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Abstract: Millions of people in Asia and sub-Saharan Africa still lack access to power, which em-
phasizes the need for sustainable and clean energy solutions. This study attempts to address this
issue by integrating a life cycle assessment (LCA) and a multicriteria decision-making (MCDM)
analysis to determine the preferred energy technology for electrification. This research focuses on
the environmental implications and long-term viability of various energy system options. The LCA
evaluates midpoint characterization containing 18 environmental impact categories; the COPRAS
and ARAS methods of MCDM analysis are then used to rank the energy alternatives based on their
environmental performance. This study’s key finding is that the gas-powered power plant is the
most preferred energy system alternative, while the geothermal power plant is the least preferred.
This midpoint characterization study provides in-depth insights into how various stages contribute
to major environmental impact categories like global warming, ozone depletion, and ecotoxicity.
By considering environmental impacts and sustainability requirements, informed decisions may be
made to encourage clean and cost-effective power generation, thereby contributing to climate change
mitigation and supporting economic growth and human development. Future research may include
analysis from cradle-to-grave compared to cradle-to-gate.

Keywords: life cycle assessment (LCA); multicriteria decision making (MCDM); power plant;
decision making; energy systems

1. Introduction

Energy, especially electricity, is no doubt a key element in the sustenance of modern
civilization because it powers almost every service and human activity [1]. Aside from
this, it serves as an input to many products that provide comfort for modern humans [2].
Although electricity has been commercialized for quite a long time, a sizeable number of
people residing in Asia and sub-Saharan Africa still do not have access to electricity. It is
reported that 600 million people in Africa live in areas that are yet to be electrified [3]. The
electrification of these communities must be established on the framework of sustainability.
Traditionally, electricity is generated using fossil fuel; however, as the world has begun
to feel the effects of climate change, scientists have proposed that the adoption of clean
sources of energy is essential for mitigating climate change [4]. Aside from preventing
greenhouse gases, sustainable energy systems also follow the principle of sustainability,
which argues that the present generation must not disfranchise the upcoming generation by
consuming resources that are meant for the upcoming generation. As regards sustainability,
proponents of environmental justice argue that decarbonization of the energy-consuming
sectors, especially electricity and transportation that account for 52% of greenhouse gases,
would result in a significant reversal of climate change [5]. The commitment to clean
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energy and sustainability is evident and clearly spelled out in the United Nations SDG
number 7, which solicits support for ensuring availability of clean, cost-effective energy
to all [6,7]. Sustainable and cost-effective electricity is critical to the development of
agriculture, business, communications, education, healthcare, and transportation. Energy
scarcity suppresses economic growth and human development.

Given that it is a good idea to initiate decarbonization in the electrical sector from the
supply side, researchers have suggested replacing carbon-intensive power plants with clean
coal technology, renewable energy, and nuclear power plants [8,9]. On the one hand, there is
rising concern about the long-term viability of fossil fuels such as oil, which has continued
to decline, resulting in increased scarcity and higher prices [10]. Renewable energy sources
such as wind and solar, on the other hand, can make substantial impacts on the reduction
of cost associated with electricity generation in off-grid systems and the mitigation of
greenhouse gas emissions (GHGs) [11,12]. Moreso, these systems operate independently
from the primary utility grid [13], and the cost per watt installed for photovoltaic and wind
systems has consistently reduced over the years [14]. Thus, one may be tempted to jump
the gun to agree to an immediate replacement without a thorough evaluation of the overall
impact. To select the most preferred energy technology for electrification, there are various
criteria that must be considered; these include technological maturity, social acceptance and
consequences, cost, available policies, legal frameworks, and environmental consequences
of the technologies [15-17].

2. Literature Review

Researchers frequently employ a life cycle assessment (LCA) [18,19] to evaluate the
effects and effectiveness of technologies and scenarios because it offers a comprehensive
evaluation of various aspects and potential impacts that arise during the entire life cycle of a
product, service, or activity, thereby providing valuable indicators in this regard. However,
these indicators are often measured using units that differ from those used for project
decision making. This difference makes it challenging to compare them with economic
and political indicators. In addition, life cycle impact assessments of the power plant
are essential for quantifying the effect of the power plant on the environment. There are
various attributes and life cycle impact assessments that researchers usually consider when
selecting a product; some of these impact assessment approaches include cradle-to-grave,
cradle-to-gate, cradle-to-cradle, gate-to-gate, economic input-output, ecologically based
LCA, and exergy-based LCA, each of which has its own merits [20-22].

LCA is a widely used method to assess the environmental impact of energy systems,
especially in areas where environmental protection is important [23-25]. The methodology
considers the environmental impact of an energy system throughout its life cycle, from the
extraction of raw materials to the disposal of waste. This allows for a more comprehen-
sive assessment of the environmental impact of energy systems than traditional methods,
which typically only consider the operational phase. LCA has been conducted in several
countries to compare the results of the environmental impact of different electricity gen-
eration technologies. These countries include Mexico [26], Poland [27], Belgium [28,29],
Portugal [30,31], Pakistan [32], Denmark [33,34], Brazil [35,36], China [37,38], Chile [39],
and Turkey [40].

