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a b s t r a c t

A set of 13 US based experts in post-combustion and oxy-fuel combustion CO2 capture systems

responded to an extensive questionnaire asking their views on the present status and future expected

performance and costs for amine-based, chilled ammonia, and oxy-combustion retrofits of coal-fired

power plants. This paper presents the experts’ responses for technology maturity, ideal plant

characteristics for early adopters, and the extent to which R&D and deployment incentives will impact

costs. It also presents the best estimates and 95% confidence limits of the energy penalties associated

with amine-based systems. The results show a general consensus that amine-based systems are closer

to commercial application, but potential for improving performance and lowering costs is limited;

chilled ammonia and oxy-combustion offer greater potential for cost reductions, but not without

greater uncertainty regarding scale and technical feasibility.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Coal is likely to remain the US electricity industry’s dominant
primary energy resource for at least two more decades unless
there are dramatic changes in the available supply of natural gas,
reductions in the cost and risk profile of nuclear plants, improve-
ments in the cost and performance of enhanced geothermal
systems, or breakthroughs in storage technologies and a large
expansion of the power transmission network that would lower
the obstacles posed by the intermittency, variability, and remote-
ness of renewable sources like wind and solar.

Carbon capture and sequestration (CCS) technologies can
significantly reduce the amount of CO2 emitted from coal-fired
power plants while enabling their operation until less carbon
intensive sources of electricity become available at large scale.
The integrated process of CCS includes the capture and compres-
sion of CO2 to high pressures, transportation to a storage site, and
injection into a suitable geologic reservoir. Each step contributes
to the uncertainty surrounding the performance and costs of
installing and operating a CCS facility at commercial scale.
Significant R&D efforts are underway worldwide to develop more
efficient, lower-cost technologies for energy conversion and CO2

capture (IPCC, 2005).
ll rights reserved.
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Most studies to date focus on costs and performance of
new CCS plants. However, new plants would only reduce CO2

emissions growth, unless they actually replace older electricity
generation units (Simbeck, 2007). Given the increasing difficulties
for siting new plants – general public and regulatory concerns on
air emissions, water availability, coal mining, coal ash disposal,
power transmission capacity, and rising and uncertain construc-
tion and operation costs, among others, have contributed to the
cancellation of 150 coal power plant projects since 2001 (Sierra
Club, 2011; NETL, 2011; PEW Center on Global Climate Change,
2009) – retrofits of existing coal-fired power plants become of
particular interest. The U.S. has over 320 GW of coal-fired elec-
tricity generation, and it is expected that only 2.3 GW will be
retired by 2030 under business as usual assumptions (EIA, 2009a).
As it is likely that at least some of this capacity can be retrofitted
at lower cost and in less time than that required for a new CCS
plant, an exploration of the prospects for costs and performance
of this abatement opportunity is of great interest.

This study aims to narrow the window of uncertainties
associated with retrofitting pulverized coal-fired power plants
by examining the expected performance and costs of three CO2

capture systems: amine-based systems, chilled ammonia process,
and oxy-fuel combustion. The objective of this paper is to identify
potential improvements in retrofit capture technologies and to
quantify expert assessments of the current status and future
expected costs and performance of CO2 capture and compression.

The paper is organized as follows: Section 2 provides a brief
summary of the current status of the technologies examined in
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this study, Section 3 follows with a description of the survey and
expert elicitation methodology, Section 4 presents a summary of
the experts’ responses, and Section 5 concludes with a discussion
of our findings.
2. Technologies studied

In this section we present a brief description of the three
retrofit capture technologies that are the focus of this study:
amine-based systems, chilled ammonia processes, and oxy-fuel
combustion.

The most mature post-combustion capture technologies to
date involve chemical absorption of CO2 from the exhaust gases.
Amines and chilled ammonia are likely to be the most cost-
effective solvents. Alternative solvents are under exploration, but
their near-term feasibility is highly uncertain, and we have
therefore chosen to leave them out of this study.

In an amine-based system, a continuous scrubbing system
with aqueous monoethanol amine (MEA) is used to separate CO2

from the flue gas stream. The system consists of two main
elements: an absorber where CO2 is removed, and a regenerator
where CO2 is released and the original solvent is recovered.
Providing energy for solvent regeneration (using heat from the
steam cycle) significantly reduces the plant’s net efficiency
(Davison, 2007), and is one of the most difficult challenges posed
by this technology. Solvent degradation is another important
concern. MEA reacts with acid gases like SO2 and NO2 to form
heat-stable salts that reduce its CO2 absorption capacity. Thus,
very low concentrations of these gases (on the order of 10 ppm)
are desirable to avoid excessive loss of solvent (Rao and Rubin,
2002), which necessitates the installation and use of an SO2

scrubber at maximum removal capacity. The high costs of MEA
systems due to high energy consumption, corrosion potential, and
solvent degradation on the one hand, coupled with its enormous
potential as a retrofit technology on the other, have motivated
research in advanced amines and amines blends (KS-1, concen-
trated piperazine, methyldiethanolamine, and ethyldiethanola-
mine (Rochelle, 2009)) that include corrosion inhibitors and have
the potential for increased absorption and reduced degradation.

In a chilled ammonia process (CAP), the flue gas is cooled and
passed through a column where an ammonium carbonate solu-
tion at chilled conditions (0–201 C) absorbs the CO2. The resulting
ammonium bicarbonate solution is then pressurized (20–40 bar)
and heated (above 100 1C) to separate the CO2. The process has
been patented by EIG Inc. (2006) and actively researched by
Alstom (2009) (Valenti et al., 2009).

Preliminary studies suggest CAP would be able to provide
significant energy savings relative to conventional MEA systems.
The most significant saving results from the reduced consumption of
low pressure steam for sorbent regeneration. This steam reduction is
due to: (1) the lower heat of the regeneration reaction; (2) the very
small amount of water vapor leaving the regenerator with the CO2

stream; and (3) the lower sensible heat loss due to the higher CO2

net loading in the solvent and resulting lower circulation rate. The
steam consumption can be further offset through the use of
low-grade reject heat from the boiler island. In addition, because
the CAP regenerates CO2 under pressure, the CO2 compressor is
smaller, resulting in an auxiliary power saving relative to a conven-
tional MEA system. This eliminates the need for the largest and least
efficient compression stage.

