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ARTICLE INFO ABSTRACT

Keywords: One key driver of sustainable goal development is the transition to sustainable electricity resources. The sus-
Impact assessment tainability impact assessment of power production evaluates all potential impacts on society, the environment,
Life Cycle

and the economy, as well as finds a reasonable solution to shift towards renewable. Given the multitude of
quantitative and qualitative methodologies for sustainability analysis, alongside the absence of a unified pro-
cedure, selecting an appropriate method poses a significant challenge in conducting this task. Therefore, this
paper conducts an extensive review of the methodologies employed for assessing the sustainability of power
generation within the future energy mix, as reflected in scientific publications over the past decade (2013-2024).
The main objective of this paper is to compare the methodologies and assess their efficiency as suitable tools for
analyzing the sustainability of technologies in different geographical regions. The research methodology,
following the screening process, selects 102 papers within the study’s scope to undergo a critical examination
based on sustainability evaluation approaches. It also provides an overview of novel dynamic methods and the
application of artificial intelligence in sustainability assessment. The primary findings indicate a deficiency in a
standardized approach for sustainability evaluation within electrical technology. In addressing uncertainties in
impact assessment due to various parameters, dynamic methods with multiple temporal accuracies are recom-
mended over a static life cycle. The paper includes a case study comparing methods—multi-criteria decision-
making, and ranking, scoring—in the Indonesian context. Considering 15 environmental, social, and economic
indicators to evaluate the sustainability in Lombok, results indicate that hydropower, gas, and solar technologies
exhibit the highest sustainability scores, respectively.

Energy mix
Multi-criteria analysis
Dynamic analysis
Machine learning

In this context, the social-economic-environmental effects of various
energy technologies are becoming a more important consideration to

1. Introduction support policy choices; in this regard, carbon footprint, and LCSA are
frequently utilized. Carbon footprint evaluation approaches with a sin-
The world’s energy consumption has about doubled over the last 30 gle indicator results in oversimplification. Hence, in the case of power
years [1], and due to the absence of any changes to energy policies, it is production technologies, focusing only on one indicator, e.g. greenhouse
anticipated that the growth in worldwide energy demand will accelerate gas emissions may lead to incorrect conclusions regarding their eco-
in the upcoming years. The overall primary energy supply reached social-environmental consequence. Thus, to assess the sustainability of
28,660 TWh in 2022 [2]. Despite the growing contribution of renewable power-producing technologies, a wide range of impact categories need
energy sources, fossil fuels continue to be the dominant source of energy to be taken into account. LCSA is a comprehensive method that con-
supply, accounting for 61% of the total energy supply, worldwide. siders many indicators from all social, economic, and environmental
Globally, coal is the primary source of power production by 37%, with aspects to support policy decisions on power capacity development.
gas coming in second by 23%. Nuclear and hydropower provide most of Examining energy systems through the lens of sustainable develop-
the low-carbon energy production by 9, and 14%, respectively, and wind ment serves as a crucial tool in shaping energy policies and technolog-
and solar power production units are responsible for producing 12% of ical development agendas. Achieving this goal necessitates a clear

global energy.

* Corresponding author.
E-mail address: hemmati@sdu.dk (M. Hemmati).

https://doi.org/10.1016/j.ref.2024.100581

Received 8 May 2024; Received in revised form 13 May 2024; Accepted 16 May 2024

Available online 21 May 2024

1755-0084/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:hemmati@sdu.dk
www.sciencedirect.com/science/journal/17550084
https://www.elsevier.com/locate/ref
https://doi.org/10.1016/j.ref.2024.100581
https://doi.org/10.1016/j.ref.2024.100581
https://doi.org/10.1016/j.ref.2024.100581
http://creativecommons.org/licenses/by/4.0/

M. Hemmati et al.

Renewable Energy Focus 49 (2024) 100581

Nomenclature

Abbreviation

Index  Description

Al Artificial intelligent

AP Acidification potential

CML Centrum voor Milieukunde Leide

EP Eutrophication Potential (mol N-eq/ kWh)
ETP Eco-Toxicity Potential (CTUe/ kWh)

EV Electric vehicle

DAR Depletion of Abiotic Resources (kg Sb-eq/ kWh)
GWP Global warming potential (kg CO2/kWh)
HTP Human Toxicity Potential (CTUh/ kWh)

MCDM  Multi-criteria decision making
MCA Multi-criteria analysis

ML Machine learning

LCA Life cycle assessment

LCC Life cycle costing

LCIA Life cycle impact assessment

LCOE Levelized cost ($/kWh)
LCSA Life cycle sustainability assessment
ODP Ozone depletion Potential (kg CFC-11-eq/ kWh)

POFP Photochemical Ozone Formation Potential (kg NMVOC-
eq/ kWh)

s-LCA Social life cycle assessment

SDG Sustainable development goal

TRACI  Tool for Reduction and Assessment of Chemicals and Other
Environmental Impacts

WtLE Waste to electricity

Parameter and variable

a Index for technology

V(a) Total sustainability score

w; Weight of importance for decision aspect

Vi(a) The score shows the performance of technology a in aspect
i

I Total number of decision aspects (in this study equals 3)

delineation of relevant indicators essential for informed decision-
making strategies and processes. While the literature review indicates
that various methodologies for sustainability assessment, including LCA,
MCDM, optimization-based methods, dynamic analysis, etc. have been
employed across different studies without adhering to a unified stan-
dard, a comprehensive comparative analysis of these methodologies,
delineating their strengths and weaknesses, and identifying future
research directions, is lacking. In addition, considering that a wide range
of technologies, structures, and applications take part in electricity
production, classification, and comparison of life cycle analysis methods
from the perspective of methodology and impact categories should be
developed to ensure the correct implementation of LCSA.

To mitigate the considerable challenge related to selecting the right
method for sustainability analysis of electricity production technologies
in shaping the future energy mix, due to the variety of quantitative and
qualitative approaches, as well as the lack of a standardized procedure,
this paper offers a critical and comparative examination of the prevalent
methodologies utilized by scientific researchers during the past 10 years
(2013-2024). By undertaking this comprehensive review, the paper aims
to shed light on the strengths and weaknesses of different sustainability
assessment methodologies, providing valuable insights for researchers,
policymakers, and stakeholders involved in energy transition efforts.
The set of economic, social, and environmental indicators that are
conducted for LCSA are evaluated for multiple power generation facil-
ities considering the geographical coverage of the literature. This paper
undertakes a comprehensive examination of integration techniques
essential for a holistic LCSA. Delving into the realm of sustainability
evaluation for energy systems, it meticulously reviews the MCDM
methodologies, dynamic approaches, and emerging trends of AL By
elucidating these critical aspects, the paper sheds light on the evolving
landscape of sustainable energy systems, offering valuable insights into
the interplay between power generation technologies, impact assess-
ment, and decision-making processes.

In the second part, this paper conducts a comparative LCSA study
focusing on a real-world scenario in Lombok Island, Indonesia. The aim
is to ascertain the most sustainable power generation technology for
informing future energy mix strategies under two different methods,
including ranking & scoring, and MCDM. Both renewable and non-
renewable power production facilities are considered in this study,
including wind, solar, hydropower, biomass, waste-to-electricity incin-
eration, coal, natural gas, and diesel. For this purpose, 8 environmental,
4 economic, and 3 social indicators are implemented to conduct LCSA on
1 kWh electricity generation as a function unit.

2. Research methodology

The research methodology has been carried out in 5 steps as shown in
Fig. 1.

2.1. Database search to conduct the literature

A thorough examination of the literature has been conducted
employing principles from set theory to define the search domain. The
search domain is defined by all the studies that dive into the sustain-
ability assessment in the energy mix. The set of keywords for searching is
shown in Fig. 1. The prevalence of the search led to the formation of a
database comparing 247 valid publications specifically examining the
life cycle of energy production.