Mahmud et al. [41] conducted an LCA of solar photovoltaic (PV) and solar thermal
systems to compare their environmental impacts. They used 16 indicators to assess the
impacts of the two systems and found that the solar thermal system has a more significant
environmental impact than the PV system. However, the solar thermal system also has a
longer lifespan than the PV system, so the environmental impact of each system over its
lifetime is comparable.

Kabayo et al. [30] used LCA to evaluate the environmental and socioeconomic impact
of electricity generation in Portugal. They considered the environmental impact of five types
of electricity generation technologies: coal, natural gas, large hydro and small hydro, wind,
and photovoltaic power plants. Wind power has the highest impact on metal depletion;
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coal has the highest impact on fossil fuel depletion, global warming, terrestrial acidification,
freshwater eutrophication, and aquatic acidification; natural gas has the highest impact on
ozone depletion; large hydro has the highest impact on the water scarcity footprint; and
photovoltaic has the highest impact on toxicity.

Wu et al. [37] combined LCA with other modeling techniques to provide a more
comprehensive assessment of the environmental impact of different policy scenarios in
China from 2016 to 2050. Under the deep CO, emission reduction scenario designed to
achieve emission reduction and carbon neutrality goals in China by 2050, CO,, PM10,
PM2.5, NOx, CO, and SO, emissions are expected to be reduced by more than 71.4%
compared to 2016.

The results of these LCAs have shown that the environmental impact of electricity
generation varies depending on the technology used. Coal-fired power plants typically
have the highest environmental impact and are major contributors to climate change and
global warming, followed by natural gas-fired power plants. Nuclear power plants and
wind power have relatively low environmental impacts. The operation and maintenance of
coal-fired power plants is a major contributor to CO, emissions [38].

Another important consideration in the implementation of LCA is the use of midpoint
indicators, which are intermediate measures of environmental impact that indicate changes
in the natural environment induced by emissions or resource consumption. For example,
greenhouse gas emissions can be quantified as carbon dioxide equivalents (COye), which
show the global warming potential of certain gases. Midpoint indicators are frequently
easier to compute and interpret than endpoint indicators because they are closer to the
source of the impact and are less affected by uncertainties and assumptions. In addition,
midpoint indicators are easier to comprehend for most audiences, making them reliable
and reputable for communication and teaching. They also enable a more thorough and
focused study of the many environmental impact categories, which can assist in pinpointing
problem areas and suggesting chances for improvement. As such, they are applicable in
the process of selecting the most preferred electricity generation alternative based on
environmental attributes because thy look at the impact earlier along the cause—effect chain
before the endpoint is reached. Midpoint indicators are more comparable and consistent
across various studies and databases because of their acceptance and standardization
within the LCA community [42,43].

Multicriteria decision-making (MCDM) methods are extensively employed to address
problems that involve ranking alternatives and selecting the most preferred alternative
after considering various indicators. These methods facilitate the normalization of data
and enable the evaluation of multiple alternatives by assigning varying weights to each,
ultimately generating a ranking of preference for the alternatives. Several MCDM methods
are available for use, including the analytic network process (ANP), analytic hierarchic
process (AHP), multicriteria optimization and compromise solution (VIKOR), elimination
et choix tradusiant la realité (ELECTRE), technique for order performance by similarity to
ideal solution (TOPSIS), and data envelopment analysis (DEA) [44].

Zhou et al. [45] conducted a study highlighting the primary areas in which MCDM
analysis have been mainly utilized, which include energy policies, electricity planning, and
project assessment. Bhandari et al. [46] analyzed a methodology for evaluating various
energy technologies in Niger using an MCDM approach, utilizing 40 indicators across six
dimensions. This evaluation provides a ranked list of suitable technologies to guide stake-
holders in making informed decisions for future projects in Niger. Shaaban et al. [47] used
two MCDA methods, the analytical hierarchy process and the weighted sum method, to
assess the sustainability of seven energy technologies: coal, natural gas, wind, concentrated
solar power, photovoltaics, biomass, and nuclear in Egypt. Natural gas power plants were
ranked as the most sustainable technology, followed by renewable energy technologies.
MCDM methods present a different approach to incorporating multiple dimensions into
the decision-making process, including environmental, economic, and social aspects. It
is important to emphasize that MCDM facilitates decision making in a structured and
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unbiased manner, even when dealing with many variables. Hence, the significance be-
comes evident in the context of energy, as it encompasses multiple sustainability-related
criteria. MCDM is a well-suited tool for environmental decision making, especially when
comparing social, economic, and environmental indicators. This is because MCDA can help
decision makers systematically consider multiple criteria and their trade-offs and make
informed decisions aligned with their values and objectives [48-50]. MCDM analysis is
more effective when it uses quantitative-based methodologies. MCDM methods, which
encompass a range of techniques, can be integrated with LCA to assess the sustainability of
systems [51]. LCA is one of the most important tools and methodologies that can be used
in MCDA because it provides a comprehensive assessment of the environmental impact of
a product. LCA is a well-established method for assessing the environmental impact of
products, systems, and services [52,53]. It evaluates different decision alternatives based
on various environmental indicators [54]. However, the results of LCA can be difficult
to interpret and use for decision making. Integrating LCA with MCDM can solve this
problem practically [55]. MCDM is a method for making decisions in the presence of
multiple criteria. By integrating LCA and MCDM, decision makers can better understand
the trade-offs between different environmental impacts and make more informed decisions.