Another advantage of CAP is that since ammonium carbonate
is a stable reagent over a wide range of temperatures, it does not
degrade during absorption nor regeneration and does not react
with oxygen. Process by-products are limited to a liquid waste
stream that can be reutilized or cost-effectively treated for non-
hazardous disposal. In the presence of sulphur and nitrogen
oxides the resulting ammonium salts have commercial value as
fertilizers (Puxty et al., 2010).

Despite its potential advantages, the superiority of CAP relative
to amines is still unclear because of several challenges that might
result in energy penalties and increased capital costs. In order to
minimize the passing of un-reacted ammonia into the vent gas
(ammonia slip) the absorber needs to be refrigerated, which
means that without local access to cold water that can reduce
auxiliary power consumption for refrigeration, the energy penalty
advantages of CAP relative to MEA might not exist. Also, both
simulations (Kothandaraman, 2010) and pilot projects (Kozak
et al., 2009; Darde et al., 2011) indicate that even when the
absorber is kept at low temperatures (1 1C), ammonia concentra-
tions in the vent gas may be several times the acceptable
environmental standards, therefore necessitating a water wash
absorber and desorber for scrubbing ammonia. Heating the flue
gas through the stack after it has been chilled and washed implies
an additional energy requirement. Finally, at the required low
temperatures, the rate of CO2 absorption in ammonia solutions is
significantly lower than with an MEA solution and therefore a
higher gas–liquid contact area is required (Darde et al., 2011),
implying an increase in the size of the absorber and the corre-
sponding capital costs (Versteeg and Rubin, 2010).

In oxy-fuel-combustion, coal is burned in a mixture of oxygen
and re-circulated flue gas, instead of air (Buhre et al., 2005). The
result is a CO2 rich flue gas and water vapor that is then treated to
condense the water and separate the CO2 through cooling and
compression. The flue gas may be further treated to remove
pollutants before the CO2 is sent to storage. Oxy-fuel technologies
are suitable for retrofit applications because the heat transfer
characteristics of the original air-fired system can be replicated by
controlling the amount of oxygen entering the boiler (to keep
levels of about 30–35% (DOE, 2008)). Multiple oxy-combustion
facilities of various scales are under construction or operating
around the world, and several research projects that combine
modeling and lab tests are underway to better understand the
conditions of oxy-combustion and improve its efficiency (NETL,
2009). The greatest challenge of this technology is related to the
high capital costs and energy usage of the air separation unit
(ASU), which provides the oxygen required for the combustion
process. The answer may come from replacing the current
cryogenic air separation technology with a novel method such
as ceramic auto-thermal recovery (CAR) or an ion transport
membrane (ITM) (Smith and Klosek, 2001).

Although oxy-combustion is often cited in the literature as a
candidate for retrofits (EPRI, 2008), depending on site-specific
characteristics it might imply an extensive modification of the unit
raising a question on the definition of ‘‘retrofit’’. Extensive modifica-
tions of existing units such as ‘‘rebuilding’’ or ‘‘repowering’’ include
making the plant suitable for alternative fuel use (natural gas or
biomass) or for oxy-combustion and it might mean that only the
site’s ancillary equipment and infrastructure is used but not its
existing steam turbine (in the case of IGCC repowering). For the
purpose of this study we have decided to stick to a definition of
retrofit that excludes unit rebuilds and/or repowering.
3. Methods

Expert elicitation is the only remaining option when limits in
data or understanding preclude the use of statistical analysis
(Morgan and Henrion, 1990). The technique has been extensively
used to produce estimates required for decision and policy
analysis (Morgan et al., 2006). Recently it has been used to obtain



Table 1
Experts’ level of familiarity with technologies. Scale ranges from 1 to 8.

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Expert 10 Expert 11 Expert 12 Expert 13

Amines 4 6 3 7 5 4 2.5 4.5 2 4.5 4.5 7 3

Chilled ammonia 6 6 3 7 6 3 2.5 4.5 2 3.5 3.5 6.5 3

Oxy-fuel 5 4 5 6 5 3 2.5 3.5 3 6.5 3.5 5.5 4

1¼ ‘‘only general knowledge of this technology’’.

8¼ ‘‘among the few top experts in this technology’’.

Fig. 1. Expert judgments about the level of maturity of CO2 capture systems with

respect to coal-fired power plant application. Scale ranges from 1 to 8: 1¼ ‘‘not

mature: significant room for improvement’’, 8¼ ‘‘very mature: very little room for

improvement’’.
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estimates of cost and performance of new technologies under
different policy scenarios (Rao et al., 2006; Curtright et al., 2008).

Expert elicitation methods have already been used to bound the
uncertainties surrounding CO2 capture systems. Rao et al. inter-
viewed twelve experts to estimate the potential for improvement in
four performance parameters of amine-based systems related to the
use of sorbent and heat for sorbent regeneration, assuming R&D
support continues to steadily grow at a modest rate through 2015.
Using the experts’ estimates, the paper predicts expected reductions
in capital costs, costs of electricity, and cost of CO2 avoidance for
amine-based systems in new plants by 2015.

This study seeks to collect expert views on the present status
and future potential of CCS retrofit costs and performance for
amine-based systems, chilled ammonia processes, and oxy-fuel
combustion. We targeted engineers with applied technical experi-
ence working with CO2 capture technologies. Thirteen experts
(seven from industry and six from research institutions) with
various areas of expertise with respect to post-combustion and
oxy-combustion retrofit technologies received a set of survey
questions and then participated in either a telephone or face-to-
face interview (see electronic Appendix 1). The survey questions
addressed the following issues: (1) the present status and
maturity of the CO2 capture systems with respect to application
on coal-fired power plants; (2) the plant specifications necessary
for an ideal early adopter retrofit; (3) the future expected cost
trends for capital and O&M components in 2030 under four RD&D
scenarios; and (4) the future expected energy penalty incurred by
a retrofitted plant in 2030.

For parts (2) and (3) our intention was to draw from a previously
developed expert elicitation protocol designed to assess photovol-
taic technology development under different R&D and deployment
(RD&D) scenarios (Curtright et al., 2008). The pilot and initial formal
interviews, however, revealed that not all experts were familiar with
the cost parameters. We therefore limited the elicitation of sub-
jective probabilistic judgments (5% and 95% percentiles only) to the
energy penalty of MEA systems and collected qualitative responses
on the remaining survey areas.

