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Abstract

R&D (research and development) processes of CO2 capture technologies having different levels of energy
efficiency are evaluated through GERT (Graphical Evaluation and Review Technique) analyses. Five types
of the technologies are targeted for evaluation: chemical absorption, physical adsorption, membrane separ-
ation, O2/CO2 recirculation boiler, and integrated hydrogen separation gas turbine technologies. These
technologies are decomposed into elemental technologies, and network charts are constructed which
express R&D processes of the target technologies for the GERT analyses. Data on the elemental tech-
nology R&Ds are collected through a questionnaire to Japanese experts in 2001, and are used for the
evaluation. The obtained results include that (1) the average expected time periods required for the com-
pletion of the target technology R&Ds are in the range of 16 and 19 years, except for a shorter R&D time
of 13.8 years for the chemical absorption CO2 capture technology having the conventional energy
efficiency, (2) though the R&D success probabilities are relatively high for the chemical absorption type
CO2 capture technologies, they become lower as the energy efficiency becomes higher, which implies that
the R&Ds of the capture technologies other than the chemical absorption type are also recommended for
the successful completion of the capture technology which has the highest energy efficiency among the tar-
get technologies, and (3) additional R&D investments on large scale equipment such as tower, blower and
pumping technologies are cost-effective for accelerating the target technology R&Ds.
# 2004 Elsevier Ltd. All rights reserved.
achi, Kita-ku, Kyoto
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1. Introduction

CO2 sequestration into aquifers, coal beds and the ocean is regarded as one of the future
options of global warming mitigation and national and international efforts have been made for
its development [1]. The greatest problem to solve for its practical use is the high cost of CO2

capture, and great developmental efforts will be required to achieve lower cost CO2 capture
technologies.

The intention of this research is to provide information useful to the planning of cost effective
development of lower cost capture technologies, based on a systems analysis using the GERT
technique [2]. The authors successfully made a similar analysis on the development of IGCC
(integrated coal gasification combined cycle) and natural gas combined cycle power generation
technologies of higher thermal efficiencies [3]. The same methodology was used for this research
on developmental process analysis of lower cost CO2 capture technologies as well.

We made a wide range of investigation on CO2 capture technologies which are expected to be
developed within the next 30 years; chemical absorption, physical adsorption, membrane separ-
ation, oxygen combustion of fuel, etc. The high cost of capture technologies comes from a great
amount of energy consumption in the capture processes: regeneration of chemical absorbents,
vacuum pumping, oxygen production, etc. We set three kinds of target technologies for each
type of the investigated capture technologies, corresponding to their energy efficiency levels. The
R&D processes of the target CO2 capture technologies were modelled as network charts consist-
ing of elemental technologies of the target technologies and ‘AND’/‘OR’ logics. Data on
expected R&D time periods of these elemental technologies and on the effect of additional
investment in elemental technology developments were collected through a questionnaire to
experts [4]. The collected data were put into the network chart models and analyses were made
to evaluate standard total R&D times of the CO2 capture technologies, reductions in the total
R&D times caused by additional R&D investments in the elemental technologies, etc.
2. Evaluated technologies

The following five types of CO2 capture technologies were chosen as the target technologies
and evaluated in this paper: chemical absorption, physical adsorption, membrane separation,
O2/CO2 recirculation boiler, and integrated hydrogen separation gas turbine technologies. Each
of them was decomposed into elemental technologies [4]. All the technologies were presumed to
be used for commercial plants having a large unit capacity of 1 � 105 Nm3-CO2-captured/h
(equivalent to about 5 kt-CO2/d),

2 a practically sufficient durability and an economically accept-
able cost.

Table 1 shows the target CO2 capture technologies and their energy efficiencies. According to
our literature survey, we assumed three levels of energy efficiency for each type of capture tech-
nology; ‘conventional’, ‘energy saving’ and ‘advanced energy saving’, except for the integrated
2 The largest scale CO2 capture plant produced by a Japanese company has been commercially operated in
Malaysia since 1999; its unit capacity of CO2 capture is 3:4 � 103 Nm3=h (approximately 160 t/d) [5]. A large scale

plant of about 1 � 105 Nm3/h-unit capacity has never been verified though some trial designs of such a plant have
been made [6,7].
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hydrogen separation gas turbine technology as shown below. Note that we cannot compare the
CO2 capture technologies based simply on these figures since the energy efficiencies of these
technologies widely vary depending on the kind of their application plants. A major reason for
this is that the efficiency dependence on the CO2 concentration of the flue gas to be processed is
different among the technologies.

