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Abstract: With a growing global population and energy demand, there is increasing concern about
the world’s reliance on fossil fuels, which have a negative impact on the climate, necessitating the
immediate transition to a cleaner energy resource. This effort can be initiated in the rural areas of
developing countries for a sustainable, efficient and affordable energy source. This study evaluated
four types of renewable energy (solar, wind, biomass, and mini-hydro energy) using the integrated
Life Cycle Assessment (LCA) and Analytical Hierarchy Process (AHP) approaches to select the best
renewable energy source in Tatau, Sarawak. The criteria under consideration in this study included
the environment, engineering and economics. The LCA was used to assess the environmental impact
of renewable energies from gate-to-grave boundaries based on 50 MJ/day of electricity generation.
The AHP results showed that solar energy received the highest score of 0.299 in terms of the evaluated
criteria, followed by mini-hydro, biomass and wind energy, which received scores of 0.271, 0.230 and
0.200, respectively. These findings can be used to develop a systematic procedure for determining
the best form of renewable energy for rural areas. This approach could be vital for the authorities
that are responsible for breaking down multi-perspective criteria for future decision making in the
transition into renewable energy.

Keywords: renewable energy; life cycle assessment; analytical hierarchy process; multi-perspective
criteria

1. Introduction

Petroleum crude oil and natural gas are the main energy sources in Malaysia [1]. The
overall conventional fuel business, on the other hand, has deteriorated due to price insta-
bility, supply insufficiency, and the environmental damage it causes, thereby ushering us
into the inevitable era of renewable energy [2]. In 2017, renewable energy only accounted
for approximately 5.8% of Malaysia’s total energy consumption [1]. The Malaysian gov-
ernment has set a target of 20% renewable energy, in terms of total electricity generation,
by 2025 [3]. According to Abdullah et al. [4], Malaysia has a wide range of opportunities
and potential for focusing on renewable energy, particularly solar, wind, hydro, biogas
and biomass. However, realizing this potential would necessitate an immense effort from
the government in terms of providing incentives as well as developing and implementing
systemically effective policies.
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It was estimated that 4% of the region in Sabah and 15% of that in Sarawak still have
no access to electricity. In response to this, the Malaysian government has set a goal of
providing modern energy facilities to as many people as possible, particularly in the remote
parts of Sarawak and Sabah [5]. Due to the geographic profile of such places, increasing the
grid’s electricity supply is a challenge. Power distribution is uneconomic due to uneven
terrain and dense forest. High transmission loss is also an issue, implying that a grid
power supply in remote areas is not possible [6]. On the contrary, off-grid electricity,
which can be generated using renewable energy sources such as solar, wind, or hydro
technologies, can be used to power remote areas. The available resources can boost rural
electrification capacity and benefit the villagers as an economic strategy and a sustainable
source of energy.

In rural areas, the local electrical authorities commonly opted for diesel-powered
generators or, most recently, the hybrid-solar system as a quick and short-term fix to supply
electricity to essential facilities such as remote schools, clinics, administrative offices, and
small villages for a limited period of time per day [7]. Nonetheless, the Sarawak state
government deserves credit for increasing the state-level electricity coverage from 79.2%
to 90% between 2009 and 2015 [8]. To avoid this rural electrification initiative failing on
a long-term basis, extensive planning in terms of implementation, technical and social
difficulties must be done [9]. Therefore, energy planning analysis should be done in a more
holistic manner, such as integrating the methods of the Life Cycle Analysis (LCA) and
Multi-Criteria Decision Making (MCDM) [10]. This would allow for a more comprehensive
analysis, as well as the development of a new analytical tool to replace the conventional
cost-benefit or techno-economic analysis.

