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Abstract
This article discusses the market potential estimation results at different stages of second-generation oxy-fuel 
technology for carbon capture and storage, where oxygen content is increased in order to increase efficiency 
and product life cycle. The article highlights the challenges to commercializing an energy technology with long 
development lead times. Challenges related to external market environment, regulations and market price for 
carbon dioxide (CO2) also need to be resolved. The study is based on a second-generation oxy-CFB technology 
evaluation, SWOT analysis and product life-cycle estimation. The commercialization of second-generation 
oxy-fuel technology, estimated as a basis of oxy-CFB technology, is largely found to be dependent on technical, 
sociological and economical aspects related to the energy market environment. The CO2 price in European Union 
(EU) emissions trading is currently below 10 €/ton, which does not favour investment in CCS. CO2 storage also 
faces public opposition and EU directive limitations. The CO2 price needs to be in the range of 30 €/ton by 2030, 
the estimated time of commercialization. Technological development or subsidies would also be required for 
the second-generation oxy-CFB power production concept to become viable. This is one of the critical factors 
in market deployment as the price development is influenced by several external factors, including the EU’s 
environmental policy, politics and public acceptance.
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Introduction
Carbon capture and storage (CCS) technologies have been 
developed as a solution for CO2 mitigation from solid fuel 
combustion plants. CO2 capture technologies are tech-
nically available, but are costly and contribute to around 
70–80% of the total cost of a full CCS system including 
capture, transport and storage [1]. Therefore, significant 
research and development (R&D) efforts are focused on 

reducing the operating costs and energy penalty with the 
three main CO2 capture systems: post-combustion, pre-
combustion and oxy-fuel combustion [2]. Considered one 
of the leading technologies for capturing CO2 from power 
plants with CCS, oxy-fuel combustion involves the process 
of burning the fuel with a mixture of nearly pure oxygen 
and recycled flue gas instead of air [3]. However, the energy 
penalty associated mostly with additional auxiliary power 
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of the gas systems (air separation unit [ASU], carbon pro-
cessing unit [CPU]) is one of the main drawbacks inhibiting 
oxy-fuel CCS technology deployment [4]. Further develop-
ments of ASU technologies are not discussed here.

This article estimates the market potential in different 
stages of the life cycle of an oxy-fuel circulating fluidized 
bed (hereinafter oxy-CFB) power plant, focusing mainly on 
oxy-CFB second-generation (2G) technology, and is based 
on research from the EU’s Seventh Framework Programme 
project: Optimisation of Oxygen-based CFBC Technology 
with CO2 Capture (O2GEN). The study presents a new tech-
nical 2G oxy-fuel boiler concept, recognizing that some 
technical risks still exist in oxy-fuel technology. The first-
generation (1G) oxy-fuel technology is technically feasible 
and ready for large-scale demonstration [5]. However, in 
Spain the outcome of the Final Investment Decision (FID) 
process carried out for 1G technology in 2013 was nega-
tive, due to factors such as its economic feasibility, over-
capacity in Spain’s electricity generation and regulatory 
issues [5]. The aim of this study is to demonstrate that, 
despite progress in technology development, the situation 
would be similar for 2G technology, primarily due to the 
lack of changes in external market conditions, the regula-
tory environment and general public acceptance. The study 
introduces 2G oxy-CFB technology, compares it to existing 
1G technology, provides an estimate of the boundaries for 
commercialization of 2G technology and how they differ 
from 1G technology and further clarifies the factors hinder-
ing commercialization of 2G oxy-fuel technology for CCS.

The large-scale application of CCS in combination with 
increased energy efficiency is recognized as a key miti-
gation option to reduce CO2 emissions in the short term 
[3]. Future power systems would also require large shares 
of low-carbon generators such as renewables and power 
plants with CCS to keep global warming below 2°C [6]. 
CCS facilities coupled with energy-efficient power plants 
would provide a climate change mitigation strategy that 
potentially permits the continued use of fossil fuels whilst 
reducing CO2 emissions. This process involves three basic 
stages: capture and compression of CO2 from power sta-
tions, transport of CO2 and storage away from the atmos-
phere for hundreds to thousands of years [7].

