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West African countries face a long-standing energy access issue stemming from historical low generation ca-
pacity, poor planning processes and financially-constrained power utilities. Within current frameworks, progress
towards achieving universal access to electricity is slow. However, the region displays a huge endowment of
renewables which clearly appear to be paramount to expanding electricity generation capacity and meeting an
ever-rising demand. The clear evidence of the crescent role of utility-scale expansion of renewables-based gen-
eration has called for collective action in the region to improve electricity access and drive economic growth.
Therefore, research on the design and implementation of a renewables-based future for West Africa is needed.
However, the literature on electricity planning considering the use of renewables in West Africa is scarce and
mostly limited to least-cost and/or low-resolution modeling. Through an exploratory approach, the present study
contributes to enhancing current knowledge by capturing the essence of the existing literature on generation
capacity expansion modeling approaches and critically analyzing their shortcomings to define potential
improvement avenues for future research. Advancing academic knowledge in such direction would provide
sound scientific evidence to key national and regional stakeholders in order to take a step closer towards building
a resilient future for West African countries.

significantly increase in the coming decades [5], however, total demand
levels will remain too low to justify large investments in electricity
infrastructure improvement and grid expansion [4]. Several studies
report that regional grid expansion through interconnections could help

1. Introduction

In the words of Ban Ki-moon, Former United Nations Secretary-
General, “Energy is the golden thread that connects economic growth,
increased social equity, and an environment that allows the world to
thrive" [1], thus describing the central role of access to energy services.
Moreover, for any society, electricity is the main energy carrier, hence
instrumental in sustaining people’s lives. Yet, as of 2016 over one billion
people were lacking access to electricity services, ca. 55% of which were
living in sub-Saharan Africa (SSA) [2]. The Economic Community of
West African States (ECOWAS) displays some of the lowest electrifica-
tion rates with high disparities among countries [2]. Most of the coun-
tries face long-standing generation capacity deficits with technical and
financial constraints rendering grid expansion difficult and expensive
[3,4]. It is expected that electricity demand in West Africa will

reduce upfront capital and operating costs and improve system reli-
ability [6,7].

The decision of establishing the West African Power Pool (WAPP)
was formalized in 1999, and seven years later, WAPP was assigned the
status of Specialized Institution of ECOWAS [17]. However, the ultimate
goal of creating a fully-functioning regional electricity market in West
Africa through WAPP is yet to be reached. Furthermore, countries are
characterized by heavy reliance on imported fuels subject to global
prices and supply fluctuations, despite a large endowment of renewable
energy (RE) sources [10,11]. Nonetheless, the past few years have seen a
rising drive for RE deployment at both country and regional levels,
owing to concerns over security of supply and climate change effects.
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Nomenclature

AHP Analytical Hierarchy Process

CAPP Central African Power Pool

CGE Computable General Equilibrium

DRC Democratic Republic of Congo

DSS Decision Support Systems

EAPP Eastern African Power Pool

ECOWAS Economic Community of West African States

ECREEE ECOWAS Centre for Renewable Energy and Energy
Efficiency

EFOM  Energy Flow Optimization Model

ELECTRE Elimination and Choice Translating Reality

EREP ECOWAS Renewable Energy Policy
FIT Feed-in Tariff

GDP Gross Domestic Product

GIS Geographic Information System

GHG Greenhouse Gas

HOMER Hybrid Optimization Model for Electric Renewables
TIAEA International Atomic Energy Agency

IEA International Energy Agency

ITASA International Institute for Applied Systems Analysis
10 Input-Output

IRENA International Renewable Energy Agency
LCOE Levelized Cost of Electricity
LEAP Long-range Energy Alternatives Planning System

MARKAL MARKket Allocation

MAUT  Multi-attribute Utility Theory

MCDM  Multi-criteria Decision-Making

MESSAGE Model of Energy Supply Systems and their General
Environmental Impacts

MILP Mixed Integer Linear Program
MOO Multi-objective optimization
MW Megawatt

NGO Non-Governmental Organization

NPV Net Present Value

OECD  Organization for Economic Co-operation and Development

0SeMOSYS Open Source Energy Modeling System

PROMETHEE Preference Ranking Organization Method for
Enrichment Evaluation

PV Photovoltaic
RE Renewable energy
SAGE South African General Equilibrium

SAPP Southern African Power Pool

SHS Solar Home System

SPLAT- W System Planning Test model for Western Africa
SSA Sub-Saharan Africa

T&D Transmission and Distribution

TIMES  The Integrated MARKAL-EFOM System
WASP  Wien Automatic System Package
WAPP  West African Power Pool

This region-wide awareness has culminated into the ECOWAS Renew-
able Energy Policy (EREP). It is, therefore, expected that RE projects will
be critical to bridging the region’s capacity deficit [12]. This appears
necessary and urgent as hydropower generation fluctuations will likely
be compounded by increased seasonal variations in the coming decades
due to climate change [13].

It has been highlighted that a major challenge to scaling up electri-
fication in West Africa arises from poor planning processes due to lack of
resources, and inadequate methodologies and objectives [3,14]. This is
especially true with RE [15]. Compounding this issue is the scarcity of
scholarly studies aimed at better recognizing the extent to which RE
sources can be used to solve the issue of sustainable electricity access,
particularly from a regional perspective. As reflected in Ref. [16]
whereby a well-documented classification of energy planning tech-
niques was proposed, there are several reviews on energy planning for
SSA. Nonetheless, no review specific to generation capacity expansion
modeling for West Africa seems to be available. Moreover, in the few
instances where planning exercises were performed, they did not always
translate into implementable steps. Therefore, the key contributions of
this paper for West Africa are two-fold: (i) drawing attention to the
status and shortfalls of the existing body of literature on capacity
expansion modeling considering RE and; (ii) addressing critical gaps to
the practical implementation of RE-based planning models.

The remainder of this paper is organized as follows. Section 2 pre-
sents the results of the literature review. Section 3 discusses the review
outcomes. The conclusions are set out in Section 4, highlighting the
contributions of this paper and suggesting avenues for future work.

2. Outcomes of the literature review
2.1. The electricity landscape of West Africa

ECOWAS consists of fifteen (15) independent states: Benin, Burkina
Faso, Cape Verde, Cote d’Ivoire, the Gambia, Ghana, Guinea, Guinea

Bissau, Liberia, Mali, Niger, Nigeria, Senegal, Sierra Leone and Togo
(Fig. 1). All countries, except for the archipelago of Cape Verde, have

their electric utilities members of the WAPP [17]. Only four countries
hold electrification rates higher than 60%.

Table 1 provides an overview of the status of the electricity sector of
the region. Sources of RE-based electricity include solar, wind, biofuels
and waste. Electricity consumption figures cover domestic gross pro-
duction and imports, and exclude exports and losses. The data was
retrieved from Ref. [19] for Cote d’Ivoire and [20] for all other coun-
tries. The figures for national electrification rates should be carefully
interpreted since even in countries with high rates, service reliability is
an important issue with a significant number of power outages [21].
According to the latest surveys, the number of power outages in a typical
month is on a rising trend with 3.5 in Cote d’Ivoire and 4.2 in Mali in
2016, 22 in Niger in 2017 and 32.8 in Nigeria in 2014 [22]. These power
outages generated economic losses of 4.9% and 8.8% of firms’ annual
sales in Cote d’Ivoire and Mali and 5.5% in Niger [23].

