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Keyword: This study introduces and validates an exergy-based, socioeconomic (ESEC) analysis that couples economic
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analysis improves on previous approaches by combining disparate analyses into one framework based on
monetary costs, which facilitates robust, multi-criteria optimization of energy-conversion systems. As a proof of
concept, it is applied to a combined-cycle power plant (reference plant) and a power plant with chemical looping
combustion (CLC plant). The results show good agreement with the results of the individual exergoeconomic and
exergoenvironmental analyses. Nevertheless, the analysis shows some bias towards the economic results, which
reveals a higher inherent weight of that component of the evaluation. Critically, the consideration of the costs of
environmental impacts through the ESEC analysis produces a significant shift in the comparative performance of
the plants. The relative increase in the levelized cost of electricity of the CLC plant compared to the reference
plant falls from 23.4% to 7.2% when external costs are included. This reveals a strong effect of the environmental
impacts on the overall outcome and shows the potential importance of their inclusion in design evaluations for
policy and decision making.

paper aims to present a new evaluation method that will allow the
thermodynamic, economic, and environmental multi-objective (MO)
optimization of energy systems at their design stage.

Optimization methods used in the energy sector today are commonly
based on private costs, operational efficiency, and environmental per-
formance. To create sustainable designs, however, optimization
methods must consider the external costs together with the private costs.
Further joint consideration of several criteria like environmental per-
formance and thermodynamic efficiency can only strengthen the ca-
pacity of an optimization method. Thermodynamic analyses based on
the first law of thermodynamics usually fall short when it comes to the
evaluation of the efficiency of energy systems [2]. The reason for this is
that energy analysis only identifies material streams crossing the ther-
modynamic boundaries of a given system as thermodynamic in-
efficiencies [3]. In this way, an evaluation based on exergy and the
second law of thermodynamics is more adequate to evaluate and opti-
mize energy systems. The new multi-criteria method presented here
will, for the first time, couple the principle of exergy with private costs

1. Introduction

One of the reasons for governmental intervention in European en-
ergy markets is that market prices do not include costs related to envi-
ronmental damages [1]. The translation of such damages into monetary
values establishes the concept of external costs' (also called external-
ities). Although external costs are important to be considered along with
private costs? (forming the social costs), they do not have a known
market value a priori and they are associated with high uncertainties.
Today, the energy sector is undergoing a rapid transformation that calls
for modern tools to facilitate the accurate evaluation and optimization of
future energy systems that can satisfy demanding sustainability goals
and rapid market shifts. The incorporation of external costs into the
evaluation of energy systems will lead to a fairer consideration of the
detrimental impacts of energy processes on human health and the
environment. In order to evaluate alternatives and design energy sys-
tems, engineers rely on simulation and optimization techniques. This
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Nomenclature

Ce External cost rate of a material stream (€/sec)
fs Socioeconomic factor (%)

Tsk Relative social cost difference (%)

Sp Social cost rate of irreversibilities (cent/sec)
T; Total cost of material stream i (cent/sec)

Z Total cost rate of a component (cent/sec)
Abbreviations

AC Terrestrial acidification

CBA Cost-benefit analyses

CLC Chemical looping combustion

EC External cost

EE Eco-efficiency

ESEC Exergy-based, socioeconomic analysis

FPMF Fine particulate matter formation
FRS Fossil resource scarcity

FWET  Freshwater ecotoxicity

FWEU  Freshwater eutrophication

GWP Global warming potential

HCT Human carcinogenic toxicity

HNCT  Human non-carcinogenic toxicity
HRSG Heat-recovery steam generator
IRHH Ionizing radiation HH

LCA Life cycle assessment

LCC Life cycle cost

LCI Life cycle inventory

LCIA Life cycle impact assessment
LU Land use

MET Marine ecotoxicity

MEU Marine eutrophication

MO Multi-objective

MRS Mineral resource scarcity
oD Stratospheric ozone depletion
POF Photochemical ozone formation
REF Reference (plant)

TE Terrestrial ecotoxicity

TRR Total revenue requirement
WRD Water consumption
Subscripts

F Fuel (exergy)

i, j, m,n Streams

k Component

s Social

e External

D Destruction (exergy)

P Product (exergy)

and externalities.

Various approaches to the valuation of external costs of energy sys-
tems and transport exist in the literature, with more work produced in
the last two decades. In general, these valuation methods consider costs
of damages, or market prices, to reach a specified emission target, or
they may be based on mitigation, abatement and/or restoration costs
[1]. Approaches based on market prices reflect the current market
framework at a given moment, leading to significant variability of value
estimations over time and by policy, and therefore they do not offer a
robust internalization of externalities. Methods considering costs for
abatement or mitigation and restoration are also susceptible to factors
like technological advancements, resource scarcity and policies, leading
to significant price variability and weaker externality correlations. In
contrast, approaches that valuate costs of damages consider all possible
societal costs with a long-term perspective, therefore increasing
complexity but covering a broader spectrum of external costs.

Approaches that valuate the cost of damages are usually based on the
concept of life cycle assessment (LCA), a recognized and useful tool for
evaluating the environmental impacts of products, processes, and ac-
tivities. In an LCA, materials used, and pollutants emitted over the life
cycle of a process are converted into environmental impacts. A stand-
alone LCA does not provide information about cost, so it needs to be
combined with economic tools. The most common economic tools can
be classified into cost-benefit analyses (CBA), eco-efficiency (EE) and
Life cycle costing (LCC) methods [4]. The most common tool is LCC,
which is analogous to life cycle impact assessment (LCIA) but including
economic costs instead of environmental impacts. LCC is an environ-
mental cost accounting method [5] that identifies private costs in order
to minimize them. Although there is no agreement about the selection of
the methods to characterize ecology and economy, there is a more
general classification of such approaches [6]: i) methods (mainly
graphical) that integrate environmental and economic aspects but do
not calculate a composite indicator, ii) methods that divide the envi-
ronmental indicator by the economic indicator, or vice versa, obtaining
a composite indicator, and iii) methods that calculate a composite in-
dicator value by adding the two indicators after appropriate scaling is
applied. Approaches that valuate the cost of damages calculate a

composite indicator combining environmental impacts with external
costs by using characterization factors® of a selected LCIA method”.

The ExternE project series presents a unified methodology for the
valuation of the externalities of different power generation technologies
[7,8]. By March 2010, the ExternE project series involved over 50
research teams from more than 20 countries, and became a well-
recognized source for the estimation of external costs [8,9]. An impor-
tant recent application of ExternE was an exercise to quantify the
external costs of the major electricity generation technologies in 15
European countries, to aggregate these damages for national power
systems, and to apply results to policy making issues [10]. Overall, Ex-
ternE/CASES/NEEDS and CE Delft Shadow Prices are considered the
most extended approaches to estimate the societal cost of finite energy-
resource depletion [1,11]. These approaches use LCIA methods to
determine characterization factors for impact assessment. ReCiPe is the
recommended LCIA method, as it presents the most accepted and
widespread characterization factors for impact assessment. The latest
approach to environmental pricing (i.e., external costs), developed by
CE Delft in 2017/18, is based on the NEEDS/CASE projects and esti-
mates the damage costs of 2500 pollutants. In 2019 the method was
added to SimaPro, simulation software widely used in the realization of
LCA. The incorporation of the approach into SimaPro is realized at the
pollutant level (per substance), at the midpoint level (per impact cate-
gory) and at the endpoint level (per damage category). Except for
climate change, all other factors included in the approach, are again
based on their coupling with the LCIA ReCiPe 2008 methodology.

The present study uses externalities from the External-E approach
[12], that provides a valuation relationship between impacts and dam-
ages (based on scientific literature and modelling). The monetisation of
the impacts is based on estimates of the damage that will be done in the

3 Characterization factors quantify the environmental and social damages per
unit of materials used or substance emitted (e.g., greenhouse gas emitted,
material used, etc.).

4 A method that translates quantities of materials and pollutants into envi-
ronmental impacts.



F. Petrakopoulou and E. Batuecas

Table 1
Environmental impacts and external costs for the CLC and REF plants per 1 kWh.
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Environmental Abbr. CLC REF REF plant savings Unit External cost CLC PLANT REF PLANT REF plant savings
impact category PLANT PLANT per kWh produced (€/Unit) ©) ©) per kWh produced
©
Global warming GWP 4.41-107 3.44.107 —5.69-107! kg CO,eq  0.043 1.90-10° 1.48-10° —2.45.1072
potential
Stratospheric ozone oD 3.90 3.17 2.80-10°8 kg CFC11 107 4.17-10% 3.39.10% 2.99.107°
depletion eq
Terrestrial AC 1.21-10° 9.55.10* 5.51.107° kgSO,eq 0.2 2.43.10* 1.91-10* 1.10-10°°
acidification
Freshwater FWEU 6.41-10% 5.25.10% 1.49-1077 kg P eq 0.2 1.28-102 1.05-10% 2.98.1078
eutrophication
Marine MEU 68.90 53.90 1.33.10°8 kg N eq 1.8 1.24-102 9.70-10* 2.40-10°8
eutrophication
Human carcinogenic HCT 1.19-10° 9.71-10° 9.78107° kg 1.4- 0.04 4.7810* 3.89-10* 3.91.10°°
toxicity DCB
Human non- HNCT 3.00-10° 2.53.10° 5.23.107* kg 1.4- 0.04 1.20-10° 1.01-10° 2.09-107°
carcinogenic DCB
toxicity
Photochemical ozone ~ POF 1.29-10° 1.01-10° 7.82:107° kg 0.0023 2.97-10% 2.32:10% 1.80-1077
formation NMVOC
eq
Fine particulate FPMF 4.00-10* 3.22.10* 1.88-107° kg PM10 15 5.99-10° 4.84.10° 2.82.107*
matter formation eq
Terrestrial ecotoxicity ~ TE 1.49-1072 1.27.107%  7.10-10°3 species.yr  1.04-107° 1.55-10712 1.32.10712 7.39.10712
Freshwater FWET 1.44.107° 1.11.107°  3.93.10°° species.yr  2.95.10712 4.26-107Y7 3.27.107Y7 1.16-10°17
ecotoxicity
Marine ecotoxicity MET 9.97-.10°° 8.23107° 265107 species.yr  5.68-10717 5.66-10722 4.67.107% 1.50-107%°
Ionizing radiation HH ~ IRHH 3.98-10° 3.20-10° 8.22:10°* kBq U 0.001 3.98-102 3.20-102 8.22:1077
eq
Land use LU 3.46-10° 2.84.10° 4.95.107° m?2, crop 0.09 3.11-10* 2.56-10% 4.46-10°°
eq
Water consumption WRD 5.38.10° 4.15.10° 2.17.10°° m? 0.2 1.08-10° 8.29-10* 4.33.10°°
Mineral resource MRS 4.03-10* 3.51.10* 3.86:107° kg Fe eq 0.07 2.82.10° 2.46-10° 2.70-107°
scarcity
Fossil resource FRS 1.65-107 1.28-107 5.55.10 2 kg oil eq 0.05 8.26-10° 6.38-10° 2.78-1073
scarcity