2.1. Chemical absorption technology

In this technology, CO2 is captured from the flue gas of power plants by using a chemical
absorbent such as amine solutions. Heat energy is consumed to regenerate the chemical absorb-
ent so that the net power output of the plant is reduced. When a pilot plant of chemical CO2

capture from a conventional COM (coal-oil-mixture)-fired plant was constructed in the 1990s,
the power plant output loss was 27% [11], which is equivalent to the power reduction of 0.40
kWh per kilogram of CO2 separated without liquefaction. This power loss will be minimized in
an integrated chemical absorption system where the regeneration heat energy is supplied by low
pressure steam extracted from a steam turbine [8,9].

Low regeneration energy solvents, a large scale absorption/regeneration tower and a blower
were considered as the elemental technologies to be developed for the commercial chemical
absorption technologies. Three regeneration energy levels were assumed with respect to the
absorbents corresponding to the capture energies of 0.37, 0.31 and 0.27 kWh/kg-CO2, which
values include CO2 liquefaction energy of 0.16 kWh/kg-CO2, when the technologies were
adopted for coal-fired power plants.
Table 1
Evaluated CO2 capture technologies and their energy efficiencies
Type C
onventional E
nergy saving
 Advanced energy saving
Chemical absorption 0
.37 (0.21)a [90] 0
.31 (0.15)a [90]
 0.27 (0.11)a [90]

Physical adsorption 0
.40 (0.24) [90] 0
.35 (0.19) [90]
 0.31 (0.15) [90]

Membrane separation 0
.39b [60] 0
.34b [60]
 0.27b [60]

O2/CO2 recirculation boiler 0
.33 (0.15) [90] 0
.31 (0.13) [90]
 0.29 (0.11) [90]
Type L
NG-fueled C
oal-fueled (IGCC)
Integrated H2 separation
gas turbine

5
1% [95] 4
0% [95]
For each type of chemical absorption, physical adsorption, membrane separation and O2/CO2 recirculation boiler
technologies, the indicated energy efficiency is calculated from a decrease in net power output which is caused by the
application of the CO2 capture technology to the reference coal-fired thermal plant, expressed in kWhe per kilogram
of liquefied CO2 captured. The reference plant is assumed to have desulfurization and de-NOX equipment.
Figures in parentheses are the efficiencies of CO2 separation without liquefaction.
For integrated hydrogen separation gas turbine technologies, the indicated are net power generation efficiencies on
higher heating value basis.
Figures in brackets indicate CO2 recovery factors.
All the technologies are presumed to be used for commercial plants which have a unit capacity of 1 � 105 Nm3-CO2-
captured/h (equivalent to about 5 kt-CO2/d), a practically sufficient durability and an economically acceptable cost. 0

a Assuming an integrated chemical absorption system where the heat energy for regenerating a chemical absorbent
is supplied by low pressure steam extracted from steam turbine [8,9].

b Assuming CO2 liquefaction after one-stage membrane separation [10].
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2.2. Physical adsorption technology

This technology is to capture CO2 from a boiler exhaust gas by using the PSA (pressure
swing adsorption) or PTSA (pressure and temperature swing adsorption) method. Though the
output power reduction due to CO2 separation was 0.52 kWh/kg-CO2 in a physical adsorp-
tion pilot plant (volume of processed gas = 1000 Nm3/h) equipped in a COM-fired power
plant [11], it will be lowered thanks to efficiency improvements of the vacuum pump and
blower by scaling up.