Over the past few years, national economies have grown at high
rates, reaching 6% in Burkina Faso, Senegal, Sierra Leone and 8% in
Cote d’Ivoire [24]. This trend is set to continue and a similar or higher
growth rate is expected for electricity demand [25]. Hence, determining
the future mix of electricity generation is critical and should consider the
adverse effects of climate change. Most countries are heavily dependent
on costly fossil-fueled electricity generation, and the overwhelming
majority import these fuels, thus are significantly exposed to global price
fluctuations. Consequently, electricity prices are either excessively high
or highly subsidized to allow for affordable access. The latter is the most
common in West Africa where the electricity sectors are vertically in-
tegrated, therefore putting a strain on national budgets, limiting
adequate investment in infrastructure maintenance and capacity
expansion, and inhibiting RE deployment [15]. Currently, the electricity
mix of the region is dominated by thermal generation from oil- and
gas-fired power plants, and large-scale hydropower generation
(Table 1). The contribution of renewable sources such as solar and wind
energy remains marginal, and in most cases, limited to a few stand-alone
systems and mini-grid installations in rural areas [26]. Paradoxically,
these countries are endowed with some of the highest, yet untapped, RE
potentials, particularly solar and wind (Table A-1, Appendix A). Yet,
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Fig. 1. Political map of West Africa (Source: [18]).

Table 1
Summary of the status of ECOWAS electricity sectors.

Country National electrification rate Electricity consumption (GWh) [19, Net imports (GWh) Share of electricity production by fuel [20,21]

2] 201 [20) Thermal Hydro RE
Benin 32% 1149 1088 Diesel, gas: 98.2% 0% 1.8%
Burkina Faso 20% 1168 423 Diesel: 94.6% 5.4% 0%
Cote d’Ivoire 62% 5800 —1858 Gas: 82.5% 14.6% 2.9%
The Gambia 48% 149 0 Diesel: 98.1% 0% 1.9%
Ghana 84% 8416 —324 Gas: 57% 42.8%  0.2%
Guinea 20% 257 0 Diesel: 44.7% 55.7%  0.6%
Guinea- 13% 75 0 Diesel: 98.1% 0% 1.9%

Bissau
Liberia 12% 73 0 Diesel: 100% 0% 0%
Mali 41% 3059 663 Diesel, gas: 64.4% 32.9% 2.7%
Niger 11% 975 779 Diesel, steam coal, gas: 99% 0% 1%
Nigeria 61% 25,308 0 Gas, steam gas: 81.7% 18% 0.3%
Senegal 64% 3734 297 Diesel, steam heavy fuel oil, gas: 7.9% 1.6%
90.5%

Sierra Leone 9% 133 0 Diesel: 43.4% 53.7% 2.9%
Togo 35% 1248 1140 Diesel, gas: 8.2% 83.2%  8.6%

countries display different levels of commitment to RE (Table 2) and
their integration into the electricity mix lack from some policy
documents.

The initial WAPP Master Plan envisaged natural gas and hydropower
to be the core sources of the regional electricity mix [27]. However, its
revision in 2011 coincided with the 2006-2008 energy crisis, unex-
pected lower rainfalls [28], and political and social instability in the
Niger Delta [29]. Hence, the subsequently revised Master Plans promote

a diversified portfolio of energy sources for electricity generation,
including non-hydro renewables [27,30]. Following the 2006-2008
energy crisis, the ECOWAS Centre for Renewable Energy and Energy
Efficiency (ECREEE) was created in 2010. It is linked with a national
focus entity in each member country and promotes the development of
renewable energy, energy efficiency and national capacity-building
[12]. With the swift decline in technology costs, RE generation is
becoming competitive with conventional generation [31], adding to the
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Levels of integration of RE into national policy documents, and existence of RE agencies and targets.

Burkina Caote

Faso d’Ivoire

Energy
policy

RE
Agency
RE

targets

Liberia Nigeria | Senegal

Source: Own compilation from [15] and a review of ministerial websites and national policy documents

Yes To some degree

positive social and environmental impact yielded. Yet, there are po-
tential issues from scaling up RE at national and regional levels due to
their intermittent nature requiring flexibility of existing infrastructure
and resource complementarity. This particularly holds a challenging
truth for West Africa, being at a crossroads between their long-standing
concerns about improving electricity access and the global drive for
low-carbon economy. Balancing centralized and distributed generation
is an added concern. Thus, fostering RE potential in these countries re-
quires sound planning to spur the much-needed investments.

2.2. Centralized versus decentralized electrification

There is a low number of comparative studies on the roles of
centralized and decentralized electrification, with most studies covering
either one across technical, economic and environmental dimensions,
and many studies discussing the success and failure stories of the actual
implementation of both [32,33]. In West Africa, electrification processes
are by default pursued via a centralized approach, i.e. the construction
of large-scale power plants and the extension of transmission and dis-
tribution lines [4]. At the exceptions of Ghana, Senegal and Cote
d’Ivoire, this approach has been slow and most of the population still
lack access to electricity, either because they live far from the grid or
because grid connection costs are unaffordable [14]. This segment
mostly lives in rural areas, where the low population densities coupled
with low levels of demand and high incidence of poverty render grid
expansion technically unsound and financially unfeasible [12].
Furthermore, grid-connected areas experience unreliable services due to
insufficient generation capacity and capacity reserves to meet a
fast-growing demand [14].

State-owned utilities in most countries are financially-constrained
[4] and grid expansion is capital-intensive, especially with the sparse
population distribution. Due to the aging transmission infrastructure
leading to huge losses, further generation capacity expansion requires
transmission lines improvement/reinforcement [3,28]. Furthermore,
grid expansion projects are supported by international donor organiza-
tions, led by the World Bank, as well as the American Government
through the Power Africa initiative, the European Union, and the Or-
ganization for Economic Co-operation and Development (OECD) among
others [34]. As for off-grid electrification, Non-Governmental Organi-
zations (NGOs) and the private sector have emerged as the most
important drivers [35]. Private-owned companies are becoming active
players since off-grid electrification has gained increased commercial
attractiveness with the development of new local business models. The
successful off-grid electrification experiences of Kenya, for instance, are
being adapted for replication in other SSA countries [14,36]. A key
success factor in Kenya has been the introduction of innovative payment
models combined with Information and Communication Technologies

In progress

No or not available

to reduce the relatively high initial investment cost for lower incom-
e/poor(er) households [36], as well as the deployment of
community-based mini-grids [37]. Notwithstanding, in many instances,
off-grid PV solutions remain costly due to excessively high tariffs, poor
business models and low access to financing [36]. It is also worth
mentioning the lack of mainstreaming of productive uses of electricity in
off-grid electrification initiatives, without which the target of spurring
local economic growth cannot be achieved [38,39]. Although there is
evidence that access to electricity improves rural communities’ lives,
electricity on its own cannot create substantial local economic growth. It
has been widely suggested that integrating productive uses of electricity
into electrification programs may be the solution to achieving universal
electricity access in SSA while driving socio-economic development
[40]. Indeed, electricity use is two-fold: consumptive and productive.
The ultimate goal of electricity for productive uses is economic growth
by enhancing activities such as micro-irrigation, water pumping and
agro-processing whereas promoting electricity for consumptive use is
for human development by providing access to basic lighting services
and mobile phone charging [40]. While a large proportion of rural
communities in West Africa relies on crop farming or pastoralism, much
of the attention has been on off-grid solar PV for lighting, entertainment
and vaccine refrigeration purposes. An illustrative example is the
donor-funded solar/wind/diesel micro-grid in Olosho Oibor, a Kenyan
village which main economic activity is livestock farming. The
micro-grid provides electricity to public facilities (school, church and
clinic), small businesses and a few households [41]. In this case, off-grid
electrification serves consumptive needs and other small activities. In
pastoralist communities, enhancing local economies would require
complementary inputs such as the availability of adequate facilities for
dairy products processing, the capacity to compete in regional and in-
ternational markets, and the ability to adapt to longer drought periods
caused by climate change.