future by emissions for categories such as climate change. For categories
like fossil fuel depletion, the external costs are based on a surplus cost of
the production of energy resources. For impacts of particulate matter
formation, the monetization is based on direct valuation of the endpoint
impacts on human health. In the literature, very little is known about the
externalities of energy markets. Although several studies [13,14] take
into account the economic implication of environmental impacts by
means of LCC, this will be the first study to integrate external costs with
thermodynamic analysis for the evaluation and optimization of energy
conversion systems. Existing research recognises the critical role of
exergy-based MO optimization of exergy, economic and environmental
issues but past attempts have not produced a straightforward MO
approach for wider use [15-17]. The mathematical optimization
approach of environomics developed by Christos Frangopoulos at the
beginning of the 1990 s was the first attempt to create an exergy-based
MO optimization approach including external costs for energy systems
[18,19]. The mathematical model proposed included an objective
function with the goal of minimizing the overall private and external
costs of a complete energy facility. ESEC, the developed method in this
paper, belongs to the class of iterative optimization exergy-based
methods and it targets the evaluation and improvement at the
component-based, as well as overall plant. ESEC aims to reveal trade-
offs between the three objectives of external-cost minimization,
private-cost minimization, and efficiency maximization and is based on
the updated concepts and calculation procedures of life-cycle assessment
methods and external costs. The developed method is further applied to
a combined cycle power plant, an advanced plant with CO; capture and
the obtained results will be compared to the conventional exer-
goeconomic and exergoenvironmental analyses [20,21]. A further
optimization of the energy conversion systems is not realized in this
work.

Section 2 below presents the steps of the methodological approach to
carry out an ESEC analysis. Section 3 describes briefly the case studies
on which the method was applied, and Section 4 presents and discusses
the results, with a comparison to the results obtained from conventional
exergy-based methods. Finally, Section 5 presents the conclusions and
future outlook.

2. Methods

The realization of an exergy-based socioeconomic (ESEC) analysis,
requires the following steps:

. life cycle assessment (LCA),
. calculation of external costs,
. exergetic analysis,

. economic analysis,

. ESEC analysis

a s wN -

In this work, the ESEC method is applied to two case studies
described in Section 3, a combined-cycle power plant (reference plant)
and a similar plant with chemical looping combustion and CO; capture.
It should be mentioned that in order to facilitate the comparison of the
new method with conventional exergy-based analysis and evaluate its
results and conclusions, the analysis is carried out in two steps. In the
first step, the external costs of materials of components are considered
and added to the costs of purchase and maintenance (accounting only
for the construction phase). In the second step, the externalities of the
operational phase are also accounted for including the environmental
impact of fossil-fuel use (natural gas). In this way, in the second step
both the construction and the operation phases are included.
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2.1. LCA

Life-cycle environmental impacts are carried out according to ISO
14040 and ISO 14044 standards [22]. The first step here is to create a life
cycle inventory (LCI) of each studied process depicting all input and
output flows, based on predefined system boundaries. The calculation of
the environmental impacts of the analysis is then realized for both the
construction and the operation of the plants. The construction phase
involves the calculation of the environmental impacts of all required
materials to construct each of the components of the plants, while the
operation phase refers to the environmental impacts associated with the
generation of 1 kWh in each plant. Decommissioning is not accounted
for in this work.

To quantify the environmental impacts the LCIA method ReCiPe, the
ILCD method and the Ecoinvent 3 database are used. ReCiPe 2016 v1.1
midpoint method, hierarchist version [23], is used to calculate all
impact categories except for the photochemical ozone formation (POF)
and ionizing radiation HH (IRHH) that are calculated with the ILCD
version 1.0.9 (May 2016). The ILCD Midpoint method was created by
the European Commission [24], while ReCiPe by Radboud University,
the Norwegian University of Science and Technology and PRé Consul-
tants. Both methods are widely recognized by the scientific community.

2.2. Estimation of external costs

The external costs of energy generation are calculated using the
ExternE approach [12]. This approach is based on methodologies
developed within the projects NEEDS [25] and CASES [26] that use
energy and heat production data from EUROSTAT. The method followed
can be classified in the category of approaches that define a composite
indicator through the multiplication of the value of the economic indi-
cator by that of the environmental indicator, as suggested by Ferran
et al. (2018) [6].

The environmental results estimated in Refs. [3,17] and expressed in
units of mPts using the Ecolndicator99, are in this work expressed in
environmental impacts of midpoints using the LCIAs ReCiPe and ILCD.
Table 1 presents the specific monetary values of 17 impact categories
expressed in €/unit, as calculated by Alberici et al. (2014). The specific
external costs used here are based on the ExternE projects and do not
include impacts of employment or the depletion of non-renewable re-
sources. The latter are considered internal, i.e., already included in the
prices of the fuels. The chosen specific costs are combined with the LCA
environmental impacts calculated above to obtain the total external
costs of these 17 impact categories [12]. Specifically, the external costs
are estimated by multiplying the specific external costs expressed per
unit of midpoint of environmental impact with the environmental
impact of midpoint estimated. Subsequently, some necessary modifica-
tions are carried out. These modifications are related to national char-
acteristics of energy production, relative efficiency, working hours etc.
compared with the reference data. In the present work, the estimated
environmental impacts of fine particulate matter formation and mineral
resource scarcity in PM2.5 and Cu eq., respectively, have been converted
to PM10 and Fe eq. This was done to be able to use the available specific
external costs [12] that were based on PM10 and Fe eq [12]. The
appropriate conversion factors used were based on data derived from the
World Health Organization and the ReCiPe report [23,27].

2.3. Exergetic and economic analyses

The exergetic and economic analyses of the plants used for com-
parison and validation in this work are presented in published works
[3,17]. The exergetic analysis, used to calculate the thermodynamic ir-
reversibilities of each individual component of evaluated case studies
[2] was realized using a MATLAB programming code that included
balance equations stated at the component level and one equation for
the overall plant (available upon request). The economic analysis was
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performed using the total revenue requirement (TRR) method and it was
based on assumptions related to the economic life of the plants, the cost
of fuel (natural gas), the average annual cost of money and inflation
rates [3]. The new ESEC method will combine the previous exergetic and
economic results with external costs to study the effect of the addition of
external costs to extract conclusions. Since the new method will be based
on the previous analyses and will also be compared against them, it is
critical that these basic results of the individual exergy-based analyses
remain unchanged.

2.4. ESEC analysis

The developed ESEC method is based on the methodological
approach of existing exergy-based methods but aims to advance the
state-of-the-art of MO exergy-based optimization analyses with a
straightforward procedure. It also combines the concepts of both the
exergoeconomic and exergoenvironmental analyses in a unified frame-
work and aims to deliver results as inherently explicit financial
expenditures.

The calculated monetary values of external costs in Section 2.2. are
converted into costs rates with units of Euro/s and then are added to the
cost rates of investment cost, operating and maintenance expenses Z
calculated in the conventional economic analysis (Section 2.3). The
rates of the total costs are then used as input values in the component
balances, defined in a similar way as in an exergoeconomic or an exer-
goenvironmental analysis. Specifically, the ESEC analysis is realized
using a system of balances, one for each component as follows:

’z:": Ti,k — i Tiu+Zy =0 1)
P =

where, Zi’f [ and jjl" T;« stand for the sum of the total cost rates of n
streams entering and m streams exiting component k, respectively. The
rate of total cost of a material stream (T; = C; + C'e‘i) includes its cost
calculated in the economic analysis () and its external cost (C,) linked
to the operation of the plant (i.e., the external cost of natural gas use).
Z,x is the total (social, s) cost rate of component k that includes the
external costs (EC;) of the component due to the environmental impact

of its construction and its cost rate, Z:
Zs.k = Zk + ECk (2)

Following the methodology of the conventional exergy-based anal-
ysis, two parameters are defined to help with the evaluation process in
an ESEC analysis and to facilitate assessment. These parameters will also
serve to compare the results of the new method with those of the exer-
goeconomic analysis and evaluate the insight gained with the ESEC
method and its relative value in energy system evaluation efforts.

