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A B S T R A C T

In order to provide ‘‘affordable, reliable, sustainable and modern energy for all’’ by 2030 under Sustainable
Development Goal 7 (SDG7), rural electrification needs significant progress as the majority of people without
access to electricity reside in rural areas. Optimization methods can play a critical role in this progress,
providing an analytical framework to achieve a variety of economic, social, and environmental objectives
subject to budget, resources, local demographics and other constraints. This review paper presents the first
overview of optimization-based solution methodologies developed or applied for rural electrification. Based
on our review, we first propose four archetype problems for rural electrification, namely (i) optimal system
configuration and unit sizing, (ii) optimal power dispatch strategy, (iii) optimal technology choice, and (iv)
optimal network design. We discuss each problem type, and provide a systematic classification based on the
problem objective, proposed solution methodology, components, scale, region as well as their relationship to
the different SDG7 components. We reveal research gaps and open questions for future studies for energy
researchers and aim to draw the attention of the optimization community to the challenging and unique
problems that need urgent attention in this critical area.
. Introduction

.1. Motivation

As countries move towards achieving Sustainable Development Goal
(SDG7)- access to ‘‘affordable, reliable, sustainable and modern en-

rgy for all’’ [1] - they will have to pay significant attention to rural
reas. While the number of people without electricity access dropped
rom 1 billion in 2016 to a record-low 770 million in 2019, progress has
een considerably slower in rural areas. The global electricity access
ate in urban areas (approximately 97%) is larger than in rural areas
82%) [2], implying that 84% of all people without access to electricity
eside in rural areas. In several low-income and lower-middle-income
ountries (LMICs), inequalities between rural and urban electrification
ates are as high as an order of magnitude [3]. Rural and sparsely
opulated areas tend to wait the longest to be served by electrification
echnologies [4–6], despite off-grid electrification projects being likely
o be successfully commissioned once they are planned [7]. Rural
ouseholds in LMICs can be difficult to reach, and initial demand is
ow, complicating the business case of electrifying them [8]. There
re also remote or rural migratory populations that are hard to locate
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and pose additional challenges for creating electricity connections.
The COVID 19-pandemic is further complicating reaching universal
electricity access due to its predicted decelerating effect on the pace of
electrification [9]. Rural electrification in accordance with SDG7 may
thus require new and concerted strategies tailored to context-specific
structures and demographics [10,11].

It is widely accepted that accurate and rigorous electrification plan-
ning approaches are required to optimally use the limited resources
to achieve SDG7 by 2030 [12–14]. Critically, in addition to providing
access to modern energy, SDG7 explicitly sets out three further aims
to do so, namely in an affordable, reliable and sustainable fashion.
Many extant rural electrification planning approaches are based on
simple cost comparisons for different electrification options for high
geospatial resolutions [15–19], but are greatly limited in technical
detail and in engaging with the many links rural electrification has for
sustainable development [20]. By contrast, mathematical optimization
provides a formal framework capable of simultaneously and explicitly
considering cost, reliability and sustainable technology choice for elec-
trification, while integrating a variety of different economic, social and
environmental objective functions and constraints. Achieving SDG7 will
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List of Abbreviations

ABC Artificial Bee Colony Algorithm
Aff. Affordability
BO-MILP Bi-Objective Mixed Integer Linear Program-

ming
DP Dynamic Programming
FA Firefly Algorithm
FPA Flower Pollination Algorithm
GA Genetic Algorithm
GC Grid-Connected
GD Gradient Descent
GSA Gravitational Search Algorithm
HS Harmony Search
HDI Human Development Index
ISO Implicit Stochastic Optimization
LP Linear Programming
LLP Loss of Load Probability
LPSP Loss of Power Supply Probability
LMICs Low-income and lower-middle-income

countries
MILP Mixed Integer Linear Programming
MCS Monte Carlo Simulation
MFO Moth-flame Optimization
MO-MILP Multi-Objective Mixed Integer Linear Pro-

gramming
MO-PSO Multi-Objective Particle Swarm Optimiza-

tion
MO-SSO Multi-Objective Salp Swarm Optimization
MADE Mutation Adaptive Differential Evolution
NSGA-II Non-dominated Sorting Genetic Algorithm-

II
NLP Non-linear Programming
PESA-II Pareto Envelope-based Selection Algorithm
PSO Particle Swarm Optimization
RE Renewable Energy
Rel. Reliability
SA Simulated Annealing
SDG Sustainable Development Goals
SPEA-II Strength Pareto Evolutionary Algorithm-II
SSO Salp Swarm Algorithm
Sust. Sustainability
TLBO Teaching–Learning Based Optimization
Unc. Uncertainty

arguably be most difficult in rural areas due to the large difference
in per capita cost of electrification in these two settings, and the al-
ready existing considerable gap between urban and rural electrification
in most African countries [3,21]. Hence, there is a need to design
custom-made analytical tools to ensure that scarce resources for rural
electrification are deployed optimally. Critically, optimization models
are flexible enough to be tailored towards the key sub-categories of
SDG7, namely optimizing for affordability, reliability, sustainability
and access for all. Indeed, the extant literature can be mapped against
these SDG7 sub-goals, providing decision makers crucial insights on the
different, and at times conflicting sub-goals of SDG7 (see Section 2).
Furthermore, optimization models can simultaneously consider multi-
ple objective functions. When applied to different SDGs, or different
SDG sub-goals, this enables them to provide key insights between syner-
2

gies and trade-offs of different SDGs. Hence, optimization methods have
the potential to assume a critical role in rural electrification planning,
which integrates various links and aspects of sustainable development.

Several papers have focused on reviewing electrification planning in
developing countries but have not focused specifically on optimization
approaches. In a recent study, Ciller et al. [22] review the large-scale
planning tools developed for solving energy-access problems. Some
studies provide an overview of the literature based on the type of
energy source used as in [23] for biomass-based hybrid renewable
energy systems [24], for portable solar photovoltaic (PV) systems [25],
and for the design of wind-PV systems [26]. Mandelli et al. [13] provide
a comprehensive review of off-grid approaches in general, while the
recent work by Ortega-Arriaga et al. [27] reviews and compares grid
and off-grid electrification options and their respective socio-economic
and environmental impacts. Riva et al. [28] discuss demand forecast
in remote locations and long-term energy planning with a modeling
perspective. Trotter et al. [12] review the electricity planning studies in
a broad sense focusing on sub-Saharan Africa. Akikur et al. [29] present
a comparative review for standalone and hybrid solar energy systems,
and Izadyar et al. [30] review the theoretical and technical potential of
renewable energy sources for remote areas. Several review papers focus
on the studies related to off-grid power systems’ planning and opera-
tions in isolated regions [31–34]. Kumar et al. [35] and Rojas-Zerpa and
Yusta [36] review multi-criteria decision-making methods (MCDM) for
renewable energy development and electric supply planning for rural
areas, respectively. Some other review papers in the literature have
discussed the role of modeling and optimization for energy systems
in general, not specifically with a rural electrification perspective. In
a recent study, Ridha et al. [37] survey multi-objective optimization
and MCDM methods for the optimal design of standalone PV systems.
Erinc and Uzunoglu et al. [38] review the optimization approaches
for designing hybrid renewable energy systems with great detail on
genetic algorithm-based approaches. Siddaiah and Saini [39] discuss
different configurations of hybrid renewable energy systems and the
optimization approaches used for designing these systems, specifically
for off-grid systems. Bazmi and Zahedi [40] review the studies up to
2011, optimizing the power generation and supply side.

Hence, to the best of our knowledge, no literature review exists that
analyzes research on the analytical foundation and methodology for
optimization problems in rural electrification. This paper fills this gap
in the literature by reviewing the relevant literature that proposes an
optimization-based solution for rural electrification. Rural electrifica-
tion is often the bottleneck in countries reaching universal electricity
access. Thus, it requires special attention from the research community.

1.2. Review methodology

We used the Web of Science database as the primary source for
the review process. To identify the relevant studies, we searched for
‘‘electrification’’ in combination with optimization-related keywords,
namely ‘‘optim*’’, ‘‘least-cost’’ and ‘‘energy planning’’. In the review
process, we focused on English-speaking journal articles, and included
all papers published between January 2000 and October 2021. To
maximize the coverage, in addition, we also included additional papers
based on the identified studies’ reference lists and on our previous
research experience. After a preliminary evaluation of 491 articles by
title and abstract, we identified 111 papers to review in detail and
classify according to the problem category, implemented renewable
technologies, solution methodology, region, scale and SDG relevance.
Due to their limits in technical detail and flexibility, we excluded
studies that use pre-defined electricity planning software. We refer
readers to [14] for a comprehensive review on the large-scale planning
tools developed for the energy access problem or to [41] for the studies
which use HOMER for optimal planning of hybrid energy systems.
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1.3. Contributions and organization of the paper

The specific contributions of this review paper are as follows: (i)
We present the first review paper on the optimization approaches
developed or applied for rural electrification problems towards the
different aspects of SDG7. (ii) We provide a systematic classification
of the rural electrification problems based on the problem objective,
proposed solution methodology, and components, scale and the regions
of the systems considered. (iii) We identify research gaps and open
questions for future studies for energy researchers and aim to draw
the attention of the optimization community to the challenging and
exciting problems yet to be addressed in this critical area.