The practical application of the LCA to product or process design and development in
order to reduce aggregate environmental impacts is gaining traction, either through the
modification of some input variables or a scenario analysis. Based on the LCA analysis of
supercritical carbon dioxide extraction of caffeine from coffee beans, De Marco et al. [11]
claimed that when a portion of the electricity at the grid was replaced with electricity
produced by photovoltaic (PV) panels, the environmental impact could be reduced by 176%
in terms of human health, 10.3% in terms of ecosystem diversity, and 16.1% in terms of
resource availability. On the other hand, based on the LCA analysis conducted by Gallucci
et al. [12], the authors reported that using PV energy as a renewable energy source in the
production of hollow glass containers for food packaging was able to significantly reduce
the global warming potential.

Likewise, MCDM has been implemented in recent years to evaluate many solutions
to real-world problems relating to policy and strategy [13]. Hassan et al. [14] used a multi-
criteria decision-making tool in the form of the Analytical Hierarchy Process (AHP) in
order to analyze renewable generation sources in Saudi Arabia. A similar approach was
also taken by Algarín et al. [15] in evaluating the renewable energy sources of rural areas
in the Caribbean region of Colombia. A study was done by Das [16] that integrated the
AHP and Quality Function Deployment (QFD) methods in order to determine the most
viable renewable energy source for the state of Maharashtra. Hilorme et al. [17] developed
a decision-making model for introducing energy-saving technologies based on the AHP.
Zhang et al. [18] studied the economic development of the biomass energy industry in the
Heilongjiang province based on the AHP. Nevertheless, the application of the combined
LCA-MDCM methodologies for the analysis of renewable energy in an Asian context is
limited, with Ren et al. [19] evaluating the sustainability of renewable fuel production,
i.e., bioethanol. Hence, in this study, a robust systematic evaluation of renewable energy
systems, using the integrated LCA-AHP methodologies, was expanded for the analysis of
the Asian regions, particularly Malaysia, in order to promote the sustainable development
of zero-carbon technology.

In recent years, several studies have been conducted to assess the current state of
renewable energy in Malaysia. According to Hannan et al. [5], the rural electrification effort
in Malaysia requires more attention in order to contribute to the country’s future energy
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security and sustainability. Based on a study by Basri et al. [20], the abundance of renewable
energy resources in Malaysia could potentially produce a stable supply of renewable energy.
Despite this, there is no clear approach for choosing the most suitable type of renewable
energy to meet the complicated economic, social, and environmental requirements.

Unsystematic decision making in the determination of the best renewable energy that
can satisfy the needs of each individual rural location could hamper the successful imple-
mentation of the rural electrification initiative. Various elements, including environmental,
engineering and economic factors, must be considered in order to overcome this. The
application of the Life Cycle Assessment-Analytical Hierarchy Process (LCA-AHP) as a
decision-making tool would allow for a comprehensive evaluation that could take such
considerations into account. Tatau in Bintulu, Sarawak, was chosen as the case study for
this study.

This research aims to characterize pollutant emissions and to determine the cost of
generating electricity using different renewable energy systems. The environmental impact
of different renewable energy systems was determined using the LCA method while the
best renewable energy for Tatau, Bintulu from a combined engineering, environmental
and economic perspective was evaluated using the AHP method. The findings of this
study would provide a systematic process for determining the most appropriate renewable
energy system for the rural area of Tatau, Sarawak. This approach will be critical for the
authorities that are responsible for breaking down the multi-perspective criteria that may
be used in the future system design.

2. Materials and Methods
2.1. Life Cycle Assessment (LCA)

The LCA was used to determine the environmental impact of the renewable energy
sources. In this study, the LCA data for each renewable energy system was extracted
from sources in the literature in order to reflect the global warming potential (GWP)
and acidification potential (AP) as their respective environmental factor score. GWP is
correlated to greenhouse gas emissions, and it is an indication of the system’s potential
contribution to climate change. Meanwhile, the AP could indicate the environmental
impact of the system as it relates to the acidification of water bodies and soil [21]. This LCA
approach, which was based on ISO 14040 and ISO 14044 [22], was comprised of four steps,
as shown in Figure 1. The first step was to define the goal and scope of the project. This
measure determined the objective, system boundaries, functional unit and assumptions.
Then there was the life cycle inventory (LCI), which involved data collection from all stages
within the life cycle boundary, including the input, intermediate processes, and output.
The third step was the life cycle impact assessment (LCIA), whereby the potential impact
on the environment by the system was evaluated. Lastly, the data was interpreted based
on the goal and scope definitions, as well as the LCI and LCIA data. The vital points were
assessed and suggestions for future improvements were made.