First, the socioeconomic factor, f;x, is calculated for each plant
component k and the overall plant. This factor shows the impact of the
external costs to the total cost of the components that includes the
material/maintenance and operation cost and the total cost of irre-

versibilities (Sp,k)l

Zs,k

= Tk 3
Spx + Zsk

Sk

The cost of irreversibilities of exergy destruction is calculated using
the exergy destruction calculated in the exergetic analysis and the total
cost of fuel of the component, sgx, as calculated in the ESEC analysis:

SD,k = sriEpy )
For the overall plant, the socioeconomic factor is defined as:
j— Z.“
Sp +Z,

s (5)
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A) Flue gas
628.5 kg/s
Mass fractions:
Nz: 0.7337201407
0, 0.1359482649
Ar: 0.0125330903
H0: 0.0561902205
CO;: 0.0616082835

REFERENCE PLANT

Natural gas
14 kgls

B) Flue gas
658.63 kg/s
Mass fractions:

N: 0.8129655932
Ar: 0.0138867269
H,0: 0.0068334567
CO;: 0.0005382452

Ly

Materials:
Steel, cast iron, concrete, PVC
Lifetime:
20 years. 7446 hly
Power Plant Output:
412.5 MW

Elements out of the
system boundaries: |

Energy
™ [kWh]

Water

Energy for plant

CLC PLANT

Natural gas
14 kgls

v

Materials:
(Elements out of the | Steelicastiron {conce el e
system boundaries: Lifetime:

Energy

Water 20 years. 7446 hly

[kWh]

construction

Exergetic Efficiency:
56.5%

Land occupation and
transformation

Power Plant Output:
376.5 MW
Exergetic Efficiency:

Energy for plant
construction

Land occupation and

51.5%

transformation

Fig. 1. Flowchart of the (A) reference and (B) CLC plants. Processes depicted in light grey boxes are considered out of the system boundaries.

with Z; the total cost rate of the plant due to the environmental impact of
its construction and Sp = szEp. sy is the total specific cost rate of the total
fuel of the plant and Ej, is the total exergy destruction of the plant. Since
the ESEC analysis accounts for the external costs of the environmental
impacts of the fuel used and the construction of components, the total
cost of exergy destruction will be higher than the exergy destruction cost
calculated in a conventional exergoeconomic analysis.

Second, the ESEC relative social cost difference is calculated as fol-
lows:
Spk — SFk )

Vs =
SFk

where, spy and spy the ESEC cost of the product and fuel of component k.
The relative cost difference reveals how much more expensive the
product of the component would be relative to its fuel due to irrevers-
ibilities, costs and external costs associated with the operation of each
component k. In the case of the total plant, the relative cost difference is
based on the ESEC cost of product and fuel of the overall plant, i.e., the sp
and sg.

3. Case studies

The case studies used to implement the developed method in this
work are a combined-cycle power plant (reference) and a chemical
looping combustion plant with oxyfuel carbon capture (CLC plant)
[3,17]. The reference plant is a natural-gas-fired combined cycle plant
with three-pressure level heat-recovery steam generator (HRSG) with a
reheating system. The CLC plant includes a similar structure, but it in-
cludes a CLC unit coupled with CO4 capture and a 4-stage compression
unit with compressors and intermediate coolers to liquify the captured
COs. The two plants are used to, first, test and validate the new ESEC
method and, second, to provide a basis for the evaluation of the
magnitude of the effect accounting for external costs in a typical anal-
ysis. The flow diagrams and the results of the conventional exergy-based
analyses of the two plants are shown in the Appendix of the paper to
support the comparison with the new ESEC method.

4. Results and discussion
4.1. Life cycle inventories

The LCI of the reference case and the CLC plant are presented in
Tables A1 and A2 of the Appendix, respectively. These tables show the
breakdown of the plant components according to their materials sum-
marized into steel, cast iron, concrete and PVC. A comparison of the two
tables reveals the differences between the number and type of compo-
nents in the two plants. The reference plant is composed of 24 compo-
nents while the oxyfuel CLC plant consists of a total of 40 components.
This affects the environmental impact of the latter significantly since
additional components require additional material.

4.2. Results of the LCA method

The comparison is initially realized at the component level of the
power plants. Initially, the comparative LCA reveals which components
are associated with higher environmental impacts (construction phase).
The functional unit of the construction phase is the size of the power
plants that is approximately 400 MW. The operational phase of these
plants is then addressed. The basis of comparison, in the operational
case, is the energy generation of 1 kWh (functional unit). The two plants
consume the same amount of fuel and generate electricity with different
efficiencies. Fig. 1 shows the flowchart of energy production in the
reference case (A) and the CLC plant (B), highlighting the foreground
system i.e., the processes that are included in the LCA system bound-
aries. The overall system boundaries for the LCA of energy production
include as inputs the fuel (natural gas) and the materials used to
construct the plants (presented in Tables A1l and A2 of the Appendix).
During operation, both plants consume 14 kg/s of natural gas. The plant
materials are spread throughout the plant lifetime (20 years with and
operation of 7440 h/y). The power plant output of the reference plant is
412.5 MW (with 56.5 % as exergetic efficiency), while that of the CLC
plant is 376.5 MW (51.5 % exergetic efficiency) due to the addition of
COq, capture. The exhausted stream of the plants is the emitted flue gas.
The reference plant releases 628.5 kg/s of flue gas with a molar fraction
shown in Fig. 1A. The molar fraction of the flue gas of the CLC plant is
presented in Fig. 1B. Using all the above information, it is possible to
allocate the inputs/outputs to the functional unit (1 kWh) and calculate
the associated environmental impacts.

Fig. 1 also presents other elements, like water, energy for the con-
struction of the plant and land occupation and transformation, that are
necessary for the operation of the plants and the generation of the
required energy. When the environmental impact analysis does not
include these elements, the stand-alone results of 1 kWh are under-
estimated. However, the work here is focused on comparing the results
of the ESEC with those of the conventional exergy-based analyses and
should include thus the same material streams considered in the initial
evaluations. In addition, the additional elements would cancel each
other out in a comparative evaluation. As such, the results of the present
study are adequate to compare the LCA performance of the two plants
with and without CO5 capture.

Table 1 presents the environmental impacts and external costs for the
CLC and REF plants per 1 kWh. The environmental impact categories are
abbreviated as follows: Global warming potential (GWP), stratospheric
ozone depletion (OD), terrestrial acidification (AC), freshwater eutro-
phication (FWEU), marine eutrophication (MEU), human carcinogenic
toxicity (HCT), human non-carcinogenic toxicity (HNCT), photochem-
ical ozone formation (POF), fine particulate matter formation (FPMF),
terrestrial ecotoxicity (TE), freshwater ecotoxicity (FWET), marine
ecotoxicity (MET), ionizing radiation HH (IRHH), land use (LU), water
consumption (WRD), mineral resource scarcity (MRS), and fossil
resource scarcity (FRS). As seen, there is a significant difference between
the two plants in all impact categories, with GWP as a primary example.
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Fig. 2. A. Comparative LCA for the generation of 1 kWh in the reference and CLC plants. B. Environmental impacts of the reference plant. C. Environmental impacts

of the CLC plant.
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Fig. 3. Contribution of the different environmental impact categories to the external costs of (a) construction and (b) operation of the reference and CLC plants.

Table 1 reveals that the CLC plant results in a much worse environ-
mental behaviour with higher environmental impacts in all impact
categories, when compared to the reference plant. This is mainly due to
the extra construction materials required for the additional components

that make the CLC plant more material intensive. Specifically, this is due
to the components used in the oxy-fuel combustion and the capture of
the generated CO; (four CO, compressors, five CO2 coolers, and the oxy-
fuel reactors) that are not used in the reference plant that does not
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Table 2
Selected results of the ESEC analysis of the reference plant without CO, capture. Sub-table (a) shows the results of the ESEC accounting only for the construction phase,
and sub-table (b) shows the complete results of the ESEC analysis including construction and operation.

a) External costs of construction b) External costs of construction and operation

sp sp Sp Z Sp+27Z, fs rs SF sp Sp Z Sp+2, fs T
Component (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%) (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%)

MJ) MJ) sec) sec) sec) MJ) MJ) sec) sec) sec)
Compressor 1.69 1.95 19.26 39.72 58.98 67.34 15.06 2.31 2.59 26.26 39.72 65.98 60.20 12.36
Combustor 0.92 1.37 202.12 28.39 230.51 12.32 49.51 1.31 1.94 289.77 28.39 318.16 8.92 47.67
Expander 1.55 1.69 31.68 45.61 77.29 59.01 9.41 2.14 2.31 43.80 45.61 89.41 51.01 7.87
RH 1.55 1.98 3.99 3.39 7.38 46.00 27.75 2.14 2.66 5.51 3.39 8.90 38.12 24.35
HPSH 1.55 1.98 5.18 4.84 10.02 48.28  28.04 2.14 2.66 7.16 4.84 12.00 40.30  24.47
HPEvap 1.55 1.93 5.77 5.28 11.04 47.78  24.63 2.14 2.60 7.97 5.28 13.25 39.82  21.52
HPEcon 1.55 2.08 6.19 2.57 8.77 29.36 34.36 2.14 2.81 8.56 2.57 11.14 23.11 31.23
IPSH 1.55 3.66 0.09 0.11 0.20 56.79 136.40 2.14 4.63 0.12 0.11 0.23 48.74 116.48
IPEvap 1.55 2.08 0.67 1.86 2.53 73.56  34.34 2.14 2.74 0.92 1.86 2.78 66.81 27.86
IPEcon 1.55 2.28 0.29 0.15 0.44 33.94 47.55 2.14 3.06 0.40 0.15 0.55 27.10  42.83
LPSH 1.55 3.05 0.59 0.55 1.14 48.30 96.96 2.14 3.95 0.82 0.55 1.37 40.32 84.61
LPEvap 1.55 2.48 5.49 4.97 10.45 47.50  60.22 2.14 3.27 7.59 4.97 12.56 39.55  52.65
LPEcon 1.55 3.21 5.86 2.70 8.55 31.52 107.19 2.14 4.22 8.10 2.70 10.79 2498  97.02
HPST 2.08 2.48 4.38 5.15 9.54 54.02 19.65 2.78 3.26 5.88 5.15 11.03 46.70 17.17
IPST 2.07 2.53 4.52 9.26 13.77 67.22  22.25 2.77 3.29 6.05 9.26 15.31 60.48 18.75
LPST 2.19 3.06 21.11 21.41 42.52 50.35  39.69 2.92 3.94 28.14 21.41 49.55 43.21 35.09
CondPump 2.02 8.52 0.02 0.20 0.22 91.20  321.15 2.70 9.45 0.03 0.20 0.22 88.59  249.77
HPP 2.02 3.74 0.33 1.12 1.46 77.11 84.91 2.70 4.58 0.45 1.12 1.57 71.61 69.55
IPP 2.02 14.89 0.02 0.22 0.24 91.26  636.31 2.70 16.07 0.03 0.22 0.24 88.66  494.76
LPP 2.02 40.83 0.00 0.07 0.07 97.42 1918.62  2.70 41.96 0.00 0.07 0.07 96.58 1453.33
Total 0.92 2.08 274.91 181.20 456.11 39.73 127.66 1.31 2.79 394.13 181.20 575.33 31.49 112.29
LCOE 75.00 100.27

