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A B S T R A C T   

CCS is expected to play a sizeable role over the next several decades to drastically abate greenhouse gas emissions 
in the energy system by 2050. With the integrated assessment model TIAM-ECN we project how large its 
contribution could be in Europe in the power sector and industry, and analyze how this contribution may be 
affected by cost decline (driven by technological innovation) and ambitious greenhouse gas emission reduction 
targets. If Europe stays on track of achieving zero net emissions by mid-century, we find that CO2 capture ac
tivities in Europe may grow to a total amount of some 1700 MtCO2/yr in 2050. We project that by 2050 power 
plants equipped with CCS could contribute by approximately 25 % to total electricity generation, in competition 
with low-carbon alternatives such as nuclear energy and renewables like solar photovoltaic and wind power. CCS 
in association with the use of natural gas could account for about 35 % of energy use in industrial applications, 
while the use of biomass and coal combined with CCS could be employed for the production of hydrogen. We find 
that stringent climate policy measures constitute a bigger driver of broad CCS diffusion than CCS technology cost 
reductions. We project that under stringent climate policy targeting zero net emissions by 2050, a 30 % CCS 
capital cost reduction as a result of technological advancement could proffer Europe by the middle of the century 
a saving of about 17 billion US$/yr in additional energy system costs.   

1. Introduction 

One of the main reasons for the optimistic prospects for carbon di
oxide capture and storage (CCS) over the past 20 years is that it would 
allow for a more gradual phase-out of the use of fossil fuels (IPCC, 2005). 
At least during a transition phase, CCS is seen as a technology that can 
critically contribute to reaching the ambition of the Paris Agreement to 
limit the global average atmospheric temperature increase to 2 ◦C, and 
preferably 1.5 ◦C (COP-21, 2015). As opposed to low-carbon electricity 
generation technologies like solar photovoltaic and wind energy, fossil 
fuel based power plants equipped with CCS possess the advantage of 
being non-intermittent. In addition to its relevance in the power sector, 
CCS can become a key enabler for decarbonizing heat generation in 
industry (IPCC, 2005). 

The necessity to achieve net zero global greenhouse gas (GHG) 
emissions by 2050 in order to reach the targets of the Paris Agreement 
stimulates in principle the use of all low-carbon energy technologies, 
including CCS (IPCC, 2018). A large range of factors will determine 

which low-carbon energy technologies will emerge as winners to meet 
ambitious climate change control goals. While infrastructure re
quirements and public acceptance issues constitute clear challenges for 
the broad diffusion of CCS (Kraan et al., 2019), its non-intermittency and 
the fact that it allows, at least temporarily, a continued use of incumbent 
fossil fuels form an apparent benefit. This is why many publications on 
the forthcoming global energy transformation foresee an essential role 
played by CCS, at least during several decades (see, for example, IEA-
WEO, 2019; IEA-ETP, 2017). 

It is broadly recognised that a key element determining which tech
nologies become part of the solution space to address the problem of 
climate change, is their cost. CCS technology costs constitute the focus of 
this paper. Our aim is to assess the impact of cost reductions resulting from 
technological improvement and innovation for CCS on its deployment 
potential in Europe. In order to achieve this we explicitly consider CCS 
competitiveness within the whole European dynamic energy system, tak
ing into account all energy supply alternatives that are and will be avail
able to meet the diverse demand for energy services from all sectors of the 
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economy. For this purpose we employ an established Integrated Assess
ment Model (IAM), TIAM-ECN (see e.g. Keppo and van der Zwaan, 2012; 
van der Zwaan et al., 2018). IAMs have been extensively proven useful 
tools to study technology competitiveness and to quantitatively assess 
future low-carbon energy transition pathways, simultaneously accounting 
for developments in energy, the economy and the environment. Notable 
examples include numerous reports from the Intergovernmental Panel on 
Climate Change (IPCC) (see e.g. IPCC, 2014, 2018; IAMC, 2019). 
Regarding CCS technologies and their potential role in helping to achieve 
stringent climate control constraints, previous IAM studies have mostly 
focused on specific aspects – e.g. CO2 leakage from geological reservoirs 
(Gerlagh and van der Zwaan, 2012) –, or particular applications – e.g. the 
use of biomass-based electricity generation in combination with CCS to 
achieve negative emissions (Klein et al., 2014). Our present paper offers a 
novel perspective by assessing how future reductions in the costs of CCS 
processes can affect the deployment of these technologies in the various 
sectors of the economy. 

A quite extensive body of publications exist on the impact that 
innovation and cost reduction could have on a range of different energy 
technologies including CCS. Many of these studies are based on expert 
elicitation and judgement-based analysis of what specialists think could 
be the effect of enhanced R&D efforts, as well as what the uncertainties 
are that govern future technology deployment potentials, and what the 
role of public policy is herein (see e.g. Verdolini et al., 2018; Chan et al., 
2011; Nemet et al., 2015; Anadón et al., 2017). With the present paper 
we aim at providing a complementary way to analyze these research 
questions, by employing an IAM that uses a cost-minimization approach 
to assess what the impact could be on technology diffusion of 
R&D-induced cost reduction for CCS. 

In Section 2 of this article we concisely describe our methodology in 
terms of, respectively, (i) the model we use, (ii) the CCS technologies we 
simulate, and (iii) the scenarios we run. In Section 3 we summarize our 
main findings with regards to the possible evolution of CCS deployment 
in Europe until 2050, both in the power sector and industry. In Section 4 
we draw our overall conclusions and formulate several recommenda
tions, which we hope serve project developers, policy makers, and en
ergy (IAM) analysts. 

