unit with capture and CO2-polyol synthesis. 

Fig. 4.3 shows that the reaction temperature is the parameter with the largest influence on the 
primary energy requirement of the polyol system area (±10%). The temperature of the 
reaction products flowing into the pre-heater of the stripper varies and therefore affects the 
amount of steam consumed in the pre-heater. However, variations in the reaction pressure 
have the most important effect on the overall system (Fig. 4.3b).  This is because the reaction 
temperature only affects the polyol system area, while the reaction pressure also affects the 
CO2 compression train. Therefore, changes in the reaction pressure have larger implications 
in the primary energy requirements of the overall system. Nevertheless, the primary energy 
use of the overall system only shows minor changes (±2%) because only 10% of the total 
amount of CO2 captured is used in the polyol synthesis. This shows that changes to input 
parameters in the polyol SA only have a minor impact on the energy use of the overall 
system. It also means that the higher uncertainty in the knowledge base of the polyol model 
has little impact on the performance of the total system. The higher uncertainty of the polyol 
SA is therefore justified for the purpose of assessing the technical performance on the 
integrated system. 

4.3.2. Economic assessment 

Table 4.7 displays the economic performance indicators of the reference, CCS and CCUS 
cases. The Capex is 60% lower in the reference case because it does not include a capture 
unit nor a compression train. The cost of PO (included in the Opex) is the main driver of the 
differences among the total cost in the three cases. In the CCUS case, the CO2 captured from 
the refinery replaces 17 wt% of the PO used as feedstock for polyol synthesis. Thus, whilst 
the LCOP per GJ of H2 is higher in the CCS and CCUS cases (+58/+55% compared to the 
reference), the LCOP per kg polyol produced is the lowest in the utilisation case (-16% with 
respect to the reference and CCS cases).  

The break-even analysis shows that 47 €/tonne (Table 4.7) is the minimum CO2 cost that 
would make the CCS case economically more attractive than the reference case. However, a 
negative CO2 cost (coincidentally, also -47 €/tonne) would be required to make the reference 
case more cost-effective than the CCUS case. This shows that at system level (both H2 unit 
and polyol plant), CCUS is the most economically interesting alternative. The reduction in 
the polyol costs in the CCUS case compensates for the higher LCOP of H2. Implementation 
of carbon capture at refineries sets a business case when CO2 is partially utilised as in the 
CCUS case, but not when there is only CO2 storage, as in the CCS case. 

Assuming a H2 market price of 1135 €/tonne and a polyol market price of 1700 €/tonne, the 
payback period (PBP) is 5 years in the reference case, 8 years in the CCS case and 6 years in 
the CCUS case. The high PBP of the CCS case can be explained by the additional capital 
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investment required for the capture and compression unit and the lack of economic benefits 
from CO2 utilisation due to lower PO feedstock demand, both of which are present in the 
CCUS case. 

Table 4.7. Economic performance indicators of the REF, CCS, and CCUS systems. 
Performance indicator Units REF CCS CCU 
Capex M€ 155 391 383 

Opex M€/a 384 390 332 

LCOP25- H2 €/GJ H2 5.0 7.8 7.7 

LCOP25- PPC  €/kg polyol 1.4 1.4 1.2 

Break-even CO2 cost €/tonne CO2 - 47 -47 

PBP  years 5      8    6 

* break-even CO2 cost estimated with LCOP 
   PBP estimated with market prices (1135 €/tonne H2; 1700 €/tonne polyol) 

In Tables 4.8 and 4.9, the Capex and Opex are presented per system area.  The Capex of the 
H2 unit is larger when it includes a CO2 capture unit and compression (SA 2b in CCS and 
CCUS cases). There is a small difference in the Capex of CO2 transport and storage (SA 3) 
between the CCS and the CCUS cases. In the CCUS case, 10% of the captured CO2 is used in 
polyol synthesis, and therefore the CO2 transported and stored is 90% of the CO2 transported 
and stored in the CCS case. The CO2 flow determines the costs of storage and the pipeline 
diameter. However, its length and materials are the main drivers of the Capex.  Since the 
pipeline diameter is very similar and the length is the same in both cases, the Capex for 
transport is only slightly lower in the CCUS case. Details on transport and storage costs are 
available in the SI. 

The CO2-based polyol route (SA 4b) has only slightly (3%) higher Capex than the 
conventional route (SA 4a). The difference is caused by an additional flash vessel and a 
compressor, which are required to separate and recycle the excess of CO2 after the reaction. 
Note, however, that additional costs of PPC and cPC separation are not included in this 
chapter, meaning that in a real plant, the capital costs of the CO2-based polyol process may be 
higher.  

Table 4.8. Capex contribution per system area (M€). The dashes (-) are due to only operational cost for that 
system area. 

System area REF(M€) CCS(M€) CCUS(M€) 
1 Naphtha production & transport - - - 
2a H2 unit without CO2 capture 135 - - 
2b H2 unit with CO2 capture  156 156 
3 CO2 transport and storage - 215 206 
4a Conventional polyol synthesis 20 20 - 
4b CO2-based polyol synthesis - - 21  
5 Chemicals - - - 
Total H2 unit + storage 135 370 361 
Total polyol  20 20 22 
TOTAL 155 391 383  

The operational costs are mainly caused by the feedstock (naphtha production and transport 
(SA 1) and chemicals (SA 5). The Opex of SA 1 is 15% lower in the CCS and CCUS cases. 
This is due to naphtha fuel savings as a result of the enhanced heat content of the PSA offgas 
burned in the reformer furnace (as the CO2 is captured upstream the PSA unit). This partially 
compensates for the operational costs of CO2 capture and compression in the CCS and CCUS 
cases. The Opex of the H2 unit (SA 2b) of the CCS and CCUS cases is a factor of 3.7 higher 
than in the reference case because of the energy penalty of CO2 capture and compression. 
Replacing part of the PO by CO2 reduces the Opex of CO2-polyol production by 14% with 
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respect to the conventional route. The savings in PO feedstock in the CCUS case compensate 
for the extra operational costs due to CO2 capture, transport and storage. Consequently, the 
CCUS case has the lowest total Opex among all cases. 

The Opex for storage in the CCUS case is 10% lower than in the CCS case, which is 
proportional to the amount of CO2 stored. However, the Opex for transport in the CCUS case 
is higher than in the CCS case because it requires additional pump work due to higher 
pressure drop. Details on transport and storage costs are available in the SI. 

Table 4.9. Opex contribution per system area (M€/a). 

System area 
REF 

(M€/a) 
CCS 

(M€/a) 
CCUS 
(M€/a) 

1 Naphtha production & transport 33.7 28.7 28.7 
2a H2 unit without CO2 capture 2.6 - - 
2b H2 unit with CO2 capture - 10.1 9.6 
3 CO2 transport and storage - 2.8 2.7 
4a Conventional polyol synthesis 1.1 1.1 - 
4b CO2-based polyol synthesis - - 1.3 
5 Chemicals 346.9 346.9 289.8 
Total H2 unit 36.3 41.7 40.4  
Total polyol  348.0 348.0 291.6 
TOTAL 384.4 389.7 332.0 

4.3.2.1.Economic uncertainty analysis 

The pedigree scores assigned to the economic input data are shown in Table 4.10. The scores 
of the criterion Proxy were the highest and the ones for the Reliability of source were 
intermediate. The Capex input data was derived from independent open literature and 
therefore scored a 2. The Opex input data sources were qualified estimates by industrial 
experts supported by industry data and therefore it scored a 3. However, CO2 transport and 
storage scores a 2 since the Opex was based on the ZEP reports (2011), which include inputs 
from industrial partners, but do not explicitly constitute an industrial quote and assumptions 
are not fully documented. Completeness of equipment scored relatively low since only the 
major units were included in the equipment list. This is typical practice in the early phases of 
a project, when the initial feasibility is evaluated and rough choices about design alternatives 
are made. Input data for the other parameters included in the Capex estimation was mostly 
complete. As already indicated in the technical assessment, the Validation criterion had the 
largest uncertainties. The Capex of the H2 and the capture units were validated against 
independent cost estimation of the same equipment and scope. However, due to scarce 
availability of real project data on polyol systems, they scored 1 in the Capex validation. 
Opex data was taken from only one source and not compared with other independent data. 
Although the Reliability of the sources is appropriate (pedigree score of 3), the values were 
not validated and therefore they scored a 0. 
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Table 4.10. Pedigree scores for economic input data. The dashes (-) are due to only operational cost for that 
system area. 

  Proxy 
Reliability 
of source 

Completeness 
(only 

equipment) 

Completeness 
(other 

parameter) 

Validation 
process 

SA 1: Naphtha production and transport 

Capex 
 - - - - -  

Opex 
 4 4 - 3 0  

SA 2a: H2 unit without CO 2 capture 

Capex 
 4 2 2 3 3  

Opex 
 4 3 - 2 0  

SA 2b: CO2 capture unit 

Capex 
 4 2 2 3 2  

Opex 
 4 3 - 2 0  

SA 3: CO2 transport and storage 

Capex 
 4 2 1 3 1  

Opex 
 4 2 - 2 1  

SA 4a: Conventional polyol 

Capex 
 4 2 1 3 1  

Opex 
 4 3 - 2 0  

SA 4b: CO2-based polyol 

Capex 
 4 2 1 3 1  

Opex 
 4 3 - 2 0  

SA 5: Chemicals 

Capex 
 - - - - -  

Opex   3     3     -     2     0   

The sensitivity analysis shows that the economic parameters have different impact in the 
LCOP of the hydrogen and the polyol (Fig. 4.4). Both product costs are largely affected by 
the price of their respective major feedstocks (naphtha and PO), although the LCOP of the 
polyol is twice as sensitive as the hydrogen one (±19% and ±8%, respectively). Whereas the 
LCOP of H2 is also affected by changes in the Capex and the discount rate, the LCOP of the 
polyol is stable against variations in these economic parameters. Although the accuracy of the 
baseline value of the Capex for the polyol plant was -30% to +50%, the sensitivity analysis 
shows that those inaccuracies have no impact on the final product costs. The LCOP of polyol 
is directly influenced by the PO price but this does not negatively affect the competitiveness 
of the CO2-polyols. Since PO is also the feedstock for the synthesis of conventional polyol, at 
higher prices of PO, the CO2-polyol process will have a larger economic advantage over the 
traditional route. 
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Fig. 4.4. Tornado diagram: sensitivity of LCOP to selected input parameters. (a) Hydrogen. (b) Polyol. 

4.3.3. Environmental assessment 

Selected key environmental indicators are shown in Table 4.11. The full list of results for the 
seven impact categories assessed are in Appendix 4C. 

Table 4.11. Environmental performance indicators of the REF, CCS, and CCUS systems per functional unit of 1 
MJ H2, 0.03 kg polyols and 0.187 kg low pressure steam. NMVOC: non-methane volatile organic carbon. 

Performance indicator Acronym Units REF CCS CCUS 
Climate change  CC kg CO2 eq 2.6E-1 2.2E-1 2.0E-1 

Photochemical oxidant formation  POF kg NMVOC 8.0E-4 8.9E-4 8.3E-4 
Fossil depletion  FD kg oil eq 1.0E-1 1.1E-1 9.8E-2 

Fig. 4.5 shows the environmental burdens of the three cases, broken into contributions from 
the system areas, relative to the reference case. Typical trends of CCS scenarios are observed, 
where advantages in climate change impacts are identified for CCS over the reference 
scenario, but moderate increases in other environmental impact categories.  Overall, an 
improvement of the CCUS case over the reference is observed in all but one impact category, 
i.e. photochemical oxidant formation (POF). This implies an overall conclusion that CCUS 
appears to have an improved environmental performance over both the REF and the CCS 
cases for the impact categories evaluated. However, the differences range between 2-14% 
improvement over the REF case and may in some cases potentially fall within uncertainty 
margins.  
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Fig. 4.5. Contribution analysis for all cases, relative to the reference case (%). SA 1: Naphtha production and 

transport; SA 2: H2 unit with or without carbon capture; SA 3: CO2 transport and storage; SA 4: Polyol synthesis; SA 
5: Chemicals. Abbreviations: CC: Climate Change CC; TA: Terrestrial Acidification; FE: Freshwater 

Eutrophication; PMF: Particulate Matter Formation; POF: Photochemical Oxidant Formation; HT: Human 
Toxicity; FD: Fossil Depletion   

From the figure, the REF and CCS cases show similar impacts in terrestrial acidification 
(TA), freshwater eutrophication (FE), particular matter formation (PMF) and human toxicity 
(HT). In both cases, these impacts are dominated by the higher demand of polyol precursors 
in the conventional polyol synthesis used in both of these cases. The use of these polyol 
precursors are reduced by use of captured CO2 in the CCUS case and is evident in the lower 
SA 5 impacts in these categories. On the other hand, the carbon capture process induces 
similar trends in CC, POF and FD impacts for the CCS and CCUS cases. These arise from 
the carbon capture process (SA 2), which reduces the CC impact relative to the REF case, but 
increases relative POF impacts because the PSA offgas, which is released to the atmosphere, 
is richer in CO.  

As shown in Fig. 4.5, the naphtha value chain, H2 production unit, and the chemicals value 
chain (SA 1, 2, and 5, respectively) dominate the impacts. Within each of these system areas, 
a few key processes contribute to the majority of the environmental impacts. From the 
contribution analysis and structural path analysis, the production of propylene oxide reactant 
in SA 5 is a major source of emissions for conventional polyol synthesis in the REF and CCS 
cases. In particular, these methods indicate that important contributions to all of the impact 
categories for SA 5 include the direct emissions from the production of propylene oxide and 
its precursors (chlorine, sodium hydroxide, propylene) and their required energy of 
production, which is partially sourced from coal. Naphtha production and transport (SA1) for 
all cases is also a key contributor, particularly to PMF and FD, while the combustion of 
naphtha and steam reforming in SA 2 (H2 unit) are the dominant processes contributing to CC 
and POF.  

The CCS case presents a slight increase in most of the impact categories relative to the 
reference case. The reduction in naphtha fuel consumption in the furnace due to higher 
heating value of the PSA off-gas (post-CO2 capture) does not fully compensate for the 
increase on the impacts associated with the extra fuel required for the capture unit and the 
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electricity needed for CO2 compression. In the CCUS case, CO2 replaces part of the energy 
intensive PO feedstock for polyol synthesis, offsetting the increase of energy consumed due 
to the capture unit and compression train. As a consequence, all of the investigated impacts in 
the CCUS case decrease relative to the reference and CCS cases, with the exception of POF. 
A complete list of the seven indicators included in the environmental assessment can be 
found in Appendix 4C.  

4.3.3.1.Environmental uncertainty analysis 

The uncertainty of the LCI is evaluated in Table 4.12 below. The evaluation criteria can be 
found in in Appendix 4D. Infrastructure for SA 1, 3 and 5 are modelled from ecoinvent and 
therefore not as highly rated due to differences in some of the correlation parameters and 
some missing flows. Similarly, the operations part of the LCI for SA 1 and SA 5 modelled 
from ecoinvent are not completely representative of the cases studied here. From the table, it 
can be seen that the chemicals used in the facility (SA 5), show the lowest scores, 
representing a lack of available and representative data to model the required chemicals. In 
particular, proxy chemicals were necessary to model the DMC catalyst and the ADIP-X 
solvent, and the database processes used for the propylene oxide, monopropylene glycol and 
glycerol are somewhat outdated and incomplete. This same SA is a significant contributor to 
all of the studied impact categories (Fig. 4.5), which indicates an incentive to obtain higher 
quality data for the chemicals used in this system. 

Due to the novelty of the technology, the CO2-polyol system area received low scores in 
Reliability. This is a reflection of the low scores received for this system area in the technical 
and economic performance parameters. However, the results presented in Fig. 4.5 indicate 
negligible contribution of the CO2-polyol system area to overall impact in the investigated 
categories, so the low scores in for this system area are of less concern. The remaining system 
areas score fairly high as these were based on the technical modelling, which was specific to 
the plants studied. 

The differences in results between REF, CCS and CCUS cases are generally small, and given 
the uncertainty assessment, the conclusion that CCUS is the environmentally superior option 
should be used carefully.  
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Table 4.12. Pedigree scores for environmental LCI. 

  Reliability 
of source 

Comple-
teness 

System 
representativeness 

Temporal 
correlation 

Geographical 
correlation 

SA 1: Naphtha production and transport 
Operation 

 
3 

  
3 

  
3 

  
2 

  
2 

 
Infrastructure 

 
3 

  
2 

  
3 

  
2 

  
2 

 
SA 2a: H2 unit without CO 2 capture 
Operation 

 
3 

  
3 

  
4 

  
4 

  
4 

 
Infrastructure 

 
3 

  
3 

  
4 

  
3 

  
3 

 
SA 2b: H2 unit with CO 2 capture 
Operation 

 
3 

  
3 

  
4 

  
4 

  
4 

 
Infrastructure 

 
3 

  
3 

  
4 

  
3 

  
3 

 
SA 3: CO2 transport and storage 
Operation 

 
3 

  
3 

  
3 

  
4 

  
3 

 
Infrastructure 

 
3 

  
2 

  
2 

  
2 

  
2 

 
SA 4a: Conventional polyol 
Operation 

 
2 

  
3 

  
4 

  
4 

  
4 

 
Infrastructure 

 
2 

  
3 

  
4 

  
3 

  
3 

 
SA 4b: CO2-based polyol 
Operation 

 
1 

  
3 

  
4 

  
4 

  
4 

 
Infrastructure 

 
1 

  
3 

  
4 

  
3 

  
3 

 
SA 5: Chemicals 
Operation 

 
3 

  
2 

  
2 

  
2 

  
2 

 
Infrastructure   2     2     2     2     2   

4.4. Conclusions 

A detailed technical, economic, and environmental impact assessment combined with 
uncertainty analysis was carried out to evaluate the feasibility of using CO2 captured from a 
hydrogen manufacturing unit at a refinery complex. In the CCUS case, 10% of the total 
captured CO2 is utilised in polyol synthesis while the remainder of the CO2 is stored. The 
results show that this combination of CCUS and CCS can provide a feasible option to reduce 
the CO2 emissions associated with this type of refinery operations while improving the 
business case. From an economic point of view, a refinery could choose to build a small 
capture unit to satisfy the CO2 demand for polyol synthesis. In this case, all of the captured 
CO2 would be used and partial storage would not be needed. The capture unit would be 
significantly smaller, and there would be no transport and storage costs. However, economies 
of scale might have a negative impact on the costs and the refinery will not profit from 
naphtha savings. This alternative case was not included in the present study because it would 
effectively only represent a 10% reduction in total CO2 emissions for the system and the 
cases were defined with large CO2 emission reductions goals. 

When capturing all CO2 emitted at a H2 unit of a refinery, both CO2 emissions and the 
amount of naphtha fuel used in the reformer furnace decrease (65 wt% and 14 wt% with 
respect to the reference case, respectively). By utilising the captured CO2 in polyol synthesis, 
propylene oxide demand decreases with 17 wt% compared to the conventional polyol 
synthesis. These factors have a large impact in the comparison of the economic and 
environmental performance of the three cases included in this research. 

From the H2 unit perspective, the savings in naphtha fuel are not large enough to compensate 
for the extra costs of the capture unit and compression train required in the CCS and CCUS 
cases. The LCOP of H2 is 7.8 and 7.7 €/GJ H2 in the CCS and CCUS cases, respectively. This 
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value is 58% (CCS case) and 55% (CCUS case) higher with respect to the reference case in 
which no CO2 is captured. However, the levelised costs of polyol decrease to 1.2 €/kg polyol 
in the CCUS case, 16% lower than in the conventional process. A break-even analysis carried 
out at the system level showed that the reduced costs of the CO2-polyol in the CCUS case 
compensate for the increase in H2 costs, thus making the CCUS case more economically 
attractive than the reference case. However, a minimum CO2 cost of 47 €/tonne would be 
required for making the CCS case more cost-effective than the reference case. The results 
indicate that using 10% of the total CO2 captured from the refinery and storing the rest of the 
CO2 presents an interesting business case for refineries because expensive PO feedstock is 
replaced by waste CO2. CO2 utilisation in combination with partial storage provides an 
economic advantage compared to storage alone and to a reference case without CO2 capture. 
The uncertainty analysis shows that these economic results are robust because the most 
uncertain system areas (polyol production excluding feedstock costs) have low impact on the 
overall economics. 

The environmental assessment revealed that the introduction of the CCUS process in the 
hydrogen unit in combination with storage of the remaining CO2 reduces the climate change 
impacts by 23% compared to the reference case. Of the other 6 environmental impact 
categories included in the LCA, all but one (POF) present slightly better performance in the 
utilisation case than in the reference case where no CO2 is captured. However, the differences 
between the three cases are approximately 15%, indicating relatively small differences in 
environmental performance outside of CC. Propylene oxide feedstock used in the polyol 
synthesis, and its precursors, the naphtha value chain and naphtha combustion are identified 
as a particularly environmentally intensive contributors in this system. Given the 
uncertainties in the model, the environmental determination of the investigated systems 
remains inconclusive. 

The integrated techno-economic and environmental assessment performed in this chapter 
indicates that CO2 utilisation in combination with CO2 storage can become a cost-effective 
mitigation option that still provides environmental advantages. Implementation of CCS alone 
reduces the CO2 emissions with respect to a reference case without capture. As compared to 
the reference and CCUS cases, CCS alone increases the costs and other environmental impact 
categories analysed. 
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Appendices 

Appendix 4A. Technical modelling  
The Peng-Robinson equation of state, which is appropriate for hydrocarbon systems, was 
used in the modelling of the H2 unit in the Aspen Plus software. A Gibbs free energy reactor 
was used to model the reformer, and for the WGS a stoichiometric reactor with a conversion 
of 0.74 of the component CO (refinery data). The outputs of the models of the H2 unit without 
capture were validated against data from a real refinery in Asia (Table 4A.1). The H2 unit of 
the real refinery does not include a capture unit.  

Table 4A.1. Technical model validation of the H2 unit. % Deviation from real refinery data. 
Model parameter Syngas 

before WGS 
PSA inlet 

∆(Total flow)  <1% -1% 
∆(Pressure)   <1% -2% 

∆(Temperature)  <1% <1% 

∆(Mass fraction  <1% <1% 

∆(H2O) <1% <1% 

∆(H2) <1% <1% 

∆(CO) <1% <1% 

∆(CO2) <1% -1% 

∆(CH4) <1% 1% 

∆(Naphtha) <1% <1% 

A review of the technical design values of the polyol synthesis reported in the literature was 
performed (Haider et al., 2008; Darensbourg and Wilson, 2012; Miljolovic et al., 2012; 
Hofmann et al., 2014; Langanke et al., 2014; Müller et al., 2014; von der Assen, and Bardow, 
2014) and together with experts in polyol R&D and manufacturing (Eleveld, 2015) specific 
values shown in Table 4A.2 were used to develop the polyol models.  Details on the literature 
review, explanation of the values selected and the spreadsheet calculation performed for 
polyol synthesis are in the SI. 

Table 4A.2.  Technical values used in the polyol models. 
Parameter Units  Conventional CO2-based Source 

Polyol functionality - 2.8 2.8 Eleveld, 2015 

Starter MPG/G 20/80 20/80 based on polyol functionality 

Heat of reaction kJ/mol 81  64 Eleveld, 2015 

CO2 excess % - 40 Haider, 2008 

Catalyst type - DMC DMC all references used for the model* 

Catalyst amount ppm 150 150 Eleveld, 2015 

Polyol selectivity % 100 94 von der Assen and Bardow, 2014 

cPC selectivity % 0 6 von der Assen and Bardow, 2014 

Molecular weight kg/kmol 3200 3938 model output 
*Haider et al., 2008; Darensbourg and Wilson, 2012; Miljolovic et al., 2012; Hofmann et al., 2014; Langanke et al., 2014; 
Müller et al., 2014; von der Assen, and Bardow, 2014 
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The overall mass and energy balances of the reference, CCS and CCUS cases are shown in 
Table 4A.3. 

Table 4A.3. Overall mass and energy balance of the reference, CCS and CCU cases. 
Materials Units REF CCS CCUS 

Naphtha feed  kt/a 234 234 234 

HP steam feed kt/a 1 083 1 083 1 083 

Propylene Oxide kt/a 243 243 202 

Mono Propylene Glycol kt/a 2 2 2 

Glycerol   kt/a 5 5 5 

Utilities     

LP steam  kt/a -1 727 -1 126 -1 117 

Cooling water  kt/a 11 251 24 422 24 364 

Chilled water kt/a 169 169 138 

Electricity  kW 1 920 7 454 7 576 

The mass and energy balances of the H2 unit with and without are shown in Table 4A.4. 

Table 4A.4. Mass and energy balance of the H2 unit. With and without capture. 
CO2 flows  Units No capture  Capture 

CO2 emissions  kg/kg H2 12 4 

CO2 captured kg/kg H2 - 7 

Materials & Utilities Units  No capture  Capture 
HP steam feed kg/kg H2 14 14 

Naphtha feed kg/kg H2 3 3 

Naphtha fuel  kg/kg H2 0.91 0.78 

Naphtha avoided  kg/kg H2 - 0.13 

Net LP steam consumed kg/kg H2 -23 -15 

Cooling water kg/kg H2 7 308 

Electricity  kWh/kg H2 0.16 0.73 

The mass and energy balances of the polyol synthesis are shown in Table 4A.5. 

Table 4A.5. Mass and energy balance of polyol synthesis. Conventional and CO2-based. 
Materials  Units Conventional CO2-based 

CO2 utilised kg/kg polyol - 0.23 

PO consumption  kg/kg polyol 0.97 0.81 

G consumption  kg/kg polyol 0.02 0.02 

MPG consumption  kg/kg polyol 0.01 0.01 

Utilities  Units Conventional CO2-based 

Cooling water kg/kg polyol 1.43 1.14 

Chilled water kg/kg polyol 0.68 0.55 

Steam kg/kg polyol 0.02 0.05 

Electricity  kWh/kg polyol 0.01 0.01 

Appendix 4B. Economic modelling 

The chemicals prices assumed in the economic evaluation were: 

Table 4B.1. Chemicals price. 
Chemical Price (€/tonne) Source 
Naphtha  480 Quotenet, 2015 
PO 1400 ICIS, 2015 
MPG 1550 Proxy, 150 €/tonne higher than PO 
Glycerol 730 Scott et al., 2013 
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Utility costs were estimated based on historical data adjusted for inflation. 

Table 4B.2. Utilities costs.  
Utility  Units Cost Source 
Naphtha  €/tonne 480 Quotenet, 2015 
Cooling water €/m3 0.025 Sinott, 2005 

Steam €/tonne 21.25 Sinott, 2005 

Electricity  €/kWh 0.10 Eurostat, 2016 

Labour costs were estimated based on the amount of operators and engineers per SA and their 
individual costs per year. Wage information was retrieved from the Norwegian Confederation 
of Trade Unions (LO, 2014) and the Confederation of Norwegian Enterprises (NHO, 2014). 
The same manning was assumed for the conventional and CO2-based polyol plants, one extra 
engineer and one extra operator shift were added for the capture unit. One shift rotation 
contains six operators. 

Table 4B.3. Salary of operators and engineers. 

 Units Operator  Engineer 

Number employers per shift - 6 1 

Yearly salary per employee k€ 62 100 

Insurance, extras k€ 22 37.5 

Total per employee k€ 84 137.5 
 

Table 4B.4. Labour costs. 

 Manning Costs (k€/a) 
System area Operator Engineer Operator Engineer 
H2 without capture 2 2  1012  276  
H2 with capture 3 3  1520  414  
Conventional polyol 1 1 506 138  
CO2-polyol 1 1 506 138  

The financial assumptions used in the economic estimations were: 

Table 4B.5. Economic modelling assumptions. 
Item Units Value 

Project lifetime years 25 

Construction time years 3 

Real discount rate  % 7.5 

 

Appendix 4C. Environmental modelling  

The complete list of the environmental indicators is shown in Table 4C.1. 

Table 4C.1. Environmental indicators. 
Performance indicator  Units REF CCS CCUS 
Climate Change  CC kg CO2 eq 2.6E-1 2.2E-1 2.0E-1 
Terrestrial Acidification  TA kg SO2 eq 7.1E-4 7.2E-4 6.5E-4 
Freshwater Eutrophication  FE kg P eq 6.2E-5 6.5E-5 5.6E-5 
Particulate Matter Formation  PMF kg PM10 eq 3.1E-4 3.1E-4 2.8E-4 
Photochemical Oxidant Formation  POF kg NMVOC eq 8.0E-4 8.9E-4 8.3E-4 
Human Toxicity  HT kg 1.4 DB eq 3.5E-2 3.5E-2 3.0E-2 
Fossil Depletion FD kg oil eq 1.0E-1 1.1E-1 9.8E-2 
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Appendix 4D. Pedigree matrices 

Uncertainty analysis was performed using pre-defined pedigree matrices per research area. 

Table 4D.1. Pedigree matrix for technical input data. 

SCORE Proxy Empirical basis 
Theoretical 

understanding 
Methodological 

rigour Validation process 

4 
A direct measure of 
the desired quantity 

Controlled 
experiments and large 

sample, direct 
measurements 

Well established 
theory 

Best available 
practice in well 

established discipline 

Compared with 
independent 

measurements of 
same variable over 

long domain 

3 Good fit to measure 

Historical/field data, 
uncontrolled 

experiments, small 
sample, direct 
measurements 

Accepted theory with 
partial nature (in view 
of the phenomenon it 

describes) 

Reliable method 
common within 

established discipline; 
best available practice 
in immature discipline 

Compared with 
independent 

measurements of 
closely related 

variable over shorter 
period 

2 
Well correlated but 
not measuring the 

same thing 

Modelled/derived 
data, indirect 
measurements 

Accepted theory with 
partial nature and 

limited consensus on 
reliability 

Acceptable method 
but limited consensus 

on reliability 

Measures are not 
independent, include 
proxy variables or 

have limited domain 

1 
Weak correlation but 

commonalities in 
measure 

Educated guesses, 
indirect 

approximation, rule of 
thumb estimate 

Preliminary theory 
Preliminary methods, 
unknown reliability 

Weak and very 
indirect validation 

0 
Not correlated and not 

clearly related 
Crude speculation Crude speculation No discernable rigour 

No validation 
performed 

 
 

Table 4D.2. Pedigree matrix for technical submodels. 

SCORE Theoretical 
understanding Methodological rigour Modelling resources Validation process 

4 
Well established and 

accepted theory 

Best available practice in 
well-established 

discipline 

High expertise from 
multiple practitioners in 

subject matter and 
minimal time constraints 

The (sub)model as a 
whole has been compared 

with independent 
measurements 

3 

Accepted theory with 
partial nature (in view of 

the phenomenon it 
describes) 

Reliable method common 
within established 

discipline; Best available 
practice in immature 

discipline 

Good expertise from 
single practitioner and 

minimal time constraints 

Parts of the (sub)model 
have been compared with 

independent 
measurements 

2 
Accepted theory with 

partial nature and limited 
consensus on reliability 

Acceptable method but 
limited consensus on 

reliability 

Limited expertise but 
enough time to build skill 
for the specific purpose; 
medium to high expertise 
but constrained in time 

Measures are not 
independent,  include 

proxy variables or have 
limited domain 

1 Preliminary theory 
Preliminary methods ; 
unknown reliability 

Limited expertise and 
limited time available 

Weak and very indirect 
validation 

0 Crude speculation No discernible rigour 
No expertise in the 

subject matter and big 
time constraints 

No validation performed 
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Table 4D.3. Pedigree matrix for economic input data. 

SCORE  Proxy Reliability of source Completeness (only 
for equipment list) 

Completeness (all 
other parameters) Validation process 

4 
A direct measure of 
the desired quality 

Measured/official 
industrial, vendor, 

and/or supplier data 

Representative data 
for all line items 

(processes, 
instruments, electro, 
civil, mechanical, 

etc.) 

Complete data from a 
large number of 
samples over a 

representative period 

Compared with 
independent data from 
similar systems that 

have been built 

3 Good fit to measure 

Qualified estimate by 
industrial expert 

supported by industry 
data 

Representative data 
for all process 

equipment 
(equipment list, heat 
and mass balance, 

PFD) 

Complete data from a 
large number of 
samples but for 
unrepresentative 
periods or from 

representative periods 
but for a small 

number of samples 

Compared with 
independent data of 
similar systems that 
have not been built 

2 
Correlated but does 

not measure the same 
thing 

Reviewed data 
derived from 

independent open 
literature 

Representative data 
for most important 
process equipment 

(equipment list, heat 
and mass balance, 

PFD) 

Almost complete data 
but from a small 

number of samples or 
for unrepresentative 

periods or incomplete 
data from adequate 
number of samples 

and periods 

Validation 
measurements are not 
independent, include 
proxy variables or 

have limited domain 

1 
Weak correlation but 

commonalities in 
measure 

Non-reviewed data 
from open literature 

Data from an 
adequate number 

process parameters 
(heat and mass 
balance, PFD) 

Almost complete data 
but from a small 

number of samples 
and unrepresentative 

periods 

Weak and indirect 
validation 

0 
Not correlated and not 

clearly related 

Non-qualified 
estimate or unknown 

origin 

Only high level or 
incomplete data 

available 

Incomplete data from 
a small number of 

samples for an 
unrepresentative 

period 

No validation 
performed 

 

Table 4D.4. Pedigree matrix for environmental LCI. 

SCORE  Reliability of source Completeness 
System 

representativeness 
Temporal 
correlation 

Geographical 
correlation 

4 
Verified data based on 

measurements 

Data for all value 
chain processes and 

flows 

Exact data on 
processes and 

materials under study 

Less than 2 years of 
difference 

Data from area under 
study 

3 

Verified data partly 
based on assumptions 
or non-verified data 

based on 
measurements 

Data for all flows 
from adequate value 

chain processes 

Data on processes and 
materials based on 
same technology 

Less than 5 years of 
difference 

Data from area with 
similar production 

conditions 

2 
Non-verified data 
partly based on 

assumptions 

Data for adequate 
flows from adequate 
value chain processes 

Data on processes and 
materials based on 

analogous technology 

Less than 10 years of 
difference 

Average data from 
larger area in which 

the area under study is 
included 

1 Qualified estimate 
Data for limited value 

chain processes or 
flows 

Data on processes and 
materials based on 

different technology 

Less than 15 years of 
difference 

Data from area with 
slightly similar 

production conditions 

0 
Non-qualified 

estimate or unknown 
origin 

Incomplete data or no 
details 

Data on different 
processes or materials 

Age of data unknown 
or more than 15 years 

of difference 

Data from unknown 
area or area with 

different production 
conditions 
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Abstract 

Carbon capture and utilisation (CCU) has the potential to provide business cases as CO2 
waste streams are turned into feedstock for the synthesis of marketable products. Although 
CCU could reduce fossil resource demand, its capability as a climate change mitigation 
option is under debate. In contrast to single-product CCU, this prospective study explores the 
techno-economic and environmental feasibility of novel systems that include more than one 
CO2 utilisation product. The combination of multi-product CCU with CO2 storage is also 
investigated. Two configurations have been designed, in which CO2 is captured in a refinery 
and converted into dimethyl ether (DME) and polyols, simultaneously (parallel 
configuration) or in two consecutive cycles (cascade configuration).  

Compared to a reference system without capture, results show that the largest direct CO2 
emission reductions are achieved with CCS without utilization (-70%) but at the expenses of 
higher total costs (+7%). Multi-product CCU systems show lower fossil depletion and costs 
than the reference without capture (-10% and -9%, respectively) because of feedstock 
replacement by the CO2 utilised. Combination of multi-product CCU with storage turns to be 
the best alternative for reduced climate change potential (-18% relative to the reference) 
while still been economically feasible. In addition to lower upstream emissions due to fossil 
feedstock replacement by utilising CO2, process direct emissions diminish owing to storage. 
No significant differences were found between the cascade and the parallel configurations. 
The extra effort to recycle CO2 in the cascade configurations is neither penalised nor 
rewarded.  

5.1. Introduction 

Carbon capture and utilisation (CCU) concepts are increasingly been researched, since in 
addition to reduce CO2 emissions they could result in lower fossil resource demand (Styring 
et al., 2011; von der Assen et al., 2014). Moreover, the large capital investment associated 
with carbon capture could (partially) be compensated because CO2 is converted into valuable 
products that provide revenues (Quadrelli et al., 2011; SCOT, 2017). However, the potential 
of CCU as a pathway to obtain large emission reductions has been debated, due to the short 
CO2 storage time of many applications, and the difficulties to assess potential displacement 
effects.  

Previous literature studies have investigated CCU options mainly focusing in CO2 conversion 
into fuels including techno-economic aspects and simple carbon metrics. These studies show 
that the production of liquid hydrocarbon fuels with commercially proven CCU technology is 
not yet economically viable (Dimitriou et al., 2015). Methanol synthesis from CO2 and 
renewable hydrogen from electrolysis is only economically feasible for large plant capacity, 
when by-products are sold and methanol has a high selling price (Belloti et al., 2017), or 
when the feedstock costs are lower and the CO2 value is high (Pérez-Fortes et al., 2016a). 
However, methanol production from captured CO2 has the potential of net reduction of CO2 
emissions mainly due to the fossil fuel avoided compared to the conventional methanol 
synthesis process. Other CCU options consider formic acid as final product, which can be 
used as hydrogen carrier or as fuel for fuel cells (Pérez-Fortes et al., 2016b). When using 
renewable electricity and steam, this CO2 utilisation alternative has lower CO2 emissions than 
the corresponding conventional process. In spite of its environmental attractiveness and 
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technically feasibility, CO2-based formic acid is not yet financially attractive.  

CCU has been typically regarded as a technology towards a single end product. The earlier 
studies indicated that the major drawback is a no yet economically practicability. However, 
integrated CO2 conversion into multiple fuels and chemicals in the same facility could benefit 
from synergies, such as process and equipment integration and more efficient energy and 
resource use, analogous to the refinery concept. System-wide and detailed assessments of 
CCU configurations for co-production of fuels and chemicals are not available in literature. 

This chapter aims to assess whether configurations that combine multi-product carbon 
capture and utilisation (CCU) and multi-product carbon capture, utilisation and storage 
(CCUS), are feasible concepts to close carbon cycles in the petrochemical industry. In this 
chapter, we investigate the potential benefits and trade-offs of such multi-output 
configurations.  

To answer the research goal, a case study in a refinery was used, where CO2 is captured at a 
steam methane reforming (SMR) facility and is utilised into dimethyl ether (DME) and 
polyols, different target products than those that received more attention in preceding 
research (i.e. methanol). This case was selected as:  

• SMR processes contribute to 20% of the CO2 emissions at refineries, and refineries 
account for 10% of the global industrial CO2 emissions (IEA and UNIDO, 2011).  

• CO2 conversion into fuels is considered as an attractive option to achieve large CO2 
emissions reduction due to its high fuel global market demand (100-times higher than 
that of chemicals; Centi and Perathoner, 2009). Whereas liquid hydrocarbon fuels, 
methanol or formic acid are still not economically attractive (Dimitriou et al., 2015; 
Pérez-Fortes et al., 2016a; Pérez-Fortes et al., 2016b; Belloti et al., 2017), DME has 
been reported as a cost-effective option to replace conventional transportation fuels 
(Lebarbier et al., 2012; Olah et al., 2009). Moreover, DME is a sulfur-free fuel with 
higher cetane number than diesel and leads to very low emissions of particulate 
matter, NOx, and CO during its combustion (Nykomb Synergetics, 2008). CO2-based 
DME appears as a more efficient alternative compared to conventional DME 
synthesis (Azizi et al, 2014). CO2 is used in a methane dry reforming process to 
produce syngas, which is then directly transformed into DME (Gangadharan et al., 
2006). This option has large market potential but the CO2 is stored for a short period 
of time. 

• The second product in the configuration considers CO2 conversion into chemicals. 
Urea and salicilic acid synthesis using CO2 are well-established industrial processes 
(Quadrelli et al., 2011). CO2-based polyols are a CCU alternative with high potential 
for market growth, so they can contribute to meet emissions reduction targets. These 
polyols are already at commercial stage (Bio-based news, 2016; Plastics news, 2016) 
and used as precursors of polyurethane flexible foams. The CO2 incorporated into the 
polyol is limited to 20 wt% in order to meet the right flexibility of the final product 
(Langranke et al., 2013; Prokofyeva and Gürtler, 2014). This option has a lower 
market potential than fuels but the CO2 is stored for a longer period of time (decades 
vs. days). 

Process modelling of the commercial-scale CO2 source (SMR unit in the refinery), the CO2 
capture unit and CO2 conversion processes (DME and polyols) serves as basis for an 
integrated techno-economic and environmental assessment. The environmental evaluation 
follows a life cycle-assessment approach incorporating climate change and fossil depletion 
indicators since fuel savings could be a relevant benefit of CCU options (Pérez-Fortes et al., 
2015; Pérez-Fortes et al., 2016; Belloti et al., 2017). A comparison among the different CCU 
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and CCUS configurations is carried out to identify the economic and environmental hotspots 
of each system.  

5.2. Methodology 

5.2.1. Scoping 

For the purpose of assessing multi-product CCU and multi-product CCUS systems, two 
configurations were defined. The CO2 source in all cases is a hydrogen manufacturing unit of 
a refinery equipped with carbon capture. In the first configuration (parallel) the synthesis of 
DME and polyol happens in parallel, using the CO2 stream captured at the hydrogen unit. In 
the second configuration (cascade) the CO2 captured in the hydrogen unit is first used in the 
synthesis of DME. The CO2 released during DME processing is then re-captured and used as 
feedstock for polyols synthesis. In addition, two reference configurations were considered. 
One reference case consisting of H2 production at the refinery without carbon capture, and a 
storage case that only incorporates CO2 capture, transport and storage. In total, six different 
systems were defined (see below). Note that it is assumed that the CCU products would 
displace fossil based counterparts, and therefore in the systems where there is no utilisation 
(REF and CCS cases), DME and polyol are still produced but in the conventional manner. 

- Case 1. Reference (REF): H2 unit of a refinery without CO2 capture + conventional 
DME + conventional polyol production (no CO2 utilisation). 