(€/MWh)
Table 3

Selected results of the ESEC analysis of the CLC plant with CO, capture. Sub-table (a) shows the results of the ESEC accounting only for the construction phase, and sub-
table (b) shows the complete results of the ESEC analysis including construction and operation.

a) External costs of construction b) External costs of construction and operation

SF sp Sp VA Sp+2, [y Ty S sp Sp Z Sp+2, [ rg
Component (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%) (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%)

M) MJ) sec) sec) sec) MJ) MJ) sec) sec) sec)
Compressor 1.94 2.13 25.58 26.93 52.51 51.29 10.10 2.27 2.49 30.03 26.93 56.97 47.28 9.33
Reactors 0.91 1.55 177.52 139.11 316.63 4394 69.13 1.13 1.84 218.83 139.11 357.94 38.86 63.40
Expander 1.81 1.94 35.55 30.96 66.51 46.55  7.05 2.13 2.27 41.93 30.96 72.89 42.47 6.55
GT2 1.18 1.36 3.31 6.07 9.37 64.72 15.49 1.41 1.60 3.95 6.07 10.01 60.59 13.86
HXNG 1.18 6.93 6.13 0.29 6.42 4.53 487.68 1.41 8.22 7.32 0.29 7.61 3.82 484.10
RH 1.81 2.38 4.06 1.66 5.72 29.04 31.68 2.13 2.78 4.78 1.66 6.44 25.76 30.25
HPSH 1.81 2.26 3.61 3.29 6.90 47.71 24.72 2.13 2.63 4.26 3.29 7.55 43.62 23.07
HPEvap 1.81 2.18 5.01 4.01 9.02 44.45  20.32 2.13 2.54 5.91 4.01 9.92 40.42 19.05
HPEcon 1.81 2.41 6.63 1.64 8.27 19.80  33.24 2.13 2.82 7.83 1.64 9.46 17.30 32.05
IPSH 1.81 3.09 0.25 0.22 0.47 47.18 70.57 2.13 3.54 0.29 0.22 0.52 43.09 65.92
IPEvap 1.81 2.30 1.76 2.60 4.36 59.59  27.36 2.13 2.67 2.08 2.60 4.67 55.56 25.12
IPEcon 1.81 2.53 0.60 0.25 0.85 29.00  39.69 2.13 2.94 0.71 0.25 0.96 25.73 37.89
LPSH 1.81 3.43 0.57 0.39 0.96 40.40  89.70 2.13 3.94 0.67 0.39 1.06 36.49 84.52
LPEvap 1.81 2.72 5.49 3.88 9.37 41.40 50.43 2.13 3.15 6.48 3.88 10.35 37.45 47.46
LPEcon 1.81 3.56 6.81 2.11 8.92 23.68  96.58 2.13 4.11 8.03 2.11 10.14 20.82 92.74
HPST 2.33 2.73 4.03 2.94 6.97 42.20 17.05 2.72 3.15 4.70 2.94 7.64 38.53 16.12
IPST 2.37 2.79 3.33 4.21 7.54 55.83 17.85 2.76 3.21 3.88 4.21 8.09 52.06 16.58
LPST 2.51 3.34 16.62 10.89 27.51 39.58  33.03 2.91 3.83 19.30 10.89 30.18 36.07 31.37
ST4 2.36 3.77 11.96 4.42 16.38 26.97  59.60 2.75 4.33 13.92 4.42 18.33 24.10 57.39
CondPump 211 7.60 0.02 0.16 0.18 88.92 260.04 2.46 8.08 0.02 0.16 0.18 87.31 228.37
HPP 2.11 3.63 0.30 0.80 1.11 72.51 71.99 2.46 4.07 0.36 0.80 1.16 69.34 65.16
IPP 2.11 9.97 0.03 0.23 0.27 87.81 372.58 2.46 10.53 0.04 0.23 0.27 86.06 327.93
LPP 2.11 36.13 0.00 0.06 0.06 96.82 1611.68  2.46 36.72 0.00 0.06 0.06 96.31 1391.87
CO2_comprl 3.77 17.77 2.30 8.78 11.08 79.21 371.16 4.33 20.01 2.64 8.78 11.42 76.86 362.54
CO2_compr2 3.77 7.82 2.43 8.99 11.42 78.75 107.50 4.33 8.55 2.78 8.99 11.77 76.36 97.67
CO2_compr3 3.77 8.08 2.43 8.86 11.28 78.50 114.17 4.33 8.83 2.78 8.86 11.64 76.09 104.06
CO2_compr4 3.77 8.17 2.52 8.91 11.42 77.96 116.76 4.33 8.93 2.89 8.91 11.79 75.52 106.47
Coolerl 1.18 26.50 1.92 28.42 6.76 0.00 1.41 31.63 1.92 33.55 5.72 0.00
TOTAL 0.92 2.58 281.32 288.56 569.88 50.64 181.50 1.13 2.99 346.43 288.56 634.99 45.44 165.06
LCOE 92.74 107.53

(€/MWh)
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Table 4
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Relative differences between the ESEC analysis (including construction and operational phases) and the exergoeconomic analysis of the reference (left side) and CLC

plants (right side).

SF sp SD ZS S'D + fs Ts SF Sp SD ZS S'n + S Ty
Z Z
Component (%) (%) (%) (%) (%) (%) (%) Component (%) (%) (%) (%) (%) (%) (%)
Compressor 36.48 33.31 36.48 0.45 12.25 —10.51 -17.76 Compressor 17.62 16.82 17.62 0.54 8.87 —7.66 —7.44
Combustor 43.37 41.63 43.37 0.52 38.11 —27.22 —3.66 Reactors 23.27 19.23 23.27 0.67 13.38 —-11.21 —8.02
Expander 38.36 36.48 38.36 0.94 16.36 -13.25 —15.90 Expander 18.14 17.62 18.14 1.12 10.26 —8.29 —6.67
RH 38.36 37.22 38.36 9.90 25.93 -12.73 —4.09 GT2 19.49 17.92 19.49 1.22 7.71 —6.03 —9.86
HPSH 38.36 37.11 38.36 10.42  25.56 —12.06 —4.44 HXNG 19.49 18.86 19.49 2.29 18.73 —13.85 —0.64
HPEvap 38.36 36.61 38.36 2.67 21.54 —15.52 —6.75 RH 18.14 18.91 18.14 11.46 16.34 —4.20 2.88
HPEcon 38.36 37.74 38.36 3.85 28.49 —19.18 —1.86 HPSH 18.14 18.49 18.14 12.65 15.68 —2.62 1.61
IPSH 38.36 30.91 38.36 2.10 17.95 —13.44 —9.57 HPEvap 18.14 17.95 18.14 3.30 11.66 —7.48 -0.98
IPEvap 38.36 33.22 38.36 2.27 11.96 —8.66 —15.04 HPEcon 18.14 18.91 18.14 4.64 15.56 —9.45 2.74
IPEcon 38.36 37.00 38.36 2.53 26.39 —18.88 -3.21 IPSH 18.14 17.41 18.14 2.96 11.08 -7.31 —1.54
LPSH 38.36 33.81 38.36 2.63 21.33 —15.41 -6.91 IPEvap 18.14 17.25 18.14 3.06 9.26 —5.67 —3.66
LPEvap 38.36 35.03 38.36 2.65 21.62 —15.60 —6.68 IPEcon 18.14 18.58 18.14 3.49 13.99 -9.21 1.36
LPEcon 38.36 36.75 38.36 3.88 27.77 —-18.70 —2.34 LPSH 18.14 17.94 18.14 3.21 12.22 —8.02 -0.37
HPST 36.82 34.78 36.82 2.08 18.06 —13.54 -9.36 LPEvap 18.14 17.95 18.14 3.29 12.10 ~7.86 —0.50
IPST 36.67 33.33 36.67 1.31 12.85 —10.22 —13.68 LPEcon 18.14 19.43 18.14 4.81 15.09 —8.93 2.30
LPST 36.28 32.96 36.28 0.88 18.33 —14.75 —8.76 HPST 18.39 18.12 18.39 3.06 11.98 —7.96 -1.65
CondPump 35.23 12.19 35.23 0.08 3.14 -2.97 —22.33 IPST 18.37 17.61 18.37 2.07 9.29 —6.60 —4.36
HPP 35.23 24.72 35.23 0.01 8.00 -7.39 —17.03 LPST 18.28 17.72 18.28 1.28 11.53 -9.19 -1.97
IPP 35.23 9.04 35.23 0.01 3.05 —2.95 —22.41 ST4 18.21 18.36 18.21 1.61 13.74 —10.66 0.35
LPP 35.23 3.23 35.23 0.09 0.98 —-0.89 —24.89 CondPump 17.70 7.51 17.70 0.09 2.03 -1.90 —-12.00
Total 43.37 35.37 43.37 1.57 26.92 —19.97 —10.04 HPP 17.70 13.74 17.70 0.01 4.84 —4.61 -8.12
LCOE (%) +35.4 IPP 17.70 6.79 17.70 0.01 2.15 —-2.09 -11.77
LPP 17.70 2.09 17.70 0.09 0.65 —-0.55 —14.08
CO2 comprl  18.36 20.70 18.36 0.72 4.32 —3.45 2.53
CO2_compr2 18.36 12.00 18.36 0.29 4.04 —-3.61 —10.32
CO2_compr3  18.36 11.95 18.36 0.14 3.97 —-3.68 -10.11
CO2_compr4  18.36 11.86 18.36 0.21 4.12 —3.76 -10.14
TOTAL 23.14 17.59 23.14 1.10 12.04 —9.77 —7.05
LCOE (%) +17.6

include CO4 capture (see Table A2 in Appendix). Additionally, it is seen
that 0.0217 1 of water per kWh produced are saved with the reference
plant relative to the CLC case. The electricity generated in the CLC plant
also results in higher ecotoxicity (freshwater, terrestrial and marine)
estimated in species.year (species disappearing during one year). When
looking at the ozone-related indicators, i.e., OD, POF, FPMF, it is found
that 2.80-10~® kg of CFC11, 1.88-107° kg of PM10 and 7.82-107° kg of
non-metallic VOCs can be avoided, respectively, when generating elec-
tricity in the reference plant instead of the CLC. The carcinogenic in-
dicators also show that the reference case performs better than the CLC,
while the eutrophication and acidification of the reference plant is
approximately 20% lower than those of the CLC. Nevertheless, the most
important difference between the two plants is the much lower GWP of
the CLC plant, mainly related to the reduced CO5 emissions in this case.