2.2. Screening process

Based on the screening criteria, including publications year (between
2013-2024), sustainability of the energy mix, and studies examining at
least two types of technologies, the research population is formed,
including 102 papers.

2.3. Data extraction and categorization

In this stage, all information from a database, including the type of
technologies, considered indicators and methods, as well as sustain-
ability evaluation methodologies (e.g. LCC, LCA, dynamic approach,
etc.) are extracted and categorized.

2.4. Quality assessment criteria

All reviewed papers are evaluated based on the data availability,
reliability of the results, integration of sustainability aspects, and
appropriateness of methods and interpretation.

2.5. Synthesis and analysis

In the last step, the strengths, weaknesses, advantages, and gaps of all
reviewed papers based on critical reflection have been discussed. Also,
new trends, future research directions, and main challenges are
highlighted.
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and weaknesses of each methodology)
New trends and future research directions

Fig. 1.

3. Review, qualitative, and quantitative classification of
sustainability assessment methods

The ISO 14040/14044 standards provide the foundation for the
LCSA process, considering environmental, economic, and social aspects,
as depicted in Fig. 2 [3].

The four mandatory steps consist of goal and scope specification,
inventory assessment, impact assessment, and interpretation. All cal-
culations and evaluations are based on the function unit, which in the
case of electricity production, 1 kWh of electricity [4]. The scope of the
life cycle includes different stages, including contraction, material in
raw, usage, maintenance, replacement, and end of life. This paper
selected publications that assess the sustainability considering stages
defined in the EN 15804 document.

Evaluate appropriateness of the methodology for
addressing the research questions
Comprehensive impact assessment method
Integration of sustainability aspects

Reliability of the data used

Overview of the proposed research methodology and screening process to conduct the database

LCA methods

LCA is a systematic methodology for evaluating the environmental
impacts associated with the entire life cycle of a product or process,
including raw material extraction, manufacturing, use, and end-of-life
disposal. The most effective survey and systematic review on LCA for
electricity production technologies are given by [5-14]. In the LCA, after
determining the goal, the impact list is determined for all subsystems so
that the input and output and all potential pollution (to air, to the soil,
and to water) in the life chain are calculated based on the function unit.
After determining the environmental impact indicators- the most well-
known of which is global warming- the inventory of the previous step
is first characterized and then classified in the LCIA phase. There are
multiple LCIA methods in the literature. The difference between these
methods is the number of characterization factors included, the number
of indicators, and the normalization factors. For example, the land use
indicator is evaluated under the CML baseline method, while the TRACI
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Fig. 3. Quantitative comparison of impact assessment methods by 29 papers

can’t address it in LCIA. CML baseline and non-baseline are the most
useful methods due to their user-friendly, the availability of normali-
zation coefficients, and the consideration of more than 60,000 factors,
which can cover a wide range of environmental impact assessments
[15]. A quantitative comparison of 29 reviewed papers based on
methods in Fig. 3 shows that the CML-IA was used in 14 cases.

Life cycle costing

LCC is a methodology for assessing the economic costs and benefits
associated with the entire life cycle of a product or process. In the
context of power generation technology, LCC can be used to compare the
total costs of different energy sources and technologies, including capital
investment, operational expenses, maintenance costs, and externalities.

LCC analysis is developed for electricity generation units as a useful
tool in several studies. Prospective LCC of power production from solid
waste in Nigeria was developed by [16]. Overall results of all scenarios
showed that the incineration technology is the most economical option
based on its positive LCC, lowest payback, and LCOE, as well as the
highest internal rate of return. Ref. [17] aims to assess the electricity
sources for EVs using an LCC framework, considering wind, solar,

hydropower, coal, and diesel. Results of LCC showed that PV power
generation was the most expensive solution by 0.2107 USD/kWh, while
natural gas is the cheapest one by 0.0661 USD/kWh for initial fuel of
electricity generation in the case of EVs. The LCC analysis on the long-
term investment cost optimization of coal, gas, and liquid fuel power
generation in India was studied by [18]. This study also implemented a
real options analysis theory (ROAT) method that help to create flexi-
bility in the model. Findings indicated that a thermal energy project can
be delayed by its time of expiration, and its cost is twice the construction
of a gas plant.

s-LCA methods

The s-LCA is a methodology for evaluating the social impacts asso-
ciated with the entire life cycle of a product or process, including labor
conditions, human rights, community health, and social equity. In the
context of power generation technology, SLCA can be used to assess the
social implications of energy projects, such as job creation, displacement
of communities, and access to energy services.

A methodology for s-LCA on electricity production in Spain has been
suggested in [19], including PV, wind, nuclear, gas, biomass, coal, and
storage technologies. This work did not introduce a certain option as the
most sustainable technology for the Spanish power grid but proves that
the s-LCA by analyzing the job creation and human rights can optimize
the future electricity. A prospective s-LCA of electricity production from
solid waste in Nigeria for multiple technologies, including incineration,
gasification, landfill, and anaerobic digestion was studied by [20] by
comparing the social benefits of waste-to-electricity technologies with
electricity import and diesel power plants. No encompassing and defi-
nition of social indicators was reviewed in this paper. The energy justice
concept is introduced by [21] as a new index for the level of develop-
ment in society based on the s-LCA. Multiple indicators for several
stakeholders are analyzed and concluded that low-carbon energy tech-
nologies provide social benefits, including human rights and job crea-
tion. However, the role of stakeholders from a social point of view,
besides the proper definition of selected indicators has not been
addressed. Ref [22] concluded that the PV sources require 95% longer
labor hours per kWh, and are not yet completely friendly to human
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Table 1
Quantitative and geographical analysis on LCA, LCC, and s-LCA
LCA s-LCA LCC
Number of studied 30 13 19
publications
Geographically wide Africa [31] China [61] Spain [66]
Czech Public France Kenya [67]
[32] [62,63] China [68-71]
Iran [33] Belgium [29] Brazil [72]
France [34] Myanmar [26] USA [73-75]
Norway [35] Nigeria [20] Indonesia [76]
Turkey [36] Brazil [25] Greece [77]
Portugal Spain South Korea
[37-39] [19,24,64] [76]
Brazil [40,41] Taiwan [28] India
Spain [42] Portugal [23] [17,76,78]
Italy [43-45] Africa [65] Nigeria [16]
USA [46,47] Croatia [79]
Poland [48,49] Sweden [80]
Indonesia
[50-54]
Nigeria [55]
Greece [56]
Mexico [57]

China [58,59]
Mauritius [60]

social life. In [23], the comparative s-LCA on biomass power generation
in Portugal was developed. The results indicated that the implementa-
tion of fluidized-bed furnace technology reduces by 15-19% the nega-
tive social impacts, except for women in the sectoral labor force.

3.3.1. Stakeholder engagement and social acceptance

Because s-LCA is dependent on several variables, including macro
policies and a large number of stakeholders, it leads to different results

Table 2
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in countries. For example, PV power is selected as a beneficial tech-
nology for job creation, with 1.5 humans per kWh in Spain [24]. In
Brazil, the coal power technology reduces the child labor indicator up to
0.4 person per kWh [25]. Hydropower cannot provide social benefits,
including social welfare and proper job creation in Myanmar [26]. A
similar study in a neighborhood country indicates reverse results [27].
The s-LCA in Taiwan concluded that the lack of experienced wind plant
construction workers potentially increases while the share of wind
power will rise to 25% by 2025 [28]. Job creation indicator for offshore
and onshore wind power in Belgium reached 0.15 and 0.23 jobs per MW
[29].