- Case 2. Storage-only (CCS): H2 unit of a refinery with CO2 capture and storage + 
conventional DME + conventional polyol production (no CO2 utilisation).  

- Case 3. Multi-product CCU, Parallel: H2 unit of a refinery with CO2 capture + CO2-
based DME + CO2-based polyol production. After capture, the CO2 stream is split 
into two parts. One part of the CO2 is used for CO2-based polyol synthesis and the rest 
is used for CO2-based DME production. There is no CO2 storage. 

- Case 4. Multi-product CCU, Cascade: H2 unit of a refinery with CO2 capture + 
CO2-based DME + CO2-based polyol production. The CO2 captured from the H2 unit 
is first used for DME production. During DME production 90% of the used CO2 is re-
emitted (Schakel et al., 2016). Part of the CO2 released in the DME process is then re-
captured, and utilised in CO2-based polyol synthesis. The rest of the CO2 is released 
to the atmosphere. There is no CO2 storage. 

- Case 5. Multi-product CCUS, Parallel: H2 unit of a refinery with CO2 capture + 
CO2-based DME + CO2-based polyol production. After capture, the CO2 stream is 
split into two parts. One part of the CO2 is used for CO2-based polyol synthesis and 
the rest is used for CO2-based DME production. The CO2 released during DME 
synthesis is re-captured and sent to storage. 

- Case 6. Multi-product CCUS, Cascade: H2 unit of a refinery with CO2 capture + 
CO2-based DME + CO2-based polyol production. The CO2 captured from the H2 unit 
is first used for DME production. The CO2 released in the DME process is then re-
captured, a part of it is utilised for CO2-based polyol synthesis and the rest is stored. 

The total systems were divided into system areas (SA) as shown in Fig. 5.1 and Table 5.1. 
Each SA corresponds to a part of the value chain or process type (e.g. natural gas production 
and transport, hydrogen manufacturing unit, polyol synthesis, etc.). The division on SAs 
allows transparently communicate differences in the type and level of modelling complexity 
among SAs and clearly identify the sub-processes with the largest contributions to the costs 
and environmental impacts.  
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(a) Case 1. Reference (REF)  (b) Case 2. Storage-only (CCS)  

 

 

 

   

(c) Case 3. Multi-product CCU, Parallel  (d) Case 4. Multi-product CCU, Cascade 

 

 

 

   

(e) Case 5. Multi-product CCUS, Parallel  (f) Case 6. Multi-product CCUS, Cascade 

 

 

 

Fig.5.1. Schematic process layout of the case studies. (a) Case 1. Reference (REF), (b) Case 2. Storage-only 
(CCS), (c) Case 3. Multi-product CCU, Parallel, (d) Case 4. Multi-product CCU, Cascade, (e) Case 5. Multi-
product CCUS, Parallel, (f) Case 6. Multi-product CCUS, Cascade. NG: natural gas; Conv: conventional; 

CTS: carbon transport and storage. 

In all cases, three final products (H2, DME and polyol) are produced. To size the 
configuration we chose a SMR unit with a typical commercial-scale production capacity (59 
kt/a of hydrogen; Ullmann, 2007; Meerman et al., 2012). From this unit, 95% of the direct 
CO2 emissions (337 CO2 kt/a) are captured via chemical absorption (Meerman et al., 2012). 
CO2-DME synthesis requires 1.76 kg CO2/kg of DME (Schakel et al., 2016), thus 192 kt/a 
CO2-DME could be produced from the CO2 captured at the SMR unit. Because it is not 
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realistic to have a plant that uses all the CO2 for polyol, we assumed the capacity of the 
polyol process to be 250 kt/a, based on a commercial scale plant (chapter 4). For a fair 
comparison of the performances among the six case studies, the same process capacities were 
used regardless of whether the final products are produced from CO2 or fossil fuels (Table 
5.1). 

Note that a particular situation occurs for DME production in the parallel configurations 
(cases 3 and 5). These are utilisation cases, and therefore all DME should be CO2 based. 
However, in these configurations, the CO2 captured from the H2 unit is also used for polyols 
synthesis resulting in a lower availability of CO2 for DME synthesis (compared with the 
cascade cases, in which all CO2 captured at the H2 unit is converted into DME). To maintain 
the same final product output as in the other systems, in the parallel cases 159 kt/a DME are 
produced from the CO2 available and the deficit is compensated by conventional DME (33 
kt/a DME), (Table 5.1).  

Table 5.1. System areas included in the case studies and process capacities. 
 No utilisation Multi-product CCU Multi-product CCUS 

System areas 
1. 

REF 
2. CCS- 

only 
3. 

Parallel 
4. 

Cascade 
5. 

Parallel 
6. 

Cascade 

SA1.NG production and 
transport � � � � � � 

SA2a.H2 production without 
CO2 capture � - - - - - 

SA2b.H2 production with 
CO2 capture 

- � � � � � 

SA3.CO2 compression, 
transport and storage (CTS) 

- � - - � � 

SA4a.Conventional DME � � � - � - 

SA4b.CO2-based DME - - � � � � 
SA5a.Conventional polyol � � - - - - 

SA5b.CO2-based polyol - - � � � � 

SA6.Chemicals � � � � � � 

SA7.2nd capture unit - - - � � � 

Process capacity (kt/a)       

H2 (kt/a) 59 59 59 59 59 59 

DME_conventional (kt/a) 192 192 33 - 33 - 

DME_ CO2 (kt/a) - - 159 192 159 192 

Polyol_conventional (kt/a) 250 250 - - - - 

Polyol_CO2 (kt/a) - - 250 250 250 250 

5.2.2. Process assessment 

The mass and energy balances and equipment list of the production processes of hydrogen, 
DME and polyol, the CO2 capture units and CO2 compression before transport and storage 
were based on previous in-house research (Meerman et al., 2012, Schakel et al., 2016, van 
der Spek et al., 2016; chapter 4). These models were developed based on the scope of the 
assessment, the state of the art literature review and an evaluation of the knowledge base 
available, which determined the level of detail and complexity of each model. The details on 
the process models are briefly described in this section. No specific models were developed 
for SA1.NG production and transport, SA6.Chemicals and CO2 transport and storage of SA3. 
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The amounts of NG, chemicals and CO2 included in these system areas were determined 
from the mass of NG and chemicals needed and CO2 produced in the other system areas. 

5.2.2.1.H2 production 

Hydrogen production via SMR is a well-known established process. In this process, methane 
and steam are pre-heated and fed to the reformer (560°C, 30 bar), (Fig. 5.2a). The syngas is 
further converted to H2 and CO2 in a water gas shift (WGS) reactor (400°C, 25 bar). The 
stream from the WGS reactor (220°C, 25 bar) contains some water, which is removed, so 
only CO2 and H2 enter the pressure swing adsorption unit (PSA). In the PSA unit (220°C, 25 
bar), H2 is obtained as main product, while the offgas is burned in the furnace section of the 
reformer to aid the endothermic reaction. The extra heat available after the reforming reaction 
is used for steam generation. The specific SMR models for the H2 unit included in this 
chapter were developed in Aspen Plus V8.4. based on chapter 4. 

 
 

 
Fig. 5.2. Flow diagram of H2 production at refinery via SMR (a) no CO2 capture, (b) CO2 capture and 

compression. 

5.2.2.2. CO2 capture and compression 

The CO2 capture unit in the SMR facility was adapted from Meerman et al., 2012, which 
identified the optimal techno-economic configuration of CO2 capture at SMR facilities using 
currently available technologies. The authors indicated that the most efficient location for the 
capture unit is after the WGS reactor (Fig. 5.2b). For solvent selection, energy requirement, 
loading capacity, corrosiveness, vapour pressure and chemical stability were analysed. In 
consultation with industry experts, ADIP-X solvent (a mixture of methyl diethanolamine 
(MDEA) and piperazine in water) was selected to capture 95% of the overall CO2 produced 
in the WGS reaction.  

In the cascade and CCUS-Parallel case studies, the CO2 released in the synthesis of CO2-
DME is re-captured in a second unit (SA 7). The CO2 concentration in this stream is 33 mol% 
(as opposed to 20 mol% in the first capture unit). Instead of using the very specific model of 
the first capture unit (developed to capture CO2 after WGS in SMR units), the second capture 
unit was modelled based on a generic model using more conventional MEA solvent to 
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capture 90% of the CO2 (van der Spek et al., 2016). The steam demand in the reboilers of 
both capture units is covered by the steam generated in the H2 unit (section 5.2.2.1). The CO2 
captured is then compressed to 110 bar for transport via pipeline to an offshore aquifer, where 
it is stored. The compression train is made up of four compression stages with intermediate 
cooling and a final pump (Fig. 5.2b). Specific compression trains for the different case 
studies were modelled in Aspen Plus V8.4. 

5.2.2.3.DME production 

The Aspen Plus models of conventional DME and CO2-DME production processes 
developed in Schakel et al., 2016 have been used in this chapter. In the conventional route for 
the synthesis of DME, liquid methanol is pre-heated to 160°C and fed to the dehydration 
reactor, where is directly converted to DME at 15 bar of pressure (Fig 5.3a). After the 
reaction, the produced DME, the water and the unconverted methanol are depressurized to 10 
bar and cooled down to 50°C. This mixed stream is fed to a distillation column. DME at 
>99.5% is obtained at the top of the column (45°C, 10 bar). The methanol and water leaving 
at the bottoms (157°C, 10 bar) are fed into a second distillation column, where the methanol 
is recovered at the top (123°C, 7 bar) and is liquefied (90°C) and recycled to the dehydration 
reactor. Complete details can be found in Schakel et al., 2016.  

 

 
 

 
Fig. 5.3. Flow diagram of DME production. (a) Conventional DME via methanol dehydration, (b) CO2-based 

DME via methane dry reforming. 

In the CO2-based DME production process CO2 and methane are pre-heated and fed to the 
dry reforming reactor (800°C, 2 bar), (Fig. 5.3b). The syngas leaving the reactor is cooled 
down and compressed to 79 bar for direct DME synthesis (250°C). Methanol, syngas, water, 
CO2 and methane are the impurities leaving the direct DME reactor. After depressurization to 
10 bar and cooling down to 32°C, this stream is fed to a distillation column. CO2, CH4, CO 
and H2 are separated at the top of the column (-48°C, 10 bar). DME, methanol and water 
leaving the column at the bottom (45°C, 10 bar) are directed to a second distillation column 
to obtain highly pure DME  (>99.5%, 40°C). The syngas, methane and CO2 separated at the 
top of the first distillation column, together with the methanol and water stream separated at 

(a) 

(b) 



 

110 

the bottom the second column (70°C, 10 bar), are fed to a furnace and burnt for heat 
recovery.  

In the parallel configurations, the flue gas stream containing CO2 is either directly released to 
the atmosphere (case 3.CCU-Parallel) or captured and sent to storage (case 5.CCUS-
Parallel). In case 4.CCU-Cascade, only the amount of CO2 needed for polyol synthesis is 
captured and the rest is released to the atmosphere. However, in case 6.CCUS-Cascade all 
CO2 from the DME process is captured. Partly is used in polyol synthesis and the rest is 
stored. 

5.2.2.4.Polyol production 

The models for polyol synthesis developed in chapter 4 were used in this present chapter. 
These spreadsheet models of the conventional polyol processes were built upon input data on 
reaction parameters, polyol properties and process line-ups described by industrial experts. 
Due to the novelty of the process and lack of real process data available, the CO2-based 
polyol model was based on literature (Darensbourg and Wilson, 2012; Langanke et al., 2014, 
von der Assen, and Bardow, 2014) and patents (Haider et al., 2008; Miljolovic et al., 2012; 
Hofmann et al., 2014; Müller et al., 2014). 

Conventional polyethercarbonate polyol (PPC) is produced from the reaction of propylene 
oxide (PO), glycerol (G) and monopropylene glycol (MPG), which takes place at 135°C and 
3 bar (Fig. 5.4a). Double metal cyanide (DMC) is used as catalyst and recovered in a filter 
after the reaction. In a vacuum-stripping step (140°C, 25 mbar) odours and other impurities 
are separated, and polyol is obtained as final product (40°C, 1 bar). 

PO, MPG and glycerol are also starting materials for the synthesis of CO2-based polyol. 
However, part of the PO needed in the conventional process is replaced by CO2 (Fig. 5.4b). 
The maximum content of CO2 in the final product polyol is 20 wt% to ensure the right 
flexibility for flexible foam application (Bio-based news, 2016). After the reaction (135°C, 
20 bar), the CO2 that has not been converted to polyol is flashed out at 3 bar and recycled. 
The by-product cyclic propylene carbonate (cPC) is removed with the odours in the vacuum 
stripping step (140°C, 25 mbar), and thus polyol at 99.9 wt% is obtained as final product 
(40°C, 1 bar). For full details of the models see chapter 4. 
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Fig. 5.4. Flow diagram of polyol synthesis. (a) Conventional, (b) CO2-based polyol. 

5.2.3. Economic evaluation 

Based on the equipment sizes and mass and energy balances from the process models, capital 
and operational costs were calculated for each of the systems investigated. Capital costs and 
operational costs were used to determine the total systems costs and net present value (NPV). 
Finally, H2, DME and polyol costs were calculated per case study to evaluate how the 
introduction of CO2 capture units would affect the final products costs.  

The geographical location of this analysis is North West Europe, the scope is 20 years, and 
the reference year is 2016. Cost data was corrected for inflation using the Consumer Price 
Index (CPI) for the raw materials and the Chemical Engineering Plant Cost Index (CEPCI) 
for the equipment. To convert US$ to €, an exchange rate of 1.11 US$/€ was used (European 
Central Bank, 2016).  

5.2.3.1.Capital and operational costs  

Capital expenditure (Capex) is divided into fixed capital costs (FCC) and working capital 
costs (WCC). FCC are the initial investment needed to build the plant and the WCC are the 
additional investment needed to start up the plant. FCC were estimated using the factorial 
method (Eq.5.1 and Eq.5.2 from Sinott, 2005). In this method, the capital costs are estimated 
based on the purchased cost of equipment (PCE), and the physical plant costs (PPC). The cost 
items that contribute to the FCC are estimated as factors of the PCE (f1 to f12 in Eq.5.2). The 
factors per cost item used in this chapter are shown in the supplementary information (SI) of 

(a) 

(b) 
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the online version of the published article (Fernández-Dacosta et al., 2018). The WCC was 
assumed 15% of the FCC (Sinott, 2005). 

 &�� = ��� ∗ 
1 + �10 + �11 + �12� Eq.5.1 

 ��� = ��+ ∗ 
1 + �1 + �2 +⋯+ �9� Eq.5.2 

The PCE was estimated applying the exponent method (Towler and Sinnott, 2008). In this 
method a cost correlation Eq.5.3 is used that relates specific cost constants (a, b) and 
exponents for each type of equipment (c) with its characteristic size (S).  

��+ = . + / ∗ 01 Eq.5.3 

The characteristic sizes of the equipment were derived from the process assessment. For 
some sub-process, the capacity varies depending on the case study. Since the equipment of 
these sub-processes are the same regardless the case study, equipment sizes were adjusted 
using the exponent method (Towler and Sinnot, 2008). A typical scale exponent of 0.65 for 
petrochemical processes was used in this chapter. Specific details of the PCE estimation are 
reported in the SI (S.2.1). 

The total operational expenditure (Opex) consists of indirect (IOC) and direct operating costs, 
which in turn are divided into fixed (FOC) and variable operating costs (VOC), Eq.5.4:  

�234 = &�� + 5�� + 6�� Eq.5.4 

Fixed operating costs include maintenance, capital charges, rates, insurance, license fees and 
royalty payments. These costs are estimated as a percentage of the FCC. Labour costs are 
also a fixed operating expenditure and estimated as a percentage of the total production costs. 
Laboratory, supervision and plant overheads costs are based on labour costs (Sinnot, 2005).  
The specific percentages assumed for the FOC estimation are described in the SI (S.2.1). The 
indirect operating costs were assumed 25% of the direct operating costs (Sinott, 2005). 

Variable operating costs cover raw materials, utilities and miscellaneous operating material 
costs. Miscellaneous operating materials are plant supplies required to operate the plant such 
as safety clothing, instrument charts and accessories, pipe gaskets or cleaning materials. 
Miscellaneous materials were assumed 10% of maintenance costs (Sinott, 2005). Raw 
materials and utilities costs were estimated based on the mass balances (from the process 
assessment) and the material prices. Utilities prices were estimated based on the correlations 
proposed by Ulrich and Vasudevan, 2006 and the industrial gas price of 2016 (Eurostat, 
2016). Raw materials prices used in this chapter are shown in Appendix 5.A. Specific details 
in the estimation of raw materials prices are reported in the SI (S.2.2). 

Natural gas (NG) production and transport only has operational costs made up of the costs for 
NG exploration, operation, transportation, storage and refuelling. These costs were adopted 
from IEA, 2013a and IEA, 2013b. CO2 transport and storage costs were taken from ZEP, 
2011a, 2011b and 2011c. It is assumed that the CO2 is transported a total distance of 100 km, 
5 km onshore to the port and 95 km offshore to the saline aquifer were it is stored. Specific 
costs used in this chapter and details in the calculation of CO2 transport and storage costs and 
NG production and transport costs are shown in the SI (S.2.3). 

5.2.3.2.Total system costs and NPV  
Total costs were estimated as the sum of the annualised Capex plus Opex. 20 years of plant 
lifetime (n) and a discount rate (d) of 10% were assumed to annualise the capital costs (ACC) 
following Eq.5.5 (Towler and Sinnot, 2008): 
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 ��� = 	 7 ∗ 
1 + 7�
8


1 + 7�8 − 1 ∗ &�� 
Eq.5.5 

The NPV was calculated based on the initial investment (I), which equals the total Capex and 
the net cash inflow expected to be received in each period (R), Eq.5.6.  

 

:�5 =; <

1 + 7�8

8

�
− 6 

Eq.5.6 

The net cash inflows were calculated based on the purchase price of the products (PP, 
Appendix 5A) and their annual produced amount (PA, process capacity in Table 5.1) 
(Eq.5.7): 

 < = ��=> ∗ ��=> + ��?@A ∗ ��?@A + ��BCDECD ∗ ��BCDECD Eq.5.7 

5.2.3.3.Final product costs  

Besides estimating total costs at system level, the final product costs (H2, DME and polyol) 
were calculated. Final product costs were estimated by adding the costs of the system areas 
needed for the production of each product (Fig. 5.1) and dividing it by its total production 
capacity (Table 5.1). Capture costs were allocated to the CO2 source or to the CO2 product, 
taking into account whether the main purpose of the CO2 capture unit was storage or 
utilisation. The assumptions to estimate final product costs based on mitigation/utilisation 
goals were: 

• Case 2.CCS: CO2 from the H2 unit at the refinery is captured, transported and stored 
for mitigation goals. Therefore, capture, transport and storage costs are allocated to 
H2. 

• Case 3.CCU-Parallel: CO2 from the H2 unit at the refinery is solely captured for 
utilisation goals. Thus, capture costs are allocated to the utilisation products i.e., CO2-
DME and CO2-polyol, based on the mass of CO2 incorporated to each product.  

• Case 4.CCU-Cascade: CO2 from the H2 unit at the refinery is captured and utilised in 
CO2-DME synthesis. The costs of this capture unit are completely allocated to CO2-
DME. A second capture unit only captures the CO2 emitted during CO2-DME 
production that is used in the synthesis of CO2-polyol. Consequently, cost of this unit 
is allocated to the CO2-polyol. 

• Case 5.CCUS-Parallel: as in case 3.CCU-Parallel, the costs of the first capture unit 
are allocated to CO2-DME and CO2-polyol based on the mass of CO2 incorporated in 
each product. In this CCUS case, the CO2 emitted during CO2-DME production is 
captured in a second capture unit and transported to storage for mitigation purposes. 
Thus, CO2-DME pays for the second CO2 capture unit, transport and storage.  

• Case 6.CCUS-Cascade: as in case 4.CCU-Cascade, CO2-DME pays for the first 
capture unit. A second capture unit captures all CO2 emitted during CO2-DME 
production. Part of the CO2 captured in this second unit is used in the synthesis of 
CO2-polyol and the rest is sent to storage. Therefore, the costs of the second capture 
unit are allocated to CO2-polyol, based on the mass of CO2 incorporated to the polyol 
and to CO2-DME, based on the amount of CO2 sent to storage. CO2-DME pays for the 
transport and storage.  

The equations used to estimate the final product costs in each case study and the allocation 
factors used are in the SI (S.2.4). 
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5.2.4. Environmental assessment  

Given the complexity of the systems and the explorative approach of this research, two 
impact categories i.e., climate change (CC), fossil depletion (FD) were estimated following a 
cradle to gate life cycle assessment (LCA) perspective.  

One of the most challenging aspects for LCA of multi-output configurations is the selection 
of the functional unit. In this research, a system expansion approach was used by defining a 
harmonized basket of products (H2, DME and polyol), which are produced in the same 
amounts in all systems. To create this harmonized basket of products, the departure point is 1 
MJ of H2 produced at the refinery. The amount of CO2 captured per MJ of H2 produced is 
calculated, and based on this CO2 captured, the corresponding amounts of CO2-DME and 
CO2-polyol produced were estimated. The functional unit used in the LCA is therefore 1 MJ 
H2 + 0.78 MJ DME + 0.04 kg polyol.  

Material and energy balances from the process assessment were used as input to create a life 
cycle inventory (LCI). The LCI was combined with system process data from ecoinvent 3. 
The ReCiPe impact characterization method was used (Goedkoop et al., 2013) with a 
hierarchist perspective (ReCiPe Midpoint (H) v1.12) and European normalization (Europe 
Recipe H). Key assumptions taken for the environmental assessment are shown below (a 
complete list of assumptions is in Appendix 5B): 

• Heat integration in the H2 unit generates steam, which is used to cover the steam 
demand in the capture units and in the DME and polyol processes. The surplus of 
steam is credited (Schwarz et al., 2002). 

• Methane fugitive emissions from upstream natural gas production processes are 
included in the LCA, as they are reported to contribute to large impacts on the overall 
greenhouse gas emissions (GHG) of a fossil fuel based production process (Bouman 
et al., 2015, Appendix 5B).  

• Impacts of chemical plant infrastructure are excluded from the analysis due to limited 
data available and because the share of these impacts is typically small in this sector 
(von der Assen and Bardow, 2014).  

• The impacts of NG and CO2 transport and storage infrastructure are included in the 
LCA (Appendix 5B). 

5.3. Results 

5.3.1. Process assessment 

Table 5.2 shows the most relevant results, which are discussed in the next sections. Full mass 
and energy balances of the sub-processes included in each case study are in the SI.1). 
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Table 5.2. Process assessment results. 

 No utilisation Multi -product CCU Multi -product CCUS 

 
1. 

REF 
2.CCS- 

only 
3. 

Parallel 
4. 

Cascade 
5. 

Parallel 
6. 

Cascade 

Process capacity  
H2 (kt/a) 59 59 59 59 59 59 

Conventional DME (kt/a) 192 192 33 - 33 - 

CO2-DME (kt/a) - - 159 192 159 192 

Conventional polyol (kt/a) 250 250 - - - - 

CO2-polyol (kt/a) - - 250 250 250 250 

CO2 flows       

CO2 direct emissions (kt/a) 521 158 413 408 183 189 
CO2 captured 1st unit (kt/a) - 337 337 337 337 337 

CO2 utilised 1st unit (kt/a) - - 337 377 337 377 

CO2 stored 1st unit (kt/a) - 337 - - - - 

CO2 captured 2nd unit (kt/a) - - - 58 230 277 

CO2 utilised 2nd unit (kt/a) - - - 58 - 58 

CO2 stored 2nd unit (kt/a) - - - - 230 219 

Feedstocks       

NG (kt/a) 210 209 310 331 310 331 
MeOH (kt/a) 264 264 46 - 46 - 

PO (kt/a) 243 243 202 202 202 202 

Energy       

Steam; 2.8 MJ/kg (kt/a) -619 -321 -362 -298 -65 -14 
Electricity (GWh/a) 7 38 142 169 168 192 

• CO2 flows 

The largest CO2 emission reductions are achieved when all CO2 that is captured is stored 
(Case 2.CCS-only). Direct CO2 emissions of the CCS system are reduced by 70% compared 
to the reference case with no carbon capture. 

Multi-product CCU systems (cases 3 and 4) show low CO2 direct emissions reductions 
compared to the reference case without capture, mainly due to the CO2 emissions in CO2-
DME synthesis, which accounts for 90% of the CO2 utilised in this process (337 kt/a). The 
CCU-Cascade configuration (Case 4) has slightly lower CO2 emissions than the CCU-
Parallel (Case 3) because a small fraction of the CO2 released during CO2-DME synthesis is 
re-captured in a second unit and used in polyol synthesis.  

In order to achieve large mitigation goals, multi-product CCU needs to be combined with 
storage. Lower amounts of CO2 are emitted in the CCUS cases compared to the CCU cases 
because all the CO2 released in the CO2-DME process is captured and either stored (Case 
5.CCUS-Parallel) or partly used in polyol synthesis and partly stored (Case 6.CCUS-
Cascade). Less CO2 is captured in the second unit in the CCUS-Parallel system (case 5, 230 
kt/a) respect to the CCUS-Cascade (case 6, 277 kt/a) due to lower CO2-DME production 
(section 5.2.1). 

• Fossil feedstock replacement (NG, MeOH, PO) 

One of the advantages of CO2 utilisation is its potential to displace and therefore reduce fossil 
resource demand. Propylene oxide (PO) is used as feedstock in the conventional synthesis of 
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polyol (section 5.2.2.4). In the production of CO2-based polyol, 17% of PO is replaced by 
CO2 (Table 5.2).  

Methanol is used as feedstock in the conventional synthesis of DME (section 5.2.2.3), and 
instead of methanol, natural gas is used in the production CO2-based DME. Therefore, in the 
CCU and CCUS systems (cases 3 to 6), higher amounts of natural gas are needed (310 to 331 
kt NG/a in the CCU and CCUS cases compared to 210 kt NG/a in the REF and CCS cases). 
No methanol is used in the cascade configurations because all DME production is based on 
CO2. However, a small amount of methanol (46 kt/a) is needed in the parallel systems (cases 
3 and 5) to produce conventional DME (33 kt/a) in order to keep an equal total DME amount 
produced among all the case studies (192 kt/a, section 5.2.1). 

• Energy 

In all case studies steam is generated in the hydrogen unit from heat integration (indicated by 
the minus sign in Table 5.2). The net steam generated in the REF case is the highest among 
all cases. The reason is that the steam produced in the hydrogen unit is used to fulfil the 
demand in the capture units and the production processes. The net steam generated in the 
CCUS systems (cases 5 and 6) is the lowest (10-2% of the steam generated in the REF case, 
respectively) because they include a second capture unit after CO2-DME synthesis. A higher 
amount of CO2-DME is produced in the CCUS-Cascade system than in the CCUS-Parallel 
(section 5.2.1). Subsequently more CO2 is emitted and higher amount of steam is consumed 
in the second capture unit. Overall steam generated in the CCU-Cascade system is 18% 
lower than in the CCU-Parallel system because it includes a small second capture unit that 
only captures the CO2 needed for polyol synthesis.  

The introduction of a compression train for CO2 transport to storage increases the electricity 
demand in the systems including CO2 storage (cases 2, 5 and 6). The energy required in the 
CO2-DME process to compress the syngas leaving the dry reformer reactor to 79 bar for 
direct DME synthesis (section 5.2.2.3) largely increases the electricity consumed in all CCU 
and CCUS systems. Electricity consumption in the REF and CCS cases is 5% and 27% of the 
electricity of the CCU and CCUS systems, respectively (Table 5.2). 

5.3.2. Economic evaluation 

5.3.2.1.Total system costs 

The costs at system level are shown in Table 5.3. All cases have higher Capex than the REF 
case, being the Capex of the multi-product CCU systems (cases 3 and 4) higher than the 
CCS-only system (case 2), and the Capex of the multi-product CCUS systems (cases 5 and 6) 
the highest across all alternatives. 

However, only the CCS-only system (case 2) has higher Opex than the REF case because of 
the energy and materials requirements for CO2 capture, compression, transport and storage. 
This extra operational costs due to CO2 capture are partly compensated in the CCU and 
CCUS cases because CO2 is utilised in the synthesis of DME and polyol and therefore this 
cases benefit from lower feedstock demand than in the REF and CCS, in which DME and 
polyol are manufactured via the conventional routes.  

Total system costs follow the same trends as the Opex. Note that no CO2 price (tax) was 
assumed in the estimation of the total costs at system level (H2 unit + DME production + 
polyol production). From a refinery perspective, taking into account a CO2 allowance price 
from the emissions trading system will further motivate the introduction CO2 capture units. 

The NPV analysis shows that in economic terms, the most preferable systems are the multi-
product CCU configurations (cases 3 and 4), followed by the multi-product CCUS (cases 5 
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and 6). CCUS systems have higher total costs and lower NPV than the CCU cases because 
they include a second capture unit, CO2 compression, transport and storage. Only the CCS 
system (case 2) shows higher total costs and lower NPV than the reference system (case 1) 
with no capture. This is an interesting finding since previous studies have shown than other 
CCU plants producing methanol or formic acid considering renewable H2 from electrolysis, 
do not easily achieve a positive NPV (Pérez-Fortes et al., 2016a; Pérez-Fortes et al., 2016b; 
Belloti et al., 2017). 

Table 5.3. Economic assessment results. 
 No utilisation Multi-product CCU Multi-product CCUS  

Parameter 
1. 

REF 
2.CCS- 

only 
3. 

Parallel 
4. 

Cascade 
5. 

Parallel 
6. 

Cascade 
Capex (M€) 128 266 272 287 378 376 
Opex (M€/a) 664 694 590 589 618 613 
Total costs (M€/a) 677 724 618 618 658 653 
NPV (M€) 1527 1132 2009 2006 1669 1714 

 
• Capex contribution per system area 

The differences in the Capex between the different cases are better understood by analysing 
the SA contribution, as depicted in Fig. 5.5a.  

In all case studies the capital costs increase with respect to the REF case due to the 
incorporation of the first capture unit. However, the most capital-intensive system areas 
making a difference between the case studies are SA3.CO2 compression, transport and 
storage and SA4b. CO2-DME synthesis, both of them due to compression costs. The Capital 
costs of SA3.CO2 CTS and SA4b.CO2-DME synthesis only differ by 9%. Therefore, the total 
Capex of the CCS-only system (case 2) and the CCU systems (cases 3 and 4) is rather similar 
because they include only one of these two system areas. However, the CCUS systems (cases 
5 and 6) include both SA3 and SA4b. Consequently, the CCUS systems show the highest 
capital costs. 

• Opex contribution per system area 

Figure 5.5.b. shows that the Opex of SA1.NG production and transport increases for the 
CCU and CCUS systems (cases 3 to 6) respect to the REF and CCS-only systems (cases 1 
and 2). NG is used for the production of H2, which is included in all systems investigated, but 
also in the synthesis of CO2-DME, which is only included in the utilisation systems (cases 3 
to 6). 

SA6.Chemicals has the highest share in the Opex of all cases. There are two major 
contributors to the Opex of SA6.Chemicals i.e., methanol used as feedstock in the synthesis 
of conventional DME and PO used as feedstock in the manufacture of polyols. No methanol 
is needed in the cascade cases since all DME production is based on the CO2 route. In the 
parallel cases, only a small amount of MeOH is needed for the production of conventional 
DME (46 kt/a MeOH to produce 33 kt/a conventional DME, Table 5.2, section 5.2.1). 17% of 
the PO needed for conventional polyol production is replaced by CO2 in the CCU and CCUS 
cases. Thus, compared to the REF and CCS cases, the Opex of SA6.Chemicals for the 
parallel and cascade systems are reduced by 34% and 38%, respectively. 
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Fig. 5.5. (a) Capex per system area (M€), (b) Opex per system area (M€/a). 

5.3.2.2.Final product costs 

The production costs of H2, DME and polyol were estimated per case study (Table 5.4). Note 
that different cost allocation factors were used in the case studies as explained in (section 
5.2.3.3). The allocation factors used are in the SI (S.2.4). 

Table 5.4. Product costs per case study (€/kg). 

Case study H2 DME Polyol 
1.REF 2.5 0.75 1.54 

2.CCS 3.3 0.75 1.54 

3.CCU-Parallel 2.5 0.74 1.32 

4.CCU-Cascade 2.5 0.72 1.33 

5.CCUS-Parallel 2.5 0.94 1.32 

6.CCUS-Cascade 2.5 0.92 1.31 
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H2 costs in the CCS case increase by 30% compared to the reference system because the 
capture costs are allocated to H2 due to mitigation purposes. The CCU and CCUS cases are 
driven by utilisation goals, and therefore H2 costs remain the same as in the reference case 
without capture.  

The results indicate that even when including capture expenses, DME costs in the CCU cases 
are slightly lower than in the REF and CCS cases, indicating that conventional DME 
production is more expensive than CO2-DME production. Although CO2-DME has higher 
Capex due to compression costs, it has lower feedstock costs than conventional DME, which 
have a larger share in the total costs. In the CCUS systems all CO2 emitted during CO2-DME 
synthesis is captured and stored (case 5) or partly used and partly stored (case 6). Allocation 
of capture costs increase DME costs in the CCUS systems by 23-25% relative to the REF 
case.  

The largest variation is found in the final product costs of polyols. CO2-based polyol costs in 
the CCU and CCUS cases, are 14-15% lower than conventional polyol costs in the REF and 
CCS cases. This shows a clear business case for CO2-polyol even when the cost of capture 
are allocated to the final product as in this chapter, which is mostly due to replacing part of 
the PO feedstock with CO2.  

5.3.3. Environmental assessment 

Table 5.5 shows the climate change (CC) and fossil depletion (FD) impacts estimated per 
case study.  A complete overview of life cycle inventories and elementary flows are reported 
in the SI (S.3.2). 

Table 5.5. Environmental assessment results. CC: climate change; FD: fossil depletion; FU: functional unit. 

 No utilisation Multi-product CCU Multi-product CCUS 

1.REF 
2.CCS- 

only 
3. 

Parallel 
4. 

Cascade 
5. 

Parallel 
6. 

Cascade 
CC (kg CO2 eq/FU) 0.294 0.255 0.260 0.261 0.239 0.241 
FD (kg oil eq/FU) 0.140 0.144 0.127 0.127 0.131 0.131 

 
• Climate change  

Contrary to expectations, there is no significant difference among the storage and utilisation 
cases at system level. Upstream emissions are those related to all the industrial activities from 
the point of resource extraction to the process were it is used. Upstream emissions in this case 
correspond to SA1.NG production and transport and SA6.Chemicals. They have a significant 
share of the climate change potential in all systems, especially in the systems without 
utilisation. Fig. 5.6 shows the contribution of upstream and process emissions to the climate 
change indicator. Although the values at the system level are similar, significant differences 
are found between the different stages (upstream vs. factory gate). The results show that the 
displacement impacts (e.g. which fossil-based product is replaced) matters. PO is a very 
energy intensive chemical and thus, PO replacement in polyol synthesis results in large 
decrease in upstream emissions in all utilisation cases. Factory gate CO2-DME climate 
change potential is higher than conventional DME due to compression requirements and 
direct emissions. Therefore, process-related emissions of the utilisation systems are larger 
than the CCS case. 
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Fig. 5.6. Climate change per system area. Upstream and process contribution. * total system climate change.   

At system level, upstream climate change reduction by PO replacement in CO2-polyol 
synthesis is not enough to compensate the increase in climate change potential driven by 
CO2-DME production, relative to the conventional DME route. Consequently, the utilisation-
only systems (cases 3 and 4) show slightly higher climate change than the storage-only 
system (case 2). The systems that combine utilisation and storage (cases 5 and 6) show the 
largest potential for climate change mitigation, since in addition to PO replacement by CO2 in 
polyol synthesis, CO2 released in DME synthesis is re-captured and stored. 

Finally, the results show no significant differences between the cascade and parallel 
configurations. The extra effort needed to recycle CO2 in the cascade systems does not show 
a penalty nor a benefit.  

• Fossil depletion  

Upstream contributions (SA1.NG production and transport and SA6.Chemicals) determine 
the total fossil depletion in all systems investigated (Fig. 5.7). Natural gas is used as 
feedstock in CO2-DME synthesis. Therefore, the fossil depletion contribution of SA1 in all 
CCU and CCUS systems is higher than in the REF and CCS cases that include conventional 
DME production.   

Lower methanol and PO feedstock requirements in the CCU and CCUS systems are the main 
cause for a smaller contribution of SA6.Chemicals. Consequently, all CCU and CCUS cases 
have lower fossil depletion impact than the REF case. CCUS systems (cases 5 and 6) have a 
somewhat (3%) higher fossil depletion than the CCU systems (cases 3 and 4) because of the 
second capture unit.  

The CCS system does not benefit from feedstock replacement and therefore it shows the 
highest fossil depletion among all systems.  
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Fig. 5.7. Fossil depletion per system area. 

5.4. Comparative assessment of multiproduct CCU and CCUS systems. Potential 
and limitations 

The aim of this chapter was to examine the technical, economic and environmental feasibility 
of multi-product CCU and CCUS implementation and compare their performance with more 
conventional CCS alone. Each system presents trade-offs between technical, economic and 
environmental aspects, which highlights the importance of performing integrated 
assessments.  

Table 5.6 summarises the outcomes of the comparative assessment, taking as a reference a H2 
unit at a refinery without carbon capture (case 1.REF). The arrows show whether the 
indicator increases or decreases with respect to the REF case. Multiple arrows emphasise the 
magnitude of the increase or reduction. Zero is given when the indicator value is equal to the 
reference. 

Table 5.6. Techno-economic and environmental comparative assessment of CCU and CCUS alternatives 
relative to a reference case with no carbon capture. 

 No utilisation Multi-product CCU Multi-product CCU S 
Indicator  2. 

CCS-only 
3. 

Parallel 
4. 

Cascade 
5. 

Parallel 
6. 

Cascade 

CO2 emissions ��� � � �� �� 

Fossil feedstock 0 � �� � �� 

Total costs � �� �� � � 

NPV �� �� �� � � 

H2 costs �� 0 0 0 0 

DME costs 0 � �� �� � 

Polyol costs 0 �� � �� ��� 

Climate change �� � � ��� ��� 

Fossil depletion � �� �� � � 

 

-0,02

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

1.REF 2.CCS 3.CCU-Parallel 4.CCU-Cascade 5.CCUS-Parallel 6.CCUS-Cascade

F
os

si
l d

ep
le

tio
n 

(k
g 

oi
l e

q/
F

U
)

2a.H2 w/o captrue 2b.H2 with capture 4b.CO2 DME
3.CO2 CTS 4a.Conventional DME 5a.Conventional Polyol
5b.CO2 Polyol 7.2nd Capture 1.NG production & transport
6.Chemicals

0.140
0.144

0.127 0.127 0.131 0.131



 

122 

• Carbon capture and storage. CCS-only system 

Implementation of carbon capture and storage alone (case 2) is the best option to reduce 
direct CO2 emissions in a refinery (-70% direct emissions relative to the REF case). However, 
compared to the reference case without carbon capture, CCS alone is not economically 
profitable (+7% total costs) neither environmentally advantageous in terms of fossil 
depletion. 

• Multi-product CCU 

Multi-product CCU systems (cases 3 and 4) show lower direct CO2 emissions and climate 
change than the reference system (case 1) but higher than the storage-only system (case 2). 
The reason lies in the large emissions during CO2-DME synthesis. Therefore, from a climate 
change mitigation perspective, it is preferable CO2 storage than utilisation.  

Multi-product CCU systems benefit from replacing fossil feedstock by CO2.  Multi-product 
CCU systems show the best economic and fossil depletion performance of all systems 
evaluated. The total costs of the CCU systems are reduced by 9% and 15% with respect to the 
REF and CCS systems, respectively, and they have the highest NPV of all cases evaluated. In 
contrast, a positive NPV is not readily attained in other CCU options such as methanol or 
formic acid using renewable H2 from electrolysis as feedstock (Pérez-Fortes et al., 2016a; 
Pérez-Fortes et al., 2016b; Belloti et al., 2017). The fossil depletion of the multi-product CCU 
cases is about 12% lower than the REF and CCS cases.  

When assessing the parallel vs. cascade configuration, no differences are found in the total 
costs, climate change and fossil feedstock potential and very minor differences appear in the 
final product costs of polyol and DME. 

• Multi-product CCUS 

The lowest climate change potential is achieved in the CCUS systems because the CO2 
released in DME production is re-captured and stored (case 5) or partially used and partially 
stored (case 6). CCUS systems reduce climate change by 18% with respect to the REF case. 

Although the total costs and fossil depletion of the CCUS systems is lower than the reference 
system with no carbon capture, larger energy and materials demand due to the second capture 
unit, CO2 compression, transport and storage increases the total system costs and fossil 
depletion of CCUS respect to the utilization-only (CCU) systems.  

Furthermore, CCUS systems show the highest DME production costs of all alternatives and 
the lowest polyol costs (+26% and -15% relative to REF). DME and polyol are produced 
based on CO2 in the CCU and CCUS cases, but the allocation of the capture costs changes 
depending on whether it is stored or utilised.  

5.5. Conclusions 

The goal of this chapter was to explore the practicability of multi-product carbon capture and 
utilisation (CCU) and multi-product carbon capture, utilisation and storage (CCUS) concepts 
to aid closing carbon cycles in refineries.  

To answer this research question, a case study including a hydrogen manufacturing unit with 
CO2 capture and utilisation into dimethyl ether (DME) and polyols was defined. Two multi-
product CCU and multi-product CCUS systems were evaluated in this research: simultaneous 
CO2 utilisation in parallel configuration and 2-cycle CO2 utilisation in cascade configuration. 
The techno-economic and environmental performance of these multi-product configurations 
were compared with a reference case without carbon capture and a case with carbon capture 
and storage-only (CCS, no CO2 utilisation). 
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The integrated techno-economic and environmental assessments carried out in this chapter 
show that multi-product CCU and multi-product CCUS systems are cost-effective options 
that can contribute towards closing the carbon cycles in refineries. The CCU and CCUS 
parallel and cascade configurations show lower total system costs and environmental impacts 
than a reference case without carbon capture. 