Even though off-grid solutions require lower initial cost investment
and allow reaching non-electrified areas more quickly than the grid,
their implementation costs remain prohibitive, particularly for local
mini-grid companies [34,42]. With the rapidly falling costs of solar PV
costs, these constraints are bound to significantly reduce [31]. None-
theless, the need for energy storage in renewables-based mini-grids for
optimized load management tends to increase electricity prices
compared with existing grid tariffs [42], although battery costs are
declining [43]. Another challenge of utility-scale renewables-based
electricity generation is land availability which is subject to
socio-cultural conditions [44], whereas political factors are applicable
to both grid and off-grid electrification processes [35,45]. These factors
include issues related to foreign direct investment, corruption and de-
mocracy [44-46]. In particular, cross-border interconnections and
electricity trade are highly subject to the political environment of the
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countries involved. In the Central, Eastern, Southern, and West African
Power Pools, political instability in some countries is one important
issue accentuating national energy security concerns over regional
electricity trade, hence the pursuit of electricity sovereignty [47].

On the whole, specific and common challenges exist at different
levels for both grid and off-grid electrification approaches. Recent
studies suggest that bridging the electricity gap in SSA necessitates a
combination of grid expansion and off-grid solutions where extending
the grid is not economically viable [3,14]. This is reflected in EREP,
which makes provision for RE deployment through grid and off-grid
applications to reach 100% access to electricity by 2030. Under finan-
cial constraints, countries have applied emergency investment decisions
to meet unserved demand, resulting in investment in power plants with
lower capital costs but higher operating costs [48]. This is furthermore
demonstrated by Ref. [49] who found out that low-income SSA countries
tend to resort to thermal generation from fossil-fuels rather than
exploiting their untapped RE potential. Therefore, generation expansion
planning in West Africa should most importantly address the questions
of which power plants to invest in and the most efficient way to do it.
This involves due consideration of the specific local conditions [44]. One
requirement yet appears common, that is the need for transparency and
coherence of electrification decisions on the level of complementarity
between the grid and mini-grids [17,38].

2.3. A description of power systems planning models

Energy systems modeling encompasses different paradigms which
can be classified into four groups: energy system optimization models,
power systems and electricity market models, energy system simulation
models, and qualitative and mixed-methods models [50].

Power systems planning has been described under narrow and broad
perspectives [16]. Broadly defined, power systems planning aims at
guaranteeing that investment plans and energy policy encompass tech-
nological, economic, environmental, social and political dimensions for
power supply to sustainably satisfy existing and future demand [3,51].
Hence, planning approaches can either be supply- or demand-driven.
Supply-driven approaches typically involve generation and T&D plan-
ning by electric utilities whereas demand-driven planning focuses on the
provision of energy services and its socio-economic impacts. Power
systems planning models and tools have extensively been used and re-
ported [51-55]. In Ref. [51], power systems planning problems are
classified into three broad categories differing by their timelines and
types of decisions to be made: long-term, operational and short-term.
While long-term planning spans across several years or decades and is
useful for strategically deciding on the location of new capacity
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installations or generation expansion planning, short-term planning
considers hourly, daily or weekly periods for decisions such as unit
commitment, demand-side management (DSM) or power flows.
In-between is operational planning in instances such as maintenance
scheduling or reactive power planning. This is summarized in Fig. 2.

2.3.1. Optimization models

Multi-objective optimization (MOO) models have gained momentum
as opposed to single-objective cost minimization models. Energy, and in
particular electricity, requires different parameters to ensure its reli-
ability and is intrinsically related to the environment, economy, social
attributes, policies and technologies. It has thus become relevant to
incorporate these concerns, goals and limitations into planning pro-
cesses. MOO models translate given sets of objectives into mathematical
programming aimed at finding the optimal solutions within a feasible
region defined by constraints [51]. The objective functions may
encompass the maximization of system reliability, the minimization of
system expansion costs, the minimization of greenhouse gas (GHG)
emissions, the minimization of external supply dependency of a country
and the maximization of the share of renewables. The constraints
generally denote technical requirements or limitations spanning from
energy resource availability to generation capacity limits, as well as
financial restrictions, political acceptance, energy security and compe-
tition for resource usage [51].

An extensive review of optimization modeling packages is presented
in Ref. [53]. MESSAGE (Model of Energy Supply Systems and their
General Environmental Impacts) is a widely employed package based on
a linear optimization model and useful for medium-to long-term energy
system planning with five-year timesteps. It allows building long-term
scenarios — up to 50 years — to find the optimum energy supply path
capable of meeting future demand considering a mix of technologies and
informs energy policy direction. It was used in Ref. [56] to develop
possible scenarios for the future electricity generation mix of Malaysia
with a focus on expansion costs.

With a higher temporal resolution (hourly, daily or monthly time-
steps), the MARket Allocation (MARKAL) tool minimizes the total cost of
a national energy system based on technological and environmental
considerations [53], and has been widely used with the Energy Flow
Optimization Model (EFOM) as The Integrated MARKAL-EFOM System
(TIMES). Authors in Ref. [57,58] applied TIMES to simulate future
possible paths energy supply for South Africa and Canada, respectively,
while [59] assessed scenarios towards decarbonization of the Portu-
guese energy system. MARKAL also served as a basis for the develop-
ment of the Open Source Energy Modeling System (0OSeMOSYS).
0SeMOSYS uses linear optimization to compute the least-cost supply

’ Energy systems modeling ‘

]

Power systems and Qualitative and \
En_ergy system electricity market Energy system mixed-methods
optimization models simulation models
models models

Supply-driven
approach Power systems

N

Electricity

» models market models
Demand-driven
approach
Long-term Short-term Operational
planning planning planning

Fig. 2. An illustration of power systems planning models
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scenario to meet pre-defined energy demand levels [54].

Another energy system analysis tool with an hourly temporal reso-
lution is EnergyPLAN,. It models a set of future energy strategies
encompassing an entire national or regional energy system, and ac-
counts for electricity and heat supplies with a one-year timeframe [60].
Although the model includes some optimization, EnergyPLAN does not
compute an ‘optimum’ solution defined by a set of constraints. It can
rather be classified as a simulation tool providing various pathways for
an energy system and focused on the future [61]. It has extensively been
used to simulate the integration of renewables into different energy
systems as well as 100% RE scenarios in case studies including Denmark,
Ireland, Portugal, China, Finland and Mexico among others [61]. Au-
thors in Ref. [62] simulated a 100% renewable energy system for
Denmark for the years 2030 and 2050 using EnergyPLAN. The
maximum feasible wind power integration into China’s energy system,
as well as the potential issues resulting from the use of intermittent
renewable generation were investigated in Ref. [63].

It is worth mentioning the Hybrid Optimization Model for Electric
Renewables (HOMER) which is generally used to optimize the integra-
tion of renewables in small-scale and off-grid power systems. HOMER
has mostly been applied to carry out techno-economic design, sizing and
environmental evaluation of RE technologies in distributed systems for
rural areas of developing countries [16].