In [30], social acceptance of solar panel energy in heritage buildings,
including barriers, challenges, and benefits of PV energy for stake-
holders are evaluated in the case of Italy. This paper indicated that it’s
crucial to consider cultural and aesthetic factors alongside the integra-
tion of photovoltaic (PV) systems in heritage buildings.

The geographical distribution of reviewed papers in LCA, LCC, and s-
LCA methodologies is presented in Table 1.

MCDM methods in sustainability evaluation

MCDM is crucial in sustainability assessment, offering a structured
approach to evaluate options based on multiple criteria simultaneously.
Decision-makers face complex environmental, social, and economic
factors, making traditional methods insufficient. MCDM allows
comprehensive consideration of these criteria, weighing trade-offs and
synergies. By incorporating stakeholder preferences, MCDM ensures
transparent decision-making aligned with sustainability goals. Its sys-
tematic approach advances sustainability objectives and fosters resil-
ience in socio-environmental systems.

The future energy mix of Pakistan under an integrated MCDM sus-
tainability approach was studied by [81]. Results reveal hydropower

Compared sustainable technology for electricity generation under social-eco-environmental assessment.

Ref Country Sustainable Technology from Three Components of LCSA 2022 total installed capacity of selected technology (% in Energy Mix) [2]
Social Economic Environmental
[81] Pakistan Run-of-River Run-of-River Run-of-River 687 TWh (29%)
[82] UK Wind Gas Wind and PV Wind: 613 TWh (4.6%)
PV: 101 TWh (>1%)
Gas: 3821 TWh (29%)
[83] Turkey Hydropower Geothermal Hydropower Hydropower: 1582 TWh (26%)
Geothermal: 71 TWh (1%)
[84] UK Coal Gas Wind Wind: 613 TWh (4.6%)
Gas: 3821 TWh (29%)
Coal: 4628 TWh (35%)
[90] Portugal Hydropower Hydropower Hydropower 343 TWh (24%)
[85] Spain PV Coal Wind PV: 215 TWh (3%)
Coal: 1988 TWh (23%)
Wind: 876 TWh (10%)
[86] Greek PV Coal Hydropower PV: 46 TWh (3%)
Coal: 882 TWh (53%)
Hydropower: 138 TWh (9%)
[87] Brazil Hydropower Hydropower Wind Hydropower: 11828 TWh (78%)
Wind: 440 TWh (3%)
[92] Romania PV Hydropower Hydropower PV: 16.5 TWh (>1%)
Hydropower:523 TWh (27%)
[94] Iran Wind Gas Wind Wind: 7.6 TWh (>1%)
Gas: 4605 TWh (71%)
[95] World PV PV PV 6091TWh (>1%)
[89] Egypt Hydropower Gas Hydropower Hydropower: 460 TWh (12%)
Gas: 2927 TWh (72%)
[96] Turkey Gas Gas Gas 2149 TWh (35%)
[91] Mexico PV Hydropower Hydropower PV: 50TWh (>1%)
Hydropower: 1075 TWh (14%)
[97] Spain Biomass Wind Wind Biomass: 111 TWh (1.2%)
Wind: 876 TWh (10%)
[98] Niger PV PV PV 0.3 TWh (4%)
[99] Denmark Wind Biogas Biogas Biogas: 105 TWh (9%)

Wind: 250 TWh (22%)
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Fig. 4. Overall structure of LCSA analysis methods

power plant is the most sustainable option with the lowest economic and
environmental impacts, while oil is found the worst social and economic
impacts. A similar study in the case of the future energy mix of the UK
has been established [82]. The sustainability impacts of multiple tech-
nologies have been analyzed, extending to potential future electrical
scenarios. However, without a unified approach to integration, no
definitive sustainable outcome has been reached across all potential
scenarios. An integrated MCDM sustainability assessment of the energy
mix of Turkey was developed by [83]. Hydropower is Turkey’s top
sustainable energy choice, followed by wind and geothermal options.
Hydropower’s contribution reduces imported fossil fuel usage by 15
million tons annually. Gas power has low capital costs but high LCOE,
ozone depletion, and few direct jobs. The 2070 energy mix scenario of
the UK under the MCDM approach was developed by [84]. This research
also suffers from the lack of a unified method for the final decision about
the most sustainable technology. The 2030 and 2050 energy mix sce-
narios of Spain under the integrated MCDM were represented by [85].
Aggressive estimates of renewable energy sources offer the greatest
benefits in cost savings, employment, and environmental effectiveness,
according to findings. However, the social aspect is less explored due to
database access uncertainty. A similar study in the case of the Greek
power grid engaging the role of the stakeholders in sustainability score
was investigated by [86]. Wind electricity generation, followed by hy-
dropower, is the most sustainable technology. However, solar power
resources seem to be the most sustainable choice when social impact is
given priority. The fragmented MCDM methodology in the Brazilian
energy mix was developed by [87,88]. These studies gathered existing
data on methodologies and indicators, overlooking innovative assess-
ments of Brazil’s capacity development. Furthermore, they lack a uni-
fied method for determining the final score. In a similar study and
without integration of all sustainability aspects, the MCDM evaluation
places natural gas at the highest rank, while nuclear at the lowest
ranking for Egypt’s energy mix [89]. Also, this method without inte-
gration of all aspects in the case of the energy mix of Portugal [90] se-
lects a small hydro as the most sustainable technology in 10 of the 16

indicators used.

In [91], the 2050 energy mix strategies of Mexico under the LCSA are
evaluated as a new decision-support approach. This paper does not
propose any definitive scenario as a fully sustainable solution and sug-
gests that a trade-off between the available scenarios should be made to
provide a better energy mix. In the case of Romania [92], a compre-
hensive rank and sustainability with equal/ non-equal important weight
showed that hydropower is the most sustainable technology. Also, this
paper suggested that variations of discount rates and energy efficiency
should be engaged in future sustainable development. The energy mix of
Nigeria, focusing on solid waste-to-electricity plants under the inte-
grated LCSA was developed by [93]. In this study, four waste-to-
electricity technologies, including incineration, landfill, gasification,
and anaerobic digestion are evaluated and compared to diesel power
generation, and electricity import scenarios.

Further studies were found that address all sustainability di-
mensions, with key findings and study scopes outlined in Table 2.
Notably, the highlighted superior technologies don’t necessarily imply
superiority or preference; authorities base their final proposals on the
constraints and conditions specific to each geographical region.

3.4.1. Reviewing the integrated sustainability evaluation methods

The LCSA value is calculated by adding the values of LCA, s-LCA, and
LCC, representing the integration of three life cycle approaches. This
sum indicates the sustainability of the life cycle perspective. Two LCSA
methods are identified: one evaluates life cycle analyses independently
to draw sustainability comparisons, while the other combines all three
life cycle studies into a single score. The first method tends to be more
qualitative, while the second aggregates data quantitatively.

Fig. 4 shows the structure of all existing sustainability analysis
methods based on the literature. While some studies use color-coded
diagrams and a color scale to classify the environmental, economic,
and social impacts according to magnitude, many studies present the
LCSA results separately and compare the results [90,100]. By aiding in
the effect of graphical representation, this kind of method enhances the
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Table 3

Categorization of all common sustainability indicators

No. Indicator

Description

Unit

Renewable Energy Focus 49 (2024) 100581

Table 3 (continued)

No. Indicator Description Unit

Environmental Indicators
1 Global Warming

Potential (GWP)

2 Ozone depletion
Potential (ODP)

3 Acidification Potential
(AP)

4 Eutrophication —
freshwater

5 Eutrophication — marine

6 Eutrophication Potential
(EP)

7 Photochemical Ozone
Formation Potential
(POFP)

8 Depletion of Abiotic
Resources (DAR)

9 Human Toxicity
Potential (HTP)

10 Eco-Toxicity Potential
(ETP)

11 Water use

12 Land use

13 Ionizing radiation

14 Particulate matter

emissions

Social Indicator

1 Child labor

2 Working hour

3 Forced labor

4 Health and Safety
(fatalities, Injuries)

5 Access to sources

6 Number of employment

7 Local employment

Economic Indicators

1

Capital Cost

Total Annualize cost
(including fuel,

Indicator of possible global
warming brought on by
greenhouse gas releases
into the atmosphere
Indication of air pollution
that destroys the ozone
layer

Indicator of the possible
gas release-induced acidity
of soils and water
Indicator of the freshwater
ecosystem’s enrichment
Indicator of the marine
ecosystem’s enrichment
Indicator of the terrestrial
ecosystem’s enrichment
Indications of gas
emissions that influence
the production of
photochemical ozone
Indicator of the depletion
of natural non-fossil
sources

Effects of harmful
compounds released into
the environment on
human.