2. Methodology 

2.1. TIAM-ECN 

TIAM-ECN is a global IAM developed and maintained at TNO Energy 
Transition, based on the TIMES model generator. For a general 
description of TIMES and its global implementation – TIAM – see e.g. 
Loulou and Labriet (2008), Loulou (2008) and Syri et al. (2008). Here 
we restrict ourselves to highlighting the characteristics of this modelling 
platform that are relevant for the purpose of this paper. A bottom-up, 
technology-rich linear optimization model, TIAM-ECN identifies 
cost-minimal energy systems within a given set of constraints (for 
example, but not limited to, on maximum GHG emission levels). It en
compasses energy use in all main sectors of economic activity, namely 
electricity supply, industry, the built environment, transport and agri
culture. Its input database includes several hundred processes that 
simulate energy conversion from resource extraction to end-use. In the 
current TIAM-ECN implementation, the world is disaggregated into 36 
separate regions (see Kober et al., 2016; van der Zwaan et al., 2018)1 . 

The model’s objective function consists of the sum of total discounted 
energy system costs in all regions, over the whole modelling horizon. 
TIAM-ECN has been used to provide long-term projections up to the year 
2100 on a varied set of topics, including transport (see Rösler et al., 
2014), power generation (Kober et al., 2016), climate-change mitigation 
(Kober et al., 2014) and technology diffusion (see, for instance, van der 
Zwaan et al., 2013, 2016). 

2.2. CCS 

TIAM-ECN represents several CCS technologies across different sec
tors, notably electricity supply, industrial processes and fuel production. 
CCS processes are modelled in TIAM-ECN by taking the corresponding 
non-CCS process, adding the CAPEX for the CCS equipment, lowering 
the overall conversion efficiency by 15 % to account for the energy 
penalty, and reducing CO2 emissions by a process-specific factor. For the 
purpose of this study we have updated the simulation of CCS costs in the 
power and industrial sectors, which allows us to better project the 
prospects for CCS into the future. We have enabled TIAM-ECN to ac
count for cost reductions that fundamental research may deliver for CCS 
technology. One of the R&D efforts undertaken in order to realize cost 
reductions for CCS during the coming decade is GENESIS, the multi- 
party European project on “High performance MOF and IPOSS 
enhanced membrane systems as next generation CO2 capture technol
ogies”. The GENESIS project, undertaken between 2018 and 2022, is 
funded by the European Commission under its Horizon 2020 pro
gramme (GENESIS, 2019). 

It is the conviction of the GENESIS project that CCS applications are 
among the main options technically available to reduce CO2 emissions 
from fossil fuel based factories or plants in industry and the power 
sector. CO2 capture technologies have already been adopted for varying 
purposes in different parts of the world, but there is a long way to go to 
reach their full potential. Some of the barriers for the broad diffusion of 
CCS are their energy requirements and relatively high costs. Innovative 
materials can play a significant role in overcoming these obstacles. 
GENESIS aims at developing and upscaling several promising materials 
used for CO2 capture, and demonstrating their performance, durability, 
and reliability in industrial environments. GENESIS particularly focuses 
on IPOSS (poly-possimide hybrid organic-inorganic) and MOF (metal 
organic framework) membrane systems, since their prospects in terms of 
near-term CO2 capture performance improvements are high. GENESIS 
intends to advance these techniques by scaling them up, demonstrating 
them in 0.45 MWe (pre- and post-combustion) capture processes, and 
achieving a 90 % CO2 recovery rate at a cost lower than 15$/MWh. This 
translates into a 20–30 % reduction in investment (CAPEX) re
quirements for CCS (see Appendix). 

2.3. Scenarios 

In this article we analyze four scenarios, summarised in Table 1, 
which differ along two dimensions: CCS costs and climate policy. In 
order to serve the techno-economic research part of the GENESIS 

Table 1 
Summary of scenarios.  

Scenario CCS cost Climate policy 

REF Zero reduction in CCS 
CAPEX 

No additional climate control policy after 
2010 

CHC Zero reduction in CCS 
CAPEX 

Zero net GHG emissions in Europe by 2050, 
rest of the world on a 2 ◦C trajectory 

CMC 20 % reduction in CCS 
CAPEX by 2030 

Zero net GHG emissions in Europe by 2050, 
rest of the world on a 2 ◦C trajectory 

CLC 30 % reduction in CCS 
CAPEX by 2030 

Zero net GHG emissions in Europe by 2050, 
rest of the world on a 2 ◦C trajectory 

N.B. CHC stands for ‘Climate control, High Cost for CCS’; CMC for ‘Climate 
control, Medium Cost for CCS’; CLC for ‘Climate control, Low Cost for CCS’. 