This explorative research points out the importance of performing holistic analysis of CCU 
and CCUS complex configurations including the CO2 source, economic and environmental 
attributes: although the largest direct CO2 emission reductions are achieved with carbon 
capture and storage-only (CCS) without CO2 utilisation, the economic evaluation shows that 
CCS-only is not an economically viable option. Feedstock replacement by CO2 is the key to 
make CCU and CCUS configurations feasible options to reduce CO2 emissions from the 
petrochemical sector while having an interesting business case.  

The results show trade-offs between the economic and environmental performance in the 
CCU and CCUS systems. The CCUS systems present higher direct CO2 emissions reductions 
than the CCU systems, and the lowest climate change potential among all systems studied. 
Nevertheless, compared to CCU systems, CCUS present a more limited economic potential 
and higher fossil depletion due to the incorporation of a second capture unit, CO2 
compression, transport and storage. 

This approach also aimed to explore comparative advantages of different multi-product CO2 
utilisation (and CO2 storage) configurations. The results however show no conclusive 
differences between the economic and environmental performances of the parallel and 
cascade configurations. The studied systems are rather complex, and differences at unit levels 
compensate each other at the system level, and therefore both configurations showed similar 
costs and environmental impacts.  

This prospective study serves to identify cost-effective mitigation alternatives that should be 
further explored and considered in the research efforts for closing the carbon cycles in the 
petrochemical industry.  
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Appendices 

Appendix 5A. Economic evaluation 

The raw materials prices were taken from difference sources and updated to €2016. The values 
used in the economic evaluation are in Table 5A.1. 

Table 5A.1. Raw material prices. 
Material Acronym Cost [€2016/kg] Source 

Methanol Methanol 0.51 ICIS, 2008 

Propylene oxide PO 1.50 ICIS, 2006, 2009, 2011, 2013, 2015* 

Glycerol G  0.75 Scott et al., 2013 

Monopropylene glycol MPG  1.65 Proxy, 150 €/tonne higher than PO 

*Average of these values. See the SI for additional details (S.2.2) 

The product purchase prices assumed for the estimation of the net present value (NPV) are 
shown in Table 5A.2. 
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Table 5A.2. Product purchase prices 

Product Price (€2016/kg) Source 

H2 3.14 Thomas, 2009 

DME 1.29 IDA, 2015; myLPG.eu, 2017 

Polyol 1.70 Shen, 2009 

 
Appendix 5B. Life Cycle Inventory Assessment Assumptions 

The assumptions taken during the life cycle inventory assessment (LCIA) were: 

- Natural gas production and imports are those of the Netherlands, adopted from the 
Eurogas report (2013). 

- Share of onshore/offshore gas production in the Netherlands adopted from IEA, 2014. 
- Given the absence of data and considering that the gas fields for the Netherlands are 

also located in the North Sea as the Norwegian ones, the LCI for offshore transport in 
Norway was used for transport of Dutch gas as well. 

- The lengths of NG pipelines adopted, assuming that the plant is located in the 
Rotterdam area, are shown in Table 5B.1. 

Table 5B.1. Lengths of NG pipelines. 
From To Name Length (km) Source 
Netherlands Netherlands Nordgas transport 57 PE Cartographic, Statoil, 2016 
Norway Netherlands Nordpipe 440 PE Cartographic, Statoil, 2016 
Groningen Rotterdam  245.18 TU Delft, 2016 

 
- CO2 transport and storage infrastructure was modelled by adopting the NG pipeline 

and well infrastructure in the ecoinvent database. It was assumed that CO2 is stored 
offshore in one well of 1000 m depth. The length of the transport pipeline was 
assumed to be 100 km in total, 5 km onshore to the port and 95 km offshore to the 
saline aquifer. 

- The transport of chemicals to plant was modelled according to the model split of 
inland transport modes of freight transport in the EU-28 given by Eurostat (2016b), 
see Table 5B.2. 

Table 5B.2 Percentage share of transport mode of freight transport in the EU-28 
Mode Share [%] 
Road 74.9 
Rail 18.2 
Inland waterways 6.9 

 
- For chemicals the ‘transport to disposal’ and ‘disposal phases’ are included in the SA 

that utilizes the chemicals. The impacts of ‘production of chemicals’ and ‘transport to 
plant’ are included in SA6.Chemicals. The mode and transport distances are adopted 
from The ecoinvent Report No.1 (Frischkenecht et al., 2007) where the transport 
mode is road transport (lorry), the distance for residual material landfill is 15 km, and 
distance for residual material landfill is 50 km. Due to absence of separate datasets for 
waste disposal of the chemicals it was assumed that all waste, except zeolite, goes to 
residual material landfills, where inorganic, industrial waste is deposited (Doka, 
2003). Zeolite disposal is modelled to inert material landfills. 

- The amount of CO2 fugitive emissions during CO2 transport to storage adopted is 
0.01% of transported CO2 (Bouman et al., 2015). 
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- The amount of CH4 fugitive emissions is in the range of 0.2% to 6% of the natural gas 
produced (Bouman et al., 2015). In this chapter, an average of the range (3.1%) was 
assumed for CH4 fugitive emissions. Fugitive emissions associated with 
unconventional shale gas are on average higher than the ones associated with 
conventional natural gas. Conventional natural gas is utilized in this work. Therefore, 
the value assumed sets a conservative approach since values lower than 3.1% are 
found in the literature for CH4 fugitive emissions from shale gas production and 
transport (Burnham et al., 2012). The impacts of CH4 fugitive emissions (FEI) were 
calculated using ReCiPe characterization factors (ReCiPe, 2014) following equation 
5B.1. 

 �FG	&+6.�.I.J K�8�L�.M..NO� P = 3.1% ∗ :STUVW KXY	I=ZO� P ∗ �.[. &.\]. K�8�L�.M..NXY	I=Z P  Eq 5B.1 

- The impact categories affected by CH4 fugitive emissions are CC, POF and FD. 
- The electricity mix is that of the Netherlands. 
- Due to absence of data for treatment of wastewater as an effluent of the processes in 

question, the impacts of wastewater are assumed to be those of wastewater as an 
effluent of soft fireboard production. This process was chosen as it has the median 
impacts out of a group of class 3, industrial wastewater treatment processes in the 
ecoinvent database.  

- Two components were taken into account for calculating the impact of chilled water: 
industrial process water and the heat energy (MJ) required for lowering the 
temperature of water from room temperature (~20°C) to 10°C.  

- Due to absence of data, the impacts of MDEA production are modelled as those of 
MEA production since LCA data for MEA is regarded as proxy for amine-based 
solvents (von der Assen and Bardow, 2014). In addition, even though the solvent of 
the H2 capture unit is a mixture of MDEA and PZ, only the impacts of MDEA are 
modelled because the ratio of MDEA/PZ is 9/1 (Meerman et al., 2012).  

- For γ/Al 2O3 the impact of Al2O3 was adopted because it is a different phase of Al2O3 
and they are both used as catalysts (Trueba and Trasatti, 2005). 

- Due to absence of data, the impacts of DMC are modelled as a combination of 
impacts of the catalyst components: sodium cyanide, Zn and Co. Sodium cyanide was 
chosen as a conservative assumption as it has the highest impacts of the cyanides in 
the ecoinvent database.   
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Abstract 

The deployment of low-emission alternative fuels is crucial to decarbonise the transport 
sector. A number of alternatives like hydrogen or dimethyl ether/methanol synthesised using 
CO2 as the carbon source (hereafter refer to “CO2-based fuels”) have been proposed to 
combat climate change. However, the decarbonisation potential of CO2-based fuels is under 
debate because CO2 is re-emitted to the atmosphere when the fuel is combusted; and the 
majority of hydrogen still relies on fossil resources, which makes its prospects of being a 
low-carbon fuel dependent on its manufacturing process.  

First, this chapter investigates the relative economic and environmental performance of 
hydrogen (produced from conventional steam methane reforming and produced via 
electrolysis using renewable energy), and CO2-based fuels (dimethyl ether and methanol), 
considering the full carbon cycle. The results reveal that hydrogen produced from steam 
methane reforming is the most economical option and that hydrogen produced via electrolysis 
using renewables has the best environmental profile. Whereas the idea of CO2-based fuels has 
recently gained much interest, it has for the foreseeable future rather limited practical 
relevance since there is no favourable combination of cost and environmental performance. 
This will only change in the long run and requires that CO2 is of non-fossil origin, i.e. from 
biomass combustion or captured from air. 

Second, this chapter address unresolved methodological issues in the assessment of CO2-
based fuels, such as the possible allocation of emissions to the different sectors involved. The 
outcomes indicate that implementing different allocation approaches substantially influences 
the carbon footprint of CO2-based fuels. To avoid allocation issues, expanding the boundaries 
including the entire system and is therefore recommended.  

6.1. Introduction 

The transport sector accounted for 24% of the greenhouse gas (GHG) emissions, 33% of the 
final energy consumption in the European Union in 2015 (EC, 2017a), and it has been the 
only major sector with growing GHG emissions since 1990 (EC, 2017b). Within this sector, 
road transport contributes to 73% of the CO2 emission from fuel combustion (EC, 2017a). 
The strong need to decarbonise the road transport sector has been taken into account in the 
European emission reduction targets: 60% reduction of transport GHG emissions by 2050 
compared to 1990 and 20% emissions reduction by 2030 compared to 2008 (EC, 2011; EC, 
2016). To achieve these targets, one key component of the current Commission's low-
emission mobility strategy is to replace fossil fuels by accelerating the deployment of low-
emission alternative fuels (EC, 2017b).  

One alternative of low-emission fuels are those based on CO2 (i.e. CO2-based fuels, using 
captured CO2 as feedstock for their production). The concept of CO2-to-fuel has been 
investigated in the last decade as one climate change mitigation option. With increasing 
number of projects on large-scale CO2 capture from power plants or industrial facilities (17 
currently operating and five under construction worldwide (Global CCS institute, 2018)), 
large amounts of captured CO2 will be transported and stored in geological formations. 
Besides carbon capture and storage (CCS), captured CO2 could be used in the synthesis of 
chemicals and fuels. In contrast to CCS, carbon capture and utilisation (CCU) can 
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generate revenue that can partially compensate high costs of capturing CO2. Moreover, 
utilising CO2 into fuels can contribute to the transitioning to a circular economy, which aims 
to close material and energy loops to minimise resource input, waste, and emissions. 
However, the decarbonisation potential of CO2-based fuels is currently under debate (Mac 
Dowell et al., 2017). The reasons are the additional energy that is required for the 
transformation of CO2 into fuels and the short storage time of the CO2 in the fuel (the CO2 is 
re-emitted to the atmosphere when the fuel is combusted). 

There are many different CO2-based fuel routes under development, including methane, 
slurry hydrogen, formic acid, sodium borohydride, or metal hydrides. CO2 hydrogenation into 
methanol is the option most extensively researched (Dimitriou et al., 2015; Quadrelli et al., 
2011) and already demonstrated at bench- and pilot-scale plants in Asia and Europe (Mitsui, 
2014; Joo et al., 2004; Carbon recycling, 2014). Other studies suggested dimethyl-ether 
(DME) as a preferable CCU alternative because it can be used as a direct and cleaner 
alternative to diesel (Olah et al., 2009; Takeishi et al., 2010) and its market will likely grow 
(Semelsberger et al., 2006; MarketsandMarkets, 2015; Global Market Insights, 2016). Due to 
their different technology readiness level and their likeliness to replace conventional fossil 
fuels, this chapter elaborates on the potential of CO2-based methanol and CO2-based DME as 
alternative transportation fuels. The list of CO2-based fuels included in this chapter is by no 
means exhaustive but examining all the different options is beyond the scope of the work.  

In regard to the environmental performance of CCU technologies (EC, 2018), there is 
currently scarce and dispersed information. Previous research (Christodoulou et al., 2018; 
van-Dal and Bouallou, 2013; Pérez-Fortes et al., 2016a; Pérez-Fortes et al., 2016b) has 
concluded that CO2-based fuels have indeed the potential to offer emission reduction 
compared to their fossil-based counterparts, but the significance of the potential differs 
between studies (Table 6.1). Comparing the results of these studies is very difficult or even 
inconsistent, because they are based on different assumptions and use different system 
boundaries and carbon metrics (Table 6.1). Although the CO2 capture unit is not always 
included inside the boundaries of the system under assessment, it is usual to take into account 
a carbon credit from the CO2 utilised in the production of the fuels. Important to mention is 
that none of the previous work considered the end-of-life emissions, when carbon is re-
emitted during fuel combustion (Table 6.1). Hence, the previous analyses did not close the 
full carbon cycle. This calls for a consistent comparison among different alternative fuel 
options, based on the same assumptions, using uniform system boundaries, equal metrics and 
closing the carbon cycle. 

Table 6.1. Overview of previous environmental assessments on CO2-based fuels. 
Utilisation 
product 

CO2 
capture 

CO2 
credit 

End-
of-life 

Environmental metric Study 

ethanol yes yes no Global warming -25 kgCO2eq/GJ Christodoulou et al., 2018 
methanol yes yes no Global warming -28 kgCO2eq/GJ Christodoulou et al., 2018 
formic acid yes yes no Global warming -69 kgCO2eq/GJ Christodoulou et al., 2018 
methanol yes yes no CO2 abatement 60-80 kgCO2/GJ van-Dal and Bouallou, 2013 
methanol no yes no CO2 not-produced 27 kgCO2/GJ Pérez-Fortes et al., 2016a 
methanol no yes no CO2 avoided 100 kgCO2/GJ Pérez-Fortes et al., 2016a 
formic acid no yes no CO2 not-emitted 363 kgCO2/GJ Pérez-Fortes et al., 2016b 

Besides CO2-based fuels, hydrogen is another alternative that has been extensively 
investigated. Today, 192 fuel cell electric vehicles are running in demonstration projects in 
Europe and 350000 are planned to be on the road by 2020 (IEA, 2015). However, the 
majority (96%) of hydrogen still relies on fossil fuels. In 2008, steam methane reforming 
(SMR) of natural gas accounted for 48% of the global hydrogen production, 30% was 
produced during petroleum refining processes and 18% came from coal gasification (Decourt, 
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et al. 2014). Vehicles running on fossil-fuel based hydrogen could result in large indirect 
fossil carbon emissions. Earlier studies estimated that hydrogen production via conventional 
SMR produces 75 kg CO2eq/GJ (ZEP, 2017), 81 kg CO2eq/GJ (Marqevich et al., 2002), 99 
kg CO2eq/GJ (Spath and Mann, 2001) or 67-112 kg CO2eq/GJ (Bhandari et al., 2013). Non-
fossil based hydrogen only accounts for 4% of total hydrogen production (via water 
electrolysis). Literature values of the carbon footprint of hydrogen production via electrolysis 
range from 21-25 kg CO2eq/GJ (Bhandari et al., 2013) to 37 kg CO2eq/GJ (ZEP, 2017). 
However, compared to SMR for instance, electrolysis plants have seven times smaller 
capacity (Bolat and Thiel, 2014). Due to the modular nature of the electrolysers, electrolysis 
of water does not benefit from economies of scale. Given the size and scalability of this 
option, it is not clear how much will contribute to climate change mitigation.  

To the best of our knowledge, no previous study has explored the potential that CO2-based 
fuels have to compete with other alternative fuels. Besides one-to-one comparisons with their 
fossil-based counterparts, it still remains unclear what are the most cost- and environmental- 
effective alternative fuels for the transport sector. The first goal of this chapter is to 
investigate the relative economic and environmental performance of alternative fuels for the 
transport sector: i.e. hydrogen and CO2-based fuels (DME and methanol) using a coherent 
approach and considering the end-of-life emissions. 

Furthermore, from a methodological perspective, alternative fuel systems can be equally or 
more complex than current fossil-based fuels. An aspect inherent to such complexity in CO2-
to-fuel systems is the potential allocation of emissions to the different sectors involved. For 
instance, allocation of emissions to the power sector producing the emissions or to the CO2 
processing sector, converting the CO2 into fuels. The potential impacts of different allocation 
approaches have not been previously discussed in the literature and remain a blind spot in the 
performance analysis of CO2 utilisation concepts. The second goal of this chapter is to 
evaluate the implications of different approaches for carbon accounting in CO2-based fuels, 
followed by recommendations from the perspectives of technology developers, policy makers 
and life-cycle assessment (LCA) practitioners. 

6.2. Methodology 

To achieve the goals of this study, four alternative fuel routes are investigated:  

- Dimethyl ether (DME) produced from CO2 (CO2-DME)  
- Methanol produced from CO2 (CO2-methanol)   
- Hydrogen produced from steam methane reforming (SMR-H2)  
- Hydrogen produced from water electrolysis using renewable energy (electrolysis-H2) 

Fig. 6.1 shows an overview of the different assessments performed in this study and how the 
two specific research goals are achieved. To address the first goal of this chapter, i.e. assess 
the relative economic and environmental performance of alternative transportation fuels, a 
technical process design is developed and modelled for each alternative fuel route (section 
6.2.1). The outcomes from process modelling are used as basis for a comparative assessment, 
which includes economic aspects (total fuel production costs, see section 6.2.2 for details in 
the methodology) and environmental aspects (global warming potential (GWP), non-
renewable energy use (NREU), see section 6.2.3 for details in the methodology). This 
integrated approach allows identifying trade-offs among the costs and environmental burdens 
of the four alternative fuels investigated. 
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Fig. 6.1. Overview of the assessments carried out in this chapter and the specific research goals. 

For the purpose of this analysis, the geographical location is assumed to be the Netherlands 
and the energy content of each fuel, i.e. 1 GJ of fuel produced delivered at the factory gate is 
selected as basis for the comparison. In order to explore the total impact in GHG emission 
reduction, the system boundary for the economic and environmental assessments includes the 
fuel production plant (“cradle-to-factory gate”) plus the end-of-life phase for all four 
alternative routes investigated.  

Defining the system boundaries in the assessment of primary production is straightforward. 
The system boundaries in the hydrogen routes include the “cradle” stage, i.e. extraction and 
transportation of raw materials, energy production and supply, conversion steps until the 
product is delivered at the factory gate and also the end-of-life emission, which is zero in the 
case of hydrogen. However, defining the system boundaries and the “cradle” stage of CO2 
utilisation options is usually a challenge. CO2 utilisation technologies are not stand-alone but 
part of a system (Fig. 6.2). In CO2-to-fuel systems, “waste” CO2 is emitted in a first life (e.g. 
a power plant) and then used as the carbon source in a second life (CO2 utilisation process, 
i.e. converting CO2 into fuels). The value chain for this study assumes that the CO2 is the by-
product of an industrial process, e.g. production of electricity in a power plant. Thus means 
that CO2 would be emitted during electricity production regardless of the demand of CO2-
based fuel. The CO2-based fuel therefore uses CO2 that would be produced anyway, thereby 
avoiding extraction of “fresh” fossil fuel.  

The first life (CO2 capture at a point source, e.g. a power plant) is out of the scope of the 
baseline analysis of CO2-based fuels (details in section 6.2.3). To address the second goal of 
this study, i.e assess the influence of different approaches for carbon accounting in CO2-
based fuels, the effect of considering the first life (e.g. electricity production in a power plant) 
in the carbon accounting of CO2-based fuels is explored the discussion section (6.4.2).  
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Fig 6.2. Assessment of CO2-based fuels. In this chapter, technical process modelling is carried out for the fuel 
production plant. The system boundary for the economic and environmental assessments in the baseline analysis 

includes the fuel production plant plus the emission at the end-of-life. The first life is out of the scope of the 
comparative assessment in the baseline analysis.  

6.2.1. Technical process modelling 

The mass and energy balances and the equipment list of each fuel production plant are 
obtained from the process designs and modelling. The production processes of SMR-
hydrogen, CO2-DME and CO2-methanol are modelled in Aspen Plus software. Electrolysis 
efficiency and electricity consumption per kW of hydrogen produced are used to develop the 
spreadsheet model of hydrogen production via electrolysis (section 6.2.1.2).  

6.2.1.1.Hydrogen via Steam methane reforming (SMR)  

In the steam methane reforming (SMR) process, steam and natural gas react at high 
temperature to yield carbon monoxide and hydrogen (r.6.1). In a water gas shift reaction 
(r.6.2) additional hydrogen is recovered and CO2 is produced. 

CH4 (g) + H2O (g) ⇌ CO (g) + H2 (g) r.6.1 

CO (g) + H2O (g) ⇌ CO2 (g) + H2 (g) r.6.2 

There is a wide range of reported capacities of large-scale SMR plants (8-360 kt/a, Bolat and 
Thiel, 2014). A hydrogen-manufacturing unit with a typical industrial capacity of 59 kt/a is 
modelled in this study (Ullmann, 2007). Fig. 6.3 shows the scheme of the process design 
developed in Aspen Plus. Natural gas and steam are pre-heated to 410°C and fed to the pre-
reformer, which operates at 560°C and 30 bar. After the pre-reformer, the gas stream is 
heated to 650°C and fed to the reformer for further catalytic conversion at 25 bar. The 
reformer products are cooled to 350°C, delivering steam as a by-product. The water gas shift 
is carried out at 25 bar in a high temperature reactor (400°C) and in a low temperature reactor 
(220°C).  

Water is removed before the reaction products are fed to a pressure swing adsorption (PSA) 
unit (40°C, 25 bar), where 90% of the hydrogen is recovered at high purity (99.99 wt%). Heat 
integration is carried out by feeding the PSA offgas into the furnace section of the reformer 
and burned to aid the endothermic reaction. Moreover, the extra heat available from the 
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reformer flue gas is used to pre-heat the feed streams and for steam generation. After heat 
integration, the flue gas is emitted to the atmosphere.  

 
Fig.6.3. Hydrogen production via steam methane reforming. Process design developed in Aspen Plus. NG: 

natural gas; PSA: pressure swing absorption; WGS: water gas shift. 

6.2.1.2.Hydrogen via electrolysis 

In an electrolysis process, water dissociates into hydrogen and oxygen by applying a direct 
electric current (r.6.3). Hydrogen is obtained at 20°C, 30 bar and high purity (99%) 
(Ullmann, 2007). Also oxygen is obtained at high purity, which allows its sale without any 
further conditioning (van-Dal and Bouallou, 2013; Perez-Fortes et al., 2016b). 

2 H2O (l) �  2 H2 (g) + O2 (g) r.6.3 

Large-scale electrolysis plants produce about 20 kt/a of hydrogen (Bolat and Thiel, 2014; 
DOE, 2014), which is approximately 35% of the production capacity of the SMR unit (59 
kt/a, Ullmann, 2007). Alkaline electrolysers are considered a mature technology for large 
systems (Bolat and Thiel, 2014; Pérez-Fortes et al., 2016b). A large-scale electrolysis plant 
with an output capacity of 125 MW, 80% of hydrogen mass efficiency and electricity 
consumption of 1.43 kWe/kW H2 (Bolat and Thiel, 2014) is modelled in a spreadsheet. It is 
estimated that this electrolysis plant delivers 21 kt/a of hydrogen and 166 kt/a of oxygen.  

To be a true zero-emission process, the electricity used in hydrogen production via 
electrolysis needs to come from a renewable source. In the process design for electrolysis-
hydrogen, it is assumed that electricity from photovoltaics (PV) is bought from the market, 
thus the PV panels are not included in the design. PV-electricity is only produced during the 
hours that there is solar energy, and therefore storage systems are required to ensure 
continuous hydrogen delivery when no sunlight is available. Weather data in the Netherlands 
from 35 meteorological stations (KNMI, 2017) is used to estimate the number of hours of 
sunshine per day. Based on the irradiance measurements and the values of sunshine duration 
per hour reported, a yearly average of six hours of sunshine per day is calculated. As 
hydrogen is produced during six hours a day, storage of 18 hours a-day is needed to ensure its 
continuous delivery. A block diagram and a detailed description of the storage system are 
available in the supplementary information (SI) of the online version of the submitted article.  

6.2.1.3.CO2-based Dimethyl-ether (CO2-DME) 

CO2-based DME is produced in a two-step process based on dry reforming of methane and 
CO2 to syngas (r.6.4) followed by direct synthesis of DME as described in chapter 5 and 
Schakel et al., 2016. 

CO2 (g) + CH4 (g) � 2 CO (g) + 2 H2 (g) r.6.4 
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Four simultaneous reactions occur in the direct synthesis of DME i.e., conversion of syngas 
to methanol (r.6.5 and r.6.6), water gas shift reaction (r.6.7) and methanol dehydration (r.6.8). 
In the direct synthesis process, efficient conversion to DME is achieved at a H2/CO ratio 
close to 1 in the syngas. Methanol produced is directly converted to DME, which induces 
extra methanol conversion and facilitates hydrogen production in the water gas shift reaction. 
This allows a higher syngas conversion rate than when only methanol synthesis is considered 
(Lebarbier et al., 2012, Lee and Sardesai, 2005).  

CO (g) + 2 H2 (g) ⇌ CH3OH (g)   r.6.5 

CO2 (g) + 3 H2 (g) ⇌ CH3OH (g) + H2O (g) r.6.6 

CO (g) + H2O (g) ⇌ CO2 (g) + H2 (g) r.6.7 

2 CH3OH (g)   ⇌ CH3OCH3 (g) + H2O (g) r.6.8 

Fig. 6.4 shows the design flow diagram of the synthesis of CO2-based DME as modelled in 
Aspen Plus (Schakel et al., 2016). CO2 and methane are pre-heated to 800°C and fed to the 
dry reformer reactor. The syngas generated is compressed in three stages with intermediate 
cooling and water removal to 79 bar and 250°C. DME is produced in the direct synthesis 
reactor without addition of extra heat. Impurities such as methanol, water, CO2, CO, methane 
and hydrogen are present in the stream outflowing the direct synthesis reactor. In a first 
distillation step at 10 bar, CO2, CH4, CO and H2 are separated at the top of the distillation 
column. A refrigeration cycle is needed to reach the low temperature of operation in the 
condenser and meet the separation targets. In a second distillation step, water and methanol 
are separated at the bottoms. 188 kt/a of highly pure DME (>99.5%) are obtained. The 
capacity of the CO2-DME process is limited by the large volumetric gas flow compressed. 
The impurities separated in the distillation columns are burnt in a furnace for heat recovery. 
The exhaust gases (>1500°C) are used to pre-heat the CO2 and methane feed and to provide 
the heat for the dry reforming reaction. The flue gases from the furnace are emitted to the 
atmosphere. 

 
Fig.6.4. CO2-DME production process. Process design developed in Aspen Plus  

(Schakel et al., 2016). 

6.2.1.4.CO2-based methanol (CO2-methanol) 

In this route, methanol is produced via hydrogenation of CO2 (r.6.9). Part of the CO2 and 
hydrogen feed are consumed in a side reaction towards CO and H2O (r.6.10). High selectivity 
is reached by recycling back to the reactor the unreacted hydrogen and CO2. 

CO2 (g) + 3 H2 (g) ⇌ CH3OH (g) + H2O (g) r.6.9 
CO2 (g) +     H2 (g) ⇌ CO (g) + H2O (g) r.6.10 
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Fig. 6.5 shows the process design developed in Aspen Plus for the synthesis of CO2-
methanol. In this process design, the CO2 stream is compressed to 78 bar in a four-stage 
compression train with intermediate cooling and water removal. H2 from electrolysis at 30 
bar is compressed to 78 bar and fed together with the CO2 to the methanol synthesis reactor. 
The heat released in the exothermic reaction is used to pre-heat the feed stream to the reaction 
temperature (210°C). After exchange heat with the feed streams, the reaction products are 
further cooled down to 30°C and separated in a flash step. Unreacted hydrogen and CO2 

recovered at the top of the flash vessel are recycled to the reactor for further conversion. In a 
second flash step at atmospheric pressure, further gas is separated. This offgas is burned in a 
furnace for electricity production, which is used for feedstock compression. Water and 
methanol are recovered as liquids at the bottoms of the flash separation. Methanol is purified 
to 99.7 wt% in a distillation column (1.2 bar, 30°C).  

 
Fig.6.5. CO2-methanol production process. Process design developed in Aspen Plus. 

A typical commercial-scale methanol plant has a capacity of about 450 kt/a of methanol 
(Pérez-Fortes and Tzimas, 2016), and demands about 90 kt/a of hydrogen as feedstock. To 
contribute to CO2 emission reduction, the hydrogen used for CO2-methanol synthesis must be 
provided from a carbon free source, such as water electrolysis using renewables (Pérez-Fortes 
et al., 2016a). However, there is a clear mismatch between the amount of hydrogen that an 
electrolysis plant can deliver (i.e. up to 20 kt/a, Bolat and Thiel, 2014; DOE, 2014) and the 
amount of hydrogen that a methanol plant demands as feedstock (i.e. 90 kt/a). Commercial-
scale methanol production will require distributed electrolysis-hydrogen production with long 
distance transport of hydrogen to the methanol plant. However, to become a cost-effective 
option, the hydrogen needed for methanol synthesis should be produced on-site (Dimitriou et 
al., 2015). Another option to produce the amount of hydrogen needed for commercial-scale 
methanol production is to have several large-scale dedicated electrolysis plants on-site. 
However, this also raises economic challenges because electrolysers are modular equipment 
and therefore they do not benefit from economies of scale. Following a conservative 
approach, the design choice in this chapter is to establish the capacity of the methanol process 
based on the amount of carbon-free hydrogen available from one large-scale electrolysis plant 
(section 6.2.1.2). Assuming that the electrolysis plant has the largest reported capacity (125 
MW, 20 kt/a Bolat and Thiel, 2014), a methanol plant of 102 kt/a is modelled.  

6.2.2. Economic assessment 

The production costs per GJ of fuel output are estimated as the sum of the annualised capital 
expenditure (Capex), the operational expenditure (Opex) plus a tax from the CO2 emission 
(including the direct emission during the fuel production process and the end-of-life 
emission). Capex estimates for chemical process plants are often based on the purchase 
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equipment cost (PEC) of the major equipment items required for the process. In this study, 
equipment sizes and process conditions from the technical models developed in Aspen Plus 
are the basis to estimate the PEC. PEC is calculated using the Aspen Capital Cost Estimator 
software. The contribution of each of the other costs to the Capex is calculated by multiplying 
the PEC by an appropriate factor (i.e. the factorial method of cost estimation, Sinnot, 2005). 
These factors are based on the process industry experience and take into account typical 
contributions of the installation of equipment costs, the costs of design, engineering, 
contractor’s fee or project contingency costs. The factorial method is here implemented using 
factors reported in chemical engineering design literature (Sinnot, 2005). Specific factors 
used in this study are in the SI.2. The Capex is annualised assuming a plant lifetime of 25 
years and an interest rate of 7.5%. Electrolysers are not typical equipment of the chemical 
process industry and therefore Aspen Capital Cost Estimator is not used in the estimation of 
their costs. For the large-scale electrolysers for hydrogen production, an investment cost of 
1200 €/kW and an operational lifetime of 15 years are assumed (Mansilla et al., 2013). 

The total Opex is also estimated with the factorial method (Sinnot, 2005). The specific factors 
for the process industry assigned to each cost item contributing to the Opex, such as 
maintenance, plant overheads or capital charges are in the SI.2. Additionally, raw materials 
and utilities costs are part of the Opex and estimated based on the mass and energy flows 
from the simulation models and the prices reported in Table 6.2. An explanation to the choice 
of these values and a complete list of the prices of catalysts and auxiliary materials is 
included in the SI.2. The influence in the fuel production costs to variations of these one-
point prices is explored in the discussion section (6.4.1). All prices used are in €2015 and 
adjusted for inflation (HCPI, Eurostat, 2017a). A fixed exchange rate of 1.1095 USD/€ 
(Eurostat, 2016a) is used. Furthermore, it is assumed that the by-products generated (low 
pressure steam in SMR-H2 and oxygen in electrolysis-H2 routes, section 6.2.1) are of enough 
quality to be sold without any further conditioning. The revenues obtained by selling the by-
products are deducted from the total fuel production costs. Labour costs included in the Opex 
are calculated based on the salaries of operators and engineers in the Netherlands in 2015 
(Eurostat, 2015, CBS, 2017), being the number of operators and engineers needed estimated 
in Aspen Plus based on the process flow sheet, type and pieces of equipment (SI.2).  

Table 6.2. Materials and utility prices used for the baseline economic assessment. The influence in the fuel 
production costs to variations of these one-point prices is explored in the discussion section. 

Material/utility Unit Price Source 

CO2, as feedstock €2015/tonne 11.4 Global CCS institute, 2011 

Natural gas €2015/GJ 10.8 Eurostat, 2017b 

Oxygen €2015/tonne 54.2 Pérez-Fortes, 2016b 

Electricity grid €2015/MWh 90 Eurostat, 2016b 

Electricity PV €2015/MWh 77.71 Chiantorre, 2015 

Cooling water €2015/m
3 0.03 Towler and Sinnot, 2008 

Steam high pressure €2015/tonne 34.0 Towler and Sinnot, 2008 

Steam low pressure €2015/tonne 27.5 Towler and Sinnot, 2008 

Feed water €2015/tonne 0.8 Towler and Sinnot, 2008 

Wastewater treatment €2015/m
3 1.1 Towler and Sinnot, 2008 

Solid waste  €2015/kg 0.04 Towler and Sinnot, 2008 

The costs of CO2 used as feedstock for the production of the CO2-based fuels are also part of 
the Opex. While all the other materials and utilities prices can be obtained from literature and 
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statistics (Table 6.2), estimating the price of CO2 utilised as feedstock is not straightforward 
because processes utilising CO2 as feedstock are still under development. The price of bulk 
CO2 is typically agreed through private negotiations between parties and in general it is not 
publically available (Global CCS Institute, 2011). The price of CO2 used as feedstock in the 
baseline is assumed at the average of reported market prices (11.4 €/tonne, being the range of 
reported values 2.3-19.5 €/tonne CO2, Global CCS institute, 2011). These CO2 market prices 
do not include the costs of carbon capture neither carbon taxes but typically they include the 
costs of CO2 transportation. 

The CO2 source (for instance, a power plant) is outside the CO2-fuel system boundaries in the 
baseline analysis (Fig. 6.2). The baseline assumes that the power plant pays for the capture of 
waste CO2 to reduce its emission and obtains revenues from selling this CO2. Large-scale 
facilities such as power plants that install a capture unit are probable price-takers in the 
market for CO2, particularly when there is a carbon tax on emissions (Global CCS institute, 
2011). However, leaving the capture unit outside the CO2-fuel system boundaries in the 
baseline is a debatable choice. CO2 is needed for the synthesis of DME and methanol, which 
in turn can provide revenues to the fuel producer when they are sold as transportation fuels. 
Therefore, it can be argued that the fuel producer is interested in making the effort to capture 
CO2, and therefore should pay for the capture costs. The effect of shifting boundaries 
including the capture unit inside the CO2-fuel system, and therefore shifting the capture unit 
costs to the CO2-based fuel is explored in the discussion section (6.4.1). 

The third component of the fuel production costs (next to Capex and Opex) is the tax from 
the CO2 emission. These are the direct emissions during the fuel production process (result of 
the technical modelling) and the emissions at the end-of-life (based on combustion reactions). 
The current emission allowance price (8.15 €/tonne CO2 emitted; EEX, 2017) is used as CO2 
tax price in the baseline calculation. However, CO2 tax prices are expected to increase in the 
future as a consequence of more rigid policy scenarios (IEA, 2016). The effect of higher CO2 
emission tax to the fuel production costs is studied in the discussion section (6.4.1). 

6.2.3. Environmental assessment 

Ex-ante life cycle assessment (LCA) is carried out according to ISO 14040-14044 standards 
(ISO, 2006a-b). The goals of the LCA are to compare the relative environmental performance 
of the CO2-fuels and hydrogen and to investigate their potential to offer low-carbon 
intensities in the transport sector. The functional unit selected is the energy content of each 
fuel, i.e. 1 GJ of fuel produced. The scope is defined from cradle-to-factory gate plus end-of-
life phase (see section 6.2.3). A life cycle inventory is derived from the mass and energy 
balances of the technical process designs (SI.4). The background data are taken from the 
ecoinvent database (v3.3; ecoinvent, 2016), being the choices documented in the SI.3. 
Current technology level is used for the background technological coverage (ecoinvent, 
2016). For the four product systems studied, global warming potential (GWP)(IPCC, 2013) 
and non-renewable energy use (NREU)(Frischknecht et al., 2007a) are estimated.  

Similarly as applied within the economic assessment, it is assumed that the by-products 
generated are of enough quality to be used without any further processing. Therefore the 
environmental impacts that would have arisen from their production are considered as 
environmental credits and directly deducted from the GWP and NREU. Impacts of chemical 
plant infrastructure are excluded from the analysis because they typically represent a minor 
share (Frischknet et al., 2007b). However, for the case of hydrogen production via 
electrolysis using PV, the impact from the manufacture of PV infrastructure may be 
significant (Nelson et al., 2014). The effect of including PV infrastructure impacts is 
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therefore explored in the discussion section (6.4.2). Due to lack of data, the impact of the 
electrolysers infrastructure is not taken into account in the environmental assessment.  

6.2.3.1.Methodological choices for the carbon footprint assessment of CO2-based 
fuels 

The assessment of the carbon footprint of CO2-based fuels is not straightforward. The 
partitioning of the carbon credit and the end-of-life carbon emission burden when the lifetime 
of the carbon is extended has been debated for long time when modelling the carbon footprint 
of recycled products. However, life cycle assessment (LCA) practitioners and its stakeholders 
have still not found a clear agreement (EC, 2010; NL Agency, 2011).  

The most common practice in assessing recycle products is to apply the so-called “cut-off” 
approach (Frischknecht et al., 2007a; e.g. paper and aluminium recycling, Merrild et al., 
2008; Laurijssen et al., 2010; production of bioethanol from waste paper, Wang et al., 2012). 
In the “cut-off” approach, the first and second lives are treated as separated product systems 
with their own boundaries and do not interact (Fig. 6.2). Studies on CO2 utilisation products 
typically implemented this “cut-off” approach (e.g. production of calcium carbonate, Teir et 
al., 2016; production of formic acid, Pérez-Fortes et al., 2016a; production of methanol, 
Pérez-Fortes et al., 2016b). When “cut-off” is applied, the impact of capturing the carbon 
used as feedstock is allocated to the CO2 source (e.g. a power plant). CO2 available to 
produce fuels is free of environmental burdens. Furthermore, when “cut-off” is applied the 
first life does not receive any credit for re-using the “waste” CO2 (ecoinvent, 2017). Former 
research (see Table 6.1) has frequently assumed that the CO2 utilisation product receives a 
carbon credit for the CO2 stored in the product but has not considered the end-of-life 
emission, which can lead to inconsistency in the results.  

For the assessment of the carbon footprint of CO2-based fuels in the baseline of this study the 
conventional “cut-off” approach is selected. In addition, it is assumed that the CO2-based 
fuels receive the carbon credit from the carbon (temporarily) stored in the fuels, as commonly 
done in the assessment of CO2 utilisation technologies (e.g. van-Dal and Bouallou, 2013; Teir 
et al., 2016; Christodoulou et al., 2017). In contrast to previous research on CO2 utilisation 
technologies, the emission from the end-of-life is taken into account in the present study. 
Following the “cut-off” approach, the baseline considers that the entire carbon burden from 
the end-of-life emission (fuel combustion) is allocated to the CO2-fuel.  

The common practice of earlier studies on CO2 utilisation products is subjected to discussion, 
explained as follows:  

- Allocating the impact of CO2 capture to the first life is a consequence of the common 
“cut-off” approach. However, the installation of a capture unit is needed to obtain the 
CO2 used as feedstock in the synthesis of CO2-based fuels. Therefore, it can be 
sustained that the CO2-fuel producer is pleased to make the effort to capture CO2, and 
thus the capture impacts should be allocated to the CO2-based fuel. 

- The usual assumption that CO2-based fuels receive a carbon credit from the carbon 
(temporarily) stored in the fuels is controversial. On the one hand, it follows “carbon 
removal” defined by PAS 2050 (BSI, 2011), if CO2 is considered a “waste”; this is 
also in line with the argument that the physical flow of the carbon stays in the 
technosphere (i.e. the carbon is not emitted to the environment). On the other hand, 
this decision is inconsistent with the “cut-off” approach, where the physical flow of 
carbon should also be cut-off. A further argument of this inconsistency could be seen 
from the assumption that the impact of CO2 capture is allocated to the first life. When 
a power plant installs a capture unit to lower its CO2 emission, it is supposed to 
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benefit from the no-CO2-emission, power production. If the CO2 credit is also 
attributed to the fuels, the credit is actually double counted. Double counting is a 
frequent error in modelling of recycled products (EC, 2010; EC, 2018).  

- By utilising CO2, it is possible to retain carbon within a cycle. However, neglecting 
the end-of-life emission in the assessment of CO2-based fuels can be questioned 
because of the short lifetime of fuels. CO2 is almost immediately re-emitted to the 
atmosphere, when the fuels are combusted in the engine of the car. 

Variations of these methodological decisions could substantially affect the final carbon 
performance of the CO2-based fuels studied. To assess the second goal of this chapter, 
different approaches related to carbon accounting and their influence on the carbon footprint 
of CO2-based fuels are investigated in the discussion section (6.4.2). Briefly described here 
(this is more elaborated in section 6.4.2), the different approaches investigated include: 

- The CO2-fuel system boundary is shifted and contains the CO2 capture. Thus, the 
capture unit impacts are allocated to the CO2-based fuel. 

- The carbon credits are allocated to the first life (a power plant). Thus, the CO2-fuel 
does not receive any carbon credit. 

- The end-of-life burden is shared between the first life (power plant) and the second 
life (CO2-fuel) because the CO2 source is the first life. 

- A “system expansion” approach is applied. The power plant, the CO2 capture unit and 
the CO2-fuel are included inside the system boundaries. With the “system expansion” 
approach, allocation of carbon credits, capture unit impacts and end-of-life burden is 
avoided. 