Figure 1. Framework of the life cycle assessment (LCA).

2.1.1. Goal and Scope Definition

This study focuses on the potential electrification of the rural area of Tatau, Bintulu
using renewable energy. The goal of this assessment was to determine the overall impact of
selecting the different renewable energy systems that were evaluated in this study, which
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included solar, wind, biomass and mini-hydro energy, for every 50 MJ/day of energy
output. This is equivalent to a total of 13.89 kWh/day of electricity, which was sufficient
to power an estimated 25 houses in Tatau, Sarawak, with an average of 2 MJ/day per
household of the rural community [23]. Tatau is a district in Bintulu, Sarawak, with a total
land size of 4945.80 km2 and a population of approximately 25,000 people. The economic
background of Tatau mostly involves the timber and agricultural industries. The rural
areas of Tatau are only travelable via timber routes and palm estate paths, one of them
being Kakus road [24].

Jong et al. [25] found that Tatau has an abundance of potential for renewable energy
due to its strategic location relative to the renewable resources, reasonable distance to
road access, considerable population and mild land slope. However, they only focused
on evaluating the potential of renewable energy for Tatau, and several other locations
in Sarawak, based on geographical data. Therefore, the evaluation that was done in this
study aimed to further evaluate the potential renewable energy sources that could be
sustainable for rural areas in terms of engineering feasibility, environmental impact, and
economic feasibility.

For the four renewable energy systems under evaluation, the environmental impact
was assessed from the point of manufacture (gate) to the point of end-of-life (grave).
This included the stages of component manufacturing, construction, operation, mainte-
nance, and finally, disposal. Figure 2 illustrates the system boundaries for the renewable
energy systems.

Figure 2. System boundaries for all alternatives in this study.

The energy consumptions and the materials consumed throughout the system bound-
aries for each renewable energy system were used as inputs in this study. As shown in
Figure 2, the system boundary is made up of four stages of processes: production, con-
struction, usage and end-of-life. The production stage of renewable energy started with the
extraction of raw materials for the manufacturing of components and their assembly. This
includes the assembly of panels, mounting systems, cables, and other components that are
required to generate sufficient amounts of electricity. At this stage, only the main materials
and quantities required for the production were defined.

Meanwhile, in the construction stage, local land routes and maritime deliveries were
considered as the means of system transportations to the site. This study did not take
into account transportation from outside of the country, as the energy system could be
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procured from any country, but the entry route to Tatau is consistent, which is through its
port. According to Google Maps, the distance for local land transportation from Bintulu’s
nearest port to the rural area of Tatau was 63 km. The energy consumption during the
construction and installation of the foundation, structures and fencing were also included
in this stage.

The usage stage of the system involved the demand for auxiliary electricity when
necessary. Scheduled maintenance of the system was included as it was vital to inspect its
performance and maintain the system’s efficiency. This stage also took into consideration
any necessary repairs or replacements during the course of its use.

The final phase of the system was the end-of-life stage, which included deconstruction,
transportation, recycling and reuse where applicable, and waste processing. The aim was to
evaluate the impact of waste recycling and disposal on the environment. It was estimated
that the system has a lifespan of 25 years.

• The data for this LCA analysis were extracted from reviews in the literature and
publicly available databases. The data were scaled to 1 kWh of electricity produced
for all stages before being normalized to 13.89 kWh, which is the functional unit of
this study. The following assumptions were made for the inventory data collection:
Only electricity was included as the input for this study. Other materials were not
considered as alternatives would have required the use of exclusive materials for the
manufacturing of components [26].

• Electricity used during the production stage was assumed to be generated using
natural gas, which had the specific natural energy of 53.6 MJ/kg [27] and an efficiency
of 55.13% [28]. During the usage stage, self-generated electricity was used for auxiliary
electricity demand.