The rest of the paper is organized as follows: Section 2 provides the
classification of the rural electrification studies based on four different
problem types and presents a temporal and regional overview. Sec-
tions 3–6 provide a deep-dive into each of the four rural electrification
problem types, respectively, with a focus on the different mathematical
techniques used to solve them. Section 7 draws on the findings of the
review to conclude the paper by distilling key research gaps.

2. Classifications of the rural electrification problem

The detailed analysis of the studies informed us to propose a cat-
egorization of rural electrification problems into four problem types:
(i) optimal system configuration and unit sizing, (ii) optimal power
dispatch strategy, (iii) optimal technology choice, and (iv) optimal
network design. First, the optimal system configuration and unit sizing
problem involves selecting the types of energy resources and sizing en-
ergy system components. Second, the optimal power dispatch strategy
problem focuses on the scheduling of operational activities, including
the electricity generation and the power flow between components.
Third, the optimal technology choice problem chooses different gen-
eration technologies and types of electrification technologies (on-grid,
off-grid, embedded) subject to a given set of objective functions. Fourth,
optimal network design models attempt to find local network con-
figurations that meet the case-specific objective criteria. Critically, in
serving different purposes of rural electrification, these four types of
problems differ in their capability to address different aspects of SDG7,
namely affordability, reliability and sustainability. While they all max-
imize affordability due to their commonly inherent cost minimization
approaches, the optimal system configuration problem as well as the
power dispatch problem are able to explicitly model reliability by
modeling minimum reserve margins, different losses, failures and as-
sociated power outage risks. The optimal technology choice model can
be designed to minimize carbon emissions from the system to improve
the environmental sustainability of rural electrification. Finally, the
optimal network design model can consider reliability by modeling
power dynamics and voltage drop risks depending on distance from
transformers which was recently found to be a critical and understudied
issue of rural electrification [42–44]. During the review process, we
also encountered two articles on the maintenance system structures for
rural electrification. However, as the number of studies that fall into
this category remained quite limited, instead of creating a section to
discuss these studies, we refer the interested readers to [45] and [46]
and the other references therein.

Fig. 1a presents a Venn diagram with the number of studies that
fall under these four categories. The majority of the reviewed studies
address a single problem type. Nevertheless, some studies integrate two
different problem types into one optimization framework as visible in
the intersection areas of the diagram, but we did not identify a single
paper that combines three or all four problem types. For example, in
terms of optimal system configuration and unit sizing problems and
optimal power dispatch strategy problems, once the optimal system
configuration is identified, energy planners attempt to optimize the
dispatch strategy to minimize operational costs in the latter one. Our re-
view identifies several studies that integrate these model types [47–55].
3

Fig. 1. Distribution of reviewed articles into (a) problem categories and (b) year of
publication.

Furthermore, since the optimal technology choice problems involve
grid option as a technology choice, this problem category can also
include optimal network design. Similarly, some mini-grid applications
may involve identifying the types of energy generators used in the
system and network between generators and final consumers [56–63].
While we acknowledge that multiple papers can address more than one
problem type, it should be noted that for the sake of our subsequent
problem-specific deep-dive sections, we assign each of these papers to
the problem category where it provided the highest degree of modeling
detail, respectively.

Fig. 1b depicts the number of studies in this literature review for
the period between January 2000 and October 2021. The interest in
the rural electrification problem has exponentially increased from 2006
to the present. However, the upward trend between 2015 to 2021
has become more significant after the UN’s Agenda 2030 was adopted
in 2015, which unlike the UN Millennium Development Goals, chose
to elevate universal access to modern energy as a goal in itself. The
time trend for each problem type is provided in Fig. 2. The temporal
development of optimal technology choice and optimal network design
studies reflects the overall trend of the literature. While the distribution
of optimal technology choice and optimal network design studies re-
mained stable in the periods 2011–2015 and 2016–2021, the number
of articles that fall into optimal power dispatch strategy and optimal
system configuration and unit sizing categories increased significantly
in 2016–2021.

Fig. 3 illustrates the geographical distribution of the reviewed ar-
ticles and the electricity access rate of the respective countries in
2018 [64]. A total of 107 among the 111 articles reviewed in this
paper conduct a case study on real-world settlements in developing
countries to evaluate the performance of the proposed methodology.
The optimization frameworks proposed in these 107 studies are applied
to 43 countries belonging to 4 different continents. Approximately
76% the studies reviewed in this analysis occur in Asia (42 studies)
or Africa (40 studies) (see Fig. 4a). The studies focusing on the rural



Renewable and Sustainable Energy Reviews 156 (2022) 111935B. Akbas et al.
Fig. 2. Number of reviewed articles per year for each problem type.
electrification projects in Central and South America, on the other
hand, constitute approximately 18% of the identified articles. Although
the primary motivation of the rural electrification studies is to provide
electricity access to the areas with low electrification rates, Fig. 3
indicates that only 15%of the articles address the countries having
electrification rates below 50%. For instance, while we did not identify
a single optimization-based rural electrification study for any of the
four countries with the lowest electricity access rates in the world
(namely Chad, Burundi, South Sudan and Malawi) [64], we identified
17 studies for the rural electrification of India with the access rate
exceeded 95% in 2018. Thus, our analysis reveals a mismatch be-
tween the electrification rates and the number of optimization studies,
highlighting a need for more studies in countries with low access rates.

Fig. 4b demonstrates the classification of the articles based on
the geographical region and the rural electrification problem they
addressed. The geographical distribution of the articles on the opti-
mal network design and optimal power dispatch strategy have similar
features. The studies identified for the Asian and African countries
correspond to more than 50% of the studies examined under these
two problem types. Although studies on African countries dominate the
rural electrification studies, Asia is the primary focus in the optimal
system configuration and unit sizing problems. Comparatively, there
are a limited amount of studies addressing the optimal technology
choice problem of rural electrification problem, with most studies
focused on Africa.

In addition to the countries addressed in the reviewed studies, the
geographical scale of the case studies is another aspect to evaluate.
The choice of geographical scale varies based on the scope of the
electrification projects or the availability of the data sources. In this
literature review, we observed that the geographical scale of the elec-
tricity planning problem could be classified into two distinct categories,
namely national and subnational scale problems. The subnational scale
problems involve the electricity planning of individual households or
smaller settlement clusters such as villages, counties, or states. The
4

majority of the system configuration, power dispatch strategy, and net-
work design and facility location problems, 86%, 76%, and 85% of the
reviewed articles, respectively, address the village scale electrification
projects. As opposed to the other rural electrification problems, most
of the existing work on the optimal technology choice problem focuses
on the national-scale analysis, especially in African countries.

We group the optimization approaches proposed in the reviewed
studies into three categories: optimization models, heuristics, and meta-
heuristics. Although optimization models are extensively used to obtain
the optimal energy solutions and considered as exact approaches, the
literature is also prone to heuristics and metaheuristics to solve large-
scale or non-differentiable optimization problems. This paper refers
to specific and problem-dependent methods expected to find quick
solutions for large-scale problems as heuristics. Metaheuristics are, on
the other hand, referred to as high-level problem-independent algo-
rithmic frameworks that can be applied to a wide range of prob-
lems. Both heuristic and metaheuristic approaches are expected to find
‘‘acceptable’’ solutions in a ‘‘reasonable’’ time frame. While heuris-
tics and metaheuristics provide approximate solutions for which the
solution quality cannot be guaranteed, another category of the op-
timization methods would be approximation algorithms. Approxima-
tion algorithms can provide proven bounds on the solution quality.
However, to our knowledge, there does not exist any approximation
algorithm developed for rural electrification studies. Fig. 5 illustrates
the distribution of the reviewed papers using optimization models,
heuristic algorithms, or metaheuristic algorithms to propose a potential
solution. Table 1 provides a detailed list of the approaches. In the
following sections, we elaborate on the optimization methods proposed
for each problem type identified under rural electrification.