1 In TIAM-ECN Europe is divided into two region: Western and Eastern 
Europe. The results presented in this paper focus on Western Europe, which 
consists of the following countries: Andorra; Austria; Belgium; Channel Islands; 
Denmark; Faeroe Islands; Finland; France; Germany; Gibraltar; Greece; 
Greenland; Iceland; Ireland; Isle of Man; Italy; Liechtenstein; Luxembourg; 
Malta; Monaco; Netherlands; Norway; Portugal; San Marino; Spain; Sweden; 
Switzerland; United Kingdom. 
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project, the main aim of our scenario analysis is to illustrate what the 
effect of CCS cost reductions may be on the energy mix of a region 
(Europe, in our case) in which stringent climate policy is implemented. 
The first scenario, called REF, represents a ‘baseline’ or ‘business-as- 
usual’ case, in which fossil fuels without CCS continue to fulfil a sub
stantial part of Europe’s energy requirements. Fossil fuels are only 
gradually complemented by renewables. This scenario is a simulation of 
what the European energy system may look like with insufficient climate 
change mitigation measures, hence without the introduction of far- 
reaching climate policy. In other words, it is essentially a no-climate- 
policy scenario, as only those energy and climate policies enacted 
prior to 2010 are represented, while all those proffered afterwards – 
notably in the context of the Paris Agreement – are excluded. The energy 
system, and hence fuel mix, is thus still determined endogenously 
following the customary cost optimality conditions in TIAM-ECN, but 
without explicit climate policy such as expressed in the National 
Determined Contributions (NDCs) of European countries. Even in the 
absence of explicit emissions reduction targets a significant decline of 
GHG emissions already takes place in the REF scenario – from nearly 9 
GtCO2 eq. in 2020 to just over 4 GtCO2 eq. in 2050 (see also Appendix). 
This reduction results for instance from autonomous energy efficiency 
developments and direct energy saving measures. 

The second scenario, entitled CHC, is a scenario in which Europe 
achieves zero net GHG emissions by 2050, while the rest of the world 
remains on a 2 ◦C trajectory. This scenario is modelled in TIAM-ECN by 
imposing a constraint on the maximum GHG emissions in Europe – 
declining from current levels to about 2 and 1 GtCO2 eq. in 2030 and 
2040, respectively, before reaching zero in 2050 (see also Appendix) – 
and a global constraint on radiative forcing that limits the maximum 
temperature increase to 2 ◦C. In this scenario we assume conservative 
costs for CCS like in REF, i.e. no reduction of CCS capital costs before 
2050. The third scenario, called CMC, resembles CHC in all respects, 
except for the assumption that, as a result of technological progress, 
substantial cost reductions are achieved for CCS. In this scenario we 
suppose that the capital costs of thermal and electrical plants equipped 
with CCS reduce by 20 % in 2030 (with no further cost reduction after 

2030), which corresponds to the case in which the ambitious cost goal of 
the GENESIS project is not entirely met because the resulting CO2 stream 
needs to be purified before storage. The fourth scenario, called CLC, is a 
scenario that resembles CMC in all respects, except for the assumption 
that steeper cost reductions are achieved for CCS plants. This scenario 
fully reflects the optimistic technological progress envisaged by GENE
SIS, achieving a 30 % capital cost reduction for CCS plants by 2030. 

The CAPEX ranges we adopt for CCS technologies in industry and the 
power sector in 2020 and 2030 are shown in Fig. 1 as hollow black bars 
for the REF and CHC scenarios, and as full orange bars for the CLC 
scenario. Values for the CMC scenario (not shown) would fall in between 
those for CHC and CLC. Each bar represents the CAPEX range for the 
various CCS processes included in our model, i.e. the top (respectively 
bottom) of a bar represents the CAPEX of the most expensive (respec
tively cheapest) technology modelled. The other techno-economic pa
rameters used in TIAM-ECN for CCS technologies in these sectors do not 
change across scenarios. Tables with the complete set of model param
eters for all CCS processes in industry and the power sector are included 
in the Appendix for reasons of transparency and reproducibility (see 
Table A1 and A2). In Fig. 1 we report separate CAPEX ranges for pro
cesses in industry and the power sector, and subdivide the data 
depending on the main input fuel used in the process. In the European 
power sector the use of oil today is negligible and therefore we do not 
consider it. Instead, we include the use of biomass combined with CCS 
(BECCS), which can yield net negative CO2 emissions. Costs are assumed 
to remain constant between 2030 and 2050. 

3. Results 

The outcomes of scenario runs with TIAM-ECN (as with all other 
analogous models) should be interpreted as projections of how the en
ergy system could change under the specific assumptions considered. In 
particular the reader should keep in mind that the costs of most pro
cesses in our model (especially in the power sector) are assumed to 
decline in time, as a result of technology learning (see also van der 
Zwaan and Dalla Longa, 2019). 

Fig. 1. CCS CAPEX assumptions.  
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Fig. 2. Projections for electricity supply in Europe.  

Fig. 3. Projections for final energy use in industry in Europe.  
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Fig. 2 displays the pathways developed with TIAM-ECN for elec
tricity supply in Europe until 2050; it shows how much electricity is 
generated, and gives a breakdown of the sources this electricity is pro
duced from. Between 2020 and 2030 a decrease in total electricity 
supply can be observed. This results from the introduction of high- 
efficiency technologies in the power sector, and is more pronounced 
in the climate policy scenarios because of the effect of the GHG emission 
reduction constraints in these scenarios in combination with the still 
relatively high costs of low-carbon technologies. After 2030, the overall 
electricity supply level grows steadily in all scenarios. In scenarios CHC, 
CMC, and CLC, the increase is substantially more pronounced than in the 

REF scenario, which demonstrates that electrification is an important 
means to achieve ambitious climate change mitigation targets. Between 
2020 and 2050 one observes an electricity production increase of over 
50 % under stringent climate change control. In the REF scenario, under 
moderate but insufficient climate action, by 2050 the role for fossil fuels 
in power production has diminished substantially, especially for coal, 
CCS remains unutilized, and several renewable electricity generation 
options have significantly gained in importance. CCS deployment in the 
power sector takes off between 2020 and 2030 in the climate policy 
scenarios, with applications in coal, natural gas, and biomass based 
power plants. From 2030 onwards, coal plants complemented with CCS 

Fig. 5. Additional total annual energy system costs in Europe relative to REF (bars), and average mitigation costs (diamonds).  