• The transportation stage only included land transportation and did not include sea or
air transportation.

• Only output and pollutants, i.e., methane (CH4), nitrous oxide (N2O), carbon dioxide
(CO2), sulfur dioxide (SO2), nitric oxide (NOx), hydrogen chloride (HCl) and ammonia
(NH3), which were related to GWP and AP, were taken into consideration in the LCI.

2.1.2. Life Cycle Impact Assessment (LCIA) Scope Definition

The aim of this step was to extract the relevant environmental indicator from the results
of the inventory analysis. The impact classification included global warming potential
(GWP) and acidification potential (AP). The characterization factors were taken from the
literature [26,29–31].

2.2. Simulation of HOMER Pro

This study used HOMER Pro version 3.11.2 simulation software to design an optimize
a renewable-energy-electrification system for the case study area, i.e., Tatau, Sarawak. The
information and details of the actual location served as the input data for the simulation.
The details included the renewable resources of the alternatives evaluated, which were
solar irradiation, wind speed, biomass resource, and stream flow with regards to the load
profile of the case study area. The information was obtained from the coordinates of Tatau,
Sarawak. Next, the system was designed based on the specifications and costs of the
components that were obtained from sources in the literature and previous project data.
The results from the HOMER Pro simulation provided the relevant costs required, which
included the capital cost as well as the operation and management costs [32]. The flow
chart of the use of HOMER for the optimization process of the proposed renewable energy
system is shown in Figure 3.

In terms of load profiles, the average electric consumption for the case study area of
Tatau, Sarawak was assumed to be 50 MJ/day or 13.89 kWh/day, based on the average
household energy consumption. It is also worth noting that the assumed load profile was
based on a working day during the dry season of the year. The energy consumption profile
may differ from the input load profile during other seasons.
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Figure 3. Flowchart of HOMER Pro simulation method.

2.3. Analytical Hierarchy Process (AHP)

The initial phase of the AHP involved the division of the multiplex problem into
several levels of a hierarchy [33]. The topmost level of this hierarchy represented the main
goal of a decision maker. The second level represented the evaluated criteria, and the
bottom level corresponded to the alternatives that were under consideration. In some cases,
sub-criteria can be considered under the main decision criteria in order to incorporate
additional problem-specific decision levels. Following that, pairwise comparison was
performed by weighing and ranking the priorities and alternatives. Saaty [34] advocated
for the use of measurements on a scale of 1 to 9 and the eigenvector approach for this
comparison. This pairwise comparison could be executed on both the quantitative and
qualitative characteristics of the alternative energy sources.

The outcome of these steps helped to forecast the impact of each alternative on the
overall goal of the hierarchy decision. It also helped to distinguish competing criteria and
eventually rank them according to their priorities. Following that, the data were examined
in order to identify inconsistencies in the judgements made. As the result obtained may
have been subjective, this consistency check was an important step in the AHP method [14].
The final stage of this approach was to evaluate the scores of each criterion, sub-criterion,
and lastly, alternative.

AHP Model

A hierarchical structure was developed in this study which incorporated four levels:
goal, main criteria, sub-criteria and alternatives.

(a) Level 0: Goal To determine the best renewable energy system for Tatau, Sarawak.
(b) Level 1: Main Criteria Main criteria in this study were the environment, engineering

and economy.
(c) Level 2: Sub-criteria The sub-criteria in this study were the land requirements, envi-

ronmental impact (global warming potential (GWP) and acidification potential (AP)),
resource availability, efficiency of the system, technology maturity, capital cost and
operating and management costs.

(d) Level 3: Alternatives The alternatives being assessed in this study were solar, wind,
biomass and mini-hydro energy system. The layout of this hierarchy is represented in
Figure 4.
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Figure 4. AHP model for this study.