6.3. Results and discussion 

6.3.1. Technical process modelling 

Table 6.3 shows the output capacity (GJ/a) and the mass and energy balances per GJ of fuel 
delivered at the plant gate of the four fuel technologies, resulting from the process modelling. 
The process output capacity in energy terms (GJ/a) of electrolysis-H2 and CO2- methanol are 
about half of the output capacity of CO2-DME and one third of the output capacity of SMR-
H2 (see section 6.2.1 for details on each process output capacity). Larger systems are 
probably more efficient, i.e. they consume lower amounts of input material and energy per 
GJ, which could have a positive impact in their economic and environmental performance 
(economic and environmental assessment results are presented in sections 6.3.2 and 6.3.3). 
Nonetheless, in the case of electrolysis-H2 and CO2- methanol the main input material is 
water and the main energy input is electricity from photovoltaics using renewable energy. In 
contrast, SMR-H2 and CO2-DME are based on fossil resources, i.e. natural gas is used as 
feedstock in both processes. 

A significant difference between the four processes is the amount of electricity from the grid 
used. CO2-DME shows four times higher electricity demand than CO2- methanol, even when 
both processes require high pressure for the synthesis reaction (79 bar and 78 bar, 
respectively). The reasons are the larger volumetric gas flow that needs to be compressed in 
the CO2-DME process and onsite electricity production after burning offgas in the CO2- 
methanol process, which partially covers the electricity demand for CO2- methanol 
production. 

Most important, the CO2 direct emission substantially differs in the four alternative fuels 
investigated. The direct CO2-emission in the production of SMR-H2 and CO2-DME is more 
than ten times the direct CO2-emission in CO2- methanol. CO2 is emitted in SMR-H2 and 
CO2-DME processes after burning offgases for heat recovery (see Figs. 6.3 and 6.4). 
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Table 6.3. Mass and energy balances per GJ fuel delivered at gate.  

Parameter  Units SMR-H2 electrolysis-H2 CO2-DME CO2-methanol 

Output capacity GJLHV/a  7.1·106 2.5·106 5.4·106 2.1·106 

By-product Oxygen kg/GJ 0 66.6 0 80.2 

By-product steam, LP GJ/GJ 0.3 - 0.007 0.2 

Input materials      

Steam HP, as feedstock  kg/GJ 85.1 - - - 

Natural gas, as feedstock  kg/GJ 25.9 - 22.2 - 

Water, as feedstock kg/GJ - 93.6 - 112.8 

CO2, as feedstock kg/GJ - - 60.8 73.0 

Other materials1  kg/GJ 0.03 - 0.0003 0.004 

Input energy      

Electricity grid kWh/GJ 0.6 - 28 7 

Electricity PV kWh/GJ - 479 - 397 

Boiling water m3/GJ 0.098 - - - 

Natural gas fuel GJ/GJ 0.2 - - - 

Cooling water m3/GJ 1.5 - 2.7 3.5 

Refrigerant kg/GJ - - 3·10-6 - 

Direct emission and process waste 

CO2 direct emission kg/GJ 73.5 0 55.5 5.1 

Wastewater treatment m3/GJ 0.04 0.02 0.001 0.03 

Solid waste to landfill  kg/GJ 0.03 - 0.0003 0.004 

  1Other materials: Catalysts; catalysts and zeolite in SMR-H2; HP: high pressure; LHV: low heating value; 
LP: low pressure. 

6.3.2. Economic assessment 

Fuel production costs per GJ of fuel delivered at the plant gate are shown in Table 6.4. SMR-
H2 and CO2-DME have comparable costs. From an economic perspective, CO2-DME could 
be considered a promising CO2-fuel route. In contrast, the fuel production costs of 
electrolysis-H2 and CO2-methanol are more than twofold the costs of SMR-H2. The CO2- 
methanol route has the highest costs because it uses electrolysis-H2 as feedstock to convert 
CO2 to methanol. After hydrogen production via electrolysis, the CO2- methanol route 
requires extra pieces of equipment and energy input, which increases both Capex and Opex. 
Fuel production costs are dominated by the Opex rather than by the Capex for all four 
alternatives investigated.  

Fuel production costs also include taxes from the CO2 emission. The share of the CO2 tax to 
fuel production costs is irrelevant at the current tax price. Taxes from process and end-of-life 
emissions are <4% of the production costs of SMR-H2, CO2-DME and CO2- methanol. The 
International Energy Agency (IEA) estimates that the CO2 tax price will increase if more 
stringent policies are implemented to achieve emissions reduction targets (IEA, 2016b). The 
influence of higher carbon tax to the fuel production costs is investigated in the discussion 
section (6.4.1). 
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Table 6.4. Production costs per GJ fuel delivered at the plant gate. Capex, Opex and CO2 emission taxes. 

Parameter  Units SMR-H2 electrolysis-H2 CO2-DME CO2- methanol 
Capex € 1.9 7.5 2.1 12.9 

Opex € 23.5 48.1 23.6 72.3 

CO2 tax, process € 0.6 - 0.5 0.0 

CO2 tax, end-of-life € - - 0.5 0.6 

Fuel production costs € 26.0 55.6 26.3 85.8 

A breakdown of the Capex is shown in Fig. 6.6. The Capex of CO2-DME is comparable to 
the Capex of SMR-H2. However, the Capex of the electrolysis-H2 technology is four times 
higher than the Capex of SMR-H2 and CO2-DME; the Capex of CO2- methanol technology is 
six times higher than the Capex of SMR-H2 and CO2-DME. Electrolysers are the largest 
contributors to the Capex of the electrolysis-H2 and CO2- methanol processes (91% and 64%, 
respectively). Electrolysers are modular equipment that do not benefit from economies of 
scale. The value of the capital investment assumed for the electrolysers in the base case is 
varied in the discussion section (6.4.1) to quantify its impacts to the fuel production costs. 
The contribution of pumps and compressors is significant to the Capex of CO2-DME and CO2 
methanol (49% and 13%, respectively). CO2-DME and CO2-methanol synthesis reactions are 
carried out at high pressure, which requires several compressing stages. 

 
Fig. 6.6. Comparison of the Capex breakdown of the studied alternative fuels.  

Fig. 6.7 shows the breakdown of the Opex. Likewise the Capex, the Opex of CO2-DME and 
SMR-H2 are comparable; the Opex of electrolysis-H2 is twofold the Opex of SMR-H2 and 
CO2-DME. CO2-methanol shows the highest Opex among all alternatives studied. Electricity 
from photovoltaics used in water electrolysis has the highest share to the Opex of 
electrolysis-H2 and CO2-methanol technologies. Capital charges are other important 
contribution to the Opex of electrolysis-H2 and CO2-methanol, as a direct consequence of the 
high capital investment of the electrolysers.  
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Natural gas used as feedstock in the synthesis of SMR-H2 and CO2-DME routes is the biggest 
contributor to the Opex of both processes. The prices of natural gas and electricity from 
photovoltaics are varied in the discussion section (6.4.1). The contribution of CO2 as 
feedstock to the production costs of CO2-DME and CO2-methanol is not relevant at the CO2 
feedstock price assumed in the baseline. The effect of higher CO2 feedstock price to the 
production costs of the CO2-fuels is quantified in the discussion section (6.4.1). 

 
Fig. 6.7. Comparison of the Opex breakdown and (*) the net Opex of the studied alternative fuels. HP: High 

pressure; LP: Low pressure. 

The economic results of the present study are compared with fuel prices from the market and 
the literature (a review of these fuel prices is available in SI.2).  

• SMR-H2 costs estimated in this study (26 €/GJ) are higher than the costs reported in 
the literature (19 €/GJ reported in ZEP, 2017 and expected to be stable until 2030; 19 
€/GJ is also the average of the values reported in Bolat and Thiel, 2014, being the 
range 18-23 €/GJ). We designed a stand-alone hydrogen unit with heat integration 
inside the hydrogen unit. In reality, hydrogen is produced in refineries, and benefits 
from process and energy integration with the rest of the operations inside the refinery. 
Moreover, in the economic assessment we use the market price of natural gas and 
steam feedstocks. In a real refinery, natural gas and steam are often available based on 
long-term contracts at lower prices.  

• For electrolysis-H2 costs, a wide range of values is reported in the literature (35-66 
€/GJ; DOE, 2014; Bolat and Thiel, 2014; ZEP, 2017). The costs of electrolysis-H2 
estimated in the current study (56 €/GJ) are within this range, although close to the 
high end.  

• The use of DME as fuel could replace diesel given the similarities in the 
characteristics of both fuels. Conventional DME and diesel market price are similar 
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(33-40 €/GJ, IDA, 2017; MyLPG, 2017). In this study, CO2-DME costs are estimated 
at 26 €/GJ. CO2-DME can be an economically interesting alternative fuel under the 
baseline assumptions. The economic competitiveness of CO2-DME could somehow 
be reduced at higher CO2 feedstock and emission tax prices. The influence of CO2 
feedstock and emission tax prices to CO2-DME production costs is quantified in the 
discussion section (6.4.1). 

• Methanol could potentially replace gasoline. Conventional methanol price is half of 
the gasoline price (16-22 €/GJ, Methanex, 2017; 51 €/GJ MyLPG, 2017, 
respectively). CO2-methanol costs estimated in this study (86 €/GJ) are higher than 
gasoline price and four times the market price of conventional methanol. The reason 
for the high CO2-methanol costs estimated in this study is the use of renewable 
hydrogen as feedstock. Synthesis of CO2-methanol from renewable-hydrogen is not 
an economic viable alternative fuel at the current prices of electrolysers and electricity 
from photovoltaics. The electrolysers capital investment and PV-electricity price are 
varied in the discussion section (6.4.1). 

6.3.3. Environmental assessment 

Fig. 6.8 shows a breakdown of the GWP of the four alternative fuel options investigated per 
GJ of fuel delivered at the factory gate plus the end-of-life phase. The results are compared 
with the GWP per GJ of gasoline and diesel produced and also including end-of-life 
emission. 

 
Fig. 6.8. Comparison of the cradle-to-factory gate plus the end-of-life phase global warming potential (GWP) 

breakdown and (*) net GWP. HP: High pressure; LP: Low pressure. 

From Fig. 6.8 it can be appreciated that in both CO2-fuel options i.e. DME and methanol, the 
CO2 removal almost equals8 the CO2 emission at the end-of-life. The direct CO2 emission 
during the production process has an important share in the GWP of SMR-H2 and CO2-DME. 

                                                 
8
The carbon balance is closed considering that i) in the synthesis reaction of CO2-DME also natural gas is used, ii) reaction efficiencies are 

not 100% and iii) there is direct CO2 emission from the process flue gases. 
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The net GWP of CO2-DME is similar to the GWP of fossil-based SMR-H2, gasoline and 
diesel. From a climate change perspective, there is no advantage in introducing CO2-DME as 
alternative fuel. The GWP of CO2-methanol is less than 10% of the GWP of SMR-H2, 
gasoline and diesel, but higher than the GWP of electrolysis-H2. CO2-methanol shows 
emission reduction potential compared to SMR-H2, gasoline and diesel. However, the use of 
electrolysis-H2 as fuel is preferred than further conversion of electrolysis-H2 into methanol. 
Under the baseline assumptions, electrolysis-H2 shows a negative GWP due to the credits 
from the generation of high quality oxygen by-product.  

With the methodology used in the baseline, the CO2-fuels are exempt from capture unit 
impacts, receive a credit from the carbon removals and take the burden from the end-of-life 
emission (see section 6.2.3). As shown in Fig. 6.8, CO2 removals and end-of-life emission are 
major contributors to the net carbon footprint of CO2-DME and CO2-methanol. Different 
methodological choices can therefore cause a significant variation in the carbon footprints of 
both CO2-fuels. The influence of alternative approaches in open-loop9 recycling to the carbon 
footprint of CO2-fuels is elaborated in the discussion section (6.4.2). 

Fig. 6.9 shows the non-renewable energy use (NREU) of the four alternative fuels 
investigated. The net NREU values of SMR-H2 and CO2-DME are almost equal to each other 
and higher than the NREUs of gasoline and diesel. The NREUs of SMR-H2 and CO2-DME 
are dominated by natural gas used as feedstock. Electrolysis-H2 and CO2-methanol have 
negative and nearly zero NREU, benefiting from the credit of the oxygen by-product. In 
terms of NREU, electrolysis-H2 is the preferred choice.   

 
Fig. 6.9. Comparison of the cradle-to-factory gate plus the end-of-life phase non-renewable energy use (NREU) 

and (*) net NREU. HP: High pressure; LP: Low pressure. 

 

 

                                                 
9
Open-loop recycling refers to those situations in which the material of the product system considered is partly or fully recycled into another 

product system (Manfredi et al., 2012). 



 

150 

6.4. Discussion 

Due to the exploratory character of this research, several assumptions were taken to develop 
the baseline. In this section, the most critical assumptions are varied to understand their 
influence to the relative performance of the four alternative fuels studied. Methodological 
concerns related to carbon accounting in CO2-fuels are investigated and alternative 
approaches are explored. 

6.4.1. Economic assessment. Influence of economic input parameters to fuel 
production costs 

The energy prices, the CO2 tax and the electrolysers costs assumed in the baseline are 
subjected to change with time. Moreover, the price of CO2 used as feedstock in the CO2-fuel 
systems is different when the capture unit is included inside the boundary. A sensitivity 
analysis of the fuel production costs is carried out varying economic input parameters (Table 
6.5): 

• Natural gas price can decrease as a consequence of the abundant production of shale 
gas after the emergence of new supplies. Shale gas price (EIA, 2017) is used for the 
lower range of natural gas price in this sensitivity analysis. However, natural gas price 
can also very well increase. We reviewed industrial natural gas prices reported by IEA 
from 2009 (SI.2). This review shows a difference of 30% between the highest and 
lowest prices. Thus, for the high range of the sensitivity analysis, the natural gas price 
is set at +30% relative to the value assumed in the baseline. 

• Electricity price increases about 60-80% when CCS is applied to all power plants. An 
average of the increase in costs of different power plants including CCS (van der Spek 
et al., 2017) is used as high range value for the sensitivity analysis. A review of the 
electricity price for industry shows a variability of 30% since 2009 (SI.2). The low 
range value of the sensitivity analysis for the price of the electricity from the grid is 
fixed at -30% of the value used in the baseline.  

• Previous prospective studies indicate that the price of electricity from photovoltaics 
will decrease very fast. A review of PV-electricity prices in 2015 and projected prices 
until 2050 is included in SI.2. A value of 20 €/MWh of PV-electricity is used in the 
sensitivity analysis to account for the reduction in PV-electricity price for large-scale 
industrial use in 205010 (Fraunhofer ISE, 2015).  

• The high Capex of electrolysis-H2 and CO2-methanol processes is due to the 
investment costs of the electrolysers. The value assumed for the investment of the 
electrolysers is varied in the sensitivity analysis by -30% / +50% because this is the 
inaccuracy range of the value used in the base case (Christensen Dysert and Dysert, 
2005). 

• CO2 tax price is expected to increase in the future as a consequence of more strict 
policy scenarios (IEA, 2016b). In addition to CO2 tax schemes already in place, the 
IEA “New Policies Scenario” includes the introduction of new carbon pricing 
instruments where these have been announced but not yet introduced. The CO2 tax 

                                                 

10 Scenario developed with a wide range of experts in three workshops. Estimation based on: large-scale, ground mounted systems (> 100 
MWp); 5% (real) weighted average cost of capital; duplication of module efficiency (35%) and largely PV-based energy system (PV 
provides 40 % of global electricity demand) in 2050. This is considered a conservative scenario of future cost for PV electricity because it is 
based on crystalline silicon technology, which is currently the most widely deployed technology in terms of installed capacity. Possible 
technological breakthroughs in other solar photovoltaic technologies might lead to lower cost. 
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price estimated for Europe in 2040 in the IEA “New Policies Scenario” (IEA, 2016b) 
is used in this sensitivity analysis. 

• In the baseline, CO2 capture is outside the CO2-fuel system boundaries. It is assumed 
that the CO2 feedstock required for the synthesis of DME and methanol is bought at 
the average market price. However, the prospect is that the market price for CO2 will 
decrease due to the likelihood of a growing global CO2 supply surplus as the carbon 
tax increases with strict emission regulation (Global CCS institute, 2011). The lowest 
reported value for CO2 market price is used as low range value in the sensitivity 
analysis.  

• When the CO2-fuel system boundaries are shifted and include the capture unit, 
capture costs are also shifted and allocated to the CO2-fuel. The costs of CO2 capture 
vary from 28 to 109 €/tonne CO2 depending on the type of power plant and the 
technology applied. The average of CO2 capture costs included in an exhaustive 
report on CCS demonstration projects that utilises data provided by the industrial and 
utility members of the Zero Emission Platform (ZEP, 2011) is selected as high range 
value for the price of CO2 as feedstock. 

Table 6.5. Sensitivity analysis to economic input parameters. Range of values used. 

Parameter Units Baseline Low range High range 

Natural gas price  €/GJ 10.8 3.7 14.1 

Electricity grid price  €/MWh 90.0 63.0 152 

Electricity PV price  €/MWh 77.7 20.0 - 

Electrolyser investment costs  M€ 150 105 225 

CO2 tax €/tonne CO2 8.15 - 45.0 

CO2, feedstock price €/tonne CO2 11.4 2.3 52.8 

The sensitivity of fuel production costs to variations of economic input parameters is shown 
in Fig. 6.10 (see SI.5 for complete results). Electrolysis-H2 could become an economically 
plausible fuel alternative, given that PV-electricity prices decrease as expected. Lower 
electrolysis-H2 costs are also achieved at reduced electrolysers investment costs. CO2-
methanol fuel production costs are also sensitive to PV-electricity price and electrolyser 
investment costs. However, even at the at the lowest PV-electricity price and electrolyser 
costs assumed in this sensitivity, the production costs of CO2-methanol are two to three times 
higher than the costs estimated for SMR-H2 and CO2-DME in the baseline. CO2-DME 
production costs grow to 29 €/GJ when the capture unit is inside the CO2-fuel system 
boundaries and to 31 €/GJ when the CO2 tax increases to 45 €/tonne CO2. Shifting capture 
costs to the CO2-fuel or higher CO2 taxes in the future do not play a role in the economic 
competitiveness of CO2-DME because its production costs remain lower than the range of 
conventional DME and diesel market prices (33-40 €/GJ, IDA, 2017; MyLPG, 2017). The 
rest of the parameters investigated in the sensitivity analysis do not show a noteworthy 
influence to the production costs of any of the alternative fuels included in this study.  
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Fig. 6.10. Influence of the economic input parameters to fuel production costs.   

6.4.2. Environmental assessment. Alternative approaches in open-loop recycling   

The conventional “cut-off” applied in the baseline environmental assessment derives into 
allocation issues, and the choices made for the baseline can be challenged (see section 6.2.3). 
In this section, three methodological concerns when estimating the carbon footprint of CO2-
fuels are discussed: 

− is it justified to include the carbon credit in the GWP of the CO2-fuel?  
− how to allocate the impacts of the carbon capture unit between the power plant and 

the CO2-fuel? 
− how to allocate the end-of-life burden between the power plant and the CO2-fuel? 

To investigate the influence of different approaches in open-loop recycling, the GWP of 
electricity production at a power plant with CO2 capture (first life) and the GWP of CO2-
methanol (second life) are estimated. A “system expansion” approach is here used to 
understand the consequences of the introduced changes. With system expansion, the two life 
cycles are included inside one system. Thus, the functional unit following “system 
expansion” includes the two products of the system. For this exercise, the functional unit it is 
defined as 1 GJ of CO2-methanol plus 0.3 GJ of electricity production. The definition of the 
functional unit is based on the amount of CO2 needed to produce 1 GJ of methanol (73 kg 
CO2 as feedstock, Table 6.3). This amount of CO2 can be captured during the production of 
0.3 GJ of electricity at a power plant (based on the models of van der Spek et al., 2016). 

Fig. 6.11 depicts a scheme of the entire system including 0.3 GJ of electricity produced at the 
power plant, the capture unit, 1 GJ of CO2-methanol production and the end-of-life emission. 
Fig. 6.11 outlines possible allocation approaches inside the individual product systems, i.e. 
electricity production at the power plant and CO2-methanol production. Capture impacts, 
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carbon credits and end-of-life burden could be distributed between the first and second lives 
as follows:  

A. The power plant makes the effort to capture CO2 with the goal to reduce its emission. 
The impacts of the capture unit are allocated to the power plant and hence, it benefits 
from the carbon credit. Compared to the baseline, CO2-methanol does not benefit from 
any carbon credit. Besides, approach A assumes that the power plant disengages after 
providing the CO2 to the fuel producer. Thus, the CO2-methanol producer is 
responsible for any emission that occurs downstream the capture unit at the power 
plant. The entire end-of-life burden is allocated to CO2-methanol. 

B. The CO2-methanol producer makes the effort to capture CO2 because it is needed as 
feedstock for methanol synthesis. Thus, the capture unit is included inside the 
boundaries of the CO2-methanol system. The impacts of the capture unit are allocated to 
CO2-methanol, and also the carbon credit. The burden from the CO2 emitted at the end-
of-life is also allocated to CO2-methanol because the fuel producer enjoyed the use of 
CO2 as feedstock. 

C. The effort of capturing CO2 is shared between the power plant and the CO2-methanol 
producer. The impacts of the capture unit and the carbon credit are therefore 
distributed between both. The end-of-life burden is also shared because the CO2 
source is the power plant and the CO2 is used in fuel production. It is here arbitrarily 
assumed that the capture unit impact, the carbon credit and the end-of-life burden are 
equally shared. Thus, an allocation factor of 50% is used. 
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Fig. 6.11. “System expansion” including electricity production at a power plant (first life), CO2 capture unit, 
CO2 utilisation in methanol synthesis (second life) and end-of-life emission. Functional unit: 0.3 GJ of 

electricity plus 1 GJ of CO2-methanol. Alternative approaches inside individual product systems in open-loop 
recycling: A) capture impacts and carbon credit allocated to the power plant. End-of-life burden allocated to 

CO2-methanol; B) capture unit impacts, carbon credit and end-of life burden allocated to the CO2-methanol; C) 
shared capture unit impacts, carbon credit and end-of-life burden between the power plant and CO2-methanol. 

To contextualize the results of this exercise, the GWP of the baseline and approaches A, B 
and C are compared to the GWP of business-as-usual over the full life cycle, i.e. electricity 
production without carbon capture and gasoline production. In addition, the results are also 
compared to the GWP of electricity production at a power plant with CCS and gasoline 
production. For consistency, the same functional unit is used, i.e. 0.3 GJ of electricity (with 
and without CCS) and 1 GJ of fuel (gasoline). The end-of-life emission from gasoline 
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combustion is also taken into account in the analysis. Full details of this exercise are 
described in the SI.5. 

The results of this exercise are shown in Fig. 6.12. At first glance, it can be seen that the total 
carbon footprint for the entire system (power with CO2 capture and CO2-methanol) is the 
same regardless the approach taken (baseline, A, B or C). However, different approaches for 
the allocation of the capture unit impact, carbon credits and end-of-life burden between the 
first and second life products significantly influence the individual carbon footprints (power 
or CO2-methanol): 

BASELINE. Allocation of carbon credits to the CO2-fuel in the baseline inevitably 
derives into either double counting or into higher carbon burden upstream. Double 
counting is a common error when modelling recycled products (EC, 2010), and lacks 
of logic from a physical point of view. There is only one CO2 stream and therefore it 
cannot be removed twice, once by the power plant and once by the CO2-fuel producer. 
Since double counting cannot be justified, under the baseline assumptions the power 
plant makes the effort to capture CO2 but it cannot benefit from the no-CO2-emission 
power production (because the credit has been assigned to the CO2-fuel). This would 
most likely not be accepted by the power plant.  

A. From a power plant perspective, it is reasonable to benefit from the carbon credit 
because it is the one making the effort of capturing CO2. Compared to the baseline, 
the GWP of CO2-methanol increases when it does not benefit from the carbon credit 
and covers the entire end-of-life burden. The GWP of CO2-methanol following this 
approach is similar to the GWP of gasoline. 

B. From a CO2-fuel producer standpoint, it would be preferable to accept the capture unit 
impact but be eligible to benefit from the carbon credit. The GWP of CO2-methanol 
would be higher than in the baseline but lower than following approach A. 

C. When the power plant and the CO2-fuel are both responsible of the carbon credit and 
burdens, the GWP of CO2-methanol increases respect to the baseline but lowers 
relative to approaches A and B.  

Furthermore, Fig. 6.12 shows that compared to business-as-usual over the full life cycle, the 
CO2-to-methanol system (baseline, A, B and C) provides emission reduction (-42%). 
Compared to power with CCS plus gasoline, the CO2-to-methanol system provides small 
emission reduction (-8%), which might be overcome by the uncertainty in the analysis. Note 
that these results are obtained excluding the impacts of PV infrastructure, as in the baseline 
we also excluded the impact of the infrastructure for the rest of the processes (section 6.2.3). 
However, Fig. 6.12 indicates that the GWP of CO2-methanol is highly sensitive to including 
the impacts of PV infrastructure.  

When PV infrastructure impacts are taken into account, the CO2-to-methanol system shows 
only 14% emission reduction compared to business-as-usual, and 35% higher emissions 
compared to power with CCS plus gasoline. This large variation is due to the indirect 
emissions related to the production of PV panels. The electricity supply option assumed for 
PV production has been already identified as the most influential parameter to the carbon 
footprint of PV electricity, followed by the heat input (Reich et al., 2011). The carbon 
footprint of PV electricity has a range of 0.06-200 gCO2eq/kWh depending on whether the 
electricity input in PV production is based on renewables or fossil fuels, and the heat input is 
obtained from combustion of fossil fuels (Reich et al., 2011). Other studies (e.g. Nelson et al., 
2014) estimate that the carbon intensity of PV electricity varies from 20-40 gCO2eq/kWh 
when PV panels are produced in Europe to 80 gCO2eq/kWh when they are produced in a 
coal-dominated economy like China. To investigate the influence of including the impacts of 
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PV infrastructure in our analysis (dashed squares in Fig. 6.12), we considered a value of 100 
gCO2eq/kWh PV electricity produced in the Netherlands including infrastructure (ecoinvent, 
2016), which falls within the ranges reported in the literature. PV panels used in the 
Netherlands (geographical scope assumed for our study) are mainly manufactured in energy-
intensive processes in China using hard coal electricity and heat (ecoinvent, 2016). Note that 
the effect of incorporating PV infrastructure impacts to the GWP of CO2-methanol could be 
minor at other locations when using cleaner electricity and heat sources.  

Finally, it is important to mention that this exercise was carried out using the CO2-methanol 
route. CO2-DME has substantially higher carbon footprint than CO2-methanol and similar to 
diesel (Fig. 6.8). Therefore, under the assumptions taken in this study, a system including 
power and CO2-DME production has 2% higher emissions than business-as-usual (electricity 
plus diesel), and 56% higher emissions than power with CCS plus diesel (full results are in in 
SI.5). 

 

Fig. 6.12.  Cradle to grave GWP of 0.3 GJ electricity and 1GJ CO2-methanol transportation fuel. Comparing 
the CO2 utilisation cases including the baseline and approaches A, B, C, with two reference cases without CO2 
utilisation. The GWP of the CO2 utilisation cases is estimated both excluding and including the impacts of PV 

infrastructure. 

The benefits and drawbacks of the different allocation approaches (Fig. 6.11) can be 
exploited by stakeholders to fit different purposes. For instance: 

• From a CO2-utilisation developer’s perspective, the priority is to reduce the carbon 
footprint of the CO2-fuel technology. The “cut-off" approach corresponds to the 
business boundary. It focuses on the CO2-fuel product system, does not require data 
outside the CO2-fuel production process itself, and it can be easily implemented and 
communicated. However, it simplifies open-loop allocation issues, especially 
overlooking the implications to the first life (e.g. where and how CO2 is captured). In 
this exercise, CO2-methanol technology innovation will be promoted following the 
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baseline and approaches B and C, but not under approach A because it has a GWP 
similar to the GWP of gasoline. 

• From a policy maker’s perspective, the ultimate goal is overall emission reduction. 
Existing trading schemes use principles are analogous to the “cut-off” approach. 
Emissions are recorded from individual producers and consequently responsibilities 
are particularly assigned. In a “system expansion” approach, the entire value chain is 
considered and therefore the efficiency of the overall emission reduction can be 
analysed. In the CO2-to-methanol system, the overall emission is reduced compared to 
business-as-usual but it is similar to the reduction achieved by applying CCS and 
keeping gasoline as standard transportation fuel. As a major downside, 
implementation of the “system expansion” method in a policy context is not 
straightforward since it requires data from outside the business boundaries and 
therefore cooperation between different sectors. Nevertheless, we suggest the use of 
comparisons at system level in the development of environmental policy strategies.  

• From the LCA community’s perspective, this exercise highlights that the common 
practice in the assessment of CO2 utilisation systems should be carefully examined. 
The “system expansion” is recommended by the environmental specification PAS 
2050 (BSI, 2011), ILCD Handbook (EC, 2010) or PEF guide (Manfredi et al., 2012). 
With “system expansion”, the entire system (power plant, capture unit, CO2 fuel 
production and end-of-life) is taken into account in the carbon accounting, thus the 
full carbon cycle is assessed. Moreover, “system expansion” allows quantifying the 
real environmental gains or impacts of incorporating utilisation options to established 
systems. We encourage the use of the “system expansion” method in open-loop 
recycling, as it follows a life-cycle-thinking perspective and the avoids allocation 
issues raised when applying “cut-off”.  

6.4.3. Limitations and recommendations for further research 

The results of this study serve as a preliminary indication of the feasibility of alternative fuels 
with prospects for low carbon intensities and help understanding their relative economic and 
environmental performance. Nevertheless, the following limitations in this study are 
acknowledged: 

• The value chain in this study assumes that the CO2 is the by-product electricity 
production in a power plant. Thus, electricity is the main product and the CO2-based 
fuel uses CO2 that would be produced anyway. The comparison of potential 
implications of main product vs. by product was outside of the scope of this chapter. 
Further research could make this comparison, since it is quite interesting and not 
straightforward, especially from a consequential (LCA) point of view.  

• Modelling fuel transport and distribution infrastructure was out of the scope of this 
study. CO2-DME and CO2-methanol can use slightly modified existing infrastructure 
because they are liquid fuels with similar behavior of conventional fuels. However, 
transport losses can become relevant in the case of hydrogen. In addition, there are 
currently few distribution networks for hydrogen, which makes its transport and 
distribution costs extremely high (Cazzola et al., 2013). As the use of hydrogen 
becomes more spread, established distribution networks will be available and costs 
will reduce to the level of conventional fuels (Cazzola et al., 2013). Further research 
could investigate hydrogen transport losses and costs, and their variation in the future.  

• This study only took into account the theoretical emission for the end-of-life; the 
actual emission is related to the type of engine. Compared to combustion engines, 
hydrogen is converted at higher efficiency in a fuel cell. The high efficiency of the 
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fuel cell could compensate hydrogen losses during transport. The engine efficiency 
for CO2-DME and CO2-methanol is expected to be similar to each other and to 
conventional engine efficiencies. Therefore we consider that the conclusions of this 
study about the decarbonisation effect of the CO2-based fuels evaluating the full 
carbon cycle are not affected by assuming a theoretical emission. 

• This study assumed that the oxygen generated as a by-product during water 
electrolysis was of enough quality to be used in industrial processes without any 
further conditioning. Based on that, it was assumed that the oxygen by-product 
provided economic and environmental credits. Future research should investigate 
whether the purity of oxygen from water electrolysis meets the specifications to be 
competitive against industrial oxygen production. 

• The impact of the electrolysers infrastructure was not taken into account in the 
environmental assessment due to lack of data. Further research is needed to assess the 
influence of the electrolyser infrastructure in the environmental performance of 
hydrogen production via electrolysis. 

• CO2 capture at a fossil fuel power plant was used as illustrative example because it is 
the technology at the highest readiness level. There are other potential sources of CO2 
for the synthesis of fuels, such as biomass or direct capture from ambient air. When 
the CO2 is of non-fossil origin, there is no burden from the end-of-life emission. The 
use of alternative sources of CO2 could be further investigated. It is recommended to 
also examine to the economically viability of these options. 

• The impact of renewable energy intermittencies in the electrolysis plant operation 
(start-up times) was disregarded in this study. Furthermore, the yearly average 
approach is questionable for the Netherlands (other locations might not be that 
affected). During Dutch winter, there is virtually no PV-electricity production; all 
output is concentrated in summer. To accommodate a continuous production, large 
storage systems will be needed. The technical and economic feasibility of large 
energy storage systems deserves further research. 

6.5. Conclusions 

This chapter aimed first to gain insights into the relative economic and environmental 
performance of CO2-based fuels (dimethyl ether and methanol) and fuel hydrogen produced 
via conventional steam methane reforming or via electrolysis using renewables, considering 
the full carbon cycle by taking into account the emission at the end-of-life, when the fuel is 
combusted. The results show that among all the four fuel options investigated, hydrogen 
production via steam methane reforming is the alternative with the lowest costs. Using 
electrolysis-H2 as transportation fuel is the most carbon- and energy- effective option, being 
the challenges for a wide implementation of electrolysis-H2 economic in nature. This chapter 
concludes that whereas the idea of synthesising CO2-based renewable fuels has recently 
gained much interest, it has for the foreseeable future rather limited practical relevance since 
there is no favourable combination of cost and environmental performance. This will only 
change in the long run and requires that CO2 is of non-fossil origin, i.e. from biomass 
combustion or captured from air. 

The second goal of this chapter was to elaborate the methodological challenges of carbon 
accounting in CO2-based fuels, when the lifetime of the carbon is extended. In the 
conventional “cut-off” approach the first life (CO2 source, e.g. a power plant) and the second 
life (CO2-fuel production) are cut into two independent product systems that do not interact. 
The “cut-off” approach has the advantage that fits well with the business boundary, it is easy 
to implement and communicate. However, following the “cut-off” approach only a part of the 
carbon cycle is taken into account, leaving the CO2 source and the capture unit outside the 
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CO2-fuel system boundary. In practice, this will mean that a power plant that installs a 
capture unit needs to cover all capture impacts but cannot benefit from emission reduction 
because the carbon credit has been assigned to the CO2-based fuel.   

Different approaches to allocate the capture impacts, the carbon credit and the end-of-life 
emission between the first life (e.g. power plant) and the second life (CO2-fuel production) 
were explored. The outcomes of this study indicate that the approach taken highly influences 
the carbon footprint of the individual products (power or CO2-fuel production). Alternatively, 
the “system expansion” approach includes the two life cycles in one system (power and CO2-
fuel production) and thus avoids allocation issues. The results based on the “system 
expansion” approach show that the overall carbon footprint of a system including power plus 
CO2-fuel production remains invariable. Based on these results, the use of the “system 
expansion” approach is encouraged in the investigation of CO2 utilisation options. With this 
approach, the results can be contextualised and compared against other systems with/without 
CO2 utilisation. Thus, the “system expansion” approach allows a critical analysis of the 
potential emission reduction of different CO2 utilisation options, which fits with the broader 
context of global climate change mitigation. 
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Abstract 

The chemical industry strives for the development of bio-based alternatives to prepare for the 
transition towards a sustainable bio-based economy. Key in this transition is “Safe and 
sustainable by design”. This entails that safety and sustainability must be taken into account 
at the earliest possible development stages. How to assess the sustainability and safety of a 
new production process while it is not yet established remains a challenge.   

The aim of this chapter is to review and evaluate the available early-stage assessment 
methods (ESM) and ex-ante life-cycle assessment (LCA). Using the case of lactic acid in a 
retrospective study, its different development stages were anticipated. The outcomes of 
implementing the selected ESMs and ex-ante LCA at the different development stages of 
lactic acid were compared with those of a full LCA of the real production at commercial 
scale. 

Key findings are that i) many ESMs are often not fully or clearly described and the databases 
suggested are outdated; ii) since most of the methods are designed to assess chemicals in 
general, not specifically for bio-based chemicals, the relevant environmental themes to reflect 
the characteristics of bio-based chemicals are often missing; iii) in terms of toxicity impacts, 
the reviewed methods are often crude and not accurate in the coverage of toxicity aspects.  

Ex-ante LCA could play a more important role during the process design R&D phase. 
However, ex-ante LCA should be complemented with accessible methods to evaluate the 
potential toxicity impacts at the early development stage to ensure safe by design. 

7.1. Introduction  

Today’s chemical industry largely relies on the use of finite fossil resources, which is a result 
from unsustainable consumption of non-renewable feedstock and leads to emissions of 
greenhouse gases (GHG). As an alternative, the shift to a bio-based economy has been 
recognized as an opportunity to aid sustainable development at global level (OECD, 2017). 
Producing bio-based materials (from renewable biological resources) entails the potential to 
limit the use of fossil fuels and to reduce GHG emissions compared to their conventional 
petrochemical counterparts (Weiss et al., 2012).  

In 2016, worldwide production capacity of bio-based polymers was 6.6 million tonnes, 
representing a 2% share of the overall polymer production capacity (Aeschelmann and Carus, 
2017). Projections indicate that worldwide production capacity of bio-based polymers will 
increase to 8.5 million tonnes by 2021 (Aeschelmann and Carus, 2017). The introduction of 
an increasing number of innovative bio-based chemicals requires novel synthesis routes and 
production processes. Mitigation measurements should start at the early development phase 
because a large share of the environmental impacts of a product can be influenced at the 
design stage (EC, 2014). The concept of “Safe and sustainable by design” can therefore play 
a key role in the transition to a safe and sustainable bio-based economy. 

The innovation process for (bio-based) chemicals typically moves through different research 
and development (R&D) stages. Design freedom decreases though the development phases 
but higher data quality becomes available to perform more detailed assessments (Fig. 7.1).  
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Fig. 7.1. Design freedom and available data at different design phases of chemical processes. Adapted from 

Broeren et al., 2017.  

The eco-design concept is not new, being promoted by legislation in EU already in 2009 
(Directive 2009/125/EC). There are wide ranges of proposals for new methods that aim to 
incorporate environmental assessments into product design phases (Baumann et al., 2002; 
Bovea and Pérez-Belis, 2012; Rossi et al., 2016). These methods diverge on the purpose for 
which they were developed and their level of complexity. Some of them perform an analysis 
at product-level (Fitgerald et al., 2007) while others focus in influencing the user behavior 
(Janin, 2000). Qualitative guidelines and checklists (Nordkil, 1998; Wimmer et al., 1999) are 
fast and easy to implement but hold the risk of being oversimplified (Bovea and Pérez-Belis, 
2012); more complex quantitative methods require large amounts of information (Rossi et al., 
2016), the involvement of experts (Poulikidou et al., 2014) or the use of software (Rombouts 
et al., 1998; Matzke et al., 1998; Jain, 2009).  

The outcomes of these assessment methods were rarely validated (Baumann et al., 2002; 
Bovea et al., 2012; Rossi et al., 2016) and they do not seem to be commonly implemented in 
industrial R&D departments (Baumann et al., 2002; Pujari, 2006; Broeren et al., 2017). More 
importantly, the available early-stage assessment methods were not specifically designed for 
bio-based chemicals. Nevertheless, biomass cultivation can have a significant contribution to 
the environmental performance of bio-based products (Miller et al., 2007; Goedkoop et al., 
2009; Weiss et al., 2012).   

Broeren et al. (2017) conducted a thorough review of 27 publically available early-stage 
assessment methods (ESMs, Technology Readiness Level (TRL, DOE 2009; EARTO, 2014) 
< 6, Fig. 7.1) and the indicators covered by these methods. The authors evaluated the 
suitability of the indicators for the assessment of bio-based chemicals. Most methods 
reviewed include energy, climate change and material related indicators. However, only a 
few methods take into account the environmental indicators associated with biomass 
production such as land use and eutrophication. In addition, the reviewed ESMs use safety 
indicators that rely on available hazard information, which for newly designed chemicals is 
typically unknown at early development stages. 
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The consideration of toxicity indicators in ESMs is of high importance in the transition 
towards a safe and sustainable bio-based and circular economy. Currently, a lot of toxic 
substances are applied that can cause harm to people and/or the environment during the 
whole life cycle. By considering toxicity indicators at the early stage developmental process 
the progress of safe products/processes will be stimulated as early as possible, thereby 
preventing regrettable design/substitution.  

When the development of a chemical enters TRL 5-6, there is usually sufficient experience 
and evidence to establish a process design to simulate large-scale production. The outcome of 
the process design (i.e. mass and energy balances of the entire processing plant) can be used 
as input information for an ex-ante life cycle assessment. Ex-ante LCA implements life cycle 
thinking to predict the potential impacts of introducing a future production process.  

There is currently an unbalanced research effort between developing new methods or 
investigating and improving the available ones (Broeren et al., 2017). The evaluation of the 
applicability and accuracy of the current assessment methods can only be performed by 
comparing their outcomes with those of a full assessment. To our knowledge, little has been 
reported on such an evaluation, especially for bio-based chemicals. Having said the 
aforementioned knowledge gaps, the goal of this chapter is to address the following research 
question: 

How applicable are the current assessment methods for the early-stage development of bio-
based chemicals and how adequate are the outcomes to ensure safe and sustainable by 

design? 

To answer this question, a team formed by academia (Utrecht University), the public sector 
(Dutch National Institute for Public Health and the Environment) and the private sector 
(Corbion Purac, a lactic acid producer) collaborated on a retrospective assessment of lactic 
acid, a bio-based organic acid produced by fermentation of carbohydrates since the 1880s 
(Groot et al., 2010) and currently produced at commercial scale.  

In order to perform an early-stage assessment for a chemical that is already produced at 
commercial scale, different development stages of the synthesis of lactic acid were 
envisioned using literature information and a selection of ESMs and ex-ante LCA were 
implemented. The high level of maturity of the lactic acid technology allows evaluating the 
adequacy and limitations of the implemented ESMs and ex-ante LCA by comparing their 
results with those of a full LCA based on the present commercialised production. Moreover, 
the outcomes of the lactic acid case study can provide insights into how LCA impacts evolve 
from different early technology development phases to commercialisation, and how the future 
design tools can be improved to ensure that new bio-based chemicals are safe and sustainable 
by design. 