Retrofitting a power plant for carbon capture, how-
ever, increases the unit power cost due both to parasitic 
power losses and to as capital outlays for additional pro-
cess equipment [8]. CCS technologies may play a major 
role in reaching ambitious emissions reduction targets, 
presupposing that the remaining technical challenges 
are successfully solved and that future costs will fall 
in line with current projections of CO2 price reaching 
30  €/ton in the long run [9]. Open questions remain as 
to what extent the technology-neutral abatement poli-
cies (e.g. carbon taxes or tradable quotas) will be suffi-
cient to encourage widespread deployment of CCS. Based 
on a broad review of CCS cost projections and using the 
detailed multi-market model of the European energy 
market, a tax of 26  €/ton of CO2 would be sufficient to 

make CCS the profit-maximizing choice for all new coal 
plants, although installing CCS in existing plants would 
remain unprofitable [10]. According to recent studies, 
CCS integration in older power plants can be profitable if 
the price of allowances can reach values exceeding 50 €/
ton [11]. The expansion of renewable energy, improved 
energy productivity and combined heat and power could 
limit the demand for CCS power plants [12].

CCS is also seen as an effective way to reduce future 
emissions outside Europe, for example in China where 
the government is supporting R&D of CCS technologies. 
Promoting CCS technology adoption will still require the 
relevant departments to coordinate and strengthen eco-
nomic and policy support [13]. In the industrial sector, CCS 
is the only technology that can reduce emissions from 
steel production, gas processing, oil refining, paper and 
pulp and cement production. One major benefit of using 
CCS technology is with biomass. CCS could become ‘CO2 
negative’ and extract CO2 from the atmosphere—the only 
technology that can achieve this [14].

Potentially, oxy-fuel combustion—the fuel is burned 
with an oxidant that consists of nearly pure oxygen and 
recycled flue gas [15]—is one of the leading technologies 
for capturing CO2 at power plants with CCS. There are, 
however, several environmental policy issues to consider.

One concern is whether the large-scale use of CCS is 
consistent with the existing EU and international legal 
frameworks established to address climate change and 
environmental pollution [16]. No single international 
regulatory framework exists that would be applicable for 
CCS to serve the purpose of greenhouse gas mitigation 
[17]. It is also not fully clear whether CCS activities fall 
within or outside the scope of the defined regulatory ter-
minologies, and thus inside or outside the national and 
international regulations. This creates regulatory uncer-
tainty for entities undertaking, or wishing to consider, 
using CCS [16].

As with all CCS technologies in Europe, 2G oxy-fuel com-
bustion is directly subject to, or affected by, the European 
Commission’s Emission Trading Directive (2009/29/EC) 
and CCS Directive (2009/31/EC) on the geological storage 
of carbon dioxide. The legal situation is driven largely 
by public acceptance issues, mainly the NIMBY (‘not in 
my back yard’) syndrome defined in the Oxford English 
Dictionary as ‘‘an attitude ascribed to persons who object 
to the siting of something they regard as detrimental or 
hazardous in their own neighbourhood, while by implica-
tion raising no such objections to similar developments 
elsewhere’’ [18]. Attitudes on CCS are currently based on 
concepts and perceptions instead of actual past events, 
which makes development of CCS projects challenging 
[19]. An example of a CCS project that was abandoned due 
to public pressure is the Barendrecht onshore storage site 
project in the Netherlands. Initially delayed due to increas-
ing local opposition, it was eventually cancelled due to lack 
of communication between the project developers and 
community stakeholders [20].
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The CO2 price in EU emissions trading is as of this writ-
ing trading at 5–10 €/ton, too low to incentivize the devel-
opment of CCS. The development of CCS depends on other 
support mechanisms, such as government support. This 
may enable the power plant cost economics of CCS to con-
verge with the long-term estimates of the carbon price, 
mid case estimated to be above 30 €/ton by 2030 [21].