3. Results
3.1. Environmental Impacts of Renewable Energy Alternatives

Table 1 shows the pollutants emitted by the renewable energy sources that were
evaluated in this study, namely solar, wind, biomass, and mini-hydro energy. The pollutants
that contributed to the impact assessed in the LCA boundary of this study, which were
GWP and AP, were included in the results. The pollutant emissions were classified into
four stages within the gate-to-grave boundary of manufacturing, construction, usage and
end-of-life.

Table 1. Pollutant emissions of solar energy system [35,36]; wind energy system [35,37,38]; biomass
energy system [39,40]; and mini-hydro energy system [41,42].

Energy
System

Type of Pollutants
(kg/kWh)

Manufacturing
(×10−2)

Construction
(×10−2)

Usage
(×10−2)

End-of-Life
(×10−2)

Solar

CO2 156.14 26.80798 0.00 11.03
CH4 346.98 59.55 0.00 24.52
N2O 80.50 13.82 0.00 5.69
SO2 80.50 13.82 0.00 5.69
NOx 27,271.27 4680.52 0.00 1927.15
HCl 232.61 39.92 0.00 16.44
NH3 56.95 9.77 0.00 4.02

Wind

CO2 18.82 0.24 0.17 0.18
CH4 44.46 0.56 0.39 0.43
N2O 0.37 0.01 0.00 0.00
SO2 3799.77 48.20 33.23 36.54
NOx 2991.72 37.95 26.16 28.77
HCl 19.24 0.24 0.17 0.19
NH3 2.89 0.04 0.03 0.03

Biomass

CO2 1.21 0.03 1.64 0.03
CH4 1.81 0.04 2.46 0.04
N2O 3.54 0.08 4.79 0.08
SO2 1091.65 25.04 1479.81 25.04
NOx 10,832.53 248.46 14,684.22 248.464
HCl 209.93 4.82 284.58 4.82
NH3 587.81 13.48 796.82 13.48

Mini-hydro

CO2 10.42 5.56 1.39 0.02
CH4 21.89 11.68 2.92 0.04
N2O 0.42 0.22 0.06 0.00
SO2 1010.25 538.80 134.70 1.68
NOx 2139.34 1140.98 285.25 3.57
HCl 5.94 3.17 0.79 0.01
NH3 2.38 1.27 0.32 0.00
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Based on the aggregated pollutants, the GWP and AP of the renewable energy al-
ternatives are shown in Figure 5. The results showed that solar energy had the greatest
impact in terms of GWP and AP, followed by biomass energy and wind energy. Mini-hydro
energy exhibited the lowest environmental impact of the four renewable energy sources
that were evaluated. Figure 6 shows the percentage of environmental impact contribution
in order to further analyze which stage within the gate-to-grave scope was responsible
for the GWP and AP emission levels. A significant portion of the aggregated pollutants
from solar and wind energy came from the manufacturing stage of the system. According
to Mulvaney [43], this was due to the high energy consumption of the solar panel manu-
facturing process in particular. The processing of raw silicon requires a huge amount of
energy as the process involves high temperatures that contribute significantly to carbon
emissions. Similarly, the manufacturing phase of the wind energy system requires heating
and cooling processes for the fabrication of turbines [44,45]. While the manufacturing stage
contributed less to the environmental impact of mini-hydro energy, the construction stage
accounted for a significant portion of the pollutants in this system. Concrete production
and the transportation of rocks for the construction of dams and tunnels were among the
major contributors to the pollutant emissions of a mini-hydro energy system [46]. Biomass
energy, on the other hand, was found to emit a higher percentage of pollutants during the
usage stage when compared to the other evaluated stages in the system boundary. This
could be due to the release of pollutants during the operation of the system as a result of
biomass combustion [40].

Figure 5. Impact assessment results of the renewable energy alternatives.

3.2. Cost for Electricity Generation

Based on the HOMER Pro Simulation, it was found that solar and wind energy
demanded the highest costs in terms of building and operating the energy system, with
an estimated total of US $14,821.01 and US $14,626.00, respectively. The capital costs for
both energy systems were significantly higher due to the expensive materials needed to
manufacture the energy systems [47,48]. It was also noted that, according to the simulation,
the operational and maintenance costs of a biomass energy system was the highest, at
approximately US $5,447.09. This was due to the cost of replacing the electrical generator
over the course of a year. The replacement was necessary to maintain the efficiency of the
system in meeting the electrical load demand [49]. Table 2 shows the summary of the costs
needed for renewable energy alternatives in this study, which were simulated using the
HOMER Pro simulation software version 3.11.2.
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Figure 6. Percentage of emission contribution.