3. Optimal system configuration and unit sizing problem

In this section, we analyze the papers which focus on the optimal
system configuration and unit sizing aspect of rural electrification. To
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Fig. 3. Distribution map of the reviewed articles (blue circles) and associated electrification rates (percentages).
Source: Reported by the World Bank [64]
Fig. 4. Classification of the reviewed studies by (a) region and (b) rural electrification problem type.
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Table 1
Summary of the optimization frameworks proposed in the reviewed articles.
Solution methodology Optimization technique References

Optimization models

LP [48,49,55,56,65–76]
MILP [21,45,46,54,57–59,61,77–95]
DP [96]
NLP [97–99]
Others [5]

Heuristics MST-based [43,100–108]
Others [60,62,109–112],

Metaheuristics

GA [47,50,51,53,63,113–129]
PSO [52,130–141]
HS [136,142–146]
ABC [143]
FA [143]
MFO [147]
Others [148–153]
Fig. 5. Distribution of the optimization approaches proposed in the reviewed articles.

provide electricity to rural areas, the choice of energy sources plays
an important role prior to implementing hybrid systems. The sizing
of system components is also a critical decision for the energy plan-
ners to achieve the maximum efficiency, especially where intermittent
renewable energy sources are considered. In Table 2, we summarize
the reviewed articles in terms of optimization methodology, criteria,
system configuration and provide the details of the case studies with
the geographical scale of optimization. We also indicate the different
aspects of SDG7, including affordability, sustainability and reliability
aspects, along with the other SDGs that have been addressed in the
reviewed articles. Notably, we did not find a single optimization study
on system configuration and sizing that did not consider at least one
type of renewable energy-based technology for rural electrification,
considering integrating renewable energy sources and investigating the
implementation of hybrid systems for rural electrification. This focus on
renewable energy technologies is motivated by their ability to address
the energy deficit in rural areas given their decentral abundance.
Isolated and off-grid hybrid electrification options are often considered
particularly suitable and practical for remote regions since they do
not require the construction of a power network [154], and have
been found to be the cheapest off-grid electrification option in many
contexts [12].

Classical optimization techniques have been widely preferred for
the hybrid renewable energy systems design and the optimal system
configuration problems. Some examples of the classical optimization
techniques that have been implemented in the reviewed studies in-
clude linear programming (LP) [55,56,65,72,74,75], mixed integer lin-
ear programming (MILP) [48,54,57–59,61,77,84–86,88,89,93,95,155]
and implicit stochastic optimization (ISO) [76]. Besides these classical
methods, heuristic or metaheuristic approaches can be effective in ob-
taining approximate solutions for larger instances in less computational
time. These methods are especially convenient to deal with the non-
convex or discontinuous problems for which the classical techniques
become impractical due to the complex structure of the problem.
6

We encounter numerous studies in the literature implementing
heuristic or metaheuristic algorithms to optimize the sizing of the
components in hybrid systems. In particular, the metaheuristic ap-
proaches that imitate natural occurrences using biological principles
and the concept of collective intelligence have been frequently utilized
in this type of optimization problem. The Genetic Algorithm (GA) is
considered one of the most widely preferred optimization techniques
to solve system configuration problems [50,51,63,113,115–120,122–
125,128,129]. The working principle of the Genetic Algorithm relies
on the natural selection process including cross-over and mutation
operators [156]. Particle Swarm Optimization (PSO), on the other
hand, imitates the social behavior of the organisms in a bird flock or
fish school [157]. This method is frequently utilized in optimal system
configuration and unit sizing studies [52,130–141]. In this optimization
technique, each particle denotes a potential solution. The final output is
obtained by updating the generations at each iteration. However, unlike
the Genetic Algorithm, Particle Swarm Optimization does not utilize
the cross-over and mutation operators for the evolution of the genera-
tions [158]. Harmony Search (HS) is another approach used to obtain
the optimal system configuration and unit sizing [136,142–146]. This
technique is inspired by the improvisation of the harmony of musical
instruments [159]. Artificial Bee Colony Algorithm (ABC) represents
the intelligent behavior of the honeybee swarm while searching for
nectar [160], and this approach is implemented for the optimization
of the system configuration in [143]. Similarly, [143] use the Firefly
Algorithm (FA), which is inspired by the flashing pattern of the fireflies
for signal transfer.

In line with this, other examples of metaheuristic algorithms that
have been attempted to solve optimal system configuration and unit
sizing problems are salp swarm algorithm (SSO) [150], steady 𝜖-state
evolutionary algorithm [149], moth-flame optimization (MFO) [147],
teaching–learning based optimization (TLBO) algorithm [152], flower
pollination algorithm (FPA) [143], Pareto envelope-based selection
algorithm (PESA-II) [151] and mutation adaptive differential evolution
(MADE) [148]. Apart from the metaheuristic methods, some studies
develop problem-specific heuristic approaches as in [60,62,109,111].

Generally, the optimization frameworks for sizing problems aim
to obtain an appropriate system configuration while minimizing the
overall cost of electrification. In order to obtain a feasible configura-
tion, supply–demand equalities, generation capacity and power balance
constraints are ensured. However, as a result of renewable energy
integration, some studies may also examine reliability, renewable en-
ergy fraction, and environmental impacts of the system. The system’s
reliability is an important performance measure for hybrid systems that
include intermittent renewable energy sources. For this purpose, some
researchers tend to examine Loss of Load Probability (LLP) and Loss
of Power Supply Probability (LPSP) indices in addition to the life-cycle
cost of the system [123,128,129,131–134,144–146,148,150,151]. Sim-
ilarly, two representative metrics are commonly used, namely carbon
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Fig. 6. An illustration of hybrid renewable energy systems. The numbers on the figure represent the percentage of the studies including the corresponding system component.
dioxide and greenhouse gas emissions, to observe the environmental
impact of hybrid systems. [53,117,125,130] use these metrics and aim
to promote the integration of renewable technologies to reduce the
adverse effects of conventional sources on the environment.

Renewable energy technologies exhibit stochastic behaviors by na-
ture, and this stochastic inclination has a significant impact on the
performance of the system components. The electricity generation of
hybrid systems that are neither connected to the main grid nor having
backup generators is especially subject to uncertainty. Although the
stochastic optimization methods could be beneficial to address the
uncertainties involved and provide more accurate outputs, such studies
considering stochasticity are uncommon in the literature, most likely
due to their computational complexity. Among 63 studies summarized
in Table 2, only 14.3% of them presents an optimization framework in
accordance with the stochastic nature of renewable energy sources [48,
54,63,76,78,123,124].

On the other hand, the majority of the studies prefer combining
multiple renewable energy sources, using diesel generators or battery
storage to reduce the intermittency instead of committing to a single
renewable source. For this purpose, the solar generation systems are
generally combined with wind turbines and diesel generators. As shown
in Fig. 6, 94% of the studies include solar panels as a technology option,
while 56% include wind turbines, and 51% include a backup generator
to the system. Hydropower and biomass are used in nearly 14% of
the reviewed papers, and approximately 8% of the studies have biogas
options. Around 8% of the studies reviewed in this section consider a
grid-connected system to compensate for the intermittency of renew-
able energy sources, and 51% use a battery bank to provide a better
service. In [132,152] optimization frameworks for grid-connected sys-
tem configurations are presented and in [65,74,130] optimal sizing
approaches for both grid-connected and isolated energy systems are
provided.

The optimization frameworks provided in this section are imple-
mented for real-life instances from a large number of countries on four
different continents. In Table 2, we provide details of case studies from
Asia, Africa, Europe, and South-Central America. Note that most of
the case studies are performed for the countries in South Asia and
South-Central America. The case studies utilize aggregated data for
counties, small villages, or high-resolution data for individual con-
sumers. However, the geographical scope of the optimal sizing studies
generally covers smaller settlements such as rural villages. As we can
observe in Table 2, approximately 90% of the case studies consider the
village-level data.
7

Finally, Table 2 demonstrates that affordability and sustainability
aspects of the SDG7 are frequently addressed as the optimization crite-
ria is generally to minimize the total investment cost and the systems
are heavily designed based on renewable sources. Reliability aspect is
also considered in some of the papers by defining an upper bound on
the loss of power supply probabilities as in [119,122,142]. In addition
to SDG7, some studies could also refer to SDG1 (No Poverty), SDG8
(Decent Work and Sustainable Growth) and SDG13 (Climate Action)
implicitly, by promoting the integration of low-carbon renewable en-
ergy resources [125,130] or maximizing the job creation factor [144]
or human development index [50] in the objective function.

4. Optimal power dispatch problem

The economic viability of rural electrification, especially where de-
centralized hybrid renewable energy systems are considered, is strongly
dependent on the operational costs which arise from the daily activi-
ties during electricity generation. Moreover, the allocation of energy
resources and scheduling of the power flow between the generation
points and final consumers significantly impact the reliability of the
hybrid energy systems that involve various energy sources. Hence,
to provide affordable and reliable electricity to the consumers living
in rural areas, scheduling the operational activities and identifying
the optimal power dispatch strategy constitute a significant part of
rural electrification planning. In this section, we summarize the articles
that focus on optimizing associated control strategies, including the
scheduling of power flows and electricity generation in the systems.
In Table 3, we provide further details in terms of the optimization
framework, electricity generation technologies used in hybrid systems,
the case studies on real-life instances, and the key attributes of SDG7
and the other sustainable development goals addressed in the studies.