Several market condition factors influence the deploy-
ment of products based on 2G oxy-fuel technology, includ-
ing coal utilization, CO2 price and regulatory developments. 
Coal is abundant and its supply is secure; nevertheless, 
the future use of coal is constrained by measures to re-
duce pollution and CO2 emissions [22]. According to the 
International Energy Agency (IEA), global coal demand is 
estimated to grow by 15% by 2040 with almost two-thirds 
of the increase occurring over the next 10 years. A differ-
ent investment landscape is needed for the world to move 
on to a path to limit the climate warming to within the 
desired 2°C target and scenario projections for CO2 miti-
gation. Without CCS technologies that target is unlikely to 
be met [22].

Public acceptance of CCS technologies is important for 
their successful introduction into society [23]. Although 
many potential CO2 storage sites are available, the possi-
bility of CO2 leaking from the sites has influenced public 
opinion toward the technology. Correct geological char-
acterization and selection of storage sites mean the 
likelihood of a sudden escape of all CO2 stored in an under-
ground reservoir is minimal [24]. Techno-economic aspects 
favour CCS technology market deployment on a large 
scale for near zero CO2 power production in the medium 
term (10–20  years). However, public opposition has lim-
ited CCS market deployment and delayed construction of 
commercial size demonstration plants [25]. This delay is 
strongly linked to public acceptance and also to political 
decision-making issues.

Information has been made available and communi-
cation about CCS technologies has occurred throughout 
the history of their development, beginning in early 2000 
[26]. In recent years studies on public perceptions of CCS 
together with efforts to translate such knowledge into 
toolkits for public engagement and communication have 
been developed. However, both literature and toolkits have 
paid limited attention to the organizational dynamics and 
views of project implementers with regard to public en-
gagement [27]. Improved understanding of the global cap-
acity and applicability of CCS can potentially strengthen 
global trust, awareness and public confidence in CCS [28]. 
A  US-based study found that both CCS and biomass are 
perceived generally as beneficial for energy development 
by the news media, but they are not often mentioned in 
combination. Feldpausch-Parker et  al [29]. consider their 
combination as valuable for climate change mitigation 
and as an alternative to fossil fuels. There exist earlier 
examples of failed technology commercialization, such 
as pressurized combustion, and in consumer products 

Segway [30], which indicate that social/consumer accept-
ance is often a decisive factor for successful implementa-
tion of new technologies. The general public acceptance of 
CCS technology is essential for its early adoption [26].

The research discussed here is based on evaluation of 
both technological and commercial aspects of second-gen-
eration oxyfuel technology that was created by Sumitomo 
SHI FW and its project partners during the O2GEN project. 
The study undertook a literature review on the general 
technology features, market and legislation status. The 
oxy-CFB technology development and commercialization 
roadmaps were created based on both planned and oper-
ational smaller scale demonstration plants. To create the 
2G concept, the basic general design principles and tools 
of the energy industry were used. The general CCS tech-
nology evaluation was summarized with the aid of pro-
ject partner Endesa and is based on a questionnaire sent 
to project partners during the O2GEN project. Table 1 lists 
the parameters used for the technical evaluation based 
on a comparison of 2G oxy-fuel design details with exist-
ing boiler designs. The potential of oxy-fuel technology in 
CO2 abatement is based on power plant case studies with 
extrapolations to include biomass shares. Furnace scale-
up of the 1G and 2G technology is based on both exist-
ing and calculated furnace designs: Case 1 is based on 
the existing CIUDEN demonstration plant furnace, Case 2 
on the Compostilla Flexi-Burn® 300-MWe design (not yet 
built), Case 3 on the operating supercritical Łagisza plant, 
all of which are compared to Case 4, a conceptual 600-MWe 
2G oxy-fuel design.