Table 2. Summary of cost * needed for renewable energy alternatives.

Expenditure Solar
Energy

Wind
Energy

Biomass
Energy

Mini-Hydro
Energy

Capital cost (US$) 11,618.67 12,337.18 841.75 5,782.83
Operational and maintenance cost (US$) 3,202.34 2,288.82 5,447.09 773.38

Total (US$) 14,821.01 14,626.00 6288.84 6556.21

* The currency exchange rate used was US$1 = RM4.16.

3.3. Analytical Hierarchy Process (AHP)

The results of the environmental impact study and the costs from LCA and HOMER
Pro simulation from the previous section yielded the score for the GWP, AP, capital cost,
and operational and maintenance cost sub-criteria of the AHP model in Figure 4. In this
section, the remaining sub-criteria data were analyzed based on sources in the literature
from various studies. The results of various studies were compared to determine the data
deviation and average value. Figure 7 shows a summary of the land requirements for each
renewable energy alternative that was investigated in this study.

Figure 7. Land requirement of the renewable energy alternatives [50–57].

Biomass energy required the most land in terms of site area, with an average of
7000 m2/kWh. This was because the biomass resource required a large receiving and
processing area [58]. Other studies revealed highly variable land sizes due to the use
of different technologies with varying equipment sizes to process the biomass resource.
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As a result of this finding, it was observed that solar energy was the most sustainable
renewable energy in terms of land requirement, as it required the least amount of land to
build the energy system. This was largely due to the fact that the components of the energy
system were small and did not take up much space [59]. Figure 8 shows the availability
of resources for all renewable energy alternatives. The results showed that solar energy
was leading in terms of its resource availability in Malaysia, with a generation potential
as high as 6500 MW due to the high annual solar irradiance of the country [60]. This was
followed by mini-hydro energy, with the capacity of 28.9 MW. The high annual rainfall and
river flow in the proximity of the case study area were deemed as advantageous for the
mini-hydro energy system [61].

Figure 8. Resource availability of the renewable energy alternatives [32,58,62,63].

In terms of resource availability, solar energy was the most suitable type of renewable
energy with the highest generation potential. Wind energy, on the other hand, was the least
suitable as the wind speed in the case study area was not sufficient to meet the electrical
load demand. This was compounded by the high variability of wind speeds throughout
the year in Malaysia, which was not ideal for the output efficiency [48].

Technological maturity was the next sub-criterion under the engineering perspective.
Figure 9 shows the maturity of renewable energy alternatives in Malaysia based on the total
number of projects completed in the past [59,64–66]. The number of projects considered
in this study referred to projects that were initiated under the Malaysian Government’s
Small Renewable Energy Programme (SREP) in order to promote small-scale renewable
electricity in the country. The result showed that solar energy had the most projects in
Malaysia in the past, with a total of 38 successful projects. This indicated that solar energy
was the most established and reliable technology, which was also supported by Tang
et al. [67], who found that this energy system had a high installation capacity compared to
the other alternatives. Meanwhile, wind energy was considered to be the least matured
technology with a low number of projects in Malaysia. This was due to numerous projects
breaking down during operation, which raised concerns about their reliability and long-
term prospects [68].

Another sub-criterion under the engineering criteria was the efficiency of the system.
Figure 10 shows the efficiency of the renewable energy alternatives. When compared to
other resources, mini-hydro energy had the highest output efficiency with an average 67%
efficiency. This was largely due to the availability of water flow throughout the day. The
high annual rainfall and river flow also contributed to this, as the abundance of resources
benefitted the output efficiency of the energy system [61]. On the other hand, solar energy
displayed the lowest efficiency at 11% compared to other alternatives. This was because of
the low purity of the materials used in photovoltaic cells, which resulted in the low overall
efficiency of the solar energy system [69].
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Figure 9. Technology maturity of the renewable energy alternatives [59,64–66].