The elemental technologies necessary to achieve the physical adsorption technologies were
considered CO2 adsorbents, large scale valves for the adsorption tower, vacuum pump and
blower. The three levels of the physical adsorbent performance were assumed corresponding to
the energy consumptions in CO2 capture and liquefaction of 0.40, 0.35 and 0.31 kWh/kg-CO2

attained in coal-fired power plants.
2.3. Membrane separation technology

This technology has been expected to attain a high efficiency CO2 capture from the exhaust
gas of a power plant. The elemental technologies of the membrane separation technologies
include various kinds of CO2 separation membrane and the vacuum pump applicable to the
physical adsorption technology. Each membrane technology was decomposed into membrane
material technologies and the technologies of membrane formation and assembling the mem-
branes into modules. The membranes are made of polymer or inorganic type materials; both
types of the membranes can be optionally hybridized with the permeation of carrier solution
behaving as a chemical absorbent to enhance CO2 separation performance [12].

Three CO2/N2 separation factor levels of 35, 100 and 1000 were targeted for the membrane
technologies, corresponding to the assumed capture energies of 0.39, 0.34 and 0.27 kWh/kg-
CO2 (liquefied) when the technologies were applied for coal-fired power plants [10].
2.4. O2/CO2 recirculation boiler technology

A power plant adopting this type of CO2 capturing technology utilizes oxygen and circulated
flue gas as oxidant to burn fuel [13]. CO2 gas can be directly captured since the flue gas consists
of only CO2 and steam. This power plant needs no de-NOX equipment. To realize this tech-
nology, elemental technologies of air separation to generate oxygen and O2/CO2 combustion
boiler should be developed. We considered two oxygen production technologies based on cryo-
genic separation and physical adsorption methods. The oxygen production energies were
assumed to be 0.34 and 0.31 kWh/Nm3-O2 for the cryogenic separation method, 0.31 and 0.28
kWh/Nm3-O2 for the physical adsorption method. The mechanical elemental technologies such
as vacuum pumping required for developing the physical adsorption method were considered
the same as those required for the physical CO2 adsorption technologies.

A similar CO2 capture technology that utilizes a high temperature gas turbine of oxygen com-
bustion is also known [14]. This gas turbine technology has already been evaluated in our other
paper [3] as a NOX control technology.
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2.5. Integrated hydrogen separation gas turbine technology

This technology has been proposed to provide a new power generation system, and named a
‘hydrogen decomposed gas turbine’ system by a group in Japan [15,16], where innovative
hydrogen separation membranes are incorporated. There are two types of system depending on
the fuel to be burned: LNG (liquefied natural gas) or coal.

When LNG is used as fuel, the natural gas is reformed and the hydrogen is separated simul-
taneously from the reformed gas at a temperature of approximately 500

v
C by using membrane

reformers that incorporate both reforming catalysts and hydrogen separation membranes [15].
The residual gas including CH4 and CO is combusted at the after-burner with pure oxygen so
that high concentration CO2 is captured directly.

For the system using coal as fuel, the ‘hydrogen decomposed IGCC’ is proposed which con-
sists of the oxygen blown coal gasification equipment, the gas separation equipment and the
combined cycle power generation equipment [16]. The gasified coal is cleaned up and is con-
trolled to contain H2 and CO2 by a shift conversion process, and the H2 is separated through
membranes. The permeated H2 gas is supplied to the gas turbine, and the residual CO2 gas is
captured.

According to Moritsuka et al. [15,16], these systems are estimated to have high net thermal
efficiencies of 51 and 40%, respectively, for the LNG-fueled system and the coal-fueled system,
on the higher heating value basis. Since these systems apply high temperature hydrogen
separation membranes, ceramic and metallic membranes were considered as the elemental
technologies.
3. Evaluation by GERT analyses

The target CO2 capture technologies were decomposed into elemental technologies, and net-
work charts were constructed to express the R&D processes for evaluating by GERT analyses.
GERT is a systems analysis technique for project management whose function is extended from
PERT (Program Evaluation and Review Technique) [2].

We collected data on R&D periods for the elemental technologies through a questionnaire to
Japanese experts in November 2001 [4]. In the questionnaire, we asked the experts to identify
the standard3 expected R&D time period, and the reduction in the R&D time they expected to
be caused by an additional investment of 1 billion yen, for each elemental technology. The affili-
ations of the experts were manufacturing companies, energy utility companies and universities,
etc. Answers arrived from 43 out of 56 experts.