The 2G oxy-fuel furnace design developed by the 
O2GEN participants assumed that the 2G oxy-CFB would 
not require any significant furnace scale-up. The presented 
commercial market deployment estimates includes life-
cycle estimates, which are directional, and are based on 
assumptions of some key events, such as the first com-
mercial-scale demo going online. No exact values were 
used as the basis of this estimate. Product life-cycle esti-
mations are drawn to illustrate potential references for the 
life cycle, and finally an estimation of the revenue stream. 
The SWOT (strengths, weaknesses, opportunities, threats) 
analysis is made by summarizing key points from tech-
nology estimations and the market environment, thus uti-
lizing both based on results from the O2GEN project and 
the literature.

1 Challenges in commercialization of 2G 
oxy-fuel technology
The focus of 2G oxy-fuel CFB technology research efforts 
in Europe has been in organizations such as VTT and 
Lappeenranta University of Technology in Finland and 
CIRCE in Spain. In 2G technology the oxygen content in 
the combustion is higher and the furnace size smaller, 
which results in potential cost savings. This section will 
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discuss the challenges in technology market deployment 
by presenting the 2G oxy-fuel CFB technology concept and 
estimating its commercialization potential by using the 
technical concept evaluation, SWOT analysis, life-cycle es-
timation and revenue analysis. All the results are based on 
the technology development work and market potential 
analysis in the O2GEN project.

The general technical concept evaluation for 1G and 2G 
oxy-fuel technology was summarized during the project 
by Endesa [4]. The main technical advantage of the tech-
nology identified is environmental sustainability. The tech-
nology also reduces CO2, as well as significantly reducing 
SOx and NOx pollutants. Other benefits include better fuel 
flexibility, avoidance of the introduction of new chemicals 
in the plant and higher efficiency compared with other 
CCS alternatives. The technology is competitive (e.g. sev-
eral companies can provide the ASU unit).

The drawbacks and limitations include the high CAPEX 
(capital expenditure) required for deployment of the tech-
nology in the current market. Other, less capital-intensive 
options can be more attractive. Investment in the infra-
structure is also lacking. With other economic issues in 
Europe, such as the weakened investment environment 
due to the general long downturn in the economy, the 
deployment of CCS is likely to be limited. Other limiting 
factors include developed countries’ renewable energy tar-
gets, lower power loads and focusing on technologies with 
more efficiency.

Most of the limitations for deployment of the tech-
nology relate to external CCS development conditions 
and economic constraints. In contrast, most of the 

tecnology’s strong features come from the technical 
advantages of using oxy-CFB compared to other low-CO2 
generation solutions.

Fig. 1 depicts the extensive development of 1G and 2G 
oxy-CFB technologies during the last seven years.

Extensive research efforts were carried out to develop 
the 1G (Flexi-Burn® CFB) oxy-CFB boiler during 2009–2013. 
In 2G development for higher oxygen conditions and opti-
mized power plant cycle, pilot tests have been conducted, 
resulting in preliminary data and process performance 
predictions for the conceptual design and development 
of a 600-MWe high-oxygen CFB. The roadmap for devel-
opment of a 2G commercial oxy-CFB power plant is pre-
sented in Fig. 2.

In the roadmap for oxy-CFB commercialization (Fig. 2), 
a crucial question is how realistic is the target of commer-
cialization by 2020. If this does not take place, technology 
development will likely gradually decrease, resulting in 
sunk costs for developers and the EU.

Oxy-fuel technology enables capturing and seques-
trating CO2 during solid fuel power generation, while pro-
viding benefits in terms of emission reductions and less 
use of chemicals in comparison with pre-combustion or 
post-combustion capture. Fig. 3 presents the potential of 
1G oxy-fuel technology in CO2 abatement. The 2G oxy-fuel 
technology is currently under development; its CO2 abate-
ment profile is similar to the 1G, with the main benefit 
being an estimated lower CAPEX.

The data are based on different power plant case stud-
ies and include the typical CO2 emissions based on fuel use 
and plant efficiency for different combustion technologies. 

Table 1 Furnace scale-up of 1G and 2G technology

Parameter Unit 1) CIUDEN
2) OXY-CFB-300  
Flexi-Burn CFB

3) Lagisza  
460 MWe, gr.