Fig. 2 presents the savings of environmental impact in the opera-
tional phase of the two plants. The results are presented in a comparative
way to reveal the influence of fuel consumption and the emissions in the
two plants and to show how the impact of the plants’ materials are
distributed over their lifespan. Fig. 2A shows the results for the opera-
tional phase (i.e., when 1 kWh is produced). It is seen that power
generated in the CLC plant has an approximately 20% higher environ-
mental impact in 17 out to the 18 impact categories, when compared to
the reference plant. A more detailed picture of the impacts is shown in
Fig. 2B and 2C. These figures demonstrate the high impact of the
emissions on the GWP of the plants. More than 80% of the GWP in the
reference plant comes from the emissions (see Fig. 2B), when the lower
emissions in the CLC plant (particularly the CO, emissions) decrease its
carbon footprint by more than 80%. The contribution of the use of
natural gas to the environmental impacts of the operational phase for the
reference and CLC plants is shown in Fig. 2B and C, respectively. Cate-
gories like OD, POF, MET, IRHH or FRS are heavily dominated by the
contribution of the natural gas (99%). Fig. 2B and 2C also show that the
impact of the plant materials used in the construction phase are almost
negligible when accounting for the operational phase of the plants in

several impact categories (GWP, OD, AC, FWEU, MEU, HTNC, POF,
FPMF, FWET, MET, IRHH) or they result in contributions not higher
than 17% (HCT, TE, WRD, MRS). This result is consistent with previous
studies, as for example that of Wang et al. who found that only 0.25% of
the GWP was due to the construction phase in an LCA conducted for
hydrogen production via chemical looping combustion [28]. A more
detailed presentation of the component-level environmental impact of
the two studied plants is presented in the Appendix of the paper.

The external costs of the environmental impacts, presented in
Table 1, are shown in a relative perspective in Fig. 3 [12]. Fig. 3A reveals
that the percentage-wise contribution to construction costs of the
different environmental impacts is very similar in the two plants. More
than 50% of the cost is associated with the GWP, followed by the fuel
resource scarcity (22-23%) and the fine particulate matter formation
(17-18%). However, the percentage-wise operational cost contribution
differs significantly between the two cases (Fig. 3B). The external cost of
GWP is reduced from 68% of the total external cost in the reference plant
down to a contribution of 24% in the CLC plant. The primary external
cost contribution (equal to 68%) is associated with fossil resource
scarcity in the CLC case.

Overall, the economic results reflect the environmental impacts.
When looking at the use of construction materials, for example, it is seen
that the environmental impacts of the CLC are higher than those of the
reference plant (Table 1). For example, the carbon footprint, i.e., the
GWP, of the CLC plant is 1.90 M€, while that of the reference case is 1.48
ME€. However, when looking at the operational phase, the lower GWP of
the CLC plant results in saving of 2.45 € cents per kWh when compared
to the reference case. Nevertheless, the evaluation of the operational
phase shows savings in 16 other environmental indicators when the
reference plant is used instead of the CLC plant.

4.3. Results of the ESEC method

Tables 2 and 3 present the results of the ESEC analysis for selected
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Fig. 4. Component contribution in (a) the ESEC analysis, (b) the exergoeconomic analysis, and (c) the exergoenvironmental analysis for the reference plant. The
improvement suggestions of the ExEc, ExEn, and ESEC analysis are driven by the percentage-wise contribution of the individual components to the total costs
(column “Total costs/Total EI"). It is seen that the results of the ESEC analysis fall between the results of the ExEc and ExEn analyses with some justified bias towards

the economic criterion.

components of the reference and CLC plant, respectively. Two sub-tables
are seen in each case. The first sub-table (a) presents the results of the
ESEC when only the external costs of the construction phase are
accounted for, while the second sub-table (b) presents the results of the
complete ESEC analysis that includes the external costs of both the
construction and operational phases. By including the operational
phase, the analysis accounts for the amount and cost of the natural gas
used. Complete tables with all the components of the plants, including
the results of the exergoeconomic analysis, can be found in the Appendix
of the paper. Table 4 shows the relative differences between the exer-
goeconomic and the ESEC analyses including both construction and
operational phases.

Since the ESEC analysis is founded on the conventional exer-
goeconomic analysis, the comparison of their respective results reveals
the direct impact of including external costs in the evaluation. Such a
comparison can be realized using the results presented in Tables 2-4. It
is seen that the addition of the external costs leads to an increase in the
total costs in comparison to the exergoeconomic analysis that does not

account for externalities. There is, however, a significant difference
between the case where only the construction phase is included and the
case where both the construction and the operational phase are
accounted for. The increase of the total cost (S'D,k + Z's,k) relative to the
initial exergoeconomic analysis is on the order of 0.5-0.6% when only
the construction phase is considered. When both the construction and
operational phase are included, on the other hand, the total cost in-
creases up to 20% in the reference case and up to 40% in the CLC plant
for most of the components.

The socioeconomic factor of the ESEC analysis that shows the
contribution of the construction costs (external and financial) on the
total cost is always higher than the exergoeconomic factor, when only
the construction phase is included. This is due to the increase of the
numerator of the socioeconomic factor from the addition of the external
cost of the construction materials. Nevertheless, this increase is small
and less than 1%. When the operational phase is included as well,
however, the socioeconomic factor becomes lower than the exer-
goeconomic factor, since the external costs of exergy destruction in-
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economic criteria.

crease (denominator of the socioeconomic factor). This shows that the
impact of the construction phase gets less important when the complete
external costs are included, with the impact of the operation dominating
the results. With approximately 32% and 45% of the total costs stem-
ming from the construction of the reference and CLC plants, respec-
tively, 68% and 55% of the costs of the plants is due to their operational
phase (costs of exergy destruction). The reduction in the socioeconomic
factor relative to the exergoeconomic factor is on the order of 20% in the
reference plant and 10% in the CLC plant. The higher relative reduction
in the reference plant shows the important impact of the external costs of
the CO; emissions in this case since the plant emits more CO; when
compared to the CLC plant. A large part of the potential external costs of
the CLC plant, on the other hand, is avoided due to the capture of a large
portion of the CO5 emissions. A similar effect of the external cost in-
clusion is seen on the relative cost-difference factor. The relative so-
cioeconomic cost difference (r;) for the reference and CLC plants,

10

however, is higher by 10% and 7%, respectively, in the ESEC analysis
relative to the exergoeconomic analysis.

The LCOE of electricity of the reference and CLC plants in the exer-
goeconomic analysis was calculated 74.1 and 91.5 €/MWh, respectively
(see Appendix). The inclusion of the external costs of construction re-
sults in a modest increase in the LCOE of 1.26% and 1.41% in the
reference and CLC cases, respectively. However, when the operational
phase is accounted for as well, the results change drastically (Table 4).
Specifically, increases of 35.4% and 17.6% relative to the conventional
exergoeconomic analysis are found for the reference and CLC plants,
respectively. This is again associated with the strong environmental
impact of the operational cost and specifically with the use of natural gas
throughout the lifespan of the plant that is translated into large external
costs. The approximately double percentage-wise increase in the case of
the reference plant is associated with the higher CO emissions of the
plant relative to the CLC case or, in other words, the reduction of the
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potential external costs of the CLC plant due to the high amount of CO,
captured. When looking thus at the LCOE of the two plants, we see that
although the CLC plant with CO5 capture was 23% more expensive when
only the conventional economics are included, it is only 7% more
expensive when the external costs are accounted for. This reveals the
potential power of the inclusion of external costs in energy-generation
systems and opens the door to making, otherwise seemingly more
expensive alternatives, financially attractive.

4.4. Comparison of the results of the ESEC analysis with conventional
exergy-based analyses

The ESEC analysis combines financial data with environmental im-
pacts and its overall indications should thus agree with those obtained in
the individual exergoenvironmental and exergoeconomic analyses. In
the exergy-based analyses, the primary indication used in the evaluation
and optimization process of energy conversion systems is the total cost.
For the ESEC method to be adequate to represent both the environ-
mental and the economic criteria, the final indications of the total scores
of the new analysis should lie somewhere between those of the indi-
vidual analyses. This procedure also helps to evaluate the overall impact
of more subjective considerations of external costs in a more objective
manner and to bring the analysis closer to the indications of widely
accepted environmental methods.

To validate the results of the ESEC analysis, we calculate the
percentage-wise cost contribution of the different components that show
us the components with the highest priority for improvement. First, the
component contributions to the investment cost and the cost of exergy
destruction calculated in the exergoeconomic analysis are compared to
the construction costs and the cost of exergy destruction calculated in
the ESEC analysis. These comparisons for the reference and CLC plants
are presented in the panels (a) and (b) of Figs. 3 and 4.

The percentage-wise contributions of the individual components are
seen to be very similar in the two analyses. The improvement sugges-
tions based on the results of the two analyses are thus interchangeable.
However, when comparing the results of the three analyses, i.e.., ESEC,
exergoeconomic and exergoenvironmental analyses, we expect to see
that the final indications of the ESEC analysis for all the different com-
ponents are indeed found to lie percentagewise between the indications
of the economic and the environmental results. When looking at the
total costs of the exergoeconomic analysis (costs exergy destruction plus
the investment costs), the total costs of the ESEC analysis (social costs of
exergy destruction plus the investment costs) and the total costs of the
exergoenvironmental analysis, however, it is seen that the final indica-
tion is closer to the results of the exergoeconomic analysis. This shows
that the economic criteria are weighted more than the environmental
criteria. The reason for that bias towards the economic side are the
weight of the external costs (associated with the environmental impacts)
relative to the weight of the private costs. As shown in Tables 4-6, the
increase of the cost due to the external cost of construction is lower than
4% for most of the components. The impact of the addition of external
costs of construction and operation in the ESEC analysis on the cost of
exergy destruction (Table 6), however, is much higher. Specifically, the
cost of exergy destruction in the ESEC analysis increases by approxi-
mately 20% in the CLC plant and 40% in the reference case. Even so,
most of the costs are associated with the initial costs and not with the
external costs (environmental impacts). This shows, again, the much
stronger effect of the economic calculations on the results of the ESEC
analysis.

