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This study evaluates the environmental and thermodynamic performance of six coal-fired power plants
with CO, capture and storage. The technologies examined are post-combustion capture using mono-
ethanolamine, membrane separation, cryogenic fractionation and pressure swing adsorption, pre-
combustion capture through coal gasification, and capture performing conventional oxy-fuel combus-
tion. The incorporation of CO, capture is evaluated both on its own and in combination with CO,
transport and geological storage, with and without beneficial use.

Overall, we find that pre-combustion CO, capture and post-combustion through membrane sep-
aration present relatively low life-cycle environmental impacts and high exergetic efficiencies. When
accounting for transport and storage, the environmental impacts increase and the efficiencies
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Exergy decrease. However, a better environmental performance can be achieved for CO, capture, transport
Life cycle assessment and storage when incorporating beneficial use through enhanced oil recovery. The performance with
Power plant enhanced coal-bed methane recovery, on the other hand, depends on the impact categories eval-

uated. The incorporation of methane recovery results in a better thermodynamic performance, when
compared to the incorporation of oil recovery. The cumulative energy demand shows that the
integration of enhanced resource recovery strategies is necessary to attain favourable life-cycle en-

ergy balances.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon dioxide capture and storage (CCS) involves a group of
technologies that can help mitigate climate change associated with
the operation of facilities with high CO, emissions. For instance,
fossil-fuelled power plants are suitable application sites for the
implementation of CCS technologies [1-5].

CO; capture technologies are separated into three main groups:
pre-combustion, oxy-fuel combustion and post-combustion [6].
Pre-combustion technology refers to the extraction of the carbon
included in the fuel before the combustion, to produce a hydro-
gen-based fuel (e.g., integrated gasification combined-cycle po-
wer plants) [1,7]. With oxy-fuel technologies, the combustion is
performed with oxygen instead of air, generating flue gases with
easily separable CO; [1,3,8]. Finally, in post-combustion capture,
the CO, generated is separated after the combustion of the fossil
fuel. Post-combustion methods include chemical absorption,
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which is the most developed technology [9,10], membrane sepa-
ration, cryogenic fractionation, and pressure swing adsorption
(PSA) [11].

After the CO, is captured, it is transported (e.g., using pipe-
lines) and led to a storage site [11]. Geological sequestration can
provide benefits by increasing oil extraction in depleted oil fields
via enhanced oil recovery (EOR) [12]. Similarly, enhanced coal-
bed methane recovery (ECBMR) can be performed to increase
the production of methane or natural gas through the injection
of CO, into deep unmineable coal seams [12]. Also, the recovered
CO2 can be used in technological, chemical and biological ap-
plications [2].

The present article deals with the environmental and thermo-
dynamic evaluation of CO, capture, transport and storage in coal
power plants. For the environmental evaluation the Life Cycle
Assessment (LCA) methodology was used, which is a well-
established methodology to comprehensively evaluate the poten-
tial environmental impacts associated with a product [13—16]. The
thermodynamic evaluation assesses and compares the performance
of the different CCS systems and it was conducted using exergetic
efficiencies [4].
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2. Material and methods
2.1. Case studies under evaluation

The study considers the overall chain of the CCS power plants,
from the mining of the coal to the geological storage of the CO,
captured with and without enhanced resource recovery. The first
CO, capture technology considered was post-combustion using
chemical absorption with monoethanolamine (MEA). In order to
incorporate different CO, capture systems, a number of modifi-
cations were made to this power plant (Section 2.2). Fig. 1
summarizes the cases examined. Additionally, a conventional
coal-fired power plant (i.e., without CO, capture) is used
throughout this study in order to provide a basis for comparison
purposes (reference plant). The layout of each power plant dif-
fers and depends on the specific CO, capture method
incorporated.