The survey (see Supporting information, Section 1) was mailed
electronically prior to the interviews, and the responses were
documented during the interview. We pilot tested the survey in
November 2008 and conducted the interviews during the months
of December 2008 through February 2009. Table 1 presents the
participants’ self-reported level of expertise in post-combustion
and oxy-combustion technologies. We find no significant correla-
tion between this self-ranked expertise and the answers the
experts provided for the three technologies. Note that all
responses are reported anonymously in this analysis.
4. Results

4.1. Maturity of CO2 capture systems

The first set of questions concerns the technology maturity of
the three retrofit options. The concept of technology maturity has
been defined in the contexts of private and institutional acquisi-
tion decisions (Nolte, 2008) and measured with a scale of
Technology Readiness Level. Although there is no formal defini-
tion for technology maturity of CO2 capture systems, in this
context it refers to its commercial readiness, which is a function
of the level of understanding of the process, the level of certainty
about its costs and performance, and the chances that what is
known today will change with more research and demonstration
at small scale. Using a scale of 1 to 8 (1¼ ‘‘not mature: significant
room for improvement,’’ and 8¼ ‘‘very mature: very little room
for improvement’’), the experts were asked to provide their
opinions of the maturity of each technology with respect to
capturing CO2 from coal-fired commercial-scale power plants.

Fig. 1 depicts the range of expert opinions on the maturity
level of each capture system. With a median level of 6 established
for amines, compared to a median of 3 for both chilled ammonia
and oxy-combustion, the responses show a strong consensus that
amine systems are currently closer to commercial application
than chilled ammonia or oxy-fuel. However, experts 4 and 13
preferred to bifurcate amines into two groups (MEA and advanced
amines) to express their opinions of the relative immaturity of
advanced amines; their responses for advanced amines were
2.5 and 3 points lower than MEA on the scale of 1–8, respectively.
4.1.1. Maturity: amine-based systems

Nine of the thirteen experts considered amine-based capture
systems the most mature technology relative to chilled ammonia
and oxy-fuel combustion. Two experts, for separate reasons,
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believed that amines and chilled ammonia are equal in maturity
level: expert 4 is the exception in his perception that chilled
ammonia is well understood and has little room for improvement,
while expert 7 noted that amine sorbents still need significant
improvement to lower regeneration requirements. Experts 8 and
11 considered oxy-fuel at or above the level of maturity of
amines, stating that oxy-fuel is a well known process that only
needs improvements in boiler modification and design.

In general, the experts attribute the advanced maturity level of
amines to the industry’s long familiarity with applying amines to
a variety of commercial applications, including urea production
and food processing (Anderson and Newell, 2004). The over-
arching concern with amine-based systems is scale. Even the
responses at the lower end of the range are not attributable to
potential learning or experience with the chemical processes of
capturing CO2, but the scale at which it needs to be operated for
coal-fired power plants. Though relatively large slipstream
demonstrations are already in operation, there is considerable
concern that amine-based capture systems are still several
hurdles away from commercial scale operation. In the words of
one expert, ‘‘You can buy it and force it to work, but it still doesn’t
have a track record of success. It still needs demonstration.’’
Studies agree that considerable scale-up is necessary before any
post-combustion technology can be implemented on PC units
cost-effectively (National Coal Council, 2007). Noted issues with
scaling up amine systems include integrating extremely large
modules and achieving better steam integration. Two experts
disagreed with the concern of scale, noting that the industry
already operates large modules for amine systems and that
efficient steam use and improved corrosion inhibitors present
greater challenges.
4.1.2. Maturity: chilled ammonia process

The CAP has only recently emerged from laboratory testing
and its relative immaturity compared to amines is indicated by
the experts’ responses, which are almost unanimously clustered
at the lower end of the scale (median value of 3). The common
concerns with chilled ammonia are the lack of experience with
the process and the limited scale at which it has been operated. At
the time this paper was written, a 1.2-MW pilot test at Pleasant
Prairie Power Plant in Wisconsin, launched in mid-2008,
constituted the extent of industry experience capturing CO2 with
chilled ammonia (EPRI, 2008). In contrast, four coal-fired plants
with power outputs of 6–30 MW separate CO2 from flue gas using
20% monoethanol amine MEA (Rochelle, 2009). To provide
perspective, one expert candidly stated: ‘‘chilled ammonia has
less than 1 year of operating experience on a coal-fired plant for a
grand total of 8000 h of operating experience. Amines have
8000 h of operating experience multiplied by 30–40 years. From
that point of view, the level of experience on the chilled ammonia
process is in its infancy.’’ Other concerns surrounding chilled
ammonia include ammonia slip and leakage risks, which could
pose considerable health risks to populations within close proxi-
mity of the facility. One expert warned that power plant owners
may be apprehensive about handling and storing a large amount
of ammonia, noting that much more ammonia will be required for
CO2 capture than is currently used in Selective Catalytic Reduc-
tion for NOx control (for an overview of controlling ammonia in
SCR operations, see Krocher and Elsener, 2007). The experts
generally share optimism about chilled ammonia’s potential to
significantly reduce the energy penalty compared to amines, but
concerns still arise with respect to the chemical process, system
integration, and the current scarcity of performance data. One
expert, suspicious of chilled ammonia’s potential, complained
that heating requirements for processes unique to chilled
ammonia remain uncertain (the example provided was the
energy needed to heat the flue gas stream through the stack after
it is chilled and washed).

