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Abstract
Purpose of review This review paper assesses recent scientific findings around the integration of variable renewable electric-
ity (VRE) sources, mostly solar PV and wind power, on power grids across Africa, in the context of expanding electricity 
access while ensuring low costs and reducing fossil fuel emissions.
Recent findings In this context, significant research attention has been given to increased cross-border transmission infra-
structure between African countries to harness the spatiotemporal complementarities between renewable electricity resources, 
as well as to storage options, such as battery storage and power-to-gas.
Summary Much of the recent, model-based literature suggests that a combination of increased interconnections in and 
between Africa’s power pools, leveraging spatiotemporal complementarities between solar PV, wind and hydropower, as 
well as a large-scale deployment of storage options could help African countries meet their burgeoning power demand with 
largely decarbonized electricity supply.
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Introduction

Worldwide, an unprecedented expansion of electricity sup-
ply using modern renewable electricity (RE) sources is 
underway. Most of this expansion is driven by solar pho-
tovoltaic (PV) and wind power [1], underscored by these 
technologies’ rapidly declining costs [2, 3••] and a desire 
to decarbonize power supply in the context of the Paris 
Agreement [4]. Solar PV and wind power are characterized 
as variable renewable electricity (VRE) sources: driven by 

meteorology (e.g. irradiation, temperature, wind speed), they 
vary on all timescales from sub-hourly to interannual [5]. As 
the share of grid-connected VRE grows, power systems will 
have to adapt to the new reality of short, medium- and long-
term weather-driven variabilities to ensure reliable power 
supply without endangering grid stability [6].

This has vastly different implications across the world. 
For instance, Europe and North America have benefitted for 
decades from large-scale, interconnected, adequate grids. 
Here, the main challenge now lies in integrating VRE into 
existing grid infrastructure, which will require a certain level 
of technological adaptation to increase grid flexibility [7]. 
On the other hand, developing regions with low levels of 
electricity access and rapidly growing power demand, such 
as sub-Saharan Africa [8, 9, 10•], face a different challenge 
altogether: growing VRE while growing the grid [11•, 12, 
13], simultaneously responding to the dual challenge of cur-
rently inadequate electricity access and the need to decar-
bonize electricity supply.

As such, many developing countries are “greenfields” 
for developing power systems with high VRE shares, and 
their power systems planning will need to focus on VRE 
integration from the outset—which could be an opportunity 
that Europe and North America never had. In this context, 
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this review paper assesses recent findings on modelling the 
energy transition at various scales in Africa, with a focus 
on the specific recommendations for increasing flexibility 
and VRE shares in Africa’s burgeoning power systems. The 
focus here lies on technical challenges and solutions avail-
able to African countries to successfully achieve high shares 
of VRE in the electricity mix. While there are undoubtedly 
a multitude of non-technical (e.g. political, financial) chal-
lenges to successful VRE deployment as well [14••], these 
fall outside the scope of this paper.

Getting VRE on the grid

The spatiotemporal variability of VRE sources will require 
increased grid flexibility to safeguard the supply–demand 
balance. It is generally helpful to break down the different 
flexibility measures into three categories: generation-driven, 
storage-driven and demand-driven [6, 15, 16], as indicated 
schematically in Fig. 1 where several prime examples of 
each category are provided. In the following, each of these 
categories and examples will be discussed in the context of 
VRE integration on the African continent. The focus will be 
on generation-driven flexibility, but attention will be given 
to storage-driven and demand-driven approaches as well.

Generation‑driven flexibility

Flexibility to meet peak demands is currently mostly pro-
vided by natural gas and, where available, hydropower 
plants; in the future, concentrated solar power (CSP) with 
thermal storage, as well as biomass plants, could also play 

an important role. Logically, the flexibility of existing and 
planned gas, hydropower, CSP and biomass plants in Africa 
thus constitutes an obvious case to support VRE uptake.