The relative results of the exergoenvironmental analysis are pre-
sented in panels (c) of Figs. 4 and 5. Complete tables can be found in the
Appendix of the paper. If we compare the cost of exergy destruction
calculated in the exergoenvironmental analysis to the cost of exergy
destruction calculated in the ESEC analysis, we find some small differ-
ences. It is seen that the priority ranking based on the cost of exergy
destruction from the ESEC analysis is identical to that obtained from the
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exergoenvironmental analysis for the three most important components.
The results show a different component in the fourth ranking position,
revealing, again, more agreement with the economic criteria (same
ranking as in the exergoeconomic analysis). To further test whether the
obtained results from the ESEC agree with those of the exergoenvir-
onmental analysis we can also look at the impact of the construction
phase on the overall environmental performance. The exergoenvir-
onmental factor (fy,) that shows the impact of the environmental impact
of the construction on the overall impact of the overall structure was
found to be 0.46% and 0.59% for the reference and CLC plants,
respectively [17]. The impact of the construction in the case of the ESEC
analysis can be found by dividing the increase in the construction costs
with the final total costs. For the reference plant, for example, it is
calculated as: (181.2-178.4)/575.3, resulting in a value of 0.485%. A
similar value (0.495%) is calculated for the CLC plant. This small effect
of the external costs of the construction phase thus agrees with the re-
sults of the exergoenvironmental analysis, also validating the order of
magnitude of the external costs used.

5. Conclusions

Currently, energy markets do not include externalities. The incor-
poration of external costs in the evaluation of energy systems can pro-
vide insights into the environmental impacts of energy generation on
society and support an implicit understanding by linking environmental
impacts to costs. This study introduced and validated an exergy-based
socioeconomic analysis (ESEC) method that can be used to evaluate
energy systems at their design stage under thermodynamic, economic,
and environmental criteria. The environmental performance is evalu-
ated with a life-cycle assessment and the environmental impacts calcu-
lated are converted into costs. These external costs are combined with
those of a conventional economic analysis and the resulting total costs
are coupled with an exergetic analysis to carry out the component-level
ESEC evaluation.

The ESEC method has been developed as a trade-off analysis tool that
can offer insight into both economic and environmental aspects simul-
taneously. As a multi-objective integrated tool incorporating economic
and environmental impacts, its results should provide similar in-
dications to those of the individual exergoeconomic and exergoenvir-
onmental analyses. Nevertheless, the ESEC method allows the
simultaneous optimization of thermodynamic, economic, and environ-
mental criteria. To test and validate the results of the developed method
it was applied to two case studies and its results were compared to those
of conventional exergoeconomic and exergoenvironmental analyses.

Overall, it was seen that the indications of the new analysis fell
within expected limits and within the range of those from the exer-
goeconomic and exergoenvironmental methods. Some bias favoring the
indications of the economic analysis was found, showing that the weight
of the environmental criteria in the overall analysis is somewhat smaller.
This bias may be driven by two main factors. First, the relatively small
environmental importance of the construction phase in energy systems,
when compared to the economic contribution of the construction phase
and, second, the used specific external costs that could be further tuned
to provide a more balanced weighting between the economic and
environmental sides.

The two power plants used in the study were a conventional
combined-cycle power plant (reference plant) and a plant with similar
structure including chemical looping combustion (CLC) for CO5 capture.
The selection of these specific cases was intended to test the effect of the
externalities on the evaluation of plants with CO, capture and evaluate
their potential importance in similar occasions. The two case studies
were compared for 17 different environmental impacts. It was seen that
the plant with CO; capture performed better only in the category of
global warming potential because of the CO2 captured relative to the
reference plant. The same result was found when the external costs were
accounted for: the reference plant performed better in all other 16
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environmental categories. As expected, the environmental implications
of the construction phase (i.e., construction materials needed in a plant)
were much less significant when compared to the operational phase (i.e.,
the fuel consumption). The inclusion of the external costs of the con-
struction phase led to a small increase in the levelized cost of electricity.
However, the inclusion of the operational phase, increased the LCOE by
35.4% and 17.6% in the reference and CLC cases, respectively. The in-
clusion of the external costs was seen thus to significantly reduce the
difference between the cost of electricity of the two plants. Specifically,
the exergoeconomic analysis resulted in an LCOE of the CO5 capture
plant 23.5% higher than that of the reference case. The ESEC analysis,
on the other hand, showed that the LCOE of the carbon capture plant
was only 7.2% higher than that of the plant without CO, capture. This
shows that the inclusion of external costs may play a decisive role in the
decision making of environmental policies. The adaptation of methods
like the ESEC analysis in energy-system evaluations can offer a more
representative picture of the operational implications of energy systems
and may bring about potential important shifts in future practices.
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Appendix

This appendix presents the detailed flow diagrams of the two plants
considered in this paper, data related to the life cycle inventory and
results of the conventional analyses of the plants published in previous
works, as well as detailed inputs and results of the LCA analysis.

To visualize the environmental footprints of the reference and CLC
plants in more detail, the calculated data were plotted in Figs. A3 and
A4, respectively. The results are presented at the component level and
show the environmental contribution of every component to each of the
17 environmental impact categories considered.

Fig. A3 shows that the highest contributions in 15 out of the 17
impact categories of the reference plant are linked to the cooling tower.
For HCT and MRS, the deaerator (11% in HTC and 12% in MRS) and the
expander (15% in HTC and 16% in MRS) result in higher contributions
than the cooling tower (11% in HTC and 5% in MRS). Indeed, the
deaerator and the expander are components with significant contribu-
tions to several impact categories due to the high use of steel. Both
components contribute to more than 10% to MRS, MET, TE, HNCT and
HCT. Other components that are responsible for more than 5% of the
environmental impacts are: the combustion chamber in the HTC and
HNCT categories, the compressor in FWEU, HCT and FWET, the HP SH
in 11 out to 17 impact categories, and the low-pressure steam turbine
(LP ST) in HCT, HCNT, TE, MET and MRS.

Fig. A4 shows that the cooling tower of the CLC plant has the largest
contribution to the overall environmental impact. This component
contributes to more than 74% of GWP, OD, MEU, POF, WRD and FRS.
This result is attributed to its weight (6.21-107 kg) and material
composition (5.65-10” kg concrete), that is significantly higher than
other elements. Another material with a significant environmental
impact is the steel. Reactor 2 is the component with the highest amount
of steel high alloy (2.77-10° kg) in the CLC plant (see Table A2). That is
why this component has a relatively high environmental impact with a
final considerable contribution to the overall impact of the plant (more
than 18% in HCT, HNCT, TE, MET and MRS). There are other compo-
nents that result in an overall significant contribution as well. For
example, the second CO5 compressor (Compressor 2) results in contri-
butions of approximately 5% in HCT and FWET. The second expander
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(Expander 2) and the second high-pressure superheater (HP SH 2)
contribute to more than 5% of the total score in most impact categories.
Reactor 1 and Reheater 2 result in an environmental impact contribution
higher than 5% in HCT, HNCT, TE and MRS. All remaining components
are of secondary importance in the environmental impact of the overall
structure, resulting in contributions lower than 5% in all impact
categories.

GWP is an impact category primarily influenced by the CO3 emis-
sions. Thus, reducing the CO, emissions in the CLC plant leads to a
strong reduction in the GWP of more than 80% when compared to the
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reference case. This means that 0.569 kg CO2/kWh are saved when the
CLC plant is used instead of the reference plants (see Table 1). These
results agree with previous studies that have demonstrated that carbon
capture options, such as CLC, are attractive choices for decreasing the
emissions of energy generation processes. Published LCA studies
[29-31] have already demonstrated how lower COy emissions in CLC
plants, specifically, result in significantly lower GWP. However, a lower
GWP does not necessarily result in a better overall ecological perfor-
mance in other indicators or improvements in the ecological cost. For
example, Pang et al. [32] compared the LCA of a CCS system to a
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Table Al
LCI of the reference plant (constituent materials).
TOTAL Weight [Kg] Steel Steel low alloy Steel high alloy Cast iron Concrete PVC (high impact)
HP SH 2.57-10° 6.68-10* 1.90-10°
HP Evap 2.2110° 2.21.10°
HP Econ 1.54-10° 1.54.10°
1P SH 3.73-10° 3.73-10°
1P Evap 6.65-10* 6.65-10*
IP Econ 5.88-10° 5.88-10°
LP SH 2.27-10* 2.27-10*
LP Evap 2.06-10° 2.06-10°
LP Econ 1.62-10° 1.62:10°
Reheater 1.72-10° 4.48-10* 1.27-10°
Condenser 4.51-10* 4.51-10*
HP Pump (incl. motor) 1.66-102 5.80-10! 1.08-102
IP Pump (incl. motor) 1.81-10! 6.35-10° 1.18-10!
LP Pump (incl. motor) 8.89-10! 3.11-10" 5.78-10"
Pump cond. (incl. motor) 2.36-102 8.26-10! 1.53.102
Pump CT (incl. motor) 6.34.10* 2.22.10* 4.12-10*
Cooling tower 6.21-107 5.65-107 5.59.10°
Deaerator 6.08-10* 6.08-10*
Expander 2.38-10° 5.94.10* 1.78-10°
Compressor 2.67-10° 8.91-10* 1.19-10° 5.94.10*
Combustion chamber 8.91-10* 2.97.10* 5.94.10*
HP ST 5.85-10* 1.46-10* 4.39.10*
P ST 6.70-10* 1.68-10* 5.03-10*
LP ST 1.04-10° 2.60-10* 7.81-10*