Fig. 4. Sectoral breakdown of CO2 captured in Europe.  
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are gradually phased out, while natural gas and biomass based power 
plants equipped with CCS steadily increase their relative shares until 
2050. The joint contribution of these two CCS alternatives reaches 
around 25 % of total power supply by the middle of the century. The 
larger the cost reduction achieved for CCS, the larger its contribution to 
the power mix. This effect is small, however, in comparison to the 
impact induced by ambitious climate change control policy. Other op
tions to reduce CO2 emissions, in particular solar and wind energy, 
hydropower, and geothermal electricity generation, experience very 
rapid and substantial growth, particularly in the climate policy sce
narios. Within our modelling horizon, the use of nuclear power declines 
in REF, but slightly increases in the climate policy scenarios. 

In Fig. 3 we show our projections for final energy use in industry. The 
large presence of electricity in the industrial energy mix reveals that 
electrification constitutes an important way to decarbonize the indus
trial sector for climate change management purposes. Nearly 50 % of all 
final energy use in industry in 2050 derives from electricity in the three 
climate policy scenarios. CCS also plays a large role in reducing CO2 
emissions from industry: CCS applied to natural gas based processes 
accounts for about 35 % of the total sectoral mix in 2050. As can be seen 
from Fig. 3 and similar to electricity generation, coal is entirely phased 
out under stringent climate change control by 2030. Natural gas, on the 
other hand, continues to play a large role even under ambitious climate 
action, but mostly in combination with CCS. Oil and biomass provide 
fairly stable contributions to final energy use in industry throughout our 
modelling horizon, with biomass declining slightly in 2050. Fig. 3 de
picts that a reduction in the costs of CCS induces only a very small 
change in its diffusion (in association with the use of natural gas). 

Fig. 4 depicts the evolution of the total amount of CO2 captured. Also 
shown is the sectoral breakdown of CO2 capture activities. We project 
that, under stringent climate change control, the quantity of CO2 
captured increases rapidly over the next few decades and reaches a level 
of around 1700 MtCO2/yr in 2050. In the absence of ambitious climate 
action, however, no CO2 capture realization is triggered – its cost re
mains too high in comparison to other CO2 abatement options. In 2030 
about 70 % of captured CO2 derives from CCS processes in the power 
sector, while the remaining 30 % is associated with fuel production and 
other industrial processes. By the middle of the century electricity 
generation and fuel production account for roughly 40 % of captured 
CO2 each. The fast increase of CO2 captured from fuel production pro
cesses is explained by the utilization of CCS technology – applied to the 
use of biomass and coal – for the production of hydrogen as energy 
carrier in the transport sector. Fig. 4 shows that the amount of CO2 
captured, while highly dependent on the stringency of emission reduc
tion targets, is hardly affected by the CCS cost reductions envisaged in 
this study. This demonstrates that the CO2 price associated with ambi
tious climate policy is the most important driver for achieving a signif
icant deployment of CCS. 

Fig. 5 presents our findings for overall additional energy system costs 
and climate change mitigation costs in our three climate policy sce
narios. The stacked bars represent the development of additional annual 
energy system costs in Europe relative to the REF scenario required for 
meeting the zero GHG emission target for 2050, disaggregated into in
vestment costs (CAPEX), and fixed and variable operational and main
tenance costs (OPEX). As can be seen, additional energy system costs2 

grow until a level of about 700 $/yr by the middle of the century, mainly 
driven by an increase in CAPEX, reflecting the overall growth of 
installed energy production capacity in the system. The CCS cost re
ductions explored in this paper can yield an average yearly saving of 
11–17 billion dollars in additional system costs needed to change the 
European energy system into infrastructure that involves zero GHG 
emissions in 2050. The diamonds in Fig. 5 show average mitigation costs 

in our three climate control scenarios. They are obtained by dividing 
additional annual energy system costs with respect to the REF scenario 
by the total amount of avoided GHG emissions (which is equivalent to 
taking the average of the mitigation costs associated to every single 
process in the model solution). Average mitigation costs increase from 
about 30 $/tCO2eq to roughly 170 $/tCO2eq between 2030 and 2050, 
which reflects the growing cost of continuously reducing emissions in an 
expanding energy system. Average mitigation costs result from the 
combined action of CO2 capture, low-carbon technology deployment (e. 
g. of renewables and nuclear power), and adoption of energy efficiency 
improvements. The envisioned reduction in CCS capital costs by 
20–30% induces a decrease in average mitigation costs in 2050 of 2–3%. 

4. Conclusions 

With the integrated assessment model TIAM-ECN we project how 
much the use of CCS could grow in Europe until 2050, and analyze how 
its deployment could be stimulated by stringent climate policy and/or 
CCS cost reductions achieved through technological improvements, 
such as those aimed at in the EU Horizon-2020 GENESIS project. We 
complement a large number of previous studies undertaken with IAMs 
dedicated to the role that CCS could play in achieving stringent climate 
change control targets (see e.g. Gerlagh and van der Zwaan, 2012; Klein 
et al., 2014; Tavoni and van der Zwaan, 2011; van der Zwaan and 
Gerlagh, 2016), by specifically focusing – unlike these other papers 
(that, for instance, deal with CO2 leakage or the usability of biomass in 
this context) – on the extent to which the costs of CCS influence scenario 
modeling outcomes. 