Judging from Fig. 1, no consensus is observable when compar-
ing the maturity level of chilled ammonia to oxy-fuel. Six
respondents rate them with equal maturity, 4 experts consider
oxy-fuel more advanced, and 3 experts consider chilled ammonia
more advanced. According to one expert, research and deploy-
ment of chilled ammonia systems will likely advance more
rapidly because it can be conducted using a slipstream, whereas
oxy-fuel combustion requires testing on the entire boiler.
4.1.3. Maturity: oxy-fuel combustion

While the issues related to amines and chilled ammonia apply
to the back-end of the combustion process, oxy-fuel combustion
for retrofits presents a different set of issues due to the need to
modify the combustion process itself. Contrary to optimistic
views of experts 8 and 11, most studies categorize oxy-fuel as
an emerging technology that requires significantly more research
and development to become established (NCC, 2007). The pre-
dominant concerns with oxy-combustion include the need for
boiler redesign, the capital cost and energy intensiveness of the
air separation unit (ASU) and the gas processing unit, the ability
to maintain a steady boiler temperature profile to prevent out-of-
design conditions, the need for flue gas recirculation and further
clean-up, the risk of air-in leakage, and the ability to scale up from
pilot studies. While expert 11 believes the ASU is a reliable, well
known technology that is not exceedingly expensive relative to
what is required for an amine system, most of the experts agree
that conventional means of oxygen separation are too expensive,
suggesting a breakthrough in ASU technology (namely, ion trans-
port and oxygen transport membranes) is necessary to render
oxy-combustion competitive for CO2 capture on pulverized coal
power plants. Four of the respondents specifically stated that
oxy-combustion for CO2 capture will not move forward without
improvements in the ASU. As one expert stated: ‘‘with no break-
through there, it may never be economical to build oxy-fuel
plants.’’

Such a breakthrough is possible in theory. Some studies assert
alternative systems such as ceramic auto-thermal recovery (CAR)
have the potential to reduce power consumed in air separation by
30–75% (Bredesen et al., 2004; Van Hassel, 2008), but as noted by
Rezvani et al. (2007) these estimates are based on laboratory scale
developments, and much development work is required to reach
implementation at large scale. However, experts 8 and 11
asserted that oxy-fuel is competitive even without improvements
in air separation technology. In their opinion, the capital and O&M
costs associated with the ASU are significant but not a dominant
fraction of the costs associated with combustion redesign. Expert
8 argued that potential capital and O&M cost reductions on the
ASU are at most 10% each, even assuming integration with
membrane technologies.

Modifying an existing boiler for oxy-combustion could also
pose significant challenges. The current fleet of pulverized coal
plants is designed for conventional combustion processes with air
and coal, and some experts see problems concerning heat transfer
and reconfiguring the boiler to handle the higher temperature
profile and different mass flow characteristics related to oxygen
and re-circulated CO2. One expert contends that these are minor
modifications compared to installing a flue gas recirculation
system, which may require replacing air ducts and fans (IEA,
2007). Another expert agreed, noting that the piping involved
with recycling flue gas to the front end of the combustor would be
a ‘‘nightmare’’ for existing units. This expert also raised concern
about optimizing downstream gas clean-up under conditions of



Table 2
Expert responses for site-specific parameters necessary for retrofit.

Land/space availability Location State of art control

tech (FGD, SCR, PM)

Age Size Steam availability Water Public utilities

Expert 1 x x x

Expert 2 x x x

Expert 3 x x x

Expert 4 x x x x

Expert 5 x x x x

Expert 6 x x x

Expert 7 x x x x

Expert 8 x x x x

Expert 9 x x x x x x

Expert 10 x x x

Expert 11 x x x

Expert 12 x x x x

Expert 13 x x x x

Frequency 12 11 8 8 4 3 1 1
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higher effluent concentrations. Though higher concentrations
ease the process of gas clean-up in terms of percentage removal,
complications may arise with the amount of impurities entering
the CO2 capture system. Achieving the acceptable volume of
effluent may become increasingly difficult with higher effluent
concentrations. Cost savings from reduced equipment size may
negate this challenge, but the expert quickly pointed out that ‘‘we
have to practice and see how it works out. We haven’t operated a
plant that way so we don’t really know yet.’’

The magnitude of the issues facing oxy-combustion may
depend on site-specific parameters like boiler age and efficiency.
For example, some experts mentioned issues regarding air-in
leakage for older vintage boilers, which would increase costs for
a system designed for oxygen-combustion. Due to the lack of
standardization in boiler designs in the United States, there may
not be a standard retrofit design for oxy-combustion capture
systems. One expert identified the type of redesign different
combustors will need as the greatest uncertainty surrounding
oxy-combustion. Several experts agreed that oxy-combustion is
more suitable for new units or for total rebuilds.

4.2. Ideal plant characteristics

The second set of interview questions seeks to indentify
site-specific characteristics that make coal-fired power plants
suitable for retrofitting with CCS technologies and compare the
experts’ views to previous studies. The International Panel on
Climate Change, for instance, lists several such attributes, includ-
ing (IPCC, 2005):
–
 Space availability for capture equipment.

–
 A remaining plant life sufficient to justify CCS investment.

–
 Relatively high energy efficiencies.

Additionally, the Electric Power Research Institute extended
this list to include issues related to (EPRI, 2008):
–
 Heat availability for process integration.

–
 Characteristics of existing steam turbine.

–
 Cooling water availability.

–
 Replacement power considerations.

–
 Shape of pipe routings.
Assuming a 90% CO2 removal rate, we asked the experts to
provide their opinions on the most important characteristics the
first 10 retrofitted pulverized coal-fired power plants will likely
share in common. We did not provide a list of items but rather
asked each expert to generate their own list containing at least
three responses. Table 2 represents the spectrum of responses.
Space availability and location appear most frequently, with
highly efficient air emissions control technologies, unit age, and
size also receiving considerable attention.

Some experts expanded on the space availability issue with
statements concerning the particular location of unoccupied
space. Plants with space in close proximity to the Flue Gas
Desulphurization (FGD) unit and the stack will have the advan-
tage of minimizing gas duct runs. Finding the convenient space
may be extremely difficult, however, since the necessary control
technologies for effluents like SO2, NOx, and particulate matter
already occupy significant areas. One expert notes that the
footprint of a CO2 capture plant could be up to 50% of the area
of the original power plant. Another expert warns of the severity
of this issue: ‘‘This is a larger retrofit process than anything we’ve
ever seen before.’’

The uncertainty about the feasibility and costs of retrofits due
to space constraints is widely recognized. In fact, an ongoing EPRI
project is studying five existing coal-fired plants in the US and
Canada to determine the space requirement of the CO2 capture
system and its interface with existent emissions controls (Specker
et al., 2009).