2.3.2. Multi-criteria decision-making models

Multi-criteria Decision-Making (MCDM) models consist of a set of a
limited number of decision alternatives which are evaluated following
multiple and often conflicting evaluation criteria. They are powerful in
solving complex decision-making problems involving uncertainty, sub-
jective views and preferences, and fall into four main categories, namely
technical, economic, environmental and social [51]. Their application
areas cover regional/national energy planning projects, RE planning,
power systems planning and generation site selection. MCDM models
involve a variety of methods which may be simultaneously used for
results validation. They are the Analytical Hierarchy Process (AHP),
Preference Ranking Organization Method for Enrichment Evaluation
(PROMETHEE), Elimination and Choice Translating Reality (ELECTRE),
Multi-Attribute Utility Theory (MAUT), fuzzy methods, and Decision
Support Systems. The most commonly used are AHP, AUT, PROMETHEE
and ELECTRE [64]. The latter two are classified as outranking methods
whereas AHP and MAUT are referred to as value measurement methods
[65].

AHP is the most used MCDM method. It consists in disaggregating a
complex problem to organize its goal, criteria, sub-criteria, and alter-
natives, respectively from the top to the bottom of a hierarchy. A
comparative evaluation of elements belonging to the same hierarchy
level is performed according to a numerical scale to select the best
alternative [64]. Relevant examples of studies featuring AHP include
[66,67]. The former employed AHP to select suitable sites for concen-
trated solar power and PV installations to expand grid-connected
solar-powered electricity in Tanzania. The decision-making tool
augmented the use of a Geographical Information System (GIS)
approach. In Ref. [67], different options of electricity generation plants
in Jordan were evaluated according to costs and benefits. Similarly,
MAUT uses cardinal ranking based on the elicitation of a utility theory
[65]. In Ref. [68], MAUT was applied to assess energy policy options in
the United Kingdom by measuring the viewpoints of individuals from
several organizations. This is a complex process which might explain the
low level of MAUT use.

Outranking methods involve pairwise comparisons of decision al-
ternatives. According to Ref. [64], ELECTRE is the most used method in
this category. With ELECTRE, the best alternatives are those which
simultaneously satisfy most of the preference criteria and a tolerance
threshold. The tolerance threshold ensures that undesirable levels of
dissatisfaction are avoided for each of the criteria [64]. Specifically,
ELECTRE III is mainly used for endorsing future energy sources and for
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ranking RE options [51]. An illustration is the study by Ref. [69] for
which ELECTRE III was applied to support the deployment of RE tech-
nologies in the Sardinia island. PROMETHEE is another outranking
method which allows ranking the alternatives following a given set of
criteria using a preference index [65]. One instance is [52] with a
combined application of PROMETHEE and a cost-benefit analysis to
explore the extent to which higher RE penetration in Greece can balance
economic, technical and environmental aspects. To account for uncer-
tainty arising from RE-based generation, an extension of PROMETHEE
was proposed in Ref. [70], applied to the case of geothermal field
exploitation alternatives for rural Greece.

2.3.3. Economic models

Economic models used in energy systems problems typically follow a
top-down approach. In Ref. [55], four types of models are distinguished:
input-output (IO), econometric, system dynamics, and computable
general equilibrium (CGE) models. In principle, these top-down models
provide some insights into the impacts of simulated changes in a
national/regional energy system on the economy as a whole, the po-
tential effects of the introduction of an environmental scheme such as an
energy tax, or the impact of different scenarios of economic changes on
energy or the environment [55].

An 10 model was used in Ref. [71] to perform an analysis of the
economic and environmental impacts of the Japanese Government plans
to develop energy technologies based on hydrogen produced from un-
utilized RE. Using a multi-region CGE model, the study by Ref. [72]
evaluated the impacts of various carbon emission mitigation scenarios
under the European Union climate and energy package on the Polish
economy vis-a-vis the rest of the region. Effects such as changes in
electricity prices, output and generation mix were quantified. Variations
of wholesale electricity prices owing to higher penetration levels of wind
power generation were assessed for the Australian national energy
market in Ref. [73]. For this purpose, the authors used econometric
techniques and found that the impact of wind generation on spot prices
varies according to the existing generation mix by increasing with the
inflexibility of the plant mix, for instance, coal and nuclear power plants.
In Ref. [74], it was concluded, using a Vector Autoregressive model, that
the lack of adequate capacity of the Spain-France interconnectors led to
a low impact of wind power generation on the French electricity market.
Energy-economy-environment (E3) models are also widely used to
assess the sectoral interactions. Although studies specifically focusing on
RE appear to be hardly found, there are some engaging pieces of work on
sustainable development in emerging countries assessing the impacts of
the implementation of a carbon trading mechanism for promoting re-
newables [75] and evaluating the socio-economic impacts of RE policies
[76].

Because these top-down approaches involve macro-economic ag-
gregation, they carry lower levels of detail than bottom-up approaches.
The two can be combined to take advantage of both. Indeed, the key
roles played by technologies, energy sources, energy services demand,
market environment and socio-economic conditions often imply the
need for a synergetic association of different types of energy planning
models.

2.3.4. Hybrid models

As mixed-methods models, they involve processes referred to as soft-
linking and hard-linking. Soft-linking allows maintaining the strengths
of each model by running them independently and iteratively feeding
the results from one model into the other until both models yield
converging results. With hard-linking a trade-off has to be made as one
model has to be simplified in order to be integrated into a single model
with the other [77]. An example of hard-linking is the widely used
simulation-based package LEAP (Long-range Energy Alternatives Plan-
ning System) which integrates bottom-up and top-down approaches into
a single tool. It consists of a top-down macro-economic model with an
optimization component based on OSeMOSYS. LEAP was employed in
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Ref. [78] with a comparative analysis of the evolution of energy supply
and demand and GHG emissions under different policy-based scenarios
for Taiwan. In Ref. [79], LEAP served the development of different
scenarios on the promotion of climate change mitigation, diversification
of resources, and minimization of global warming potential. The aim
was to highlight the resulting trade-offs. However, it seems that LEAP
has not been used by scholars to simulate RE integration. In Ref. [80], a
dynamic IO model was combined with a Mixed Integer Linear Program
(MILP) to capture the interactions between energy supply and demand
in China and determine the optimal options of generation technologies.

2.3.5. Spatial and temporal resolution in power systems modeling

Such planning exercises require key inputs such as demand forecasts
[3] and system reliability factors. The latter is of specific importance for
long-term planning studies on RE into the grid owing to their intermit-
tency resulting in power output variability and additional system costs.
This is more or less represented in planning models depending on the
level of spatial and temporal resolution employed, and plays a crucial
role in model output reliability [21,81,82]. Modeling high penetration
of RE sources specifically, is highly impacted by the level of temporal
detail [83]. Another influencing factor is the level of detail and accuracy
in resource potential measures.

A study by Ref. [84] brought forth the limitations of considering
average wind speeds for RE deployment. Hourly time steps analysis
demonstrated that quality wind energy is not limited to the Northern
part of West Africa as suggested by current wind suitability maps, but
rather can potentially be harnessed across an extended geographical
area, stretching continuously from Senegal to Nigeria. It was demon-
strated that the differences in wind speeds between daytime and night
time offer an exploitable potential for complementing solar power
plants, particularly during the dry season. The literature displays
manifold modeling approaches to generation capacity expansion plan-
ning, including or not low to high spatial and temporal resolution.