In the present paper we conclude that, within the specific scenarios 
we considered, climate policy has a stronger effect than cost reductions 
on CCS deployment levels: under ambitious climate policy, i.e. zero net 
GHG emissions in Europe by 2050, CCS technology could account for 
some 25 % of electricity generation (mostly applied to biomass and 
natural gas based power plants), and about 35 % of energy use in in
dustry (applied exclusively to natural gas). We find that CCS does not 
diffuse in the absence of GHG emission mitigation efforts induced by 
stringent climate policy. If the aim of climate action by the European 
Commission is to reduce overall GHG emissions in Europe to zero in 
2050, the amount of CO2 captured may approach some 1700 MtCO2/yr 
by then. If the capital costs of CCS are reduced by around 30 % – as 
envisaged in the GENESIS project – the additional amount of CO2 
captured remains negligible in our projections until 2050. Still, a clear 
and outstanding benefit of CCS cost reductions is that they may sub
stantially lower the overall additional energy system costs required to 
meet Europe’s zero emission climate policy. We project that these sav
ings could amount to some 17 billion $/yr. Our projections indicate that 
CCS cost reductions through technological improvement may help 
reducing average mitigation costs by up to 3% around the middle of the 
century. 

The results presented in this paper should be interpreted as scenario 
projections in the context (and within the limitations) of cost- 
optimization modelling, keeping in mind that in reality things might 
develop along very different pathways. For example, while TIAM-ECN 
includes other decarbonization options than CCS for the industrial 
sector (e.g. electrification, green hydrogen and other synthetic fuels), 
novel options might emerge in the future that are not yet included in our 
model. Besides improving the representation of industry in TIAM-ECN, 
topics abound for which further research in this domain is desirable. 
In particular, in the near term we intend to inspect the impact that 
possible adverse public sentiment with regards to the deployment of CCS 
(notably regarding the storage of CO2 in deep geological formations) 
could have on the roll-out of CCS across Europe. We will attempt to 

2 When reporting costs in the text and figures, we use the symbol $ to indicate 
2010 US dollars. 
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investigate whether such effects can be incorporated in an IAM like 
TIAM-ECN and study whether their inclusion would alter the outcomes 
of scenario runs and the conclusions made on the basis of them. Such 
analysis could include a scenario in which a stringent climate policy is 
implemented but no CCS technology is available (e.g. as a result of 
limited social acceptance) as climate change mitigation option to reach 
that policy. 
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Appendix A 

GHG emissions in Europe 

Fig. A1 depicts the GHG emission reduction profiles that we adopted for Europe in our four scenarios. As can be seen, today GHG emissions in 
Europe are dominated by CO2, with relatively small roles reserved for CH4 and N2O. We assume that a significant decline of GHG emissions already 
takes place in the REF scenario, for instance as a result of autonomous energy efficiency developments and direct energy saving measures, but in the 
absence of explicit climate policy. Under the CHC, CMC and CLC scenarios we suppose that GHG emission reductions are more pronounced and that 
the net GHG emission balance becomes zero in 2050, with a small positive contribution from CH4 and N2O compensated by a negative contribution 
from CO2. 

Calculation of capital cost reduction for CCS plants 

We assume a 20–30 % reduction in the investment cost (CAPEX) of a CCS power plant as a result of technological change. This number is based on 
the cost reduction that the GENESIS project aims at achieving thanks to improved membrane-based CO2 capture technology. If we assume the 

Fig. A1. GHG emission reduction assumptions in our four scenarios for Europe.  
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Table A1 
Model input parameters for CCS technologies in the power sector.          

REF CLC   
Efficiency Capacity 

factor 
Discount 
rate 

Lifetime Fixed 
OPEX 

Variable 
OPEX 

CAPEX CAPEX 

Process Year    [y] [$/kW] [$/PJ] [$/kW] [$/kW] 
Solid biomass power plant - high cost 2020 32% 90 % 10 % 30 126.9 2.5 3877.5 3877.5  

2030 32% 90 % 10 % 30 126.9 2.5 3877.5 2714.3  
2040 32% 90 % 10 % 30 126.9 2.5 3877.5 2714.3  
2050 32% 90 % 10 % 30 126.9 2.5 3877.5 2714.3 

Solid biomass power plant - medium cost 2020 38% 90 % 10 % 30 114.5 2.5 3498.0 3498.0  
2030 38% 90 % 10 % 30 114.5 2.5 3498.0 2448.6  
2040 38% 90 % 10 % 30 114.5 2.5 3498.0 2448.6  
2050 38% 90 % 10 % 30 114.5 2.5 3498.0 2448.6 

Solid biomass power plant - low cost 2020 40 % 90 % 10 % 30 101.9 2.5 3113.0 3113.0  
2030 40 % 90 % 10 % 30 101.9 2.5 3113.0 2179.1  
2040 40 % 90 % 10 % 30 101.9 2.5 3113.0 2179.1  
2050 40 % 90 % 10 % 30 101.9 2.5 3113.0 2179.1 

Natural gas combined cycle power plant with oxy-fueling - 
high cost 

2020 54% 90 % 10 % 30 45.0 0.3 1925.0 1925.0  

2030 54 % 90 % 10 % 30 45.0 0.3 1925.0 1347.5  
2040 54 % 90 % 10 % 30 45.0 0.3 1925.0 1347.5  
2050 54 % 90 % 10 % 30 45.0 0.3 1925.0 1347.5 

Natural gas combined cycle power plant with oxy-fueling - 
medium cost 

2020 57 % 90 % 10 % 30 39.6 0.3 1760.0 1760.0  

2030 57% 90 % 10 % 30 39.6 0.3 1760.0 1232.0  
2040 57% 90 % 10 % 30 39.6 0.3 1760.0 1232.0  
2050 57% 90 % 10 % 30 39.6 0.3 1760.0 1232.0 