2.2. LCA framework and data acquisition

An LCA study was carried out to evaluate both the environ-
mental performance and the cumulative energy demand (CED) of
the case studies. The specific objectives of the LCA study are the
following:

- Environmental characterization of electricity production in
four coal-fired power plants with different post-combustion
technologies for CO, capture: chemical absorption with MEA,
membrane separation, cryogenic fractionation and PSA. The
comparison of the environmental profiles enables the identi-
fication of the most environmentally appropriate post-
combustion technology.

Environmental characterization of pre-combustion and oxy-
fuel technologies as alternatives to post-combustion recovery.
The comparison of the results reveals the CO, capture tech-
nology with the best environmental performance.

- Environmental characterization of the power plants including
CO; transport and geological storage, and comparison of these
CCS schemes with plants incorporating only CO; capture.
Modification of the environmental profiles when integrating
enhanced resource recovery schemes (EOR and ECBMR), in
order to determine their environmental suitability.
Calculation of the CED indicator to estimate the life-cycle en-
ergy balance of each case.

In an LCA study a functional unit (FU) is used as a measure to
quantify the performance of a system [11,12]. Here, the production
of 1 kWh of net electricity (at plant) was chosen as the comparative

POWER PLANT
‘WITH CO: RECOVERY:

- ™

Case A.1. Post-combustion recovery via
chemical absorption with MEA
Case A.2. Post-combustion recovery via
membrane separation
Case A.3. Post-combustion recovery via
cryogenic fractionation
Case A 4. Post-combustion recovery via PSA
Case B.1. Pre-combustion recovery via coal
gasification
Case C.1. Recovery via air separation
(oxy-fuel technology)

measure among the different cases. This FU is a common choice in
LCA studies of CCS systems [1,3,9].

Fig. 2 shows the main process steps and material/energy flows
involved in the present life-cycle study. All power plants included
coal conditioning and power generation. It should be noted that the
layout of each plant depended on the CO, capture method used.
Thus, although a general layout for all power plants with post-
combustion capture (plants A.1—4) is presented in Fig. 2, each
specific post-combustion technology involves different material/
energy flows.

Primary inventory data for the CCS systems were derived from
a review of environmental studies in the field of CCS, as described
in Sections 2.2.1 and 2.2.2. Secondary data for background pro-
cesses were taken from the ecoinvent database [17], including the
production of chemicals [18] and certain energy carriers [19].
Capital goods were excluded from the boundaries of the system.
Additionally, zero leakage was assumed during the geological
storage (based on a 100-year timeline). Inventory data for the
conventional coal-fired power plant without CO, capture (i.e., the
reference plant) were taken from specific databases [19,20].

2.2.1. COy capture

Inventory data were collected for each power plant, from the
mining of the coal to the generation of liquid CO,. Data for case A.1
were based on literature on post-combustion CO; recovery through
chemical absorption with MEA [1,3,9,11]. These data were modified
according to Khoo and Tan [11] in order to include alternative post-
combustion technologies (cases A.2, A.3 and A.4). Adjustments for
pre-combustion CO; recovery with Selexol (case B.1; negligible
solvent loss) and oxy-fuel technology (case C.1) were based on
Singh et al. [3]. Table 1 presents the main inventory data of each
CO; capture strategy.

2.2.2. Transport and geological storage with and without enhanced
resource recovery

While Section 2.2.1 refers only to CO, recovery, the present
section widens the scope of the study to include CO, transport and
geological storage with and without enhanced resource recovery.
The electricity required for the transportation of the CO, depends
on the distance. In this specific study, 680 km pipeline trans-
portation of supercritical CO, was assumed, with a preceding CO,
compression stage. Inventory data regarding CO; transport and
storage focus on the energy requirements of CO, compression,
pipeline transportation and injection for geological storage [11].
Table 2 shows the additional energy required due to these pro-
cesses (with respect to the demand of the first scenario in Section
2.2.1), as well as the additional energy requirement to recover
crude oil or raw natural gas [12].
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Fig. 1. Examined CCS systems (dotted lines denote flows created due to beneficial use).
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2.3. Exergetic analysis