Effects of harmful
compounds released into
the environment on
freshwater organisms

A measure of the
proportion of water
consumed, depending on
area water shortage
variables

Evaluation of the
alterations in soil quality
Ecosystem harm and
human health are related
to radioactive emissions
Indicator of the possible
prevalence of diseases
caused by particulate
matter

Indicator to show the effect
of depriving children of
their childhood

Indicator to show working
hour

Indicator to show forced
labor during the process
Indicator to show how
many fatalities and massive
accidents during the
process

Indicator to show the level
of access to resources
Indicator to show the total
number of people who are
employed,

Indicator to show how
many local people are
employed

Indicator to show all the
costs required for
construction and
installation

Indicator to show the sum
of annualized capital costs

kg CO2-eq/ kWh

kg CFC-11-eq/
kWh

kg mol H+/ kWh

kg PO4-eq/ kWh
Kg N-eq/ kWh
mol N-eq/ kWh
kg NMVOC-eq/
kWh

kg Sb-eq/ kWh

CTUh/ kWh

CTUe/ kWh

m3 world eq/
kWh

Dimensionless/
kWh
kBq U-235/ kWh

Disease
incidence/ kWh

Person/ kWh

Hour/ kWh
Person/kWh
Number of
injuries/ kWh
NA

Person-year/
kWh

Person-year/
kWh

$/year

operation, O&M, and
fixed costs)
LCOE

and annual fixed, variable,
fuel cost
Indicator to show levelized

$/ kWh

or unit cost

Indicator to show costs
associated with disposing
of waste materials
Indicator to show number
of years required to recover
the original cash
investment

Indicator to show the %
profitability of potential
investments

Indicator to show how

4 Disposal Cost $/ kWh

5 Payback Period Years/ kWh

6 Internal rate of return

7 Net present value $/ kWh
much an investment is

worth throughout lifetime

sustainability analysis. Furthermore, comparative benchmarking ana-
lyses are employed in some studies [97]. The life cycle sustainability
dashboard technique was also used, but it did not include the aggrega-
tion step; instead, it just used color scale charts for analysis [88]. With
the use of a graphic representation on a color scale and an analysis tool,
each component of sustainability is evaluated independently and
assigned a normalized score. Full details of the methods introduced in
Fig. 4 are given in [101]. This paper wants to examine the new methods
used in the field of sustainability analysis, which are also used in the
literature.

Among all the introduced methods, multi-criteria techniques have
been used many times to analyze the results and scores of all indicators.
These methods typically involve six steps, including (1) problem
formulation; (2) requirements identification; (3) goal setting; (4) iden-
tification of potential alternatives; (5) development of criteria; and (6)
identification and application of decision-making strategy. MCDM,
multi-objective decision-making (MODM), Multi-Attribute, Value The-
ory (MAVA), Multi-Attribute Utility Theory (MAUT), Multi-Criteria
Decision Analysis (MCDA), and Simple Multi-Attribute Rating (SMAR)
are all among the multi-criteria methods.

According to the Multi-Attribute Value Theory (MAVT), decision-
makers weigh the pros and cons of many options by comparing them
to indicators that provide a score for each; the option with the highest
score is selected.

Based on our study, 57% of investigated papers analyze the sus-
tainability result, separately including the weighting factor [81], color-
coded [84,85,90,88,91,96,102] and benchmarking [97]. Meanwhile,
43% of papers use the MCDM methods [61,83,86,87,89,93,95,98]. Also,
mixed-integer linear programming optimization-based MCDM [94], and
fuzzy-based MCDM [103], are used for sustainability analysis.

3.5. Life Cycle Sustainability Indicators

A sustainability indicator assesses the overall sustainability of a
system by analyzing its environmental, social, and economic compo-
nents. These indicators can cover various concerns such as resources
used, emissions, and biodiversity, either quantitatively or qualitatively.
Table 3 lists the main sustainability impact categories implemented in
power generation studies for all environmental, social, and economic
aspects.

The sustainability indicator is a metric that is used to evaluate the
overall sustainability of a system by analyzing its environmental, social,
and economic components under LCIA. Resources used, emissions,
biodiversity, and other concerns can all be covered by quantitative or
qualitative sustainability indicators.

Global warming and acidification are the most often utilized envi-
ronmental indicators in impact assessments; eutrophication and the
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Table 4
Comparison of 9 articles with common indicators and technologies in terms of the sustainable selected technology

No. Indicator Reference
[81] [83] [84] [85] [86] [89] [90] [91] [94]

1 GW Run-of- Run-of- Wind Onshore Hydro Hydro Hydro Hydro Hydro
River River Wind

2 OoDP Run-of- Geothermal Nuclear Onshore Wind Onshore Hydro Nuclear Hydro
River Wind Wind

3 AP Run-of- Hydro Onshore Onshore Hydro Onshore Hydro Hydro Onshore
River Wind Wind Wind Wind

4 EP Run-of- Hydro Nuclear Onshore Hydro Hydro Hydro Hydro Hydro
River Wind

5 POFP Run-of- Hydro Onshore Onshore Hydro Hydro Hydro Hydro Onshore
River Wind Wind Wind

6 HTP Run-of- Hydro Onshore Onshore Hydro Hydro Hydro Hydro Hydro
River Wind Wind

7 Land use Hydro Geothermal Onshore Onshore Offshore Nuclear Offshore Offshore Biomass

Wind Wind Wind Wind Wind
8 Number of employment Coal Run-of- PV PV PV Coal PV PV PV
River
9 Number of fatalities and Run-of- PV PV PV Offshore Hydro Hydro Nuclear Onshore
accidents River Wind Wind
10 Capital Cost Hydro Geothermal Gas Coal Coal Gas Gas Hydro Gas
11 Total Annualize cost Wind Hydro Gas Coal Coal Gas Offshore Gas Gas
Wind
12 LCOE Hydro Hydro Gas Hydro Coal Coal Offshore Hydro Gas
Wind
13 Payback Period Gas Coal Gas Coal Coal Coal Gas Coal Gas

production of photochemical ozone are the next most used indicators
[94,103]. The most popular indicators are changeable and cover a range
of environmental domains, including effects on soil, water, air, ecosys-
tems, and humans [43-45,50-54]. The primary economic indicators
include power costs, raw material costs, manufacturing and capital ex-
penses, payback period, LCOE, and operating and maintenance costs. It
should be noted that the total annualized cost is used which contains all
costs in terms of operation, fuel, and maintenance costs
[68,69,74,75,67,70]. The primary social indicators contain employ-
ment, community, and worker welfare, fair compensation, discrimina-
tion, working hours, workplace accidents, training, child labor, and
forced labor [19,24,64,62,63].