As mentioned earlier, the MCDA approach alone cannot identify efficient levels of
pollution production or resource use [56]. Myllyviita et al. [57] agree that MCDA often needs
input from other tools and methods, such as LCA, to support sustainability assessments.
Therefore, combining LCA and MCDA is a common approach for assessing sustainability
scenarios. This combination has been used in several studies and applications, such as
Bogacka in coal production [58], Burchart-Korol et al. in steel production [59], and Von
Doderer and Kleynhans in bioenergy systems [52].

De Souza et al. [55] introduced a new approach to evaluating and prioritizing sus-
tainable waste electrical and electronic equipment (WEEE) management systems in Brazil
using an integrated method. They combined qualitative evaluations of an MCDM with
LCA, targeting situations with limited data and a small group of evaluators. Their results
highlighted the need for statistical inference to improve the accuracy of results, which
requires a larger sample of evaluators. The proposed method fills a gap in the field by
integrating LCA, qualitative evaluation, and MCDM without relying on many experts.

Zanghelini et al. [60] reviewed the use of MCDM and LCA to assess the environmental
impact of different systems and processes. They focused on how effectively MCDM
techniques can be used in the context of LCA to help evaluate the environmental impact
of these systems and processes. Their findings suggest that the combination of MCDM
and LCA can be a valuable tool for environmental impact assessment, but more research is
needed to explore its potential fully.

Myllyviita et al. [61] used a combined LCA-MCDM approach to assess the environ-
mental impact of biomass production chains in Finland. They used LCA to calculate the
environmental impact of each chain in terms of various impact categories, while MCDM
was used to normalize LCA results. This allowed them to compare the environmental
impact of the different biomass production chains on a common scale. The study results
showed that the environmental impact of biomass production chains vary depending on
the type of biomass used and the production process.

Domingues et al. [62] combined MCDM and LCA to assess the environmental impact
of different vehicle fuel types in Portugal. They used both approaches to determine the
optimal fuel solution, considering multiple environmental impact categories.

Sohn et al. [63] evaluated the environmental impacts of different insulation levels
of industrial buildings using two life cycle impact assessment (LCIA) methods: ReCiPe
endpoints and MCDA. These methods allowed them to generate two single-score assess-
ments and rank the insulation scenarios. The study found that the most effective level
of insulation for industrial buildings varied depending on the climate and the type of
building.
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Martin-Gamboa et al. [44] reviewed the use of LCA approaches and DEA in MCDM
for the sustainability assessment of energy systems. They identified the most commonly
used criteria, data sources, and tools for the sustainability assessment of energy systems
and reviewed the available LCA and DEA approaches. They found that this combination is
very effective for assessing case studies.

LCA and MCDM share common characteristics as robust methodologies enabling both
qualitative and quantitative assessments. Additionally, they allow the consideration of var-
ious perspectives and preferences held by stakeholders, thereby minimizing uncertainties
in the results. These attributes make LCA and MCDM practical approaches for selecting
sustainable solutions [64]. The integration of LCA ensures that the decision-making process
considers both environmental impact and other relevant criteria. The efficacy of multi-
criteria decision-making analysis can be combined with a midpoint-indicators approach
to rank and select the most preferred energy technology for electrification. However, a
comprehensive review of the existing literature indicates that there is a knowledge gap in
the hybridization of MCDM and midpoint approach in the ranking and selection of the
most preferred electricity generation alternative.

This research was inspired by the critical importance of finding solutions to the
problems associated with energy generation and the associated environmental effect. Con-
sidering the growing risks posed by climate change and resource depletion, nations around
the world must move toward renewable energy. However, due to the wide variety of
energy options and the complexity of their environmental impact, an in-depth assessment
framework is required. The purpose of this study is to evaluate the environmental impact of
various energy systems across a broad spectrum of impact categories by analyzing factors
other than greenhouse gas emissions, such as stratospheric ozone depletion, ionization
radiation, and others. The goal is to provide a comprehensive understanding of the com-
plex relationships between energy production processes and their diverse environmental
impact.

As such, in this study, we took the initiative to employ the integration of LCA and
MCDA to evaluate the sustainability of different electricity generation alternatives by con-
sidering their entire life cycle. We conducted a life cycle assessment of seven energy system
alternatives based on the midpoint approach and identified the most and least preferred
energy system based on the 18 impact categories using the multi-criteria decision-making
approach. Further analysis was carried out on the most preferred and least preferred
system to identify specific phases in the predefined production process that contributed
the most to the impact of the selected system. This study will assist decision makers in
selecting the most sustainable option by examining essential criteria and implementing
measures to enhance existing processes.

3. Methodology

The methodology employed in this study involved the integration of LCA and MCDA,
which combines the environmental perspective provided by LCA with the decision-making
tools of MCDM. This integration allows decision makers to consider environmental impact
alongside other economic, social, and technical criteria when evaluating different alter-
natives. By integrating LCA and MCDM, decision makers can make more informed and
balanced decisions that consider environmental, economic, social, and technical aspects,
promoting sustainability and responsible resource management. However, it is essential to
involve relevant stakeholders and ensure transparency in the decision-making process to
achieve meaningful results.