In contrast to energy that must be always conserved, in real
processes exergy is destroyed. Thus, an exergetic analysis is a con-
venient way to identify sources of irreversibilities within energy
conversion systems, while also allowing the definition of operating
efficiencies that facilitates the evaluation of the different processes.
Here, we use exergetic efficiencies to compare the thermodynamic
performance of the different CCS power plants. The exergetic effi-
ciency of the overall system, o, is defined as the ratio between the
exergy of the product and the exergy of the fuel of the plant
(etot = Eprot/EF tor) [21]. The exergy of the product is defined as the
exergy of the desired output resulting from the operation of
the plant, while the exergy of the fuel is defined as the

Life-cycle flowchart of the evaluated systems (dotted arrows denote flows created due to beneficial use).

expense in exergetic resources for the generation of this desired
output [22—24].

In the present work, the exergetic efficiency of the plants is
calculated for three different conditions: (i) operation with CO,
capture, (ii) operation with CO, capture, transport and storage, and
(iii) operation with CO, capture, transport and storage with bene-
ficial use. In case (iii) we assume that the recovered fuels are not
used in the plants and they only result in economic benefits
through their sale. Thus, they were not considered as products of
the power plants and were not incorporated into the calculated
overall efficiencies of the plants. The energy requirement for CO,
capture was assumed to be covered by the internal operation of the
plant, while the power needed to transfer and store the captured
CO, was considered to be covered with electricity from the grid.

Table 1
Main inventory data of the CO, recovery alternatives (FU: 1 kWh of net electricity at plant).
Case A.1 Case A.2 Case A3 Case A4 Case B.1 Case C.1

Inputs
Coal g 672.20 554.00 969.20 609.90 564.18 591.26
Natural gas g 1.06 0.88 1.53 0.97 0.89 0.94
Ammonia g 1.48 1.22 2.15 1.31 - -
Limestone g 55.63 46.10 80.44 49.59 - -
NaOH g 0.16 - - - - -
Solvent g 1.99 (MEA) — — — 7.15-1073 (Selexol) —
Fuel oil g 8.03 6.62 11.58 7.29 6.74 7.07
Outputs
Products
Net electricity (at plant) kWh 1.00 1.00 1.00 1.00 1.00 1.00
CO, (1) kg 1.29 0.91 1.76 1.04 1.02 1.07
Wastes to treatment
Hazardous waste g 293 — — — - —
Municipal waste g 2.34 1.94 3.39 2.09 0.01 0.01
Emissions to air
Carbon dioxide g 67.65 200.71 195.07 184.13 113.55 119.00
Sulphur dioxide g 0.09 0.09 0.13 0.09 0.64 1.18
Nitrogen oxides g 1.37 1.13 1.97 1.22 0.73 0.56
Ammonia g 035 0.28 0.51 030 357-1073 3.48-1073
Particulates g 0.14 0.12 0.19 0.12 0.09 0.19
Solvent g 0.11 — - - - -
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Table 2
Additional data for CO, transport (680 km) and geological storage with and without enhanced resource recovery (FU: 1 kWh of net electricity at plant).
Geological storage EOR ECBMR
Additional electricity demand?® (kWh)  Electricity demand® (kWh) Recovered crude oil (kg)  Electricity demand® (kWh)  Recovered natural gas (kg)
Case A1 0.023 0.035 0373 0.024 0.643
Case A2 0.016 0.025 0.265 0.017 0.457
Case A3 0.031 0.048 0.509 0.033 0.878
Case A4 0.019 0.028 0.303 0.020 0.522
Case B.1  0.018 0.028 0.296 0.019 0.511
Case C.1 0.019 0.029 0311 0.020 0.536