2.4. Planning approaches in West Africa

In [16], an extensive review of electricity planning research on SSA
was carried out using a classification approach. The authors demon-
strated that research is scarce and sparsely distributed, with nearly half
of the articles addressing electricity planning focused only on six
countries out of 49. These countries, at the exception of Ghana, are
located in Eastern and Southern Africa. Moreover, although there has
been an overall lack of scholarly attention on the four power pools — the
Eastern African Power Pool (EAPP), SAPP, the Central African Power
Pool (CAPP) and WAPP —, the latest two have received the least attention
[16].

Research on electricity planning in SSA falls into three broad cate-
gories: quantitative, qualitative, and a combination of both. Quantita-
tive analysis involves energy modeling simulation, single/multiple
objective optimization, single/multiple criteria analysis, econometrics,
and life-cycle assessment methods. The former two are the most
commonly used, and cost minimization is usually the sole objective
[16]. The use of MOO models has been rising since 2010 but is still
marginal. Qualitative analysis covers policy and institutional assess-
ments, as well as social and cultural roles in electricity planning. Several
authors stressed that policy analysis is capable of providing instrumental
insights for energy planning models in SSA, and should, therefore, be
taken into consideration optimization models for electricity planning
[46,85,86]. It was found in Ref. [16] that HOMER is the most prevalent
tool employed in scholarly studies on electricity planning for SSA. The
main shortfall of the studies based on this type of software is that they
fail to provide practical steps for the implementation of their solutions.
Additionally, HOMER does not allow for grid extension modeling and its
use has, therefore, been restricted to community-level off-grid electri-
fication [87]. Very few studies used LEAP, MESSAGE, MARKAL/TIMES
and OSeMOSYS [16].
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Modeling tools incorporating a GIS component with high spatial
resolution to capture RE variability have also been applied. The Open-
Source Spatial Electrification Tool (OnSSET) which allows for the inte-
gration of key socio-economic parameters alongside land and energy
resources availability data beyond mere techno-economic consider-
ations, is able to capture crucial, yet widely overlooked dimensions of
generation capacity expansion planning [88-90] (seeFig. B-1, Appendix
B [114]).

In West Africa, power systems planning has mainly been supply-
driven for the expansion of conventional utility-scale power plants and
carried out by state-owned electric utilities in the form of Master Plans
translating the Government plans for electrification scale-up. After the
2002 Johannesburg Summit and the 2005 ECOWAS White Paper which
called for a shift towards a more demand-driven approach in electricity
planning for inclusive sustainable development, there has been a wave
of liberalization of the electricity sector in some countries and the cre-
ation of government agencies or funds aimed at promoting decentralized
rural electrification. As a result, more demand-driven planning studies
have emerged to identify suitable solutions to provide access to basic
energy services and spur economic growth. The most relevant instances
of power systems planning featuring an ECOWAS Member State or the
WAPP are described in Table 3.

3. Discussion
3.1. On power systems planning in West Africa

Considering the reviewed state-of-the art in power systems planning
and the current drive for unlocking the potential of RE across West Af-
rica, it is clear that scientific research in the field is yet to be fully
explored. Moreover, it still lacks adequate consideration of the
complexity of energy systems spanning across various socio-economic
dimensions. The clear evidence of the crescent role of utility-scale RE,
which has called for collective action to improve electricity access and
drive economic growth, requires due scholarly consideration in carrying
out related research to inform the design and implementation of a RE-
based future for West Africa.

Furthermore, most studies do not account for the spatial variability
of intermittent. In Ref. [103], the authors pointed to the need for higher
resolution by modeling T&D lines in each country rather than the sole
cross-border transmission network. This requires a huge amount of data
which is often unavailable or difficult to obtain from local actors for
‘confidentiality’ reasons, depending on the country. Indeed, for most
countries, specific information - if existing — can be more easily accessed
via relevant field contacts. In addition, the scope of most studies remains
limited to technical system operation and cost minimization without any
further account for the key implications on socio-economic dimensions,
climate action, and policy design and implementation.

From Table 3, it can be reasonably stated that no specific model may
be presented as the golden approach but rather as potential avenues for
future research. OnSSET encompasses several technologies including the
centralized grid and off-grid RE technologies. Hence, it may be consid-
ered one important option since it fills the gap of the lack of country-
wide electrification strategies. Provided that OnSSET is further
enhanced to include other sectoral demands as well as hybrid mini-grids,
it would better capture the ground reality and translate into clear,
implementable steps for policy planning. OnSSET may also be soft-
linked with other medium-to long-term modeling tools which have
widely been used in the international arena to address the limitation of
OnSSET in determining the optimal grid mix. This has been done for
Kenya [89] but it is a blue ocean in the case of West African countries. In
addition, the planning model described in Ref. [101] could provide key
insights into both local and national planning for countries other than
Senegal. Potential improvements of this model would put more focus on
current challenges by accounting for wind technologies given that wind
power — at large and small scales — is expected to play a role in the
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Table 3
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Literature review on scholarly applications of various power systems planning models and tools for West Africa.

Case Authors  Aim of the study Model/Tool Main results Limitations of the study
study
Burkina [91] Demand-driven: To comparatively HOMER e The current pattern of using off-grid e No sensitivity analysis on battery costs;
Faso analyze the suitability of off-grid diesel technologies is inefficient and e The potential contribution of other
hybrid (solar PV/diesel) and off-grid unsustainable as it yields the highest resources such as wind was
diesel systems to electrify a 65,000- LCOE value and environmental overlooked, most probably owing to
people village, using the Levelized impact; the initial consideration of low values
Cost of Electricity (LCOE) and Net e A PV/diesel configuration has a of average wind speeds. Yet, in light of
Present Value (NPV) as criteria much lower LCOE value than a PV [84], a hybrid PV/wind system could
system; reasonably be explored.
e With the wide distribution of quality
solar resource across the country,
PV/diesel systems can sustainably
meet unserved demand in rural
areas.

[92] Demand-driven: To produce a Geo-referenced LCOE Over half of the population is cost- e The authors chose not to account for
suitability map for different model optimally served by off-grid RE wind technologies (same observation
technologies to reach 100% technologies even in simulations with as [91]);
electricity access in Burkina Faso by lower grid extension costs and higher e The dynamics of electricity
2030 PV costs. consumption were overlooked and the

lack of sensitivity analysis on this
variable does not allow assessing the
robustness of the modelling results;

e Non-cost related implications of the
optimal technology mix could have
involved quantifying GHG emissions in
light of the country’s climate
obligations.