Classical optimization techniques have been widely deployed for
optimizing operational activities of hybrid renewable energy systems.
More than 60% of the studies reviewed in this section (see Table 3)
use linear programming to obtain the optimal operational strategy as
in [49,55,66–70,73]. Some studies propose dynamic programming ap-
proach [96] and mixed-integer linear programming formulations [48,
78,80,82,90] for the solution of this problem. Evolutionary algorithms
have also been used frequently for this problem category such as
genetic algorithm [47,50,51,53,121], non-dominated sorting genetic
algorithm-II [126,127] and particle swarm optimization [52]. Different
from the previous evolutionary algorithms, [98] presents an optimiza-
tion framework using the interior-point method to solve a large-scale
non-linear optimization problem.
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Table 2
Optimal system configuration and unit sizing.

Article Heuristics and Model Objective Unc. GC PV Wind Diesel Hydro Biomass Biogas Battery Country Scale SDG-7 Other

metaheuristics Aff. Sust. Rel. SDGs

Bala & Siddique
(2009) [47]

GA Cost – – � – � – – – � Bangladesh Village � � – –

Bilal et al.
(2010) [129]

GA Cost,
LPSP

– – � � – – – – � Senegal Village � � � –

Perera et al.
(2013) [149]

Steady 𝜀−State
evolutionary
algorithm

Cost,
GHG
emission

– – � � – – – – – Sri Lanka Village � � – SDG13

Borhanazad
et al. (2014)
[131]

MO-PSO Cost,
LPSP

– – � � � – – – � Iran Village � � � –

Domenech et al.
(2015) [85]

MILP Cost – – � � – – – – – Peru Village � � � –

Gonzalez et al.
(2015) [115]

GA Cost – – � � – – – – – Spain Village � � – –

Gonzalez et al.
(2015) [116]

GA Cost – – � � – – � – – Spain Village � � – –

Ranaboldo
et al. (2015)
[111]

Greedy
heuristic

Cost – – � � – – – – – Nicaragua Village � � � –

Cristobal-
Monreal &
Dufo-Lopez
(2016) [51]

MOEA, GA Cost – – � – � – – – � Central
African
Republic

House-
hold

� � – –

Dufo-Lopez
et al. (2016)
[50]

MOEA, GA Cost, HDI,
job
creation

– – � � � – – – � Algeria Village � � – SDG1,
SDG8

Dufo-Lopez
et al. (2016)
[124]

GA, MCS Cost � – � � � – – – � Spain Village � � � –

Ghavidel et al.
(2016) [153]

GSA Cost – – � – � – – – � Nigeria Village � � – –

Gonzalez et al.
(2016) [117]

GA Cost, CO2
emission

– – � � – – � – – Spain Village � � – SDG13

Kanyarusoke
et al. (2016)
[86]

MILP Cost – – � – – – – – – Sub-
Saharan
Africa

House-
hold

� � – –

Rajanna & Saini
(2016) [119]

GA Cost – – � � – � � � – India Village � � � –

Sigarchian et al.
(2016) [52]

PSO Cost – – � – � – – – � Lesotho Village � � – –

Chauhan &
Saini (2017)
[142]

Discrete HS Cost – – � � – � � � – India Village � � � –

Homayouni
et al. (2017)
[139]

PSO Cost – – � – � – – – � Iran House-
hold

� � � –

Kocaman &
Modi (2017)
[78]

MILP Cost � – � – � – – – – India Multiple
villages

� � – –

Nasir et al.
(2017) [75]

LP Cost – – � – – – – – – India Village � � � –

Ruiz-Alvarez
et al. (2017)
[72]

LP Cost – – � � � – – – � Colombia Village � � � –

Sundaramoor-
thy (2017)
[74]

LP Cost – �/- � � – � � – – India Village � � � –

Eteiba et al.
(2018) [143]

FPA, HS, ABC,
FA

Cost – – � – – – � – – Egypt Village � � � –

Huang et al.
(2018) [118]

GA Cost – – � � – – – – – China Village � � � –

Patel & Singal
(2018) [140]

PSO Cost – – � � – – � � – India Village � � � –

(continued on next page)
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Table 2 (continued).
Article Heuristics and Model Objective Unc. GC PV Wind Diesel Hydro Biomass Biogas Battery Country Scale SDG-7 Other

metaheuristics Aff. Sust. Rel. SDGs

Roberts et al.
(2018) [123]

GA Cost,
LPSP

� – � � � – – – � Brazil Village � � � –

Abuzeid et al.
(2019) [137]

PSO Cost – – � � � – – – � Jordan House-
hold

� � – –

Aliyu &
Tekbiyik-Ersoy
(2019) [65]

LP Cost – �/- � � – – – – – Nigeria Village � � � –

Balderrama
et al. (2019)
[48]

MILP Cost � – � � � � – – � Bolivia Village � � � –

Kumar et al.
(2019) [135]

PSO Cost – – � – � � – – � India Village � � � –

Kumar et al.
(2019) [87]

MILP Cost � – � – – – – � – India Village � � � –

Malekpoor
et al. (2019)
[77]

BO-
MILP

Cost,
ranking of
generators

– – � � � – – – � NA Village � � � –

Lombardi et al.
(2019) [54]

MILP Cost � – � – � – – – � Bolivia Village � � � –

Moretti et al.
(2019) [88]

MILP Cost – – � – � – – – � Sub-Saharn
Africa

Village � � – –

Viteri et al.
(2019) [76]

ISO Cost � – � � � � – – � Colombia Village � � � –

Zhang et al.
(2019) [128]

NSGA-II Cost,
LPSP

– – � � – – – – – China Village � � � –

Alshammari &
Asumadu
(2020) [136]

PSO, Jaya, HS Cost – – � � – – � – – Saudi
Arabia

Village � � � –

Ashtiani et al.
(2020) [152]

TLBO Cost – � � – – – – – – Iran House-
hold

� � � –

Bandopadhyay
& Roy (2020)
[147]

MFO Cost,
LPSP

– – � � � – – – � India Village � � � –

Barakat et al.
(2020)[132]

MO-PSO Cost,
LPSP, RE
fraction

– � � � – – – – – Egypt Village � � � SDG13

Benalcazar
et al. (2020)
[49]

LP Cost – – � � � – – – � Ecuador Village � � – –

Bhayo et al.
(2020) [138]

PSO Cost – – � – – � – – – Malaysia House-
hold

� � – –

Alberizzi et al.
(2020) [84]

MILP Cost – – � � � – – – � Italy Village � � – –

Hernandez
et al. (2020)
[93]

MILP NPV – – – – – � – – – Peru Village � � – –

Jaszczur et al.
(2020) [125]

NSGA-II Cost, CO2
emission

– – � � � – – – � Poland House-
hold

� � � SDG13

Maqbool et al.
(2020) [144]

Improved HS Cost,
LPSP, RE
fraction,
job
creation

– – � – – – � – – India Village � � � SDG8,
SDG13

Mouachi et al.
(2020) [130]

Multimodal
delayed PSO

Cost, CO2
emission,
LPSP

– �/- � � � – – – � Morocco Village � � � SDGl13

Namaganda-
Kiyimba &
Mutale (2020)
[89]

MILP Cost – – � – – – – – – Uganda Village � � – –

(continued on next page)
While almost all of the studies propose a cost-oriented optimization

framework, the optimal operational strategy problems may require the

consideration of other performance measures and could also benefit
9

from multi-objective perspectives. Kusakana [70] focuses on minimiz-

ing power drawn from the grid. Balamurugan et al. [67], Balamurugan

and Kumaravel [66], Li and Qiu [126], Li et al. [127] and Rathish et al.
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Table 2 (continued).
Article Heuristics and Model Objective Unc. GC PV Wind Diesel Hydro Biomass Biogas Battery Country Scale SDG-7 Other

metaheuristics Aff. Sust. Rel. SDGs

Oviedo et al.
(2020) [109]

Heuristic
Approx. of
gradient
descent

Cost – – � – � – – – � Colombia Village � � – –

Rathish et al.
(2020) [53]

GA Cost, CO2
emission,
unmet
load

– – � � � – – – � India Village � � � SGD13

Ridha et al.
(2020) [133]

MO-PSO Cost, LLP – – � – – – – – – Malaysia Village � � � –

Ridha et al.
(2020) [150]

MO-SSO Cost, LLP – – � – – – – – – Malaysia Village � � � –

Ridha et al.
(2020) [151]