9 articles have investigated all three economic, environmental, and
social aspects, examining 13 common indicators. Alongside common
quantitative indicators used throughout the life cycle to potentially
reflect the impacts of a process or a procedure on air, soil, water, etc.,
numerous qualitative indices can also be utilized in the analysis of
sustainability [104]. These indices, defined based on the 17 sustainable
development goals (SDGs), can somewhat cover the weaknesses of many
indicators, especially from a social perspective. The use of qualitative
indicators in sustainability analysis can significantly enhance the
attainment of sustainable development goals. These indicators, espe-
cially in areas such as social, cultural, and human aspects, can aid in the
analysis and evaluation of sustainability. Some qualitative indicators
that can be defined based on sustainable development goals include
access to infrastructure and services, citizen satisfaction, social
empowerment, human rights, transparency and accountability. Table 4
compares the top-ranked technology for each indicator.

3.6. Dynamic sustainability assessment

Traditional (LCA) has long been a cornerstone of sustainability
assessment, providing valuable insights into the environmental perfor-
mance of products and processes. However, static LCA models, which
offer a snapshot of environmental impacts at a specific point in time,
may not fully capture the dynamic nature of energy systems or
adequately address long-term sustainability concerns.

Dynamic LCA emerges as a promising approach to overcome these
limitations and provide a more comprehensive understanding of the

sustainability implications of energy mix and power generation strate-
gies. Unlike traditional static LCA, dynamic LCA methods consider
temporal variability, technological change, and feedback loops within
energy systems, allowing for a more accurate assessment of long-term
sustainability impacts. By capturing the evolving nature of energy
technologies, dynamic LCAs enable decision-makers to anticipate future
trends, identify potential environmental hotspots, and design more
effective sustainability strategies. In this context, the development of
dynamic LCA models is essential for advancing our understanding of
sustainability in energy systems and guiding the transition towards more
sustainable energy futures. Our research methodology and database
have identified 4 papers exploring dynamic LCA within the domain of
energy mix strategy [105,94,106,107]. For example, The integrated
simulation-optimization framework for LCSA of renewable electricity
production in Iran was studied by [94]. This work is one of the main
pioneers in the integration of LCSA with optimization-oriented ap-
proaches. Dynamic approaches can help solve the integration of sus-
tainability aspects which can be widely considered in future works.

3.6.1. Sustainability assessment via Al

Multiple uncertain parameters influence sustainability indicators.
Population growth rate, inflation rate, weather conditions, stakeholder
policy changes, pandemics, crisis situations, among others, can affect
the accuracy of sustainability assessment. ML and Al methods can be
highly effective solutions for managing and processing large volumes of
input data and making short-term, medium-term, and long-term pre-
dictions, making them invaluable in impact analysis. These approaches
offer powerful tools for sustainability assessment due to their ability to
process vast amounts of data, identify patterns, and make predictions.
The search revealed that only three articles have focused on the appli-
cation of Al methods in long-term sustainability analysis related to en-
ergy production, with most of their emphasis on bioenergy production
from agricultural residues [108-110].

3.7. Measurements and uncertainties
All sustainability evaluation methods in the context of power gen-

eration for the future energy mix are introduced in previous sections. All
methods require the utilization of various assessment approaches,
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Table 5
Classification of instruments, uncertainties, and trademarks in sustainability evaluation methods
Ref. Instrument Trademark Origin Precision Scope of Uncertainty
study
[81] SimaPro 8.3.3.0 SimaPro Netherlands ~ N/A (Software-based) Pakistan Uncertainties in data inputs especially data related to distribution
and transmission networks
[83] Web-HIPRE V Web- Finland 0.01 (for social indicator) Turkey Uncertainty in input data and regionally specific data
1.22 HIPRE 1 $ (for economic indicator)
[84] Gabi V 4.4 Gabi Germany N/A (Software-based) UK. Uncertainty of renewable energy technologies and the cost of
immature
[85] Microsoft Excel Microsoft US.A 1 $ (for LCOE) Spain Uncertainty of electricity price
[86] GEMIS V 4.9.5 GEMIS Denmark N/A (Software-based) Greece Uncertainty of efficiency of technology in upcoming year
[89] Microsoft Excel Microsoft US.A 0.1 (for social indicator) Egypt Uncertainty of input data and electricity price
[90] SimaPro V8.0 SimaPro Netherlands N/A (Software-based) Portugal Uncertainty of social data and stakeholders
[91] GAMS GAMS U.S.A N/A (Software-based) Mexico Uncertainty of renewable power generation based on the climate
condition
[94] GAMS/ GAMS US.A N/A (Software-based) Iran Uncertainty of electricity price
MATLAB
[571 SimaPro V8.0 SimaPro Netherlands 0.01 (for environmental Mexico N/A
indicator)
[60] SimaPro V7.0 SimaPro Netherlands ~ N/A (Software-based) China Uncertainty of power generated by renewable technologies
[371 Microsoft Excel Microsoft U.S.A N/A (Software-based) Portugal N/A
[38] Gabi V 6.0 Gabi Germany N/A (Software-based) Portugal N/A
[39] Microsoft Excel Microsoft US.A N/A (Software-based) Portugal uncertainty of electricity price, distribution, and transmission long-
term planning
[111]  Gabi V8.7 Gabi Germany N/A (Software-based) Germany Uncertainty of wind speed
[41] SimaPro V8.0 SimaPro Netherland 1 (for environmental Brazil Short/long-term uncertainty of coal mining
indicator)
[49] SimaPro V7.3 SimaPro Netherland N/A (Software-based) Poland Uncertainty of long-term national polities during lifespan
[49] SimaPro V8.2.3 SimaPro Netherland N/A (Software-based) Czech N/A
Republic
[35] Microsoft Excel Microsoft US.A 0.1 (for greenhouse gas Norway Uncertainty related to the cost of PV panel
production)
[46] SimaPro V8.0 SimaPro Netherland 0.1 (for carbon production) USA Uncertainty of combustion and cooling technology
[56] SimaPro V7.0 SimaPro Netherland N/A (Software-based) Greece N/A
[33] GAMS GAMS US.A 1 (time for load prediction) Iran Uncertainty of renewable energy production
[32] Microsoft Excel Microsoft US.A N/A (Software-based) Czech Uncertainty of PV panel efficiency
Republic
[43] SimaPro V7.0 SimaPro Netherland N/A (Software-based) Italy N/A
[45] N/A N/A N/A 0.01 (for energy loss) Italy Uncertainty of energy recovery conversion efficiency at the
upcoming year
[34] GEMIS V4.9 GEMIS Denmark N/A (Software-based) France Uncertainty of efficiency for all type of power generation
technologies
[50] SimaPro V9.0 SimaPro Netherland N/A (Software-based) Indonesia Uncertainty of input data especially combustion technology
[51] SimaPro V SimaPro Netherland 0.1 error in environmental Indonesia Uncertainties in data inputs and modeling assumptions
9.1.0.8 data
[53] OpenLCA V1.9 OpenLCA Germany N/A (Software-based) Indonesia N/A
[52] OpenLCA V1.9 OpenLCA Germany N/A (Software-based) Indonesia N/A
[31] OpenLCA V1.9 OpenLCA Germany N/A (Software-based) Nigeria Uncertainties in data inputs and modeling assumptions
SimaPro V7.0 SimaPro Netherland
[112] Gabi V4.4 Gabi Germany N/A (Software-based) Denmark Uncertainty of distribution and transmission networks, as well as
cable technology
[58] Gabi V4.0 Gabi Germany 0.1 carbon emission China Uncertainty in raw material

accompanied by the use of specific instruments and considerations of
uncertainties. The aim of this section is to classify the instruments uti-
lized, identify associated uncertainties, and document the trademarks or
brands of these instruments across the reviewed literature. Table 5
provides a summary of the classification of instruments, uncertainties,
and trademarks for evaluated papers. The classification enables us to
gain insights into the common practices and trends in the field of sus-
tainability assessment in power generation, as well as to identify po-
tential gaps and areas for further research.