The geographic location of the power plants will also deter-
mine their retrofit suitability. All eleven experts who mentioned
location talked about proximity to sequestration sites, enhanced
oil recovery sites (EOR), or a pipeline network. One expert in
particular asserted that the first 10 plants to retrofit will certainly
utilize the benefits of EOR. Other location factors include climate,
proximity to population centers, and regional characteristics of
fuel and power markets. Retrofits with chilled ammonia systems,
for instance, should benefit from cooler ambient temperature
conditions like those found in the northern regions of the U.S. and
Europe, as free access to cold water would reduce the power
required to cool the flue gas, which is especially important for
chilled ammonia processes (Black et al., 2008). Two experts
mentioned that remote areas will be important for first genera-
tion retrofit units in order to minimize risks to civilians; this
concerns chilled ammonia systems in particular because a retro-
fitted unit would require a large captive volume of ammonia to
maintain the process. One expert added that early adopters will
favor market conditions characterized by the combination of low
coal costs and high retail electricity prices.

The need for highly efficient control technologies to set the
temperature of the flue gas and to reduce the concentration of
contaminants entering the absorber vessel was another common
concern. Some experts specified that state of the art wet FGD



Table 3
Capital and O&M components evaluated for post-combustion and oxy-combustion

technologies.

Post-combustion Oxy-combustion

Capital cost

components

O&M cost

components

Capital cost

components

O&M cost

components

Direct contact

cooler

Sorbent Air separation unit General O&M

CO2 absorber

vessel

Electricity Combustor

Sorbent

regenerator

Steam Flue gas clean up

Drying and

compression

General facilities
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units for SO2 control would reap concurrent benefits that include
reducing the cooling requirement of the flue gas, and reducing
sorbent. The IPCC Special Report on CCS (IPCC, 2005) also high-
lights this need, but the benefits have not been quantified. Eight
experts stated that power plant age will strongly influence
decisions concerning retrofits; they agreed that modern units
built within the last 20–25 years with higher efficiencies and
relatively long remaining operating lives are ideal for retrofits.
Although plant age is weakly correlated with its efficiency
(correlation coefficient of 0.075 for the 585 coal-fired power
plants as reported in eGRID 2007v_1_1_year05 plant.xls file
(EPA, 2008)), this might not be the main reason why age is
important. A young plant might have a longer expected operating
time, which increases the time over which the capital costs of the
capture system may be amortized. This criterion may establish
modern high efficiency supercritical steam systems as the best
candidates for early adopters.

Additionally, several experts considered size an important factor,
though their views differ: three agreed that larger units (500 MW or
more) are optimal for achieving benefits from economies of scale,
while one expert asserted that early adopters will begin retrofitting
intermediate units between 350–600 MW to develop learning and
experience before scaling up to larger units.

Finally, the characteristics identified by the experts as ideal for
post-combustion retrofits are consistent with the attributes of
‘‘capture ready’’ pulverized coal (PC) plants identified in the
literature (Bohm et al., 2007). Large supercritical and ultra super-
critical power plants with highly efficient SO2 and NOx removal
systems might fit the definition of an ‘‘amine system retrofit
ready plant,’’ and should perhaps be the preferred alternative for
new PC builds.

4.3. Identifying potential trends in capital and O&M costs

CCS costs and performance will likely improve significantly with
large-scale deployment and operation, as well as with sustained
R&D (Rubin et al., 2007b). To gain insight on the current state and
potential cost reductions of commercial scale-capital and O&M
components associated with CO2 capture systems retrofits, we asked
the experts to provide judgments about the level of cost reductions
achievable by 2030 according to four different policy scenarios
(Curtright et al., 2008):
(a)
 Current trend: current levels of global R&D fundingþcurrent
levels of deployment incentives of CCS technologies in general
(b)
 Enhanced R&D: 10 times current levels of global R&D
fundingþcurrent levels of deployment incentives of CCS
technologies in general
(c)
 Enhanced deployment: current levels of global R&D fundingþ10

times current levels of deployment incentives of CCS technolo-
gies in general
(d)
 Enhanced RD&D: 10 times current levels of global R&D
fundingþ10 times current levels of deployment incentives of
CCS technologies in general.
We did not attempt to quantify the levels of R&D funding for
the experts but it is likely that they all had similar figures in mind
because of the well publicized FutureGen Alliance project, which
will build the world’s first coal fired, near-zero emissions power
plant. About twelve Alliance members are contributing $400
million to the FutureGen Project, and DOE is contributing
$1.073 billion (FutureGen, 2009). Comprehensive data on private
funding from venture capitalists and the electricity industry is not
available, but historically, the electricity industry has invested
about 1% of its revenues ($344 billion in 2007 (EIA, 2009b)) in
R&D (Nemet and Kammen, 2007). It is worth noting that after the
interviews took place DOE (2009) announced that another $1.4
billion of the American Recovery and Reinvestment Act of 2009
will be used to expand and accelerate the commercial deploy-
ment of CCS.

We identified the most important components of capital and
O&M costs for post-combustion CCS systems using the Integrated
Environmental Control Model (2008) version IECM-cs 5.2.2(c) 2008,
which provides detailed performance and cost estimates for new
base load power plants as well as existing plants conside-
ring technology retrofits. We determined the most significant
oxy-combustion components during the pilot interviews (see
Table 3). We then asked the experts to assess how the four R&D
and deployment scenarios might impact the costs of each capture
system’s capital and O&M components, using a scale that ranged
from 1 to 5 (5¼ ‘‘increase,’’ 4¼ ‘‘remain the same,’’ 3¼ ‘‘decrease
slightly,’’ 2¼ ‘‘decrease moderately,’’ and 1¼ ‘‘decrease signifi-
cantly’’). In a few cases, the experts preferred to aggregate the
components under the general categories of capital and O&M costs.
4.3.1. Trends for amine CCS system

The experts indicated that most of the cost components for
amine systems should decrease at least slightly by 2030 even
under current RD&D trends (see Table 4, scenario ‘‘A’’). They
agreed unanimously that significant decreases in costs will not
occur without more RD&D incentives. Juxtaposing scenario ‘‘B’’
and scenario ‘‘C’’ reveals that more experts think deployment
incentives alone can lead to moderate to significant cost reduc-
tions, especially with regard to the absorber vessel and solvent
regenerator. This result is likely tied to their general view that the
chemical processes of amine systems are well understood, so
significant cost reductions will materialize with experience and
learning through demonstration. The impact of deployment
incentives, according to one expert, is timing: ‘‘[Deployment] will
drive down costs faster—that is the biggest thing, the speed of
when these technologies will be availableyThe decreases will
start happening as soon as we get large scale units in operation,
and you’ll get the first ones up well before 2020.’’ Scenario ‘‘D’’
produced even greater optimism for moderate to significant cost
reductions in the absorber vessel, solvent regenerator, drying and
compression unit, and steam and electricity consumption. A few
experts were skeptical that significant reductions in steam
consumption are achievable, reasoning that amines have already
reached their potential.