The decision to use an integrated methodology that combines life cycle assessment
(LCA) and multicriteria decision making (MCDM) is supported by a number of compelling
justifications that collectively improve the rigor, comprehensiveness, and practicability of
evaluating and ranking various energy systems.

The use of life cycle assessment (LCA) is primarily driven by its inherent ability to
provide a comprehensive evaluation of environmental impact, encompassing the whole life
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cycle of energy systems from their raw material mining to their disposal. This approach
ensures a comprehensive examination of all aspects of environmental impact, hence pre-
venting the omission of interconnected stages and hidden repercussions. MCDM adoption,
on the other hand, addresses the intrinsic complexity of energy system assessments. The
multidimensional characteristics of these evaluations necessitate a structured way to weigh
multiple criteria at the same time. MCDM provides this framework, allowing for the inte-
gration of quantitative and qualitative data as well as strong comparisons across options.
The combination of LCA and MCDM yields a decision-making tool that combines the
strengths of both approaches thanks to the quantitative accuracy of LCA and the ability
of MCDM to consider subjective attributes. This combination emphasizes the value of
empirical evidence while also recognizing that some criteria cannot be quantified in terms
of numbers. Furthermore, the adopted methodology supports transparency and repro-
ducibility. Both the LCA and the MCDM techniques are well-known and have established
protocols. By using a structured approach, the evaluation process is made transparent, and
the outcomes are verifiable, giving the conclusions validity and reliability.

3.1. LCA Assessment

LCA is based on gathering inputs and outputs related to the environmental, economic,
and social impact of a product, goods, or services over their life cycle [65]. Interpreting
LCA results can be challenging because there are often trade-offs between the impact in
different categories when evaluating various scenarios [66]. These results can sometimes
conflict with each other, creating challenges in decision making; two approaches have been
identified to address this problem: the initial approach involves assigning importance
to and combining the LCA results for each impact category to generate a single scoring
indicator. The second approach suggests using a limited set of impact categories to simplify
the interpretation of the results [67].

LCA consists of four stages, which are as follows: “goal and scope definition, life
cycle inventory analysis (LCI), life cycle impact assessment (LCIA) and interpretation”.
Based on the International Organization for Standardization (ISO) standards [18,19], LCA
examines each electricity generation technology under consideration, provides quantitative
data on the environmental performance of each technology, and involves assessing the
possible environmental impact at various stages of a product’s life cycle, from raw materials
extraction through production, usage, operation, end-of-life treatment, recycling, and final
disposal. This approach, often called “cradle-to-grave,” is divided into four phases, as
illustrated in Figure 1.

Generalized steps for
MCDM.

Key system Accounting phase- Translation of I
boundary all system’s inventory to relatable Identify the Decision
description step || technical inputsand || environmental impact Problem |

— outputs categories Define Criteria and
Application: :
! Ty K} Alternatives
- Strategic \ S{

LCA FRAMEWORK |

planning, 3 bt R
- Productdeign Goalland Life cycle Life cycle Weighting the Criteria

i to impact
developfhent, aiid sope [ entony Evaluate Alternatives
definition (LC1) assessment

improvement

- Environmental n (LCIA) Aggregating the
accounting, i ; . Evaluations
- Policy making. | Interpretation r_ .. ]
S " Decision-
Etc. - ” .
— / Making and Selection

Figure 1. LCA and MCDM framework.

Goal and scope definition: This stage involves clearly defining the goal and scope of
the LCA study. The goal defines the purpose and intended application of the assessment,
while the scope identifies the system boundaries, functional unit, and life cycle stages
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to be included. In this case, the goal of this study is to carry out LCA on seven energy
system alternatives, while the functional unit considered in this study is 100 MW electricity
produced. In addition, the dataset used for this analysis was from the extraction of raw
material through to the building of the energy system to the point of electricity production.
This study only covered the “cradle-to-gate” assessment of the electricity systems; the
operational stages, use, disposal/end-of-life or waste treatment data were not taken into
consideration in this study:.

Inventory analysis: This stage involves data on the material inputs, emissions and
other outputs associated with the life cycle of a product, and process of the system under
assessment. This considers all technical inputs and outputs of what it takes to build the
systems from scratch up to the point of producing electricity. This study made use of
secondary data from the Ecoinvent database to carry out the assessment (See Table S9 for
details).

Impact assessment: The LCIA stage involves evaluating and quantifying the poten-
tial environmental impact associated with the life cycle inventory data collected in the
previous stage. It includes assessing various impact categories such as global warming
potential, acidification potential, and eutrophication potential. This study makes use of
the midpoint impact assessment approach for the characterization of the impact categories
using SimaPro 9.2.

Interpretation: The interpretation stage involves analyzing and summarizing the
results of the LCA study. It includes identifying the key findings, assessing the uncertainties
and limitations of this study, and drawing conclusions.