7.2. Methodology 

7.2.1. Overarching approach 

The overarching approach of this chapter (seven steps) is shown in Fig. 7.2, using the 
development of lactic acid as an example. The first step is to identify relevant sustainability 
themes to be assessed, which is usually case-specific (Zijp et al., 2017). For the case of lactic 
acid, this is done by a workshop engaging the opinions of the relevant stakeholders, i.e. 
people from different business units from the lactic acid producer, academics and the public 
sector. The workshop resulted in six themes covering both environmental and toxicity 
indicators:  
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− energy,  
− climate change,  
− eutrophication,  
− land use, 
− human toxicity, and  
− ecotoxicity.  

The detailed procedure and outcome of the workshop are available in the supplementary 
information (SI) of the online version of the submitted article. In the second step, the ESMs 
that offer to assess the six chosen environmental and toxicity themes are identified and 
reviewed in detail. In this step, the results from Broeren et al. (2017), who reviewed an 
extensive list of publically available ESMs, are used. Out of the reviewed 27 methods, 12 
cover at least one of the six selected sustainability themes.  

In the third step, the 12 selected ESMs are implemented to the case study (sections 7.2.2 and 
7.3.1), i.e. the early-stage of lactic acid synthesis (TRL 1-6). The outcomes of this step serve 
two purposes: i) to evaluate the applicability of these ESMs, and ii) to evaluate the adequacy 
of these EMs. The evaluations are conducted in the final step, after obtaining the results of 
ex-ante LCA and full LCA. 

In the fourth step, an ex-ante LCA based on a preliminary process design of lactic acid 
production during its development phase (TRL 5-6) is implemented (section 7.2.3). The 
preliminary design is based on the publically available literature data and key design 
assumptions, and represents what a process designer would develop as a promising route to 
produce lactic acid.  

The fifth step consists of the implementation of a full LCA of the current commercialised 
production of lactic acid (TRL 9, section 7.2.4).  

Finally, the results of the full LCA are used to be compared with the results of the ex-ante 
LCA (section 7.3.2) and the outcomes of the ESMs (section 7.3.3). The comparisons provide 
insights into the predictive power of the ESMs and ex-ante LCA, as well as how 
environmental and safety assessments evolve at different technology development phases 
until commercialisation. Thereby, the applicability and adequacy of the early-stage 
assessment methods can be evaluated. 
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Fig. 7.2. Steps of the overarching approach of the lactic acid case study.  

7.2.2. Identification and implementation of the relevant Early-Stage Methods 
(ESMs). Steps 2 and 3 of the lactic acid case study 

The 12 selected ESMs were developed for different purposes, and just one of them was 
originally conceived for bio-based materials. Table 7.1 provides an overview of the original 
objectives and the assessment themes covered by the 12 ESMs. A detailed description of 
these 12 ESMs can be found in SI.2. 

7.2.2.1.Themes and indicators coverage 

The ESMs use indicators to measure the sustainability themes. Many ESMs define more than 
one indicator for the same theme (e.g. for the energy theme Sugiyama et al. (2008) use an 
energy loss index and the raw material cumulative energy demand as indicators, Table 7.1, 
SI.2). All 12 ESMs provide energy-related and/or climate change indicators and nine ESMs 
also include human toxicity and ecotoxicity indicators. With respect to bio-based feedstock 
production, four ESMs contain eutrophication-related indicators and only two include land 
use-related indicators (Table 7.1). Only one ESM addressed all selected themes.  

7.2.2.2.Life cycle scopes 

The identified ESMs cover different scopes based on their objectives (Table 7.1). Six out of 
12 ESMs cover a gate-to-gate scope, where the system boundary includes the single 
production process at the manufacturing site (i.e. a supply chain analysis is excluded). Three 
out of 12 ESMs cover a cradle-to-gate scope, where the system boundary is expanded 
including raw material extraction (or biomass cultivation for bio-based chemicals) up to the 
point that the product is delivered at the factory gate. Three ESMs assess mixed scopes, using 
different indicators for different product life cycle stages. None of the reviewed ESMs 
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performs a cradle-to-grave assessment covering the whole life cycle of the product including 
the use phase and the end-of-life. This is caused by limited information at early design stages 
on the final application and the post-consumer waste management. 

7.2.2.3.Targeted early development stages 

The selected ESMs are categorised based on the technology readiness levels (TRL) (DOE, 
2009; EARTO, 2014) to understand the trade-offs between low data requirements-high 
uncertainty and high data requirements-low uncertainty. Based on the TRLs, four 
development stages can be distinguished before commercialisation (Fig. 7.1), corresponding 
to:  

− Concept proven (TRL 1-2): the idea of a new synthesis route for a chemical is 
determined by brainstorming of possible alternatives. The reaction is proven in the 
laboratory, the stoichiometry is gathered and a rough estimation of the required 
technology is generated. None of the 12 selected ESMs provides assessments for this 
stage.   

− Process chemistry (TRL 3-4): several synthesis routes are considered. Small amounts 
of purified product are obtained and data on the main reaction(s) is collected in 
laboratory experiments. Three of the selected ESMs are applicable at this stage (Table 
7.1). 

− Process design (TRL 5-6): the synthesis route is defined and the entire production 
process is designed at a theoretical commercial-scale level including main reaction 
and separation steps. The mass and energy balance of the production process 
including information on process stream composition, pressure and temperature can 
be obtained. 10 ESMs are applicable at this stage (Table 7.1). In this development 
stage, it is also possible to carry out ex-ante LCA using the process design results.  

− Piloting (TRL 7-8): the process design is used to build a small-scale demonstration 
facility.   

− Commercialisation (TRL 9): the production process is in place at full commercial-
scale. Real process data and testing for compliance with regulations (i.e. 
environmental, health and safety data) are available and therefore it is possible to 
perform a full assessment. 
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Table 7.1. The 12 early-stage methods and their coverage of the selected sustainability themes. The definitions 
of the indicators can be found in SI.2, Table S2. 

R&D stage 
Method 
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TRL 3-4: 
Process 
chemistry 
 

Van Aken et 
al., 2006 

GtoG x    x x 
Post-synthesis, semi-quantitative analysis tool to evaluate quality of 
an organic preparation 

Patel et al., 
2012 

Mixed x x   x x 
Method for quick preliminary assessment of chemical processes at 
the laboratory stage 

TRL 3-6: 
Process 
chemistry; 
Process 
design 
 

Sugiyama et 
al., 2008* 

Mixed x    x x 
Chemical process design framework that comprises four stages of 
process modelling and multiobjective evaluation characterised by 
the available information 

TRL 5-6: 
Process 
design 
 

Chen et al., 
2002 

GtoG  x   x x 
Design procedures and guidance for optimising chemical processes 
including environmental aspects 

Curzons et 
al., 2001 

GtoG x x   x x 
Sustainability-based approach for chemists to quantitatively and 
systematically evaluate if synthetic organic reactions and processes 
are “greener” 

Curzons et 
al., 2007 

CtoG x x x    

Web-based tool designed to deliver metrics to determine and 
benchmark the “greenness” or relative sustainability of typical 
pharmaceutical process at an early-stage in R&D development 
activities  

Schwarz et 
al., 2002 

GtoG x x x  x x 
Metrics to aid companies to begin to incorporate the goal of 
sustainability into management decision-making 

Sheldon and 
Sanders, 2015 

CtoG x   x   
Set of sustainability metrics for quickly evaluating the production of 
commodity chemicals from renewable biomass 

Tabone et al., 
2010 

Mixed x x x  x x 
Evaluation of the efficacy of green design principles in polymers 
with respect to environmental impacts found using LCA  

Tugnoli et al., 
2008 

GtoG x x x x x x 
Procedure for quantitative assessment of key sustainability 
performance indicators of alternative processes, mainly at the early-
stages of process design 

Voss et al., 
2009 

CtoG  x     
Carbon factor as a parameter to evaluate the total amount of CO2

emitted to produce a product in chemical industrial processes 

Young and 
Cabezas, 1999 

GtoG  x   x x 
Waste reduction (WAR) algorithm for the design of sustainable 
processes with simulation 

The “x” represents the themes that are included in each of the methods. GtoG: Gate-to-gate: CtoG: Cradle-to-gate. 
*In this method different indicators are defined for the process chemistry and process design stages, therefore it is 

applicable at both design phases. 

7.2.2.4.Implementation of the selected ESMs to the case study of lactic acid for two 
development stages: process chemistry (TRL 3-4) and process design (TRL 5-
6) 

• Lactic acid at process chemistry stage (TRL 3-4) 

Three of the selected ESMs can provide assessments at the process chemistry stage (Table 
7.1, TRL 3-4). They propose semi-qualitative indicators estimated from penalty points. The 
method of van Aken et al. (2006) assigns penalties based on the reaction yield, safety 
(including toxicity), technical set-up, reaction temperature and purification. The methods of 
Patel et al. (2012) and Sugiyama et al. (2008) propose the use of an Energy Loss Index based 
on data from the reaction and separation section and an Environmental Health and Safety 
Index based on specific toxicity data. In order to cover the impacts of the supply chain, the 
methods of Sugiyama et al. (2008) and Patel et al. (2012) use the cumulative energy demand 
(CED) associated with raw material. As an additional indicator, the method of Patel et al. 
(2012) includes the GHG emissions of raw material. 
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The three ESMs at the process chemistry stage were implemented for the lactic acid case 
study using information from earlier literature. Input data include the reaction type and 
conditions (50°C, pH 6.5) and the reaction yield (95%) (Ghaffar et al., 2014). By-products are 
qualitatively identified (biomass and gypsum) and a conceptual technical set-up for the 
separation steps is developed. The information/technology cited here for lactic acid represents 
one of the many possible routes being investigated in the process chemistry stage. 

• Lactic acid at process design stage (TRL 5-6) 

10 of the selected ESMs can provide assessments at the process design stage (Table 7.1, TRL 
5-6, definitions of the indicators are in SI.2, Table S2). Energy-related indicators proposed 
include:  

− total process energy, used as indicator in two methods (Curzons et al., 2001; Curzons 
et al., 2007), 

− energy intensity (Schwarz et al., 2002),  
− energy efficiency (Sheldon and Sanders, 2015),  
− electricity and natural gas consumption (Tugnoli et al., 2008). 

However, it is not specified whether the indicators quantify the final or primary energy. 
Climate change indicators in the selected ESMs at the process design stage are either defined 
as GHG emissions or using a different term such as “global warming potential” (GWP). All 
ESMs with a gate-to-gate scope also include emissions associated with energy production, 
even if it occurs outside process boundaries. Land use indicators included in the methods of 
Sheldon and Sanders (2015) and Tugnoli et al. (2008) are defined relative to a specific 
location. No method provides a clear definition for eutrophication-related indicators.  

Ecotoxicity is covered in the form of aquatic or terrestrial toxicity. Human toxicity includes 
toxicity via ingestion, via inhalation and/or carcinogenicity (formulas are in SI.3). Some 
ESMs use a “restricted substances list” to calculate the toxicity indicators (Schwarz et al., 
2002) whereas others use toxicity data, e.g. the substance concentration where 50% of the test 
species dies (LC50-values) or hazard classifications (Tugnoli et al., 2008; Young and 
Cabezas, 1999). Other methods use a risk approach combining toxicity data with exposure or 
fate information (Chen et al., 2002; Tabone et al., 2010). In the method of Schwarz et al. 
(2002) there is no specific human and ecotoxicity indicator, and one general toxicity indicator 
is applied.  

The methods of Sugiyama et al. (2008) and Tabone et al. (2012) explicitly propose to use a 
cradle-to-gate ex-ante LCA for the process design stage, thus requiring the use of life cycle 
inventory databases and specific impact assessment methods.  

For the estimation of the environmental indicators included in the ESMs at the process design 
stage, a preliminary process design is developed for the production of lactic acid. This 
preliminary process design is based on publically available information on raw material pre-
treatment, reaction and downstream process (see section 7.2.3).  

For the estimation of the toxicity indicators, only the product itself (i.e. lactic acid) is 
considered. The ESMs are capable to include the impact of all substances used during lactic 
acid production, but here only the final product is considered because of the low quality of 
the toxicity assessment in the ESMs (see section 7.3.1.2). For the goal of this chapter, 
validation of the applicability and adequacy of the methods, assessment on the final product 
only is sufficient. 
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7.2.3. Ex-ante LCA implemented at process design stage. Step 4 of the lactic acid 
case study 

This R&D stage of lactic acid was envisioned by developing a process design based on 
literature data in which the process steps and conditions are described. Assumptions are made 
when information is not available (see SI.4). Fig. 7.3 shows the preliminary process design 
developed in this chapter.  

The preliminary process design assumes that the sugarcane is cultivated in Brazil because it is 
the largest producer of sugarcane in the world (FAO, 2017). Energy produced in the sugar 
mill covers own energy demand at the mill and provides an electricity surplus that can be 
exported to the grid (Tsiropoulos et al., 2014; de Souza; 2016; Groot and Boren, 2010). 
Fermentation is modelled based on data reported in Ghaffar et al. (2014), Hofvendahl et al. 
(2000) and Maślanka et al. (2015). To obtain pure lactic acid, the downstream process 
includes filtration to remove biomass (cell culture that catalyses the fermentation), 
acidification, lactic acid concentration prior to low-pressure distillation, adiabatic 
crystallisation, and centrifugation (Groot et al., 2010). Full details of the process design and a 
life cycle inventory including mass and energy flows are reported in SI.4. It should be noted 
that this preliminary process design represents one of the early development possibilities and 
does not depict Corbion’s previous or current technology. 

 
Fig. 7.3. Preliminary process design of lactic acid production based on published literature and several key 

assumptions (SI.4), envisioning that the process design occurs today and the present commercial production is 
unknown. 

The functional unit of the ex-ante LCA is 1 kg of lactic acid and the scope is from cradle-to-
gate. System expansion is applied for the electricity surplus at the mill and the by-products. 
The use and end-of-life phases are excluded because at early R&D stages the final product 
application is not yet known. Transport of raw materials is not taken into account, which is 
often included at the later stage.  

Table 7.2 shows the mid-point indicators and assessment methods used to provide an 
assessment of the selected sustainability themes (section 7.2.1). Background data of 
agricultural raw materials are taken from the agri-footprint 2.0 database (2015). For the rest 
of the background data, ecoinvent v3.3 (2016) is used. A list of the background data used is in 
SI.5.1. 
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Table 7.2. Mid-point indicators and characterisation models used in the ex-ante and full LCAs.  
Mid-point indicator Method Source Indicator 
Cumulative energy 
demand (CED) 

Cumulative energy demand 
v1.09 

Frischknecht et al., 2007 MJ 

Global warming potential 
(GWP) 

IPCC 2013 GWP 100a IPCC, 2013 kg CO2 eq 

Freshwater eutrophication 
(EU) 

ILCD 2011 Midpoint+, 
ReCiPe 2008 

Struijs et al., 2009 kg P eq 

Land use (LU)  
(urban + agricultural)  

ReCiPe midpoint (H) v1.13 Goedkoop et al., 2009 m2a 

Human toxicity cancer 
(HTc) 

USEtox v1.04 
(recommended+interim) 

Rosenbaum et al., 2008 CTUh 

Human toxicity non-
cancer (HT) 

USEtox v1.04 
(recommended+interim)  

Rosenbaum et al., 2008 CTUh  

Freshwater ecotoxicity 
(ET) 

USEtox v1.04 
(recommended+interim)  

Rosenbaum et al., 2008 CTUe 

         *a: area; CTUh: Comparative Toxic Unit for Human Health; CTUe: Comparative Toxic Unit for ecosystems; eq: equivalent. 

7.2.4. Full LCA results compared with ESMs and ex-ante LCA results. Steps 5-7 of 
the lactic acid case study 

The full LCA is based on the commercialised process of Corbion's existing 100 kT lactic acid 
plant located in Thailand (internal study from industry, confidential). The functional unit, 
databases and characterisation models are the same as used in the ex-ante LCA (section 7.2.3, 
Table 7.2). A flow diagram of the commercial production and background data used are in 
SI.5.2. Inevitably, ESMs, ex-ante LCA and full LCAs use different indicators, scopes, 
sources of data, and differ in a number of input parameters:  

− The ESMs and the ex-ante LCA are based on literature. The full LCA is based on the 
commercial production data 

− The preliminary process design resembles an R&D stage where little or no 
optimisation is made in relation to energy integration and technology choice. The 
commercialised production is highly optimised 

− The preliminary process design assumes that the sugarcane cultivation and lactic acid 
production both take place in Brazil because it is the largest producer of sugarcane in 
the world. In reality, the commercial plant location and sugarcane sourcing is in 
Thailand. 

Therefore, comparisons between the ESMs, ex-ante and full LCAs thus should not be 
interpreted for the absolute differences. The focus of this retrospective study is rather on 
understanding the evolution of impacts during the technology development of a new (bio-
based) chemical and whether the trends can be predicted in the early development stages.  

7.3. Results and discussion 

7.3.1. Implementation of the selected ESMs. Step 3 of the lactic acid case study 

A highlight of the results of the implementation of the ESMs is presented in the following 
sections (full details are in SI.2).  

7.3.1.1.Environmental themes 

The three ESMs implemented at the process chemistry stage (TRL 3-4, Table 7.1, complete 
results in SI.2.1-SI.2.3) use reaction and separation information from laboratory experiments. 
Following the method of van Aken et al. (2006) for the synthesis of lactic acid, two 
parameters receive the highest penalty points: reaction yield and purification efficiency. Four 
important aspects contributing to the Energy Loss Index defined by Sugiyama et al. (2008) 
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and Patel et al. (2012) are identified: water presence at the reactor outlet, product 
concentration, mass loss and reaction energy. Additionally, the Energy Loss Index defined by 
Patel et al. (2012) takes into account whether a pre-treatment is required, which also is an 
important contributor in the lactic acid case study.  

All three ESMs are intuitive, easy, and straightforward to use. These methods are semi-
quantitative and intended for screening/comparative assessment of alternative synthesis 
routes of a novel chemical when they are being tested at the laboratory (TRL 3-4).  

More detailed quantitative assessments are feasible when a process design is carried out. 
Although 10 of the selected ESMs can provide assessments at the process design stage (TRL 
5-6, Table 7.1), the implementation of seven ESMs is here discussed. The methods of 
Sugiyama et al. (2008) and Tabone et al. (2012) follow a cradle-to-gate ex-ante LCA 
approach for the process design stage and therefore their results are discussed in section 
7.3.2. The method of Curzons et al. (2007) is not applicable for this case study because it is 
designed for relative sustainability. Thus, at least two chemicals or alternative routes are 
required for its implementation. 

Four of the seven ESMs here discussed include energy indicators (Table 7.1). In spite of 
using different definitions for the energy indicators, all four ESMs identify the process energy 
required in the concentration/evaporation step as the key contributor. The energy use in this 
concentration step accounts for 90% of the “total process energy” (Curzons et al., 2001, 
SI.2.5), and is a key contributor for the observed low “energy efficiency” (Sheldon and 
Sanders, 2015, SI.2.8), the high “energy intensity” (Schwarz et al., 2002, SI.2.7) and the high 
“natural gas consumption” (Tugnoli et al., 2008, SI.2.10).  

Six out of the seven ESMs here discussed include a climate change indicator (Table 7.1). The 
energy needed in the concentration/evaporation step also dominates the climate change-
related indicators in all the implemented methods, except in the method of Voss et al. 

(2009)(SI.2.11). This method assigns a credit to the biogenic CO2 uptake. The cradle-to-gate 
indicator is therefore dominated by feedstock contribution and not by the process energy 
contribution as in the gate-to-gate indicators. 

Land use assessment could not be carried out because the two methods that propose this 
indicator provide vague definitions and there is also insufficient data available (SI.2.8, 
SI.2.10, Table S.2). For example, it is not possible to reproduce the information on “good 
agricultural soil” in France needed to grow the biomass required (Sheldon and Sanders, 
2015), neither on the area that is occupied by “similar facilities” than the one of our lactic 
acid process design  (Tugnoli et al., 2008).  

It is also not possible to implement the assessment for eutrophication based on the selected 
ESMs (SI.2.7, SI.2.10, Table S.2). The method of Schwarz et al. (2002) requires the 
identification of the process wastewater, which consists of mainly water removed in the 
concentration/evaporation step (Fig. 7.3). This wastewater stream barely contributes to 
eutrophication impact. Eutrophication in the method of Tugnoli et al. (2008) requires impact 
potentials derived from the literature (Pennington et al., 2000) but no further details are 
available on exemplifying the method neither on the background data required.       

To summarise, the ESMs implemented at the process design stage have a good coverage of 
climate change and energy themes and also point to the same conclusions for these themes 
(i.e. process energy dominates both impacts). However, only two methods include biomass 
production and pre-treatment (Sheldon and Sanders, 2015; Voss et al., 2009). The important 
aspects for bio-based chemicals occurring in the agriculture phase, like eutrophication and 
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land use are mostly excluded or poorly covered and therefore the relevance of the majority of 
the methods for the assessment of bio-based chemicals is questioned. 

In terms of implementation experience, not all methods for the process design phase are 
straightforward. In some cases, assumptions are required because the descriptions of the 
indicators provided are not clear. For instance, gate-to-gate electricity and natural gas 
consumption are directly taken from the preliminary process design because no details on 
how to calculate these indicators are provided in the method of Tugnoli et al. (2008)(SI.2.10). 

7.3.1.2.Toxicity themes 

For most methods an extensive user-guide is provided and most of the toxicity indicators can 
be calculated (meaning that an outcome could be obtained; full results in SI.2). Two of the 
ESMs were not clear in the description of crucial aspects (Tugnoli et al., 2008; Chen et al., 
2002). Without this specific information the models could not be conducted as intended and 
the methodologies are not repeatable.  

Based on the numerical outcomes of the ecotoxicity and human toxicity indicators, it is 
concluded that the different indicators cannot be compared to each other. For instance, it 
cannot be concluded that substance ‘A’ has a higher concern for ecotoxicity than for human 
toxicity. The ESMs are better suited to compare similar indicators for different substances.  

Although it was possible to apply most of the methods, the relevance of the indicators is 
questioned because several essential aspects were missing in these indicators. The main 
concerns include the focus on acute toxicity only, the coverage of a too small range of 
endpoints/species, or the request of information that is not available at early-stages or is too 
general to draw conclusions on. In more detail:  

Three of the ESMs (Chen et al., 2002; Tugnoli et al., 2008; Young and Cabezas, 1999; SI.2.4; 
SI.2.10; SI.2.12) consider acute toxicity values only and do not include long-term (chronic) 
toxicity. A single acute exposure to a substance may be a good estimate for a particular 
situation e.g., when a substance disappears fast due to high degradation or metabolisation 
rates. However, when this is not the case, or when frequent exposure is expected, chronic 
experiments are considered to provide better estimates for toxicity. Chronic effect 
concentrations are usually lower than acute effect concentrations. This difference, calculated 
as the ratio between acute and chronic toxicity, can vary considerably between different 
substances, ranging from 1 to above 4,000 (ECHA, 2017a; Ahlers et al., 2006). If available, it 
is therefore preferred to not only use acute toxicity data, but also use chronic toxicity data. 
These can be found for instance in the databases of ECHA (2017b) and US-EPA (2017a). 

Several ESMs only consider toxicity data of one specific species, like fish toxicity data for 
ecotoxicity or rat toxicity data for human toxicity (Chen et al., 2002; Young and Cabezas, 
1999; SI.2.4, SI.2.12), thereby ignoring species-specific differences in toxicity (e.g. 
invertebrates, algae, mammals)(ECHA, 2017a; Ramos et al., 2002). For standardisation and 
taking care that a sensitive species for the endpoint under study is used, the species to be used 
is prescribed in risk assessment protocols. Ideally, data on different species of different 
trophic levels should be used for toxicity assessment in ESMs.   

Some suggested toxicity indicators are not very distinctive. For instance, the toxicity 
indicator as described in the method of Schwarz et al. (2002)(SI.2.7) only provides values to 
substances that are listed on the US Toxic Chemical Release Inventory  (US-EPA, 2017b) or 
to substances that are marked as a criteria pollutant in the Clean Air act list (US-EPA, 2017c). 
Additionally, some toxicity indicators require data from tests that are normally not performed 
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in an early-stage. An example would be the Cancer potency Slope Factors used by Tugnoli et 
al. (2008)(SI.2.10) which is only available for relatively few substancesℑ. This type of 
parameters is unknown for many substances, making this ESM less applicable. In general, 
lack of toxicity data is especially true for new designed substances for which only limited 
toxicity data is available yet. On the contrary, for existing substances that are applied in new 
applications a lot of toxicity data may be available.   

Based on these aspects, it is considered that none of the investigated ESMs covers toxicity 
sufficiently neither provides a reasonable estimate and comparison of the toxicity potential. 
In section 7.4.1 several suggestions to cope with these limitations are proposed.  

7.3.2. Results of the ex-ante LCA (TRL 5-6) and comparison with the full LCA 
(TRL 9). Steps 4-6 of the lactic acid case study 

7.3.2.1.Results of the ex-ante LCA vs. the full LCA  

The results of the ex-ante LCA based on process design are shown in Fig. 7.4 and compared 
with the results of the full LCA based on the commercialised production. No detailed 
numerical breakdown of the full LCA results is disclosed due to data confidentiality.  

 

 
Fig. 7.4. Comparing cradle-to-gate environmental impacts of 1 kg of lactic acid:  ex-ante LCA vs. full LCA. 

Lines show variation obtained from sensitivity analyses (SI.5.4). 

Fig. 7.4 shows that all impact categories evaluated have a lower value for the full LCA than 
for the ex-ante LCA, except for land use and freshwater ecotoxicity. Based on the results of 
the ex-ante LCA, three main contributors to the impacts of lactic acid are identified: 
production of chemicals, process energy, and sugarcane production.  

                                                 

ℑ The cancer slope factor is an estimate of the probability that an individual will develop cancer if exposed to a chemical for a lifetime 
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The contribution of chemicals is similar in both LCAs. The amount of chemicals used is not 
subject to major changes due to process optimisation, neither the impacts of these commodity 
chemicals are significantly location-dependent. Thus, the impacts associated with the 
production of chemicals are well captured by the ex-ante LCA.  

The contribution of process energy (mainly steam) is considerably larger in the ex-ante LCA 
due to a non-optimised process design. This causes higher CED, GWP and HTc in the ex-
ante LCA than in the full LCA. In a sensitivity analysis, an ex-ante LCA is carried out based 
on an improved design assuming higher fermentation concentration and that heat integration 
is implemented (SI.5.4). Lower amounts of steam are consumed (-70%), and therefore CED, 
GWP and HTc decrease by 41%, 11% and 41%, respectively (negative variability lines in 
Fig. 7.4).  

Sugarcane cultivation is also an important hotspot identified by the ex-ante LCA. The 
preliminary process design assumes that sugarcane cultivation takes place in Brazil and the 
ex-ante LCA uses data obtained from background database (not primary data) (section 7.2.3 
and SI.5.1). However, in the commercialised process sugarcane sourcing is in Thailand and 
more site-specific foreground data is used in the full LCA (section 7.2.4 and SI.5.2). Thai and 
Brazilian sugarcane have different sucrose content, and different types and quantities of 
fertilisers, herbicides and pesticides are used during their cultivation. As a consequence, the 
most important differences between the ex-ante and full LCAs are found in the sugarcane 
contribution. A detailed analysis of the differences between the ex-ante and full LCAs per 
indicator is in SI.5.3. 

The comparison between the results of the ex-ante and full LCAs illustrates that biomass type 
and sourcing play a key role in the impacts of bio-based lactic acid. The characteristics and 
cultivation practices of biomass are determined by the location where it grows. Knowing 
exactly the type of feedstock can be decisive when determining the sustainability profile of a 
new bio-based chemical but this knowledge will mostly not be available in the design phase.   

It can thus be concluded that ex-ante LCA is a useful tool for hotspot analysis, but cannot 
precisely predict the impacts of the process at commercial-scale, because at this stage it is 
usually unknown where a potential commercial plant will be located. As such it can provide 
an indication for improvement and optimisation during the design stages. 

7.3.2.2.Discussion: uncertainties in toxicity impacts  

The USEtox-model (2017) is used in the ex-ante LCA and full LCA to estimate the potential 
toxicity impacts (Table 7.2).  The model is recommended by the International Reference Life 
Cycle Data System (ILCD)(EC, 2012) as well as The European Commission’s Product 
Environmental Footprint (Manfredi et al., 2012). The USEtox model makes a distinction 
between recommended and interim characterisation factors, reflecting different robustness of 
background data (Rosenbaum et al., 2008; USEtox 2.0, 2017). Interim characterisation factors 
are temporary and intended to be used or accepted until something permanent exists. They 
result in high uncertainty and therefore their impact scores need to be interpreted with caution 
(Rosenbaum et al., 2008; USEtox 2.0, 2017). 

The emissions of metals to soil from the fertilizers applied in sugarcane cultivation in the 
lactic acid case study are characterised only by interim characterisation factors. Therefore the 
USEtox “recommended + interim” model is used in the baseline of both LCAs (Table 7.2 and 
section 7.3.2.1). In a sensitivity analysis, only the recommended characterisation factors were 
used. The results of this sensitivity analysis are 70-100% lower in all toxicity categories 
relative to the baseline results. This indicates that there are large uncertainties in the 
estimation of toxicity aspects in both the ex-ante and full LCAs. It cannot be correctly 
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answered which option is better, because “interim” does not satisfy all conditions for the 
determination of characterisation factors but probably toxicity is underestimated when only 
including “recommended” characterisation factors.  

7.3.3. Comparison of the ESMs vs. ex-ante LCA vs. full LCA 

Table 7.3 shows a comparative evaluation of the assessment methods included in the lactic 
acid case study. The evaluation considers the predictive power of the ESMs and ex-ante 
LCA, their applicability and the adequacy of the results in general. 

Results from the ESMs and ex-ante LCA indicate that a lion’s share of the energy demand 
and the associated carbon emissions in lactic acid production are caused by the downstream 
evaporation step. Next to CED and GWP, process energy in the evaporation step is also 
identified by the ex-ante LCA as the main contributor to the cradle-to-gate HTc impact.  

However, process energy is not identified as the most important contributor to the impacts 
based on the full LCA for two reasons: i) highly optimised process energy   in the 
commercial process; ii) sugarcane cultivation dominates many of the non-energy related 
impacts studied (EU, LU, HT, ET). This shows that the selected ESMs are useful to pinpoint 
relevant optimisation steps in the process design for later development stages. However, the 
lack of an assessment of biomass feedstock production can be a crucial drawback for the 
implementation of the studied ESMs to bio-based chemicals.  

Table 7.3. Comparing the assessment methods included in the lactic acid case study. 

Type of  
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ESMs (1-2) No methods available 
ESMs (3-4) + + No methods available --- --- 
ESMs (5-6) ++ ++ - - --- --- 
ex-ante LCA (5-8) +++ +++ +++ ++ - - 
full LCA (9) +++ +++ +++ +++ - - 

       Very good (+++) > Good (++) > fair (+) > poor (-) > very poor (---)  
The type of feedstock, cultivation phase and location are key factors for the sustainability 
aspects of bio-based chemicals, as demonstrated by comparing the ex-ante LCA results 
against the full LCA results (section 7.3.2.1). The lactic acid case study shows that ex-ante 
LCA implemented at the process design phase can already identify environmental hotspots, 
although the variability in of ex-ante LCA should be carefully interpreted (variability lines in 
Fig. 7.4).  

The toxicity indicators in the ESMs have a different scope (end product only) than the ex-
ante and the full LCAs (cradle-to-gate toxicity impacts). Hence, it is not possible to compare 
the results of the toxicity impacts of the ESMs with those of the LCAs. It should be 
highlighted that the toxicity indicators in the ESMs are crude and not accurate. This 
emphasizes that for early-stage assessment, it is urgent to improve the toxicity assessment of 
the product itself. In the next section suggestions to deal with these deficiencies are provided. 
Nonetheless, it should be borne in mind that the toxicity indicators in LCA also have latitude 
for improvement (section 7.3.2.2). 
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7.3.4. Recommendations  

To address the challenge of developing new bio-based chemicals that are safe and sustainable 
by design, it is proposed to follow an iterative approach. Different methods are suitable for 
the different R&D stages, in concordance with the information available and freedom to 
make changes (Fig. 7.1). This was very well presented by Sugiyama et al. (2008), who 
defined different indicators for several development phases. The outcomes of the assessments 
carried out at each stage should be incorporated as inputs for the next development process, 
allowing for flexible re-design.  

Comprehensive calculations at TRL <4 are not practical due to lack of data and because any 
new technology will experience important variations during its scale-up. Assessments should 
aid in the selection of the most promising ideas and synthesis routes for further development. 
The use of simple qualitative scoring systems or up-to-date background data that can be 
directly used for quick screening is therefore recommended. The method of Patel et al., 
(2012), which also covers the impacts of the supply chain and pre-treatment, was found the 
most adequate at this stage. However, meaningful integration of toxicity aspects in the ESMs 
is still lacking. An alternative approach is presented in the next subsection.  

More detailed quantitative assessments are recommended starting at TRL 5-6, when mass and 
heat balances of the entire production plant can be estimated. Given the amount of 
information available at this stage, the use of ex-ante LCA is recommended. The inherent 
uncertainties in ex-ante LCA results exist because it is applied to an immature technology, 
subject to variations through the R&D phases. However, the lactic acid case study has shown 
the predictive power of ex-ante LCA when estimating the environmental impacts of 
introducing a future technology. A cradle-to-gate scope including biomass cultivation should 
be implemented, especially important in the case of bio-based chemicals. As the impacts 
from the agricultural phase can have a large share and be very location-specific, considering 
the location of the manufacturing site as a strategic choice during the design procedure and as 
part of the sensitivity assessments of the ex-ante LCA results is recommended. 

It needs to be mentioned that the toxicity impact assessment methodology in LCA in general 
is still under development, limited by the uncertainty in certain groups of chemicals in the 
USEtox model (2017) (section 7.3.2.2). Currently, there is no official link between the large 
amount of data that is used for substance registrations within Europe (via the Registration, 
Evaluation, Authorisation and Restriction of Chemicals, REACH regulation, 2006) and the 
data used in USEtox. As a consequence, the characterisation factors might be improved when 
using the large amount of REACH-data if that can be made available (RIVM, 2017). 

7.3.4.1.Recommendations of toxicity assessments in the ESMs 

Regarding the limitations of the assessment of toxicity aspects in the ESMs highlighted in the 
lactic acid case study, it could be argued whether it is more appropriate to only focus on the 
most critical and essential toxicity aspects at early-stages. Within Europe, legislation (e.g. 
REACH) gives highest priority to substances with carcinogenic, mutagenic or reprotoxic 
properties (CMR), substances with persistent, bioaccumulative and toxic (PBT) or very 
persistent and very bioaccumulative (vPvB) properties and substances with an equivalent 
level of concern (e.g. endocrine disruptors (ED) and sensitisers)(REACH, 2006; Schurr and 
Tras, 2011; United Nations, 2017). When using a comparative approach excluding substances 
with a low toxicity potential in general, but a relatively high toxicity compared to an 
alternative substance should be avoided. To illustrate: when ‘substance A’ has a toxicity on a 
specific endpoint of 1000 mg/kg and ‘substance B’ of 2000 mg/kg, ‘substance A’ could be 
judged as two times as toxic to ‘substance B’; However, as both substances have a low 
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toxicity potential, one could decide to not make judgments based on this indicator. Similar to 
the toxicity classes used for classification, labelling and packaging of substances (GHS and 
CLP)(ECHA, 2017c; US-EPA, 1994), substances could be divided into low, medium, and 
high toxicity groups.  

Besides focusing on CMR and PBT/vPvB properties, other specific endpoints may be 
considered as appropriate toxicity indicator when focusing on a specific use application. For 
instance, when focusing on substances for cleaning activities, irritation effects may be 
considered as an appropriate endpoint as well. However, in many cases the type of 
application may not be known at the early development stage yet. In these cases, focusing on 
the most critical endpoints at the early-stage is considered most appropriate.   

For the CMR and ED endpoints, a similar approach may be applied as developed by the US-
EPA for carcinogenicity (ECHA, 2017d). Within this method, a hazard value is provided 
ranging from 0 (not carcinogenic) to 5 (carcinogenic in humans). Substance classifications 
are considered to provide a carcinogenicity score and, when not available, quantitative 
structure-activity relationship (QSAR) estimations are used. Such method is also suitable for 
early-stage, as it makes use of estimations (QSAR data) when no classification is available 
based on experimental data. A similar method may also be applied for mutagenicity, 
reprotoxicity and/or endocrine disrupting properties. This approach on carcinogenicity is also 
incorporated in the ESM of Chen et al. (2002). 

Another approach to improve the toxicity assessment is depicted using PBT/vPvB endpoints 
as an example. An adjustment of the PBT/vPvB prioritisation scheme as presented by Schuur 
and Traas (2011) may be useful (Fig. 7.5 shows an example). Within this priority scheme, the 
highest priority (priority 1) would indicate a high hazard and could mean no further 
development. Within such an approach, either experimental or estimated data could be used. 
Further, by comparing to certain criteria, it could be ensured that at early-stage no substances 
are excluded with a low toxicity potential, but with a relatively high toxicity compared to 
another substance. 
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* Substances that are identified as PBT/vPvB are listed on the candidate list.59 ** In the R.11 ECHA (2017e) guidance 
document, screening criteria for P, B and T are listed. When these are met, further testing could be considered appropriate. 

Fig. 7.5. Adjustment of the environmental hazard prioritisation scheme presented by Schuur and Traas (2011). 
A similar kind of adjustment may be applicable for early-stage toxicity screening. 

7.4. Conclusions  

This chapter concludes that there is a lack of methods available to assess a new technology in 
the concept proven stage (TRL 1-2) and process chemistry stage (TRL 3-4), which calls for 
more research in developing qualitative tools or more up-to-date background data that can be 
directly used for quick screening. At the process design stage (TRL 5-6), the studied ESMs 
are able to point to the right environmental hotspots of process energy and climate change but 
potential environmental impacts associated with agricultural production, such as land use and 
eutrophication are often overlooked.  

It is also concluded that the selected ESMs show a number of limitations that hinder their 
application: i) they are often not clear in the definitions of the environmental and toxicity 
indicators; neither transparent in background data sources nor these are up-to-date; ii) since 
most ESMs are designed to assess chemicals in general (not specifically for bio-based), most 
of them propose narrow life cycle scopes, including only the production process and 
excluding the feedstock production stage. Moreover, the relevant environmental themes 
reflecting the characteristics of bio-based chemicals are often missing; iii) in terms of toxicity 
impacts, the reviewed ESMs are often crude and not accurate in the coverage of toxicity 
aspects. 
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To improve the toxicity assessment in the ESMs, it is suggested to mainly focus on the most 
critical and essential toxicity aspects at early-stages (including CMR and PBT properties). 
For this purpose, experimental and/or estimated data could be used to prioritise concerns. 
Following this approach, substances with low toxicity potential are not excluded at early-
stage, but those with a relatively high toxicity compared to another substance. 

Starting at TRL 5-6, ex-ante LCA can provide a good prediction of the hotspots in new 
production processes of chemicals. In the lactic acid case study, ex-ante LCA successfully 
identified the environmental hotspots of process energy and biomass feedstock production. 
However, LCA should be complemented with accessible data to evaluate the potential 
toxicity impacts at early-stages to ensure safe and sustainable by design. The assessment of 
toxicity impacts of novel (bio-based) chemicals during the early R&D stages is a challenging 
task, and deserves future research efforts. 
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8. Summary and conclusions  

8.1 Research context 

Industrial production is driven by society’s demand of fuels, chemicals and materials. The 
current production pattern is based on the assumption that resources are abundant, available, 
easy to source and that waste is cheap to dispose (EC, 2014), which has resulted in 
unsustainable levels of consumption and emissions.   

Fossil fuels are still the most common source of carbon used in production processes. In 
2015, fossil fuels accounted for more than 80% of the world total primary energy supply 
(IEA, 2017a). Industry and transportation, together, represented circa 60% of the world total 
final energy consumption (IEA, 2017b). Besides the long-term availability issue, the 
chemical, petrochemical and road transport sectors contributed to approximately 20% of the 
global greenhouse gas (GHG) emissions in 2012 (Ecofys, 2016). 

Identifying alternative carbon sources is crucial to address concerns derived from the large-
scale use of fossil fuels. This dissertation focused on investigating novel production processes 
using waste as an alternative carbon source. The goal was to gain insights into novel waste-
to-product technologies by assessing their environmental and economic performances at 
an early development stage. 

To accomplish this goal, three research questions (RQ) were formulated:  

RQ I: To what extent can novel waste-to-product technologies offer improved economic and 
environmental performance compared to their conventional counterparts? 

RQ II: To what extent are available methodologies for ex-ante technology assessment 
adequate to evaluate the performance of novel waste-to-product technologies? 

RQ III: Does the increase in complexity in waste-to-product technologies configurations pay-
off from an economic or environmental point of view?  

To answer these research questions, several case studies were developed. In these case 
studies, novel technologies with different types of waste used as alternative source (i.e. 
wastewater or CO2), various final products (i.e. polymers, chemicals or fuels) and diverse 
levels of operational complexity (i.e. integrated systems, multi-output processes or cascading 
in consecutive cycles) were explored. Integrated assessments of novel technologies at 
different technology readiness levels (TRL11, see Fig. 1.3 and Table 8.1) were carried out by 
applying ex-ante techno-economic and environmental life-cycle assessments (LCA).  

