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Abstract

The deployment of rural electrification actions through off-grid mini-grid solutions is one of
the most effective approaches to achieving universal access to electricity in an affordable, reli-
able, and sustainable way. To assess the sustainability of three mini-grid projects (Sembezea,
Mawayela, and Dongane), this study applied a framework that integrates different methods
(HOMER, LCA based on SimaPro, and Input–Output) and indicators under the economic,
environmental, and social dimensions. Data for the analysis were obtained through site visits in
the case study areas, a literature review, and the HOMER and ecoinvent databases. Sembezea
and Mawayela were assessed based on their operational experience, whereas the Dongane
biogas system is analyzed based on a projected household biodigester experience. The results
of this study revealed the considerable benefits of biogas in generating local employment
(506 employees) compared to wind/solar PV (98 employees) and hydro/solar PV (91 employ-
ees), as it is expected to require a considerable number of employees for feedstock collection
for the digester, under the assumed scale and conditions. Additionally, in the long term, bio-
gas would present the lowest cost of electricity at $0.22/kWh compared to wind/solar PV
($0.28/kWh) and hydro/solar PV ($0.60/kWh), thereby improving the ability of the local com-
munity to pay for electricity. In contrast, this study concluded that, in terms of environmental
impact—particularly CO2 emissions—biogas has relatively poor environmental performance
(4.58 × 10−2 kg CO2 eq) compared to wind/solar PV (8.50 × 10−4 kg CO2 eq) and hydro/solar
PV (3.94 × 10−4 kg CO2 eq) in the long term. Nevertheless, biogas presents carbon neutrality
as an advantage, in the sense that the CO2 released during its combustion is assumed to be
carbon-neutral. By applying the framework to the aforementioned case studies, the extent to
which it is possible to provide an integrated overview of the economic, environmental, and social
aspects, as well as the impacts of different HRES options in line with the SDGs, is demonstrated.
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1. Introduction
The achievement of universal access to affordable, reliable, and modern energy services

is a crucial parameter for the socio-economic development of many nations. One of the
most effective ways to achieve this goal is the deployment of rural electrification actions
through off-grid mini-grid solutions [1–3]. Therefore, several studies have addressed
various methods and indicators in an integrated manner to quantitatively measure the
impacts of mini-grid projects under economic, environmental, and social dimensions [4,5].
These indicators have been used for many purposes, including monitoring the short- and
long-term impacts of energy projects to analyze their economic, environmental, and societal
impacts at the regional and local levels [6,7]. For example, the authors of [8] analyzed the
environmental, economic, and social sustainability of Bangladesh’s electricity generation in
an integrated manner, facilitating selection of the most sustainable option among different
energy technologies. Their results showed that solar PV is the most sustainable option,
followed by hydropower, using the equal weight approach for the indicators. To evaluate
the sustainability of the Greek interconnected electricity system, the authors of [9] applied
environmental, economic, and social indicators and found that wind energy is the most
sustainable option, followed by hydropower, using an equal weight approach. In our
review study [10], we highlighted the need to search for energy alternatives, particularly
hybrid renewable energy systems (HRESs), which combine two or more energy sources
(e.g., solar PV/wind and hydro/biogas) to minimize the effect of high operational costs and
negative environmental impacts from diesel-only systems. Additionally, in another recent
study [11], we proposed a framework that combines and integrates different methods
and indicators, which was illustrated and validated to assess the sustainability impact
of a project in Mozambique, using Mavumira village as a case study. In the proposed
framework, different methods were applied using quantitative data to gain deeper insights
into sustainable solutions for the electrification of Mavumira village. The results presented
in [11] indicated that the renewable option is more feasible than diesel-only systems in
terms of economic, environmental, and social impacts. However, one of our conclusions
was that more studies are required for a better understanding and comparison of the
economic, environmental, and social aspects, considering different conditions such as
the technology, size, and geographical location of the system. The present study aims to
apply the framework from our previous study [11] to analyze the economic, environmental,
and social impacts of three case studies located in different regions: one in the central
(Sembezea) and two in the southern (Mawayela and Dongane) parts of Mozambique.
The selected case studies incorporate different RE technologies—solar PV, wind, biomass
(biogas), and hydro—to explore and demonstrate how the framework can be used for
different systems and settings (technology used, size of the projects, resource availability,
and demography) and to analyze the possibilities for future hybridization to improve
the performance of systems. The present study analyzes the suitability of the framework
for broader applications in different projects (in locations where renewable potential is
available) in order to assess the social, economic, and environmental aspects that influence
the sustainability of the mini-grid and allow for assessment of various aspects, such as the
impacts on human well-being, the economy, and GHG emissions. To provide more robust
insight into the environmental impact of different energy alternatives, we compared the
results of renewable options applied in this study with the diesel-only option from our
previous study [11]. More specifically, the diesel-only option was used as a benchmark
to contextualize the environmental performance of renewable alternatives, particularly
regarding carbon dioxide (CO2), nitrogen oxide (NOX), and acidification (SO2) emissions.

In this study, the methods applied to quantitatively assess the economic and environ-
mental impacts of the projects include the Hybrid Optimization of Multiple Energy Resources
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(HOMER) tool, which was used to analyze economic parameters, such as the cost of electricity
(LCOE) and net present cost (NPV). Furthermore, the Input–Output (I-O) tool was used to
analyze the effect on the jobs and expenditures inside and outside the country.

The LCA (SimaPro V9.5), developed by PRé Sustainability Simapro-lca-software (http:
//www.pre-sustainability.com/simapro-lca-software (accessed on 2 November 2021)),
was applied to assess the environmental impacts and compare the effects of different
renewable sources of electricity. The Human Development Index (HDI) was used to
qualitatively assess human well-being and, finally, multi-criteria decision-making (MCDM)
was employed to select the best energy alternatives among different options. As part of
the framework, these methods were previously demonstrated and applied to analyze the
sustainability of the Mavumira case study [11]. Economic indicators such as indirect jobs
and imports can be assessed at the macroeconomic level, while GDP (value added), cost of
electricity, and direct jobs can be assessed at the local level. In addition to databases and
the literature, data collected in the three study areas, through site visits, were an important
source of information for this study.

The novelty of this study lies in the development and application of an integrated
assessment framework that simultaneously evaluates the economic, environmental, and
social impacts of mini-grid projects implemented in Mozambique. While many previ-
ous studies have mainly focused on techno-economic optimization and environmental
performance, this study compares multiple renewable energy configurations, including
wind/solar PV (Mawayela), hydro/solar PV (Sembezea), and biogas (Dongane) systems,
under different contextual conditions, including geographical location, resource availability,
technology type, and system size. The Sembezea and Mawayela case studies are analyzed as
operational mini-grids, while the Dongane biogas system is evaluated as a project derived
from the upscaling of an existing household biodigester. Furthermore, this study makes a
valuable contribution to the existing literature with the inclusion of indicators reflecting
broader impacts, such as the HDI, which incorporates education, health, and standard of
living as social indicators. In particular, the HDI is applied at the community level to assess
the well-being of three communities benefiting from the implemented systems. By linking
mini-grid deployment with measurable improvements in community development using
indicators, this study provides new insights into long-term economic, environmental, and
social impacts and investigates the long-term operational and sustainability implications of
decentralized mini-grid projects in Mozambique.

The remainder of this article is structured as follows: Section 2 presents a description of
the selected case studies. Section 3 presents the research methodology, which was described
and detailed in our previous study [11], including the data needed to assess the three case stud-
ies. Section 4 presents the results and discussion. Lastly, the conclusions and recommendations
for further improvements to the mini-grid system are discussed in Section 5.

2. Description of Case Studies
2.1. Case Study Selection

This study focuses on two implemented and operational case studies (Sembezea and
Mawayela villages) and one projected household biodigester (Dongane village), located in
the central and southern rural areas of Mozambique. Data for the analysis of the case studies
were collected during site visits. For Sembezea village, data were collected in August 2019,
while data for the Mawayela and Dongane case studies were collected in May 2024. The
geographical locations of the cases are presented in Figure 1. Case 1 (Sembezea village) is a
66 kW micro-hydro project, which was selected because it is one of the first implemented
micro-hydro projects (2015) that is still operational. Therefore, it is a well-established case
study that provides insights into micro-hydro power impacts and hybridization possibilities
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for future system improvements. Case study 2 is a 200 kW solar PV mini-grid (Mawayela
village), which was chosen because it is one of the largest and most developed mini-grids
implemented in Mozambique compared to other implemented systems such as Mavumira
village, which was assessed in our previous study [12]. This system allows for a comparison
of impacts considering aspects such as the size of the system and the demographics. Case
study 3 (Dongane village) is an individual biogas project. Although the focus of our study
is on the mini-grid projects, the household biodigester (HB) was selected because there
is already local understanding and experience with biogas implementation in the village,
including how to collect and mix manure, facilitating the projection of future systems. The
biomass resource (cattle manure) is also available locally at no cost. To our knowledge,
no biogas mini-grid system has been installed in Mozambique. In general, the three case
studies were selected for this study due to the following reasons:

• The projects are operational, and can provide significant insights into social, economic,
and environmental impacts on local communities.

• The projects balance the diversity of the resources, the geographical distribution of the
projects, and the technologies used.

• The projects provide more insights into experiences with mini-grid implementation
and reflect different conditions in Mozambique.

• The projects enable assessment of different impact categories.

Figure 1. Map of the geographical locations of the selected case studies.
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2.2. Description of the Case Studies

Case study 1—Sembezea village
Sembezea is a rural village located in the Mupandea Locality of the Mouha Admin-

istrative Post, in the Sussundenga District of Manica Province, central Mozambique, at
coordinates (19◦24.8′ S, 33◦17.0′ E), as shown in Figure 2. The locality of Mupandeia, where
Sembezea is located, has a total of 15 villages. According to the 2017 Census, Sembezea has
3000 inhabitants out of the 17,967 inhabitants of the Mupandeia Locality [13].

Figure 2. Map of Sembezea village.