3.2. Multicriteria Decision-Making Assessment

MCDM is a mathematics-based protocol for analyzing and interpreting inputs that
guide decision making across various fields [68]. However, a significant limitation arises
when measuring the impact criteria, as decision makers commonly employ qualitative
scales [69]. While qualitative scales are often suitable for evaluating social aspects, studies
have shown that they may not accurately and precisely represent the environmental and
economic performance of the assessed alternatives [70]. Therefore, it is crucial to adopt
structured tools that can effectively evaluate the performance of alternatives across multiple
criteria to promote sustainability [69]. An MCDM model is constructed by incorporating
the identified criteria and their respective weights, which reflect the relative importance
of each criterion in the decision-making process [71]. Various MCDM methods, such
as AHP, TOPSIS, ELECTRE, and WSM, can be used. But this study will consider the
complex proportional assessment (COPRAS) method. Aside from computational efficiency
advantage over other types of MCDM methods [72], COPRAS also addresses criterion
interdependence, allowing decision makers to assess how changes in one criterion affect
others [73]. This feature aids in the capturing of complicated interactions between diverse
criteria, resulting in more realistic and accurate judgments. To validate the results obtained
from the COPRAS method for consistency, the results obtained from COPRAS will be
compared with those of the additive ratio assessment (ARAS) MCDM method, which
is also computationally efficient and more specifically presents a ratio-based strategy
for dealing with both positive and unfavorable criteria, making it more appropriate for
complicated decision issues [74,75].

3.2.1. Complex Proportional Assessment (COPRAS) Method

The complex proportional assessment (COPRAS) method is a multicriteria decision-
making tool widely employed for multicriteria decision making and is highly valuable. It
compares and evaluates alternatives according to multiple criteria as part of the decision-
making process. The COPRAS method ranks the available options according to different
and related weight criteria. It consists of the following steps:

Step 1: development of the initial decision matrix.
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The decision matrix (Equation (1)) provides the alternatives to be evaluated and the
evaluation criteria for a decision-making process. Stakeholders and experts are typically
involved in developing the decision matrix.

X11 X12 . X
. . X21 X272 . Xon

X = [xif]mxn - 1)
Xml Xm2 -+ Xmn

Step 2: normalization of the decision matrix.
Normalization of the decision matrix (Equation (2)) converts each element in a decision
matrix to a single scale by a reference value to prevent prejudice in the decision-making
process. Doing this gives all criteria equal weight and importance during the evaluation
process.
_ N
mxn Z;”:l Xjj

Step 3: weighted normalization of the decision matrix.

The weight of each criterion is determined by its relative importance during the
decision-making process (Equation (3)). After that, the normalized decision matrix is
multiplied by the weights corresponding to the decision matrix.

R = [ry] 2

D= []/1]} mxn = 1’1‘]‘ X w] (3)
i=12,...,mandj=1,2,...,n

Step 4: summing of weighted normalization of the decision matrix.

For each alternative, an overall score is determined by summing the weighted normal-
ized decision matrix across all criteria as shown in Equations (4) and (5). There is a need to
separate the sum of the beneficial and nonbeneficial attributes.

Sti 27:1 Ytij @)

S_i Z}Ll Y—ij ©)

Step 5: determination of the relative significance of alternatives (Equation (6)).
Based on the overall scores, each alternative is ranked in terms of its relative
significance.

N S—min}:;nzl S_j
Ql =04+ S i Xy (S—min/S—i) (6)
(i=1,2,...,m)

where S_,,;;,, =S_;.

Step 6: calculation of the quantitative utility.

Lastly, each alternative’s quantitative utility is determined (Equation (7)) according to
its rank and the relative relevance of the alternatives.

max

u; = {QZJ x 100% @)

The potential of COPRAS to manage complicated decision-making scenarios involving
several criteria and decision makers is well established. Nevertheless, it is crucial to
remember that the approach mainly depends on subjective analysis and expert opinion.
The reference values and weighting schemes employed in the evaluation process may
influence the results.
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3.2.2. Additive Ratio Assessment (ARAS) MCDM Method

The additive ratio assessment (ARAS) method is a multicriteria decision-making
method that can rank a finite number of decision alternatives based on different decision
criteria. The method involves several steps, which are as follows:

Step 1: development of the initial decision matrix (see Equation (8)).

X01 .- xO]' ... Xon
X = | X1 Xij Xin (8)
Xm1  --- xm]‘ oo Xmn

where m is the number of alternatives and 7 is the number of criteria, x;; is the value
representing i performance value alternative in terms of the j criterion, and x¢; is the
optimal value of j the criterion.

Step 2: normalization of the decision matrix (Equations (9) and (10)).

P
Beneficial attributes x;; = % )
i=0 Xij
.. . _ Xij
Non — beneficial attributes x;; = —; X i (10)
ij LiZo Xij
Step 3: weighted normalized decision matrix (Equation (11)).
2ij=Xijwj (11)
Step 4: S;-optimality function for ith alternative (Equation (12)).
S; = 2;?:1 % 1=0,m, (12)

where S; is the overall index value of the i-th alternative. There is a need to separate the
sum of the beneficial and nonbeneficial attributes.
Step 5: calculation of the utility degree.

Ki= (13)

where S; and Sy are the optimality criterion values.