4. Synthesis and discussion
4.1. Comparative analysis, and critical reflection on LCA

The high number of studies conducted in the field of LCA proves that
life cycle analysis has reached perfection. Although new methods can be
used to integrate optimization-based methods to improve LCA modeling.
Due to the simplicity of the midpoint indicators, this method is quite
understandable. However, presenting analytical techniques such as

sensitivity analysis, uncertainty analysis, and also examining the land
use indicator, which is very important in the construction of a power
plant, can be proper parameters for the classification of studies in this
field, as shown in Table 6.

In the case of environmental impact analysis, it should be noted that
the determination of the LCIA method strongly affects the analyzed in-
dicators. Characterization factors may be derived in two common ways:
at the midpoint and endpoint levels. Midpoint indicators concentrate on
specific environmental issues, such as acidification or global warming.
Endpoint indicators, which include the influence on human health,
biodiversity, and resource scarcity, are three higher aggregate levels on
which the environmental impact is displayed. The understanding of the
LCIA data is made easier by converting midpoints to endpoints. But as
the aggregation process goes on, the degree of uncertainty in the out-
comes rises. Fig. 5 shows the overview of midpoint and endpoint in-
dicators, besides all the possible advantages and disadvantages of both
methods.
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Ref LCIA method Advantages/ most important results Disadvantages/ weaknesses
[57] CML-IA v Considering both midpoint and endpoint indicators. x Not providing sensitivity analysis on input data.
v Acidification is the highest impact by 1.27x10e-02. x Ignoring land use indicator.
x No separation of indicators for each subsystem.
[60] CML-IA v Global warming of electricity mix is 868 kg CO2 per MWh. x Not providing sensitivity analysis on input data.
x Ignoring land use indicator.
x Ignoring energy efficiency of power generation
technologies.
[37] ReCiPe v Considering time frame for evaluation which select best technology in the next 10 x Not providing sensitivity analysis on input data.
years. x Ignoring land use indicator.
x Ignoring energy efficiency of power generation
technologies.
[38] CML-IA v 61% of total environmental impact comes from large scale battery construction. x Not providing sensitivity analysis on input data.
x Ignoring land use indicator.
x Ignoring energy efficiency of power generation
technologies.
[39] CML-IA v Transmission grids contribute to 5-14% environmental impacts. x Not providing sensitivity analysis on input data.
v Considering energy efficiency in model. x Ignoring land use indicator.
[111]  ILCD v 27% of environmental impact of renewable sources caused by replacement and x Not providing sensitivity analysis on input data.
transportation of input material.
v Considering land use indicator in LCA.
[41] CML-1A v Global warming is about 0.0856 kg CO2. x Not providing sensitivity analysis on input data.
v Considering land use indicator in LCA.
[48] CML, ReCiPe, v Develop reliability of data source in LCA for the first time x Not providing sensitivity analysis on input data.
ILCD x Ignoring land use indicator
[49] Eco-indicator v Providing a reliable database for current and future electricity generation in Czechand  x Ignoring land use indicator
Poland.
v Providing the sensitivity analysis on input data.
[35] ReCiPe v Material requirements for renewable power generation per kWh, is 11-40 times more
than fossil fuel.
v Providing the sensitivity analysis on input data.
v Considering land use indicator in LCA model.
[46] ECER v Focusing on endpoint categories which human health is the most contributed impactby =~ x Complexity in analysis due to ignoring the midpoint
pump storage with 7.74e-05 per kWh. categories
v Providing the sensitivity analysis on input data.
v Considering land use indicator in LCA model.
v Considering the role of power generation model in LCA
[47] ReCiPe v Developing uncertainty analysis on input data.
v Providing the sensitivity analysis on input data.
v Considering land use indicator in LCA model.
v Considering the role of power generation model in LCA.
[56] Eco-indicator v Separation of the share of transmission grid from power generation which shows x Ignoring the land use indicator
transmission has a 70-90% lower impact.
v Providing the sensitivity analysis on input data.
[33] GREET.net v Urban electricity supply result in 0.603 kg CO2/kWh. x Not providing sensitivity analysis on input data.
v Considering energy efficiency in model. x Ignoring the land use indicator.
[32] CML-IA v Considering energy efficiency in model. x Not providing sensitivity analysis on input data.
/ PV has the highest impact on particular matter by 1.69 m*/kWh x Ignoring the land use indicator.
[42] CML-IA v Due to metal requirements for PV panels, abiotic depletion will grow up to 5-time by ~ x Not providing sensitivity analysis on input data.
2050. x Ignoring the land use indicator.
v Considering technology efficiency in LCA model.
[43] CML-IA v Using PV in low voltage reduces the global warming by up to 83% compared to x Not providing sensitivity analysis on input data.
electricity from the grid. x Ignoring the land use indicator.
[45] ReCiPe v 55% of environmental impacts are reduced when the energy allocation is developed in
LCA model which reveals the importance of land use indicator.
v Considering lad use indicator in LCA.
v Providing the sensitivity analysis on input data.
[34] ILCD v 75% of total emission by hydro comes from construction phase. x Not providing sensitivity analysis on input data.
x Ignoring land use indicator.
[50] CML-IA v Considering co-firing option for coal-power plant and analyzing it in LCA model. x Ignoring land use indicator.
v Providing the sensitivity analysis on input data.
[51] Cumulative v Coal power plant contributes to 70.52% of total CO2. x Not providing sensitivity analysis on input data.
energy use v Analyzing land use indicator in model
v Developing uncertainty modeling based on Monte Carlo on input data.
[53] CML-IA v Combustion chamber process of gas-fired unit has the highest acidification up to x Not providing sensitivity analysis on input data.
50.22%. x Ignoring land use indicator.
[52] CML-IA v Combustion chamber has highest acidification by 80.32% during combined cycle plant  x Ignoring land use indicator.
operation.
v Developing uncertainty based on Monte Carlo on input data.
v Providing the sensitivity analysis on input data.
[31] CML, ReCiPe v Literature review on LCA model. x No discussion on land use indicator
x Not providing sensitivity analysis on input data.
[112]  ReCiPe v Considering underground and overhead 0.4 and 50 kV line in LCA. x Not providing sensitivity analysis on input data.
v From environmental aspect point of view, underground line has much impact. x Ignoring land use indicator
v Aluminum conductor is better for environment compared to copper cable.
[59] CML-IA v Wind power installation reduces greenhouse by 767 gr CO2 per kWh. x Ignoring land use

v Providing sensitivity analysis for input data

10
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Fig. 5. Overview of midpoint and endpoint categories

4.2. Comparative analysis and critical reflection on LCC

The LCC method, while valuable for assessing the economic di-
mensions of energy technologies, exhibits several limitations when
applied to sustainability assessment. Firstly, its primary focus on eco-
nomic costs overlooks critical sustainability aspects beyond financial
considerations, such as environmental impacts, social equity, and
resource depletion. Furthermore, the method’s reliance on discounting
future costs and benefits may undervalue long-term sustainability goals
and prioritize short-term economic gains [16,17,18]. Additionally, LCC
assumes economic rationality and perfect information, ignoring deci-
sion-makers’ uncertainties, biases, and incomplete information.

It also tends to neglect non-market values, such as ecosystem services
and human well-being, which are essential for comprehensive sustain-
ability assessment. Moreover, the method’s lack of integration with
other assessment approaches, such as LCA or MCDM, limits its ability to
provide a holistic understanding of energy technology sustainability.

This approach should go beyond economic costs and incorporate
environmental, social, and ethical considerations into decision-making
processes. Furthermore, it should account for uncertainties and risks
associated with energy technologies, such as fluctuating fuel prices and
policy changes, to ensure robust decision-making under uncertain con-
ditions. All limitations and challenges of LCC are provided in Fig. 6.