In the central part of Mozambique, the climate is characterized by frequent droughts
and a rainy season (October to April), with an annual average precipitation of approxi-
mately 800–1000 mm [14,15]. The headquarters of Sembezea village has an administrative
office, one health center, one school, small shops, and residential buildings constructed
with both local and conventional materials. This case study examines a 66 kW hydropower
system owned and operated by the government agency called Energy Fund (FUNAE),
which has been operational since March 2015. The mini-grid is situated along the Bonde
River (Figure 3). According to updated data from FUNAE, connections have increased
(from 80 at the start of the project in 2015 to 110 households currently), with the project
supplying 110 households out of the existing 200 households in the village at the time of
the study. In addition to micro-hydropower, residents use kerosene, candles, and a few
individual solar PV systems for lighting to meet their energy needs. The road infrastructure
connecting Sembezea villages is poor and likely to become inaccessible during the rainy
season; therefore, the use of four-wheel-drive vehicles is recommended. In Sembezea, the
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majority of the population depends on agriculture as their source of income and, when
well-developed, this creates a surplus for commercialization, accounting for approximately
85–90% of household income. On a large scale, the most produced crops are corn and beans.
The second most common source of income in the village is informal and semi-formal com-
merce. Notably, electricity from the micro-hydro system has boosted economic activities in
the village by increasing the number of shops. Through site information with community
members, we were informed that the quality of life had improved significantly with access
to electricity because of better conditions for maternal care and extended hours of study for
the children. Regarding operational reliability, the micro-hydropower operators reported
that outages are not frequent and, if they occur, they are for system maintenance and do
not last more than 24 h. Although the system supplies electricity continuously in the rainy
season (24 h per day when the flow is full), it supplies only four hours of electricity per day
in the dry season; that is, two hours in the morning (from 8 to 10 AM) and two hours at
night (from 6 to 8 PM). FUNAE applies the same tariff as the utility company for domestic
consumers, based on a pre-paid system. However, the local community members are
satisfied with the tariff even though there is no tariff differentiation. The project adopted a
pre-paid system in which the users consume power according to their capability to pay, with
25% of the collected money used to pay three employees, while the remaining 75% is sent to
FUNAE for system maintenance. The geographical location of Mozambique contributes to
its high solar potential, estimated at 23 TWp, which offers substantial prospects for solar PV
application in rural electrification projects [16], including in Sembezea village. Therefore,
to solve the problem of the inefficient electricity supply observed in the dry seasons and
capitalize on the existing solar resources, we see possibilities to include solar PV in the
existing micro-hydro system to enhance the stability and reliability of the power supply.

Figure 3. Photo of the Bonde River (photo by the authors).
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Case study 2—Mawayela village
Mawayela village is located in the southern part of Mozambique, in the Mawayela

Administrative Post of the Panda District, Inhambane Province, at coordinates (24◦3.8′ S,
34◦43.7′ E). The administrative post of Mawayela has three villages (Chivalo, Macavelane,
and Mawayela). In terms of its population, Mawayela village had 3911 inhabitants accord-
ing to the 2017 Census [13]. We assumed a household size of 6 members, corresponding
to approximately 652 households in the village. Access to Mawayela is provided through
poor road infrastructure; therefore, four-wheel-drive vehicles are recommended. Access to
Mawayela is easiest through the Manjacaze District in Gaza Province. The village is located
54 km from the national grid.

The 200 kW solar PV project (owned and operated by FUNAE) is the main source of
electricity in the village, which has been operational since June of 2023. The total number of
beneficiaries is 341 households, including one health center, three schools, an administrative
office, two carpentry shops, and three mills (Figure 4).

Figure 4. Map of Mawayela village.

The Mawayela community relies on trade and agriculture as its main source of income.
When assessing the economic activities, we were informed that since the introduction of
solar PV to the village (Figure 5), the number of shops has increased considerably. For
example, the village now has 52 shops (as of 2024) compared to only 19 shops (in the
first quarter of 2023) before the village gained energy from the mini-grid plant. All of the
shops are connected to the mini-grid. In the village, we found that three local people are
employed in the project (a power station operator, an electrical network operator, and a
guard to watch over the system); however, all of the employed persons are unskilled and
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are unable to respond to technical issues. Regarding the reliability of the power supply, the
community members complained about the duration and frequency of outages. We were
informed by the operators of the system that, in the case of a breakdown in the system,
they have to wait until FUNAE technicians arrive in the village to solve the issue. The
longest outage took approximately two weeks to resolve, as there were no individuals with
the right skills locally to solve the issue immediately. Additionally, the local governance
is not involved in the project, in the sense that they are not able to respond to the issues
related to the project. Similarly to the Sembezea project, in Mawayela, the beneficiaries
pay for power according to their consumption, with 25% of the revenue used to pay the
local managers, while the remaining 75% is sent to FUNAE. Regarding environmental
constraints, the community members reported that there is no issue (noise, smell, or visual
impact) attributed to the operation of the solar PV mini-grid.

Figure 5. Solar PV system in Mawayela village (photo by the authors).

Due to its location on the coast, where the highest wind energy potential has been
observed in the country [16], this site presents possibilities for future expansion by in-
tegrating wind energy into the system, thereby improving the continuity of the power
supply and reducing the intermittency associated with using only one source. Electricity
can be expanded to neighboring villages, such as the village of Nhanombanhane (Figure 4),
located approximately 7 km from Mawayela village.

Case study 3—Dongane village
Biogas is one of the renewable technologies considered important for supplying elec-

tricity to remote villages and reducing dependence on fossil fuels, particularly in developing
countries where electrification rates remain low [17]. The necessary resources (biomass)
are locally available. In Mozambique, some HB systems are already in operation across
the country. For example, HB has been operational since June of 2023 in the Nhanombe
(five projects) and Dongane (one project) villages. These HBs use locally available cattle
manure as feedstock and were developed as pilot projects. The local community members
who benefit from the systems do not pay any fee.

https://doi.org/10.3390/su18125841
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For our study, we selected the biogas system installed in Dongane village. Dongane
is located in Inharrime District (the southern part of Inhambane Province) at coordinates
(24◦28.4′ S, 35◦1.5′ E) in Mozambique. The district of Inharrime has two administrative
posts: Inharrime and Mocumbi. The Inharrime administrative post is divided into three
villages: Chacane, Dongane, and Nhanombe.

According to the 2017 Census [13], Dongane village has 29,899 inhabitants out of
the 87,716 inhabitants of the Inharrime administrative post. The village has 8 schools, 1
health center, and approximately 67 informal and semi-formal small shops (Figure 6). The
village is located approximately 20 km from the national grid, and the community relies on
kerosene, charcoal, and wood as sources of electricity.

Figure 6. Map of Dongane village.

Most of the population depends on agriculture as their main source of income, based
on local varieties, especially cassava. Large quantities of cassava are produced in the village
of Dongane; however, the villagers also produce peanuts and beans. Dongane village
is characterized by poor road infrastructure. The HB (see Figure 7) is used for lighting
and cooking. The owner of the biodigester reported that the existing six head of cattle in
the household are sufficient to feed the small biodigester and produce biogas. Therefore,
we did not obtain information on the transport of manure from the collection point to
the HB. The amount of biogas produced in the small biodigester meets their residential
cooking needs.
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In the village, we contacted one farmer, who informed us that he uses the digestate
from biogas as fertilizer and, afterwards, he sells the agricultural products to the local
community. Before use in the soil, the digester emits methane because it is stored in an
open tank. Regarding user satisfaction with the biogas system, the owner of the household
mentioned that he is satisfied with the biogas plant because the system has replaced the
diesel and kerosene previously used to meet his energy needs. However, he complained
about the local market for the replacement of equipment (e.g., stoves and lamps) and the
lack of locally skilled personnel to resolve issues in cases of system breakdown. Addi-
tionally, the lack of appropriate means for transporting (truck) and handling (gloves and
mixers) manure was mentioned as a challenge. Moreover, during the day, the cattle are
dispersed in open areas for grazing, which makes it difficult to collect manure.

Figure 7. Photo of HB system in Dongane village (photo by the authors).

Regarding the environmental impact associated with the biodigester, the beneficiaries
of the household biodigester informed us that the system does not emit noise or unpleasant
smells. However, the system can emit noise if not properly operated. He mentioned that the
substrate from the digester is used as fertilizer (applied directly to the soil) for agriculture.
In the household, there is a cassava processing cooperative that employs approximately
12 community members. The cooperative uses wood as the principal source of energy to
process cassava. The owner of the biodigester expressed the desire to increase the capacity
of the biodigester to use biogas to process cassava, which would significantly improve their
economic activity. Due to the increased energy demand and the availability of biomass
resources in the village, we projected a biogas system to supply electricity to Dongane
village. According to information verified during site visits, through consultations with
local authorities, Dongane village was estimated to have approximately 10,806 head of
cattle, out of the 52,988 head of cattle reported for Inharrime district in 2023 [18]. This
indicates a high potential for biogas production using cattle manure, which is assumed to
be consistently available throughout the year.
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Compared to other renewable resources, such as solar PV and wind, the biodigester
has the advantage of continuously producing electricity and storing it in a gasometer, which
could even eliminate the need to use storage batteries [19]. Therefore, due to its efficient
electricity production, we decided not to combine the biogas system with other renewable
sources. Table 1 summarizes the main characteristics of the cases.

Table 1. Summary of the main characteristics per case study.

Dimension Case 1 Case 2 Case 3

Population 3000 3911 29,899
Existing technology Hydro Solar PV Biogas
Capacity (kW) 66 200 -
Year of implementation 2015 2023 2023
Beneficiaries 110 341 1
Possible future configuration Hydro/Solar PV Solar PV/Wind Biogas

3. Overview of Methods and Input Data for Modeling the Scenarios
3.1. Methods and Scenarios

In the present study, we compared the same technologies for the villages of Sembezea
(hydro/PV), Mawayela (wind/PV), and Dongane (biogas) under two scenarios: scenario
A, representing the current load demand in each village and the present performance of
the solar PV, wind, hydro, and biogas technologies; and scenario B, representing projected
conditions in 2030, assuming that the existing systems in each of the cases will drive
increased load demand due to population growth and local development. Therefore, we
assume a future increase of 60% over the current load in HOMER calculations.

We applied different methods (HOMER Pro version 3.18.4, LCA using SimaPro, and
I-O) and indicators to assess the impacts inside (GDP, cost of electricity, and direct jobs) and
outside (indirect jobs and imports) the villages. The HOMER software was used to optimize the
best system for the selected three case studies based on the lowest cost (LCOE). This software
can simulate and optimize different components of the mini-grid system (solar PV, batteries,
inverters, fuel cells, hydrogen, hydropower, biomass, and diesel generators), serving thermal
and electrical loads for both off- and on-grid purposes. The I-O method was used to estimate the
expenditures and jobs that occur outside the village using the Social Accounting Matrices (SAMs)
of Mozambique as published by the Nexus Project [20] (detailed in our previous study [11]). To
assess the environmental impacts of the technologies selected for our case studies (Sembezea,
Mawayela, and Dongane), we used the LCA (SimaPro) tool based on ReCiPe impact assessment
methods, tackling 18 midpoint categories. The methods presented in this study have been
extensively described in our previous study [11] and are summarized in Figure 8.

Data used to estimate indicators (cost of electricity, employment, expenditures, emis-
sions, and human well-being) were derived from various sources, such as the literature,
the HOMER database, and the LCA SimaPro database. Country-specific data were used as
much as possible. For the economic and environmental analyses, we included data from na-
tional statistics, cumulative capacity (in kW), cost of technologies, and cash flow summary
for each technology. The inventory data on the inputs and outputs for the technologies
(solar PV, batteries, wind, hydro, and biogas) applied in this study are presented in the
following sections.