[93] Supply-driven: To forecast national e Regression correlation e In a high demand scenario e Electrification options with RE for both
electricity demand to 2025, to define for demand forecasting; (electrification rates of 45% in 2020 grid and off-grid are limited to solar PV
scenario-based investment plans and e Techno-economic and 55% in 2025), a capacity deficit and hybrid systems (diesel/PV);
evaluate investment costs for analysis based on occurs in 2018 and 2019; e To address the affordability issue
electricity production, T&D between existing and planned e In medium (electrification rate of raised by the authors, further analysis
2017 and 2025 to meet demand and generation capacity and 32.21% in 2020 and 45% in 2025) would be required to assess the
reach electrical coverage of 80% in transmission lines. and low (business-as-usual) demand evolution of electricity prices and
2020 and 90% in 2025 scenarios, there is an excess of connection costs for final end-users;
(corresponding to electrification production from the year 2022 e Potential trade-offs between increased
rates of 45% and 55% in 2020 and therefore, the delay of some projects energy supply and environmental pro-
2025, respectively) for generation capacity tection considering the country’s

reinforcement projects was climate obligations were not
recommended; evaluated.
e The investment required for rural
electrification by 2025 is around
five times as much as the funds
raised through technical and
financial partners;
e With the resulting high generation
investment costs, a significant
contribution from the private sector
is expected through public-private
partnerships.
Benin/ [94] Supply-driven: To produce scenarios 2015-2018: Excel-based e In the high demand scenario, solar o Sensitivity analyses on PV investment
Togo" for the electricity supply mix for two  software specifically PV represents 27% of the total costs were not performed for all
time periods: 2015-2018 and designed for the study installed capacity in 2035 (0% in scenarios. The pace at with PV costs
2020-2035 2020-2035: Wien 2016), i.e. 1120 MW of which 630 are decreasing may lead to substantial
Automatic System MW in Benin (26% of national differences from the baseline
Package (WASP - a least- capacity); scenarios;
cost-optimization e In the high scenario, if PV e The study would have been more
package) investment cost rises from $1000/ insightful by exploring the potential
kWp to $2000/kWp, the installed impact of subsidies such as feed-in
capacity drops to 640-680 MW in tariffs (FITs) and investment tax
2035 and their commissioning is credits on PV deployment.
delayed;
e In the medium scenario, PV has an
installed capacity of 740 MW
(27.3% of the total) of which 440
MW in Benin (26.5% of the national
capacity);
o In the low scenario, 520 MW of solar
PV are installed in 2035 (25.8% of
the total capacity) of which 330 MW
in Benin (27% of the total national
capacity);
[95] Demand-driven: To define the cost- GEOSIM e Development Poles (i.e. areas witha  Since no comparison with decentralized

optimal grid extension options for

strong potential for lifting people

systems was performed, this approach

(continued on next page)
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Case Authors  Aim of the study Model/Tool Main results Limitations of the study
study
maximum socio-economic impact of out of poverty were identified and does not guarantee that the extension
rural electrification projects between ranked according to the existence of  lengths of transmission lines are indeed
2016 and 2035 health facilities, education centers, the cost-optimal electrification option for
economic activities and number of rural Benin.
local people) were determined
under three demand scenarios: high,
medium and low;
e The cost-optimal lengths of medium
and low voltage transmission lines
to be built to meet local demand
were calculated.
Ghana [96] Demand-driven: To determine the Network Planner e Stand-alone and mini-grid systems Despite huge hydro resources
cost-optimal electrification strategy provide the least cost option for endowment, mini-hydro was not
for the whole country using a least- most rural areas and can serve asan  included in the analysis thus potentially
cost model based on GIS data intermediate solution until the grid limiting the robustness of the results.
can be extended to more remote
areas depending on Ghana’s rural
electrification plans.

[48] Supply-driven: To determine the Stochastic MILP e As budget allocations increase, The contribution of non-hydro RE was
optimal electricity generation mix decisions on the generation mix not considered, despite substantial solar
under several budget allocation become less costly owing to an energy resources, even in scenarios with
scenarios and uncertainty of demand investment shift to power plants higher budget allocations.
growth following a multi-period with higher capital and lower
approach (2016-2035) running costs;

e 95% of Ghana’s electricity demand
can be met by financing investments
in generation capacity with annual
savings amounting to 0.75% of the
Gross Domestic Product (GDP).

[97] Supply-driven: The Integrated Power Integrated Planning Model =~ e Additional generation capacity is e Although cross-cutting from genera-
System Master Plan is a subset of (a least-cost optimization not needed until the mid-2020s; tion to distribution and end-user con-
Ghana'’s Strategic National Energy tool) e By 2027 and 2037, the shares of sumption and holding significant cost-
Plan. Its aim is to serve as a strategic renewables (excluding large hydro) savings potential, energy efficiency
planning document unraveling the in the electricity generation mix was overlooked;
development of the generation and increases and the increase rate e Energy efficiency and DSM promotion
transmission infrastructure to meet a depends on the scenario. In the is a key function of the Energy
growing demand and promote Enhanced Nationally Determined Commission; as such including them in
sustainable economic growth in a Contribution scenario, the this integrated study would have
cost-effective manner. contribution of renewables is the perfectly fitted the scope of national

highest with almost 20% of the energy priorities.

generation mix in 2037. The Export-

Oriented scenario shows a remark-

able scale-up of PV (with and

without storage) and wind genera-

tion by 2037.

Mali, [98] Demand-driven: To define the best IMPROVES-RE/GEOSIM e For each pilot area, priority e The potential contribution of local RE
Niger electrification option (grid extension Development Poles, i.e. areas with a sources in stand-alone or hybrid sys-

or off-grid diesel systems) for strong potential for lifting people tems was overlooked, which is not
maximum socio-economic impact of out of poverty were identified and coherent with national priorities of
rural electrification projects in two ranked according to the existence of tapping into endogenous resources.
pilot regions (one in Mali and one in health facilities, education centers,
Niger) economic activities and number of

local people;

e The least-cost (NPV-based) electri-
fication option was determined for
each Pole;

e The total investment costs to reach
100% electrical coverage in the pilot
area were assessed.

Nigeria [99] Demand-driven: To investigate the HOMER e The hybrid system (with or without e The typical electricity consumption of
potential role of off-grid hybrid battery) yields a lower LCOE value a single location was used in the
(solar PV/wind/diesel) systems for 8 than a diesel-only system; techno-economic analysis of the other
locations in Northern Nigeria using e This LCOE value remains higher locations, thus neglecting consumption
LCOE and NPV as criteria than the current grid electricity dynamics;
tariffs. Yet, such a hybrid system e Sensitivity analysis on electricity
remains the most viable solution for consumption would have improved the
serving remote areas where grid results reliability.
connection costs are too prohibitive.
[100] Supply-driven: To design a network of ~ Multi-step including Making the region free of fossil-fueled e Sensitivity analysis on solar irradiation

solar and hybrid (solar/wind) power
plants based on energy resource
availability and demographical
conditions for South-Eastern Nigeria
by 2020

integer linear
programming

generation by 2020 requires an annual
increase by 41.5% of the 2013
capacity, met by 5 solar and 3 solar/
wind power plants

and wind speeds would have improved
results reliability;

Practical recommendations on the
implementation of the proposed RE
network would have supported the
theoretical results.

(continued on next page)
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Case Authors  Aim of the study Model/Tool Main results Limitations of the study

study

Senegal [101] Supply-driven: To produce an Modified Kruskal’s o In the base scenario, unelectrified No account for wind technologies (same
electricity expansion planning model  algorithm programmed in areas would be cost-effectively observation as [91]).
to be used at both local and national ~ Java served by the grid rather than solar
levels and analyze connection costs PV or diesel mini-grids;
drivers in Senegal e When electricity demand doubles or

grid-related costs reduce by half,

grid connection is even more favor-

able for unelectrified communities;

e Even when grid-related costs double

or PV equipment costs decrease by

half, almost 50% of the unelectrified

populations is cost-effectively

served by the grid.