PESA-II Cost, LLP – – � – � – – – � Malaysia Village � � � –

Ridha et al.
(2020) [148]

MADE Cost, LLP – – � – – – – – – Malaysia Village � � � –

Samy et al.
(2020) [134]

MO-PSO Cost,
LPSP

– – – – � – � – – Egypt Village � � � –

Stevanato et al.
(2020) [55]

LP Cost � – � � � – – – � Chile Village � � � –

Suresh et al.
(2020) [120]

GA Cost – – � � � – � � � India Multiple
villages

� � – –

Tapia et al.
(2020) [113]

Messy GA Cost,
power
supply

– – – – – � – – – Honduras Village � � � –

Yimen et al.
(2020) [122]

GA Cost – – � � � – – – � Nigeria Village � � � –

Zhang et al.
(2020) [145]

Improved HS Cost,
LPSP

– – � � – – – – – Iran Village � � � –

Fioriti et al.
(2021) [141]

PSO Cost � – � – � – – – � Kenya Village � � – –

Ji et al. (2021)
[95]

MILP Cost – – � – � – � – � China Village � � – –

Yu et al. (2021)
[146]

SA, improved
HS

Cost,
LPSP

– – – – – – – – � Iran Village � � � –
[53] aim to establish the balance between the demand and the power
supply and, Naval et al. [80] maximizes the profit obtained from the
interaction between the conventional grid and the system. Regardless
of the objective function, the generality of the studies that fall into
the optimal power dispatch strategy category include constraints on
generation and storage capacities, and power balance equations. In
addition to generation limits, Nwulu and Xia [82] define additional
constraints on ramp rate limits for the conventional generators.

The general structure of the optimization framework for the op-
timal power dispatch problems is also shaped around the problem
settings such as connection to the main grid, uncertainty in the system,
and the renewable technologies integrated into the system. Especially,
the availability of trading schemes between the main grid and the
hybrid off-grid system has a significant impact on the energy man-
agement strategy depending on the varying electricity prices. In [69,
70,73,80,82,99,126,127], this interaction between the conventional
grid and hybrid renewable energy systems is considered. These studies
allow the electricity purchasing and selling decisions to mitigate the
disadvantages arising from the use of intermittent renewable energy
sources.

As demonstrated in Fig. 7, 50% of the studies on power dispatch
strategy problem optimize hybrid systems with grid connection. While
the remaining systems operate in the isolated mode, only 19% of
them rely on battery storage to improve reliability. The solar panel
is observed to be the most frequently integrated component into hy-
brid systems with 81%. Wind turbines are also considered in 50%
of the studies. However, system parameters of hybrid renewable en-
ergy systems can be subject to uncertainty due to the intermittent
10
nature of renewables. Nevertheless, the number of studies providing
a robust design for energy management systems under uncertainty is
relatively few. Balderrama et al. [48] develops a two-stage stochastic
programming formulation for a hybrid system that consists of a PV
array and a diesel generator as a backup source. In this formulation, the
uncertainties involving the demand and solar irradiation data are taken
into account. Multi-variable regression is performed to examine the
changes in the solar output for different values of irradiation and tem-
perature inputs. Stochastic log-normal noise is applied to the average
of historical observations, and a realistic yearly time series is generated
to consider the variations in the load profile. Similarly, Lombardi et al.
[54] proposes a two-stage stochastic programming formulation for an
isolated rural microgrid that includes solar panels, a diesel generator,
and a battery bank. To provide a robust solution, they generate ran-
dom load profiles to account for the potential scenarios with different
probabilities.

The seasonality is also considered to reflect the changes in the
consumption pattern and perform a more realistic analysis. Stevanato
et al. [55] presents a multi-year capacity expansion formulation to
optimize the size of a rural microgrid and its operational strategy.
Since the capacity expansion planning is optimized for a period of
20 years, the load profile may change significantly depending on the
population growth, the use of new technology appliances, and con-
sumer behavior. Stevanato et al. [55] adopts the same load profile
generation methodology provided in Lombardi et al. [54] to tackle
input variability. In addition, Gbadamosi and Nwulu [68] address the
stochastic characteristic of the renewables using a linear programming
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Fig. 7. Optimal power dispatch strategy problem. The numbers on the figure show the percentage of the studies including the corresponding system component.
approach to optimize the power dispatch strategy of a hybrid PV–
Wind–CHP system. The system reliability analysis is performed by using
a multi-state Markov model for the intermittent PV and wind-power
generation.

Regarding the wide range of renewable energy sources, according
to Table 3, solar generation is the most encountered renewable energy
source in hybrid electrification systems. Wind power technology is
the second most widely preferred renewable energy source, following
the solar energy source amongst the other alternative sources such as
hydroelectric systems and biomass power plants. However, the inter-
mittent nature of the renewable sources and rural areas having no
connection to the main grid leads to a high prevalence of battery banks
and a diesel generators to enhance the reliability of hybrid systems, as
demonstrated in Fig. 7.

The geographical distribution of the electrification projects includes
14 different countries from Europe [80], Asia [47,53,66,67,73,90,126,
127], South America [48,49,54,55,69] and Africa [50–52,70,82,97–
99,121]. Moreover, observing Table 3, the regional scope of these
projects is generally the rural villages and only a small portion of
the reviewed articles consider a household-level problem [68,73,121].
According to these observations, we can conclude that the energy
management studies mostly focus on the rural villages in Asia, which is
followed by the rural electrification projects in Africa, South America
and Europe respectively.

Lastly, the two key attributes of SDG7, namely sustainability and
affordability, are addressed in approximately 82% of the studies as indi-
cated in Table 3. While the majority of the reviewed articles minimizes
the operational costs and the electricity purchases from the main grid,
the remaining studies aim to maximize the available energy or min-
imize the variance in the power generation [126,127], implying that
reliability aspect is also taken into consideration. Moreover, Herran and
Nakata [69] and Gbadamosi and Nwulu [68] use reliability constraints
to maintain adequate energy supply to consumers. Unlike the previous
section, optimal dispatch strategy studies are not observed to address
any other SDG goal.

5. Optimal technology choice problem

Centralized and decentralized systems each have their own ad-
vantages, and the combination of these two options allows energy
planners to utilize the benefit of different alternatives. Centralized
systems have historically relied on fossil fuels and hydropower for
electricity generation, allowing for high flexibility when dispatching
11
electricity as well as cost sharing of generation assets amongst all
grid users. On the other hand, decentralized systems can be a cost-
competitive renewable energy-based option, especially for remote and
hilly areas where the connection to the main grid is inconvenient
and consumers consume small amounts of energy. While identifying
the ideal electrification option for each consumer can be particularly
challenging when the number of alternatives is large, Carvallo et al.
[161] indicate that hybrid options combining on-grid systems with
decentralized technologies can provide cost-effective solutions that are
worthy of consideration. The main focus of the studies in this section
is to compare off-grid and on-grid electrification alternatives for each
demand point, identify grid-compatible nodes for which the on-grid
electrification is cost-efficient, and build a power distribution network
between these points. Especially for off-grid systems, the studies tend
to feature the different associated generation technologies. In this
section, we examine 16 articles. Table 4 summarizes them based on
the optimization approach, objective, location, scale, resolution of the
case studies, and the sustainable development goals addressed in the
reviewed articles.

The traditional optimization techniques such as LP and MILP are
useful for representing decision choice problems between centralized
and off-grid systems. There is a higher share of MILP approaches
due to its ability to model binary choices between whether or not
to include different technology options. Nagai et al. [71] proposes
a linear programming model to obtain the optimal combination of
centralized and decentralized systems. Similarly, Bolukbasi and Ko-
caman [83], Zeyringer et al. [79], Trotter et al. [21], Nock et al.
[81] and Levin and Thomas [92] develop mixed-integer programming
approaches to identify the cost-efficient electrification option for each
demand node. Yamaguchi and Watabe [5] propose a theoretical per-
spective for the problem and present interesting analytical results.
While most studies aim to provide a least-cost network, only a small
portion benefits from using multi-objective optimization [21,114]. Re-
garding the constraints, the majority of the studies involve power flow
constraints, generation, transmission, and distribution capacity con-
straints, and radial configuration constraints in general. Additionally,
[107] imposes a distance limit on the connections between households
and transformers to limit resistive losses and voltage drop.

The minimum spanning tree algorithms are widely used in elec-
trification problems to estimate the cost of the power networks. Two
well-known computational algorithms, namely Prim’s algorithm [162]
and Kruskal’s algorithm [163] are quite useful to obtain the least-cost

network which spans all demand nodes. Prim’s algorithm starts with
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Table 3
Optimal power dispatch strategy.