Table A2
LCI of the CLC plant (constituent materials).
TOTAL Weight [Kg] Steel Steel low alloy Steel high alloy Cast iron Concrete PVC (high impact)
HP SH 2.08-10° 5.41-10* 1.54-10°
HP Evap 2.07-10° 2.07-10°
HP Econ 1.17-10° 1.17-10°
IP SH 1.03-10* 1.03-10*
IP Evap 1.24-10° 1.24-10°
IP Econ 1.34-10* 1.34.10*
LP SH 1.94-10* 1.94.10*
LP Evap 1.99-10° 1.99-10°
LP Econ 1.56-10° 1.56-10°
Reheater 9.61-10* 2.50-10* 7.11-10*
Condenser 4.19.10* 4.19-10*
HP Pump (incl. motor) 1.45-102 5.06-10! 9.40-10!
IP Pump (incl. motor) 4.89-10! 1.71-10! 3.18.10!
LP Pump (incl. motor) 7.57-10 2.65-10! 4.92-10!
Pump cond. (incl. motor) 2.13-10% 7.44.10" 1.38-10%
Pump CT (incl. motor) 6.58.10* 2.30-10* 4.28-10*
Cooling tower 8.14-107 7.41-107 7.33-10°
Deaerator 5.32.10* 5.32.10%
Expander 1.92:10° 4.79-10* 1.44.10°
Compressor 2.16-10° 7.19.10* 9.58.10* 4.79.10*
HP ST 4.89-10% 1.22.10* 3.66-10%
IP ST 4.77.10* 1.19-10* 3.57.10*
LP ST 7.69-10* 1.92.10* 5.77-10*
ST4 3.91.10* 9.76-10° 2.93-10*
SH4 4.60-10° 1.20-10° 3.41-10°
Evap4 1.06-10* 1.06-10*
Econ4 3.32:10° 3.32:10°
GT2 4.07-10* 1.02-10* 3.05-10*
NG HX 1.05-10* 1.05-10*
Reactor 1 1.33-10° 8.64-10* 4.65-10*
Reactor 2 4.26-10° 2.77-10° 1.49-10°
CO, Compressors 1 6.35.10* 2.12.10* 2.82.10* 1.41-10*
CO, Compressors 2 2.59.10* 8.63-10° 1.15.10* 5.75.10°
CO2 Compressors 3 1.26-10* 4.20-10° 5.60-10° 2.80-10°
CO, Compressors 4 1.86-10* 6.20-10° 8.27-10° 4.13.10°
CO, condenser 1.57-10° 1.57-10°
CO;, cooler 1 1.44-10* 1.44-10*
CO, cooler 2 1.42-10* 1.42-10*
CO, cooler 3 1.27-10* 1.27-10*
CO, cooler 4 1.71-10* 1.71.10*
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Table A3

Results of the ESEc analysis of the reference plant without CO, capture. Sub-table (a) shows the results of the conventional exergoeconomic analysis, sub-table (b) shows the results of the ESEc accounting only for the

construction phase, and sub-table (c) shows the complete results of the ESEc analysis including construction and operation.

NO_external costs

Ext. costs due to construction

Ext. costs of construction and operation

cp cp Cp Z Cp+72 f r S sp Sp Z, Sp+2, [s Ty SF sp Sp Z Sp+2, [s Ty
Component (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%) (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%) (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%)

MJ) MJ) sec) sec) sec) MJ) MJ) sec) sec) sec) MJ) MJ) sec) sec) sec)
Compressor 1.69 1.95 19.24 39.54 58.78 67.26 15.03 1.69 1.95 19.26 39.72 58.98 67.34 15.06 2.31 2.59 26.26 39.72 65.98 60.20 12.36
Combustor  0.92 1.37 202.12 28.24 230.36 12.26 49.48 0.92 1.37 202.12 28.39 230.51 12.32 49.51 1.31 1.94 289.77 28.39 318.16 8.92 47.67
Expander 1.55 1.69 31.66 45.19 76.84 58.80 9.36 1.55 1.69 31.68 45.61 77.29 59.01 9.41 2.14 2.31 43.80 45.61 89.41 51.01 7.87
RH 1.55 1.94 3.98 3.09 7.07 43.68 25.39 1.55 1.98 3.99 3.39 7.38 46.00 27.75 2.14 2.66 5.51 3.39 8.90 38.12 24.35
HPSH 1.55 1.94 5.18 4.38 9.56 45.83 25.61 1.55 1.98 5.18 4.84 10.02 48.28 28.04 2.14 2.66 7.16 4.84 12.00 40.30 24.47
HPEvap 1.55 1.90 5.76 5.14 10.90 47.14 23.08 1.55 1.93 5.77 5.28 11.04 47.78 24.63 2.14 2.60 7.97 5.28 13.25 39.82 21.52
HPEcon 1.55 2.04 6.19 2.48 8.67 28.60 31.82 1.55 2.08 6.19 2.57 8.77 29.36 34.36 2.14 2.81 8.56 2.57 11.14 23.11 31.23
IPSH 1.55 3.54 0.09 0.11 0.20 56.30 128.81 1.55 3.66 0.09 0.11 0.20 56.79 136.40 2.14 4.63 0.12 0.11 0.23 48.74 116.48
IPEvap 1.55 2.05 0.67 1.82 2.49 73.14 32.79 1.55 2.08 0.67 1.86 2.53 73.56 34.34 2.14 2.74 0.92 1.86 2.78 66.81 27.86
IPEcon 1.55 2.23 0.29 0.14 0.43 33.40 44.25 1.55 2.28 0.29 0.15 0.44 33.94 47.55 2.14 3.06 0.40 0.15 0.55 27.10 42.83
LPSH 1.55 2.95 0.59 0.54 1.13 47.67 90.89 1.55 3.05 0.59 0.55 1.14 48.30 96.96 2.14 3.95 0.82 0.55 1.37 40.32 84.61
LPEvap 1.55 2.42 5.49 4.84 10.32 46.87 56.42 1.55 2.48 5.49 4.97 10.45 47.50 60.22 2.14 3.27 7.59 4.97 12.56 39.55 52.65
LPEcon 1.55 3.08 5.85 2.60 8.45 30.72 99.35 1.55 3.21 5.86 2.70 8.55 31.52 107.19 2.14 4.22 8.10 2.70 10.79 24.98 97.02
HPST 2.03 2.42 4.30 5.05 9.35 54.01 18.94 2.08 2.48 4.38 5.15 9.54 54.02 19.65 2.78 3.26 5.88 5.15 11.03 46.70 17.17
IPST 2.03 2.47 4.43 9.14 13.56 67.37 21.73 2.07 2.53 4.52 9.26 13.77 67.22 22.25 2.77 3.29 6.05 9.26 15.31 60.48 18.75
LPST 2.14 2.97 20.65 21.23 41.88 50.69 38.45 2.19 3.06 21.11 21.41 42.52 50.35 39.69 2.92 3.94 28.14 21.41 49.55 43.21 35.09
CondPump  2.00 8.42 0.02 0.20 0.22 91.29 321.59 2.02 8.52 0.02 0.20 0.22 91.20 321.15 2.70 9.45 0.03 0.20 0.22 88.59 249.77
HPP 2.00 3.67 0.33 1.12 1.45 77.32 83.83 2.02 3.74 0.33 1.12 1.46 77.11 84091 2.70 4.58 0.45 1.12 1.57 71.61 69.55
IPP 2.00 14.74 0.02 0.22 0.24 91.36 637.63 2.02 14.89 0.02 0.22 0.24 91.26 636.31 2.70 16.07 0.03 0.22 0.24 88.66 494.76
LPP 2.00 40.65 0.00 0.07 0.07 97.45 1934.81 2.02 40.83 0.00 0.07 0.07 97.42 1918.62 2.70 41.96 0.00 0.07 0.07 96.58 1453.33
Deaerator 2.51 4.12 0.06 0.77 0.83 92.37 64.28 2.58 4.80 0.07 1.09 1.15 94.31 86.08 3.39 5.66 0.09 1.09 1.17 92.66 66.99
M1 2.03 2.28 0.36 0.00 0.36 0.00 12.24 2.07 2.33 0.37 0.00 0.37 0.00 12.51 2.77 3.12 0.50 0.00 0.50 0.00 12.39
M2 2.03 2.47 0.09 0.00 0.09 0.00 21.26 2.08 2.58 0.09 0.00 0.09 0.00 24.29 2.78 3.42 0.12 0.00 0.12 0.00 22091
M3 1.55 1.55 0.00 0.00 0.00 0.00 0.12 1.55 1.55 0.00 0.00 0.00 0.00 0.13 2.14 2.14 0.00 0.00 0.00 0.00 0.12
Condenser  2.14 1.00 26.62 2.53 29.14 8.67 0.00 2.19 1.00 27.21 2.55 29.76 8.58 0.00 2.92 1.00 36.27 2.55 38.82 6.58  0.00
Total 0.92 2.06 274.91 178.41 522.39 34.15 124.83 0.92 2.08 274.91 181.20 526.49 34.42 127.66 1.31 2.79 394.13 181.20 665.74 27.22 112.29
LCOE 74.07 LCOE 75.00 LCOE 100.27
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Table A4
Results of the ESEc analysis of the CLC plant with CO, capture. Sub-table (a) shows the results of the conventional exergoeconomic analysis, sub-table (b) shows the results of the ESEc accounting only for the construction
phase, and sub-table (c) shows the complete results of the ESEc analysis including construction and operation.