Sierra [102] Supply-driven: To develop power WASP e In the hydro-dominant scenario, the =~ e Non-hydro RE sources were
Leone development planning scenarios to share of hydropower in the gener- overlooked in the planning model

meet the electricity demand of the ated power in 2025 sharply in- (same observation as [48]);
Western region of Sierra Leone for creases after the construction of the e No sensitivity analysis on hydropower
2010-2025 Yiben-I hydropower plant - potential availability.

site with the lowest unit generating

cost - in 2019 from less than 50% to

over 90%;

e Sensitivity analyses on fuel prices

for the hydro-dominant scenario

show that the year 2019 remains the

desirable completion data of the

Yiben-I hydropower plant. In a

higher price scenario, the base

hydro scenario is unchanged

whereas in a lower price scenario

(25% fuel price reduction), high-

speed diesel becomes more cost-

effective than mid-speed generators.

WAPP [21] Supply-driven: To develop four SPLAT-W (System e By 2030, the share of RE-based o Single-node modeling, hence not
scenarios of different electricity Planning Test model for electricity generation in the WAPP capturing RE spatial variability;
supply configurations by 2030, Western Africa) (within rises by ten-fold to almost 60%. e Load profiles in each sectoral demand
including a RE Promotion Scenario MESSAGE framework) Hydropower (local and imports category were defined according to 3

from Central Africa) makes up three- or 4 blocks in a 24-h time period across

quarters of this share; a three-season year but they were not
e Even in the energy security scenario considered as country-specific;

whereby imports between WAPP o The potential shares of solar PV and

countries are restricted, RE- wind power in the generation are

electricity still accounts for over limited by conservative assumptions

50% of the total added capacity; rather than sound optimization results.
e Off-grid RE technologies will be key

to meeting regional demand by

2030 with a contribution of 33%.

[30] Supply-driven: To develop a cost- PRELE e By 2022, gas turbines contribute to e The contribution of wind and solar PV
optimal generation and transmission around two-thirds of the electricity to peak demand is limited to 10% using
model for the WAPP with a focus on generation mix whereas PV holds a a conservative assumption rather than
RE integration to meet electricity share of 4% and wind, less than an optimization result;
demand between 2017 and 2033 0.1%. e The optimal power flows between

e By 2029, PV and wind respectively countries, although essential for a well-
contribute to 13% and 1% of the functioning pool, were not assessed.
generation mix whilst the
contribution of gas turbines falls to
60%;

e By 2033, the share of solar PV grows
to 17% whereas it remains at 1% for
wind and rises to 62% for gas
turbines.

[103] Supply-driven: To develop a multi- PLEXOS e The high-level PV integration sce- e No further implications of higher
node economic dispatch model with nario shows a significant reduction utilization of solar power at technical,
higher levels of solar PV power by half of the supply-demand gap social or policy levels were considered;
production in 2025 with decreasing generation costs e Although using an hourly temporal

compared to the business-as-usual resolution suitable for such planning
scenario. study, the spatial resolution of the

o Increased import dependency occurs transmission infrastructure remained
for several countries, hence at the level of interconnection nodes,
potentially posing political and individual utility-scale power
challenges. plants were not modeled.

SSA [88] Demand-driven: To find the cost- OnSSET The shares of mini-grids vary e Only residential demand was

optimal technology split for 44
countries by 2030 following a
costing algorithm based on LCOE

10

according to electricity demand levels
and diesel prices: with higher demand,
RE-based mini-grids (PV and hydro)

become cost-effective over diesel mini-

considered;

The study did not include further
analysis of the optimal grid supply mix,
thus disregarding the temporal

(continued on next page)
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Case Authors  Aim of the study Model/Tool Main results Limitations of the study

study
grids, especially in a high price dynamics of grid supply which have an
scenario. The results for Burkina Faso impact on LCOEs.
are coherent with [92].

[104] Supply-driven: To determine a least- Multi-node approach and e SSA was sub-divided into multiple e Despite using a rather high temporal
cost supply path hourly-resolved for  a linear programming regions according to their areas, resolution, the spatial resolution was
100%-renewables-based power model demography and grid connections. too high to truly reflect demand and
system. The sub-Saharan African Electricity demands were aggre- supply levels across the region.
region. gated into clusters in each sub-

region, resulting into scattered con-
sumption centers. For instance, five
consumption centers were defined
in West Africa: one in Senegal, one
in Ghana, and three spreading from
North to South Nigeria;
[105] Supply-driven: To propose a sub- The Electricity Model Base ~ The study substantiated TEMBA’s e No in-depth critical analysis of the

continent-wide modelling of
investment opportunities in
electricity generation.

upon 0SeMOSYS.

for Africa (TEMBA) based

scale-up of RE integration in the power
system was carried out.

ability to generate an optimal supply
path matching exogenous demand in
order to provide sound scientific
evidence to foster investment and
inform policy strategies in the power
supply sector.

# The electrical networks of Benin and Togo form the Electrical Community of Benin (CEB). While some simulations were specific to the Beninese electrical grid, most

of them considered Benin and Togo as a whole.

diversification of the generation mix. Given the location-specific and
intermittency nature of RE, the use of high-resolution timesteps and
geospatial data in long-term generation expansion planning would
significantly improve the reliability of generation site locations, espe-
cially for region-wide applications, as generation variability can be
smoothed out through resource complementarities and increased
cooperation. Nonetheless, the study by Ref. [3] pointed out that RE
alone in SSA is not capable of significantly reducing the supply-demand
gap. It was found that energy efficiency is the most efficient way to
narrow the gap and significantly reduce carbon emissions. Hence, it is
paramount to include energy efficiency in planning models to ensure
that any capacity available is used in the most efficient way at all levels.

Although a wide range of modeling packages have been developed,
they still require a certain level of human expertise. It appears that the
majority of existing studies on power systems planning for West Africa
are performed by foreign scholars and entities and research agencies.
The lack of human capital in developing countries has been identified as
a crucial impediment to proper planning processes and served as the
rationale behind the creation of OSeMOSYS. Although it is an open-
source package with a reduced learning time curve in favor of energy
planners and decision-makers in these countries [54], 0SeMOSYS barely
features in the literature for West Africa. Due to the low electrification
rates and the vast RE potential, most of the research has focused on
generation technology choice for rural settings. Yet, there has been very
limited research on country-level grid-connected PV. It has been argued
that achieving sustainable access to electricity in SSA requires comple-
mentary inputs of grid expansion, RE-based off-grid technologies, and
strong and coherent policy measures to promote investments in supply-
and demand-side energy efficiency solutions [3,15]. Hence,
capacity-building of local actors (policy planners, the academic com-
munity, etc.) is crucial to deepen and hone sound scientific knowledge in
the field.

The reviewed research papers show a common ground as to the
latent potential of RE in scaling up electrification in West Africa.
Business-as-usual paths will unlikely overcome the supply-demand gap,
and stringent policy measures to disincentivize fossil-fueled generation
over RE generation will be key to achieving sustainable development
objectives. Besides, sound and transparent planning for the grid and off-
grid options is required for each strategy to achieve its full potential.

11

3.2. On the practical implementation of planning models

In practice, there are critical gaps which need to be addressed for a
successful RE scale-up. Some of these challenges are mentioned in Sec-
tion 2.2 and include: infrastructure adequacy, regulatory framework,
private sector involvement and resource mobilization capacity.

The large-scale deployment of RE sources, which are intermittent by
nature, requires power plant short-term flexibility, as well as the ability
of the transmission system to absorb fluctuating RE outputs. As for
small-scale electrification, particularly with solar home systems (SHSs),
past experiences have shown the need for community ownership, deep
understanding of beneficiaries’ financial capacity and their sustained
commitment [106]. The areas where SHSs are cost-optimal are also the
areas with the higher LCOEs [88-90]. These are typically rural areas
which are home to the poorest strata of the population. Thus, reaching
cost affordability both in “last-mile” and universal electrification efforts
calls for appropriate tax levels, inducing retail market structures and
adequate business models. However, some countries still lack tax
exemption measures on RE products (Table 2).