Both natural gas reserves and hydropower potential in 
Africa are spatially very unevenly divided. While many 
countries make substantial use of domestic natural gas in 
their electricity mixes (e.g. Nigeria), other countries need to 
import natural gas from abroad (e.g. Benin) [18, 19]. As far 
as hydropower is concerned, some countries already today 
have large enough hydropower fleets to potentially support 
a massive uptake of VRE (e.g. Ghana, Ethiopia) [20, 21•], 
but others have either yet to substantially exploit their hydro-
power potential (e.g. Burundi, Central African Republic, 
South Sudan), or do not have potential to speak of [22].

For this reason, discussions on natural gas- and hydro-
power-driven flexibility for VRE uptake in Africa are often 
strongly linked to plans on cross-border transmission infra-
structure and regional integration of power systems [11•, 
18], especially for hydropower. For example, in the same 
way that Norway’s hydropower provides much-needed flex-
ibility to continental Europe’s power system [23], there are 
several countries across Africa that could find themselves 
in comparable positions in a VRE-rich future, including 
Guinea in West Africa [11•, 18] and Ethiopia in East Africa 
[21•, 24, 25]. In this context, it is important to note that 
various older hydropower plants in Africa may need refur-
bishment to be able to provide better flexibility services to 
aid VRE integration in the future [26, 27].

Given that natural gas is an important emitter of carbon 
dioxide, it will eventually have to be phased out along with 
other fossil fuels to retain chances of meeting the long-term 
temperature goals of the Paris Agreement [4]. While natural 

Fig. 1  Various categories of flexibility and prime examples of flexibility measures in each of these categories to enhance VRE penetration. 
Inspired by ref [17].
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gas can therefore help in the near-term to support increased 
VRE penetration, especially for important natural gas pro-
ducers like Nigeria (and its neighbours) [18], it cannot be 
considered a solution in the very long term, and significant 
expansion of natural gas to increase VRE penetration would 
be partially defeating the purpose of VRE. Therefore, in the 
context of generation-driven flexibility, it is desirable that 
where available, hydropower (provided that it meets envi-
ronmental sustainability requirements) [28], CSP, and bio-
mass, contribute strongly to generation-driven flexibility in 
the years to come.

The buildout of power pools across Africa would not only 
add value for hydro-rich countries seeking to export electric-
ity to hydro-poor ones. In fact, significant spatial synergies 
exist in Africa between hydropower on the one hand and 
VRE on the other. Water-rich, rainy regions tend to have rel-
atively low irradiation and wind speeds as compared to drier 
regions; the latter therefore have stronger (and thus cheaper) 
solar PV and wind power generation potential. Such spatial 
complementarities have been shown to exist between coun-
try pairs both across West Africa (e.g. Guinea and Senegal 
or Ghana and Burkina Faso) [11•, 18], East Africa (e.g. 
Ethiopia and Sudan) [21•, 24, 25, 29•] and Southern Africa 
(e.g. Zambia/Zimbabwe and South Africa) [30]. Reinforced 
grid interconnections may thus add value to VRE resources 
from hydro-poor countries by allowing them to complement 
hydropower from wetter regions [11•, 21•].

Some studies have even suggested that a smart deploy-
ment of VRE on interconnected regional grids may help 
reduce future investment needs for additional hydropower 
in water-rich countries, thus lowering sustainability con-
cerns around environmental impacts of hydropower plants 
[11•, 31, 32•, 33, 34] as well as lessening competition for 
water resources amidst the water-energy nexus [35]. This is 
an important finding given the various barriers and contro-
versies that surround the potential development of some of 
Africa’s major unexploited hydropower resources, such as 
population displacement, disputed water rights, cost over-
runs and long lead times [34]. In the same vein, a diversifica-
tion towards more VRE to reduce hydropower-dependency 
may reduce future power system shocks related to the impact 
of climate change on water resources [33, 36].