The input data and assumptions used for quantifying the economic, environmental, and
social indicators in the current and future scenarios (A and B) are detailed in Appendix A.
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Figure 8. Methodology used to assess the three case studies (based on our previous study [11]). Note:
Human development index (HDI); employment factor (EF); direct jobs (DJs); indirect jobs (IJs); investment
cost (IC); net present value (NPV); levelized cost of electricity (LCOE); internal rate of return (IRR); global
warming potential (GWP); freshwater eutrophication potential (FEP); tropospheric ozone precursor potential
(TOPP); terrestrial ecotoxicity potential (TEP); acidification potential (AP); land use (LU); photochemical
ozone formation (POF); human toxicity potential (HTP); ozone layer depletion potential (OLDP); particulate
matter formation potential (PMFP); tropospheric ozone formation (TOF); ionizing radiation (IR); freshwater
ecotoxicity potential (FEP); marine ecotoxicity potential (MEP); mineral resources (MRs); fossil fuels (FFs);
multi-criteria decision-making (MCDM); life cycle assessment (LCA).

3.1.1. Integration Method Based on the TOPSIS Method

To select the most sustainable solution for the three case studies (Sembezea, Mawayela,
and Dongane), we applied the MCDA based on the TOPSIS method, following equations
(B1) to (B10) from our previous assessment [11], which is typically implemented in 7 steps
(see Appendix B). TOPSIS is founded on the principle that the optimal alternative is the
one with a relative closeness value nearest to 1, whereas the least desirable alternative
is characterized by a value farthest from 1 [5,21]. The TOPSIS method is valuable for
analyzing energy alternatives and priorities, comparing different impacts under different
dimensions (economic, environmental, and social), and providing an integrated view of
the indicators. The TOPSIS method can generate one overall score per HRES and prioritize
the best solution for off-grid electrification.

3.1.2. Criteria and Weight Attribution for the TOPSIS Method

Two weighting approaches were applied to assign weights within the TOPSIS method
and ensure robustness of the analysis under different weighting assumptions [11]. First, an
equal-weight approach was adopted, assuming that all nine sub-criteria had the same level
of importance, with each criterion assigned a weight of 11.1%. This approach provides a
neutral baseline for comparison by avoiding subjective prioritization among the criteria.
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Second, a subjective weighting approach was implemented, with weights derived from the
authors’ evaluation of each criterion’s relative importance, informed by the results of the
HOMER simulations, I–O analysis, and LCA using SimaPro, as presented in Appendix D.
The subjective weighting approach was designed to reflect the direct contribution of mini-
grid systems to the socio-economic development of the villages. The weights ranging from
5% to 100% were assigned to each criterion according to the perceived importance of the
indicators. Consequently, the greater the importance of the indicator for local development,
the more points are allocated [22]. Therefore, higher importance was attributed to local
job creation (25%), due to its direct contribution to the village’s development, for example,
through the provision of significant local employment for operation and maintenance of
the mini-grids, while lower weights were assigned to indirect jobs (7.5%), reflecting their
indirect contribution to the local development (Figure 9).

Figure 9. Selection criteria of the best energy alternative for the three case studies (based on [11]).

From our previous study [11], we distinguished between negative (non-beneficial)
and positive (beneficial) criteria. For the positive criteria, higher values (ranging from 0.2
to 0.4) were assigned, as these indicators were considered beneficial in the local context
(local development). In contrast, negative criteria were associated with lower values, as
they represent factors that are non-beneficial to the local context, as presented in Table 2.
For example, CR1, CR3, and CR9 are non-beneficial criteria, while CR2, CR4, CR5, CR6,
CR7, and CR8 are beneficial criteria.

Table 2. Weight attributed to each sub-criterion (based on [11]).

Attributes CR1 CR2 CR3 CR4 CR5 CR6 CR7 CR8 CR9

Equal weight method 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111 0.111
Weight attributed based on the criteria‘s
importance Method 0.250 0.075 0.250 0.075 0.075 0.075 0.075 0.075 0.050

Beneficial criteria 0.400 0.400 0.200
Non-beneficial criteria 0.150 0.200 0.200 0.150 0.150 0.150

4. Results and Discussion
4.1. Economic, Environmental, and Social Impacts of the Case Studies
4.1.1. Impacts of the Case Studies on the Cost of Electricity

Based on the results from HOMER, we identified the optimal system for supplying
electricity at a lower cost for each case study separately, and the results are presented
in Figure 10. In terms of the cost of electricity, the results of our study indicated that
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the Sembezea mini-grid, which includes hydro (hydro/solar PV), has the highest LCOE
compared to the Mawayela (solar PV/wind) and Dongane (biogas) mini-grids for both
scenarios A and B. These results are consistent with the findings of the studies from
IRENA [23–25], which indicated that the LCOE values of hydropower plants have risen
sharply in recent years (47% between 2010 and 2022), with limited to no variations expected
in the coming years (by 2030); by contrast, the LCOE for solar PV, wind, and biogas
technologies is expected to decrease by 60%, 30%, and 25% by 2030 [12,26,27].

Figure 10. Results of the cost of electricity of the three case studies with the tariffs for current and
future scenarios.

By investigating the optimal system to meet the current and future village load de-
mands, we found that the future system performs better in reducing the LCOE for the three
case studies analyzed. Moreover, our results showed that Dongane (biogas system) has
an advantage, as it presents the lowest LCOE ($0.22/kWh and $0.24/kWh) compared to
Sembezea ($0.60/kWh and $0.79/kWh) and Mawayela ($0.28/kWh and $0.31/kWh) for
scenarios B and A. The results of this study indicated that the economic viability of the
renewable technologies employed in the three case studies depends largely on the scale
of the project, meaning that larger scales (scenario B) have better economic performance
compared to smaller scales (scenario A). A summary of the techno-economic results of
the three case studies is presented in Table 3. The excess electricity fractions observed
in the hydro/solar PV and wind/solar PV systems (Table 3) are associated with the mis-
match between renewable resource availability and the local electricity demand profile,
particularly during periods of high renewable resource availability, like periods of high
hydrological availability in the hydro system. Similar findings have been reported in
the literature [12], where HOMER-based optimization of rural mini-grids may result in
excess electricity generation due to temporal mismatches between renewable generation
and load demand. In contrast, the projected biogas system exhibited substantially lower
excess electricity due to the dispatchable nature of biogas generation, which can more
closely follow electricity demand patterns. Therefore, the results should be interpreted as
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case-specific optimization outcomes under the assumptions defined in HOMER rather than
idealized system configurations.

Table 3. Results of the techno-economic analysis.

Parameter Assessed
Unit

Case 1 (Sembezea Village) Case 2 (Mawayela Village) Case 3 (Dongane Village)

Scenario A Scenario B Scenario A Scenario B Scenario A Scenario B

Hydro/Solar
PV

Hydro/Solar
PV

Solar
PV/Wind

Solar
PV/Wind Biogas Biogas

Cost of electricity $/kWh 0.79 0.60 0.31 0.28 0.24 0.22

Solar PV capacity kW 550 1000 250 550 - -

Hydro capacity kW 46.4 63.6 - - - -

Wind capacity kW - - 660 1320 - -

Biogas capacity kW - - - - 1000 1800

Battery capacity Quantity 1796 2579 1500 2500 4427 6539

Converter capacity kW 167 260 240 357 1346 1736

Solar PV production kWh/year 895,776
(91.6%)

1,628,684
(94.9%)

476,600
(15.9%)

874,181
(16.3%) - -

Hydro production kWh/year 82,185 (8.4%) 87,190 (5.08%) - - - -

Wind production kWh/year - - 2,525,911
(84.1%)

4,488,230
(83.7%) - -

Biogas production kWh/year - - - - 5,481,643 8,814,692

Battery (energy flow out) kWh/year 174,974 287,868 103,520 173,911 1,149,075 1,900,543

Total electrical
production kWh/year 977,961 1,715,876 3,002,511 5,362,410 5,481,643 8,814,692

Excess electricity
(kWh/year) kWh/year 630,884

(57.3%)
1,159,108
(67.6%)

2,487,365
(82.8%)

4,536,743
(84.6%) 60,472 (1.1%) 126,128

(1.43%)

Unmet load
(kWh/year) kWh/year 81.6 (0.026%) 266 (0.053%) 302 (0.0611%) 549 (0.0695%) 2110 (0.041%) 2413 (0.029%)

Total load, Eload kWh/year 313,563 501,536 494,091 709,406 5,168,845 8,271,407

Renewable fraction % 100 100 100 100 100 100

Lifetime Years 25 25 25 25 20,000 h 20,000 h

Note. These results are used as the main input parameters and assumptions for the I-O and LCA (SimaPro) models.

We used the current tariff of 0.14 $/kWh applied by the national utility company,
which is the same tariff set for renewable mini-grids in Mozambique, as well as our future
projections of 0.37 $/kWh (based on our previous study [12]). The results show that the
biogas systems are more cost-competitive, as they present an LCOE 0.15 times lower than
the expected future tariffs applied in the country. In contrast, hydro/solar PV (Sembezea)
presents 0.65 times higher tariffs over the current tariffs applied to the national grid.

Assuming that the cost of 1 km of grid extension via overhead line is USD 21,742.40
(see our previous study [12] for more details) and based on the primary load served, we
estimated the grid extension costs for the three case studies (Sembezea, Mawayela, and
Dongane) and compared the optimized costs for scenarios A and B. Our analysis shows
that the grid costs for hydro in the present and future significantly impact the total costs of
the systems, while the biogas grid’s cost has a low impact on the total cost of the system
(see Figure 11).
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Figure 11. Cost summary for the components of the mini-grid systems for scenarios A and B.

4.1.2. Impact of Case Studies on Total Expenditures and Employment

Concerning total expenditures over the entire project lifecycle, the analysis reveals
that around 80% of the expenditures generated by the case studies result in increased
imports, with only the remaining amount being spent within national borders. This is
correlated with the country’s limited capacity to produce machinery domestically, with
70% of such machinery being imported in 2015 [28]. In the analysis, all scenarios studied
demand the installation of technologies that are purchased abroad, thereby increasing the
country’s imports. In absolute terms, the greatest increase in imports is observed in the case
of biogas scenarios due to both the considerable investment they entail and the frequent
replacements required by the biogas generator.

By assessing the impact on direct jobs (local O&M) using the employment factor
approach—assuming a regional employment multiplier—and comparing the three case
studies, we found that all systems will require more employees in the future compared to
the current scenario. Furthermore, we found that biogas is the most sustainable technology
in terms of the number of direct employments that the project will generate over its
lifecycle; for example, in scenario B, biogas will require 506 employees compared to 98
and 91 employees for the local O&M of the hybrid wind/solar PV and hydro/solar PV,
respectively. This is because biogas technology requires a high number of employees for
feedstock collection to feed into the digester.