Article Heuristics and Model Objective Unc. GC PV Wind DG Hydro Biomass Battery Country Scale SDG-7 Other

metaheuristics Aff. Sust. Rel. SDGs

Balamurugan
et al. (2009)
[67]

LP Availability of
energy

– – � � – – � � India Village – � � –

Herran &
Nakata (2012)
[69]

LP Cost – � – – – – � – Colombia Village � � � –

Balamurugan &
Kumaravel
(2014) [66]

LP Availability of
energy

– – � � – – � � India Village – � � –

Kusakana
(2015) [97]

NLP Cost – – – – � � – – South
Africa

Village � � – –

Kusakana
(2016) [98]

NLP Cost – – � � � � – – South
Africa

Village � � – –

Li & Qiu
(2016) [126]

NSGA-II Variance of the
power output,
power
generation

– � � – – � – – China Village – � � –

Mazzola et al.
(2016) [90]

MILP Cost – – � – � – � � India Village � � – –

Yahyaoui et al.
(2016) [121]

GA Cost – – � � – – – � Tunisia House-
hold

� � – –

Nwulu & Xia
(2017) [82]

MILP Cost – � � � – – – – Zimbabwe Village � � – –

Koko et al.
(2018) [99]

NLP Cost, Revenue
from RE

– � – – – � – – South
Africa

Village � � – –

Kusakana
(2018) [70]

LP Grid utilization – � � – – � – – South
Africa

Village � � – –

Li et al. (2018)
[127]

NSGA-II Energy
generation, gap
between
generation and
consumption

– � � – – � – – China NA � � – –

Lee & Kum
(2019) [96]

DP Cost – – � � � – – � NA NA � � – –

Siraj et al.
(2019) [73]

LP Cost – � � – – – – – India House-
hold

� � – –

Gbadamosi &
Nwulu (2020)
[68]

LP Cost � – � � – – – � NA House-
hold

� � � –

Naval et al.
(2020) [80]

MILP Profit – � � � – � – – Spain Village � � – –
choosing a starting point and adds the shortest segment of this point
to the network. The algorithm adds the shortest (cheapest) segment
emanating from the existing points on the network until all nodes
are spanned. The connections that would create cycles are avoided.
On the other hand, Kruskal’s algorithm sorts the segments in the
non-decreasing order of their distances (costs). It starts adding the
shortest (cheapest) possible segment to the network so that the result-
ing network does not include any cycle. Both algorithms guarantee the
optimal solution when all of the nodes are connected to the network.
However, since the optimal technology choice problems allow partial
coverage of demand points, the original algorithms are usually used
in a modified way as in [102,103,105–108], and the solutions are no
longer guaranteed to be optimal. In addition to the minimum span-
ning tree algorithms and other greedy heuristics (e.g., in Ranaboldo
et al. [110]) used in the literature, evolutionary algorithms such as
NSGA-II and Strength Pareto Evolutionary Algorithm-II (SPEA2) are
also used to optimize the contribution of centralized and decentralized
generation [114].

As one of the earliest studies that address the trade-off between
decentralized and centralized systems, Lambert and Hittle [107] pro-
poses a solution approach at a local scale using a modified version of
the Prim’s minimum spanning tree algorithm and simulated annealing
12
approach. Unlike the papers reviewed in this section, the centralized
systems in [107] and [106] include a two-level network design consist-
ing of a lower level that connects the demand points to transformers;
and a high voltage network between the transformers and the source
point. In other words, these papers aim to design both transmission and
distribution networks, whereas the remaining studies only focus on the
transmission network, except [102], which aims to build a distribution
grid between demand points. The resulting grid networks have a radial
configuration in all of the papers. Lambert and Hittle [107] does
not consider any existing grid infrastructure, and it constructs a new
distribution network from scratch instead of expanding the existing grid
to uncovered demand nodes. Similarly, Levin and Thomas [92], Ran-
aboldo et al. [110], Bolukbasi and Kocaman [83], Corigliano et al.
[102], Nock et al. [81], Karsu and Kocaman [114] and Deichmann et al.
[106] approach the electrification problem with the same assumption
such that there is no pre-existing grid coverage. Although most of the
reviewed papers assume no pre-existing grid coverage, some studies
attempt to analyze the trade-off between decentralized and centralized
systems while considering the existing infrastructure [12,71,79,103,
105,108,112]. Schematic illustration of the optimal technology choice
problem for pre-existing and non-existent grid coverage is provided in
Fig. 8.
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Fig. 8. Illustrations of the optimal technology choice problem under the (a) existing grid and (b) no existing grid cases.
Some researchers present an analysis through a case study and
demonstrate the performance of their optimization approach on real-
life instances. The geographical distribution of the regions addressed
in these studies includes 13 different countries from Sub-Saharan
Africa [21,79,81,92,102,103,105,106,108,112], South Asia [5,71] and
South America [110]. More than half of the studies address this elec-
trification problem in Sub-Saharan Africa, where access to electricity
is the lowest in the world, as reported by World Bank. While most of
the reviewed papers target the same geographical region, the scale of
the electrification projects varies depending on the problem context.
The majority of the studies present the results of a large-scale problem
on national-level [21,71,79,81,92,103,105,108], whereas some studies
provide an analysis for a smaller scale such as village-level [83,114].
When using optimization to address national scale problems researchers
tend to divide the population settlements into grid cells and treat
them as separate demand nodes to reduce the problem’s computational
complexity. The choice of the resolution is strongly dependent on
the availability of the relevant data. Parshall et al. [103], Zeyringer
et al. [79] and Corigliano et al. [102] use projected distances to form
the discrete grid cells. On the other hand, angular resolution is used
in [92,108] to provide a least-cost electrification system for Rwanda
on a national scale.

All optimal technology choice studies address both affordability
and sustainability aspects of SDG7 considering cost minimization and
integration of renewables into the power systems. Different from the
previous sections, the reliability concerns are tackled by ensuring some
technical constraints such as power dynamics and voltage drop limi-
tations in the distribution networks. In addition, SDG1 is referred to
in [5] with the objective of social welfare maximization and Karsu
and Kocaman [114] address SDG13 by considering concerns about the
renewable penetration.

6. Optimal network design problem

Most of the extant work on rural electrification focus on the config-
uration of isolated hybrid renewable electrification systems, as demon-
strated in Section 3. While a limited number of studies focusing on
the optimal system configuration problem and the optimal technology
choice problem have partially considered network design decisions in
13
an integrated way, in this section we review 14 studies that focus on
the least-cost design, planning, and operation of power distribution
networks and specifically guide rural energy planners in terms of how
to best design grid-based networks. These studies generally include
centralized grid and mini-grid network design problems. Fig. 9 depicts
single-level and multi-level network designs. In Table 5, we detail the
studies in terms of proposed optimization frameworks, load-balancing
and power flow requirements, case studies in underdeveloped and
developing countries, the solution space, and sustainable development
goals considered in these papers.

Mixed-integer programming approaches have been widely used in
the power distribution network design and facility location literature
because of the binary nature of the decisions, such as whether to build
a generation station or a cable connection. Ferrer-Martí et al. [58],
Ferrer-Martí et al. [59], Ranaboldo et al. [61], Triadó-Aymerich et al.
[62], Domenech et al. [57] and Galleguillos-Pozo et al. [94] develop
mixed-integer linear models to design a single microgrid system, opti-
mize the locations of generation points and identify the cost-efficient
distribution network having a radial configuration, i.e., one path be-
tween demand and generation points. On the other hand, Bonamini
et al. [56] present a linear programming formulation for the optimal
locations of the power plants and the consumer allocation. In this
formulation, demand points are assumed to be directly connected to
the generation facilities, i.e., in a topology known as star configuration.
In addition to the constraints on the network design topology, power
balance, capacity, and supply–demand constraints are also highlighted
in these studies. Some additional constraints may also be imposed to
avoid symmetries in the final configuration [58,59].

The minimum spanning tree problem is an effective tool for the
network design problem type as well. In parallel with this, Zvoleff
et al. [101], Kocaman et al. [43], Shrestha et al. [104] and Fobi et al.
[100] propose novel solution approaches based on well-known mini-
mum spanning tree algorithms such as Prim’s Algorithm and Kruskal’s
Algorithm mentioned in Section 5. In addition to these practical meth-
ods, evolutionary algorithms are also preferred in network design
studies. Using the shortest path algorithm and genetic algorithm re-
spectively, Vai et al. [63] obtain a minimum cost radial topology and
optimal sizing of the equipment for a rural village in Cambodia.



Renewable and Sustainable Energy Reviews 156 (2022) 111935B. Akbas et al.

d
d
v
c
t
[
[
d
k
d
e
a
t
t
t
e
‘
d
t

Table 4
Optimal technology choice: decentralized vs. centralized systems.