Next to hydropower’s flexibility of dispatch to support 
VRE on (sub-)hourly timescales, hydropower and VRE 
exhibit pronounced seasonal synergies in many regions 
in Africa, with VRE tending to be highest during the dry 
season(s). For instance, such synergies have been docu-
mented for West Africa [11•, 37•], North-East Africa [21•] 
and South Africa [30]. In the context of regionally integrated 
power systems, this marks a strong case for seasonal patterns 
in imports and exports between countries to achieve more 
cost-favourable systems overall. These may even change 
prevailing patterns of trade between countries, with current 

importers of electricity potentially becoming strong export-
ers in the future [11•, 25, 37•, 38]. An example is Niger, 
which is currently importing most of its electricity from 
Nigeria, but could leverage its strong solar PV and wind 
resources to become a net exporter of electricity in the future 
[11•, 37•].

It has further been suggested that synergetic operation of 
hydropower with VRE may re-introduce natural seasonali-
ties in the outflow of large, multi-year storage reservoirs, 
due to the increased need to dispatch hydropower during 
the low-VRE (i.e. rainy) seasons, which would have posi-
tive ramifications for river ecology [28]. A recent study sug-
gested this concept as a potential way to mitigate an ongoing 
political conflict between Ethiopia, Sudan and Egypt on the 
Grand Ethiopian Renaissance Dam, while at the same time 
providing an opportunity to support enhanced VRE uptake 
across the region, including in other neighbouring countries 
such as Djibouti and South Sudan [21•].

In all the above contexts, much research attention has 
been given to five separate so-called “African Power Pools” 
(West, Eastern, Central, Southern and North) and their 
potential for achieving lower-cost electricity generation and 
lower emissions. Most covered in scientific and gray litera-
ture appear to be the West African Power Pool (WAPP) [10•, 
11•, 18, 31, 37•, 38, 39] and the Eastern Africa Power Pool 
(EAPP) [21•, 25, 29•, 32•, 40], followed by the Southern 
Africa Power Pool (SAPP) [29•, 30, 41]. All of these cover 
a wide range of climate zones, ranging from wet and oro-
graphic highlands to dry, sunny and often windy flatlands, 
and could thus harness substantial hydro-solar-wind syner-
gies leveraged by increased interconnections between coun-
tries dominated by different climates.

On the other hand, literature on the Central African Power 
Pool (CAPP) is relatively scarce. The available material 
mostly paints a picture of a region to remain dominated by 
hydropower in the foreseeable future [8, 42]. The latter is not 
unsurprising given that it is climatologically the most homo-
geneous of the African power pools, with most of its mem-
bers being typical “hydrocountries”, like DR Congo, Gabon, 
and Cameroon. However, it has also been suggested that 
the CAPP could become a substantial feeder to the SAPP 
whose electricity demand is much higher, mostly because 
of South Africa, currently Africa’s second largest electricity 
consumer after Egypt [43].

Lastly, the North African Power Pool (NAPP) is an 
extreme at the other end: its hydropower potential is very 
low, and where it exists, it has largely already been exploited. 
Here, it is rather the potential for dispatchable Concentrated 
Solar Power (CSP) with thermal storage that is promising, 
thanks to extremely favourable direct normal irradiation 
(DNI) levels, with Morocco showcasing this in several large-
scale projects. For this reason, CSP with thermal storage has 
been suggested as a strong candidate for investment to help 
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support solar PV uptake in North Africa’s future [44–46]. 
North Africa may also benefit from improved interconnec-
tions to the European mainland for electricity imports and 
exports [45, 47].

Such options related to electricity trade are not avail-
able for the various island states that are considered part 
of Africa. While a large island state like Madagascar could 
likely still make good use of spatiotemporal hydro-solar-
wind complementarity by expanding power grids within its 
borders [48], small African island states (Comoros, Sey-
chelles, Mauritius, São Tomé and Príncipe and Cabo Verde) 
will largely require other solutions to integrate VRE in their 
power mix [49, 50], such as storage technologies.

Notably, next to existing and future hydropower, planned 
biomass plants may also play important roles in flexibility 
provision in the future [37•]. Some countries with relatively 
high (unexploited) biomass potential, like Côte d’Ivoire, 
even foresee a more important role in the power mix for 
biomass (agricultural residues and wastes) than for solar PV 
by 2030, where it would be the third-largest contributor to 
the mix behind natural gas and hydropower according to cur-
rent policy [51]—despite the much stronger expected cost 
reductions of solar PV [2]. Overall, however, the potential 
for biomass power generation in Africa is estimated to be 
substantially below that of hydro and VRE [52, 53], and it 
is thus likely to play more of a complementary role rather 
than a dominant one.