Natural gas combined cycle power plant with oxy-fueling - 
low cost 

2020 57% 90 % 10 % 30 34.2 0.3 1705.0 1705.0  

2030 57% 90 % 10 % 30 34.2 0.3 1705.0 1193.5  
2040 57% 90 % 10 % 30 34.2 0.3 1705.0 1193.5  
2050 57% 90 % 10 % 30 34.2 0.3 1705.0 1193.5 

Natural gas combined cycle power plant with CO2 removal 
from flue gas - high cost 

2020 53% 90 % 10 % 30 35.5 0.7 1734.6 1734.6  

2030 53% 90 % 10 % 30 35.5 0.7 1734.6 1214.2  
2040 53% 90 % 10 % 30 35.5 0.7 1734.6 1214.2  
2050 53% 90 % 10 % 30 35.5 0.7 1734.6 1214.2 

Natural gas combined cycle power plant with CO2 removal 
from flue gas - low cost 

2020 56% 90 % 10 % 30 30.7 0.7 1532.3 1532.3  

2030 56% 90 % 10 % 30 30.7 0.7 1532.3 1072.6  
2040 56% 90 % 10 % 30 30.7 0.7 1532.3 1072.6  
2050 56% 90 % 10 % 30 30.7 0.7 1532.3 1072.6 

Integrated gasification combined cycle power plant with 
CO2 removal from flue gas - high cost 

2020 38% 90 % 10 % 30 100.0 0.7 3493.4 3493.4  

2030 38% 90 % 10 % 30 100.0 0.7 3493.4 2445.4  
2040 38% 90 % 10 % 30 100.0 0.7 3493.4 2445.4  
2050 38% 90 % 10 % 30 100.0 0.7 3493.4 2445.4 

Integrated gasification combined cycle power plant with 
CO2 removal from flue gas - low cost 

2020 44% 90 % 10 % 30 84.6 0.7 2939.2 2939.2  

2030 44% 90 % 10 % 30 84.6 0.7 2939.2 2057.5  
2040 44% 90 % 10 % 30 84.6 0.7 2939.2 2057.5  
2050 44% 90 % 10 % 30 84.6 0.7 2939.2 2057.5 

Integrated gasification combined cycle power plant with 
CO2 removal from input gas 

2020 44% 90 % 10 % 30 84.6 0.7 2939.2 2939.2  

2030 44% 90 % 10 % 30 84.6 0.7 2939.2 2057.5  
2040 44% 90 % 10 % 30 84.6 0.7 2939.2 2057.5  
2050 44% 90 % 10 % 30 84.6 0.7 2939.2 2057.5 

Conventional pulverized coal power plant with oxy-fueling - 
high cost 

2020 38% 90 % 10 % 30 91.1 0.7 3710.2 3710.2  

2030 38% 90 % 10 % 30 91.1 0.7 3710.2 2597.1  
2040 38% 90 % 10 % 30 91.1 0.7 3710.2 2597.1  
2050 38% 90 % 10 % 30 91.1 0.7 3710.2 2597.1 

Conventional pulverized coal power plant with oxy-fueling - 
low cost 

2020 41% 90 % 10 % 30 76.0 0.7 3074.2 3074.2  

2030 41% 90 % 10 % 30 76.0 0.7 3074.2 2151.9  
2040 41% 90 % 10 % 30 76.0 0.7 3074.2 2151.9  
2050 41% 90 % 10 % 30 76.0 0.7 3074.2 2151.9 

Conventional pulverized coal power plant with CO2 
removal from flue gas - high cost 

2020 34% 90 % 10 % 30 85.2 0.7 3469.3 3469.3  

2030 34% 90 % 10 % 30 85.2 0.7 3469.3 2428.5  
2040 34% 90 % 10 % 30 85.2 0.7 3469.3 2428.5  
2050 34% 90 % 10 % 30 85.2 0.7 3469.3 2428.5 

Conventional pulverized coal power plant with CO2 
removal from flue gas - low cost 

2020 35 % 90 % 10 % 30 68.9 0.7 2775.4 2775.4  

2030 35 % 90 % 10 % 30 68.9 0.7 2775.4 1942.8  
2040 35 % 90 % 10 % 30 68.9 0.7 2775.4 1942.8 

(continued on next page) 
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investment cost of a generic electricity generation plant to be I0, the corresponding CAPEX for a CCS-equipped plant can be written as: 

I = I0(1 + x),

in which x is the share of investment costs needed for the CO2 capture device. We assume that, with conventional capture technology, x ≈ 100 % – an 
upper limit that takes into account not only plant-specific costs, but also those required for CO2 transport and injection infrastructure, for institutional 
matters, and for dealing with public acceptance. In line with the GENESIS target we suppose that x can be reduced to 60 % of its current value 
(GENESIS, 2019), and thus we obtain for the ratio between the CAPEX of an innovated plant and that of a conventional CCS plant: 

IGENESIS

ICONVENTIONAL
=

1 + 0.6 x
1 + x

≈ 80%.

In scenario CMC we assume that CCS plants equipped with GENESIS technology, while substantially cheaper than those based on conventional 
technology, do not yield captured CO2 that meets current EU purity standards for storage, thus requiring additional cleansing equipment in the CO2 
processing chain. In the CLC scenario we simulate the case in which extra equipment for CO2 purification is not needed – hence the additional capital 
investment is avoided – further reducing the plant CAPEX ratio to 70 %. Based on these estimates we adopt a CAPEX reduction range of 20–30 % in our 
analysis. 