Based on cash flow, national accounts, and scenario data provided by the HOMER
software for the Sembezea, Mawayela, and Dongane projects, an I-O model was developed
to estimate the possible effects of the analyzed case studies on the national total expen-
ditures and the labor sector. The effects on the latter were quantified by the number of
employees, directly and indirectly, required to support the deployment and operation of
the case studies at the national level. The local O&M was calculated using the employ-
ment factor approach described in Section 3.1.2. Regarding the effects of the scenarios
on the labor sector, Figure 12 shows the total number of jobs created over the 25 years
of the projects’ lifetimes, including both direct and indirect contracts. As mentioned in
Section 3.1.2, indirect employment (i.e., at the national level) was evaluated through the
I-O analysis drawing upon the 2015 Mozambique SAM, while direct employment (i.e., at
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the local level) was estimated via the employment factor approach assuming the regional
employment multiplier.

Figure 12. Number of jobs created over the projects’ lifetimes.

The results indicate that the number of contracts generated by the biogas-reliant
scenarios is markedly higher, with 719–769 and 1091–1119 more contracts than scenarios
A and B, respectively. This significant difference can be attributed to the fact that biogas
scenarios require considerably larger investments, almost 5 to 6 times greater than hydro
scenarios and nearly 8 times greater than wind scenarios over 25 years. The considerable
disparity in the level of investment in biogas scenarios is explained by the fact that they
are sized to satisfy the electrical load of Dongane village, which is 10–16 times greater
than that of Mawayela and Sembezea, where wind and hydro scenarios are implemented,
respectively. Therefore, it is reasonable that the employment increase is much more marked
in scenarios with biogas. However, to consider only the effects of the technologies installed,
it is useful to evaluate the employment generated per unit of GWh produced over the
25 years of analysis. As outlined in Section 3.1.2, the I-O analysis is carried out by increasing
the demand for specific commodities in the economic Mozambique SAM. Consequently, the
greater the investment required by a project, the more significant the impact on the demand
for the production factors of those commodities. Considering the total investment and the
electricity produced over 25 years in all projects, the results show that the investment per
GWh for biogas and hydro–solar PV scenarios is comparable and 4–4.8 times greater than
that required in wind–solar PV scenarios. As a result, the Sembezea and Dongane projects
appear to create more employment opportunities, with an estimated 6–8 new contracts per
GWh over the 25-year period. In contrast, the number of new contracts per GWh for the
Mawayela project is limited to two, as shown in Figure 12.

Figure 13 provides a breakdown of the new contracts by macro-economic sector. Local
O&M refers to the local maintenance sector, which provides direct employment for indi-
viduals residing in the villages where mini-grids are installed. All other sectors (transport,
manufacturing, other O&M and fuel supply chain, and other construction and replacement
supply chain) instead provide indirect employment for workers distributed throughout
the country. In the biogas scenarios, new jobs are created mainly in the local O&M sector
and along the replacement supply chain, which account for 40% and 30%, respectively,
of the total new contracts generated over the 25 years. The substantial impact on local
employment can be attributed to the fuel supply. The biogas generator is fed with manure,
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which is produced by animals in the village and is then collected by local laborers. Along-
side local maintenance activities, replacement activities—primarily performed by highly
skilled personnel—are also assumed to have particular significance in these scenarios,
given the necessity of replacing the biogas generator a total of seven times over the 25
years. These frequent replacements are also responsible for the considerable impact that
biogas scenarios have on employment in the transport sector, which accounts for 20% of
all new contracts generated. The vast majority of new employment contracts created in
the transport sector are, ultimately, related to construction and replacement activities. In
the wind and hydro scenarios, the new contracts generated are mainly connected with
local O&M activities, which account for 36–46% of all new contracts. In particular, hydro
and biogas technologies appear to have a greater capacity to generate local employment
opportunities than wind scenarios.

Figure 13. Impact on direct and indirect employment for different technologies.

Finally, when comparing scenarios A and B, it is evident that the latter generates a greater
number of new contracts than the former. Future scenario B is indeed based on scenario A
with an increased installed capacity, which corresponds to larger investments. The greatest
increase in new employment appears to occur in OM-related activities for hydro and wind
scenarios at the local and national levels, respectively. Meanwhile, the increased biogas capacity
seems to have a greater impact on workers in the replacement and construction supply chains.
Nevertheless, despite an increase in absolute terms, when examining the contracts generated
per GWh produced, it became evident that future scenarios may offer fewer employment
opportunities than scenario A, as illustrated in Figure 12.

4.1.3. Environmental Impact of the Case Studies

In this study, the environmental impacts of different technologies (solar PV, hydro,
wind, and biogas) were assessed and compared. Batteries are included in all options as
storage devices. The impact assessment was conducted regarding midpoint indicators for
the 18 impact categories, considering the construction and transportation phases. However,
most emissions correspond to the construction phase, as emissions from transportation
were very insignificant; for example, during the construction phase, the wind option had a
global warming potential (GWP) of 0.044 kg CO2 eq, and only 0.00048 kg CO2 eq emissions
correspond to the transportation phase in scenario A.

The results of our study revealed that wind/solar PV is the most sustainable solution, with
the lowest environmental impact compared to biogas and hydro/solar PV options. The biogas
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options have a high environmental impact for all impact categories compared to the wind/solar
PV per kWh of electricity production in scenarios A and B (Appendix C); for example, in the
future scenario (B), the GWP of biogas was expected to be 0.60 kg CO2 eq compared to the
wind/solar PV (0.039 kg CO2 eq) and hydro/solar PV (0.0191 kg CO2 eq) options. The results
of our study are consistent with those from previous studies [29,30], which concluded that
biogas has the worst environmental impact compared to other RE sources such as solar PV
and wind. Concerning the hydro options, we found that methodological issues, such as the
expected lifetime of the power plant, can affect the results. More specifically, increasing the
lifetime can reduce the environmental impacts of electricity generation in hydropower plants,
as those impacts are distributed over a longer period.

The results of the diesel-only emissions from the previous study [11] were applied
only for comparison with the results of the present study. We compared the emissions
(CO2, NOX, and SO2) from renewable options with diesel, in order to provide an overview
of the environmental impacts of renewables compared to diesel.

Comparing the renewable options, biogas has considerably high CO2 emissions of
4.58× 10−2 kg CO2 eq compared to wind/solar PV (8.50× 10−4 kg CO2 eq) and hydro/solar PV
(3.94 × 10−4 kg CO2 eq) options for the future (Figure 14). However, biogas has the advantage of
carbon neutrality in the sense that the CO2 (biogenic) released during the combustion of biogas
is assumed to be carbon neutral because the amount of carbon released during combustion
is equal to the amount of carbon previously captured from the atmosphere. In other words,
the feedstock captures CO2 from the air and, when it is transformed into CH4 and burned for
energy, the same amount of carbon is released back into the atmosphere, resulting in a net-zero
carbon impact over the entire lifecycle. While methane emissions may occur during production
and operation, a study [31] indicate that these are generally limited in well-managed anaerobic
digestion systems and vary depending on operational performance and technology design.
This assumption is particularly relevant in developing country contexts, where biogas systems
are often characterised by variable operational conditions, limited monitoring capacity, and
differences in maintenance practices, which can influence methane emissions. Because of its
biogenic nature, the total GHG emissions does not include the CO2 produced from burning
biogas. However, the CO2 emissions for 1 kWh of electricity of biogas are considerably low
compared to those of diesel engines assessed in our previous study [11], as seen in Figure 14.
Our study shows that, in the future, using a biogas engine would reduce CO2 emissions by ap-
proximately 95% compared to using a diesel engine. The GHG emissions of hybrid wind/solar
PV and hydro/solar PV during the operation phase are considered insignificant.

Figure 14. Comparison of the carbon dioxide emissions for 1 kWh of electricity production from
renewables and diesel.

Diesel engines show significant emissions of nitrogen oxides (NOx) compared to
biogas engines because of their higher heat value per unit of volume compared to biogas
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(Figure 15); for example, in scenario B, biogas was found to have a comparatively lower life
cycle impact on NOx (7.65 × 10−4 kg NOx eq) than diesel (1.72 × 10−2 kg NOx eq) on the
environment. Among the renewables, biogas and wind/solar PV options have higher NOx

values compared to hydro/PV, which is the best option for this category.

Figure 15. Results of the nitrogen oxide emissions for 1 kWh of electricity production from renewables
and diesel.

The bar graph (Figure 16) illustrates the acidification impact (measured in kg SO2

equivalents) associated with electricity production from various energy sources, comparing
scenario A with scenario B. Significant acidification potential per unit of volume was found
in diesel engines (2.1 × 10−3 kg SO2 eq) compared to biogas (8.73 × 10−4 kg SO2) in the
long-term scenario. Diesel-based electricity production exhibits the highest acidification
levels, with scenario A at approximately 2.4 × 10−3 kg SO2 eq and scenario B at 2 × 10−3

kg SO2 eq, reflecting a moderate reduction likely due to improved technologies or efficiency
measures. Biogas shows a significant decrease in impact, with both scenarios starting
at around 1.0 × 10−3 kg SO2 eq; however, when adjusted for the 42% contribution from
biogenic methane (reducing values to 5.8 × 10−4 kg SO2 eq for both scenarios A and B), its
environmental footprint aligns closely with hydro/PV in scenario A (5.0 × 10−4 kg SO2 eq)
and surpasses hydro/PV in scenario B (2.0 × 10−4 kg SO2 eq). Renewable sources, including
hydro/PV and wind/PV, demonstrate the lowest acidification impacts, with wind/PV
scenarios A and B at approximately 1 × 10−4 kg SO2 eq, and a notable improvement
is observed with hydro/PV (scenario B), suggesting advancements in renewable energy
systems. These findings highlight a clear trend toward reduced environmental impact
in scenario B, particularly with respect to renewable energy sources, underscoring their
potential role in sustainable electricity production.

Figure 16. Results of the sulfur dioxide emissions for 1 kWh of electricity production from renewables
and diesel.
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4.1.4. Social Impact of the Case Studies—Correlation Analysis

This section presents the results of the correlation analysis performed between HDI,
cost of electricity, project expenditures (inside and outside the village), direct and indirect
jobs, and local environmental impacts (see Table 4). As previously mentioned, criterion 9
(CR9) was assessed based on the results from the economic and environmental analysis
(CR1 to CR8), as presented in Appendix D. We scored the criteria based on their importance
for the local village development from −2 to +2, as detailed in our previous study [11]. For
example, we attributed a high score (+2) to a higher number of direct expenditures and em-
ployment. We assumed that these parameters would influence the HDI (CR9) by providing
more jobs for local communities, increasing their income and, therefore, contributing to
the village’s economic, environmental, and social development. The wind/solar PV option
presents a higher HDI than biogas and hydro/solar PV. This is because of the negative en-
vironmental impact caused by the biogas emissions and the poorer economic performance
of the hydro option, which may influence local development, making wind and biogas
technologies the first choice for areas where wind and biomass resources are abundant.