2 Additional electricity requirement relative to the electricity demand of liquid CO, recovery. It is linked to CO, compression, pipeline transportation and injection for
geological storage. It was assumed to be satisfied by the electrical grid.
b Electricity requirement due to resource recovery. It was assumed to be satisfied by the electrical grid.
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Fig. 3. Environmental impacts of the different CO, capture technologies.
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Table 3
Environmental characterization results including CO, transport (680 km) and geological storage without enhanced resource recovery (FU: 1 kWh of net electricity at plant).
Reference plant Case A.1 Case A.2 Case A3 Case A4 Case B.1 Case C.1
ADP (kg Sb eq) 8.67-1073 1.35-102 1.10-1072 1.93-10°2 1.22-1072 1.12-10°2 1.18-1072
GWP (kg CO, eq) 1.13 2.90-107! 3.71-107" 495-107"! 3.73-107! 2.84-107" 2.98-107"
ODP (kg CFC-11 eq) 4.27-107° 1.26-10°% 9.62-107° 1.69-10°8 1.06-10°8 9.49-107° 9.86-107°
POFP (kg C,H,4 eq) 3.76-10~4 8.22-107° 6.66-107° 1.16-10% 7.31-107° 9.41-107° 1.23-104
AP (kg SO, eq) 1.08-1072 2.85-1073 2.32-1073 4.06-103 252103 2.36-1073 2.98-103
EP (kg PO3" eq) 2.07-103 291-1073 2.38-103 417-1073 2.61-103 2.27-1073 2.35-103

3. Results and discussion
3.1. Environmental evaluation

The life-cycle inventories were implemented into the software
SimaPro 7 [25]. A total of six environmental impact potentials were
evaluated: abiotic depletion (ADP), global warming (GWP), ozone
layer depletion (ODP), photochemical oxidant formation (POFP),
acidification (AP) and eutrophication (EP). These impact categories
were evaluated using the CML method [26]. This study considers
only the environmental characterization of the proposed systems
and it does not include optional elements of the life cycle impact
assessment step, such as normalization and weighting [ 14]. This is an
attempt to generate more objective results for the comparative
environmental assessment of the systems [27,28]. Nevertheless, in
order to explore the relative importance of each indicator, the results
included could be easily normalized and aggregated using normal-
ization/weighting sets, which adds subjectivity to the study [29].

3.1.1. COy capture

Fig. 3 shows the results of the environmental characterization of
the six CO, capture strategies considered. When more than one
product is generated, allocation is necessary to distribute the in-
ventory data and the environmental burdens among the products
of the multifunctional system [30]. In this study, the environmental
burdens were assigned only to the electricity produced.
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80% -+

70% -

60% -

50% -

mADP aGWP oODP

As seen from the results plotted in Fig. 3, among the capture
alternatives, post-combustion CO, recovery via membrane sepa-
ration (case A.2) presents the lowest impacts for ADP, POFP and AP,
while pre-combustion capture via coal gasification (case B.1) has
the lowest values of GWP, ODP and EP. Hence, the choice of the
most environmentally appropriate technology for CO, recovery
depends on the selected impact categories. In this respect, it should
be noted that the inclusion of six impact categories — instead of
only the GWP category — leads to a more comprehensive evaluation
of the environmental performance of these alternative technol-
ogies. This facilitates a more concrete decision-making process
towards environmental sustainability [31].

As also observed in Fig. 3, coal supply is identified as the main
source of environmental impact in each category. Direct emissions
to the air also play an important role, especially concerning GWP
and AP. Other processes contribute significantly to ODP, which is
linked to fuel oil production.

3.1.2. CO, capture, transport and storage with and without
enhanced resource recovery

Table 3 presents the environmental impacts calculated for each
case study when CO, transport and geological storage without
enhanced oil recovery are included in the system boundaries.
When compared to the results of Fig. 3, additional energy re-
quirements for CO, compression, transportation and injection lead
to an increase in all impact categories. Table 3 also includes the

oPOFP a@AP aEP

Fig. 4. Environmental comparison of the case studies including CO, transport (680 km) and geological storage without enhanced resource recovery.
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environmental impacts associated with the reference plant. In
comparison with this conventional facility, plants incorporating
CCS strategies result in lower impacts of GWP, POFP and AP, but
higher impacts of ADP, ODP and EP.