Table 8.1. Overview of the novel technologies explored in the chapters of this thesis and their TRL levels. 
Technology TRL  Chapter 
Industrial wastewater fermentation to polyhydroxybutyrate (PHB) 7 2 
Downstream process for intracellular PHB release 3-4 2 
Methyl crotonate and methyl acrylate production from wastewater-based PHB 3-4 3 
Carbon capture at refineries  7 4; 5 
CO2 utilisation in polyol synthesis 5-6 4; 5 
CO2 utilisation in dimethyl-ether synthesis 4-5 5; 6 
CO2 utilisation in methanol synthesis 7 6 

                                                 

11 TRL: method of estimating technology maturity during the acquisition process based on a scale from 1 to 9, being 9 the most mature 
technology (DOE, 2009; EARTO, 2014).  
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8.2 Summary 

Chapter 2 investigated using (untreated) wastewater from a paper mill or food industry for 
the production of the polymer polyhydroxybutyrate (PHB). Producing PHB from wastewater 
with high organic content brings the possibility of using non-crop feedstock and avoiding 
aseptic process conditions required in the conventional production process using pure sugars. 
In this novel technology, wastewater undergoes bacterial fermentation while PHB grows 
inside the bacterial cells. After wastewater fermentation, downstream processing (DSP) is 
required to release the intracellular PHB. Thus, two final products are delivered 
simultaneously, wastewater treatment service and extracellular PHB.  

This technology was not yet established at industrial scale. Intracellular PHB growth during 
wastewater treatment via bacterial fermentation was demonstrated at pilot scale (TRL 7), and 
the feasibility of different DSP routes for cell disruption was demonstrated in laboratory scale 
experiments (TRL 3-4). The aim of chapter 2 was twofold: i) to design a system for the 
industrial production of PHB, with improved economic and environmental performance, and 
ii) to identify specific processing steps that may be further improved prior to 
commercialisation of this technology.  

Based on laboratory and pilot plant information, scaled-up conceptual process designs were 
developed for one fermentation process and three DSP routes (i.e. chemical treatment with 
surfactant combined with alkali or hypochlorite, and solvent extraction). The outcomes of the 
designs were used to carry out economic and environmental analyses. Total PHB production 
costs (including annual depreciation, utilities, material, labour and maintenance costs) were 
used as economic indicator to compare the three different routes investigated. To evaluate the 
environmental performance of the three alternatives explored, ex-ante life cycle assessment 
(LCA) was conducted. To two indicators were included in the environmental assessment of 
each option, i.e. global warming potential (GWP) and non-renewable energy use (NREU). 
Both environmental indicators were assessed with the scope cradle to factory gate.  

For the assessment of these types of multifunctional systems, the ISO guidelines (ISO, 2006 
a-b) recommend applying substitution (system expansion). Thus, the costs and environmental 
impacts that would have arisen from the avoided wastewater treatment were considered as 
economic and environmental credits in this chapter. The economic credits were subtracted 
from the utilitities costs, and the environmental credits were deducted from the GWP and 
NREU. Additionally, in the modelling of the carbon footprint, the biogenic carbon embedded 
in the PHB was subtracted from the GWP. 

RQ I was addressed in chapter 2 by comparing the costs, GWP and NREU of the three 
alternative routes designed for wastewater-based PHB production including wastewater 
fermentation and DSP, against those of sugar-based polyhydroxyalkanoates (PHAs) and a 
petrochemical polymer (polyethylene terephthalate, PET), on a kg basis. 

The results indicated that environmentally and cost-wise, alkali treatment for cell disruption 
was the most promising DSP route among the three options considered. PHB production 
from wastewater was identified as an economically interesting alternative to pure culture 
PHAs production from sugars, on a kg basis. However, compared to petrochemical PET, 
wastewater-based PHB showed 8% higher total costs per kg. In terms of GWP and NREU, 
there was no clear advantage of producing wastewater-based PHB at the technology maturity 
level considered in chapter 2. The GWP of 1 kg of wastewater-based PHB with alkali DSP 
was 4% lower than the GWP of 1 kg of fossil-based PET, and 3% higher than the GWP of 1 
kg of PHAs from sugars; 1 kg of wastewater-based PHB showed 30% and 55% higher NREU 
than 1 kg of sugar-based PHAs and fossil-based PET, respectively.    
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The key contributor to the total costs, GWP and NREU of PHB production from industrial 
wastewater was the process energy required for the DSP. Besides, whether the final product 
would have the desired mechanical, chemical or thermal properties for a specific application 
still needed to be tested. If PHB was considered as an intermediate for the production of 
chemical building blocks, the DSP could be avoided and the final quality of PHB for specific 
applications would not have to be considered as a limiting factor. 

Based on these results from chapter 2, chapter 3 studied the direct conversion of intracellular 
wastewater-based PHB into the chemical building blocks methyl crotonate (MC) and methyl 
acrylate (MA), as alternatives to PHB traditional polymer use. PHB conversion to MC and 
MA was proved at laboratory scale (TRL 3-4). Scaling-up this technology had the potential 
of avoiding the key bottlenecks identified in chapter 2 for wastewater-based PHB production 
(energy- and carbon- intensive DSP for cell release after wastewater fermentation, and 
meeting the right quality standards for specific applications) because PHB is directly 
converted to MC or MA. Chapter 3 included scaled-up process design and modelling (based 
on laboratory information), ex-ante economic evaluation and carbon footprint assessment 
with an LCA approach.  

Chapter 3 addressed RQ III by increasing the complexity of the designed configurations. The 
systems explored in this chapter integrated three processing blocks: wastewater treatment, 
PHB bacterial growth, and PHB conversion to MC and MA in multi-reaction processes. 
Alternative conversion routes of wastewater-based PHB to MC or MA using extracellular 
PHB, dry intracellular PHB and aqueous intracellular PHB as feedstock were examined. 
Compared to chapter 2, the complexity increased when PHB was directly converted to MC 
and MA and several co-products, while it was inside the bacterial cells. The presence of 
several co-products required designing elaborated purification schemes after the reaction 
step.  

Furthermore, the multi-output systems examined in chapter 3 provided insights into 
methodological aspects of RQ II. In the base scenarios, the streams coming out of the 
processes that were not MC or MA were treated as waste or burned for heat recovery. 
However, some components of these streams, like methyl 3-hydroxubutyrate (M3HB), 
crotonic acid (CA) and propylene have a potential market value. Thus, incorporating extra 
purification steps in the process design fetched the opportunity to recover them. A sensitivity 
analysis evaluated the influence of recovering and selling the co-products M3HB, CA and 
propylene on the economics and the carbon footprint of MC and MA. In this particular 
chapter, it was considered important to get insights into the impacts associated with the 
individual co-products and therefore system expansion was not applied. Because it is a multi-
output system, the impacts needed to be allocated to the individual products. When allocation 
is implemented, ISO (2006 a-b) recommends using relevant variables that reflect the physical 
relationship. Mass allocation was applied in chapter 3. Economic allocation was not applied 
due to many uncertainties in the co-products market prices. 

Direct intracellular PHB had lower reaction selectivity than extracellular PHB. Nevertheless, 
the production of MC or MA based on a direct conversion of intracellular PHB showed lower 
costs and carbon footprint than the route based on the conversion of extracellular PHB 
because no intensive DSP for cell release after wastewater fermentation was required. 
Between the conversions of dry or aqueous intracellular PHB, the lowest total production 
costs of MC and MA were achieved when dry intracellular PHB was used as feedstock and 
the lowest carbon footprint was achieved when aqueous PHB was used.  

The results of the sensitivity analysis determined that having a multi-output production 
process in which co-products were sold, could reduce the total production costs of MC and 
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MA relative to the base cases, in which no co-products were sold. Furthermore, the carbon 
footprint of MC and MA decreased when the co-products were recovered. The use of mass 
allocation affected the GWP the most in the cases in which higher amounts of co-products 
were obtained. Relative to the base case, when the co-products were recovered the GWP of 
MC and MA from aqueous intracellular PHB decreased by 40% and 59%, respectively. 

Another waste stream that can be used in the synthesis of fuels, chemicals and materials is 
carbon dioxide emitted in the flue gas of industrial facilities or power plants. The goal of 
chapter 4 was to investigate whether the implementation of CO2 capture and utilisation in 
combination with partial carbon storage (CCUS) is a cost-effective mitigation option for the 
petrochemical sector. The economic and environmental performance of a system including 
CO2 capture (TRL 7) in a hydrogen unit of a refinery, partial CO2 utilisation in the synthesis 
of polyols (TRL 5-6) and partial CO2 storage (CCUS) in geological formations was evaluated 
prior to its industrial-scale implementation. To address RQ I, this CCUS case studied in 
chapter 4 was compared with a reference case including the hydrogen unit of a refinery 
without CO2 capture plus conventional polyol synthesis; and with another case including the 
hydrogen unit with CO2 capture and only storage (CCS) plus conventional polyol synthesis.  

The economic assessment of the three cases investigated in chapter 4 (reference, CCS and 
CCUS) comprised the estimation of the capital and operational costs of the entire systems 
including hydrogen and polyol production. In the assessment of the CCS and CCUS cases, 
also the CO2 capture, transport and storage were included inside the systems, thereby they 
were taken into account when estimating the costs. Besides calculating the capital and 
operational costs of the entire systems, the costs of hydrogen and polyol products were 
individually estimated. In the CCUS case, a part of the CO2 capture and compression costs 
was allocated to the polyol based on the mass fraction of the captured CO2 that was used for 
polyol production. The remaining part of the capture and compression costs was allocated to 
hydrogen.  

The aim of the environmental assessment was to compare the environmental performance of 
the co-production of hydrogen and polyols of the reference, CCS, and CCUS cases. Thus, a 
system expansion approach was implemented by including the hydrogen unit and polyol 
synthesis for all cases, and also CO2 capture, transport and storage in the CCS and CCUS 
cases. The functional unit was defined as the production of hydrogen, polyols and low-
pressure steam (from heat integration), produced at the same amounts for all three cases. 
Seven environmental impact indicators were evaluated in the environmental ex-ante LCA 
carried out in chapter 4: climate change, terrestrial acidification, freshwater eutrophication, 
particulate matter formation, photochemical oxidant formation, human toxicity and fossil 
depletion. 

In addition to the economic and environmental assessments, chapter 4 conducted an 
uncertainty analysis to address RQ II. This consisted of quantitative sensitivity analysis and 
qualitative pedigree analysis. Pedigree analysis assess the strengths and weaknesses in a 
parameter and/or model by systematically reviewing the background of that parameter or the 
representativeness of that model with respect to quality indicators, i.e. pedigree criteria. 
Uncertainties of specific areas can thereby be identified at the early development stages of 
novel technologies. To minimise subjectivity in pedigree analyses, pre-defined pedigree 
matrices including the definitions of the criteria, categorised by scores from weak to strong, 
were used in chapter 4. The combination of pedigree and sensitivity analyses allowed 
understanding the limitations of the ex-ante assessment of chapter 4. 

Results showed that CCUS could provide a feasible option to reduce the CO2 emissions 
associated with refinery operations while being economically profitable. CO2 capture and 
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utilisation in combination with CO2 storage (CCUS) provided economic advantages 
compared to the CCS-only case and to the reference case without CO2 capture. The costs of 
CO2-based polyols were estimated 16% lower than those of conventional polyols because 
part of the expensive feedstock (propylene oxide) used in the conventional process was 
replaced by using CO2 as feedstock. In this CCUS case, the costs of storing the share of CO2 
that was not utilised were compensated by the benefits of cheaper polyol production. The 
uncertainty analysis showed that the economic results were robust enough for the aim of the 
comparative assessment because the most uncertain parts of the system (the models 
developed for polyol production, and polyol economic input data excluding feedstock costs) 
had low impact on the overall economics.  

The environmental assessment revealed a potential reduction of 23% of climate change 
impacts in the CCUS case compared to the reference case, per functional unit (i.e. production 
of hydrogen, polyols and low-pressure steam). Compared to CSS-only, climate change 
impacts of the CCUS case were 9% lower because the captured CO2 was used for polyol 
synthesis, which replaced part of the energy intensive and polluting propylene oxide used as 
feedstock in the synthesis of conventional polyols. The other six environmental indicators 
presented slightly better performance for the CCUS case than for the reference case. 
However, the environmental determination of the investigated systems remained inconclusive 
given the uncertainties in the model. The chemicals used in the facility were significant 
contributors to all of the studied impact categories and the uncertainty analysis highlighted a 
lack of available and representative data to model these chemicals. 

It is important to note that CO2 utilisation into polyols alone (i.e. without combination with 
long term CO2 storage) does not contribute to large emission reductions. This is due to the 
small amount of CO2 that can be used in polyols synthesis to meet the right final product 
properties. Combining CO2 conversion into different fuels or chemicals in the same facility 
could benefit from synergies, such as process and equipment integration and more efficient 
energy and resource use, analogous to the refinery concept. Contrary to single-product CO2 
utilisation investigated in chapter 4, chapter 5 aimed to assess whether configurations that 
combine multi-product carbon capture and utilisation (CCU) and multi-product carbon 
capture, utilisation and storage (CCUS), are plausible options to reduce CO2 emissions in the 
petrochemical industry.  

To assess the impact of different configurations (RQ III), two multi-product configurations 
were designed in which the CO2 captured in the hydrogen unit of a refinery was converted 
into dimethyl-ether (DME, TRL 4-5) and polyols (TRL 5-6), either simultaneously (parallel 
configuration) or in two consecutive cycles (cascade configuration). To address RQ I, the 
economic and environmental performance of the CCU and CCUS cases (both in parallel and 
cascade configurations) was compared to the performance of a reference case including a 
hydrogen unit without CO2 capture plus conventional DME and polyol production; and to a 
CCS-only case, including a hydrogen with CO2 capture but without CO2 utilisation, thus 
DME and polyol production followed the conventional synthesis routes.  

Besides estimating total costs at system level (i.e. hydrogen unit, DME production process, 
plus polyol production process), the costs of the individual final products (i.e. hydrogen, 
DME, polyol) were estimated. To assess the impact of cost allocation, the costs of CO2 
capture were either allocated to the CO2 source (i.e. hydrogen unit) or to the CO2 product (i.e. 
DME or polyol), taking into account whether the main purpose of capture was storage or 
utilisation. Similarly as done in chapter 4, in the cases that combined CO2 storage and 
utilisation, mass allocation was applied to distribute the capture costs between the CO2 source 
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(i.e. hydrogen unit or DME production in the cascade case) and the CO2 utilisation product 
(i.e. polyols or DME). 

Likewise in chapter 4, the ex-ante LCA of chapter 5 applied a system expansion approach 
because the aim was to compare the environmental performance of each configuration at 
system level. For these multi-output configurations, the functional unit was designed as a 
harmonised basket of products (hydrogen, DME and polyol), which were produced the same 
amounts in all cases. Given the complexity of the configurations and the explorative 
approach of chapter 5, only two impact categories were estimated, i.e. climate change and 
fossil fuel depletion. 

Results showed that the largest reductions of direct CO2 emissions (i.e. CO2 directly flowing 
out from the production processes) were achieved with CCS-only (−70%) but at the expense 
of higher total costs (+7%) than the reference case (with no CO2 capture). The multi-product 
CCU parallel and cascade systems showed lower fossil depletion and costs than the reference 
case without capture (−10% and −9%, respectively). This was because CO2 was used as 
feedstock in the synthesis of polyols and DME, and therefore lower amounts of fossil 
feedstock were used than in the conventional synthesis routes. 

Combination of multi-product carbon capture and utilisation with storage (CCUS) turned to 
be the best alternative to achieve both reduced climate change potential (−18% relative to the 
reference case) and being economically feasible. In addition to reduced upstream emissions 
due to lower fossil feedstock requirements when CO2 is utilised, process direct emissions 
diminished in the CCUS cases owing to storage. No significant differences were found 
between the CCU cascade and the CCU parallel configurations, neither between the CCUS 
cascade and the CCUS parallel configurations. The extra effort to recycle CO2 in the cascade 
configurations was neither penalised nor rewarded. 

Until now the assessment has only compared CO2-based fuels with conventional fuels, but 
also other alternatives to fossil fuels like hydrogen have been proposed to combat climate 
change. However, the potential decarbonisation effect of CO2-based fuels is under debate 
because CO2 is re-emitted to the atmosphere when the fuel is combusted; and the majority of 
hydrogen still relies on fossil resources, which raises concerns about potential large indirect 
carbon emissions. Chapter 6 investigated the relative production costs, GWP and NREU of 
novel low-emission alternative fuels for road transportation: CO2-based DME (TRL 4-5), 
CO2-based methanol (CO2-methanol, TRL 7), hydrogen produced via conventional steam 
methane reforming (SMR-H2) without CCS, and hydrogen produced via electrolysis 
(electrolysis-H2) using renewable electricity from photovoltaics (PV). The functional unit 
selected in chapter 6 was the energy content of each fuel, i.e. 1 GJ of fuel produced and 
delivered at the factory gate. 

In CO2-to-fuel systems, “waste” CO2 is emitted in a first life (CO2 source, e.g. the 
petrochemical or the power sectors) and then used as feedstock in a second life (CO2 
processing sector, converting the CO2 into fuels). In the estimation of the individual carbon 
footprint of CO2-based fuels, some methodological challenges had to be resolved. The 
challenges are how to allocate the emissions of the CO2 capture unit and the end-of-life (fuel 
combustion) to the different lives, and justify whether a carbon credit from the CO2 captured 
could be taken into account.  

The most common practice for the assessment of products associated to two life cycles is to 
apply the so-called “cut-off” approach, in which the first and second lives are treated as 
separated product systems with their own boundaries, and do not interact. Contrary to 
chapters 4 and 5, which applied a system expansion approach, thus including the CO2 source 
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(i.e. a refinery) and the CO2 utilisation process (i.e. synthesis of polyols or DME) inside the 
system boundaries, the baseline of chapter 6 applied the “cut-off’ approach because it is the 
common practice in the assessment of CO2 utilisation technologies. Based on the “cut-off” 
approach, the boundary for the assessment of the CO2-based fuels in the baseline of chapter 6 
corresponded to the production factory of the CO2-based fuel. This means that the impact of 
CO2 capture was allocated to the CO2 source (e.g. a power plant) and CO2 was available for 
use in the production of CO2-based fuels free of environmental burdens. The baseline of 
chapter 6 also assumed that the CO2-based fuels (i.e. DME and methanol) received a credit 
from the carbon (temporarily) stored in the fuels, as commonly done in the assessment of 
CO2 utilisation technologies. The carbon burden from the end-of-life emission (fuel 
combustion) was fully assigned to the CO2-fuel based on the “cut-off” of the system 
boundary.  

The results of the baseline analysis of chapter 6 showed that among all fuel options 
investigated, SMR-H2 was the alternative fuel with the lowest costs while electrolysis-H2 

using PV-electricity showed the lowest GWP and NREU. Challenges for a wide 
implementation of electrolysis-H2 are economic in nature because it uses electrolysers, which 
are expensive modular equipment that do not benefit from economies of scale. Electrolysis-
H2 could become a cost-competitive alternative to SMR-H2, when future PV-electricity prices 
significantly decrease. 

The results of chapter 6 also revealed that CO2-DME and CO2-methanol were not feasible 
alternatives to conventional transportation fuels because there was no favourable combination 
of cost and environmental performance that would out-perform fossil fuels. Although CO2-
DME had lower costs than its conventional counterpart, it showed similar GWP and NREU 
to gasoline or diesel. Conversely, CO2-methanol had nearly zero NREU, its GWP was less 
than 10% of the GWP of diesel, gasoline or fossil-based SMR-H2, but its production costs 
were 70% higher than gasoline and four times the market price of conventional methanol.  

Furthermore, the analysis of chapter 6 indicated that the allocation approach assumed for the 
carbon accounting significantly influences the individual carbon footprints of the first and 
second lives (power or CO2-fuel production). To understand the effect of these variations, the 
system expansion approach was also implemented in chapter 6. Following system expansion, 
the overall carbon balance from cradle to grave (i.e. power plant, capture unit, CO2 fuel 
production and end-of-life combustion) was included inside the boundaries.  

The outcomes of chapter 6 exemplified that the total carbon footprint when using system 
expansion (i.e. assessing the entire system including power with CO2 capture and CO2-fuel 
production) is of course invariable regardless the approach taken for the carbon accounting. 
However, different approaches for the allocation of the capture unit impact, carbon credits 
and end-of-life burden between the first and second life products significantly influenced the 
individual carbon footprints (power or CO2-based fuel). Depending on the allocation 
approach, the GWP of CO2-methanol varied from being only 7% of the GWP of gasoline to 
being 90% of the GWP of gasoline. 

In addition, implementing system expansion allows quantifying the real environmental gains 
or impacts of incorporating utilisation options to established systems. The results of chapter 6 
based on the system expansion approach showed that a system including power plus CO2-
methanol production had 42% emission reduction compared to business-as-usual, i.e. power 
without CO2 capture plus gasoline production. Compared to a system including power with 
CCS plus gasoline production, the CO2-to-methanol system provided only 8% emission 
reduction. Based on the results of this chapter, it is recommended to implement system 
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expansion for the assessment of CO2 utilisation technologies, thus allocation issues are 
avoided. 

Unlike chapters 2 to 6, where technology assessments were carried out in detail, chapter 7 
stands as a methodological discussion chapter, attempting to answer RQ II. The aim of 
chapter 7 was to evaluate the applicability and adequacy of the current methods that assess 
the environmental performance of novel technologies while they are not yet established. 
Chapter 7 conducted a critical review of the available early-stage assessment methods 
focussing on   “Safe and sustainable by design”. 

The evaluation of the applicability and adequacy of the available early-stage methods (ESM) 
and ex-ante LCA can only be performed by comparing their outcomes with those of a full 
assessment. For that purpose, the case of lactic acid was analysed in a retrospective study by 
anticipating the different development phases of lactic acid. The outcomes of implementing 
the reviewed ESMs (TRL 3-6) and ex-ante LCA (TRL 5-6) for the early development stages 
of lactic acid were compared with those of a full LCA of the commercial production of lactic 
acid (TRL 9). 

Chapter 7 highlighted that there is a lack of methods available to assess novel technologies at 
TRL 1-4. At TRL 5-6, the implemented ESMs were able to point to the right environmental 
hotspots. In the case of lactic acid, the identified hotspots are process energy and climate 
change. However, the outcomes of chapter 7 revealed limitations that hinder the application 
of the implemented ESMs: i) they are often not clear in the definitions of the environmental 
and toxicity indicators; neither transparent in background data sources nor these are up-to-
date; ii) they propose narrow life cycle scopes, including only the production process and 
excluding the feedstock production stage; iii) in terms of toxicity impacts, the reviewed 
ESMs are often crude and not accurate in their coverage.  This chapter concluded that there is 
a lack of methods available to assess a new technology for TRL 1-2, which calls for more 
research in developing qualitative tools or more up-to-date background data that can be 
directly used for quick screening. Furthermore, ESMs should not be limited to only assess the 
conversion processes, but also the feedstock. Chapter 7 also indicated that adequate ESMs 
need to be up-to-date, simple and striaghtforard to implement. 

When a process design is available (TRL 5-6), ex-ante LCA can provide a good projection of 
the environmental hotspots of novel technologies. In the lactic acid case study, ex-ante LCA 
successfully identified the hotspots of process energy and feedstock production. However, 
LCA should be complemented with accessible data to evaluate the potential toxicity impacts 
at early-stages to ensure Safe and sustainable by design. 

8.3 Main findings and conclusions 

This thesis focused on improving our understanding of novel waste-to-product technologies 
and bringing insights into the usefulness and limitations of the available methodology for 
their assessment during technology development. In this section, the main findings of 
chapters 2 to 7 are discussed per research question. 

RQ I. To what extent can novel waste-to-product technologies offer improved economic 
and environmental performance compared to their conventional counterparts? 

Three factors play a crucial role in assessing the performance of the waste-to-product 
technologies investigated: 

i. The origin of the carbon in the waste stream used as alternative source; whether it is 
biogenic or fossil-based carbon 
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From a carbon footprint perspective, re-using biogenic carbon in waste streams can be an 
important factor that determines the performance of novel waste-to-product technologies. 
Chapter 2 investigated the use of wastewater from a paper mill or food industry. Based on the 
system boundaries defined in chapter 2 and the goal of the analysis, the biogenic carbon 
embedded in the final product was discounted from the carbon footprint of the wastewater-
based PHB product. For the different routes evaluated, subtracting the biogenic carbon 
reduced the carbon footprint of wastewater-based PHB by 32-53% as compared to the carbon 
footprint of wastewater-based PHB without subtracting the biogenic carbon. Nevertheless, 
wastewater-based PHB did not offer a clear carbon benefit compared to its conventional 
counterparts. The reason was the large contribution of the energy-intensive DSP to the carbon 
footprint of wastewater-PHB. The GWP of wastewater-based PHB was similar to the GWP 
of PHAs from sugars and fossil-based PET (3% higher and 4% lower, respectively). The 
design of the industrial-scale DSPs explored in chapter 2 was based on laboratory results 
(TRL 3-4), hence additional performance improvements could be achieved when a more 
energy-efficient DSP is developed and matured towards optimum conditions.  

The re-use of “waste” carbon of fossil origin (CO2 emitted in the flue gases of e.g. a power 
plant) for the production of transportation fuels was investigated in chapter 6. The amount of 
CO2 utilised in the production of CO2-synthetic transportation fuels is as large as the CO2 
emissions at the end-of-life, when the fuel is combusted in the engine of the car. Moreover, 
more CO2 is emitted as a consequence of the energy used in the CO2 utilisation process, i.e. 
the production of the transportation fuel. For reductions of the carbon footprint of CO2-based 
fuels, the CO2 utilised needs to be of non-fossil origin (i.e. from biomass or direct capture 
from ambient air) and thus there will be no burden from the end-of-life emission. The 
economic viability of converting CO2 from biomass combustion or direct air capture into 
transportation fuels remains to be examined. 

ii.  Whether the waste conversion process is integrated with existing processes or it is an 
addition to the existing process 

Integrating the waste conversion process with an already existing process can improve the 
environmental and economic performance of a waste-to-product technology. A key 
characteristic of the system investigated in chapter 2 was that the polymer PHB was produced 
simultaneously in a wastewater treatment facility. In chapter 2, the avoided wastewater 
treatment costs and environmental impacts were accounted for as economic and 
environmental credits for PHB. These credits reduced the GWP of wastewater-based PHB by 
8-17%, NREU by 6-11%, and costs by 21-30%, depending on the DSP considered, compared 
to the results of the assessment when no credits were taken into account. Wastewater-based 
PHB was an economically interesting alternative to the conventional sugar-based PHAs 
production thanks to integration of wastewater treatment and PHB production in the same 
process. 

In contrast to chapter 2, in which PHB growth could be incorporated to the existing 
wastewater treatment in the same processing step, utilising CO2 emitted in the flue gases of 
the petrochemical sector requires the addition of a carbon capture unit downstream the 
existing processes. In chapters 4 and 5, CO2 capture, polyols and DME production could not 
be simultaneously carried out in the existing hydrogen reactors of a refinery. CO2 was first 
captured in an additional processing step, which was incorporated downstream the hydrogen 
reactor of the refinery (capture unit) and then used in the synthesis of polyols and DME. 
Compared to the conventional hydrogen unit without carbon capture, extra amounts of energy 
were consumed to operate the capture unit. Moreover, the incorporation of this capture unit 
had costs associated that needed to be taken into account. In the CO2 utilisation technology 



 

202 

investigated in chapter 4, capture costs were compensated because the amount of expensive 
feedstock used in the synthesis of polyols was lower when CO2 was utilised. However, could 
be that this is not the case in other waste-to-product technologies that need to incorporate 
additional units to the existing process. To illustrate an extreme circumstance, no economic 
advantage was found in the CCS-only case of chapter 4. In this case, all CO2 was sent to 
storage (without utilisation), and therefore capture costs could not be compensated. 

iii.  The amount of carbon in the waste stream that can be used in the synthesis of the final 
product and the period of time that the carbon used remains stored 

The type of final product is a key factor determining the carbon footprint of novel waste-to-
product technologies because it determines the amount of “waste” carbon that can be re-used 
and the period of time that the carbon remains stored. Chapters 4 and 5 showed that only 10% 
of the CO2 captured at a refinery could be utilised in a commercial-scale polyol plant in order 
to meet the right properties of the final polyol product. Thus, the rest of the CO2 not utilised 
needed to be sent to long-term geological storage to achieve large CO2 emission reduction. 
Concerning the period of time that the carbon used remains stored in the final product, when 
waste streams are utilised in the synthesis of polymers, carbon can be stored for several 
decades. 

Larger amounts of “waste” carbon can be used in the production of fuels. But a final product 
with a short lifetime can be an important drawback for novel waste-to-product technologies, 
as shown in the case of the CO2-based fuels investigated in chapter 6. CO2-DME showed 
similar GWP to fossil fuels like gasoline or diesel, and the GWP of CO2-methanol ranged 
from 7% to 90% of the GWP of gasoline, depending on the carbon accounting approach 
chosen. CO2 utilisation into fuels entails near-immediate emission of CO2 at the end-of-life, 
when the fuel is combusted. After the capture unit, the CO2 that is utilised is concentrated. 
However, CO2 emissions at the end-of-life, when the fuel is combusted in the engine of a car, 
are dispersed. Re-capture distributed CO2 emissions from individual vehicles will most likely not be 
shortly feasible. Therefore, reductions of the carbon footprint of CO2-based fuels could happen 
in the long run and would require that CO2 is of non-fossil origin, i.e. from biomass combustion or 
captured from air. 

RQ II: To what extent are available methodologies for ex-ante technology assessment 
adequate to evaluate the performance of novel waste-to-product technologies? 

Ex-ante technology assessment (ETA) aims to identify the potential impacts of a future 
technology. Missing data and variations of an emerging technology through the R&D phases 
increase the uncertainty in the results of ETA. Chapter 4 presented an approach to evaluate 
the degree of data and model uncertainties in ETA. Complementary to sensitivity analysis 
(quantitative), pedigree analysis (qualitative) was performed to assess the strength of the 
information used and the accuracy of the models developed. Pedigree analysis does not 
reduce the uncertainty of ETA but provide a systematic approach to identify sources of 
uncertainty disregarded by quantitative sensitivity analysis. Moreover, the combination of 
sensitivity and pedigree analyses can improve the understanding of the reliability of the 
outcomes and quality in the interpretation and communication of the results. Chapter 4 
showed that despite the inherent uncertainties, the use of ETA is justified for the purpose of 
exploring new concepts, comparing different alternatives and identifying potentialities and 
bottlenecks of novel technologies prior to commercialisation. 

Regarding the available methodology for different TRLs levels, chapter 7 identified that there 
is a lack of methods to assess a novel technology at TRLs 1-4. At TRL 5-6, the ESMs 
implemented in chapter 7 successfully identified the most important contributors to process 
energy and climate change. However, a number of limitations still hamper the application of 
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these ESMs (i.e. lack of clear definitions of the indicators and transparency in background 
data sources; use of narrow life cycle scopes; roughness in toxicity aspects coverage). Next to 
ESMs, the retrospective study on lactic acid conducted in chapter 7 recognised the adequacy 
of ex-ante LCA to assess the environmental performance of a novel technology at TRL 5-6. 
The comparison between the results of an ex-ante LCA based on a preliminary process 
design and a full LCA based on the real commercialised production of lactic acid showed that 
ex-ante LCA provides good insights of the environmental impacts of a novel technology 
during its developing stages. Nonetheless, it should be borne in mind that the toxicity 
indicators in LCA still have latitude for improvement.  

It is concluded that ETA is useful to identify the right economic and environmental hotspots 
of technologies at their early development stages. Comparative assessments of different 
alternatives for a novel technology while is still under development are fundamental for an 
effective implementation of R&D resources. Thus, ETA can be considered adequate to bring 
valuable insights and guidance during technology development. Complementing ETA with 
uncertainty analysis can lead to better interpretation of the results, which is valuable 
information for decision-making concerning R&D strategies. 

RQ III: Does the increase in complexity in waste-to-product technologies configurations 
pay-off from an economic or environmental point of view?  

Chapter 2 showed that wastewater-based PHB was not environmentally competitive mainly 
due to the energy and carbon intensive DSP for cell release after fermentation. Chapter 3 
investigated an option that offered economic and environmental advantages at the expense of 
increased operational complexity: direct conversion of PHB to the chemical building blocks 
MC and MA, while it was inside the bacterial cells. PHB conversion to MC and MA is a 
multi-reaction system leading to several co-products with diverse market value. Thus, the 
scaled-up process design needed to incorporate several purification steps after the reaction to 
obtain high purity products. 

Results revealed that, despite the lower reaction selectivity of the direct conversion of 
intracellular PHB to MC or MA, this route was economically and environmentally preferred 
than extracellular PHB conversion because no intensive DSP was needed for cell release. 
Furthermore, wastewater-based PHB conversion to MC and MA and a number of co-products 
exemplified the synergies that can be obtained in integrated multi-product schemes. These 
synergies were achieved by sharing processing steps, equipment, energy and resource use. In 
the most conservative scenario for the co-products selling prices, co-products valorisation 
reduced MC costs by 52% and MA costs 30%, using aqueous intracellular PHB as starting 
material, and relative to the cases when no co-products were sold. Similarly, when taking into 
account the recovery of M3HB, CA and propylene co-products, and applying mass allocation, 
the carbon footprint of wastewater-based MC and MA decreased by 40% and 59% 
respectively, using aqueous intracellular PHB as starting material and relative to the cases 
when no co-products were recovered. In this case, increasing the complexity paid-off. 

The results of chapter 5 showed that complex multi-product carbon capture and utilisation 
(CCU) and multi-product carbon capture, utilisation and storage (CCUS) systems are cost-
effective options that can contribute to reduce CO2 emissions in the petrochemical industry. 
Comparing the results between the CCU and CCUS systems, the CCUS systems presented 
substantially lower direct CO2 emissions than the CCU systems (-55%), but CCUS showed 
no significant lower cradle-to-gate climate change impacts than CCU (-8%). Upstream 
emissions (in this case corresponding to natural gas and chemicals) were the most important 
contributors to the climate change in all six systems evaluated in chapter 5. This indicates 
that the displacement impacts (e.g. which fossil-based product is replaced by using CO2) 
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can be highly important for assessing CO2 utilisation options, even more relevant than the 
process contribution itself.  

Furthermore, no significant differences were found in the performances of the parallel and 
cascade configurations investigated in chapter 5. The extra effort needed to re-capture and 
recycle CO2 in the cascade configurations was neither penalised nor offset in economic or 
environmental terms. The results of chapter 5 revealed that increasing the operational 
complexity is not always rewarded.  

From a methodological point of view, the assessment of the costs and carbon footprint of 
waste-to-product technologies can be more complex than for conventional stand-alone 
processes targeting a single final product. In the waste-to-product technologies investigated 
in this thesis, the waste stream physically links two different factories, corresponding to the 
process that generates the waste (i.e. the first life), and the process in which the waste is 
converted into valuable products (i.e. the second life). Chapters 4 to 6 evaluated the 
performance of novel CO2 utilisation technologies. For the environmental assessment, 
chapters 4 and 5 used the system expansion method, including inside the system boundaries 
the CO2 source (first life, i.e. a refinery) and the CO2 utilisation process (second life, i.e. 
polyols or DME production). In contrast, the baseline of chapter 6 used the “cut-off” method, 
which is very frequently used in the assessment of novel CO2 utilisation technologies. The 
“cut-off’ method does not require data outside the CO2-based production process itself and 
can be more easily implemented and communicated than system expansion. However, it 
simplifies issues raised from the potential allocation of emissions, especially overlooking the 
implications to the first life (e.g. where and how CO2 is captured).  

Chapter 6 emphasised that the “cut-off” method applied in many assessments of novel CO2 
utilisation technologies should be revised. Chapter 6 illustrated how the application of 
different allocation approaches in the carbon accounting of CO2-based fuels significantly 
influence their individual carbon footprints. Since from a climate change perspective the 
ultimate goal is to achieve overall emission reduction at system level, simplified assessments 
that use narrow boundaries will tend to lead to results that are at odds with the ultimate 
purpose of developing novel technologies.  

The application of system expansion is less straightforward than “cut-off” because it requires 
data from outside the factory boundaries and therefore cooperation between different sectors. 
However, the increase of complexity in the assessment when following system expansion is 
advantageous as it considers the full carbon cycle, including the CO2 source, the CO2 capture 
unit and the CO2 utilisation product inside the system boundaries. The system expansion 
method avoids deriving misleading conclusions and allows a critical analysis of the potential 
emission reduction of CO2 utilisation options, which fits with the broader context of global 
climate change mitigation. 

8.4 Recommendations  

Based on the findings of this thesis, recommendations are provided in the following 
paragraphs. 

• Employ a check-list before selecting novel waste-to-product technologies to 
develop:  

The ex-ante technology assessments performed in the different chapters revealed that there is 
potential for some novel waste-to-product technologies to lower fossil feedstock demand and 
contribute to climate change mitigation while being economically competitive. However, 
both environmental and economic gains are not intrinsic to every novel waste-to-product 
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technology and depend of a number of factors, as discussed in section 8.3. To aid deciding 
which other waste-to-product technologies should be developed, the next should be 
considered at the earliest possible development stages: 

− The origin of the carbon source, whether it is biogenic or fossil-based and how 
modelling choices influence the carbon footprint of the novel technology 

− Whether the novel waste-to-product technology can be integrated with the 
existing processes that generate the waste and what type of synergies can be 
achieved from process integration 

− The amount of carbon in the waste stream that can be used in the synthesis of 
waste-based products and the period of time that the carbon used remains stored 
in these products. Thus, effort should be put in the development novel waste-
based products reusing large amounts of waste carbon that remains stored for at 
least several decades 

− Potential constraints in the supply chain and scale mismatch issues among 
different sectors: e.g. mismatch between the amount of CO2 released in the flue 
gases of a refinery and the amount of CO2 that can be used in the synthesis of 
polyols (chapters 4 and 5); constraints in the supply of large amounts of hydrogen 
from electrolysis needed as feedstock for large-scale CO2-based methanol 
synthesis (chapter 6)  

• Use the system expansion approach: 

The definition of the system boundary in the assessment of novel waste-to-product 
technologies is not straightforward. Using narrow factory boundaries and evaluating only the 
waste conversion process itself is the most direct approach. However, carbon footprint results 
can be highly sensitive on how carbon impacts are allocated between the waste source and 
the waste utilisation product (chapter 6). Not making the right methodological choices can 
lead to misleading conclusions. When a system expansion approach is implemented, the full 
carbon cycle is considered in the assessment. This permits a consistent comparison of novel 
waste-to-product technologies with their conventional counterparts, and quantifying their 
actual environmental and economic gains or disadvantages. The system expansion approach 
should thus be applied in every proposal for a novel waste-to-product technology. 

• Define the functional unit based on the final product application: 

In chapter 2, the comparison between wastewater-based PHB and petrochemical polymers 
was carried out on a kg basis. Since PHB has high density, more amounts of PHB than 
petrochemical polymers would be needed in a real application. The basis for the comparison 
in chapter 6 was selected as the energy content of each transportation fuel investigated, i.e. 1 
GJ of fuel produced delivered at the factory gate. However, the efficiency of the car engine 
determines the actual energy output available for transportation. These choices for the 
functional units in chapters 2 and 6 were found suitable to get insights into the relative 
performance of the different technology alternatives at their early development stages. Future 
research could consider carrying out a full comparison on a function unit basis and not only 
on a –kg or –GJ basis. 

• Elaborate the environmental assessment by including extra impact categories: 

Due to the explorative character of the research conducted in this thesis, the environmental 
assessments principally focused on the estimation of the carbon footprint and NREU. This 
was appropriate to obtain insights of the benefits and drawbacks of complex configurations, 
and to compare different technology options at a low level of maturity. The promising 
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opportunities found for some novel waste-to-product technologies in terms of carbon 
footprint and NREU do not imply that waste-to-product technologies will show a positive 
performance in all other environmental attributes. As a technology option is further 
developed, ETA could incorporate more elaborated environmental impact categories, as done 
for example in chapters 4 and 7. This will allow identifying possible downsides that could 
counterbalance previously recognised benefits.   

• Integrate toxicity aspects at an early stage of technology development: 

The consideration of toxicity impacts at the early stage developmental process is important 
to ensure “Safe and sustainable by design”. This means that hazardous substances would 
ideally be fully eliminated from the environment, thereby preventing the need of 
remediation solutions. Once a technology is implemented at commercial scale, there is 
limited flexibility to make changes and therefore mitigation strategies are less effective than 
preventive measures. Currently, there is no official link between the large amount of data 
that is used for substance registrations within Europe (via the Registration, Evaluation, 
Authorisation and Restriction of Chemicals, REACH regulation) and the data used in 
toxicity impact assessment models (e.g. USEtox, 2017). The characterisation factors used in 
the models for toxicity impact assessment could therefore be improved when using the large 
amount of REACH-data if that can be made available (RIVM, 2017).   

• Include social aspects in ex-ante technology assessments: 

As advanced in the introduction (chapter 1), ETA in this thesis was limited to assess the 
environmental and economic performance of novel waste-to-product technologies. Hence, 
only two of the three main dimensions of sustainable development (economy, environment) 
were covered. The third main dimension of sustainability (society) was out of the scope of 
this research. Consequently, no analyses of the social aspects related to the introduction of 
novel waste-to-product technologies were carried out. In order to become successful, novel 
waste-to-product technologies need to be socially accepted. ETA could also evaluate social 
aspects, leading to more thorough sustainability assessments.  

• Iterate and re-design during technology development: 

Most of the case studies included in this thesis evaluated novel technologies at one specific 
TRL and based on scaled-up process designs. ETA is an iterative process; thereby the 
outcomes of an assessment at a specific TRL could be used either for re-design or as input for 
assessment at the next TRL. 

• Continue the development of methodology for low-TRL technology assessment: 

Further research should develop a methodology for the assessment of technologies at low 
TRLs (1-4). Assessments with various levels of complexity are suitable for different R&D 
stages, in concordance with the information available and freedom to make changes (Fig. 1.3, 
chapter 1). Comprehensive calculations at TRL <4 are not practical due to lack of data and 
because any novel technology will experience important variations during its scale-up. 
Assessments at low TRLs should aid in the selection of the most promising concepts, ideas, 
and synthesis routes for further development. It is therefore suggested the use of simple 
qualitative scoring systems and up-to-date background data that can be directly used for 
quick screening. 