Table 4. Correlation analysis for the three case studies.

Location Scenario Energy
Alternatives CR1 CR2 CR3 CR4 CR5 CR6 CR7 CR8 CR9

Sembezea
Current Hydro/PV/B 1 −1 1 1 −2 1 1 1 3

Future Hydro/PV/B 2 −1 1 1 −2 1 2 −1 3

Mawayela Current Wind/PV/B −1 1 1 2 1 −1 1 1 5

Future Wind/PV/B 1 −1 2 1 1 1 2 1 8

Dongane Current Biogas/B 2 −2 2 −2 1 −2 −1 −1 −3

Future Biogas/B 2 −2 2 −2 2 −2 −1 −1 −2

CR1: Expenditures inside the country (GDP/value added); CR2: expenditures outside the country (imports); CR3: local
direct jobs; CR4: indirect jobs; CR5: cost of electricity; CR6: CO2 emissions; CR7: particulate matter; CR8: ozone formation
and human health; CR9: HDI; PV: photovoltaic; B: battery.

4.2. Multi-Criteria Decision Analysis

This section presents the results and discussions of the MCDA applied to our case
studies (Sembezea, Mawayela, and Dongane) for scenarios A and B using different en-
ergy alternatives (solar PV, wind, hydro, and biogas). The TOPSIS method was used to
rank the best electrification option in conjunction with two weighting approaches (equal
weight and weight attributed based on the criteria’s importance) to ensure more robust
results. The equal-weighting approach provides a neutral benchmark by assigning equal
importance to all sustainability dimensions, whereas the subjective weighting approach
may be more appropriate in contexts where local socio-economic development objectives,
such as employment generation and community-level economic benefits, are emphasized.
Our findings suggested that, using the equal weighting approach, the hybrid wind/solar
PV technology is the most sustainable solution, followed by biogas and hydro/solar PV
solutions, which ranked second and third in the analysis, respectively (Figure 17). By
contrast, using the different-weight approach, the results showed that biogas could be
the most promising energy option, as it presents closeness values of 0.667 and 0.512 for
scenarios B and A, respectively, followed by hydro/solar PV with closeness values of 0.194
and 0.335, while wind/solar PV is the least favorable option for rural electrification with
closeness values of 0.160 and 0.111. This is because biogas has a positive economic impact,
as it is labor-intensive (i.e., requires a higher number of employees for local O&M) and has
lower LCOE than hydro/solar PV and wind/solar PV despite having the highest environ-
mental impact compared to the wind/solar PV and hydro/solar PV options, particularly
in the global warming, particulate matter, and ozone formation impact categories. For
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example, in scenario B, biogas is expected to generate 506 local jobs compared to the hybrid
combination involving wind (98) and hydro (91) technologies. The hybrid hydro/solar PV
ranked second, followed by the hybrid wind/solar PV solution in the last position in terms
of sustainable energy alternatives. This is because hydro/solar PV systems have environ-
mental advantages over wind/solar PV options despite their lower economic performance,
which is influenced by the high initial investment cost. The results of the present study
are consistent with the findings from the previous studies [8,9], which indicated that solar
(PV) and wind energy systems represent more sustainable solutions for off-grid electrifi-
cation when compared with hydropower systems. In particular, under the equal-weight
approach applied in the MCDA, solar PV and wind technologies demonstrated higher
performance across the economic, environmental, and social dimensions. For example,
from an economic perspective, solar PV and wind technologies presented a lower cost of
electricity compared to hydropower systems. However, as the three compared systems
operate at different scales, the observed performance differences cannot be attributed only
to technological characteristics because they also reflect project size, resource availability,
and demand structure. Additionally, the results of this study indicate that technology
rankings are sensitive to the weighting assumptions adopted, meaning that the preferred
technology depends on the decision-making priorities considered.

Figure 17. Results of the three case studies using equal weight and different weights.

5. Conclusions, Limitations, and Recommendations
This study demonstrated the application of a framework to analyze and identify the

most suitable off-grid electrification option in different regions (Sembezea, Mawayela,
and Dongane), considering various possibilities for RE development. Using the proposed
framework, it was possible to integrate different methods (HOMER, LCA based on SimaPro,
and I-O) and indicators under the economic, environmental, and social dimensions. We
analyzed the economic performance of the projects in terms of profitability (LCOE), ex-
penditures, and jobs created, the environmental impacts of the projects, and community
well-being using the HDI indicator. Data for the analysis were derived from site visits in
the case study areas, the literature, and the HOMER and ecoinvent databases.

Overall, the three cases (hydro/PV, wind/PV, and biogas) represent viable options for
rural electrification. Depending on the availability of resources, hydropower could be an
option where a river with sufficient head exists; the availability of a considerable amount of
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cattle manure could render biogas a feasible option; and high wind speeds could favor the
deployment of wind energy. The outcomes of our study indicate that RE options are the best
choice for the replacement of diesel across all the assessed economic, environmental, and
social aspects. In terms of future economic performance, the assessment of the three case
studies suggested that biogas shows an advantage over the other electrification options, as
it presents the lowest LCOE of $0.22/kWh compared to wind/solar PV ($0.28/kWh) and
hydro/solar PV ($0.60/kWh), thereby improving the ability of the local community to pay
for electricity. In contrast, hydro/solar PV was determined to be the worst option in terms
of project cost feasibility because it had the highest cost of electricity, which was influenced
by the high capital cost. By assessing the impact on expenditures and jobs created over the
project lifecycle, we observed that biogas and hydro/solar PV show advantages because
these electrification options require 4–4.8 times greater investment per GWh of electricity
production compared to wind/PV. Therefore, this suggests that biogas and hydro/solar PV
options are beneficial for local economic development because more economic activities
are kept locally, enabling money to circulate within the village.

Overall, the performance of the biogas system was estimated using information
collected from existing household biodigesters. Therefore, the findings for biogas systems
should be interpreted as illustrative of projected community-based biogas systems, rather
than as validated operational results.

From the environmental perspective, biogas is associated with relatively high emis-
sions (4.58 × 10−2 kg CO2 eq) compared to wind/solar PV (8.50 × 10−4 kg CO2 eq) and
hydro/solar PV (3.94 × 10−4 kg CO2 eq) options in the long term. Nevertheless, the CO2

released during the combustion of biogas is assumed to be carbon-neutral. Furthermore,
we found that a diesel engine produces higher CO2 (96%) and SO2 (174%) emissions values
than biogas engines in the long-term scenario.

This study demonstrates the effectiveness of using TOPSIS in decision-making for
energy alternatives. It suggests that biogas, solar, and wind may be considered the most
promising solutions for off-grid electrification, as they are low in cost and have less envi-
ronmental impact, while the hydro option scored the worst economically. This information
is important for policymakers and investors seeking optimal choices for Mozambique’s
energy future.

By applying the framework to the aforementioned case studies, we demonstrated
the extent to which it is possible to perform an integrated overview of the economic,
environmental, and social aspects and impacts of different HRES options. However, the
framework must be well-organized for its effective application.

The results presented in this study are context-specific because the framework applied
used data from three different case studies (Sembezea, Mawayela, and Dongane) under
contextual conditions, including project size, resource availability, and demand structure.
Therefore, rather than providing technology benchmarking (generalized technology superi-
ority), this study provides comparative project-level insights into how different mini-grid
configurations perform when implemented under locally optimized conditions. However,
the proposed framework could be expanded to analyze the impacts of mini-grid projects in
areas with similar characteristics in Mozambique and other developing regions.

The framework demonstrated in this study is important because it can help project
developers and decision-makers in determining appropriate strategies for planning and
organizing the mini-grid systems for the country. This is expected to allow for the better
design and implementation of these systems, considering economic, environmental, and
social aspects in line with the SDGs. Additionally, this study can help to determine the
viability of projects and opportunities to develop the substantial RE potential available
in Mozambique.
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Based on our findings, we present the following recommendations, considering the
limitations of this study.

Despite their powerful ability in assessing the technical, economic, and environmental
viability of mini-grids, the tools applied in this thesis (HOMER, I-O, and SimaPro) were sub-
ject to limitations related to the availability of country- or region-specific data to assess the
indicators; for example, there were challenges in accessing the local costs of the components
to input in the ecoinvent and HOMER databases, as Mozambique does not manufacture
equipment. Additionally, there was also a lack of regional/country-specific data for the
effective use of I-O tables. Therefore, we applied global and more general data available in
the ecoinvent and HOMER databases, making it difficult to obtain information that reflects
the local context, such as the local cost of RE technology, considering the country-specific
incentives and the costs associated with the transportation of equipment from manufactur-
ing locations to project sites. More available data could help with the effective evaluation
and integration of the indicators in the proposed framework and improve the robustness
of the analysis. This would help in exploring the use of indicators as much as possible to
assess the sustainability of mini-grid projects.

In this study, social indicators were not effectively assessed due to the lack of data
to incorporate more elements, such as community involvement, injuries, security, and
ownership, as well as the diversity of technologies. This study limited its investigation
to how specific dimensions of HDI (health, prosperity, and economic activity) are linked
to economic and environmental issues. Although the use of HDI as a social indicator
was a methodological step forward, it still leaves the aforementioned social indicators
uncovered. Moreover, other local parameters, such as the perception of local communities
on environmental concerns (e.g., noise, smell, and visual impact), should also be included
in the analysis, although they are not incorporated into the proposed framework.

Through this study, it was possible to assess the impact of mini-grids using various
methods. One such method is HOMER, which allowed for the selection of the most
cost-effective solution among different energy combinations, based on the lowest cost
of electricity. However, over time, the literature has addressed more sophisticated tools,
such as the GISEle (GIS for rural electrification) model [32], which could be continuously
investigated and expanded for further research to allow for detailed system design and
optimization to enhance the quality of the analysis.

Besides being an economically affordable option, the use of organic fertilizer from
digestate is one way to lower the GHG emissions resulting from the use of chemical
fertilizers. In this study, we proposed a commercial-scale biogas system based on the
existing experience with biogas production in the village. Therefore, the amount of digestate
would increase. Organic fertilizer produced in large quantities could be sold to local farmers,
and thus, the money for importing chemical fertilizers would be saved and emissions
resulting from the application of chemical fertilizers in the soil would be avoided, thereby
contributing to local economic and environmental benefits.