Notice that a reduction of energy unit costs for CCS processes can also be achieved in practice by lowering the energy penalty while keeping the 
CAPEX constant, or by a combination of both CAPEX and energy penalty reduction (which is in our opinion the most probable outcome of radical 
technological innovations, such as those target by the GENESIS project). During the many test runs we performed in this study, we tried all of these 
options. Eventually we converged on the current setup – i.e. simulating CCS cost reduction only as a reduction in CAPEX – mainly because changing 
the CAPEX gives us full and transparent ex-ante control on the targeted change in energy unit costs. This is not the case with changing energy penalty, 
since the corresponding change in energy unit costs would depend on fuel prices, which are partially endogenized in TIAM-ECN, hence are subject to 
change in different scenarios. Yet, as explained, focusing on CAPEX reductions only can still be representative for a case in which both the capital costs 
and the energy penalty are subject to improvements, so implicitly we hereby do consider the case in which the energy penalty reduces over time as 
experience accumulates. 

Model input parameters for CCS technologies 

In Tables A1 and A2 we report our detailed techno-economic assumptions for CCS technologies in the power sector and in industry, respectively. 

Table A1 (continued )         

REF CLC   
Efficiency Capacity 

factor 
Discount 
rate 

Lifetime Fixed 
OPEX 

Variable 
OPEX 

CAPEX CAPEX  

2050 35 % 90 % 10 % 30 68.9 0.7 2775.4 1942.8 
Coal gasification solid oxyde fuel cell power plant with CO2 

removal 
2020 58% 90 % 10 % 15 79.2 0.9 2970.0 2970.0  

2030 58% 90 % 10 % 15 79.2 0.9 2970.0 2079.0  
2040 58% 90 % 10 % 15 79.2 0.9 2970.0 2079.0  
2050 58% 90 % 10 % 15 79.2 0.9 2970.0 2079.0 

Natural gas solid oxyde fuel cell power plant with CO2 
removal 

2020 58% 90 % 10 % 15 57.6 0.9 2310.0 2310.0  

2030 58% 90 % 10 % 15 57.6 0.9 2310.0 1617.0  
2040 58% 90 % 10 % 15 57.6 0.9 2310.0 1617.0  
2050 58% 90 % 10 % 15 57.6 0.9 2310.0 1617.0 

Blast furnace gas CHP plant with CCS 2020 35 % 70 % 10 % 25 80.0 0.0 1600.0 1600.0  
2030 35 % 70 % 10 % 25 80.0 0.0 1600.0 1120.0  
2040 35 % 70 % 10 % 25 80.0 0.0 1600.0 1120.0  
2050 35 % 70 % 10 % 25 80.0 0.0 1600.0 1120.0 

Coal CHP plant with CCS 2020 28% 70 % 10 % 25 128.0 0.0 2560.0 2560.0  
2030 28% 70 % 10 % 25 128.0 0.0 2560.0 1792.0  
2040 28% 70 % 10 % 25 128.0 0.0 2560.0 1792.0  
2050 28% 70 % 10 % 25 128.0 0.0 2560.0 1792.0 

Natural gas CHP plant with CCS 2020 35 % 70 % 10 % 25 80.0 0.0 1600.0 1600.0  
2030 35 % 70 % 10 % 25 80.0 0.0 1600.0 1120.0  
2040 35 % 70 % 10 % 25 80.0 0.0 1600.0 1120.0  
2050 35 % 70 % 10 % 25 80.0 0.0 1600.0 1120.0  
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Table A2 
Model input parameters for CCS technologies in industry.         

REF CLC   
Capacity factor Interest rate Lifetime Fixed OPEX Variable OPEX CAPEX CAPEX 

Process Year   [y] [$/PJ/y] [$/PJ] [$/PJ/ 
y] 

[$/PJ/ 
y] 

Process heat chemicals distillate fuel with CCS 2020 80 % 10 % 30 1.8 0.8 7.0 7.0  
2030 80 % 10 % 30 1.8 0.8 7.0 4.9  
2040 80 % 10 % 30 1.8 0.8 7.0 4.9  
2050 80 % 10 % 30 1.8 0.8 7.0 4.9 

Process heat chemicals natural gas with CCS - low cost 2020 80 % 10 % 30 0.4 0.5 1.4 1.4  
2030 80 % 10 % 30 0.4 0.5 1.4 1.0  
2040 80 % 10 % 30 0.4 0.5 1.4 1.0  
2050 80 % 10 % 30 0.4 0.5 1.4 1.0 

Process heat chemicals natural gas with CCS - medium cost 2020 80 % 10 % 30 1.3 0.7 6.4 6.4  
2030 80 % 10 % 30 1.3 0.7 6.4 4.5  
2040 80 % 10 % 30 1.3 0.7 6.4 4.5  
2050 80 % 10 % 30 1.3 0.7 6.4 4.5 

Process heat chemicals natural gas with CCS - high cost 2020 80 % 10 % 30 1.9 0.4 11.7 11.7  
2030 80 % 10 % 30 1.9 0.4 11.7 8.2  
2040 80 % 10 % 30 1.9 0.4 11.7 8.2  
2050 80 % 10 % 30 1.9 0.4 11.7 8.2 

Process heat iron and steel blast furnace gas with CCS 2020 80 % 10 % 30 3.4  27.2 27.2  
2030 80 % 10 % 30 3.4  27.2 19.1  
2040 80 % 10 % 30 3.4  27.2 19.1  
2050 80 % 10 % 30 3.4  27.2 19.1 