• Stimulate openness in the collaboration between academia and industry, in 
particular with respect to data exchange: 
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Lack of data was identified as an important shortcoming during the development of some of 
the case studies. Collaboration of academics and industrial partners allowed using 
information from a pilot plant (chapter 2) or a real refinery (chapter 4). Information from a 
commercialised production (chapter 7) made possible carrying out a retrospective case study 
and investigating the adequacy of ex-ante LCA results. Having access to real data could 
reduce the uncertainty in ETA. Based on the experience of this thesis, the commitment of 
industrial stakeholders to join future research projects to explore other waste-to-product 
alternatives is encouraged.  

• Enhance cooperation between different industrial sectors and policy makers: 

From the point of view of industrial stakeholders, making an optimal investment decision is a 
challenge due to the uncertainty on costs and environmental impacts of novel technologies. 
From a wide range of investment options, any individual company would be seeking for the 
most cost-effective alternative that also meets the environmental regulations. Industrial 
stakeholders can be reluctant to make changes to their established processes and to share 
information between different sectors. Policy makers should thus identify the most promising 
options and facilitate the cooperation between different industrial sectors via incentives for 
technology development until commercialisation. 

• Improve mutual efforts of academia, industry and the public sector: 

Following the recommendations here provided, partners from academia should lead in the 
development of a refined methodology that can be applied from the lowest to the highest 
TRLs, using the information and know-how from the industrial stakeholders. The use of 
this methodology should then be promoted from the public sector, so it can become 
extensively implemented. Workshops could be organised to explain this methodology to 
potential users (e.g. technology developers). Moreover, the knowledge gained in different 
projects should be freely shared to the society. Successful cases will serve as guidance, and 
lessons learned in unsuccessful cases will indicate what to avoid in the future.  

8.5 Closing remarks 

This thesis intended to shed light on the environmental benefits of novel technologies that use 
waste streams as feedstock to replace traditional fossil feedstocks. By means of ex-ante 
technology assessment, the thesis aimed to improve the current understanding on to what 
extent waste-to-product approaches can contribute to reduce fossil feedstock demand and 
climate change impact while maintaining the economic attractiveness. Furthermore, it 
attempted to gain insights into the adequacy of the available methods for the assessment of 
novel technologies at their early development stages.  

In spite of recent progress, there is still a long way to go before technologies using waste as 
alternative source find the wide implementation the world desires and needs. Linking 
individual technology developments to the wider economic, environmental and social context 
should not remain as a mere academic exercise. As made apparent in this thesis, mutual 
efforts from project partners belonging to academia, industry and the public sector are needed 
to make progress in the establishment of the right waste-to-product technologies and a refined 
methodology for their assessment. Implementation of an advanced methodology to assess 
other novel waste-to-product technologies will provide decision makers additional 
understanding on the potential value of using waste as an alternative carbon source. Given the 
urgency of the task, it is imperative that this field of research will be strengthened and 
becomes common practice. 
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9. Samenvatting en conclusies 

9.1. Context van het onderzoek 

Industriële productie wordt gedreven door de vraag uit onze samenleving naar brandstoffen, 
chemicaliën, en materialen. De huidige productiemethoden zijn gebaseerd op de aanname dat 
grondstoffen ruim voorhanden zijn, dat ze makkelijk te verkrijgen zijn, en dat het goedkoop 
is om afval te verwerken (EC, 2014). Dit heeft geresulteerd in consumptie en emissie 
patronen die niet houdbaar zijn in een duurzame samenleving.  

 Op dit moment zijn fossiele brandstoffen nog steeds de meest gebruikte koolstofbron in 
productieprocessen. In het jaar 2015 werd in nog meer dan 80% van de wereldwijde primaire 
energiebehoefte door fossiele brandstoffen. Industrie en transport waren gezamenlijk goed 
voor ongeveer 60% van het wereldwijde totale energieverbruik (IEA, 2017b). Het 
voortdurende gebruik van fossiele brandstoffen in de industrie en in de transportsector 
veroorzaakte in 2012 ongeveer 20% van de totale wereldwijde broeikasgasemissies (Ecofys, 
2016). 

Om de problemen die gerelateerd zijn aan het gebruik van fossiele brandstoffen te reduceren, 
is het van groot belang dat er alternatieve koolstofbronnen worden geïdentificeerd. Dit 
proefschrift richt zich dan ook op het onderzoeken van nieuwe productieprocessen die afval 
als een alternatieve koolstofbron gebruiken. Het doel van dit promotieonderzoek was om 
inzicht te genereren in nieuwe afval-naar-product technologieën door het beoordelen van 
hun milieu- en kostenprestaties terwijl deze technologieën nog in een vroeg stadium van 
ontwikkeling zijn.  

Om dit doel te bereiken, beantwoord deze thesis drie onderzoeksvragen (OV): 

OV I: In welke mate hebben nieuwe afval-naar-product technologieën een verbeterde milieu-
en kosten prestatie in vergelijking met conventionele productieroutes? 

OV II: Hoe geschikt zijn de huidige methodologieën om nieuwe productiemethoden te 
beoordelen terwijl deze nog in een vroeg ontwikkelingsstadium zijn? 

OV III: Is het, vanuit milieukundig of economisch perspectief, waardevol om over te stappen 
naar afval-naar-product technologieën, indien deze een hogere complexiteit hebben dan de 
huidige productieprocessen? 

Om deze onderzoeksvragen te beantwoorden zijn verschillende casussen bestudeerd. Deze 
casussen boden de gelegenheid om nieuwe technologieën te onderzoeken die verschillende 
soorten afval gebruiken als grondstof (d.w.z. afvalwater en CO2), die verschillende producten 
produceren (d.w.z. polymeren, chemicaliën, en brandstoffen), en die een verschillende 
operationele complexiteit hebben (d.w.z. geïntegreerde systemen, multi-product systemen, of 
systemen die een cascade van processen verbinden). Deze systemen of technologieën 
bevinden zich in verschillende ontwikkelingsstadia (technology readiness levels, TRL12, zie 
Figuur 1.3 en Tabel 9.1). De analyse van deze verschillende productiesystemen is gedaan met 
gebruikmaking van techno-economische analyses en levenscyclusanalyses (LCA). 

 

 

 

                                                 

12 TRL: methode om de volwassenheid van een technologie te beschrijven op een schaal van 1-9, waar een 9 
staat voor een volledig volwassen technologie (DOE, 2009; EARTO, 2014). 
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Tabel 9.1. Overzicht van de technologieën die in deze thesis zijn onderzocht en van hun TRL-niveaus. 
Technology TRL Hoofdstuk 
Fermentatie van industrieel afvalwater naar polyhydroxybutyrate (PHB) 7 2 
Processen voor het intracellulair loslaten van PHB 3-4 2 
Methyl crotonate en methyl acrylate productie uit PHB 3-4 3 
CO2 afvang in raffinaderijen 7 4; 5 
CO2 hergebruik in de productie van polyolen 5-6 4; 5 
CO2 hergebruik in de productie van dimethylether 4-5 5; 6 
CO2 herbruik in de productie van methanol 7 6 

9.2. Samenvatting 

In hoofdstuk 2 is de productie van het polymeer polyhydroxybutyraat (PHB) vanuit het 
afvalwater van de papier- en voedingsindustrie onderzocht. Het maken van PHB uit 
afvalwater met een hoge concentratie organische verbindingen heeft een aantal voordelen. 
Het geeft de mogelijkheid om een biomateriaal te maken uit een grondstof die niet gekweekt 
hoeft te worden (dus geen akkerland inneemt). Daarnaast is het niet nodig om een aseptisch 
productieproces te bedrijven, wat wel het geval is in het traditionele proces dat pure suikers 
als grondstof gebruikt.  

Met deze nieuwe techniek ondergaat het afvalwater een fermentatieproces waar PHB ontstaat 
in de cellen van bacteriën. Na de fermentatie is het nodig om de PHB uit de cellen te 
extraheren. Op deze manier wordt het afvalwater gereinigd en wordt tegelijkertijd PHB 
geproduceerd. 

Deze PHB-productieroute bestaat nog niet op commerciële schaal. De productie van PHB 
door middel van bacteriële fermentatie is wel op pilot niveau gedemonstreerd (TRL 7). Het 
vervolgens extraheren van de PHB uit de bacteriecellen is in het laboratorium 
gedemonstreerd (TRL 3-4), waar verschillen methoden zijn onderzocht. Het doel van 
hoofdstuk 2 was tweeledig: i) het ontwerpen van een totaalproces voor de productie van PHB 
dat verbeterde economische en ecologische prestaties laat zien, en ii) het identificeren van 
specifieke productiestappen die nog verder geoptimaliseerd moeten worden voordat het 
proces industrieel inzetbaar is.  

Gebaseerd op de informatie uit de pilot en laboratorium tests is een concept procesontwerp 
gemaakt, gebruikmakend van één fermentatiestap en drie verschillende manieren van 
nabehandeling: chemische behandeling met een oppervlakte actieve stof gecombineerd met 
alkali of hypochloriet, en extractie met een oplosmiddel. Deze ontwerpen zijn gebruikt als 
basis voor een economische analyse en een LCA. De totale PHB-productiekosten zijn 
gebruikt als economische indicator waarmee de drie verschillende opties zijn vergeleken. Om 
de milieu impact te beoordelen is gebruik gemaakt van een ex-ante LCA-studie. De milieu 
impacts zijn vergeleken op basis van twee LCA-indicatoren, namelijk global warming 
potential (GWP, klimaatveranderingspotentieel) en non-renewable energy use (NREU, het 
gebruik van niet-hernieuwbare energie). Beide indicatoren zijn berekend op een cradle-to-
factory gate basis. 

Omdat het hier systemen betreft met meerdere outputs (PHB productie en 
afvalwaterreiniging), is systeem expansie toegepast (ISO, 2006a-b). Daarom zijn de kosten 
en milieu impacts die anders gepaard zouden zijn gegaan met afvalwaterreiniging in dit 
hoofdstuk meegenomen als credits voor het PHB-proces. De economische credits zijn 
afgetrokken van nutskosten, de ecologische credits zijn afgetrokken van de GWP en NREU. 
Tegelijkertijd is de biogene koolstof die zich in de PHB bevindt afgetrokken van de GWP.  

Onderzoeksvraag 1 is in dit hoofdstuk onderzocht door het vergelijken van de kosten, GWP, 
en NREU van de drie verschillende productieroutes met alternatieven voor PHB (namelijk 
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polyhydroxyalkanoaten (PHA), gebaseerd op suiker, en polyethylene terephtalaat (PET) 
gebaseerd op fossiele brandstoffen). De functionele unit was 1 kg.  

De resultaten laten zien dat het extraheren van PHB uit de cellen door middel van alkali 
behandeling het meest belovend is, zowel op kosten- als op ecologisch vlak (van de drie 
onderzochte nabehandelingsopties). PHB-productie uit afvalwater is goedkopen van de 
productie van PHA uit suikers, maar was 8% duurder per kg dan PET. Vanuit ecologisch 
perspectief leek er geen duidelijk voordeel te zijn. De GWP van PHB (met alkali 
nabehandeling) was 4% lager dan die van PET, en 3% lager dan die van PHA. Dat is niet 
significant gegeven de onzekerheden die voortvloeien uit het vroege ontwikkelingsstadium 
van PHB. PHB had een NREU-waarde die respectievelijk 30 en 55% hoger lag dan die van 
PHA en PET. De belangrijkste bijdrage aan de kosten, GWP, en NREU van het PHB-
productieproces werd geleverd door de energie input. 

Naast de kosten en milieuafwegingen van het PHB-proces moet nog worden onderzocht of 
PHB de benodigde mechanische, chemische, en thermische eigenschappen heeft voor 
specifieke toepassingen. Als PHB wordt gezien als tussenproduct voor andere chemische 
bouwstenen, dan kan het nabehandelingsproces worden overgeslagen, en spelen de 
eigenschappen een minder belangrijke rol.  

Op basis van de resultaten van hoofdstuk 2, bestudeert hoofdstuk 3 de directe omzetting van 
PHB naar de chemische bouwstenen methyl crotonaat (MC) en methyl acrylate (MA), als 
alternatieven voor traditioneel gebruik van PHB. De omzetting van PHB naar MC en MA is 
bewezen op laboratorium schaal (TRL 3-4). Omdat de intracellulaire PHB in deze route 
direct wordt omgezet in MC en MA, omzeilt het de problemen die PHB nabehandeling met 
zich meebrengt (hoofdstuk 2, de energie-intensieve nabehandeling en de moeite om de juiste 
kwaliteit PHB te produceren). Hoofdstuk 3 omvat het opschalen van de lab resultaten naar 
een commercieel proces en het simuleren van het productieproces, ex-ante techno-
economische analyse en het berekenen van de koolstof footprint door middel van LCA. 

Hoofdstuk 3 adresseert onderzoeksvraag 3 door de complexiteit van de onderzochte 
procesconfiguraties te vergroten. De systemen die in dit hoofdstuk zijn onderzocht omvatten 
drie procesblokken: afvalwaterbehandeling, PHB bacterie groei, en PHB omzetting naar MC 
of MA in multi-reactie processen. Drie alternatieve productieroutes zijn onderzocht: i) 
MC/MA productie gebruikmakend van extracellulair PHB, ii) gebruikmakend van droog 
intracellulair PHB, en iii) gebruikmakend van waterig intracellulair PHB. De complexiteit 
van de reacties is hoger in vergelijking met hoofdstuk 2, omdat de PHB nog in de 
bacteriecellen zit. Daarnaast worden meerdere bijproducten gegenereerd waardoor meerdere 
scheidingsprocessen nodig zijn na de reactie tot MC/MA. 

Naast het beantwoorden van onderzoeksvraag III, heeft hoofdstuk 3 ook bijgedragen aan het 
beantwoorden van onderzoeksvraag II (methodologische aspecten). In de basis scenario’s 
werden de producten anders dan MC/MA of verbrand voor energieproductie, of verwijderd 
als afval. Echter, sommige van deze stoffen hebben een potentiele marktwaarde, zoals methyl 
3-hydroxy-butyrate (M3HB), crotonzuur (CZ), en propyleen. Het toevoegen van extra 
scheidingstappen bracht dus logischerwijs de mogelijkheid om deze waardevolle stoffen te 
vatten. Door middel van een gevoeligheidsanalyse is onderzocht of dit de moeite waard it, dat 
wil zeggen, of deze extra scheiding de waarde van het productieproces verhoogd en de 
koolstof footprint van MC/MA verlaagd. In dit specifieke geval is systeem expansie niet 
toegepast, omdat het belangrijk was om inzicht te verkrijgen in de footprint van elk van de 
(bij)producten. Daarom zijn de milieu impacts aan elk van de producten gealloceerd op basis 
van het gewicht van elk van de producten (de ISO standaard schrijft voor dat allocatie dient 
te geschieden op basis van relevante fysieke grootheden (ISO, 2006a-b)). Economische 
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allocatie is ook overwogen maar verworpen, omdat er te grote onzekerheid bestaat over de 
marktprijzen van de geproduceerde goederen.  

Het directe gebruik van intracellulaire PHB liet een lagere selectiviteit zien van de gewenste 
producten dan het gebruik van extracellulaire PHB. Desondanks was de intracellulaire route 
de goedkopere en degene met de lagere CO2 afdruk. Dit komt door de afwezigheid van de 
stap om PHB te extraheren uit de bacteriecellen. De resultaten lieten een trade-off zien tussen 
het gebruik van droge en waterige intracellulaire PHB: de eerste leidde tot de laagste 
productiekosten, de tweede tot de laagste CO2 afdruk. 

Het scheiden en vermarkten van de gevormde bijproducten leidde inderdaad tot een verlaging 
van de totale productiekosten van MC en MA. Daarnaast verlaagde dit de koolstof footprint 
van de hoofdproducten. Het gebruik van allocatie op basis van gewicht had de grootste 
invloed in het geval dat er veel bijproducten werden gevormd (en selectiviteit dus laag was). 
In het geval dat de bijproducten inderdaad werden gescheiden en verkocht, leidde dat tot een 
verlaging van GWP van 40% en 59% voor MC en MA respectievelijk, ten opzichte voor het 
basis proces. 

Een andere afvalstroom die gebruikt kan worden voor de synthese van brandstoffen, 
chemicaliën en materialen is koolstofdioxide uitgestoten in het rookgas van industriële 
installaties of energiecentrales. Het doel van hoofdstuk 4 was om te onderzoeken of de 
realisatie van CO2-afvang en -gebruik in combinatie met gedeeltelijke koolstofopslag 
(CCUS) een kosteneffectieve mitigatieoptie voor de petrochemische industrie is. 
Voorafgaande aan de realisatie op industriële schaal waren de economische en 
milieuprestaties geëvalueerd van een systeem met CO2-afvang (TRL 7) in een 
waterstofinstallatie van een raffinaderij, waarbij de CO2 gedeeltelijk werd gebruikt in de 
synthese van polyolen (TRL 5-6) en gedeeltelijk voor CO2-opslag in geologische formaties 
(CCUS). Het CCUS-systeem bestudeerd in hoofdstuk 4 was vergeleken met andere systemen 
om antwoord te geven op onderzoeksvraag I. Het referentiesysteem was een 
waterstofinstallatie van een raffinaderij zonder CO2-afvang en met conventionele 
polyolsynthese, en het andere systeem was een waterstofinstallatie met CO2-afvang en alleen 
opslag (CCS) met conventionele polyolsynthese. 

De economische beoordeling van de drie systemen bestudeerd in hoofdstuk 4 (referentie, 
CCS en CCUS) bestaat uit een raming van de kapitaal- en bedrijfskosten van het hele 
systeem inclusief waterstof- en polyolproductie. In de analyse van de CCS en CCUS 
systemen zijn ook CO2-afvang, -transport en -opslag meegenomen voor het beoordelen van 
de kosten. Naast het berekenen van de kapitaal- en bedrijfskosten van het hele systeem, zijn 
ook de individuele kosten voor waterstof- en polyolproducten geschat. In het CCUS systeem 
zijn een deel van de CO2-afvang- en compressiekosten toegewezen aan de polyol, naar 
verhouding van de massafractie afgevangen CO2 gebruikt voor polyolproductie. Het overige 
gedeelte van de afvang- en compressiekosten was toegewezen aan waterstof.  

Het doel van de milieubeoordeling was om de milieuprestaties van de coproductie van 
waterstof en polyol te vergelijken voor de referentie, CCS en CCUS-systemen. Een 
systeemuitbreidingsaanpak was geïmplementeerd door de waterstofinstallatie en 
polyolsynthese toe te voegen aan alle systemen, en CO2-afvang, -transport en -opslag aan de 
CCS en CCUS-systemen. De functionele eenheid was gedefinieerd als de productie van 
waterstof, polyolen en lagedrukstoom (van warmte-integratie), geproduceerd in dezelfde 
hoeveelheden voor de drie systemen. De zeven indicatoren voor milieueffecten geëvalueerd 
in de ex-ante milieu LCA waren klimaatverandering, terrestrische verzuring, 
zoetwatereutrofiëring, fijnstofvorming, fotochemische oxidantvorming, humane toxiciteit en 
fossiele uitputting. 
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Om onderzoeksvraag II te beantwoorden, was er naast de economische en 
milieubeoordelingen ook een onzekerheidsanalyse uitgevoerd in hoofdstuk 4. Dit bestond uit 
een kwantitatieve gevoeligheidsanalyse en kwalitatieve pedigreeanalyse. In de 
pedigreeanalyse werden de sterktes en zwaktes van een parameter en/of model beoordeeld 
door systematisch de parameterachtergrond of modelrepresentativiteit te analyseren ten 
opzichte van kwaliteitsindicatoren, i.e. pedigreecriteria. Onzekerheden in specifieke 
systeemtakken kunnen daarmee geïdentificeerd worden tijdens de vroege ontwikkelingsfase 
van nieuwe technologieën. Om subjectiviteit in de pedigreeanalyse te minimaliseren waren 
van tevoren vastgestelde pedigree matrices met definities van de criteria, gerangschikt naar 
score van zwak naar sterk, gebruikt. De combinatie van de pedigree- en gevoeligheidsanalyse 
gaf inzicht in de beperkingen van de ex-ante beoordeling van hoofdstuk 4. 

De resultaten lieten zien dat CCUS een haalbare optie zou kunnen zijn om de CO2-uitstoot 
door raffinaderijen te verminderen en toch economisch winstgevend te zijn. CO2-afvang en -
gebruik in combinatie met CO2-opslag (CCUS) heeft economische voordelen vergeleken met 
het systeem met alleen CCS en het referentiesysteem zonder CO2-afvang. De kosten van 
CO2-gebasseerde polyolen werden 16 % lager geschat dan de kosten van conventionele 
polyolen, omdat een deel van de kostbare grondstof (propeenoxide) was vervangen door CO2. 
In het CCUS-systeem, werden de opslagkosten van de niet-gebruikte CO2 gecompenseerd 
door de baten van de goedkopere polyolproductie. De onzekerheidsanalyse liet zien dat de 
economische resultaten robuust genoeg waren voor het doel van de vergelijkende analyse, 
omdat de grootste systeemonzekerheden (i.e. het polyolproductiemodel en de economische 
gegevens voor polyol exclusief grondstofkosten) een lage impact hadden op de totale kosten. 

De milieubeoordeling toonde aan dat het CCUS-systeem een potentiële vermindering van 
23 % in klimaatveranderingsimpact had ten opzichte van het referentiesysteem per 
functionele eenheid (i.e. productie van waterstof, polyolen en lagedrukstoom). Vergeleken 
met het CCS-systeem, was de klimaatveranderingsimpact 9 % lager omdat de afgevangen 
CO2 werd gebruikt voor polyolsynthese, waarbij de CO2 een deel van de energie-intensieve 
en vervuilende propeenoxide verving, wat wordt gebruikt als grondstof voor de synthese van 
conventionele polyol. De overige zes indicatoren voor milieueffecten presteerden enigszins 
beter in het CCUS-systeem dan in het referentiesysteem. De resultaten voor de milieueffecten 
bleken echter niet robuust vanwege de onzekerheden het model, voornamelijk in de 
chemicaliën die werden gebruikt in de raffinaderij. Deze hadden een significante bijdrage aan 
alle bestudeerde impactcategorieën. De uitkomsten van de onzekerheidsanalyse benadrukten 
het tekort aan beschikbare en representatieve data om deze chemicaliën te modeleren.  

Een belangrijk punt is dat alleen het verwerken van CO2 in polyolen (i.e. zonder de 
combinatie met langdurige CO2-opslag) niet leidt tot sterke vermindering van de uitstoot. Dit 
komt door de kleine hoeveelheden CO2 die in polyolen verwerkt kunnen worden om nog aan 
de uiteindelijke productkwalificaties te voldoen. Het combineren met CO2-conversie naar 
andere brandstoffen of chemicaliën in dezelfde installatie zou voordelen door wisselwerking 
kunnen opleveren, zoals proces- en systeemintegratie en efficiënter gebruik van energie en 
grondstoffen, vergelijkbaar met het concept van een raffinaderij. In tegenstelling tot 
hoofdstuk 4 waar CO2-gebruik voor één product was onderzocht, is het doel van hoofdstuk 5 
om te beoordelen of configuraties die koolstof afvangen en gebruiken (CCU) voor meerdere 
producten, of die koolstof afvangen, gebruiken (voor meerdere producten) en opslaan 
(CCUS) haalbare opties zijn om de CO2-uitstoot van de petrochemische industrie te 
verminderen. 

Om de impact van verschillende configuraties te beoordelen (onderzoeksvraag III), waren 
twee multi-product configuraties ontworpen waarin de CO2 afgevangen in de 
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waterstofinstallatie van een raffinaderij werd omgezet naar dimethylether (DME, TRL 4-5) 
en polyolen (TRL 5-6), tegelijkertijd (parallelle configuratie) of in twee opeenvolgende cycli 
(in serie configuratie). Om onderzoeksvraag I te beantwoorden waren de economische en 
milieuprestaties van het CCU- en CCUS-systeem (beide in parallelle en in serie configuratie) 
vergeleken met de prestaties van een referentiesysteem met daarin een waterstofinstallatie 
zonder CO2-afvang en met conventionele DME- en polyolproductie, en met een CCS-
systeem bestaande uit een waterstofinstallatie met CO2-afvang, maar zonder CO2-gebruik, 
waardoor de productie van DME en polyol de conventionele syntheseroute volgde.  

Naast het ramen van de totale kosten op systeemniveau (i.e. waterstofinstallatie, DME-
productieproces en polyolproductieproces) werden de kosten voor de individuele 
eindproducten (i.e. waterstof, DME, polyol) geschat. Om de impact van de kostenverdeling te 
beoordelen, werden de kosten van CO2-afvang toegewezen aan de CO2-bron (i.e. de 
waterstofinstallatie) of aan het product (i.e. DME of polyol), daarbij in acht nemend of het 
hoofddoel van afvang opslag of gebruik was. Vergelijkbaar met de aanpak in hoofdstuk 4, 
werd in de systemen die CO2-opslag en -gebruik combineerde de kapitaalkosten verdeeld op 
basis van massa tussen de CO2-bron (i.e. de waterstofinstallatie of DME-productie-installatie 
voor de in serie configuratie) en het product van CO2-gebruik (i.e. polyolen of DME).  

Uit de resultaten bleek dat er een sterke vermindering van directe CO2-uitstoot (i.e. CO2 die 
direct het productieproces verlaat) werd behaald in het CCS-systeem (-70 %), maar met als 
gevolg grotere totale kosten (+7 %) ten opzichte van het referentiesysteem (geen CO2-
opslag). Het multi-product CCU parallel en in serie systeem had lagere fossiele uitputting en 
kosten dan het referentiesysteem zonder afvang (respectievelijk -10 % en -9 %). Dit kwam 
doordat CO2 was gebruikt as grondstof in de synthese van polyolen en DME, en er daardoor 
een kleinere hoeveelheid fossiele grondstoffen gebruikt werd dan in de conventionele 
synthese routes.  

Het combineren van multi-product koolstofafvang en -gebruik met -opslag (CCUS) bleek het 
beste alternatief te zijn om zowel het klimaatveranderingspotentieel te verminderen (-18 % 
ten opzichte van het referentiesysteem) en economische haalbaar te zijn. Naast de 
verminderde uitstoot in de keten door de lagere fossiele grondstofbehoefte als gevolg van het 
CO2-gebruik, verminderde ook de directe procesemissies in het CCUS-systeem vanwege de 
opslag. Er waren geen significante verschillen tussen CCU in parallelle of in serie 
configuratie, of evenmin tussen CCUS in parallelle of in serie configuratie. De extra 
inspanning om CO2 in serie te verwerken werd niet bestraft noch beloond.  

Tot dusver zijn in de beoordeling op CO2-gebaseerde brandstoffen vergeleken met 
conventionele brandstoffen, en zijn er tevens andere alternatieven voor fossiele brandstoffen, 
zoals waterstof, voorgesteld om klimaatverandering te bestrijden. Het CO2 mitigatie 
potentieel van op CO2-gebasseerde brandstoffen staat echter ter discussie omdat CO2 weer 
wordt uitgestoten naar de atmosfeer tijdens de verbranding van deze brandstoffen; en de 
meerderheid van waterstof nog steeds met fossiele brandstoffen geproduceerd wordt, 
waarmee mogelijk aanzienlijke indirecte koolstofemissies gepaard gaan. Hoofdstuk 6 
onderzocht de relatieve productiekosten, GWP en NREU van nieuwe emissiearme 
alternatieve brandstoffen voor wegvervoer: op CO2-gebaseerd DME (TRL 4-5), op CO2-
gebaseerd methanol (CO2-methanol, TRL 7), waterstof geproduceerd via conventionele 
stoom-methaan reforming (SMR-H2) zonder CCS, en waterstof geproduceerd via elektrolyse 
(elektrolyse-H2) met behulp van hernieuwbare elektriciteit uit fotovoltaïsche zonne-energie 
(PV). De gekozen functionele eenheid in hoofdstuk 6 was de energie inhoud van elke 
brandstof, d.w.z. 1 GJ brandstof geproduceerd en afgeleverd aan de poort van de fabriek. 
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In CO2-brandstofsystemen wordt CO2 uitgestoten in een eerste leven (de CO2-bron, bijv. in 
de petrochemische of de energiesector) en vervolgens gebruikt als grondstof in een tweede 
leven (CO2-verwerkings sector, waarbij de CO2 wordt omgezet in brandstoffen). Bij de 
schatting van de individuele koolstofvoetafdruk van CO2-gebaseerde brandstoffen moesten 
enkele methodologische uitdagingen worden opgelost. De uitdagingen zijn op welke manier 
de emissies tijdens het afvangen van CO2 en aan het einde van de levensduur 
(brandstofverbranding) aan de verschillende levens toe te wijzen, en te rechtvaardigen of aan 
de opgevangen CO2 een koolstofkrediet in aanmerking genomen zou kunnen worden. 

De meest gangbare praktijk voor de beoordeling van producten met twee levenscycli is het 
toepassen van de zogenaamde “cut-off”-aanpak, waarbij het eerste en tweede leven worden 
beschouwd als gescheiden productsystemen met eigen grenzen die geen interactie vertonen. 
In tegenstelling tot in hoofdstukken 4 en 5, waar een systeemuitbreiding-aanpak is toegepast 
met daarin de CO2-bron (d.w.z. een raffinaderij) en het CO2-gebruiksproces (d.w.z. de 
synthese van polyolen of DME) binnen de systeemgrenzen meegenomen, is in de basislijn 
van hoofdstuk 6 de “cut-off”-aanpak toegepast, omdat dit de gangbare praktijk is bij de 
beoordeling van CO2-gebruikstechnologieën. De “cut-off”-aanpak betekende dat de grens 
voor de beoordeling van de op CO2 gebaseerde brandstoffen in de basislijn van hoofdstuk 6 
gelijk was aan de productiefabriek van de op CO2 gebaseerde brandstof. Dit houdt in dat de 
impact van CO2-afvang werd toegewezen aan de CO2-bron (bijvoorbeeld een 
energiecentrale) en dat er CO2 zonder milieulasten beschikbaar was voor gebruik bij de 
productie van op CO2-gebaseerde brandstoffen. De basislijn van hoofdstuk 6 ging er ook van 
uit dat de op CO2-gebaseerde brandstoffen (DME en methanol) een koolstofkrediet 
aangewezen kregen van de koolstof  (tijdelijk) opgeslagen in de brandstoffen, zoals 
gebruikelijk is bij de beoordeling van CO2-gebruikstechnologieën. De koolstofbelasting van 
de emissie aan het einde van de levensduur (brandstofverbranding) werd volledig toegewezen 
aan de op CO2-brandstof op basis van de "cut-off" van de systeemgrens. 

De resultaten van de basisanalyse van hoofdstuk 6 toonden aan dat SMR-H2 van alle 
onderzochte brandstofopties de alternatieve brandstof was met de laagste kosten terwijl 
elektrolyse-H2 met behulp van PV-elektriciteit de laagste GWP en NREU vertoonde. 
Uitdagingen voor een brede implementatie van elektrolyse-H2 zijn economisch van aard 
omdat elektrolysers, dure modulaire apparatuur die niet profiteren van schaalvoordelen, 
nodig zijn. Elektrolyse-H2 kan een kostenconcurrerend alternatief worden voor SMR-H2, 
wanneer toekomstige PV-elektriciteitsprijzen aanzienlijk dalen. 

De resultaten van hoofdstuk 6 lieten ook zien dat CO2-DME en CO2-methanol geen haalbare 
alternatieven waren voor conventionele transportbrandstoffen, omdat niet zowel de kosten en 
milieuprestaties die van fossiele brandstoffen overtreffen. Hoewel de kosten van CO2-DME 
lager waren dan die van zijn conventionele tegenhanger, was de GWP en NREU 
vergelijkbaar met benzine of diesel. Omgekeerd was de NREU van CO2-methanol nihil en 
was de GWP minder dan 10% van de GWP van diesel, benzine of SMR-H2, maar waren de 
productiekosten 70% hoger dan benzine en vier keer de marktprijs van conventionele 
methanol. 

Bovendien gaf de analyse van hoofdstuk 6 aan dat de allocatiebenadering die wordt 
aangenomen voor de koolstofadministratie een aanzienlijke invloed heeft op de individuele 
koolstofvoetafdrukken van het eerste en tweede leven (productie van elektriciteit of op CO2 

gebaseerde brandstof). Om het effect van deze variaties te begrijpen, werd de 
systeemuitbreiding-aanpak ook geïmplementeerd in hoofdstuk 6. Door de 
systeemuitbreiding, werd de totale koolstofbalans van de hele cyclus (d.w.z. energiecentrale, 
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opvangeenheid, CO2-brandstofproductie en verbranding aan het einde van de levensduur) 
opgenomen binnen de grenzen. 

De resultaten van hoofdstuk 6 illustreren dat de totale koolstofvoetafdruk bij gebruik van 
systeemuitbreiding (d.w.z. beoordeling van het gehele systeem inclusief vermogen met CO2-
afvang en CO2-brandstofproductie) zoals verwacht onveranderlijk is, ongeacht de manier 
waarom de koolstofadministratie toegepast wordt. Verschillende benaderingen voor de 
toewijzing van de gevolgen van de afvangeenheid, koolstofkredieten en de belasting op het 
levenseinde tussen de eerste en de tweede levensproducten hadden echter een aanzienlijke 
invloed op de individuele koolstofvoetafdrukken (elektriciteit of op CO2 gebaseerde 
brandstof). Afhankelijk van de allocatieaanpak varieerde de GWP van CO2-methanol van 
slechts 7% van de GWP van benzine tot 90% van de GWP van benzine. 

De implementatie van systeemuitbreiding maakt het bovendien mogelijk om de reële 
milieuwinst of effecten van het opnemen van gebruiksmogelijkheden bij bestaande systemen 
te kwantificeren. De resultaten van hoofdstuk 6 op basis van systeemuitbreiding toonden aan 
dat een systeem inclusief elektriciteits- en CO2-methanol -productie een reductie van 42% 
had ten opzichte van normaal gebruik, d.w.z. elektriciteitsproductie zonder CO2-afvang in 
combinatie met productie van benzine. Vergeleken met een systeem met inbegrip van 
elektriciteitsproductie met CCS plus benzineproductie, leverde het CO2-naar-methanol-
systeem slechts 8% emissiereductie op. Op basis van de resultaten van dit hoofdstuk wordt 
aanbevolen om systeemuitbreiding te implementeren voor de beoordeling van CO2-
gebruikstechnologieën, zodat allocatiekwesties worden vermeden. 

Anders dan in de hoofdstukken 2 tot en met 6, waar technologische evaluaties in detail zijn 
uitgevoerd, bevat hoofdstuk 7 een methodologische discussie, waarin geprobeerd wordt om 
onderzoeksvraag II te beantwoorden. Het doel van hoofdstuk 7 was om de toepasbaarheid en 
adequaatheid van de huidige methodes om milieuprestaties van nieuwe technologieën te 
beoordelen te evalueren. In hoofdstuk 7 is een kritische beoordeling uitgevoerd van de 
beschikbare beoordelingsmethodes voor technologieën in een vroeg stadium, met de nadruk 
op "Veilig en duurzaam door ontwerp". 

De beoordeling van de toepasbaarheid en adequaatheid van de beschikbare “early-stage 
methodes” (ESMs) en ex-ante LCA kan alleen worden uitgevoerd door de uitkomsten te 
vergelijken met die van een volledige beoordeling. Voor dat doel werd de melkzuur casus 
geanalyseerd in een retrospectief onderzoek door te anticiperen op de verschillende 
ontwikkelingsfasen van melkzuur. De uitkomsten van de implementatie van de herziene 
ESMs (TRL 3-6) en ex-ante LCA (TRL 5-6) voor de vroege ontwikkelingsstadia van 
melkzuur zijn met die van een volledige LCA van de commerciële productie van melkzuur 
(TRL 9) vergeleken. 

Hoofdstuk 7 benadrukte dat er een gebrek is aan methodes om nieuwe technologieën te 
beoordelen in TRL 1-4. In TRL 5-6 konden de geïmplementeerde ESM de juiste 
(milieu)categorieën identificeren. In het geval van melkzuur zijn de geïdentificeerde 
categorieën procesenergie en klimaatverandering. De resultaten van hoofdstuk 7 brachten 
echter beperkingen die de toepassing van de geïmplementeerde ESMs belemmeren aan het 
licht: i) ze zijn vaak niet duidelijk in de definities van de indicatoren voor milieu en toxiciteit, 
noch transparant in de achterliggende gegevensbronnen, noch up-to-date; ii) ze hanteren een 
beperkte levenscyclusscope, met inbegrip van enkel het productieproces en met uitzondering 
van de productiefase van de grondstoffen; iii) de beoordeelde ESMs zijn vaak grof en 
onnauwkeurig in de verslaglegging van toxiciteitseffecten. In dit hoofdstuk werd 
geconcludeerd dat er een tekort is aan beschikbare methodes om een nieuwe technologie te 
beoordelen voor TRL 1-2. Er wordt daarom aangedrongen op het uitvoeren van meer 
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onderzoek naar de ontwikkeling van kwalitatieve hulpmiddelen of op het realiseren van 
actuelere achtergrondgegevens die direct voor snelle screening kunnen worden gebruikt. 
Bovendien moeten ESMs niet beperkt zijn tot alleen het beoordelen van de 
conversieprocessen, maar ook van de grondstof. Hoofdstuk 7 gaf ook aan dat adequate ESM's 
up-to-date, eenvoudig en helder moeten zijn om te implementeren. 

Wanneer een procesontwerp beschikbaar is (TRL 5-6), kan ex-ante LCA een goed inzicht 
bieden in de belangrijke (milieu)categorieën van nieuwe technologieën. In de casus met 
melkzuur identificeerde ex-ante LCA met succes de categorieën procesenergie en de 
productie van grondstoffen. LCA moet echter worden aangevuld met toegankelijke gegevens 
om de potentiële toxiciteitseffecten in een vroeg stadium te evalueren en bij te dragen aan een 
veilig en duurzaam ontwerp. 

9.3. Belangrijkste bevindingen en conclusies 

Dit proefschrift richtte zich op het verbeteren van ons begrip van nieuwe afval-naar-product 
technologieën en het inzichtelijk maken van het nut en de beperkingen van de beschikbare 
beoordelingsmethodologie tijdens technologieontwikkeling. In deze paragraaf worden de 
belangrijkste bevindingen uit hoofdstuk 2 tot 7 per onderzoeksvraag besproken. 

Onderzoeksvraag I: In welke mate hebben nieuwe afval-naar-product technologieën een 
verbeterde milieu-en kosten prestatie in vergelijking met conventionele 
productieroutes? 

Drie factoren zijn cruciaal in de beoordeling van de prestaties van de onderzochte afval-naar-
product technologieën: 

i. De oorsprong van de koolstof in de afvalstroom die als alternatieve bron gebruikt 
wordt; of het biogene of fossiele koolstof betreft 

Wanneer vanuit de klimaatimpact geredeneerd wordt, kan het hergebruik van biogene 
koolstof in afvalstromen een factor zijn die de prestaties van nieuwe afval-naar-product 
technologieën in sterke mate bepaalt. Hoofdstuk 2 onderzocht het gebruik van afvalwater uit 
papiermolens of de voedselindustrie. Op basis van de systeemgrenzen die in hoofdstuk 2 zijn 
vastgesteld en het doel van de analyse, is de biogene koolstof die opgenomen is in het 
eindproduct afgetrokken van de klimaatimpact van het uit afvalwater geproduceerde PHB. 
Voor de verschillende onderzochte routes zorgde het aftrekken van de biogene koolstof 
ervoor dat de klimaatimpact van uit afvalwater geproduceerd PHB met 32-52% verlaagd 
werd in vergelijking met de klimaatimpact van uit afvalwater geproduceerd PHB waar de 
biogene koolstof niet van afgetrokken is. Desalniettemin zorgde uit afvalwater geproduceerd 
PHB niet voor een substantieel klimaatvoordeel ten opzichte van conventionele tegenhangers. 
De reden hiervoor ligt in de grote bijdrage van het energie-intensieve DSP aan de 
klimaatimpact van PHB uit afvalwater. De GWP van PHB uit afvalwater was vergelijkbaar 
met de GWP van PHAs uit suiker en fossiel PET (respectievelijk 3% hoger en 4% lager). Het 
ontwerp van de industriële-schaal DSP’s die in hoofdstuk 2 verkend zijn was gebaseerd op 
laboratoriumresultaten (TRL 3-4). Hierdoor zouden aanvullende prestatieverbeteringen 
kunnen worden gerealiseerd wanneer een energie-efficiëntere DSP uitontwikkeld is en 
optimaal functioneert. 

Het hergebruik van “afval”koolstof met een fossiele oorsprong (CO2-emissies uit de 
rookgassen van bijv. energiecentrales) om transportbrandstoffen te maken is onderzocht in 
hoofdstuk 6. De hoeveelheid CO2 die gebruikt wordt bij de productie van CO2-synthetische 
transportbrandstoffen is even groot als de CO2-emissies die vrijkomen aan het einde van de 
levensduur, waar de energiedrager in een automotor wordt verbrand. Bovendien vinden meer 
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CO2-emissies plaats vanwege de energie die in het CO2-toepassingsproces gebruikt wordt, 
d.w.z. de productie van de transportbrandstof. Om ervoor te zorgen dat op CO2-gebaseerde 
brandstoffen zorgen voor een reductie in klimaatimpact dient niet-fossiele CO2 gebruikt te 
worden (d.w.z. uit biomassa of direct uit de lucht afgevangen), waardoor emissies aan het 
einde van de levensduur niet worden meegeteld in de klimaatimpact. De economische 
haalbaarheid van het omzetten van CO2 uit biomassa of uit de lucht dient nog verder 
onderzocht te worden. 

ii.  Of het afvalconversieproces is geïntegreerd met bestaande processen of een 
toevoeging is aan een bestaand proces 

De milieukundige en economische prestaties van afval-naar-product technologieën kunnen 
verbeterd worden door het afvalconversieproces te integreren met een reeds bestaand proces. 
Een hoofdeigenschap van het in systeem dat in hoofdstuk 2 is onderzocht was dat het PHB-
polymeer werd tegelijkertijd werd geproduceerd in een afvalwaterzuiveringsinstallatie. In 
hoofdstuk 2 werden de vermeden kosten en milieu-impacts van de afvalwaterzuivering 
toegekend aan het PHB als economische en milieukundige voordelen. Deze voordelen 
verlaagden de GWP van PHB uit afvalwater met 8-17%, de NREU met 6-11%, en de kosten 
met 21-30%, afhankelijk van de DSP, in vergelijking met de resultaten waarin de voordelen 
niet meegerekend worden. PHB uit afvalwater bleek een economisch interessant alternatief 
voor conventionele PHA productie uit suiker, dankzij de integratie van afvalwaterzuivering 
en PHB-productie in hetzelfde proces. 