In this study, we limited our analysis to biogas for electricity generation without
considering the application of biogas to produce heat and biofertilizers for the soil. For
example, we did not estimate the amount of money that would be saved or the emissions
that could be avoided by replacing chemical fertilizers with organic fertilizers from biogas.
Therefore, further studies could explore the economic, environmental, and social impacts
of biogas application for heat and organic fertilizers in the proposed areas (Sembezea,
Mawayela, and Dongane), and the proposed framework could be expanded to analyze the
impact of biogas in areas with similar characteristics.

This study provides comparative project-level insights into how different hybrid
configurations perform when implemented under locally optimized conditions. Therefore,
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further studies could explore the application of the proposed framework to provide a
meaningful technology comparison by incorporating normalization to a common scale
(e.g., per capita or per kWh delivered), in order to facilitate more robust technology-level
comparisons.
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Appendix A
Input Data and Assumptions in the Current and Future Scenarios (A and B)

(i) Input data used for the techno-economic analysis
(a) Electrical load assessment
The electrical load demand is one of the most important input parameters for HOMER

calculations. As mentioned earlier, for the selected areas (Sembezea, Mawayela, and
Dongane villages), data for the analysis were checked in the field during site visits. The
electrical load demand in the villages was calculated considering residential, commercial
(primarily small shops), and community services (school, health center, administrative
office, and public street lighting). The typical electrical loads were estimated approximately:
lighting (15 W), refrigerator (100 W), radio/DVD/recorder (75 W), computer and printer
(65 W) to be used separately, television 24” (135 W), electric kettle (1000 W), electric iron
(1000 W), and mills (500 W) serving domestic, commercial, and community uses. The load
demand was estimated for scenarios A and B.
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For Sembezea, the current load demand was investigated for the existing 200 house-
holds and a 60% future increase in energy demand was considered, as the current system
is expected to stimulate higher load demand in the village. The daily energy consump-
tion of 859.7 kWh/day and peak load (monthly electric consumption per household) of
188.84 kW were estimated for scenario A, and 1,374.96 kWh/day and a peak load of
302.26 kW were estimated for scenario B. For Mawayela village, the electrical load was
investigated based on the current load demand corresponding to 652 households and a
future increase in load demand of 60%, which indicated a daily energy consumption and a
peak of 1345.5 kWh/day and 255.49 kW, respectively, for scenario A and 2167 kWh/day and
a peak load of 408.83 kW for scenario B. Dongane village is the most populated compared
to Mawayela and Sembezea. According to local authorities, an average of six to eight
family members per household is estimated in the village. For our study, we assumed eight
family members per household. Therefore, the current load demand was estimated for
3737 households without access to electricity in the village, resulting in a scaled annual
average of 14,167 kWh/day with a peak load of 2692.61 kW and a future electrical load of
22,668.4 kWh/day with a peak load of 4308.17 kW.

(b) Resource availability
For the selected sites, HOMER provided meteorological data for solar radiation (Global

Horizontal Irradiance) corresponding to the period from July 1983 to June 2005 and wind
speed data from January 1984 to December 2013, both downloaded from NASA. Based on this,
Mawayela village was identified as a village with good solar PV and wind potential. The average
solar radiation is 5.12 kWh/m2/day, with the highest value of 6.36 kWh/m2/day observed
in January and the lowest value of 3.59 kWh/m2/day observed in June. Wind potential in
Mawayela varies from 6.82 m/s in October to 5.69 m/s in May. The average wind speed in
Mawayela is 6.27 m/s. Wind speeds higher than 6 m/s are considered feasible for electricity
generation [12]. The water availability and the variability of the yearly flow are the main factors
in estimating the energy generated by micro-hydropower [33].

According to the information obtained in the field, in Sembezea, there are no hydro-
metric stations (gauging stations) in the watercourses used for the project. Therefore, it was
necessary to use information available in nearby watercourses in river basins that have
similar hydrological characteristics. To this end, the flow rate of the hydrometric station
of the Munhinga River (also located in Sussundenga District) was used for this study. We
consider the average flow rate of 657 L/s of the existing power plant as part of the main
input parameters for HOMER. The flow was estimated based on the daily flow rate from
1953 to 2004 obtained from the Ministry of Public Works, Housing and Water Resources
of Mozambique. We selected the flow rate of the year 1998 with an annual average of
657 m3/s (with a maximum of 2080 L/s in January and a minimum of 180 L/s in Septem-
ber), because data for this year are recent and complete compared to other years, such
as 1999 and 2000, which lack data for January and November, respectively. We assumed
that the efficiency of the turbine was 80%. The average solar radiation and wind speed of
Sembezea are 5.32 kWh/m2/day and 4.70 m/s, respectively. The availability of resources
provides strong justification for integrating solar PV into the system compared to wind
energy, which has low values (lower than 6 m/s). The available head is 9 m. Therefore, the
proposed mini-grid will be sized according to the intermittent availability of resources.

For Dongane village, the biomass resource data are obtained from the locally available
cattle manure as the main source of biogas. It is estimated that Dongane village has approx-
imately 10,806 cows. The available cattle in the village can produce enough manure to be
converted to generate electricity for the population living in Dongane village. The potential
of biogas is calculated based on cow manure, assuming that each cow produces 10 kg of
manure per day (10 kg/day) for the production of biogas [34]. Therefore, the potential of
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biogas is approximately 108 tons/day, which will likely be uniformly distributed through-
out the year. It can range from a few kilowatts (household biodigesters) to megawatts
(villages or commercial biodigesters) [35].

(c) Costs for each case study
A summary of the main characteristics of each technology (solar PV, wind, hydro, and

biogas generator), along with specific parameters and costs of the components such as
capital, replacement, and operation and maintenance (O&M) costs, is detailed in Table A1.

Table A1. Parameters used for the techno-economic evaluation in the three case studies.

Parameters Solar PV Battery Converter Wind Hydro Biogas

Capital ($/kW) 2500 550 300 10,000 226,000 3000
Replacement ($/kW) 0 550 300 10,000 180,800 1250
O&M ($/kW)/year 10 10 0 500 13,795 0.005
Lifetime (year) 25 10 15 25 25 20,000 h
Quantities to
consider * (units)

0 to 4000
(HOMER optimizer)

0 to 100 in 10
intervals

0 to 3000 in
200 intervals

Sizes to consider (kW) 0 to 1000 in
50 intervals

0 and 300
(HOMER optimizer)

The majority of cost input data and technology characteristics (generic flat-plate PV, hydro, biogas, and wind turbines) were
obtained from the HOMER database. A solar PV derating factor of 80% was assumed from HOMER. As we are simulating hybrid
mini-grids without including non-renewable sources (diesel), the dispatch strategy does not affect the performance of the systems. An
inflation rate of 2%, the discount rate of 8%, and a load factor of 0.45 were considered in HOMER for all cases. For a more realistic
load profile, random variability (20% for time-step variability and a day-to-day variability of 10%) was considered in HOMER.
Capital, replacement, and O&M costs for a generic solar PV of 1 kW were taken from [12]. A generic lithium-ion (Li-ion) battery
with a nominal capacity of 1 kWh and a nominal voltage of 6 V was used. Battery capital, replacement, and O&M costs were taken
from the HOMER database. A generic converter is used to convert direct current to alternating current. The converter capital,
replacement, and O&M costs for 1 kW were taken from the HOMER database. From biogas, we adopt a gasification ratio of 0.05
kg/kg, a density of 0.72 kg/m3, a generator efficiency of 95%, and a lower heating value of 5.5 MJ/kg based on data obtained from
the HOMER database. Capital, replacement, and O&M of a Vestas V47 wind turbine of 660 kW were taken from the HOMER
database. Capital, replacement, and O&M costs for a generic biogas generator of 1 kW were taken from [36–38]. For the existing HB,
the cost of biomass was reported as zero because the manure is accessible to the household. For our projected biogas system, a large
amount of biomass resources (cow manure) will be needed to operate the system; therefore, the total cost of cow manure is assumed to
be approximately 16 US$/ton, including 10 US$/ton for feedstock and 6.31 US$/ton for transportation from the collecting point to
the biogas plant [39]. Similarly to the power generated by the solar PV modules, the energy produced by biogas can be rectified and
connected to batteries [19]. The lifetime of the biogas system was taken from [40]. Micro-hydro capital, replacement, and O&M
costs for a generic hydro system of 100 kW. Hydropower efficiency of 80%, with 150% maximum flow ratio and 50% minimum
flow ratio, was used. The minimum residual flow was assumed to be 1000 L/s (1 m3/s). * These quantities were considered in the
HOMER search space tab.

(d) Sensitivity variables
Additional inputs to HOMER include sensitivity variables to understand the effect on costs

and to provide insights into the system’s robustness and feasibility under different scenarios
in order to improve the system’s future performance. The solar PV, battery, wind, and biogas
capital cost multipliers were incorporated as sensitivity variables in the simulations because,
based on the literature on the global RE market, the capital cost of these technologies is likely
going to vary in the future due to the expected improved performance and cost reductions
in selected RE technologies (solar PV, wind, and biogas), contributing to positive impacts on
economic growth (scaling effects), as presented in Table A2.

Table A2. Sensitivity variables on the capital cost multiplier.

Technology Future Expectations in Cost (by 2030) References

Solar PV Decrease by approximately 60% [12]
Lithium-ion battery Decrease by approximately 15% [41,42]
Wind Reduction by approximately 30% [26]
Hydro Expect no change [25]
Biogas Decrease by approximately 25% [27]

(ii) Input data used for expenditures and employment
As mentioned earlier, the methodology adopted for the analysis of the three case

studies (Sembezea, Mawayela, and Dongane) was derived from our previous study [11].
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To estimate indirect expenditures and jobs, we applied the I-O using the Social Accounting
Matrix (SAM).

SAM integrates micro-statistics of the labor market with macro-statistics data from na-
tional accounts, consumption patterns, household income, and other social indicators [43].
Supply and use tables (SUTs) constitute a core component of the SAM, enabling a compre-
hensive representation of the circular flow of the economy, in which all transactions are
captured within the economic system.

A country-specific Social Accounting Matrix (SAM) representing Mozambique’s intersec-
toral economic flows for 2015 was selected for this assessment, enabling the derivation of a
tailored supply and use table (SUT) for input–output (IO) analysis. However, at the time of
this study, no more recent SAM for Mozambique was available that provides the sectoral and
labor disaggregation required for input–output analysis to estimate employment impacts for
projects implemented by 2023 and projected to 2030. The methodology involved evaluating
the impacts of project-related expenditures and employment, leveraging the granularity of the
database to conduct a shock analysis based on Mozambique’s SUT. Although a 2019 SAM for
Mozambique became available in 2022, the 2015 SAM was used in this study for reasons of
sectoral disaggregation. The 2019 SAM is more aggregated and does not explicitly represent
key sectors that are directly relevant to the projects whose impact is analyzed in the study.
In weighing the trade-off between data recency and sectoral detail, we opted for the 2015
SAM, as it provides a more granular representation of consumption patterns and employment
structures that better reflect the sectors involved in the analysis.