In the context of renewable resource complementarities 
in Africa, the somewhat less obvious ones should not be for-
gotten. For instance, despite their inherent lack of flexibility, 
solar PV and wind can mutually support each other thanks to 
temporal complementarities e.g. on diurnal scales [54]. Fur-
thermore, next to its general flexibility of dispatch, biomass-
based power may exhibit seasonal synergies with run-of-
river hydropower in cases where the main cropping season 
falls outside the rainy season [24]. Geothermal power, on the 
other hand, for which the potential is mostly concentrated 
in African Rift countries (i.e. in the Eastern African Power 
Pool), may be more likely to be used for providing baseload 
power, contributing relatively little to flexibility [24].

Storage‑driven flexibility

Generation-driven flexibility cannot support VRE indefi-
nitely, primarily because natural gas plants are not compat-
ible with the Paris Agreement, hydropower potential has 
clear upper limits, and biomass plants depend on agricul-
tural output which is a seasonally limited resource. Thus, it 
will be of imperative importance that storage technologies 
are deployed at large scale across Africa to assist in VRE 
integration.

Worldwide, the most-used storage technology of the 
present-day is pumped-storage hydropower [55]. However, 

in Africa, only South Africa and Morocco have made use 
of this technology to date [56, 57] and current policy plans 
do not suggest that this is about to change, despite available 
potential [58]. In particular, pumped-storage hydropower 
may hold promise for small island states which cannot ben-
efit from regional interconnections, such as Cabo Verde [59] 
and Mauritius [60], which both have pronounced orography 
(permitting high-head pumped-storage schemes) and high 
solar PV and wind power potential.

Thanks to the recent, unprecedented decreases in costs 
of battery storage [61], it appears more and more likely 
that a large-scale deployment of battery storage solutions 
to complement solar PV and, to a lesser extent, wind power 
generation, may play a substantial role in Africa’s energy 
future. Recent studies on the West African [37•] and North 
African regions [62•] and on South Africa [63•], as well 
as on sub-Saharan Africa as a whole [3••], have suggested 
solar PV-plus-batteries as the most attractive future back-
bone of power systems on the basis of least-cost optimi-
zation—allowing to lower costs and  CO2 emissions while 
increasing employment opportunities (as compared to busi-
ness-as-usual pathways without strong drives to increase 
VRE penetration).

Although the grid-scale battery storage sector is nascent 
on a worldwide scale and the above-cited studies remain 
projections for the time being, first steps are already being 
taken on the African continent. South Africa appears to be 
a frontrunner as of 2021, with its utility having issued a 
request for bids in 2020 for a large-scale storage facility to 
complement a local wind farm and provide ancillary services 
[64]. In coal-dependent and relatively hydro-poor South 
Africa, such projects are likely to be considerable assets for 
increasing VRE penetration while reducing the reliance on 
fossil fuels [63•].

Battery storage will, by nature, mostly be a lever to reduce 
intra-daily variability of electricity supply. For seasonal stor-
age, it has been suggested that power-to-gas technologies 
could play important roles—not only for the power sector, 
but also to increase sectoral coupling and aid the decarboni-
zation of e.g. industry [37•, 62•]. The relative importance 
of storage technologies will be strongly contingent upon the 
region [3••]. For instance, regions with substantial reservoir 
hydropower schemes (like West and East Africa) may lever-
age this to provide seasonal balancing and thus reduce the 
future need for power-to-gas technology [37•], which will 
not be the case for North Africa [62•].

Last, Concentrated Solar Power (CSP) with thermal 
(molten salt-based) storage has been successfully imple-
mented in Morocco and South Africa. Further expansions of 
CSP capacity could further support VRE uptake in the years 
to come, potentially through explicit tendering of hybrid 
CSP/PV plants [46]. Such projects will be most attractive in 
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the geographical regions benefitting from the highest DNI 
levels, e.g. North Africa and Southwest Africa [65].