3.3. Integration of MCDM into LCA in Electricity Generation

LCA and MCDM are decision-support tools with different methodologies vide supra
(Sections 3.1 and 3.2) [60], which do not follow a similar order (Figure 1). MCDM is a
technique used to evaluate alternatives based on multiple criteria or objectives, while
LCA is a methodology for assessing the environmental impacts of a product or system
throughout its life cycle. LCA focuses on measuring impact indicators that require accurate
interpretation, whereas MCDM considers real-world contexts for decision making that
should rely on indicators [76]. LCA is characterized by its objectivity, reproducibility, and
standardization. On the other hand, MCDM often incorporates subjectivity, allowing for
the inclusion of multiple perspectives that offer a more comprehensive understanding
of the study context [76]. However, they possess complementary characteristics, and for
this reason, they can be effectively utilized together. Integrating MCDM with LCA for
electricity generation involves combining these two methodologies to support decision-
making processes in the energy sector. The combination of LCA (especially the midpoint
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method) and MCDM has not been extensively investigated as a comprehensive assessment
method for ranking and selection of alternatives. This integration addresses the individual
limitations of LCA and MCDM, making it a promising methodology. When applying
MCDM with LCA to electricity generation, the goal is to select the most sustainable
and environmentally friendly option among various electricity generation technologies.
By integrating MCDM with LCA, decision makers can go beyond a single-dimensional
analysis and consider multiple perspectives when evaluating electricity generation options.
This approach facilitates a more comprehensive assessment, promoting sustainable and
environmentally friendly choices in the energy sector.

MCDM can be integrated into this stage by applying decision-making methods to
analyze and compare the alternatives based on their aggregated environmental impact.
These methods help stakeholders or decision makers in selecting the most environmentally
preferable option. MCDM can be integrated by assigning weights to the different impact
categories based on their relative importance. This weighting allows for the aggregation
of impact and facilitates the comparison of other alternatives. MCDM can be integrated
here by considering the criteria identified in the goal and scope definition stage and
determining which environmental indicators and parameters should be included in the
inventory analysis. MCDM can be integrated into this stage by involving stakeholders or
decision makers to identify the relevant criteria and the importance of their weights for the
assessment.

4. Results

This section discusses the results obtained from the LCA and MCDM approach. For
midpoint characterization analysis of the seven energy systems, 18 impact categories were
obtained (See Table S1 for details). These impact categories were used as inputs into the
COPRAS and ARAS methods to obtain the ranking of the energy systems. The details of
the MCDM is given in Tables S2-58.

4.1. Multicriteria Analysis

Using the 18 impact categories obtained from the midpoint approach for LCA, the
energy alternatives were ranked. To start with, the weights of the impact categories were
obtained using the entropy weight method. The impact categories were specified as the
criteria while the various energy technologies were the alternatives. Based on the entropy
method, except for global warming with 4.98%, the other 17 criteria had the same weight of
5.59% (Figure 2). This shows that most of the criteria were equally important in the ranking
of the energy alternatives based on environmental factors.

Criteria contributions

C1

C185.6

Cle

C15

Ci14

C13

C1
C10

Figure 2. Weight of criteria.
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Using the COPRAS method, the energy alternatives were ranked based on the
12 criteria obtained from the LCA, and the results of the COPRAS method were then
compared to those returned by the ARAS method, as shown in Table 1. From the results,
both the COPRAS and ARAS methods point to the gas-powered power plant as the most
preferred energy system alternative with utility degree of 100 and 1, respectively, and the
geothermal power plant as the least preferred alternative. With regard to the COPRAS
method, the second most preferred energy system is the oil power plant followed by the
hard coal power plant, wind power plant, nuclear power plant, solar power plant, and
geothermal plant, respectively. The ARAS method shows that the second most preferred
energy system is the oil power plant, followed by the hard coal power plant, solar power
plant, wind power plant, nuclear power plant, and geothermal plant, respectively.

Table 1. Results of the MCDM method.

COPRAS ARAS
Energy System Qi Ui Rank Si ki Rank

Geothermal power plant 0.0014 0.2817 7 0.0009 0.0026
Hard coal power plant 0.1274 25.3246 3 0.0733 0.2196 3
Gas power plant 0.5032  100.0000 1 0.3337 1.0000 1
Nuclear power plant 0.0811 16.1135 5 0.0442 0.1323 6
Oil power plant 0.1488 29.5744 2 0.0841 0.2520 2
Solar thermal 0.0550 10.9322 6 0.0658 0.1972 4
Wind power plant 0.0830 16.4954 4 0.0644 0.1931 5

4.2. Midpoint Characterization

The detailed midpoint characterization results showing the contribution of four pro-
duction processes/strategies to each environmental impact category of the least and most
preferred energy alternatives are discussed in this section. The processes are as follows:

Extraction: all mining processes required in mining operation which are not limited to
emission of gases, different production processes, composite, and waste.

Processing: all processes required for converting extracted raw materials to the re-
quired final state for energy conversion, which may range from purification of gases to heat
production, etc.

Transportation: all transportation required right from extraction site to busbar.

Energy conversion: all processes required for electricity production which also include
the construction of the power plant itself.