Fig. 4 provides a comparison among the different case studies
including CO, transport and geological storage without beneficial
use. Cases A.2, B.1 and A4 are generally found to perform envi-
ronmentally better than cases A.1 and A.3. In particular, case A.3
(which involves post-combustion capture via cryogenic fractiona-
tion) generally shows the highest environmental impacts.

When geological storage is used with EOR or ECBMR, the
environmental profile of the CCS strategies changes, due to
additional energy requirements. In this study, an allocation pro-
cedure based on avoided burdens was used, in order to take into
account the environmental benefits of recovered crude oil or raw
natural gas (avoided products) [27]. Thus, an environmental
credit was applied to the system, deducting the impacts
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associated with the conventional production of these products
(crude oil/raw natural gas). Fig. 5 shows how the environmental
profile of the different CCS schemes changes due to the incor-
poration of EOR and ECBMR.

The integration of EOR results in lower impacts for all categories,
in comparison with the CCS systems without recovery. In particular,
desirable impacts (i.e., negative characterized results) are obtained
for ODP, due to the partial avoidance of the conventional produc-
tion of crude oil.

When compared to the CCS systems without beneficial use,
the implementation of an ECBMR scheme leads to lower impacts
of ADP (desirable impact due to the partial avoidance of the
conventional production of raw natural gas), GWP and POFP.
Moreover, slightly lower values are obtained for EP. On the other
hand, slightly increased impacts are found for ODP and AP due to
additional power requirements for the recovery of the raw nat-
ural gas.
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Fig. 5. Modification of the environmental profile of different CCS strategies due to the integration of EOR and ECBMR (impacts per FU allocated to the electricity output).



D. Iribarren et al. / Energy 50 (2013) 477—485 483

Table 4
CED of the different case studies (M] per FU allocated to the electricity output).

Case A.1 Case A2

From coal mining to CO, recovery
CED (M]) 19.99 16.31 28.53 17.95 16.54 17.34
From coal mining to CO, geological storage without enhanced resource recovery

Case A3 CaseA4 CaseB.1 CaseC.1

CED (M]) 20.20 16.45 28.81 18.12 16.71 17.51
From coal mining to CO, geological storage with EOR

CED (M]) 191 3.46 3.85 3.26 2.19 2.26
From coal mining to CO, geological storage with ECBMR

CED (M]) -18.22 —-10.86 —23.66 -13.07 —-13.83 —14.52

CED of the reference plant: 12.80 MJ.

3.2. Cumulative energy analysis

The life-cycle energy balance of each case study was calculated
as the difference between the energy output (i.e., 1 kWh = 3.6 MJ)
and the life-cycle energy input. The use of a life-cycle approach in
the calculation of the energy input differentiates between con-
ventional and life-cycle energy balances. Positive balances are
desired, as they indicate feasible energy conversion systems
[32,33].

The life-cycle energy input of the case studies was calculated as
their CED. Here, CED refers to the cumulative (non-renewable)
fossil and nuclear energy demand as defined by Hischier et al. [34],
it includes coal as raw material and it is calculated through the
implementation of the life-cycle inventories into SimaPro 7 [25]. As
seen in Table 4, the lowest CED values are obtained when enhanced
resource recovery strategies are implemented. This result is linked
to the selected allocation approach, which considers crude oil and
raw natural gas as avoided products. Specifically, the incorporation
of ECBMR strategies shows negative CED values in all cases, indi-
cating potential energy savings.

In Fig. 6, the life-cycle energy balances are presented, which
were calculated by deducting the CED values from the electricity
output (3.6 MJ). All examined strategies involving only CO, recov-
ery are found to be energetically detrimental, while the scenarios
including carbon capture and geological storage without enhanced
resource recovery perform energetically worse. The integration of
enhanced resource recovery generally results in positive energy
balances, with the ECBMR strategies resulting in the highest life-
cycle energy balances. Taking into account the environmental
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assessment presented in Section 3.1, it should be noted that, overall,
both environmental and energy results encourage the use of
enhanced resource recovery strategies.