Figure 10. Efficiency of the renewable energy alternatives [70–78].

Following the data collection for the sub-criteria of the AHP model, the importance
scores for the criteria and sub-criteria were compiled and normalized. This step was
conducted based on the AHP model depicted in Figure 4 from the top level, which was the
goal, to the bottom layer of alternatives.

(a) Level 0: Goals To determine the best renewable energy for Tatau, Sarawak.
(b) Level 1: Main Criteria Since the relative weight and score for the criteria were ex-

tracted from literature sources with equivalent goals, the pairwise comparison was
disregarded at this level. The importance score was derived from a review of the
literature. Figure 12 presents the normalized scores that were used to fit the values
into the project model.

(c) Level 2: Sub-criteria Figure 11 shows the importance scores for each sub-criterion and
the overall importance score for sub-criteria that corresponded to the main criterion,
as extracted from the literature sources. All scores were normalized to fit into the
AHP model.

(d) Level 3: Alternatives Table 3 tabulates the definition of the importance score and the
literature source for each of the environmental, engineering and economic criteria,
respectively.

In terms of land requirement, the larger the land area required to build the energy
system, the lower the importance score. In this case, solar energy was given the highest
priority over the others. The calculation of the score was based on Saaty’s importance score
of 1–9. The pairwise comparison data were then tabulated and normalized in order to
produce the priority vectors shown in Table 4.
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Table 3. Definition of importance score and literature sources for environmental, engineering and economic sub-criteria.

Criteria Sub-Criteria Definition of Importance Score Data Source

Environmental

Land requirement
Larger land required indicates lower

importance score (lower environmental
sustainability)

Solar energy: 35 m2/kWh [51]

Wind energy: 100 m2/kWh [53]

Biomass energy: 7000 m2/kWh [52]

Mini-hydro energy: 961 m2/kWh [51]

GWP and AP
Higher impact value indicates lower

importance score (lower environmental
sustainability)

LCA

Engineering

Resource availability
Higher generation potential indicates

higher importance score (higher
engineering sustainability)

Solar energy: 6500 MW [62]
Wind energy: 1.5 MW [4]

Biomass energy: 1.7 MW [63]

Mini-hydro energy: 28.9 MW [32]

Efficiency of the system
Higher efficiency indicates higher

importance score (higher engineering
sustainability)

Solar energy: 11% [62]

Wind energy: 35% [71]

Biomass energy: 32.5% [72]

Mini-hydro energy: 67% [70]

Technology maturity
Higher number of past projects

indicates higher importance score
(higher engineering sustainability)

Solar energy: 38 projects [59]

Wind energy: 7 projects [65]

Biomass energy: 17 projects [66]

Mini-hydro energy: 13 projects [64]

Economic
Capital cost

Higher cost indicates lower importance
score (lower economical sustainability). HOMER Pro resultsOperation and

maintenance cost

Figure 11. Overall importance score for sub-criteria [14,15,79–83].
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Figure 12. Importance score for main criteria [14,15,79–81].

Table 4. Priority vector with regards to land requirement sub-criterion.

Energy System Priority Vector

Solar Energy 0.312
Wind Energy 0.284

Biomass Energy 0.180
Mini-hydro Energy 0.225

The same techniques were used for other sub-criteria in the AHP model. Following
that, the linear multiplication of the priority weightings for each segment within all levels
for each alternative was conducted in order to determine the final importance score with
regards to the AHP model’s goal of determining the best renewable energy source in Tatau,
Sarawak. Table 5 shows the overall importance scores for all renewable energy alternatives
and Table 6 tabulates the final importance scores of all energy sources with respect to the
goal of the AHP model.

Table 5. The overall important scores for all renewable energy alternatives.