The collected data were processed statistically. Since the standard expected R&D times were
different among respondents, the R&D times were treated as probabilistic distributions. The
success probability of a target technology R&D was calculated regarding the R&D as a failure
in case the expected R&D time of any one of the elemental technologies was longer than 15
years. By using the data, GERT analyses were made stochastically regarding the standard total
3 We notified the experts that ‘standard’ means no unexpected change in the circumstances or in the society in
general.



T. Kosugi et al. / Energy 29 (2004) 1297–13081302
R&D time and the R&D time reduction due to the additional investment in a similar way to
our previous study [3] which evaluated R&D processes of advanced combined cycle power gen-
eration technologies.
4. Results

4.1. Total R&D time

Fig. 1 shows the calculated success probabilities and probability distributions of the standard
total R&D times required for accomplishing the developments of the target CO2 capture tech-
nologies.

For each CO2 capture technology, the estimated success probability of the ‘conventional’ type
is the highest followed by those of ‘energy saving’ and ‘advanced energy saving’ types. In gen-
eral, the differences in the probability are only less than 0.1 between ‘conventional’ and ‘energy
saving’ types, which are relatively small compared to those between ‘energy saving’ and
‘advanced energy saving’ types. This implies that the technology gap is much wider between
‘energy saving’ and ‘advanced energy saving’ types than between ‘conventional’ and ‘energy sav-
ing’ types. The only exception is the membrane separation technology whose success probability
greatly deteriorates as the efficiency becomes higher. A reason for the very low success prob-
ability of 0.29 for the ‘advanced energy saving’ type membrane separation technology is con-
sidered because the R&D of this technology is almost unforeseeable since it needs some
breakthroughs. The success probability is comparatively low for the integrated hydrogen separ-
ation gas turbine technology whose development requires several innovative elemental tech-
nologies such as high temperature hydrogen separation membranes.

The estimated standard total R&D time for each CO2 capture technology is the shortest for
the‘conventional’ type, and becomes longer as the energy efficiency becomes higher. The average
total R&D times of all the technologies are, however, close in the range of approximately 16–19
years, except for a shorter R&D time of 13.8 years for the ‘conventional’ type of chemical
absorption technologies.

CO2 capture plants based on the chemical absorption method have been widely operated on a
small scale and their capacities are expected to be expanded relatively easily compared to those
of other capture technologies. However, a compact plant design is required for the large
capacity commercial plant to achieve an economically acceptable installation cost by means of
developing very large scale absorption and regeneration towers. The estimated R&D times
imply that the development of such large scale tower technologies will take longer than about
10 years according to the expert answers.

4.2. Reduction in total R&D time by additional investment

Fig. 2 shows the reductions in total R&D time of the target technologies by a reduction in
R&D time and also by an additional investment (1 billion yen) calculated for each elemental
technology. For the details of the calculation method, see Hayashi et al. [3]. Also shown is the
standard expected R&D time of each elemental technology based on the questionnaire [4].
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For each type of target technology, Fig. 2 lists the elemental technologies which have rela-
tively large effects of the additional investment on reduction in the total R&D time. The tenden-
cies of the two kinds of effects are similar but it should be noted that the two are different and
Estimated success probabilities and the probability distributions of standard total R&D times of CO2 c
Fig. 1. apture
technologies. (a) Chemical absorption, (b) Physical adsorption, (c) Membrane separation, (d) O2/CO2 recirculation
boiler, (e) Integrated H2 separation gas turbine. (P: success probability, l: average total R&D time (year), r: stan-
dard deviation of R&D time (year).)
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Fig. 2.
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that the effect of the additional investment has a larger practical meaning for the planning of
the R&D. Additional R&D efforts to the following elemental technologies are evaluated to be
effective for reducing the total R&D time of each target technology.