Figure A1. Social Accounting Matrix adopted for the application of the SUT framework. Based
on [43,44]. Note: Figure A1 presents the SAM adopted for the application of the SUT model for the present
study. The SUT provides a detailed representation of Mozambique’s economy and its intersectoral linkages,
comprising 54 commodities—including electricity, gas, and steam (e.g., celec)—and 54 corresponding activities
(e.g., aelec). It further incorporates 11 factor inputs, of which 8 correspond to labor categories differentiated
by skill level (unskilled, semi-skilled, and skilled). This level of disaggregation enables the assessment of the
mini-grid projects’ impacts, including employment effects across geographic locations (rural versus urban) and
educational attainment levels (ranging from no formal education to tertiary qualifications). Additionally, the
model captures the extent of reliance on imported commodities required to satisfy the demand for goods and
services associated with the investment and operation of the mini-grid.
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To estimate the impacts associated with the three mini-grids, it is necessary to specify
the timing, magnitude, and sectoral allocation of expenditures. This entails integrating the
HOMER energy model with the adopted input–output (IO) framework. The optimal solutions
generated by HOMER are defined by distinct combinations of technologies and activities, which
can be mapped onto final demand across sectors within the IO model. These allocations can
subsequently be translated into corresponding investment values in each sector.

The input–output (IO) model was employed to evaluate the economic factor F (derived
from f, representing production relative to the matrix of monetary exogenous coefficients),
considering both the implementation and operational phases. For both the investment and
operation stages, the commodities required for the production, installation, and maintenance of
the technologies were characterized based on cash flow data obtained from the HOMER model.
In Equations (A1) and (A2), the linear algebra behind the estimation is provided:

∆Fi = f [

Xi︷ ︸︸ ︷
(I − z)−1Yi]− f [

X︷ ︸︸ ︷
(I − z)−1Y] (A1)

∆Fo = fo[

Xo︷ ︸︸ ︷
(I − zo)

−1Y]− f [

X︷ ︸︸ ︷
(I − z)−1Y] (A2)

A variable with a double underline indicates a matrix, while a variable with one
underline indicates a vector. Absolute units are identified in capital letters (e.g., Gg or
M$), while output-specific units are in small letters (e.g., Gg/M$ or M$/M$). Y and
X represent the total production of commodities and industrial activities and the final
demand of commodities, respectively; z indicates the supply and uses representing the
technological structure of the economy; and I indicates the identity matrix of the same
dimensions of z. The subscript o denotes data after the intervention, while subscript i
indicates investment data.

Cash flow results from HOMER were converted into local currency, discounted to the year
2015, and included in the 2015 Mozambique Social Accounting Matrix (SAM) [28] in the form
of increased demand for specific commodities necessary to support both the investment and
operation phases. The increase in final demand corresponds to a numeric shock in the SAM,
and it increases the supply/demand of products, technology activities, and related demand for
factors of production at the national level. The factors of production include demand for labor,
ultimately converted into the number of additional workers required, expressed as an increase
in the number of annual contracts. This was achieved using four levels of annual salaries set by
the government of Mozambique [45], differentiated according to education level, as explained
in our previous study [11]. In particular, the four lowest salaries were chosen to convert the
expenditure for workers into employment contracts.

The supply and use tables (SUTs) were processed using MARIO (Multi-Regional
Analysis of Regions through Input–Output). MARIO is an open source Python version
3.7 module developed and published on GitHub [46,47], which is designed to serve as a
general framework for conducting IO analysis without requiring advanced programming
expertise. The MARIO tool supports the automatic parsing of structured databases, such
as EXIOBASE [48], EORA [49], and EUROSTAT [50], and ad hoc built tables in different
formats, such as the MRIO and SRIO tables in monetary or hybrid units.

Due to the limitation of the I-O method in assessing the local direct jobs related to
the O&M phase of the project, we applied the employment factor using the following
approach: (total jobs in O&M = cumulative capacity in use in MW * employment factor in jobs per
MW * regional employment multiplier for O&M * project lifetime in years). This is based on the
research in [51,52] (see our previous study [11] for more details about this approach). Data
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for the estimation of the employment factor were sourced from [53–56] for each technology;
for example, the employment factors for solar PV, wind, small hydro (run-of-river), and
biogas were 0.7 jobs/MW, 0.3 jobs/MW, 0.5 jobs/MW, and 2.25 jobs/MW, respectively.
We applied a regional (Sub-Saharan Africa) employment multiplier of 6.42 for scenario A
(2020) and 5.0 for scenario B (2030), as derived from [56].

(iii) Input data used for the environmental analysis
The present study applied the SimaPro 9.5 software to analyze the environmental

impacts of the three mini-grids (Sembezea, Mawayela, and Dongane) using the ReCiPe
method [57]. We considered a project lifetime of 25 years for each system. The functional
unit is 1 kWh of electricity production from all technologies (solar PV, wind, hydro, and
biogas). For system boundaries, we applied the methodology guidelines for the life cycle of
renewable technologies [58], following the recommendations of ISO 14040 for the LCA [59]
in a cradle-to-use approach, which included the transportation (from the factory to the
installation site) and use phase. However, applying a fully consistent end-of-life treatment
across all technologies was not applied within the scope of the present study due to the
lack of reliable and comparable end-of-life data for several of the assessed technologies.
This is a common limitation in life cycle assessment studies, where end-of-life stages are
often excluded or simplified in data-scarce contexts, particularly in developing countries,
due to uncertainties in disposal, recycling, and material recovery processes [60–62].

Since Mozambique does not manufacture equipment for solar PV, wind, hydro, or
biogas technologies, we assumed that components were transported by both sea and land
(track) using diesel fuel. The imports of the equipment from the manufacturing point in
China to Mozambique, by ship, correspond to the distance (China–Beijing–Jinan Port) to
Maputo port (16,748 km) and Beira port (15,186 km) in Mozambique. The transportation
distances were estimated using online distance calculators [63], with Beira port assumed
as the arrival point for equipment destined for Sembezea and Maputo port for equipment
destined for Mawayela and Dongane. Local transport distances from the ports of arrival to
the sites were estimated as 248 km for Sembezea, 317 km for Mawayela, and 438 km for
Dongane. The assumptions made for the solar PV systems (incorporated for the Sembezea
and Mawayela case studies) are described in our previous study [11].

For hydropower, inventory data for both scenarios A and B were based on the run-of-river
(RoR) hydropower predefined in the ecoinvent database. However, there are limited data
regarding the capacity or size of the RoR hydropower system and thus how to handle it. We
used the RoR data in SimaPro, which are based on five plants in Switzerland and Austria. From
the literature, we could find one RoR plant in Switzerland based on the yearly production of 310
GWh/yr and an assumed lifetime of 80 years, due to the lack of context-specific inventory data
for Mozambique. Although this dataset provides a useful proxy for comparative assessment,
differences in construction practices, material sourcing, transport distances, and electricity mixes
between Europe and Mozambique may influence environmental impact estimates. Therefore,
hydropower LCA results should be interpreted as indicative rather than site-specific values.
We assumed that the main raw materials used for building hydropower dams (cement, gravel,
steel, explosives, and sand), including the energy and transport used for the construction of the
hydropower plant [64–67], would be acquired locally.

For wind turbines, the lifecycle includes building the foundation for the installation (construc-
tion process) and the transportation of the main components (rotor, nacelle, tower, and generator)
from the manufacturing point to the project site. Over a 25-year lifetime, the rotor blade, gearbox,
and generator were assumed to be replaced once. For the foundation, we neglected the GHG
emissions of land because wind turbines occupied a small area of land [68,69]. The inventory data
for scenarios A and B were adopted from wind turbines with capacities of 750 kW and 2 MW,
respectively—predefined in the ecoinvent database and scaled down to 660 kW and 1320 kW,
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respectively—to correspond to the size of the turbine for scenarios A and B. Similarly to the
authors of [70], we excluded the final disposal phase of wind turbines from the analysis.

Biogas can be used to produce electricity, heat, and biofertilizer [71]. In this study, we
focus only on biogas for electricity generation. Anaerobic digestion technology is considered an
environmental burden to human health due to the avoided negative emissions from livestock
manure management. Various studies on the LCA of biogas concluded that besides providing
electricity, biogas is an effective way to significantly reduce GHG emissions and improve
agriculture through the use of biofertilizers [17,19,72,73]. In this study, the biogas processes
involved include biogas production from cattle manure and electricity generation from biogas.
We did not consider the impact of using digestate as a biofertilizer; however, we acknowledge
its importance in reducing emissions from raw materials derived from chemical fertilizer
production. Biofertilizers can be used directly in the soil to substitute chemical fertilizers, which
are major contributors to GHG emissions, thereby supporting sustainable crop production
based on nitrogen (N), potassium (K), and phosphorus (P) values in digested sludge produced
through the anaerobic digestion process. Biofertilizers are rich and more efficient than chemical
fertilizers, providing essential nutrients such as N, P, and K to enhance crop growth, increase
yields, and reduce reliance on mineral fertilizers. The percentage N, P, and K nutrient contents
for a commercial biogas system were considered to be 0.13%, 3.1%, and 3.45%, respectively [74].
In biogas systems, transportation distances influence the environmental impact. The system
boundary (Figure A2) includes the transportation of manure from the collection point to the
anaerobic digester plant and the transport of digestate for agricultural purposes (which requires
diesel) assuming that the biogas plant is located close to livestock areas (within a radius of
approximately 10 km), which thus reduces the impact of manure transportation to the biogas
power plant. Furthermore, we neglected the impact on land use, as the biogas unit occupied a
portion of land (25 m2) over its project lifetime [75]. Since biogas is only considered for electricity
generation, no allocation of co-products is carried out in the process [76]. The total amount of
manure produced in Dongane village is estimated at 108 tons/day (assuming that each cow
produces 10 kg/day of manure [77]), corresponding to the production of 10,806 total head of
cattle available in the village. Assuming that 1 m3 of biogas corresponds to 25 kg of manure and
1 m3 can produce 2 kWh [78,79], the size of the biodigester corresponds to 4322 m3. Therefore,
4322 m3 of biogas would be produced by 108,060 kg of manure. The ratio of feedstock (liquid
fresh dung) diluted in water is 1:1, meaning that 1 kg of manure is diluted in 1 L of water [75].
The moisture content of animal manure is assumed to be 85%, with a density of 1000 kg/m3.
Biogas from cattle manure is mainly composed of methane (62%) and carbon dioxide (37%)
from the anaerobic degradation of organic materials and 1% of hydrogen sulfide (H2S) [74,80].
Biogas has a low sulfur content. The lower heating value of methane in biogas (35.8 MJ/m3) is
because biogas consists of methane mixed with carbon dioxide [76,81,82].