Process heat iron and steel coal with CCS 2020 80 % 10 % 30 5.5 0.3 14.8 14.8  
2030 80 % 10 % 30 5.5 0.3 14.8 10.4  
2040 80 % 10 % 30 5.5 0.3 14.8 10.4  
2050 80 % 10 % 30 5.5 0.3 14.8 10.4 

Process heat iron and steel natural gas with CCS 2020 80 % 10 % 30 0.5 0.4 2.6 2.6  
2030 80 % 10 % 30 0.5 0.4 2.6 1.8  
2040 80 % 10 % 30 0.5 0.4 2.6 1.8  
2050 80 % 10 % 30 0.5 0.4 2.6 1.8 

Process heat pulp and paper coal with CCS 2020 80 % 10 % 30 1.2  12.4 12.4  
2030 80 % 10 % 30 1.2  12.4 8.7  
2040 80 % 10 % 30 1.2  12.4 8.7  
2050 80 % 10 % 30 1.2  12.4 8.7 

Process heat pulp and paper natural gas with CCS 2020 80 % 10 % 30 0.4 0.2 1.9 1.9  
2030 80 % 10 % 30 0.4 0.2 1.9 1.3  
2040 80 % 10 % 30 0.4 0.2 1.9 1.3  
2050 80 % 10 % 30 0.4 0.2 1.9 1.3 

Process heat non-metals coal with CCS - low cost 2020 80 % 10 % 30 4.7  50.4 50.4  
2030 80 % 10 % 30 4.7  50.4 35.3  
2040 80 % 10 % 30 4.7  50.4 35.3  
2050 80 % 10 % 30 4.7  50.4 35.3 

Process heat non-metals coal with CCS - high cost 2020 80 % 10 % 30 5.4  59.8 59.8  
2030 80 % 10 % 30 5.4  59.8 41.8  
2040 80 % 10 % 30 5.4  59.8 41.8  
2050 80 % 10 % 30 5.4  59.8 41.8 

Process heat non-metals natural gas with CCS - low cost 2020 80 % 10 % 30 0.4 0.4 2.2 2.2  
2030 80 % 10 % 30 0.4 0.4 2.2 1.5  
2040 80 % 10 % 30 0.4 0.4 2.2 1.5  
2050 80 % 10 % 30 0.4 0.4 2.2 1.5 

Process heat non-metals natural gas with CCS - high cost 2020 80 %  30 1.3 1.3 6.4 6.4  
2030 80 % 10 % 30 1.3 1.3 6.4 4.5  
2040 80 % 10 % 30 1.3 1.3 6.4 4.5  
2050 80 % 10 % 30 1.3 1.3 6.4 4.5 

Process heat other industries natural gas with CCS - low cost 2020 80 % 10 % 30 0.4 0.4 1.7 1.7  
2030 80 % 10 % 30 0.4 0.4 1.7 1.2  
2040 80 % 10 % 30 0.4 0.4 1.7 1.2  
2050 80 % 10 % 30 0.4 0.4 1.7 1.2 

Process heat other industries natural gas with CCS - medium cost 2020 80 % 10 % 30 0.7 0.6 3.2 3.2  
2030 80 % 10 % 30 0.7 0.6 3.2 2.2  
2040 80 % 10 % 30 0.7 0.6 3.2 2.2  
2050 80 % 10 % 30 0.7 0.6 3.2 2.2 

Process heat other industries natural gas with CCS - high cost 2020 80 % 10 % 30 1.1 1.1 6.9 6.9  
2030 80 % 10 % 30 1.1 1.1 6.9 4.8  
2040 80 % 10 % 30 1.1 1.1 6.9 4.8  
2050 80 % 10 % 30 1.1 1.1 6.9 4.8 

Steam chemicals distillate oil with CCS 2020 80 % 10 % 30 0.9 0.6 3.5 3.5  
2030 80 % 10 % 30 0.9 0.6 3.5 2.5  
2040 80 % 10 % 30 0.9 0.6 3.5 2.5  
2050 80 % 10 % 30 0.9 0.6 3.5 2.5  
2020 80 % 10 % 30 0.4 0.6 1.7 1.7  
2030 80 % 10 % 30 0.4 0.6 1.7 1.2  
2040 80 % 10 % 30 0.4 0.6 1.7 1.2 

(continued on next page) 
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Table A2 (continued )        

REF CLC   
Capacity factor Interest rate Lifetime Fixed OPEX Variable OPEX CAPEX CAPEX  

2050 80 % 10 % 30 0.4 0.6 1.7 1.2 
Steam iron and steel blast furnace gas with CCS 2020 80 % 10 % 30 2.1 0.3 10.2 10.2  

2030 80 % 10 % 30 2.1 0.3 10.2 7.1  
2040 80 % 10 % 30 2.1 0.3 10.2 7.1  
2050 80 % 10 % 30 2.1 0.3 10.2 7.1 

Steam iron and steel coal with CCS 2020 80 % 10 % 30 1.9 0.8 18.6 18.6  
2030 80 % 10 % 30 1.9 0.8 18.6 13.0  
2040 80 % 10 % 30 1.9 0.8 18.6 13.0  
2050 80 % 10 % 30 1.9 0.8 18.6 13.0 

Steam iron and steel natural gas with CCS 2020 80 % 10 % 30 0.9 0.8 5.3 5.3  
2030 80 % 10 % 30 0.9 0.8 5.3 3.7  
2040 80 % 10 % 30 0.9 0.8 5.3 3.7  
2050 80 % 10 % 30 0.9 0.8 5.3 3.7  
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