4.3. Comparative analysis and critical reflection on s-LCA

The social analysis of sustainability, both in terms of method and
indicator selection, faces many challenges that strongly affect the re-
sults. The dearth of readily available databases is another difficulty for
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social and economic research. In contrast to environmental data, which
already has several updated databases covering different industries,
goods, and places, economic and social databases still need to progress
in this direction. The challenges are presented in Fig. 7. It should be
mentioned that the works studied in the field of electricity production
technologies have not proposed a solution for these challenges.

4.4. Comparative analysis and critical reflection of MCDM methods

In summary, while MCDM approaches offer valuable tools for the
sustainability assessment of energy mix and power generation technol-
ogies, they are not without limitations. Addressing issues related to
subjectivity, complexity, data quality, weighting, and temporal/spatial
considerations is essential to ensure robust and credible decision-
making in energy sustainability assessments. Integrating MCDM with
complementary methods and engaging stakeholders transparently can
help mitigate these limitations and enhance the effectiveness of sus-
tainability decision support processes. The considerable challenges
related to MCDM integration with sustainability assessment are
mentioned in Fig. 8.

4.5. Emerging trends and methods, recommendations for future research
directions

Alongside the challenges highlighted in the previous section, the
presence of numerous uncertain parameters such as climate change,
economic conditions, and political/ social changes, are driving sus-
tainability assessment methods towards active approaches, considering
the temporal dimension. However, among these, methods focusing on
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introducing integrated dynamic techniques through more precise and
novel indicators have become more prominent. Here are the most
prominent trends for future directions:

e Exploration of novel metrics and indicators:
Trends include the development of indicators for circular economy
performance, planetary boundaries, social carrying capacity, and

regenerative capacity.

e Quantification of uncertainty and sensitivity analysis:

Renewable Energy Focus 49 (2024) 100581

Sustainability assessments acknowledge uncertainties, emphasizing
quantification through advanced statistical methods and sensitivity
analysis. These techniques evaluate the reliability of results by ac-
counting for uncertainties in data, assumptions, and model parameters,
aiding in informed decision-making.

e Data-driven decision making:

Al and ML enable data-driven decision-making in sustainability
assessment by analyzing real-time data from various sources, including
sensors, satellites, and databases. This allows for more accurate and
timely assessments of environmental impact, resource efficiency, and
risk factors.

e Optimization and prediction:

Al and ML algorithms can optimize processes and predict outcomes
in sustainability assessment and life cycle analysis.

e Open data and transparency:

There’s a growing emphasis on open data and transparency in LCSA
research and practice. Only 7 references in this paper provided open
data on calculation.

5. Sustainability evaluation on Lombok case study

The numerical LCSA study on Lombok Island, Indonesia is discussed.
Lombok is one of the southern islands of Indonesia with a total land area
of 4,725 km?, and a population of 3.7 million, which is not connected to
the national electricity grid [113]. This causes the price of electricity is
double of average tariff in the average price of electricity in Indonesia.
By the end of 2022 the total installed capacity on this island, which is
mostly based on fossil fuels, reaches 416 megawatts [114]. Fig. 9 shows
the overview of this island along with the installed power capacity.

Under this study, a sustainable strategy is investigated for capacity
development in this island that provides suitable social-environmental-
economic benefits.

Considering the appropriate potential of this island in terms of
installing various renewable and non-renewable resources, 8 technolo-
gies, including wind, PV, hydro, biomass, WtE, oil, gas, and coal, are
analyzed and compared in LCSA.

Difficulties in choosing the right social indicators
and impact category

Disaggregation of information for each stage of the life
cycle: e.g. how many jobs or accidents occur during
construction, transportation and operation

Higher impacts on
sustainability result

Problems with Data Assess and lack of well-developed
methods

Non-validation of the results due to influence of cultural

issues and political factors

Fig. 7. Limitations and challenges with s-LCA
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Fig. 9. Lombok Island overview and Installed Capacity by 2022.

5.1. Goal and Scope of LCSA

The goal of the proposed LCSA is to analyze all environmental, social,
and economic aspects of power generation from different types of power
generation technologies under the 1 kWh electricity generation as a
function unit, which the scope is provided in Fig. 10.

5.2. Inventory and impact assessment

The inventory list is conducted based on data collection from liter-
ature, technical reports, annual reports, and correspondence with
Indonesian partners, including input and output, materials, energy loss,
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pollution, costs, the number of jobs created, accidents, etc. It should be
noted that this information is available upon request.

5.3. Interpretation

In this phase, all analyses on LCA, s-LCA, and LCC based on the
considered indicators for all power generation technologies are con-
ducted. Firstly, the aspects are investigated, separately, then the final
sustainability score is provided based on two analytic methods,
including Ranking & Score, and integrated MCDM.
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Fig. 10. LCSA scope and options in Lombok Island

5.4. Result and discussion

Firstly, the impact assessment of all power generation options is
analyzed for each aspect, individually. Then, the final sustainability
score is examined under the aggregation approaches, using score &
ranking, and MCDM.

5.4.1. LCA Sustainability Results

This section evaluates the environmental impacts of proposed tech-
nologies using GWP, AP, ODP, POFP, EP, HTP, ETP, and DAR indicators.
Using the CML-IA non-baseline method, all midpoint indicators are
classified and characterized. It should be noted that the details of LCIA
based on the CML-IA are available upon request.

Fig. 11 shows the LCA on technologies per functional unit. Accord-
ingly, hydropower in terms of 7 indicators, is the most sustainable
technology for Lombok and is only in second place in terms of HTP. As
expected, fossil fuels have destructive effects, and considering the
promising results of gas, this technology could be a much more sus-
tainable strategy for Lombok’s future, which is one of the reasons for the
higher electricity price, is to use of diesel leased generators. Wind and
solar technologies have the same effects, however, solar is more sus-
tainable in terms of DAR.

5.4.2. s-LCA Sustainability Results

Three indicators, including number of employments, fatalities, and
rate of local workforce per function unit are analyzed for s-L.CA of power
generation in Lombok. Fig. 12 shows the results on s-LCA. From the
employments, PV is much more sustainable than other technologies. It
should be noted that this number contains all stages (plant construction,
operation, and devitalization). Meanwhile, gas creates the least number
of jobs. In terms of the number of accidents, gas, and hydro are better for
labor safety, while coal has the most accidents. The WtE has the highest

local labor rate due to the need for more people to collect and
transportation.

5.4.3. LCC Sustainability Results

To analyze the economic aspect, 4 indicators, including capital and
annualized cost, LCOE, and payback period are considered for LCC.

Fig. 13 shows that renewables are still not economical and require
high capital investment. Meanwhile, gas and diesel are more econom-
ical. However, in terms of annual costs, including operation, fuel, and
maintenance costs, the scales tip in wind, solar, and then hydro favor. In
the form of LCOE, hydro is more sustainable. Also, from a payback
perspective, gas is more economical (less than 1 year). Between re-
newables, WtE has a suitable economic situation from a payback period
perspective.

5.5. Integration of Sustainability Aspects for Final Score

As stated, the analysis of sustainability final results is possible in two
separate and integrated methods. Basically, the main complication of
analyzing sustainability results is that each indicator has a different unit
and dimension.

In this part, two methods, Score & Ranking, and MCDM, are used for
the final sustainability score of the technologies introduced in the
following sub-sections, the results of which will be discussed in the
following.

5.5.1. Score & Ranking Method

In this method, by assigning points to each member, their rank is
determined from the higher to the lower score in each aspect. In this
analysis, 8 power generation technologies have been examined, the best
technology is assigned a score of 8, and the worst is assigned a score of 1
for each indicator. In this way, technologies are prioritized. The average
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Fig. 11. LCA sustainability on power generation technologies in Lombok Island per 1 kWh electricity production
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Fig. 12. S-LCA sustainability on power generation technologies in Lombok Island per 1 kWh electricity production

score of each technology in each aspect is selected as its final score. The
ranking results of technologies based on this method is provided in
Table 7.