Demand‑driven flexibility

In addition to generation-driven and storage-driven flexibil-
ity measures, various levers for increasing VRE penetration 
while safeguarding a balanced power mix are to be found 
on the demand-side. Clearly, demand response measures 
within the power sector to shift loads to better match VRE 
infeed could be helpful; however, with electricity demands 
still strongly on the rise across Africa [8] and electricity 
access lagging behind [66], this is clearly not yet of prime 
concern and literature on the topic is scarce. What appears 
much more pressing at the moment in terms of demand is 
the need to reduce losses in transmission and distribution 
[67], such that unnecessary demand growth related to these 
losses can be tempered.

Looking at demand-side flexibility from a broader per-
spective, the topic of sectoral coupling could mark a strong 
case for supporting VRE penetration in the longer-term 
future. Various studies on cost-optimised power systems 
in Africa [37•, 62•, 63•, 68, 69] showed that sectoral cou-
pling can lead to more cost-effective systems overall, across 
diverse regions of the continent with different resources 
and storage needs. For instance, power-to-gas technologies 
can contribute to sectoral coupling of electricity and non-
electricity sectors across Africa if the produced gas is con-
sumed in the industrial sector, instead of being used within 
the electricity sector as storage option [3••].

Conclusions and the way forward

The African continent has a unique opportunity to plan its 
future electricity (and energy) systems from the outset with 
a high VRE penetration as one of the targets. Many African 
countries are practically “greenfields” for VRE deployment, 
where even comparatively small capacity additions of VRE 
could have important ramifications for power system opera-
tion. It is therefore of high importance that all currently 
available technologies (notably flexible hydropower and gas 
plants, as well as interconnections and power pooling) are 
used to support an initial push for increased VRE penetra-
tion. At the same time, research and development efforts to 
further the prospects for near-term deployment of battery 
and other storage technologies, and those for longer-term 
demand response and sectoral coupling approaches, will be 
indispensable in going beyond what generation-driven flex-
ibility can provide in terms of VRE support.

Various studies have shown that increasing VRE pen-
etration across Africa could be cost-competitive as com-
pared to continued fossil fuel- and hydro-dominance, and 

carry various climate and other environmental benefits, 
thus helping to achieve the goals of the Paris Agreement. 
Recently, however, the carbon lock-in risks for Africa have 
been estimated as high, with the share of non-hydro renew-
ables projected to remain below 10% by 2030 unless a 
rapid shift to modern VRE and other renewable resources 
is undertaken [14••]. It is therefore urgent that all solu-
tions mentioned above are leveraged to the extent possible 
to facilitate the transition to low-carbon electricity supply 
across Africa, while at the same time growing power grids 
and increasing electricity supply to larger shares of the 
population.

Next to the technological and economical aspects, gov-
ernmental support for VRE will be imperative if such a 
transition is to succeed. This support can come in vari-
ous forms; examples include explicit policy support for 
renewables [67], the creation of dedicated governmental 
agencies for renewables [70, 71], and training and capacity 
building of national stakeholders in all matters concerning 
long-term power systems planning with high VRE shares 
[16, 72].

In this context, the author of this review paper has 
recently been involved in the planning and organization of 
capacity building workshops on power system modelling 
with high VRE penetration with energy sector stakehold-
ers in various African countries, including Côte d’Ivoire, 
Gabon, Niger, Mali and Cameroon. The objective of these 
workshops has been to support these countries’ revisions 
of their Nationally Determined Contributions (NDCs) in 
the run-up to the COP26 in Glasgow. In the author’s view, 
national VRE strategies and targets, as communicated e.g. 
in power sector masterplans and NDCs, can be prime oppor-
tunities for countries to showcase their desire to enhance 
VRE integration on a worldwide stage. Such visibility, in 
turn, may act as a catalyst for enhanced research efforts to 
chart pathways appropriate for each country’s specific cir-
cumstances to attain power sector decarbonization — some-
thing which today is still lacking, with many studies having 
an important region-wide focus but falling short of providing 
tailored advice for policymakers in individual countries.
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