Increases in sorbent costs are not out of the question. Four
experts believed that costs could increase slightly in 2030 due to
greater demand coupled with the use of more complex amines,
but they do not agree on which scenarios trigger cost premiums.
Two experts predicted that scenario ‘‘A’’ alone could trigger cost



Table 4
Potential trends in cost reductions by 2030: amine-based capture systems.

Number of respondents saying cost will

Decrease significantly Decrease moderately Decrease slightly Remain the same Increase

Scenario A: current trends
Capital cost components

Direct contact cooler 0 2 1 5 0 4 1 0

CO2 absorber vessel 0 2 1 8 0 2 0 0

Sorbent regenerator 0 2 1 7 0 3 0 0

Drying and compression unit 0 2 1 6 0 4 0 0

General facilities 0 2 1 7 0 3 0 0

O&M cost components

Sorbent 0 2 1 8 0 0 0 2

Electricity 0 2 1 7 0 3 0 0

Steam 0 3 1 7 0 2 0 0

Scenario B: enhanced R&D
Capital cost components

Direct contact cooler 0 5 1 5 0 1 1 0

CO2 absorber vessel 2 4 1 5 0 1 0 0

Sorbent regenerator 1 6 1 5 0 0 0 0

Drying and compression unit 0 8 1 3 0 1 0 0

General facilities 0 5 1 5 0 2 0 0

O&M cost components

Sorbent 0 9 0 1 1 1 0 1

Electricity 0 9 0 2 0 2 0 0

Steam 1 10 0 1 0 1 0 0

Scenario C: enhanced deployment
Capital cost components

Direct contact cooler 1 6 0 5 0 0 1 0

CO2 absorber vessel 2 9 0 1 0 1 0 0

Sorbent regenerator 1 11 0 1 0 0 0 0

Drying and compression unit 2 8 0 2 0 1 0 0

General facilities 1 7 0 3 0 2 0 0

O&M cost components

Sorbent 2 7 0 2 0 2 0 0

Electricity 2 7 0 2 0 2 0 0

Steam 2 8 0 2 0 1 0 0

Scenario D: enhanced R&Dþdeployment
Capital cost components

Direct contact cooler 2 5 0 5 0 0 1 0

CO2 absorber vessel 5 6 0 1 0 1 0 0

Sorbent regenerator 4 8 0 1 0 0 0 0

Drying and compression unit 6 6 0 0 0 1 0 0

General facilities 4 4 0 3 0 2 0 0

O&M cost components

Sorbent 4 5 0 1 0 1 0 2

Electricity 6 4 0 2 0 1 0 0

Steam 7 4 0 2 0 0 0 0
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premiums due to lack of R&D, while two others anticipated the
opposite effect: more R&D alone will improve the chemistry of
the solvents and thereby contribute to a premium in similar
fashion to advanced amines today. The issue then surrounds the
economic trade-off between increased material costs and reduced
steam requirements.
4.3.2. Trends for chilled ammonia CCS systems

While all thirteen experts were prepared to assess the cost
trends for amine-based system components, three declined to
comment with regard to chilled ammonia due to the lack and
sensitivity of information. One additional expert declined to
comment on scenario ‘‘C’’ because of uncertainty in deployment
effects. Assessing the changes in component costs for chilled
ammonia by 2030 was particularly difficult because estimates in
costs are highly uncertain (and proprietary) even today. Thus, the
results for scenarios ‘‘B’’, ‘‘C’’, and ‘‘D’’ should be interpreted with
respect to scenario ‘‘A’’, and not as absolute cost reductions.
Similar to the amine results, the experts unanimously agreed
that significant cost reductions are not obtainable under current
levels of RD&D incentives (Table 5). The responses are mixed
concerning the isolated effects of RD&D incentives (scenarios ‘‘B’’
and ‘‘C’’). While moderate to significant effects occur more
frequently compared to scenario ‘‘A’’, there is no consensus that
scenario ‘‘C’’ will yield greater benefits than scenario ‘‘B’’—as
observed in the amine section. This suggests that chilled ammo-
nia still has greater research needs apart from demonstration. One
expert provided a brief explanation supporting this claim: ‘‘The
absorber and regenerator are both integrally linked to chemistry.
So as they learn more about the chemistryythe costs will go
down.’’

The wider distribution of results, compared to amines, is
perhaps reflective of the greater uncertainty related to chilled
ammonia costs and performance. Some increases in costs are
observable, attributed to continual changes to improve the design
of the modules and historical trends that show cost increases in
the initial stages of emerging technologies (Rubin et al., 2007a, b).



Table 5
Potential trends in cost reductions by 2030: chilled ammonia process.

Number of respondents saying cost will

Decrease significantly Decrease moderately Decrease slightly Remain the same Increase