NO_external costs Ext. costs due to construction Ext. costs of construction and operation

73 cp Cp Z Cp+7Z [ r sF sp Sp A Sp+27Z, fs Ty SF sp Sp Z Sp +27Z, [y T
Component (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%) (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%) (cent/ (cent/ (cent/ (cent/ (cent/ (%) (%)

MJ) MJ) sec) sec) sec) MJ) MJ) sec) sec) sec) MJ) MJ) sec) sec) sec)
Compressor 1.93 2.13 25.53 26.79 52.32 51.20 10.08 1.94 2.13 25.58 26.93 52.51 51.29 10.10 2.27 2.49 30.03 26.93 56.97 47.28 9.33
Reactors 0.91 1.55 177.52 138.18 315.70 43.77 68.93 0.91 1.55 177.52 139.11 316.63 43.94 69.13 1.13 1.84 218.83 139.11 357.94 38.86 63.40
Expander 1.81 1.93 35.50 30.62 66.11 46.31 7.02 1.81 1.94 35.55 30.96 66.51 46.55 7.05 2.13 2.27 41.93 30.96 72.89 42.47 6.55
GT2 1.18 1.36 3.30 5.99 9.30 64.47 15.38 1.18 1.36 3.31 6.07 9.37 64.72 15.49 1.41 1.60 3.95 6.07 10.01 60.59 13.86
HXNG 1.18 6.91 6.12 0.28 6.41 4.44 487.21 1.18 6.93 6.13 0.29 6.42 4.53 487.68 1.41 8.22 7.32 0.29 7.61 3.82  484.10
RH 1.81 2.34 4.05 1.49 5.54 26.89 29.40 1.81 2.38 4.06 1.66 5.72 29.04 31.68 2.13 2.78 4.78 1.66 6.44 25.76 30.25
HPSH 1.81 2.22 3.60 2.92 6.53 44.79 22.71 1.81 2.26 3.61 3.29 6.90 47.71 24.72 2.13 2.63 4.26 3.29 7.55 43.62 23.07
HPEvap 1.81 2.15 5.00 3.88 8.88 43.69 19.24 1.81 2.18 5.01 4.01 9.02 44.45 20.32 2.13 2.54 5.91 4.01 9.92 40.42 19.05
HPEcon 1.81 2.37 6.62 1.56 8.19 19.11 31.19 1.81 2.41 6.63 1.64 8.27 19.80 33.24 2.13 2.82 7.83 1.64 9.46 17.30 32.05
IPSH 1.81 3.02 0.25 0.22 0.47 46.49 66.95 1.81 3.09 0.25 0.22 0.47 47.18 70.57 2.13 3.54 0.29 0.22 0.52 43.09 65.92
IPEvap 1.81 2.28 1.76 2.52 4.28 58.90 26.07 1.81 2.30 1.76 2.60 4.36 59.59 27.36 2.13 2.67 2.08 2.60 4.67 55.56 25.12
IPEcon 1.81 2.48 0.60 0.24 0.84 28.34 37.38 1.81 2.53 0.60 0.25 0.85 29.00 39.69 2.13 2.94 0.71 0.25 0.96 25.73 37.89
LPSH 1.81 3.34 0.57 0.37 0.94 39.68 84.83 1.81 3.43 0.57 0.39 0.96 40.40 89.70 2.13 3.94 0.67 0.39 1.06 36.49 84.52
LPEvap 1.81 2.67 5.48 3.75 9.24 40.65 47.70 1.81 2.72 5.49 3.88 9.37 41.40 50.43 2.13 3.15 6.48 3.88 10.35 37.45 47.46
LPEcon 1.81 3.44 6.80 2.02 8.81 22.87 90.66 1.81 3.56 6.81 2.11 8.92 23.68 96.58 2.13 4.11 8.03 2.11 10.14 20.82 92.74
SH4 1.18 1.69 0.06 0.10 0.17 62.01 43.90 1.18 1.74 0.06 0.11 0.18 63.74 47.58 1.41 2.01 0.08 0.11 0.19 59.56 43.20
Evap4 1.18 1.44 0.11 0.29 0.41 71.82 21.97 1.18 1.45 0.12 0.30 0.41 72.25 23.06 1.41 1.70 0.14 0.30 0.44 68.56 20.63
Econ4 1.18 1.70 0.31 0.07 0.38 18.17 44.62 1.18 1.75 0.31 0.07 0.39 18.59 48.33 1.41 2.06 0.38 0.07 0.45 16.06 46.26
HPST 2.29 2.67 3.97 2.86 6.82 41.86 16.39 2.33 2.73 4.03 2.94 6.97 42.20 17.05 2.72 3.15 4.70 2.94 7.64 38.53 16.12
IPST 2.33 2.73 3.28 4.12 7.40 55.74 17.34 2.37 2.79 3.33 4.21 7.54 55.83 17.85 2.76 3.21 3.88 4.21 8.09 52.06 16.58
LPST 2.46 3.25 16.31 10.75 27.06 39.72 32.00 2.51 3.34 16.62 10.89 27.51 39.58 33.03 291 3.83 19.30 10.89 30.18 36.07 31.37
ST4 2.32 3.65 11.77 4.35 16.12 26.97 57.20 2.36 3.77 11.96 4.42 16.38 26.97 59.60 2.75 4.33 13.92 4.42 18.33 24.10 57.39
CondPump  2.09 7.52 0.02 0.16 0.18 89.00 259.50 2.11 7.60 0.02 0.16 0.18 88.92 260.04 2.46 8.08 0.02 0.16 0.18 87.31 228.37
HPP 2.09 3.57 0.30 0.80 1.10 72.69 70.91 2.11 3.63 0.30 0.80 1.11 72.51 71.99 2.46 4.07 0.36 0.80 1.16 69.34 65.16
PP 2.09 9.86 0.03 0.23 0.27 87.90 371.67 211 9.97 0.03 0.23 0.27 87.81 37258 2.46 10.53 0.04 0.23 0.27 86.06 327.93
LPP 2.09 35.97 0.00 0.06 0.06 96.85 1619.98 2.11 36.13 0.00 0.06 0.06 96.82 1611.68 2.46 36.72 0.00 0.06 0.06 96.31 1391.87
CO2_comprl 3.65 16.58 2.23 8.72 10.95 79.60 353.59 3.77 17.77 2.30 8.78 11.08 79.21 371.16 4.33 20.01 2.64 8.78 11.42 76.86 362.54
CO2_compr2 3.65 7.63 2.35 8.97 11.32 79.22 10891 3.77 7.82 2.43 8.99 11.42 78.75 107.50 4.33 8.55 2.78 8.99 11.77 76.36 97.67
CO2_compr3 3.65 7.88 2.35 8.85 11.20 79.00 115.76 3.77 8.08 2.43 8.86 11.28 78.50 114.17 4.33 8.83 2.78 8.86 11.64 76.09 104.06
CO2_compr4 3.65 7.98 2.44 8.89 11.33 78.46 118.48 3.77 8.17 2.52 8.91 11.42 77.96 116.76 4.33 8.93 2.89 8.91 11.79 75.52 106.47
Deaerator 2.77 4.33 0.05 0.59 0.65 91.73 56.56 2.83 4.48 0.05 0.63 0.68 91.98 58.50 3.27 4.95 0.06 0.63 0.69 90.84 51.43
M1 2.33 2.59 0.15 0.00 0.15 0.00 11.35 2.37 2.65 0.15 0.00 0.15 0.00 11.95 2.76 3.08 0.18 0.00 0.18 0.00 11.82
M2 2.29 2.32 0.00 0.00 0.00 0.00 0.91 2.33 2.35 0.00 0.00 0.00 0.00 0.96 2.72 2.74 0.00 0.00 0.00 0.00 0.95
M fg 1.81 1.83 0.03 0.00 0.03 0.00 1.41 1.81 1.84 0.03 0.00 0.03 0.00 1.51 213 2.17 0.04 0.00 0.04 0.00 1.48
M_steam 2.32 2.53 0.11 0.00 0.11 0.00 9.07 2.36 2.58 0.11 0.00 0.11 0.00 9.55 2.75 3.01 0.13 0.00 0.13 0.00 9.44
M_cond 2.46 2.46 0.00 0.00 0.00 0.00 0.01 2.51 2.51 0.00 0.00 0.00 0.00 0.01 2.91 291 0.00 0.00 0.00 0.00 0.01
Coolerl 1.18 1.00 26.47 1.92 28.39 6.76  0.00 1.18 1.00 26.50 1.92 28.42 6.76  0.00 1.41 1.00 31.63 1.92 33.55 5.72  0.00
Cooler2 2.87 1.00 2.22 0.24 2.45 9.70  0.00 3.00 1.00 2.32 0.24 2.56 9.32  0.00 3.45 1.00 2.66 0.24 2.90 8.20 0.00
Cooler3 3.36 1.00 3.06 0.24 3.30 7.15  0.00 3.50 1.00 3.19 0.24 3.42 6.89  0.00 3.98 1.00 3.62 0.24 3.86 6.11  0.00
Cooler4 3.79 1.00 3.21 0.21 3.42 6.26  0.00 3.93 1.00 3.33 0.21 3.54 6.05 0.00 4.43 1.00 3.76 0.21 3.97 5.40 0.00
Cooler5 4.16 1.00 3.59 0.28 3.87 7.16  0.00 4.30 1.00 3.72 0.28 4.00 6.93 0.00 4.83 1.00 4.17 0.28 4.45 6.23  0.00
Condenser  2.43 1.00 28.00 1.90 29.89 6.34  0.00 2.47 1.00 28.50 1.92 30.43 6.32  0.00 2.87 1.00 33.11 1.92 35.03 5.49  0.00
Total 0.92 2.54 281.32 285.42 680.57 41.94 177.58 0.92 2.58 281.32 288.56 685.81 42.08 181.50 1.13 2.99 346.43 288.56 764.91 37.72 165.06
LCOE 91.45 LCOE 92.74 LCOE 107.53
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Fig. A3. Environmental impact characterization results of the reference plant.

biomass power plant obtaining carbon reduction benefits in the former,
but with poorer overall ecological performance of the system. Thorne
et al. [33] analyzed the environmental performance of a hybrid CLC
plant and compared it to a coal power plant using the ReCiPe method.
Their CLC plant performed worse than the coal-fired power plant in all
the environmental categories that they analysed (i.e., global warming
potential, acidification, particulate matter, and human toxicity). More-
over, they found that the hybrid CLC plant could not improve the human
toxicity category and resulted in a 40% higher impact when compared to
the coal-fired plant.
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