Figure A2. System boundary for biogas production.
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(iv) Data used for the social analysis
The use of quantitative data to evaluate social indicators is often challenging, partic-

ularly in developing countries where reliable data are frequently limited. In this study,
the social dimension was assessed using a qualitative scoring approach designed for com-
parative analysis. Therefore, this approach does not constitute a calculation of the official
HDI as defined by United Nations Development Program [83,84]. This approach evaluates
the human well-being of local communities (Table A3) by linking the HDI (CR9) with
economic and environmental criteria (CR1–CR8). Specifically, the HDI is correlated with
the cost of electricity, project expenditures (both within and outside the village), direct
and indirect employment opportunities, and local environmental impacts, including CO2

emissions and other air pollutants, such as particulate matter and photochemical ozone
formation. This approach allows us to measure how HDIs, such as local prosperity, health,
and income, are linked to the cost of electricity, CO2 emissions, and other air emissions,
employment, and project-related expenditures. This methodological approach enables the
assessment of how local prosperity relates to the cost of electricity, how health outcomes
are associated with CO2 and other air emissions, and how income is linked to employment
and project-related expenditures.

Table A3. Criteria used for the three case studies (from our previous study [11]).

Criteria Sub-Criteria and Unit Sub-Criteria Code Unit

Trade
Expenditures inside the country
(GDP/value added) CR1 M US$

Expenditures outside the country (imports) CR2 M US$

Jobs Local direct jobs CR3 No. Of jobs
Indirect jobs CR4 No. Of jobs

Prices Cost of electricity CR5 US$/kWh

Environmental
CO2 emissions CR6 kg CO2 eq
Particulate matter CR7 kg PM10 eq
Photochemical ozone CR8 kg NMVOC eq

Well-being HDI CR9 -

For the eight criteria (CR1–CR8) considered within the economic and environmental
dimensions, a scoring scale ranging from −2 to +2 was applied using the Delphi method
(Table A4). A score of −2 indicates a strong negative relationship, −1 indicates a moderate
negative relationship, 0 indicates a neutral relationship, +1 indicates a moderate positive
relationship, and +2 indicates a strong positive relationship. The scores assigned to HDI
(CR9) were based on the authors’ evaluation, informed by the results of criteria CR1–CR8,
as presented in Appendix D.

Table A4. Delphi-based scoring of the influence of CR1–CR8 with HDI.

Score Interpretation Decision Rule

+2 Strong positive influence Criterion has a significant contribution to human
well-being (e.g., direct job creation).

+1 Moderate positive influence Criterion contributes moderately to human well-being
(e.g., limited job creation).

0 Neutral influence Criterion has no clear or measurable effect on human
development outcomes.

−1 Moderate negative influence Criterion may have limiting effects on human well-being
(e.g., increased LCOE, minor environmental).

−2 Strong negative influence Criterion has a significant negative impact on human
development outcomes (e.g., negative environmental).
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Appendix B. Basic Steps for TOPSIS
Step 1: Identification and Definition of Attributes: Set up an “evolution matrix”

comprising N criteria and M alternatives using Equation (A3).(
Xij

)
M×N (A3)

Step 2: Normalization of the Evolution of the Initial Decision Matrix Using Equation
(A4): Each sub-criteria j for each energy option i is normalized to range between 0 and 1.
Metrics with higher values are desirable.

Xij =
Xij√

∑M
i=1

(
Xij

)2
(A4)

Step 3: The weighted normalized decision matrix is calculated, using Equations (A5)–
(A7). Typically, each criterion is allocated its own weight, and the sum of their weights is
set to 1.

Vij = XijWj (A5)

Wj =
Wj

∑N
j=1 Wj

(A6)

N

∑
j=1

Wj = 1 (A7)

Step 4: Determine the best and the worst alternatives for each criterion using Equations
(A8) and (A9).

V+
j = max

i=1
Vij (A8)

V−
j = min

i=1
Vij (A9)

Step 5: Find the Euclidean distance between the target choice and the best or worst
choice based on Equations (A10) and (A11).

S+
i =

√√√√ m

∑
j=1

(
Vij − V+

j

)2
(A10)

S−
i =

√√√√ N

∑
j=1

(
Vij − V−

j

)2
(A11)

Step 6: The result obtained here is the TOPSIS score (relative closeness), as shown in
Equation (A12).

Pi =
S−

i
S−

i + S+
i

(A12)

Step 7: The alternative with the score closest to the best will obtain the highest score
and therefore will be the most preferred alternative.
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Appendix C. Environmental Impact Results of All Impact Categories in
the Analyzed Scenarios Associated with 1 kWh of Electricity Produced

Case Study 1 Case Study 2 Case Study 3

Scenario A Scenario B Scenario A Scenario B Scenario A Scenario B

Impact Category Unit
Hydro/Solar
PV

Hydro/Solar
PV

Wind/Solar
PV

Wind/Solar
PV

Biogas Biogas

Global warming kg CO2 eq 3.72 × 10−2 1.91 × 10−2 3.80 × 10−2 3.90 × 10−2 6.12 × 10−1 6.00 × 10−1

Ozone depletion kg CFC-11 eq 1.77 × 10−8 7.60 × 10−9 1.70 × 10−8 1.54 × 10−8 1.20 × 10−6 1.18 × 10−6

Ionizing radiation kBq Co-60 eq 1.83 × 10−4 9.61 × 10−5 2.41 × 10−4 2.09 × 10−4 1.03 × 10−3 9.62 × 10−4

Ozone formation, human health kg NMVOC 1.58 × 10−4 7.70 × 10−5 1.23 × 10−4 1.15 × 10−4 8.06 × 10−4 7.65 × 10−4

Particulate matter kg PM10 eq 1.78 × 10−4 6.78 × 10−5 1.05 × 10−4 8.88 × 10−5 7.60 × 10−4 7.40 × 10−4

Ozone formation, terrestrial
ecosystems

kg NOx eq 1.68 × 10−4 8.19 × 10−5 1.40 × 10−4 1.30 × 10−4 8.60 × 10−4 8.17 × 10−4

Acidification, terrestrial kg SO2 eq 3.85 × 10−4 1.25 × 10−4 1.63 × 10−4 1.31 × 10−4 8.97 × 10−4 8.73 × 10−4

Eutrophication, freshwater kg P eq 4.58 × 10−6 2.12 × 10−6 3.97 × 10−6 3.58 × 10−6 2.24 × 10−5 2.18 × 10−5

Eutrophication, marine kg N eq 7.95 × 10−7 4.19 × 10−7 1.28 × 10−6 1.50 × 10−6 2.33 × 10−7 1.35 × 10−7

Ecotoxicity, terrestrial kg 1,4-DCB eq 2.99 × 1000 8.03 × 10−1 9.91 × 10−1 6.03 × 10−1 3.52 × 1000 3.61 × 1000

Ecotoxicity, freshwater kg 1,4-DCB eq 1.51 × 10−4 5.94 × 10−5 1.40 × 10−4 1.38 × 10−4 2.99 × 10−4 2.91 × 10−4

Ecotoxicity, marine kg 1,4-DCB eq 1.55 × 10−3 4.63 × 10−4 6.62 × 10−4 4.86 × 10−4 2.11 × 10−3 2.14 × 10−3

Human carcinogenic toxicity kg 1,4-DCB eq 3.88 × 10−3 1.73 × 10−3 6.93 × 10−3 7.16 × 10−3 4.48 × 10−3 4.32 × 10−3

Human non-carcinogenic
toxicity

kg 1,4-DCB eq 1.78 × 10−1 4.82 × 10−2 5.25 × 10−2 3.40 × 10−2 2.18 × 10−1 2.11 × 10−1

Land use m2a crop eq 2.70 × 10−3 1.81 × 10−3 4.05 × 10−3 2.62 × 10−3 2.68 × 10−2 2.62 × 10−2

Mineral resource scarcity kg Cu eq 1.91 × 10−3 6.54 × 10−4 4.31 × 10−4 4.36 × 10−4 −2.38 × 10−3 −2.65 × 10−3

Fossil resource scarcity kg oil eq 8.89 × 10−3 4.51 × 10−3 1.49 × 10−3 1.25 × 10−3 7.39 × 10−2 7.16 × 10−2

Water use m3 5.35 × 10−4 2.30 × 10−4 1.10 × 10−2 1.06 × 10−2 −3.71 × 10−4 −4.82 × 10−4

Appendix D. Summary of the Results of the Indicators Assessed in
This Study

Location Scenario
Energy
Alternatives

Expenditures
Inside the
Country
(M$)

Expenditures
Outside the
Country
(M$)

Direct
Jobs
(No.
Jobs)

Indirect
Jobs (No.
Jobs)

Cost of
Electricity
($/kWh)

CO2

Emissions
(kg CO2

eq)

Particulate
Matter
(kg PM10

eq)

Ozone
Formation,
Human
Health (kg
NOx eq)

HDI

Sembezea

Current
Hydro/Solar
PV/B

0.962 3.371 66 118 0.79 0.000796 0.000178 0.000158 3

Future
Hydro/Solar
PV/B

1.206 4.240 91 150 0.60 0.000394 0.0000678 0.000771 3

Mawayela

Current
Wind/Solar
PV/B

0.621 2.143 60 74 0.30 0.00103 0.000105 0.000123 5

Future
Wind/Solar
PV/B

0.947 3.290 98 114 0.28 0.000855 0.0000888 0.000115 8

Dongane
Current Biogas/B 4.85 16.28 361 542 0.24 0.0466 0.00076 0.000806 −3

Future Biogas/B 7.39 24.78 506 826 0.22 0.0458 0.00074 0.000765 −2

Note. All results presented in Appendix C are based on our calculations.
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Appendix E. Rank of Energy Alternatives Based on Different and Equal
Weights Attributed

Location Scenario Energy Alternatives
Si+
(DW)

Si- (DW) Pi (DW) Si+ (EW) Si- (EW) Pi (EW) Rank (DW) Rank (EW)

Sembezea
Current Hydro/Solar PV/B 0.259 0.131 0.335 0.225 0.126 0.359 3 6

Future Hydro/Solar PV/B 0.259 0.062 0.194 0.141 0.168 0.542 4 5

Mawayela
Current Wind/Solar PV/B 0.296 0.037 0.111 0.119 0.234 0.663 6 2

Future Wind/Solar PV/B 0.280 0.053 0.160 0.105 0.233 0.689 5 1

Dongane
Current Biogas/B 0.164 0.173 0.512 0.143 0.204 0.587 2 3

Future Biogas/B 0.133 0.267 0.667 0.158 0.217 0.579 1 4

Note: EW—equal weight; DW—different weight.
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