Scenario A: current trends
Cooling and heat gathering 0 0 3 0 3 0 3 1 0

CO2 absorber vessel 0 0 2 0 3 0 2 1 2

Sorbent regenerator 0 0 2 0 3 0 3 1 1

Drying and compression unit 0 0 2 0 3 0 3 1 1

General facilities 0 0 2 0 2 0 5 1 0

O&M cost components

Sorbent 0 0 2 0 1 0 5 2 0

Electricity 0 0 2 0 1 0 6 1 0

Steam 0 0 3 0 2 0 4 1 0

Scenario B: enhanced R&D
Capital cost compenents

Cooling and heat gathering 2 0 2 1 4 0 1 0 0

CO2 absorber vessel 1 0 3 1 2 0 2 0 1

Sorbent regenerator 1 0 4 1 2 0 1 0 1

Drying and compression unit 1 0 4 1 3 0 1 0 0

General facilities 1 0 1 1 4 0 3 0 0

O&M cost components

Sorbent 1 0 1 1 2 0 4 1 0

Electricity 1 0 2 1 4 0 2 0 0

Steam 2 0 3 1 3 0 1 0 0

Scenario C: enhanced deployment
Capital cost compenents

Cooling and heat gathering 2 0 4 0 1 1 1 0 0

CO2 absorber vessel 1 0 5 0 2 0 0 0 1

Sorbent regenerator 1 0 4 0 3 0 0 0 1

Drying and compression unit 1 0 5 0 1 0 2 0 0

General facilities 1 0 3 0 2 0 3 0 0

O&M cost components

Sorbent 1 0 2 0 4 0 2 0 0

Electricity 1 0 1 0 5 0 2 0 0

Steam 2 0 2 0 5 0 0 0 0

Scenario D: enhanced R&D and deployment
Capital cost compenents

Cooling and heat gathering 5 0 2 0 3 0 0 0 0

CO2 absorber vessel 3 1 4 0 1 0 0 0 1

Sorbent regenerator 4 1 2 0 2 0 0 0 1

Drying and compression unit 4 1 4 0 0 0 1 0 0

General facilities 4 0 1 0 3 0 2 0 0

O&M cost components

Sorbent 4 0 1 0 3 0 2 0 0

Electricity 3 1 1 0 3 0 2 0 0

Steam 5 1 1 0 3 0 0 0 0
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One expert, however, thinks that the industry will see these
higher costs in the next 5 years, implying that potential cost
reductions should be available by 2030.
4.3.3. Trends for oxy-fuel combustion systems

All thirteen experts evaluated potential cost trends for
oxy-combustion technology; one declined to comment with regard
to O&M. Again, the responses indicate that significant decreases will
not occur without further funding in RD&D (Table 6). Although
Table 6b and c shows no consensus on whether R&D or deployment
incentives alone will yield greater benefits, the general view
according to the verbal responses stresses the importance of R&D
because of the relative immaturity of oxy-combustion. In scenario
‘‘C’’, we observe that deployment incentives alone may yield
moderate to significant cost reductions in all four components, but
particularly for the combustor. One expert explained that from a
retrofit standpoint, there is little that R&D can do to improve the
combustor, implying that demonstration is crucial to gaining better
understanding of boiler design.

Half of the experts anticipate at least moderate reductions in
the air separation unit even under scenario ‘‘A’’. The consensus is
almost unanimous for significant reductions in the ASU under
scenario ‘‘D’’. The assumption is that a breakthrough in membrane
technologies is achievable with aggressive RD&D incentives, a
result that could lead to substantial decreases in capital and O&M
costs. As one expert put it, ‘‘ITM (Ion Membrane Technology) is
the designer technology that everyone is looking to: the holy grail
of air separation.’’ The lone expert who deviated from the norm
remained skeptical about this discovery, stating that the industry
has been chasing a breakthrough for many years with little
success. There is agreement that potential improvements in flue
gas clean-up and general O&M (which includes air separation and
CO2 product clean-up) are achievable under the aggressive policy
scenarios. One expert pointed out that the flue gas clean-up
equipment is still in the early stages of development, so potential



Table 6
Potential trends in cost reductions by 2030: oxy-combustion.

Number of respondents saying cost will

Decrease significantly Decrease moderately Decrease slightly Remain the same Increase

Scenario A: current trends
Capital cost components

Air separation 0 0 4 0 2 0 6 1 0

Combustor 0 0 1 0 4 0 7 1 0

Flue gas clean-up 0 0 2 0 3 0 8 0 0

O&M costs 0 0 3 0 3 0 6 0 0

Scenario B: enhanced R&D

Capital cost components

Air separation 4 1 2 0 4 0 2 0 0

Combustor 1 0 3 0 8 0 1 0 0

Flue gas clean-up 2 0 4 1 5 0 1 0 0

O&M costs 5 0 2 0 4 0 1 0 0

Scenario C: enhanced deployment
Capital cost components

Air separation 5 1 3 0 3 0 1 0 0

Combustor 2 0 7 0 3 0 1 0 0

Flue gas clean-up 4 0 4 1 3 0 1 0 0

O&M costs 3 1 2 0 6 0 0 0 0

Scenario D: enhanced R&D and deployment
Capital cost components

Air separation 12 0 0 0 0 0 1 0 0

Combustor 4 0 7 0 1 0 1 0 0

Flue gas clean-up 7 0 4 0 1 0 1 0 0

O&M costs 7 0 2 0 3 0 0 0 0

Table 7
Assumptions of a generic pulverized coal power plant.

– 20 years old

– 500 MW capacity

– 35% efficiency (HHV)

– Bituminous coal: Pittsburgh #8

– Sub-critical boiler

– WFGD installed

– SCR installed

– PM control: cool-side ESP

– Fully paid off

– 90% CO2 capture (Energy penalty of CCS includes CO2 capture and

compression)
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improvements should occur under enhanced RD&D. As with the
other two retrofit technologies, the synergistic effects of R&D and
deployment incentives in scenario ‘‘D’’ generate the most
responses corresponding to significant cost reductions.

4.4. Probabilistic judgments on energy penalty

The final set of interview questions asked the experts to assess
the energy requirements of CO2 capture for retrofit plants—perhaps
the most significant overall barrier to retrofit deployment. Given the
description of a generic pulverized coal-fired power plant outlined
in Table 7, we asked the experts to provide ranges and best
estimates of the typical energy penalty they believe will be incurred
in 2030 by retrofitting a coal plant with the different CO2 capture
systems. The energy penalty (EP) in this study refers to the
percentage reduction in CCS power plant output relative to the
same plant without CCS (Rubin et al., 2007a)

EP¼ 1�ðZccs=Zref Þ
where Zccs and Zref are the net efficiencies of the capture plant and
reference plant, respectively. The energy penalty therefore accounts
for all the energy used by the capture system including CO2

compression to required pressure for transportation.
For this section, responses were recorded for only policy

scenarios ‘‘A’’ and ‘‘D’’. Eleven experts provided their probabilistic
judgments for amine systems and only eight responded for both
chilled ammonia and oxy-fuel.