4.2.1. Chemical absorption technology
The effects of additional R&D investments are large for the elemental technologies of large

scale absorption/regeneration tower and blower. Although the ‘energy saving’ type absorbent
technology is essentially required in order to improve the target technology from ‘conventional’
up to ‘energy saving’ type, the effect is relatively small for this material technology compared to
Fig. 2. Estimated reductions in total R&D time of target technologies due to additional R&D efforts for each elemen-
tal technology. (a) Chemical absorption, (b) Physical adsorption, (c) Membrane separation, (d) O2/CO2 recirculation
boiler, (e) Integrated H2 separation gas turbine. (Figure in bracket is the success probability defined as the number of
answerers who expect the standard R&D time period shorter than 15 years divided by the number of total answerers
for each elemental technology.)



T. Kosugi et al. / Energy 29 (2004) 1297–13081306
the scaling up technologies. The effect is, on the other hand, comparatively large for the
‘advanced energy saving’ type absorbent technology.

4.2.2. Physical adsorption technology
Additional investments in technologies for large scale blowers of variable pressure operation,

for vacuum pumping, and for adsorption/desorption towers with switching valves are effective
for expeding the physical adsorption technology R&Ds. Higher efficiency CO2 adsorbent tech-
nologies, which are indispensable to improve the CO2 capture energy efficiency, have relatively
small effects on reduction in the total R&D accomplishment time by the additional R&D invest-
ment.

4.2.3. Membrane separation technology
The estimated reduction in the total R&D time caused by the additional R&D investment is

large for the large scale vacuum pumping technology. As for the membrane materials and their
modularization technologies, polymer membrane-related technologies have larger effects than
inorganic membrane technologies for the ‘conventional’ type membrane separation technology;
while for the ‘energy saving’ type the inorganic membrane technologies have large effects of
additional R&D efforts. The effects are small for organic (facilitated transport) membrane and
inorganic membrane technologies to be developed for the ‘advanced energy saving’ type and
there is no apparent difference between them.

4.2.4. O2/CO2 recirculation boiler technology
The oxygen combustion boiler technology is a core elemental technology which requires the

longest R&D time among the elemental technologies, and is the most R&D investment-effective
way to shorten the total R&D times of the target technologies.

4.2.5. Integrated hydrogen separation gas turbine technology
The hydrogen–air combustion gas turbine technology has the largest effect of the additional

R&D investment among the elemental technologies. The ceramic membrane technologies for
hydrogen separation have slightly larger effects than the metal membrane technologies.
5. Conclusion

In this study, GERT-type network charts were constructed to evaluate the R&D processes of
five types of CO2 capture technologies having different levels of CO2 capture energy efficiency.
Data on R&D time periods of various elemental technologies were collected through a ques-
tionnaire to experts. The collected data were put into the GERT models to evaluate the CO2

capture technology R&Ds, and the overall R&D times and the success probabilities for realizing
the target technologies were estimated.

The target technology R&D times were estimated to be in the range of 16 and 19 years,
except for a shorter R&D time of 13.8 years for the chemical absorption CO2 capture tech-
nology of the conventional type.

In general, chemical absorption technologies were estimated to have shorter expected R&D
times and higher R&D success probabilities compared to other types of the CO2 capture tech-
nologies evaluated. However, the R&D success probabilities become lower as the energy
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efficiency becomes higher. For example, the success probability of the chemical absorption CO2

capture technology of the advanced energy saving type, having the highest efficiency of 0.27
kWh/kg-CO2 among the target technologies, was estimated to be only about 0.55 whereas that
of the energy saving type was 0.81. Hence, in parallel with the R&Ds of the chemical absorption
CO2 capture technologies, those of other types of capture technologies are recommended to be
conducted so as to mitigate risks of the R&Ds of advanced high efficiency CO2 capture tech-
nologies being unsuccessful.

Also found were the elemental technologies in which additional R&D investments were cost-
effective to accelerate the target technology R&D. Additional R&D investments on large scale
equipment such as tower, blower, vacuum pumping and oxygen combustion boiler technologies
were evaluated to shorten the R&D times of the relevant target technologies by about 0.4
years/billion yen or longer. The R&D of the chemical absorbent technology of the advanced
energy saving type, which can be regenerated by low temperature heat energy, was also esti-
mated to be cost-effective.

We hope the obtained results are useful to make rational and effective R&D strategies for
realization of CO2 capture technologies in the near future.
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