Article Heuristics and Model Objective Country Scale Resolution Existing SDG-7 Other

metaheuristics grid Aff. Sust. Rel. SDGs

Lambert Hittle
(2000) [107]

Modified Prim’s
algorithm, SA

Cost N/A Village Household – � � – –

Yamaguchi &
Watabe
(2007)[5]

Theo-
retical

Social
welfare

Myanmar National Community – � � – SDG1

Parshall et al.
(2009) [103]

Kruskal’s
algorithm

Cost Kenya National Grid cells
(15 km2)

� � � � –

Nagai et al.
(2010) [71]

LP Cost Papua New
Guinea

National County � � � – –

Deichmann
et al. (2011)
[106]

Modified Prim’s
algorithm

Cost Ethiopia,
Ghana,
Kenya

National Village – � � – –

Levin &
Thomas (2012)
[108]

Weighted
composite Prim’s
algorithm

Cost Botswana,
Uganda,
Bangladesh

National Grid cells
(770 km2)

� � � – –

Sanoh et al.
(2012) [105]

Modified Kruskal’s
algorithm

Cost Senegal National Village � � � – –

Levin &
Thomas (2013)
[92]

MILP Cost Rwanda National Grid cells
(2.5
arcminutes)

– � � � –

Ranaboldo
et al. (2013)
[110]

Greedy heuristic Cost Peru Village Household – � � -

Zeyringer et al.
(2015) [79]

MILP Cost Kenya National Grid cells
(2000 km2)

� � � -

Abdul-Salam &
Phimister
(2016) [112]

Hierarchical
lexicographic
optimization

Cost Ghana National Village � � � – –

Bolukbasi &
Kocaman
(2018) [83]

MILP Cost N/A Multiple
villages

Village – � � -

Trotter et al.
(2019) [21]

MO-
MILP

Cost,
Energy
equity

Uganda National District � � � – SDG10

Corigliano
et al. (2020)
[102]

Kruskal’s
algorithm, Dijkstra
algorithm

Cost Mozam-
bique

Village Grid cells
(0.04 km2)

– � � – –

Nock et al.
(2020) [81]

MILP Overall
stakeholder
utility

Liberia National County – � � – –

Karsu &
Kocaman
(2021) [114]

SPEA2, NSGA-II BO-
MILP

Cost, CO2
emission

N/A Multiple
villages

Village – � � – SDG13
Some studies consider voltage drop limitations to design the optimal
istribution network for final consumers. In these studies, the voltage
rop across the branches of the radial distribution is forced to take a
alue in between the minimum and maximum voltage drop limits. To
alculate the voltage drop, one needs to observe the power flow be-
ween the demand points in the network. Therefore, Ferrer-Martí et al.
58], Ferrer-Martí et al. [59], Ranaboldo et al. [61], Ranaboldo et al.
60], Triadó-Aymerich et al. [62] and Domenech et al. [57] define some
ecision variables related to the flow of the power in the network to
eep the voltage drop at the desired level. These decision variables also
etermine the connections between nodes, and thus the final network is
stablished considering the power flow between any two points in the
rea. Although they increase the accuracy of the proposed networks,
echnical constraints limit the problem’s size and require the planners
o focus on smaller areas. On the other hand, some other studies aim
o assist planners in making rapid assessments about the cost of the
lectrification projects [43,63,100,101,104]. These studies ignore or
‘relax’’ some technical constraints and propose heuristic approaches to
evelop a guide for planning with large-scale datasets rather than a tool
hat provides every detail.
14
Most studies focus on a site-selecting problem working on a discrete
solution space with a set of pre-determined candidate facility locations
to determine the optimal locations for the generation points or the
transformers. Kocaman et al. [43] and Fobi et al. [100], however,
present site-generating optimization frameworks to determine a two-
level network and the transformer locations on the euclidean space.
These studies adopt an agglomerative hierarchical clustering approach
to determine the clusters of households electrified by the same trans-
former and locate the transformers at the centroid of each cluster. Once
all of the transformers are located, they construct a radial distribution
network, including the demand points assigned to that particular trans-
former. For this purpose, both of the studies implement Essau-William’s
heuristic algorithm [165] to build a multi-point low voltage network
having a radial configuration.

The computational frameworks shown in Table 5 are mostly ap-
plied to the non-electrified villages in Sub-Saharan Africa [43,61,101],
South America [58–60,62] and South Asia [40,63,104]. On the other
hand, [100] proposes a scalable approach to provide results in the
administrative and sub-administrative levels for 9.2 million structures
in Kenya.
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Fig. 9. Illustrations of the optimal design problem for (a) single-level and (b) multi-level networks.
In conclusion, the majority of network design studies are observed
to consider affordability and sustainability aspects of SDG7. Reliability
concerns are also addressed in approximately 50% of the reviewed
articles in this problem type. Similar to the optimal technology choice
problems, the security of the supply quality is ensured by the con-
sideration of voltage drop and power loss constraints as in [58–61].
Apart from SDG7, none of the other sustainable development goals are
referred in the network design problems.

7. Conclusion and future directions

Below, we provide a list of possible directions for the rural elec-
trification studies with an optimization perspective and conclude our
paper:

7.1. Discussion and future perspectives

While the rural electrification literature using optimization ap-
proaches has been quickly expanding, our review has exposed four
types of essential research gaps in the literature, relating to the extant
literature’s issues with (1) planning to meet energy access-related SDGs,
(2) adequately integrating on-grid and off-grid options, (3) utilizing
accurate and high-resolution technical, supply and demand data to ex-
pand its scope, and (4) expanding to include additional methodological
complexity to be closer to real-world circumstances:

(1) Limited ability to fully address energy-enabled SDGs:

• SDG7 possesses a range of salient synergies and trade-offs to a
large number of other SDGs, implying the merits of explicitly
considering multiple objectives in electrification planning [20].
The generalized rural electrification tools, however, may not be
flexible enough to capture this multi-objective nature of rural
electrification. As mentioned in Ciller and Lumbreras [14], there
are no rural electrification tools that consider multiple objectives
and existing tools only consider an economic objective. However,
other criteria such as reliability, equity, various environmental
impacts, food security and gender equality may create trade-offs
with financial objectives. We identified a minority of 23 papers
in this review that consider conflicting objectives and propose a
multi-objective framework, with the type of objective functions
covering only a fraction of the existing links to other SDGs as
discussed by Nerini et al. [20], and more recently Bisaga et al. [8].
15
Therefore, there is a clear need for multi-objective optimization
applications in rural electrification and this need would require
more customized approaches rather than existing tools developed
for general purposes.

• Optimization approaches are well-suited to simultaneously con-
sider the three different aspects of achieving SDG7, namely af-
fordability, reliability and sustainability. Indeed, we find a consid-
erable number of optimization studies which integrate all three of
aspects in a conjunct fashion. Depending on context, there can be
significant trade-offs between choosing the least-cost technology,
ensuring sufficient reliability in terms of avoiding both power
outages and voltage drops and choosing sustainable, low-carbon
technologies. Thus, there is potential to combine integrated op-
timization approaches with other rural electrification planning
approaches such as GIS-based analysis with high spatial resolu-
tion to better inform policy makers how to foster high-quality
and sustainable access to affordable electricity, and what the
associated trade-offs are.

(2) Limited coverage of integrated on-grid and off-grid approaches:

• In 2015, World Bank developed a multi-tier framework to track
the progress in universal access to electricity with a standardized
approach while accounting for various key attributes such as
the quality, reliability, and affordability of energy supply [166].
This framework has enabled energy planners to capture multiple
dimensions of energy supply and measure the energy access using
a standard tool. Please note that according to this tool, having an
electricity connection does not necessarily mean having access
to electricity; dimensions such as reliability and affordability
should be also considered in the definition of electricity access.
Considering these various dimensions, World Bank has defined six
tiers for this new measurement methodology, where Tier-0 and
Tier-5 denote the poorest and highest levels of electricity access,
respectively. In some studies, this multi-tier metric is observed
to significantly impact the choice of an appropriate method and
technology to be used in the electrification of developing coun-
tries. For instance, Mentis et al. [15] demonstrated that although
off-grid solutions could be an attractive option for the lower
access levels such as Tier-1 or Tier-2, mini-grid or grid-connected
systems become essential as the energy access target increases.
Similarly, Levin and Thomas [167] argued that on-grid energy

systems are still crucial to enhance the living standards of the
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Table 5
Network design problem.