In tegenstelling tot hoofdstuk 2, waarin de PHB-teelt kon worden opgenomen in een bestaand 
proces binnen afvalwaterzuivering, vereiste de inzet van CO2 uit rookgassen van de 
petrochemische sector een toegevoegde koolstofafvangingseenheid na het bestaande proces. 
In hoofdstuk 4 en 5 konden de CO2-afvang en de productie van polyolen en DME niet 
tegelijkertijd worden uitgevoerd met de bestaande waterstofreactoren van een raffinaderij. 
CO2 werd daarom eerst afgevangen in een aanvullende stap, die na de waterstofreactoren van 
de raffinaderij opgezet werd, en vervolgens gebruikt in de synthese van polyolen en DME. 
De koolstofafvang zorgde voor een toename in het energieverbruik in vergelijking tot een 
conventionele waterstofinstallatie zonder koolstofafvang. Daarnaast zorgde de toevoeging 
van de afvanginstallatie voor hogere kosten waar rekening mee moest worden gehouden. In 
de CO2-toepassingsinstallatie die in hoofdstuk 4 werd onderzocht, werden de kosten van het 
afvangen gecompenseerd doordat de inzet van CO2 ervoor zorgde dat er minder kostbare 
grondstof benodigd was voor de polyolsynthese. Het is echter mogelijk dat dit niet het geval 
is voor andere afval-naar-product technologieën die aanvullende installaties moeten opnemen 
in het bestaande proces. Een extreem voorbeeld hiervan is het feit dat er geen economisch 
voordeel werd aangetoond voor de CCS-only systeem in hoofdstuk 4. In deze case werd alle 
CO2 opgeslagen (zonder gebruik), waardoor de kosten van het afvangen niet werden 
gecompenseerd. 

iii.  De hoeveelheid koolstof in de afvalstroom die ingezet kan worden voor de synthese 
van het eindproduct en de duur van deze koolstofopslag 

Het type eindproduct is een belangrijke determinant van de klimaatimpact van nieuwe afval-
naar-product technologieën omdat deze beïnvloedt hoeveel “afval”koolstof kan worden 
hergebruikt en ook de duur van de opslag. Hoofdstuk 4 en 5 lieten zien dat slechts 10% van 
de CO2 die in een raffinaderij afgevangen werd kon worden ingezet in een polyolinstallatie 
van commerciële schaal, om de juiste eigenschappen van het polyolproduct te garanderen. De 
rest van de CO2 moest daarom naar geologische langetermijnopslag gestuurd worden om een 
grote CO2-emissiereductie te realiseren. Wat betreft de tijdsperiode waarin de koolstof 



221 

 

opgeslagen blijft, geldt dat de inzet van afvalstromen in de productie van polymeren kan 
zorgen voor enkele decennia aan koolstofopslag. 

Grotere hoeveelheiden “afval”koolstof kunnen gebruikt worden in brandstofproductie. Een 
eindproduct met een korte levensduur kan echter een belangrijk nadeel zijn voor afval-naar-
product technologieën, zoals aangetoond wordt in geval van de uit CO2 geproduceerde 
brandstoffen die in hoofdstuk 6 onderzocht zijn. CO2-DME had een vergelijkbare 
klimaatimpact als fossiele brandstoffen zoals benzine of diesel, en de klimaatimpact van 
CO2-methanol lag tussen de 7% en 90% van de klimaatimpact van benzine, afhankelijk van 
de gekozen benadering van koolstofboekhouding. Bij de inzet van CO2 in de productie van 
brandstoffen zorgt bijna direct voor CO2-emissies wanneer de brandstof verbrand wordt. Na 
het afvangen wordt de gebruikte CO2 geconcentreerd. De emissies die bij de verbranding in 
een motor plaatsvinden zijn echter verspreid. Het opnieuw afvangen van deze verspreide 
CO2-emissies uit losse voertuigen is hoogstwaarschijnlijk niet haalbaar op de korte termijn. 
Dit betekent dat reducties in de klimaatimpact van brandstoffen uit CO2 pas op de lange 
termijn gerealiseerd zouden kunnen worden en dat het niet-fossiele CO2 nodig zou zijn, 
oftewel koolstof uit biomassaverbranding of uit de lucht. 

Onderzoeksvraag II: Hoe geschikt zijn de huidige methodologieën om nieuwe 
productiemethoden te beoordelen terwijl deze nog in een vroeg ontwikkelingsstadium 
zijn? 

Ex-ante technologiebeoordeling (ETA) richt zich op het identificeren van de potentiële 
impacts van toekomstige technologie. Ontbrekende data en variaties van een opkomende 
technologie gedurende R&D-fasen vergroten de onzekerheid in ETA-resultaten. Hoofdstuk 4 
presenteerde een benadering waarmee de mate van data- en modelonzekerheden in ETA 
wordt beoordeeld. Als aanvulling op (kwantitatieve) gevoeligheidsanalyse werd 
(kwalitatieve) pedigreeanalyse uitgevoerd om de kwaliteit van de gebruikte informatie en de 
accuraatheid van de ontwikkelde modellen te beoordelen. Pedigree analysis zorgt niet voor 
een vermindering in de onzekerheden van ETA, maar biedt een systematische manier om de 
bronnen van onzekerheden vast te stellen, die in kwantitatieve gevoeligheidsanalyses niet 
meegenomen worden. Bovendien kan de combinatie van gevoeligheids- en pedigreeanalyses 
zorgen voor beter inzicht in de betrouwbaarheid van de uitslagen en de kwaliteit van de 
interpretatie en communicatie van de resultaten. Hoofdstuk 4 toonde aan dat ondanks de 
inherente onzekerheden, het gebruik van ETA gerechtvaardigd is om nieuwe concepten te 
verkennen, om verschillende alternatieven te vergelijken en om de potentiëlen en bottlenecks 
van nieuwe technologieën al vast te stellen voor deze uitontwikkeld worden. 

Wat betreft de beschikbare methodologieën voor verschillende TRL-niveaus stelde hoofdstuk 
7 vast dat er een gebrek aan methodes is voor nieuwe technologieën op TRL 1-4. Op TRL 5-
6 slaagden de ESMs uit hoofdstuk 7 erin om de belangrijkste factoren die bijdroegen aan de 
procesenergie en klimaatimpact te identificeren. Een aantal beperkingen hinderen echter de 
inzet van deze ESMs (d.w.z. het gebrek aan duidelijke definities van de indicatoren en 
transparantie in de achtergronddata; een beperkte afbakening qua levenscyclusfasen; ruwheid 
in hoe toxiciteit meegenomen wordt). Naast deze ESM’s werd door de retrospectieve studie 
naar melkzuur in hoofdstuk 7 aangetoond dat ex-ante LCA geschikt is om de milieukundige 
prestaties van een nieuwe technologie op TRL 5-6 te beoordelen. De vergelijking tussen 
resultaten uit een ex-ante LCA op basis van een preliminair procesontwerp en een volledige 
LCA op basis van het uitontwikkelde productieproces van melkzuur liet zien dat ex-ante 
LCA nuttig inzicht bood in de milieu-impacts van nieuwe technologie tijdens de 
ontwikkeling. Hierbij dient echter aangetekend te worden dat de toxiciteitsindicatoren in 
LCA nog verbeterd kunnen worden. 



 

222 

Er wordt geconcludeerd dat ETA nuttig is om de juiste economische en milieukundige 
hotspots van technologieën in hun vroege ontwikkeling te identificeren. Vergelijkende 
beoordelingen van verschillende alternatieven van een nieuwe technologie in ontwikkeling 
zijn fundamenteel om R&D-middelen effectief in te zetten. ETA kan daarom geschikt geacht 
worden om waardevol inzicht en advies te bieden tijdens technologieontwikkeling. Het 
aanvullen van ETA met onzekerheidsanalyse kan tot betere interpretatie van de resultaten 
leiden, wat waardevolle informatie levert aan het beslisproces rondom R&D-strategieën. 

Onderzoeksvraag III: Is het, vanuit milieukundig of economisch perspectief, waardevol 
om over te stappen naar afval-naar-product technologieën, indien deze een hogere 
complexiteit hebben dan de huidige productieprocessen? 

Hoofdstuk 2 liet zien dat op afvalwater gebaseerd PHB niet competitief was vanuit een 
milieuvriendelijk oogpunt, vooral door het energetisch en koolstof intensieve DSP voor cel 
bevrijding na fermentatie. Hoofdstuk 3 onderzocht een optie die economische en 
milieuvriendelijke voordelen bood ten koste van een toename in operationele complexiteit: 
Directe conversie van PHB naar de chemische bouwstenen MC en MA, binnen in de 
bacteriële cellen. Conversie van PHB naar MC en MA is een multi-reactionair systeem wat 
tot diverse bijproducten met diverse markt waardes leidt. Het opgeschaalde ontwerp van de 
werkwijze moest na de reactie een aantal zuiveringsstappen ondergaan om producten met 
hoge puurheid te verkrijgen.  

Resultaten demonstreerden, ondanks de lagere reactie selectiviteit van de directe conversie 
van intercellulaire PHB naar MC en MA, dat deze route door economische 
en milieuvriendelijke redenen verkozen was boven extracellulaire PHB conversie, omdat 
geen intensieve DSP voor cel bevrijding nodig was. Bovendien werden de synergieën die 
behaald kunnen worden met geïntegreerde multi-product schema's gedemonstreerd door de 
op afvalwater gebaseerde PHB conversie naar MC en MA en een aantal bijproducten. 
Deze synergieën zijn behaald door het delen van verwerkingsstappen, materieel, energie en 
middelengebruik. In het meest conservatieve scenario van de prijzen werden door de 
valorisatie van de bijproducten de kosten van MC met 52% en MA met 30% verlaagd, in 
vergelijking met de kosten als geen bijproducten zouden worden verkocht. In dit scenario 
werd waterige intracellulaire PHB als startmateriaal gebruikt. Op gelijke manier verlaagde de 
ecologische voetafdruk van MC en MA op waterbasis met respectievelijk 40% en 59% in 
vergelijking met de voetafdruk als geen bijproducten zouden worden verkocht, dit als 
herwinnen van M3HB, CA en propylene bijproducten in acht wordt genomen en als massa 
toewijzing wordt toegepast. Ook hier werd waterige intracellulaire PHB als startmateriaal 
gebruikt. In dit geval loonde de toegenomen complexiteit. 

De resultaten van hoofdstuk 5 lieten zien dat het vangen en gebruiken van koolstof (CCU) uit 
complexe multi-producten en het vangen, gebruiken en opslaan van koolstof (CCUS) uit 
multi-producten kostenefficiënte opties zijn die kunnen bijdragen aan een reductie van de 
CO2 emissies in de petrochemische industrie. In vergelijking stoten 
de CCUS systemen wezenlijk lagere directe CO2 emissies uit dan de CCU systemen (-55%), 
echter vertoont CCUS geen wezenlijk lagere “cradle-to-gate” impact op de 
klimaatverandering (-8%). De emissies stroomopwaarts (in dit geval natuurlijk gas en 
chemicaliën) waren van alle zes van de in hoofdstuk 5 geëvalueerde systemen de 
belangrijkste bijdrager aan klimaatverandering. Dit geeft aan dat de vervangings-impact 
(bijv. welk fossiel gebaseerde product wordt vervangen door CO2) heel belangrijk kan zijn 
voor het beoordelen van de gebruiksopties van CO2, zelfs belangrijker dan de bijdrage van de 
werkwijze zelf. 
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Bovendien werd er geen wezenlijk verschil in prestatie gevonden tussen de parallel en de 
cascade configuraties onderzocht in hoofdstuk 5. De toegevoegde moeite die nodig is om de 
de CO2 in de cascade configuratie te her-vangen en hergebruiken was noch bestraft noch 
gecompenseerd in economische of milieuvriendelijke termen. De resultaten van hoofdstuk 5 
lieten zien dat het toenemen van operationele complexiteit niet altijd beloond wordt. 

Vanuit een methodologisch oogpunt kan het vaststellen van de kosten en de koolstof 
voetafdruk van afval-naar-product technologieën complexer zijn dan voor conventionele 
alleenstaande werkwijzen die doelen op een enkel eindproduct. In de afval-naar-
product technologieën onderzocht in deze thesis verbindt de afvalstroom twee 
verschillende industrieën; de eerste is het proces dat het afval produceert (het eerste leven) en 
de tweede is het proces in welke het afval wordt omgezet in waardevolle producten (het 
tweede leven). Hoofdstukken 4 en 6 evalueerden de prestatie van nieuwe CO2 benuttings-
technologieën. Voor het beoordelen van de milieuvriendelijkheid gebruikten hoofdstukken 4 
en 5 de systeemuitbreiding-methode, waarbij de CO2 bron (het eerste leven, bijv. een 

raffinaderij) en de werkwijze van gebruik van CO2 (het tweede leven, bijv. polyolen 

of  DME productie) binnen de systeemgrenzen worden meegenomen. In tegenstelling 
hiermee gebruikte van hoofdstuk 6 de “cut-off”-methode als basis, welke heel frequent 
gebruikt wordt in de beoordeling van nieuwe CO2 benuttings-technologieën. De “cut-off”-
methode heeft geen gegevens buiten de op CO2 gebaseerde productie werkwijze zelf nodig en 
kan makkelijker geïmplementeerd en gecommuniceerd worden dan de systeem expansie 
methode. Echter simplificeert deze methode problemen die voortkomen 
uit potentiële toedeling van emissie, in het bijzonder als de implicaties op het eerste leven 
overzien worden (bijv. waar en hoe CO2 gevangen wordt). 

Hoofdstuk 6 benadrukte dat de “cut-off”-methode toegepast op veel beoordelingen van 
nieuwe CO2 benuttings-technologieën herzien zou moeten worden. Hoofdstuk 6 illustreerde 
hoe de toepassing van verschillende toedelingswijzen in de koolstof administratie van op 
CO2 gebaseerde brandstoffen hun individuele koolstof voetafdrukken kunnen beïnvloeden. 
Omdat vanuit het oogpunt van de klimaatverandering het ultieme doel is om op 
systeemniveau de globale emissies te verminderen zullen de versimpelde beoordelingen die 
nauwe grenzen gebruiken meer naar resultaten neigen die in strijd zijn met het uiteindelijke 
doel van het ontwikkelen van nieuwe technologieën. 

De toepassing van systeemuitbreiding is minder rechtdoorzee dan het “cut-off” omdat het 
gegevens van buiten de fabrieksgrenzen en daardoor ook samenwerking tussen verschillende 
sectoren nodig heeft. Niettemin is de toename in complexiteit van de beoordeling bij het 
gebruiken van systeem expansie voordelig omdat het de volledig koolstof cyclus in acht 
neemt, met het geheel van de CO2 bron, de CO2 vang-eenheid en het CO2 benuttings-product 
binnen de systeem-grenzen. De systeem expansie methode vermijdt het afleiden van 
misleidende conclusies en laat een kritische analyse van de potentiële emissie reductie van 
CO2 benuttings-opties toe, die in de bredere context passen van 
globale klimaatveranderingsmitigatie. 

9.4. Aanbevelingen 

Op basis van de resultaten worden in deze sectie verscheidene aanbevelingen gedaan.  

• Maak gebruik van een checklist voordat u nieuwe afval-naar-
producttechnologieën selecteert voor verdere ontwikkeling: 

Uit de ex-ante beoordelingen in de verschillende hoofdstukken is gebleken dat er een aantal 
nieuwe afval-tot-producttechnologieën zijn die potentie hebben om de vraag naar fossiele 
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grondstoffen te verminderen en bij te dragen aan de beperking van de klimaatverandering 
terwijl ze tegelijkertijd economisch concurrerend kunnen zijn. Zowel ecologische als 
economische voordelen zijn echter niet inherent aan elke nieuwe van afval-tot-product 
technologie en hangen af van een aantal factoren, zoals besproken in paragraaf 9.3. Om te 
helpen bepalen welke andere afval-naar-producttechnologieën moeten worden ontwikkeld, 
moet het volgende in een zo vroeg mogelijk ontwikkelingsstadium worden beschouwd: 

− De oorsprong van de koolstofbron; of deze biogeen of fossiel is, en hoe 
modelleringskeuzes de carbon-footprint van de nieuwe technologie beïnvloeden 

− Of de nieuwe afval-naar-product technologie kan worden geïntegreerd met de 
bestaande processen die het afval genereren; en wat voor soort synergieën bereikt 
kunnen worden door procesintegratie 

− De hoeveelheid koolstof in de afvalstroom die kan worden gebruikt bij de 
synthese van producten en de tijdsduur dat de gebruikte koolstof in deze 
producten wordt bewaard. Er moet dus worden gestreefd naar de ontwikkeling 
van nieuwe, op afval gebaseerde producten, waarbij grote hoeveelheden koolstof 
voor ten minste tientallen jaren wordt opgeslagen 

− Potentiële beperkingen in de supply-chain en schaalmismatchkwesties tussen 
verschillende sectoren, zoals bijvoorbeeld: mismatch tussen de hoeveelheid CO2 
die vrijkomt in de rookgassen van een raffinaderij en de hoeveelheid CO2 die kan 
worden gebruikt in de synthese van polyolen (hoofdstuk 4 en 5); en beperkingen 
in de toevoer van grote hoeveelheden waterstof afkomstig van elektrolyse die 
nodig is als grondstof voor grootschalige CO2-gebaseerde methanolsynthese 
(hoofdstuk 6) 

• Gebruik de systeemuitbreidings-aanpak: 

De definitie van de systeem-grenzen bij de beoordeling van nieuwe afval-tot-product 
technologieën is niet eenduidig. Het gebruik van beperkte/nauwkeurige fabrieksgrenzen en 
het alleen evalueren van het afvalconversieproces is de meest directe benadering. Resultaten 
van carbon-footprint kunnen echter zeer gevoelig zijn voor de verdeling van koolstof-impact 
tussen de afvalbron en het afval gerelateerde product (hoofdstuk 6). Het maken van onjuiste 
methodologische keuzes kan leiden tot misleidende conclusies. Wanneer een 
systeemuitbreiding-methode wordt geïmplementeerd, wordt de volledige koolstofcyclus 
meegenomen in de beoordeling. Dit maakt een consistente vergelijking van nieuwe afval-
product technologieën met hun conventionele tegenhangers mogelijk, en kwantificeert hun 
feitelijke ecologische en economische voordelen of nadelen. De systeemuitbreiding-aanpak 
moet dus worden toegepast in alle nieuwe afval-naar-product technologie voorstellen. 

• Definieer de functionele eenheid op basis van de uiteindelijke producttoepassing: 

In hoofdstuk 2 werd de vergelijking tussen afvalwater afkomstig PHB en petrochemische 
polymeren uitgevoerd op basis van kg. Omdat PHB een hoge dichtheid heeft, zou een hogere  
hoeveelheid PHB nodig zijn in een echte toepassing in vergelijking tot petrochemische 
polymeren. Voor de vergelijking in hoofdstuk 6 werd gekozen voor de energie-inhoud van 
elke onderzochte transportbrandstof als functionele eenheid, d.w.z. 1 GJ geproduceerde 
brandstof die afgeleverd wordt bij de fabriekspoort. De efficiëntie van de motor bepaalt 
echter de werkelijke beschikbare energie voor transport. Deze keuzes voor de functionele 
eenheden in de hoofdstukken 2 en 6 werden geschikt bevonden om inzicht te krijgen in de 
relatieve prestaties van de verschillende technologische alternatieven in hun vroege 
ontwikkelingsstadia. Toekomstig onderzoek zouden kunnen overwegen om een volledige 
vergelijking te maken op basis van functie-eenheden en niet alleen op basis van kg of GJ. 
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• Breidt de milieubeoordeling uit door extra impactcategorieën mee te nemen: 

Vanwege het verkennende karakter van het onderzoek in dit proefschrift, waren de 
milieueffectbeoordelingen vooral gericht op het schatten van de klimaatimpact en NREU. 
Deze aanpak is geschikt om inzicht te krijgen in de voor- en nadelen van complexe 
configuraties en om verschillende technologische opties met een laag ontwikkelingsniveau te 
vergelijken. De veelbelovende kansen die worden gevonden voor enkele nieuwe afval-tot-
product technologieën in termen van klimaatimpact en NREU impliceren niet dat afval-tot-
product technologieën een positieve prestatie zullen leveren op alle andere milieukenmerken. 
Naarmate een technologische optie verder wordt ontwikkeld, zou ETA meer uitgebreide 
milieueffectcategorieën kunnen omvatten, zoals bijvoorbeeld gedaan in de hoofdstukken 4 en 
7. Hiermee kunnen mogelijke nadelen worden geïdentificeerd die eerder erkende voordelen 
(negatief) zouden kunnen compenseren. 

• Integreer toxiciteitsaspecten in een vroeg stadium van technologieontwikkeling: 

Het mee wegen van de toxiciteitseffecten in een vroeg stadium is belangrijk om te zorgen 
voor "Veilig en duurzaam door ontwerp". Dit betekent dat gevaarlijke stoffen idealiter 
volledig uit het milieu worden geëlimineerd, waardoor de noodzaak van uitfasering wordt 
voorkomen. Zodra een technologie op commerciële schaal is geïmplementeerd, is er 
beperkte flexibiliteit om wijzigingen aan te brengen en daarom zijn 
risicobeheersingsstrategieën minder effectief dan preventieve maatregelen. Momenteel 
bestaat er geen officieel verband tussen de grote hoeveelheid gegevens die wordt gebruikt 
voor stofregistraties binnen Europa (via de registratie, evaluatie, autorisatie en restrictie van 
chemische stoffen, REACH-regelgeving) en de gegevens die worden gebruikt in modellen 
voor de evaluatie van toxiciteit (bijv. USEtox, 2017). De karakteriseringsfactoren die 
worden gebruikt in de modellen voor toxiciteitseffectbeoordeling zouden daarom kunnen 
worden verbeterd wanneer de grote hoeveelheid REACH-gegevens wordt gebruikt (RIVM, 
2017). 

• Neem sociale aspecten mee in de ex-ante technologiebeoordelingen: 

Zoals beschreven in de inleiding (hoofdstuk 1), was de ETA in dit proefschrift beperkt tot het 
beoordelen van de milieu- en economische prestaties van nieuwe afval-tot-
producttechnologieën. Dit zijn echter slechts twee van de drie hoofddimensies van duurzame 
ontwikkeling (economie, milieu). De derde hoofddimensie van duurzaamheid (de 
maatschappij) viel buiten de reikwijdte van dit onderzoek. Als gevolg zijn er geen analyses 
van de sociale aspecten met betrekking tot de introductie van nieuwe afval-tot-product 
technologieën uitgevoerd. Om succesvol te worden, moeten nieuwe afval-tot-product 
technologieën ook worden geaccepteerd door de maatschappij. ETA zou ook sociale aspecten 
kunnen evalueren, wat leidt tot een grondigere duurzaamheidsbeoordeling. 

• Pas iteratie en herontwikkeling toe tijdens technologieontwikkeling: 

De meeste casussen bestudeerd in dit proefschrift evalueerden nieuwe technologieën bij één 
specifieke TRL en op basis van opgeschaalde procesontwerpen. ETA is een iteratief proces; 
daardoor kunnen de uitkomsten van een beoordeling op een specifieke TRL worden gebruikt 
voor herontwerp of als input voor beoordeling bij de volgende TRL. 

• Voortzetten van de ontwikkeling van methodologie voor beoordeling van lage-
TRL-technologie: 

Nieuw onderzoek moet zich richten op het ontwikkelen van methoden voor het beoordelen 
van technologieën met lage TRLs (1-4). De R&D fase bepaald de mate van complexiteit waar 



 

226 

een methode aan kan voldoen. Dit heeft te maken met de beschikbare informatie en de 
beschikbare ruimte om het design aan te passen. Deze beschikbare ruimte en informatie 
verschilt per R&D fase (fig. 1.3 hoofdstuk 1). Grondige analyses bij een TRL<4 is zijn 
practisch vanwege een gebrek aan geschikte data en omdat de nieuwe technologie nog zal 
veranderen tijdens de doorontwikkeling en het opschalen. Methoden in deze fases moeten 
zich richten op het selecteren van de meest veelbelovende concepten, ideeen en synthese 
routes voor verdere ontwikkeling. Daarom wordt aanbevolen in deze fases simpele 
kwalitatieve scores te gebruiken in combinatie met recente generieke achtergrond data die 
beschikbaar is voor een snelle beoordeling.  

• Stimuleer transparante samenwerking tussen de academische wereld en het 
berijfsleven, voornamelijk als het gaat om het uitwisselen van data:  

Een belangrijk gebrek bij de ontwikkeling van sommige case studies bleek het ontbreken van 
data. Samenwerking tussen de universiteit en partners bij het bedrijfsleven resulteerde in het 
gebruik van informatie van de pilot fase (Hoofdstuk 2) tot aan de commerciële fase 
(Hoofstuk 4). De laatste diende ook als basis voor een retrospectieve analyse waarmee de 
voorspellende waarde van een ex-ante LCA kon worden bepaald (Hoofdstuk 7). Met 
beschikbare data kon tevens de onzekerheid in een ETA worden gereduceerd. De ervaring die 
is opgedaan in de projecten beschreven in dit proefschrift dragen bij aan draagvlak voor 
nieuwe samenwerkingen tussen academici en bedrijfsleven in de toekomst. Samen mogelijke 
nieuwe ‘van afval naar producten alternatieven’ verkennen.   

• Bevorder samenwerking tussen verschillende bedrijfstakken en beleidsmakers: 

Voor de industrie is het zoeken naar een optimale investering een grote uitdaging vanwege de 
onzekerheid over financiële kosten, milieu effecten en nieuwe technologieën. Zij 
implementeren dit doorgaans door te zoeken naar de meest kosteneffectieve oplossing die 
voldoet aan alle milieuregelgeving. Industriële partners kunnen daarom twijfelen of het wel 
verstandig is bestaande processen aan te passen en informatie uit te wisselen tussen sectoren. 
Beleidsmakers moeten daarom de meest veelbelovende opties identificeren en de 
samenwerking tussen sectoren faciliteren, zowel in de R&D fase van technologieën als 
bestaande commerciële technologieën. 

• Verbeter gezamenlijke acties tussen academici, bedrijfsleven en de publieke 
sector: 

Op basis van de aanbevelingen in dit proefschrift zouden academici het voortouw moeten 
nemen bij het ontwikkelen en fijn slijpen van een methode die kan worden toegepast in alle 
TRLs. Hierbij moeten ze gebruik maken van de informatie en kennis van zaken van de 
stakeholders uit het bedrijfsleven. De rol van de overheid is het promoten van deze methode, 
zodat het breed zal worden geaccepteerd en toegepast. Er kunnen workshops worden 
georganiseerd om de methode uit te leggen aan potentiele gebruikers (b.v. technologie 
ontwikkelaars). Ook moet de kennis die in de verschillende projecten en case studies wordt 
opgedaan actief worden gedeeld met de maatschappij. Succesvolle projecten dienen als 
leidraad en lessen die geleerd zijn van onsuccesvolle projecten zijn waardevol om nieuwe 
mislukkingen te voorkomen in de toekomst. 

9.5. Tot slot 

Dit proefschrift behandeld de milieuwinst van nieuwe technologieën die traditionele fossiele 
bronnen vervangen door afvalstromen als bronmateriaal. Het doel van dit proefschrift was om 
met behulp van ex-ante technologie beoordeling meer te begrijpen van producten die 
gebaseerd zijn op afvalstromen. Het werk resulteerde in nieuw inzicht in eventuele bijdrage 
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van deze producten aan minder afhankelijkheid van fossiele grondstoffen en minder uitstoot 
van broeikasgassen bij gelijkblijvende economische waarde. Ook resulteerde het werk in 
kennis over de toepasbaarheid van bestaande methoden voor het beoordelen van nieuwe 
technologieën in vroege R&D fases.  

Ondanks recente vooruitgang is er nog een lange weg te gaan voordat op afval stromen 
gebaseerde producten de brede implementatie zien die de wereld wil en nodig heeft. Het 
verbinden van individuele technologische ontwikkelingen aan een brede sociaal economische 
en milieutechnische context moet meer worden dan alleen academische exercitie. Dit 
proefschrift laat zien dat gezamenlijke inspanningen van project partners vanuit onderzoek, 
bedrijfsleven en de publieke sector nodig is om vooruitgang te boeken bij het maken van een 
de beste ‘afval tot product technologieën’ en een methode voor de beoordeling van deze 
technologieën. Implementatie van een dergelijke geavanceerde  methode levert nieuwe 
inzichten op over de potentiele waarde van het gebruik van afval als een alternatieve bron 
voor koolstof. Deze inzichten zijn nodig in besluitvorming. Gezien de urgentie van deze taak 
is het noodzakelijk dat onderzoek hiernaar verder wordt uitgebreid en dat de opbrengsten van 
dit onderzoek in de praktijk worden gebracht.    

Referenties 

DOE, 2009. U.S. Department of energy, Technology Readiness Assessment Guide, DOE G 
413.3-4, Washington, D.C., 20585 

EARTO, 2014. European Association of Research and Technology Organisations. 
Recommendations, The TRL Scale as a Research & Innovation Policy Tool 

EC, 2014. European Commission. Towards a Circular Economy: A Zero Waste Programme 
for Europe. Communication from the Commission to the European Parliament, the Council, 
the European Economic and Social Committee and the Committee of the Regions, 
COM(2014) 398 Final/2 

Ecofys, 2016. World GHG Emissions Flow Chart. Available at 
https://www.ecofys.com/files/files/world-ghg-emission-flow-chart-2012_v9-c-asn-ecofys-
2016_02.pdf 

IEA, 2017a. International Energy Agency. Key world energy statistics 2017 

IEA, 2017b. International Energy Agency. Sankey Diagram. Available at 
https://www.iea.org/Sankey/ 

ISO, 2006a. ISO 14040:2006, Environmental management. Life cycle assessment. Principles 
and framework. International Standards Organization 

ISO, 2006b. ISO 14044:2006, Environmental management. Life cycle assessment. 
Requirements and guidelines. International Standards Organization 

REACH, 2006. Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH) article 57 (EC/1907/2006) 

RIVM, 2017. Risico's van Stoffen - Zeer Zorgwekkende Stoffen, 
http://www.rivm.nl/rvs/Stoffenlijsten/Zeer_Zorgwekkende_Stoffen (accessed June 2017). 
Dutch National Institute for Public Health and Environment 

USEtox 2.0, 2017. Documentation, version 1. Available at 
https://www.usetox.org/sites/default/files/assets/USEtox_Documentation.pdf 

  



 

228 

  



229 

 

10
 
 

 ACKNOWLEDGMENTS 



 

230 

  



231 

 

10. Acknowledgments 

This thesis would not have been possible without the support of quite a number of people. I 
want to take the opportunity to thank them. 

First, I would like to thank all my supervisors at Utrecht University. I have sincerely enjoyed 
working with and learning from each one of them. Their different personalities and manners 
to carry out research contributed to enrich myself as researcher. I feel fortunate to have had 
Andrea Ramírez, as principal supervisor of my research projects.  I admire her as a researcher 
but also as a person. Her enthusiasm motivated me to continue working hard. I am grateful to 
her openness for scientific and personal discussions and her talent to find the right words for 
the right moment. I am thankful to Gert Jan Kramer, who contributed significantly to my 
work in this last year. I really respect his view on the wider impact and applicability of 
research. I appreciated the fruitful discussions that we had to explore new ways of 
communicating the research results. I truly esteem the effort and commitment of Li Shen. I 
thank her support in the last steps to finalise this thesis. I acknowledge her critical eye for the 
details and her very high quality standards. I also thank John Posada, who was my daily 
supervisor in my first two years. His perseverance and technical knowledge assisted to a 
smooth beginning of this thesis, leading to two publications in a short period of time. 

I would also like to acknowledge the different people with whom I collaborated in the 
research projects that I was involved. Wouter Schakel and Mijndert van de Spek, my 
Copernicus colleagues and partners of the EDDiCCUT project. Although I joined half way of 
the project, they helped me feeling part of it from the very first day. We spent a lot of time 
together, having methodological discussions, preparing meetings for hosting the rest of the 
research partners, and travelling together to conferences. I enjoyed the sincere style they have 
to express their opinions. It was a pleasure to collaborate with them in two publications. 

I also thank to the other members of the EDDiCCUT team. I enjoyed our meetings in Utrecht 
and Norway. Anders Strømman and Bhawna Singh for dealing with the project coordination 
and communication with the project partners; Nils Eldrup for his patience to answer my 
countless number of questions. He taught me key aspects of cost engineering, which I am 
sure I will continue using all over my professional life; Ragnhild Skagestad and Hans Aksel 
Haugen from Tel-Tek; Gabriel Oreggioni, Christine Hung, Anders Arvesen and Maren 
Lundhaug from NTNU; Gassnova, the Norwegian Research Council, and the industrial 
consortium formed by Bharat Petroleum, Uniper, and Shell. 

Other people that played an important role in my research career in this last four years were 
my project partners from the Waste to Resources project: Robbert Kleerebezem, Yang Jiang, 
Jelmer Tamis and Maria Cuellar from Delft University of Technology; Jurjen Spekreisje and 
Elinor Scott and Wageningen University; Gizela Mikova from the Polymer Technology 
Group in Eindhoven. It was a great experience been able to see the application of the research 
in pilot facilities. And the team of Safe BBE, the last project I was involved. Pim Wassennar, 
Michiel Zijp and and Evelyn Heugens from RIVM; Ivana Dencic and Ana Morao from 
Corbion Purac. The versatile background of the different team members contributed to good 
lerning outcomes. 

I would also like to thank Siham and Fiona for all the help in the administrative tasks. I am 
also thankful to Aisha, for her organisational support, for all the miscelanoeous matters that I 
did not have to bother about because she took care and especially for her smile and nice talks 
whenever I met her in the corridors. I would like to extend my thanks to all the colleagues 
from the Energy & Resources group of the Copernicus Institute of Sustainable Development. 
Jonathan, my office-mate during these four years deserves a special mention. I really admire 



 

232 

his professional abilities and how he has grown to become the great researcher that he 
undoubtedly is. Parcero, somos muy parecidos el uno al otro, tanto en el modo de trabajar, 
como en nuestra visión de la vida; por eso creo que hemos congeniado tan bien. Hemos 
tenido momentos difiíciles, en los que nos hemos apoyado el uno al otro. Pero también hemos 
disfrutado de buenos momentos (y conciertos) juntos. Guardo todos ellos en un rincón 
especial de mi memoria. ¡Copernicus sin ti no hubiese sido ni por asomo lo mismo! 

Y estos últimos párrafos se me van a quedar muy cortos para agraceder el impagable apoyo 
de mi familia. Sois todos y cada uno de vosotros especiales, únicos e irremplazables. Antía, 
que rápidos se pasaron estos años en Holanda. Obviamente no quiero ni imaginar qué hubiese 
sido de mí sin tenerte aquí para proponerme millones de planes, soportarme las múltiples 
veces que lo pasé mal e incluso  contribuyendo a esta tesis con tu paciente dictado. Qué 
afortunada me siento de haber estado tan bien acompañada en toda esta andadura. Tino, 
somos demasiado iguales y aún así me sigues dando lecciones de las que aprender. Admiro tu 
dedicación, persistencia, capacidad de superación y lo dispuesto que siempre estás a 
ayudarnos a todos. Y aunque sigas preguntando a qué me dedico y nunca lo llegues a 
entender del todo, seguiré buscando analogías (sean relativas a la producción vinícola o a la 
cocción de pasta) y te lo explicaré mientras disfrutamos de una buena carrera juntos. Lupe, la 
unión de esta familia, la paciencia personificada y el desvivirse por los demás. Somos 
complicadiños (y yo casi que puedo encabezar la lista), y aún así, tú vives para nosotros. Por 
mucho que hagamos, nunca te lo podremos agradecer suficientemente. Fita, sobran las 
palabras. Físicamente es obvio que nos parecemos, pero ojalá yo de mayor llegue a ser la 
mitad de lo que tú. Artai, Laura, Tila, Jose, Pepe: no me puedo sentir más afortunada y 
orgullosa de teneros, por vuestro arropo, ayuda, enseñanzas de los verdaderos valores de la 
vida y de apreciar lo sencillo. Pepa, Alonso, Maruja, Leila, Guille, 
y ¡Lilith ! simplemente gracias por vuestras sonrisas y por estar ahí. Juanjo, Ana, qué suerte 
tengo de tener otra familia tan maravillosa. Ane, mi otra mitad. La que más me comprende, 
para lo bueno y para lo malo. Compañera de viaje y soporte incondicional. Soy la mujer más 
afortunada por haberte encontrado…casi de casualidad. A veces la vida nos sonríe. Y 
contigo, yo sonrío todos los días (aunque sea una persona sumamente seria). ¡Qué bien que 
ya puedo decir que estoy viviendo con muchisima ilusión esta nueva etapa! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



233 

 

11
 
 
CURRICULUM VITAE   



 

234 

  



235 

 

11. Curriculum Vitae 

 

Cora Fernández Dacosta was born in Vigo, Galicia 
(Spain) in 1988. She studied Chemical Engineering at 
Santiago de Compostela University with two 
specialisations, (bio-)chemical processes and process 
control. She did her Master’s thesis in the 
Environmental Tehcnology group of Delft University 
of Technology. During her Master’s thesis she studied 
the physiological parameters and oxygen influence on 
anammox bacteria in a membrane bioreactor. 

After graduation, Cora joined the Professional 
Doctorate in Engineering (PDEng), in Process and 
equipment design at Delft University of Technology.  

During the PDEng, Cora had the opportunity to work in projects for the chemical industry. 
Together with a group of five international colleagues, Cora carried out a group design 
project for BASF Process Technology (Ludwigshafen, Germany). The group design project 
consisted on an economic assessment of a hybrid membrane-gas absorption process for acid 
gas removal from natural gas. Next, Cora joined AkzoNobel (Deventer, the Netherlands) for 
one year as part of the PDEng traineeship to carry out an individual project design. In the 
individual project design Cora developed several processes and performed techno-economic 
evaluations of alternative routes for the production organic carbonates. 

In 2014, Cora started working as a junior researcher at the Copernicus Institute of Sustainable 
Development (Utrecht University, the Netherlands). As a junior researcher, Cora participated 
in three different projects, namely: From Waste to Resource; Environmental Due Diligence 
of CO2 Capture and Utilization Technologies (EDDiCCUT); Safe Bio-based economy (Safe 
BBE). Her project partners belonged to industry (Shell, Uniper, Bharat Petroleum, Corbion 
Purac), academia (Delft University of Technology, Norwegian University of Science and 
Technology-NTNU, Wageningen University), or to the public sector (Dutch National 
Institute for Public Health and the Environment-RIVM). 

In her research projects, Cora performed ex-ante technology evaluations, including process 
design, scale-up and modelling, techno-economic and environmental life cycle assessment 
(LCA). Cora investigated the feasibility of novel waste-to-product technologies, ranging from 
wastewater conversion to bioplastic and chemical building blocks, or CO2 capture and 
utilisation in the synthesis of polymers and fuels. Cora also conducted research on early-stage 
sustainability assessment methods for innovatinve bio-based chemicals.  

Currently, Cora is working as a process engineer in CLEAN SOLUTIONS (Ismaning, 
Bayern, Germany). She enjoys doing research in an industrial environment to develop new 
systems for exhaust gas abatement assuring safety, process reliability and environmentally-
sustainable manufacturing. 

 

 

 

 

 



 

236 

Publications in peer-reviewed journals  

Fernández-Dacosta, C., Stojcheva, V., Ramirez, A., 2018. Closing carbon cycles: Evaluating 
the performance of multi-product CO2 utilisation and storage configurations in a refinery. J 
CO2 Utiliz 23, 128. https://doi.org/10.1016/j.jcou.2017.11.008 

Fernández-Dacosta, C., van der Spek, M., Hung, C.R., Oregionni, G.D., Skagestad, R., 
Parihar, P., Gokak, D.T., Strømman, A.H., ARamirez, A., 2017. Prospective techno-
economic and environmental assessment of carbon capture at a refinery and CO2 utilisation in 
polyol synthesis. J CO2 Utiliz 21, 405. https://doi.org/10.1016/j.jcou.2017.08.005 

Fernández-Dacosta, C., Posada, J.A., Ramirez, A., 2016. Techno-economic and carbon 
footprint assessment of methyl crotonate and methyl acrylate production from wastewater-
based polyhydroxybutyrate (PHB). J Clean Prod 137, 942. 
http://dx.doi.org/10.1016/j.jclepro.2016.07.152 

Fernández-Dacosta, C., Posada, J.A., Kleerebezem, R., Cuellar, M.C., Ramirez, A., 2015. 
Microbial community-based polyhydroxyalkanoates (PHAs) production from wastewater: 
Techno-economic analysis and ex-ante environmental assessment. Biores Techn 185, 
368.http://dx.doi.org/10.1016/j.biortech.2015.03.025  

Schakel, W., Fernández-Dacosta, C., van der Spek, M., Ramírez, A., 2017. New indicator for 
comparing the energy performance of CO2 utilization concepts. J CO2 Utiliz 22, 278.  
http://dx.doi.org/10.1016/j.jcou.2017.10.001  