4) 600-MWe  
High-O2 CFB

Furnace dimensions
 Height m 20 37 48 52
 Width m 2,9 28 27,6 29,7
 Depth m 1,7 7 10,6 9,5
Number of separators - 1 4 8 6
Thermal powera

 Oxy mode (max.) MW 30 708 -- 1439
 Air mode MW 14,5 647 966 --
Steam parametersb

 SH steam flow t/h 47,5 845 1300 1919
 SH steam temperature °C 250c 600 560 600
 SH steam pressure bar 30 279 275 257
 RH steam flow t/h -- 745 1101 1633
 RH steam 

temperature
°C -- 601 580 607

 RH steam pressure bar -- 56,5 50,3 52
 Feedwater 

temperature
°C 170 290 290 298

Notes:
aAt CIUDEN fuel input; in others heat to steam
bSteam parameters in Lagisza at turbine inlet
cAfter spraying
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The average European plants use old pulverized coal boil-
ers with low efficiency. If an average European coal-fired 
power plant with an approximate efficiency of 30% is 
replaced with a modern supercritical CFB power plant that 
has an efficiency of 45%, using carbon-neutral fuels such 
as biomass, a 21% decrease is achieved. Furthermore, if 
20% biomass fuel is added to combustion then a 37% CO2 
decrease can be achieved. When applying CCS technology, 
a 91% decrease in CO2 emissions is achievable, resulting in 
a near carbon-neutral power plant. The most interesting 
case for legislators, however, is if 20% biomass is added as 

fuel for combustion. The plant’s carbon balance would be 
negative and the plant could be considered a carbon sink. 
However, legislation does not currently allow for this scen-
ario. The creation of a carbon sink is also a possible future 
revenue stream for 2G oxy-fuel technology. The biomass 
CO2 reduction potential is also subject to biomass avail-
ability and the global pellet market development.

Table 1 and Fig. 4 describe the furnace scale-up for 1G 
and 2G furnace designs, respectively. Note that the furnace 
size in 2G technology is not significantly scaled up from 
the Łagisza furnace.

FLEXIBURN CFB

0, 1MWt 1MWt
CIUDEN
20MW

CIUDEN
30MW

FIRST GENERATION

2008 2010 2012 2013 2014 2015

SECOND GENERATION

The Compotilla Project

Fig. 1 Oxy-CFB technology development (reprinted with permission of Sánchez-Biezma [31])
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International Combustion
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Fig. 2 Roadmap of oxy-CFB commercialization (reprinted with permission of IEAGHG [24])
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Table 1 describes the technical parameters of 1G and 2G 
technology with a comparison of the physical dimensions, 
especially furnace size scale-up. This is achieved using the 
following case study examples: 1) CIUDEN pilot plant, 2) 1G 
300-MWe Flexi-Burn® oxy-CFB and 4)  2G 600-MWe high-
oxygen CFB. They are compared to the 3) air-fired super-
critical 460-MWe Łagisza plant. The main conclusion from 
this comparison is that the dimensions of 1G technology 
do not include any scale-up compared to Łagisza, and in 
2G technology the scale-up is only minor compared to the 
dimensions in the Łagisza plant.

The O2GEN project (2012–2015) provided the platform 
for continuing the development of 2G oxy-CFB technology 
for high-oxygen conditions. To provide the necessary pro-
cess data for developing the models and design tools, tests 
were carried out on different scales, including bench, pilot 
and demonstration. The data and the models were used to 
predict the boiler performance. Simulation tools were used 
to optimize the boiler concept and integrate it with other 
systems at plant level. The viable concept of an oxy-CFB 

boiler was achieved, but to increase industry interest in 
CCS and facilitate the economic feasibility of the processes, 
the energy penalty must be reduced as much as possible. 
One way forward is a 2G oxy-fuel CFB power plant that 
aims at using a high oxygen concentration in the boiler (up 
to 40% vol.) to increase its efficiency [4]. The combination 
of both technologies, high oxygen level and CFB, increases 
the heat integration possibilities between subsystems and 
the use of new heater network design arrangements [4].