From Figure 3, it can be observed that energy conversion, with a 41.4% share, is the
major contributor to global warming; this is followed by the processing stage (35.3%),
extraction (22.9%), and transportation (0.4%), respectively. The processing stage (with 56%)
is the main cause of stratospheric ozone depletion, while extraction, energy conversion,
and transportation contribute 30.6%, 10.4%, and 3%, respectively, to the depletion of the
stratospheric ozone. Only two stages contribute to ionization radiation; these are extrac-
tion (99.5%) and energy conversion (0.5%). The processing stage of the energy system
accounts for 46.2% of the fine particulate matter formation; this is followed by extraction
(26.3%), energy conversion (24%), and transport (3.5%). Furthermore, processing (42.4%)
contributes the most to terrestrial acidification, while transportation contributes the least
(7%). The biggest contributor to freshwater eutrophication, marine eutrophication, terres-
trial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity,
human noncarcinogenic toxicity, land use, fossil resource scarcity, and water consumption is
extraction. With regard to ozone formation, human health, and ozone formation terrestrial,
the processing stage contributes the same value and is also the highest contributor.
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Figure 3. The midpoint characterization of the gas-powered power plant.

Figure 4 shows the midpoint characterization of the geothermal power plant. With
regard to the geothermal plant, the largest contributor to global warming is energy conver-
sion with 78%; this is followed by extraction with 17.9%. Processing contributes 3.8% to
global warming, while transportation is the lowest contributor to global warming with less
than 1% input. Energy conversion and processing contribute almost the same share to the
depletion of the stratospheric ozone with 42.8 and 42.7%, respectively, and transportation
contributes the least with 3.6%. Concerning ozone formation, human health, and ozone
formation terrestrial, energy conversion is seen to contribute to the largest share (53.6%
and 58%, respectively) while transportation with contributions of 11% and 9%, respectively,
contributes the least. Like the result obtained for the gas-powered plant, the extraction
process is the major contributor to ionization radiation, and energy conversion contributes
the least; transportation and processing do not contribute to the ionization of radiation.
The energy conversion stage of the geothermal energy system accounts for 57% of the fine
particulate matter formation; this is followed by extraction (27.6%), processing (12.2%), and
transport (3.2%). Furthermore, energy conversion (68.5%) contributes the most to terrestrial
acidification, while transportation contributes the least (7%). The results further show that
extraction is the main cause of freshwater eutrophication, marine eutrophication, terrestrial
ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, human
noncarcinogenic toxicity, land use, fossil resource scarcity, and water consumption.
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Figure 4. The midpoint characterization of the geothermal power plant.

5. Discussion

This study took a comprehensive approach, combining the LCA approach, which
evaluates the environmental impact of various energy systems over their life cycles, with
the MCDM approach to rank these systems based on a set of 18 impact categories. This
integrated analysis provides a comprehensive understanding of the environmental impact
associated with each energy option and a distinct ranking that can direct decision makers
toward sustainable energy options.

This study’s multicriteria analysis (MCDM) offered a structured framework for as-
sessing the energy alternatives based on multiple environmental criteria. These criteria,
which encompass a wide range of environmental impact attributes, are the outputs of the
LCA’s midpoint characterization process. To ensure an inclusive and objective evaluation,
this study used the entropy weight approach to give each criterion a specific weight, and
the results showed that all the criteria had a significant role in determining the relative
environmental impact of each energy source. The utilization of this particular methodology
enhances the reliability of this study’s findings by ensuring that no individual criterion
exerts excessive influence over the decision-making process.

The examination of energy alternatives in the study, utilizing both COPRAS and
ARAS techniques, highlights the strength and reliability of the research findings. The
gas-powered power plant has been identified as the most favored alternative based on
both methodologies, highlighting its potential as an environmentally advantageous choice.
On the other hand, the geothermal power plant, despite its classification as a renewable
energy source, was determined to be the least preferred option. The paradoxical nature of
this finding implies the existence of potential operational or environmental barriers related
to geothermal energy, which warrant additional research and examination. Although the
gas-powered and geothermal facilities had the same scores in both techniques, variations
were observed in the intermediate rankings. This suggests that although there may be a
general agreement regarding the environmental consequences of certain technologies, oth-
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ers necessitate a more intricate examination, as the selected methodology could potentially
shape the result.

The comprehensive analysis of midpoint characterization provided a more in-depth
examination of the contributions made by diverse production processes to distinct cate-
gories of environmental impact. This component of this study offers significant insights
into the focal areas of each energy system’s life cycle. The contribution of various phases
of energy production, from extraction to energy conversion, offers invaluable insight into
where interventions may be most effective. The predominance of the energy conversion
process in global warming impact, particularly for gas-powered plants, indicates the need
for enhanced efficiency and possibly the implementation of carbon capture and storage
technologies. The geothermal power plant’s ranking as the lowest performer can be at-
tributed to the significant environmental impact associated with energy conversion. This
finding implies that the perceived environmental footprint of establishing and operating
geothermal facilities may be underestimated. This phenomenon may be attributed to
several sources such as land use changes, ecosystem disruptions, or emissions associated
with drilling operations.