3.3. Exergetic analysis

The overall thermodynamic performance of the plants was
evaluated based on their exergetic efficiencies. The exergy of the
fuel of the reference plant [11] was calculated to be 12,287 k], while
the exergy of the product was 3600 k]. Therefore, the exergetic
efficiency of the reference plant is found to be 29.30%.

The exergy of the product for all of the plants was kept the same
as for the reference plant (1 kWh or 3600 kJ), while the exergy of
the fuel was calculated for each plant individually and it depended
on the specific operation of each plant. For each of the plants, the
additional energy requirement for capturing the CO, generated is
correlated to additional fuel input. On the other hand, the transport
and storage of the CO; are correlated to additional power input that
is provided by booster stations connected to the electrical grid.
These two points lead to differences in the exergy of the fuel, and
consequently, in the efficiencies of the plants. If the electricity
required for transport and storage of the CO, would be covered by
electricity generated in the power plants and not from the grid, the
overall efficiencies of the plants would naturally decrease. How-
ever, such assumption can only be made when relatively short
transport distances are examined. For distances of over 100—
150 km, such as in the present study, booster stations are
required for the recompression of the stream [35].

The operation of the plants was first evaluated when CO, cap-
ture is incorporated (Table 5). In this case, the energy penalty de-
pends on the energy requirement of the capture technology used
[36]. The best option is found to be the plant that includes mem-
brane separation (case A.2), which presents a penalty of 4.3 per-
centage points with respect to the conventional plant without CCS,
followed closely by the plant with pre-combustion technology
(case B.1). Moderate results are obtained for the plants with oxy-
fuel technology (case C.1) and PSA (case A.4), while a high pen-
alty is found for the plant using MEA (case A.1). Lastly, the plant that
includes the cryogenic unit (case A.3) presents the lowest efficiency
among the six alternatives, due to the high energy requirements of
its operation.

CCS+EOR

CCS+ECBMR

@Case A4 OCase B.1 OCase C.1

Fig. 6. Life-cycle energy balance of each strategy under evaluation (M]).
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Table 5
Exergetic efficiencies of the power plants incorporating CO, capture and CO, cap-
ture, transport (680 km) and storage.

Capture of CO, Capture and storage of CO,

Reduction
in egor (%points)

EF tot Eptot  etot EF tot Eptot  €rot

(KJ) &) (%) (KJ) (k) (%)

Case A1 17,499 3600 20.57 17,582 3600 20.48 0.10
Case A2 14,422 3600 2496 14,481 3600 24.86 0.10
Case A3 25,231 3600 14.27 25345 3600 14.20 0.06
Case A4 15877 3600 22.67 15945 3600 2258 0.10
Case B.1 14,687 3600 24.51 14,753 3600 2440 0.11
Case C.1 15392 3600 2339 15461 3600 23.28 0.10

ot Of the reference plant: 29.30%.

Transport and storage are found to affect the overall efficiency of
the plants marginally, with the operating efficiencies of the plants
decreasing by a maximum of 0.11 percentage points with respect to
the efficiencies of the plants incorporating only CO; capture
(Table 5). The minimum decrease is found for the plant including
cryogenic fractionation (case A.3), while the maximum decrease is
calculated for the pre-combustion plant (case B.1). In all cases, 100%
of the CO; captured was considered to be stored. As mentioned
earlier, if the electricity of transport and storage were covered by
the plant itself, the overall operating efficiencies would decrease.
For example, for the plant with membrane separation, the overall
efficiency of the plant would be approximately 0.4 percentage
points lower than that reported in Table 5.