In O2GEN, significant progress was achieved in plant 
integration, the final CFB oxy-fuel power plant concept 
was modelled and the energy penalty was reduced from 
10.5 to 7.3 efficiency points. The new power plant layout 
avoids technical restrictions in the use of complex heat 
exchangers and facilitates the operational flexibility of the 
system. In addition, the new ASU configuration net power 
consumption was reduced by 23% in comparison to the 
reference configuration [4]. Table 2 summarizes the main 
optimization results for 2G oxy-fuel technology.

As a result of this development work, 2G technology has 
lower CAPEX and OPEX (operating expenditure) than 1G 
technology. In the concept, the generated heat per volume 
(kW/m3) and the adiabatic combustion temperature in-
crease, resulting in a relative decrease in furnace size 
dimensions. This would result in a slimmer furnace and 
heat recovery area design with less material and weight. 
Auxiliary power consumption is also less, backpass com-
ponents (ducts, backhouse etc.) are smaller and recycled 
gas is hotter due to less and simpler preheating of the oxi-
dant (Fig. 4). Efficiency of the concept is also higher. The 
overall exact benefit compared to 1G technology is difficult 
to estimate before the demonstration phase, but would be 
greater with an existing CO2 transport and storage infra-
structure, if this can be established for the 1G technology.

Based on the concept developed for the 2G oxy-fuel tech-
nology, the main technological risk involves the operational 
flexibility of 1G oxy-fuel combustion. The capability to pro-
duce power without CO2 capture in an economically viable 
way may be lost due to different process configurations. As 

Recirculation gas
flow

Fan auxiliary
power

consumption
[MW]

Total heat transfer
surface in hot

loop [m2]

Total heat transfer
surface in

backpass [m2]

Total heat transfer
surface [m2]

40% O2

24% O2

Fig. 4 Comparison of 1G (24% O2) and 2G (40% O2) oxy-fuel concepts.
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0

Fig. 3 Oxy-fuel technology potential in CO2 reduction
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a result, the risk in 2G technology is greater than in the 1G 
concept. This is partially compensated by higher efficiency 
and assumption of a higher CO2 price when the 2G tech-
nology is deployed. Therefore, the main commercialization 
boundaries are not purely technical, although concept de-
velopment is needed to bring down CAPEX and OPEX.

1.1 SWOT: product commercialization 
perspective

The SWOT analysis in Table  3 summarizes the factors 
related to 2G oxy-CFB technology commercialization, 
including those of the external market environment and 
technology development. External market factors are 
based on the literature and on information about poten-
tial substitute options. Note that because the most critical 
product commercialization factors are external, most of 
the factors in this SWOT apply also to 1G oxy-fuel tech-
nology, as well as other CCS technologies.

The general strength of the 2G technology involves the 
strong global coal production base [22], which in the short-
to-medium term would favour its development. The sub-
stitute development in terms of renewables is also subject 
to some uncertainties. However, successful development 
in renewable energy storage technologies could slow down 
the alternative 2G CCS technology deployment. A  key 
strength for CCS compared to renewables is its capability 
to produce power according to demand and its utilization 
of existing transmission and distribution networks. A key 
technical strength of 2G oxy-fuel technology is reduction 
of the efficiency penalty.

The weaknesses are the uncertainty in CO2 price devel-
opment [9] and the regulatory framework development. 
All CCS technologies would require new infrastructure for 
CO2 transport and storage. In addition, oxy-fuel combus-
tion’s integrated process has not yet been demonstrated at 
a commercial scale [25].

The opportunities for technology commercialization 
are related to possible slowdowns in substitute deploy-
ment, mainly renewable energy, energy storage and nu-
clear fusion power development, (renewables + storage/
nuclear fission/fusion development), accompanied by a 
high electricity consumption growth rate and increasing 
CO2 price. In the external market, these factors could result 
in accelerated demand for CCS.