Article Heuristics and Model Objective Power Country Scale Resolution Solution SDG-7 Other

metaheuristics flow space Aff. Sust. Rel. SDGs

Zvoleff et al.
(2009)[101]

Composite Prim’s
algorithm

Cost – Tanzania,
Senegal,
Uganda, Mali

Village Household Discrete � – – –

Ferrer-Marti
et al. (2011)
[58]

MILP Cost � Peru Village Household Discrete � � � –

Kocaman
et al. (2012)
[43]

Agglomerative
clustering, Essau
Williams’s
heuristic, Prim’s
algorithm

Cost – Sub-Saharan
Africa

Village Household Continu-
ous

� – – –

Ferrer-Marti
et al. (2013)
[59]

MILP Cost � Peru Village Household Discrete � � � –

Ranaboldo
et al. (2014)
[61]

MILP Cost � Cape Verde Village Household Discrete � � � –

Ranaboldo
et al. (2014)
[60]

Greedy heuristic Cost � Peru Village Household Discrete � � � –

Bazmi et al.
(2015) [40]

MINLP Cost – Malaysia State
(Johor)

Market
center

Discrete � � – –

Triado-
Aymerich
et al. (2016)
[62]

Relax and fix,
corridor method
increasing radius

Cost � Peru Village Household Discrete � � � –

Shrestha
et al. (2016)
[104]

Kruskal’s
algorithm

Cost – Nepal Village Household Discrete � � – –

Domenech
et al. (2018)
[57]

MILP Cost � Spain Village Household Discrete � � � –

Bonamini
et al. (2019)
[56]

LP Cost – India Village Household Discrete � � – –

Vai et al.
(2020) [63]

Shortest path
algorithm, GA

Cost � Cambodia Village Household Discrete � � � –

Fobi et al.
(2021) [100]

Agglomerative
clustering, Essau
Williams’s
heuristic, Prim’s
algorithm

Cost – Kenya National Household Continu-
ous

� – – –

Galleguillos-
Pozo et al.
(2021) [94]

Fuzzy
MILP

Cost � Peru Village Household Discrete � � – –
unelectrified population through Tier-4 and Tier-5 access levels.
This review has shown that off-grid stand-alone systems have
been extensively studied in the literature, whereas centralized
energy systems are observed to be understudied. Thus, this review
highlights the need for more studies on networked electrification
options and centralized systems to improve end-user experiences
by providing reliable and affordable electricity.

3) Limited usage of high-resolution technical, supply and demand
ata:

• The availability of relevant data for the developing countries with
low electrification rates seems to be one of the significant obsta-
cles for researchers to direct their attention to these problematic
areas. The unequal distribution of the rural electrification studies
can be improved by drawing the attention of the researchers to
the lack of relevant studies for the areas having inadequate elec-
trification rates. A number of countries with very low electricity
access rates have still not been covered in the literature, jeopar-
16

dizing the goal to provide universal access to modern forms of
energy to all by 2030. Moreover, we need greater collaborations
between academic institutions in the Global North and Global
South, as well as with governments to better inform planning.
Governments should be encouraged to assist researchers in find-
ing related data and building academic collaborations to develop
an effective electrification strategy for the future.

• The majority of the studies on choosing the best electrification
option among grid, mini-grid, and off-grid options use village
or county-level data. However, the question can still be valid
within a village using a high-resolution dataset that involves the
geospatial locations of the final consumers such as dwellings,
schools, clinics, etc. Identifying households that are too far from
neighboring structures to cost-effectively serve with the grid and
instead are appropriate for off-grid alternatives such as solar
home systems is a challenging task that needs more attention
given various distribution patterns of demand settlements. For
example, preliminary analyzes of geospatial household settlement
patterns in rural Ethiopia suggest high inter-household distances,
leading to high ‘‘last mile’’ costs of low voltage lines and connec-

tions. The scarcity of the analyzes, primarily due to limited data,
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on the final consumer level might be a contributing factor to low
access rates [168].

• As mentioned in [81], demand can be problematic to estimate,
especially in areas that historically have not had electricity access.
The reasons for that might be the uncertainty regarding the
electricity consumption behavior, ability to consistently afford
electricity services, and willingness or ability to adopt electricity
appliances. Yet, estimating both residential and business demand
is quite essential, especially for the optimal system configuration
and unit sizing problem. Therefore, in addition to the optimiza-
tion methods, forecasting tools can also play important roles to
estimate demand with more accuracy.

4) Lack of complexity in mathematical optimization models for
ural electrification:

• This review has shown that the mathematical models devel-
oped for rural electrification problems are mainly linear and
mixed-integer linear programming models. However, these mod-
els may require some linearization assumptions, which may not
adequately reflect the complex nature of the systems. While some
problems can be more realistically modeled using dynamic pro-
gramming or non-linear programming techniques, which may
not need such assumptions, only a few studies in rural electrifi-
cation literature utilize these methods. In addition, metaheuris-
tic approaches, especially GA and PSO, are among the most
frequently used optimization techniques in rural electrification
studies. Compared to the mathematical models, these methods
can be more flexible, capturing the complexity inherent in the
problems, yet they still need to fit the problem into an algorithmic
framework. On the other hand, heuristic approaches are more cus-
tomized methodologies, which might be quite useful considering
the site-specific requirements of rural electrification studies.

• While metaheuristic and heuristic approaches might be practi-
cal methods that can provide ‘‘acceptable’’ solutions in an ‘‘ac-
ceptable’’ amount of time, they may not guarantee the solution
quality. Another category of optimization methods would be ap-
proximation algorithms. However, no approximation algorithm
is proposed for the rural electrification problems that can ef-
ficiently solve the problem with a guarantee on the solution
quality. Therefore, this review reveals the need for acknowledg-
ing the trade-off between solution time and solution quality in
optimization methods used in the literature.

• Rural electrification problems generally deal with greenfield areas
that have no existing infrastructure. Since there is no restricting
infrastructure in these areas, new facilities can be located at
almost any point in continuous space, motivating site-generating
facility location–allocation studies as opposed to site-selecting
ones [169]. This review identified only two studies in the network
design problems that propose a solution approach using continu-
ous space rather than pre-determined discrete candidate locations
for the facilities. Greenfield development studies can benefit from
continuous optimization problems more.

• Renewable energy sources, as well as energy demand, can be
highly uncertain. Optimization models that take this uncertainty
into account in the planning and management of the systems can
lead to remarkable savings. Therefore, rural electrification studies
can significantly benefit from stochastic and robust optimization
techniques.

Putting these literature gaps into a broader perspective, three main
ypes of barriers and challenges emerge with respect to using optimiza-
ion approaches for rural electrification, namely (1) methodological
ssues, (2) data-related issues, (3) implementation and scaling issues.
irst, as discussed above, the key methodological challenge is the
imitation of optimization methods in high-resolution problems. Due
17

o their computational complexity, their accuracy in real-life settings
can be limited where too generic assumptions have to be used to
enable finding an optimal solution. A key methodological consequence
is the tendency of the deployed models to be comparably inflexible.
For instance, the overwhelming majority of models reviewed in this
paper are designed to be deterministic rather than accounting for
the stochastic nature of demand, weather patterns, energy prices, and
other factors. Furthermore, our review did not identify a single paper
that combined more than two of the four proposed sub-problems of
rural electrification. It is conceivable, however, to combine the optimal
system configuration and unit sizing problem with both the optimal
power dispatch problem and the optimal network design problem.

Second, as discussed above, the quality of optimization model out-
put tends to depend on its input data. Scarcity of high-quality input
data can be a critical problem for rural areas in low-income countries
which may limit the insights optimization models can have for deci-
sion makers. It is key to note, however, that there have been recent
significant advances in terms of the quality of satellite imagery used for
rural development projects both from academia as well as the private
sector which use big data analytics approaches to bridge existing data
gaps [170].

Third, and critically, there remains a key gap between academic
model results and practitioner decisions, with optimization models
being a comparably new approach to rural electrification planning in
some low-income country contexts. To ensure that academic work has
an impact on the ground, it is key to engage with local stakeholders
to obtain their input and tailor modeling approaches to the realities
on the ground, as well as building sufficient local energy planning
skills amongst national-level decision makers to ensure that modeling
insights feed into and improve existing rural electrification policy
strategies.

7.2. Overall conclusions

In this paper, we review the current state of the art in optimization
methods developed and applied to the rural electrification problem.
We identify 111 scientific articles which propose either new a math-
ematical model, a heuristic, or a metaheuristic approach for solving
different aspects of rural electrification challenges. We note that more
than 70% of studies reviewed have been published in the last five
years. We proposed four different archetypes of problems related to
rural electrification based on the type of problem they solve, namely
(i) optimal system configuration and unit sizing, (ii) optimal power
dispatch strategy, (iii) optimal technology choice, and (iv) optimal
network design. With this review paper, we provide a list of optimiza-
tion methods (see Table 1) that researchers in the rural electrification
field can use and aim to draw the attention of the operations research
scientists to the unique problems that need urgent attention to achieve
SDG7, and other SDGs linked to SDG7.
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