Level 1 Level 2 Level 3

Criteria Importance
Score Sub-Criteria Importance

Score
Solar

Energy
Wind

Energy
Biomass
Energy

Mini-hydro
Energy

Environmental 0.237
Land

requirement 0.412 0.064 0.149 0.461 0.326

LCA 0.588 0.127 0.310 0.247 0.316

Engineering 0.363

Resource
availability 0.410 0.995 0.000 0.000 0.004

Efficiency of
the system 0.435 0.076 0.241 0.223 0.460

Technology
maturity 0.155 0.507 0.093 0.227 0.173

Economic 0.400
Capital cost 0.562 0.207 0.199 0.324 0.270

O & M 0.438 0.242 0.268 0.178 0.311
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Table 6. The final importance scores of all energy alternatives with respect to the goal of the AHP model.

Alternatives Final Importance Score

Solar Energy 0.299
Wind Energy 0.200

Biomass Energy 0.230
Mini-hydro Energy 0.271

The final importance scores for solar, wind, biomass and mini-hydro energy were
0.299, 0.200, 0.230 and 0.271, respectively. In terms of the overall criteria under considera-
tion, which were environmental, engineering, and economic perspectives, solar energy was
found to be more sustainable than the other alternatives for the region of Tatau, Sarawak.
The main reason for this was the engineering superiority of solar energy over the other
alternatives, especially with regards to the resource availability of solar energy in Malaysia.
The high solar irradiance of Malaysia outweighed the other resources, as the country is
strategically located to have an ideal climate for solar energy [67]. Despite this, other
alternatives could still operate within the minimum requirement of the electrical load in
the case study area. In terms of technological maturity, the numerous successful solar
energy projects in the past have proved that this type of energy system is highly reliable
and established in the Malaysia region [68]. This had a significant impact on the decision
as other alternatives were either still in development or had failed during previous deploy-
ment, thereby casting serious doubt on that energy system, particularly the wind energy
system [84].

Despite its excellent engineering characteristics, solar energy underperformed in terms
of environmental and economic perspectives, as it received a relatively low importance
score in this area. Further research and development can be done in order to discover
more affordable and environmentally friendly solar energy systems [84]. This can further
mitigate the high energy consumption required for the manufacturing of solar energy
components, which is energy intensive and may still rely on fossil fuel sources [85].

4. Conclusions

The integrated LCA-AHP approach was successfully applied to determine the best
type of renewable energy for the rural area of Tatau, Sarawak. The gate-to-grave LCA
was used to assess the manufacturing, construction, usage and end-of-life stages of the
renewable energies under evaluation, which were solar, wind, biomass, and mini-hydro
energy. Global warming potential (GWP) and acidification potential (AP) were the two
environmental impacts that were evaluated. Solar energy had the greatest impact in terms
of both GWP and AP, with 104 kg CO2 eq and 528 kg SO2 eq, respectively. The least
impact among the alternatives was from mini-hydro energy, with a GWP of 10 kg CO2
eq and an AP of 42 kg SO2 eq, indicating that this type of renewable energy was the
most sustainable environmental option. In this study, an AHP model was developed in
order to determine the best renewable energy source for Tatau, Sarawak based on three
criteria, namely environmental, engineering and economic. The hierarchical structure
provided an easier route for evaluation, which went through every level, from the goal
of the project to the criteria, then to the sub-criteria, and finally to the alternatives. The
obtained AHP results differed from the LCA results in that solar energy scored the highest
priority weight of 0.299, compared to 0.200, 0.230 and 0.271 for wind, biomass and mini-
hydro energy, respectively. Although solar energy was not the most sustainable option from
an environmental standpoint, the engineering aspect of the energy system was superior
compared to the other alternatives, which heavily influenced the decision model. Prior to
the actual start of the project, the decision-making process in the energy planning sector
is crucial in the determination of the ideal energy system. The LCA-AHP framework in
this study was proven to be robust in comparing the renewable energies that were under
evaluation. With the input of coordinates for a specific area of interest into the simulation
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software, this framework can also applicable be for other locations, be it in Malaysia or
other countries.
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