The threats to technology commercialization include 
the continuation of public/legal opposition towards CO2 
end-storage, as public acceptance can influence regula-
tions. The lack of appropriate regulations favouring market 
deployment also could be an obstacle for CCS. Increasing 
the price of CO2—and better regulations—would improve 
competitiveness between different CCS technologies in 
different types of projects.

1.2 Product life-cycle estimation

Product life cycles were generated by estimating the time of 
commercialization of oxy-fuel technology using boundary 
conditions from the literature. Life cycles of both 1G and 2G 
oxy-CFB are subject to various uncertainties that relate to 
the external market conditions, namely CO2 price develop-
ment, development of substitutes (renewable + storage) and 

Table 2 Summary of changes between 1G and 2G oxy-fuel technologies

Change from 1G technology 2G technology

Efficiency penalty Reduced with plant integration by approximately 3 points.
Higher adiabatic combustion temperature Boiler furnace size decrease, less material, lower CAPEX
Loss in flexibility Loss of operational flexibility/air/oxy firing switching

Table 3 SWOT analysis, oxy-CFB for CCS

Strengths Weaknesses

• Strong global coal production base support [22]
•  Substitute development (renewables/fusion) is subject to 

uncertainties.
• Capability to produce power according to demand
• Utilization of existing transmission and distribution networks
• 2G oxy-fuel technology efficiency penalty reduction with CCS

• Uncertainties in CO2 price development [9]
•  Uncertainties in regulatory framework development
•  Requires new infrastructure for CO2 transport and 

storage
•  Oxy-fuel combustion and the integrated process 

have not been demonstrated at commercial scale 
[25]

Opportunities
•  Slowdowns in substitute deployment (renewable + transmission 

and storage/fusion development) accompanied by high electricity 
consumption growth rate and increasing CO2 price can result in 
accelerated demand for CCS

Threats
•  Public/legal opposition toward end-storage 

continues
•  Public opinion against CCS
•  Competitiveness of other CCS/CCU technologies in 

some applications
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the regulatory framework. The 1G plant concept is currently 
technically ready and waiting for a first commercial-scale 
demonstration plant to materialize; this will influence the 
further development of the 2G oxy-CFB concept (Fig. 5).

Fig. 5 depicts qualitatively the possible revenue poten-
tials of 1G and 2G oxy-fuel technologies. Due to the high level 
of uncertainty, this estimate is based on several assump-
tions in the commercialization timeline, as described in 
Fig. 5. If the 1G oxy-CFB demonstration project came online 
after 2020, together with favourable infrastructure, regula-
tory environment, market conditions and additional R&D, 
2G deployment could occur around 2030. Building on the 
efforts of 1G development, which took ~20 years, 2G devel-
opment would be faster, ~10 years, with smaller R&D costs 
and a much higher estimated cash flow—based on invest-
ments already made in CO2 transportation and storage in-
frastructure. In addition, there would be higher efficiency 
and power plant availability as a result of previous develop-
ment and testing activities. The estimated CO2 price at the 
time of commercialization would be ~30 €/ton.

Commercialization of the 2G oxy-CFB power plant at this 
stage is dependent on several external factors. However, 
it should be noted that product life-cycle estimations are 
highly uncertain, and subject to change over time.

1.3 Estimated revenue stream over life-cycle/
boundary conditions

Generally, it is difficult to estimate the revenue stream 
of commercializing technology, as commercialization is 
subject to many external factors and possible scenarios. 
These include factors such as CO2 price and legislation 
development.

Assuming CCS technology market deployment take 
place on a large scale, significant revenue potential would 
exist. However, without market deployment, the cost of 
investment in the research may be wasted. Considering 
the uncertainties, at this point it is not reasonable to 

calculate any monetary figures, as the variation of pos-
sible revenues is either negative or positive by several 
billion.

2 Conclusions
Market deployment of 2G oxy-CFB power plants appears 
to be affected mainly by external market conditions and 
the general level of public acceptance as was the first gen-
eration and other CCS technologies. Public acceptance is 
more challenging to address than are technical issues.