In off-grid electrification, five delivery models exist through three
main actors: rural electrification agencies which largely depend on
donor funding and/or government support, NGOs and other interna-
tional development institutions, and the private sector. Focusing on the
private sector, it either delivers through a purely commercial model, a
donor-led or finance institution-led credit approach, and fee-for-service
models. Fee-for-service models are delivered by Energy Service Com-
panies (ESCOs) which provide financing and responsible for installation,
consumer education, maintenance and after-sales services, contrarily to
other private-led models whereby these constitute shared re-
sponsibilities between the end-user, the vendor and the financial insti-
tution. The latest, therefore, highlight the need for capital and technical
capacity from the consumer side, and has proven its limits in terms of
project sustainability. For instance, the purely commercial model, ne-
cessitates local micro-finance institutions to provide schemes adapted to
these specific technologies, which is usually not the case [107]. Besides
making provision for productive uses of electricity, the 2005 ECOWAS
White Paper draws attention to the need of providing energy services
beyond technologies. The frameworks under which ESCOs operate, thus,
make them fitted gamechangers. Given the relatively high capital costs
incurred by the technologies which may hinder ESCOs development,
various support funds are put in place. The Sustainable Energy Fund for
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Africa (SEFA), a multi-donor trust fund administered by the African
Development Bank, is one such example. Furthermore, de-risking RE
investment and accelerating resource mobilization through private
sector involvement in a context of financially constrained utilities, are
two additional gaps to bridge. One solution includes clearing the regu-
latory environment to encourage private sector participation in RE
production and service provision including DSM. Several countries such
as Burkina Faso, Ghana, Mali and Senegal are honing their
public-private partnerships frameworks. Incentives such as FITs and
Renewable Energy Premium Tariffs (FIT-inspired for mini-grids in
developing countries [108]) which can catalyze RE investment, are yet
to be fully explored in planning models to inform policy and regulatory
direction.

Regional integration can potential reduce large-scale storage needs
and capital costs, thus facilitating RE deployment [109,110]. Three
factors act towards the benefits of interconnected systems: different
consumption profiles, different peak load times and duration, and
different climatic conditions [110]. For West Africa, the diversity of RE
sources spread across a large geographical area make it plausible to
seriously explore increased RE integration from a regional perspective.
Within the current context of regional integration in West Africa, the
States are increasingly geared towards acting as a region, and the energy
sector is no exception [111]. The WAPP was created to integrate na-
tional power systems with cross-border exchanges in view of culmi-
nating into a regional electricity market [17]. However, being that (i)
cross-border interconnections and electricity trade are highly subject
to political dynamics and national sovereignty issues over energy se-
curity concerns and (ii) utility-scale RE deployment is challenged by
land availability due to socio-cultural dimensions, it is paramount to
duly acknowledge and account for socio-cultural barriers and political
risks and priorities to derive sound mitigation strategies in RE projects
implementation.

4. Conclusions

Although hosting some of the world’s fastest-growing economies,
access to electricity services, an undeniable multiplier of development,
remains a luxury for most of the West African population. This situation
is an alarming paradox as the region enjoys the highest endowment of
endogenous energy resources. The question of how best to close the gap
between electricity supply and demand in SSA has stimulated much
attention from governments, multilateral investment organizations, and
international research agencies. Yet, despite recognizing West Africa’s
unique potential in RE sources, the sector still falls short of adequate
investment. Scaling up access to electricity in the region requires a
shared vision informed by substantial knowledge of their options.
However, the literature on power systems planning with RE is scarce and

Appendix A

Table A-1
Solar and wind energy potentials in WAPP member countries
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confined within least-cost and/or low-resolution modeling. Specifically,
regional power pooling with RE offers huge, yet untapped opportunities
for taking advantage of resource diversity as well as reducing capital
costs and storage needs for increased cost affordability for end-users.

This paper contributes to enhancing current knowledge by capturing
the essence of the existing literature on capacity expansion modeling
approaches and critically analyzing their shortcomings to define po-
tential improvement avenues. As such, future work should focus on
coupling high-resolution geospatial information with power systems
planning models to ensure system reliability by better reflecting RE
variability. Furthermore, the use of geospatial information merits better
exploration to adequately characterize the complementary inputs of grid
and off-grid systems rather than pursuing an unplanned and biased
approach leading to costly investment decisions. Modeling tools such as
OnSSET are well-suited for this. However, conclusions drawn from an
OnSSET analysis requires further elaboration by determining the
optimal electricity generation mix from the centralized grid. Such
further modeling would have higher added value in policy recommen-
dations. In Ref. [90], the same authors applied OnSSET to the cases of
Burkina Faso and Cote d’Ivoire, and provided market assistance need
insights. Additionally, novel resource assessment metrics should be
considered in order to increase the accuracy of planning models. Most
importantly, future research should aim to contribute to redesigning
power systems planning by providing innovative solutions. Bearing in
mind the end goal of spurring economic growth with accrued private
sector involvement, it should capture multiple objectives involving en-
gineering, economics, policy, regulatory and socio-technical design to
culminate into actionable research. In particular, the inclusion of pro-
ductive uses of electricity and environmental externalities could be
useful to better assess costs and opportunities. Advancing research in
such directions would provide sound scientific evidence to key national
and regional stakeholders so as to take a step closer towards building a
resilient future for West African countries.
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Country Global horizontal irradiance” Wind energy potential”
Daily solar radiation (kWh/mz) Annual radiation (kWh/year) Mean wind speeds (m/s)
Benin 4.6-5.8 1680-2118 2-5
Burkina Faso 5.4-6.0 1972-2191 2-5
Cote d’Ivoire 4.4-5.6 1607-2045 2-5
The Gambia 5.6-5.8 2045-2118 2-6
Ghana 4.4-5.6 1607-2045 2-6
Guinea 5.0-6.0 1826-2191 2-6
Guinea-Bissau 5.4-5.6 1972-2045 2-6
Liberia 4.4-5.4 1607-1972 2-6
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Table A-1 (continued)

Country Global horizontal irradiance” Wind energy potential”
Daily solar radiation (kWh/m?) Annual radiation (kWh/year) Mean wind speeds (m/s)
Mali 5.8-6.4 2118-2337 2-8
Niger 5.8-6.6 2118-2410 5-8
Nigeria 4.2-6.2 1530-2264 2-7
Senegal 5.6-6.0 2045-2191 2-7
Sierra Leone 4.8-5.6 1753-2045 2-6
Togo 4.8-5.6 1753-2045 2-6

Source: Author’s compilation, from Ref. [112,113].

@ Daily and annual global horizontal irradiance values are 1994-2005 long-term averages, except for Benin (1999-2015) from Ref. [112].
> Measured at 50 m height with 1 km resolution in 2015, from Ref. [113].
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Note: Electricity access tiers represent the target consumption levels by the final year of the analysis.
They result from the Multi-Tier Framework developed by the World Bank and their partners, going
beyond the traditional binary definition of electricity access and considering key features of electricity

supply (see [114])

Fig. B-1. Flowchart of the OnSSET methodology GIS input data Data processing Modelling output.
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