Lastly, the exergetic efficiencies of the plants were recalculated
when CO; storage is combined with beneficial use of the CO,. As
mentioned, the two paths of beneficial use considered were ECBMR
and EOR. It was assumed that 0.5 t of natural gas and 0.3 t of oil are
recovered with each tonne of CO; injected [12]. When compared to
the plants incorporating CO, capture, transport and storage with-
out enhanced resource recovery, beneficial use is found to be
associated with an additional, relatively small, penalty related to
the extraction of the fuels (Table 6). On the other hand, recovering
oil and natural gas increases the availability in fuels and the reve-
nue of the facility. Thus, the incorporation of beneficial use slightly
decreases the efficiency of the plants, but it recovers raw natural
gas or crude oil.

The total exergy of the recovered fuels is shown in Table 6.
Although the difference among the efficiencies calculated when
beneficial use is performed is small, independent of the CO, capture
technology used, ECBMR shows better results. Additionally, the
exergy of the natural gas recovered during ECBMR is higher than

Table 6
Exergetic efficiencies of the power plants incorporating capture, transport (680 km)
and geological storage with beneficial use of CO,.

Error (K)  Eptor (KI) 1ot (%)  Reduction Exergy of
in et (%points)  recovered
resource (kJ)

ECBMR
Case A.1 17,587 3600 20.47 0.01 26,737
Case A2 14485 3600 24.85 0.01 19,018
Case A3 25351 3600 14.20 0.00 36,517
Case A4 15,949 3600 22.57 0.01 21,703
Case B.1 14,757 3600 24.40 0.01 21,257
Case C.1 15,465 3600 23.28 0.01 22,277
EOR
Case A.1 17,625 3600 20.43 0.05 9244
Case A2 14,512 3600 24.81 0.05 6576
Case A3 25403 3600 14.17 0.03 12,627
Case A4 15,980 3600 22.53 0.05 7504
Case B.1 14,787 3600 2435 0.06 7350
Case C.1 15,497 3600 23.23 0.05 7703

ot Of the reference plant: 29.30%.

that of the oil recovered during EOR. Thus, overall, post-combustion
capture using membrane separation with transport and storage
including ECBMR appears to be the most promising alternative.
When compared to the plant with pre-combustion, the plant with
membrane separation presents here a slightly lower penalty of
storage due to the smaller mass flow of CO; captured and stored.

When ECBMR is performed, the plant with MEA, which is the
most conventional post-combustion capture, presents an efficiency
penalty of 8.8 percentage points (with respect to the reference
power plant without CCS) that increases to approximately 8.9
percentage points when EOR is considered. Nevertheless, we
should mention that when beneficial use is performed, the benefit
of the additional fuel was not included in the efficiencies but it was
considered as additional available exergy produced, presented as
a separate value in Table 6.

4. Conclusions

Six case studies involving different CO; capture technologies for
coal-fired power plants were assessed from both environmental
and thermodynamic perspectives. We found that among the cap-
ture technologies, post-combustion capture with membrane sep-
aration and pre-combustion capture through coal gasification
result in the lowest environmental impacts and the highest effi-
ciencies. Coal supply and direct emissions to the air were identified
as the main sources of environmental impact.

Transport and geological storage without enhanced resource
recovery increase the environmental impacts and decrease the ef-
ficiency of the plants, due to the additional energy requirements for
CO, compression, transportation and injection. Although additional
energy is required to recover crude oil when storing CO; in
depleted oil fields, the integration of an EOR scheme was shown to
be an environmentally friendly alternative. In the case of ECBMR,
the environmental results of the plants depend on the impact
categories evaluated. A relevant difference between the two ben-
eficial uses considered stems from the exergy of the recovered fuel;
the exergy of the natural gas recovered during ECBMR exceeds that
of the oil recovered during EOR.

Based on the life-cycle energy balances, the strategies consider-
ing only carbon capture, as well as those considering carbon capture
and geological storage without enhanced resource recovery are
energetically ineffective, independent of the capture technology
used. However, favourable life-cycle energy balances can be ach-
ieved when incorporating enhanced resource recovery strategies.

Overall, post-combustion capture (through membrane separa-
tion) and pre-combustion capture (via coal gasification), coupled
with CO, transport and geological storage with EOR or ECBMR,
were found to be the CCS technologies with the most promising
performance.
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