6. Conclusions

In conclusion, this study has shown how choosing the most suitable energy technol-
ogy for electrification may be accomplished by integrating life cycle assessment (LCA)
and multicriteria decision-making (MCDM) analysis. Decision makers can make well-
informed decisions that support efficient and affordable power generation by taking the
environmental effects and sustainability features of various energy system alternatives
into consideration. The midpoint characterization study utilizing LCA yielded insightful
findings regarding the environmental effects of various energy technologies. The 18 impact
categories considered in this study allowed for an in-depth assessment of the possible con-
sequences on, among other impacts, global warming, ozone depletion, ionizing radiation,
particle creation, acidification, eutrophication, ecotoxicity, and resource scarcity.

These results emphasize the need to fully comprehend the environmental impact of
energy systems by considering every stage of their life cycles, from resource extraction
to energy generation. This study used MCDM analysis to rate the alternative energy
systems according to how well they performed overall when compared to several other
factors. The options were evaluated using the COPRAS and ARAS methodologies, which
considered both positive and negative features. In all MCDM evaluations, the gas-powered
power plant emerged as the most preferred choice, followed by the oil- and hard coal-fired
power plants. The geothermal power plant, on the other hand, was deemed to be the least
recommended option.

The in-depth midpoint characterization analysis revealed details about the exact
phases of the chosen energy systems that were most responsible for their environmental
effects. These data are necessary for identifying problem regions and putting effective
mitigation measures in place. For instance, in a gas-powered power plant, energy con-
version and processing steps were found to be key drivers of global warming, whereas
extraction was a major factor in ozone depletion and ecotoxicity. The key findings include
the following points:

e  The integration of LCA and MCDM analysis enabled an in-depth assessment of the
effects of energy systems on the environment and their sustainability.

e  The most preferred energy system was identified to be a gas-powered power plant,
while the least preferred option was a geothermal power plant.

e  With respect to the gas-powered power plant, energy conversion and processing
phases were a key cause of global warming.

e  Across most of the energy systems, extraction had a considerable impact on ecotoxicity
and ozone depletion.

e  This study emphasizes how crucial it is to consider an energy system’s complete life
cycle, from resource extraction to end of life, to fully comprehend its environmental
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impact. This study, however, considered the system from resource extraction to the
point of getting the system operational based on the available dataset.

While it is true that renewable energy sources like wind and solar have shown con-
siderable promise in lowering GHG emissions, it is also crucial to note that this study
employed cradle-to-gate analysis, which involves building the seven highlighted energy
systems from the ground up (beginning with raw material extraction). Considering the
cradle-to-grave/cradle study of these systems, which will include the operational-stage end
of life of the systems, further research is needed in this area. Overall, the integration of LCA
and MCDM analysis provides decision makers with an excellent basis for determining the
best energy technology for electrification. We can make educated decisions that promote
clean and cost-effective power generation while protecting the well-being of current and
future generations by considering environmental implications and sustainability criteria.

The findings from this research are extremely important and of significance because
they shed light on a variety of issues related to sustainable energy planning and environ-
mental decision making. The integration of life cycle assessment (LCA) and multicriteria
decision-making (MCDM) approaches offers a systematic approach for stakeholders and
policy makers to prioritize energy sources by evaluating their comprehensive environmen-
tal impact. In addition to guiding present choices, this study paves the way for investments
in sustainable energy infrastructure in the future. Second, the unanticipated findings, such
as the paradoxical environmental impact of geothermal energy, challenge the prevailing
assumptions. These findings highlight the need to evaluate energy systems holistically,
considering not only direct emissions but also the complex relationships between various
production processes and their contributions to various impact categories. This challenges
industry standards and prompts a reevaluation of energy options, leading to a more
nuanced comprehension of environmental trade-offs.

Finally, the midpoint characterization study delves further into the contributions of
individual production stages to distinct effect types. With this level of detail, players in the
energy sector can zero in on specific areas for environmental improvement. The findings
allow for individualized mitigation measures to address the most pressing environmental
concerns by highlighting the steps that contribute most to specific impacts, such as extrac-
tion to terrestrial ecotoxicity. The findings of this study are significant because they provide
actionable, data-driven guidance for making sustainable energy decisions that consider a
wide range of convoluted environmental concerns. Based on the findings of this study, the
following are suggested as areas of further studies:

Temporal considerations: As technology advances, the environmental impact of energy
systems may change over time. It would be useful to consider how rankings might change
as technology develops.

All-inclusive sustainability metrics: while the focus of this study was on environmental
effects, integrating social and economic sustainability aspects could give an improved
understanding.

Operational vs. construction impacts: considering the cradle-to-grave/cradle study of
these systems, which will include the operational-stage end of life of the systems, further
research is needed in this area.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16186722/s1, Table S1: Impact categories of the energy systems;
Table S2: Decision matrix; Table S3: Normarlized decision matrix for COPRAS; Table 54: Weighted
Normarlized Decision Matrix (COPRAS); Table S5: Result of COPRAS method; Table S6: Normarlized
decision matrix for ARAS; Table S7: Weighted Normarlized Decision Matrix (ARAS); Table S8: Result
of ARAS method; Table S9: Dataset used for analysis.
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