For example, and its

hydro’s environmental score is 62,

15

sustainability score is 7.75 concluding from dividing 62 to 8. Although
the results obtained from this method confirm the previous results ob-
tained, however, due to the separate examination of each aspect of
sustainability, it cannot create a correct view of scoring and ignores the
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Table 7
Overall sustainability of power generation technologies in Lombok Island via separate Scoring & Ranking method

Coal 0il Gas Wind PV Hydro Biomass WtE
GWP 2 1 3 6 5 7 4 8
AP 1 2 5 6 7 8 3 4
EP 2 1 5 7 6 8 4 3
ODP 3 2 1 7 6 8 4 5
HTP 2 1 8 3 6 7 5 4
POFP 2 1 5 7 6 8 3 4
DAR 2 1 6 3 4 8 7 5
ETP 2 1 4 7 6 8 5 3
Total Score 16 10 37 46 46 62 35 36
Average LCA Score 2 1.25 4.62 5.75 5.75 7.75 4.375 4.5
Capital Cost 5 7 8 4 3 6 2 1
Annulized Cost 5 1 3 8 7 6 4 2
LCOE 7 3 5 6 4 8 2 1
Paypack Period 6 7 8 2 1 3 4 5
Total Score 23 18 24 20 15 23 12 9
Average LCC Score 5.75 4.5 6 5 3.75 5.75 3 2.25
Employment 4 3 1 7 8 2 5 6
Fatalities 1 2 8 5 6 7 4 3
Local Workforce 5 4 3 1 2 6 7 8
Total Score 10 9 12 13 16 15 16 17
Average s-LCA Score 3.33 3 4 4.33 5.33 5 5.33 5.67

* Dark block shows the best technology.

most important challenge, which is the integration of aspects. This
method concludes that hydro, coal, and WtE are the most sustainable
technologies from environmental, economic, and social aspects,
respectively.

5.5.2. MCDM Analysis

As mentioned, multi/criteria analysis can cover the considerable
challenge related to sustainability integration. The numerical integrated
LCSA based on the MCDM method is examined in this section. This
method calculates each option’s overall sustainability score as:

> i@

The MCDM was done in two steps to determine the overall sustainability
score for each alternative. First, the values of the corresponding sus-
tainability indicators determined in the sustainability assessment and
their weights of relevance were utilized to calculate the scores for each
sustainability aspect using (1). The sustainability indicators are then
represented by the decision criterion in equation (1). The sustainability

V(a) m
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elements serve as the choice criteria in the second stage. Using the
weights of importance assigned to each aspect and the scores for the
sustainability determined in the first stage, equation (1) is applied to
estimate the overall sustainability score of technology.

The first step in MCDM is to provide the decision tree, which is
available upon request. Equal and different important weights can be
considered for aspects to analyze the results. The same weight is
considered for each aspect w; = 1/3. The following weights have been
applied to the indicators due to the varying numbers of indicators for
each sustainability component and to prevent bias:

e 8 environmental indicators: wi_y,s,
e 3 social indicators: w;—j,3,
o 4 economic indicators: wi—j/4,

The final score of sustainability for all aspects is drawn in Fig. 14. As
can be seen, these results provide a much better view of the concept of
integration of sustainability aspects and can easily determine the best
and worst technology both in general and individually as a decision tool.
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Fig. 15. Sensitivity analysis on electricity price for most sustainable technologies

The results of this method indicate that hydro, gas, and solar are
three technologies with high scores in terms of final sustainability.
Individually, it can be seen that hydro is completely environmentally
friendly. The lack of sufficient social data is quite evident in the results,
and the social score of the technologies is not particularly different.
Although WE and solar get the highest score. Economically, gas, diesel,
and hydro are much more economical. This analysis was conducted
considering the same importance weight for three economic, environ-
mental, and social aspects, while decision-makers and stakeholders can
change weights depending on their goals and analyze the results.

5.5.3. Sensitivity and uncertainty analysis

As indicated, the uncertainty of input data can significantly influence
the accuracy of results. In this section, a sensitivity analysis of electricity
prices and an uncertainty analysis of weighting coefficients on the out-
comes from previous sections are presented within the context of Lom-
bok Island. Currently, the electricity price on this island stands at 13.9
¢/kWh. As indicated, the uncertainty of input data can significantly
influence the accuracy of results. In this section, a sensitivity analysis of
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electricity prices and an uncertainty analysis of weighting coefficients
on the outcomes from previous sections are presented within the context
of Lombok Island. Currently, the electricity price on this island stands at
13.9 ¢/kWh. The sensitivity analysis is performed by examining the
impact of electricity price deviation by +20% on the payback period for
four technologies: gas, hydropower, wind, and solar, as depicted in
Fig. 15. An increase in electricity prices has a noteworthy impact on
reducing the payback period for solar and gas technologies.

Specifically, with the electricity price reaching 14.6 ¢/kWh in future
years, the payback period for gas decreases to below 1 year, and for
solar, it diminishes to 6.8 years. This analysis illustrates that adopting
supportive policies for electricity generation from renewable sources
can serve as an appropriate incentive strategy for cost reduction and,
consequently, for reducing the payback period for renewable resources.
This sensitivity analysis demonstrates the efficacy of the studied
method.

Considering that weighting coefficients can alter the results of sus-
tainability analysis, their variations under uncertainty have been
investigated using Monte Carlo simulation. These variations in
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weighting coefficients reflect stakeholders’ preferences regarding
different aspects. To this end, 1000 random variables for weighting
coefficients are generated to analyze the final sustainability score for
three top technologies: gas, hydro, and solar. Among the 1000 generated
scenarios, the minimum, maximum, and average scenarios are depicted
in Fig. 16. The uncertainty analysis presented through Monte Carlo
simulation demonstrates that under the scenario-based approach, hydro
remains the most sustainable technology for Lombok Island.

6. Conclusion

The transition to sustainable electricity resources is identified as a
key driver in achieving sustainable development goals, necessitating
comprehensive sustainability impact assessments of power production
technologies. However, the multitude of quantitative and qualitative
methodologies for sustainability analysis, coupled with the absence of a
unified procedure, presents a significant challenge in selecting appro-
priate assessment methods.

To address this challenge, this paper conducted an extensive litera-
ture review spanning from 2013 to 2024, analyzing 102 papers to crit-
ically examine prevalent methodologies employed for assessing
sustainability. The findings reveal a deficiency in standardized ap-
proaches for sustainability evaluation within electrical technology,
highlighting the need for dynamic methods with multiple temporal ac-
curacies to address uncertainties in impact assessment effectively.

Moreover, the inclusion of a case study focusing on Lombok’s future
energy mix provided valuable insights into the sustainability of various
power generation technologies in the region. By considering 15 envi-
ronmental, social, and economic indicators, the study found that hy-
dropower, gas, and solar technologies exhibit the highest sustainability
scores, respectively. These results underscore the importance of priori-
tizing the adoption of sustainable technologies to achieve Indonesia’s
sustainability goals while meeting the energy needs of the region.

Furthermore, the paper highlighted the emerging trend of leveraging
artificial intelligence (AI) in sustainability assessment, particularly in
dynamic methodologies and data-driven approaches. The application of
Al offers promise in addressing the complexities and uncertainties
associated with evaluating power generation technologies and facili-
tating informed decision-making processes. By shedding light on pre-
vailing trends and identifying efficient assessment methods, this
research provides valuable insights for policymakers, researchers, and
stakeholders involved in shaping the future energy mix.
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