We did not elicit the full probability distribution of a reduction
in EP, but focused instead on its 5% and 95% percentiles and the
‘‘best estimate’’ (which for most people refers to the mode, but
can also refer to the median or the mean. Morgan and Henrion,
1990, p. 238). Before eliciting the ‘‘best estimate’’ we asked the
experts to revise their ranges considering unlikely but plausible
reasons for the realization of more extreme values, as proposed by
Morgan and Henrion (1990).

Fig. 2a through f displays the experts’ assessments of the 5%, 95%
and best estimate values of EP for each technology under the
reference (figures on the left) and the aggressive RD&D cases (figures
on the right). Estimated ranges of the parasitic load are broad. For
example, for oxy-combustion, Fig. 2e and f shows more than a factor
of 6 difference between the most pessimistic EP reported under the
aggressive RD&D scenario (the ‘‘highest 95% confidence limit’’ of 55%)
and the most optimistic EP reported under the current trend scenario
(the ‘‘lowest 95% confidence limit’’ of 8%). The experts gave similarly
broad ranges for energy penalties of amine (Fig. 2a and b) and chilled
ammonia systems (Fig. 2c and d). Note that the distributions of the
upper limit, best estimate, and lower limit narrow significantly under
the aggressive policy scenario for all three technologies; the higher
estimates are shaved off, reflecting learning and increased optimiza-
tion of second or third generation plants. Reasons for amine improve-
ments included learning by doing, better system integration, design
optimization, and the potential for advanced amines to reduce
power requirements. The higher estimates for oxy-combustion are
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Fig. 2. (a)and (b) Reference case and aggressive RD&D case for amine capture system energy penalty estimates in 2030. (c) and (d) Reference case and aggressive RD&D

case for chilled ammonia process energy penalty estimates in 2030. (e) and (f) Reference case and aggressive RD&D case for oxy-combustion energy penalty estimates

in 2030.

T.S. Chung et al. / Energy Policy 39 (2011) 5609–56205618
specifically a function of the current state of air separation technol-
ogy. For oxy-combustion, experts 1, 2, 5, and 10 assume that
aggressive RD&D can accomplish major reductions in air separation
costs, and they stress that EP decreases in the RD&D case depend on a
breakthrough in air separation technology. Even assuming break-
throughs in air separation, however, the estimates still remain
uncertain in the enhanced RD&D scenario, and two experts do not
see decreases occurring below 30%. Interestingly, the ranges for
chilled ammonia contain the narrowest distributions of the three
technologies, which may indicate a relatively lower level of uncer-
tainty with respect to chilled ammonia’s expected performance. One
caveat is that chilled ammonia, according to some of the experts, is
only practical for colder climates, which limits its application. Table 8
summarizes the median value of the experts’ best estimates for 2030
energy penalties incurred by generic PC power plants. The observable
EP reductions due to aggressive RD&D are 3, 3.25, and 5 percentage
points for amines, chilled ammonia, and oxy-combustion, respec-
tively. Best estimates for chilled ammonia display the most promising
results and the narrowest 95% confidence intervals.
5. Discussion

The first commercial retrofits will require very specific conditions.
Land availability and location will determine a site’s suitability for
retrofit, and newer units with high thermal efficiencies and best



Table 8
Median estimates for energy penalties in 2030.

Median estimates for 2030 energy penalties

Current trends (%) Aggressive RD&D case (%)

Amines 28 25

Chilled ammonia 20 16.75

Oxy-combustion 25 20

Table 9
The thirteen experts who participated in this study (in alphabetical order). The

opinions presented in this paper are solely the experts’ opinions and do not

represent the views or opinions of their affiliated companies.

Name Affiliation

Chao Chen Worley-Parsons

Luke Coleman Research Triangle Institute

Stuart Dalton Electric Power Research Institute

Dan Duellman American Electric Power

Raghubir Gupta Research Triangle Institute

Mike Hammond American Electric Power

Nick Irvin Southern Company

Glen Jukkola Alstom

Tom Nelson Research Triangle Institute

Gary Spitznogle American Electric Power

Ravi Srivastava Environmental Protection Agency

Richard Winschel Consol Energy

John Wootten Independent Contractor
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available control technologies will provide optimal performance
parameters for CO2 capture systems. Expert judgments for energy
penalty estimates in 2030 under current RD&D trends exhibit
considerable uncertainty for all three technologies. In contrast, these
estimates narrow significantly under the aggressive RD&D policy
scenario and the median best estimates decrease at least three
percentage points for each technology (Table 8). Improvements in
amine system energy penalties exhibit the least potential, which is
expected considering the higher maturity level of amines. The
emphasis for driving down the energy penalty for amines is on
deployment and advanced solvents. The expert estimates for the
chilled ammonia process exhibit the most promise for lowering the
energy penalty below 20%, with median best estimates of 20% and
16.75% for the reference case and aggressive RD&D case, respectively.
Further research in the chemical processes of chilled ammonia
reacting with coal-derived flue gas would be the primary emphasis
for achieving these targets. The limiting factor for chilled ammonia is
location: plants close to populations or located in warm climate
regions may not be suitable for chilled ammonia retrofits. Expert
perceptions of oxy-combustion energy penalty estimates contain the
greatest uncertainty, attributable to oxy-fuel hinging directly on
achieving significant improvements in air separation technology.
Furthermore, many of the experts suggested that oxy-combustion is
a technology more suited for new plant constructions. Existing units
are not designed to combust coal with pure oxygen, so the challenges
facing oxy-fuel retrofits may render it a green-field or brown-field
repowering technology.

6. Conclusion

This analysis summarizes results from an expert assessment of
the present and future potential for amine-based, chilled ammo-
nia, and oxy-combustion CO2 capture retrofits. The experts agreed
on the characteristics that make a plant an ideal retrofit candi-
date, and the experts’ judgments support the need for enhanced
RD&D to reduce uncertainty surrounding the costs and efficien-
cies of these technologies. The extent to which any CCS retrofit
technology achieves market penetration, however, will depend
not only on the technical factors examined here, but also on the
details of uncertain climate policy (Patiño-Echeverri et al., 2007,
2009), the technical and institutional development of geologic
sequestration, availability of newly identified natural gas
reserves, competition from renewables and nuclear power, and
trends in end-use electricity consumption. These factors will
combine with anticipated technical and economic potential of
retrofits to drive decisions regarding the retiring, retrofitting, or
repowering of individual coal-fired power plants in a carbon-
constrained future (Table 9).
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