To promote the market deployment of 2G oxy-fuel tech-
nology, the following issues must be addressed:

• To enable 2G oxy-CFB technology to be commercially 
feasible, the CO2 price needs to rise above the level of 
30 €/ton. In Europe, this could be influenced by political 
EU decisions and by implementation of a policy modify-
ing the level of credits to be given/auctioned to EU ETS 
stakeholders.

• A robust regulatory environment for CCS should be cre-
ated to support underground storage of CO2. Currently 
a strong NIMBY syndrome exists toward CO2 under-
ground storage. This issue could be resolved through 
better engagement and consultation with public stake-
holders by political decision-makers and CCS project 
developers through better communication, information 
and education activities to better inform the public and 
environmental groups about the minimum risk around 
storing CO2.

• As to technology development, new innovations are 
needed to lower the price of oxy-fuel technology. There 
are currently practical limitations in boiler, material, 
and turbine technologies. Research and development 
is currently targeted at improvements in materials and 
turbines for commercial power plants. The R&D priority 
is not development toward a higher efficiency power 
plant solely for CCS purposes. New advanced boiler 
and turbine materials need to become commercially 
available in order to achieve steam values over 700°C 
for higher efficiency and better plant economy. These 
advancements are likely to be first implemented in 
conventional power plants, as they have wider market 
potential in the short term, and are facing the same 
challenge in their progress toward higher energy effi-
ciency. The further development of oxygen production 
technology could lower the power plant CAPEX through 
the substitution of the conventional power consuming 
cryogenic air separation systems. The development of 
gas separation technologies such as membranes also 
could provide solutions for oxygen separation.

The managerial implications of this article relate mainly to 
the R&D decision-making process. Our results indicate that 
investments in CCS technology currently are unfavourable 
due to uncertainties in both the market and regulatory con-
ditions. This study also presents some potentially beneficial 

2000 2005 2010

1G oxy-CFB product s-curve

Estimated to
commercialize after
1G deployment.
R&D effort smaller than in
1’st generation.

Estimated to
commercialize after 1st
demo plant (2020->)

Cash-flow estimate of 1G oxy-CFB product
O2GEN oxy-CFB product s-curve
O2GEN cash-flow estimate

2015 2020 2025 2030 2035 2040 2045 2050

Fig. 5 Life-cycle estimations for 1G and 2G oxy-CFB power plant.
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methods for evaluating market deployment of R&D invest-
ments. In addition, the difficulties of investing in long-term 
R&D projects that are subject to changes in market, legis-
lation, and technological development are highlighted. As 
a practical implication, this study emphasizes the need 
for more versatile methods for assessing the viability of 
long-term R&D investment, ones that would consider 
changes in the market and legislation environment.

The results of this study are in line with previous stud-
ies reported by Stanger et  al. [15] and Brouwer et  al. [6] 
and provide some insights into development of 2G oxy-
fuel technology, providing an interesting new viewpoint 
of what currently is not a commercially feasible CCS con-
cept. This study agrees with Brouwer et  al. that 2G oxy-
fuel technology would provide means for large-scale CO2 
abatement. In addition to the technologies summarized 
by Stanger et al., this study further strengthens the CCS 
technology base, and provides some discussion on how to 
lower the plant CAPEX The next stage will require a com-
mercial-scale demonstration plant to verify conceptual 
designs and details related to plant operation.

The limitations of the study include both general 
uncertainties related to product commercialization time-
line estimations, market conditions and other external 
factors that are subject to change. The methods also used 
for product life-cycle estimation are not based on calcu-
lated figures, and are only hypothetical. The engineered 2G 
oxy-fuel concept would also need to be tested with a com-
mercial-scale demonstration plant to confirm certainty on 
several factors. In addition, future research should further 
investigate the technical concept development and the 
methods used to evaluate long-term R&D investments. If 
the market deployment of oxy-fuel technology does not 
advance, it could result in abandoning the technology, and 
create sunk costs for investors and developers, thus leav-
ing no room for further study.
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