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Electricity mix from renewable energies can ===

avoid further fragmentation of African rivers
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Abstract

In Africa, mitigating climate change in a context of a growing human population and developing economies requires
a bold transition to renewable energy (RE) resources. Declining costs for solar photovoltaics (by 90% between 2009
and 2023) and wind turbines (by 57% between 2010 and 2023) fuelled their construction, and hybrid forms such

as floating photovoltaics (FPV) on existing hydropower reservoirs are increasingly being explored. Nevertheless, 65%
of the proposed RE capacity in Africa remains hydropower, despite confirmed ecological, socioeconomic, and politi-
cal ramifications on different spatiotemporal scales. The 673 proposed hydropower plants (HPPs) would increasingly
affect river systems and threaten their biodiversity. While there is clear evidence that a transition to RE in Africa is tech-
nically feasible, there is a lack of spatially explicit studies on how this transition could be implemented. Hence, the aim
of the present study is to explore options for an RE mix that avoids additional hydropower construction and, therefore,
further river fragmentation. Attribute data of the open-accessible Renewable Power Plant Database (RePP Africa)
were analysed to assess the amount of lost capacity due to operation stops. Geospatial analyses of solar irradiation
and existing reservoir data were used to derive the potential for FPV. The degree of possible replacement of future
hydropower was assessed under consideration of economically feasible wind and solar photovoltaic (PV) potential.
To enhance electricity generation from existing HPPs, efficient and sustainable renewable power plant planning must
integrate the risk of failure, as it has diminished the available capacity in the past up to 24%. Our findings further
reveal that 25 African countries could replace the proposed hydropower development by FPV covering less than 25%
of the surface area of their existing hydropower reservoirs. All 36 African countries could replace proposed hydroelec-
tricity generation by fully exploiting feasible onshore wind and solar PV potential with a mean surplus of 371 TWh

per year. In summary, our findings provide scientific evidence to support policy discussions on the potential elec-
tricity gains from (1) minimizing plant failure, (2) installing FPV as a co-use option, and (3) exploiting wind and solar
resources. This study provides quantitative, data-based, and spatially explicit scenarios on the implementation of an RE
mix that could relieve the dam building pressure on African rivers.
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Introduction

Human population growth and growing economies
require a major expansion of power capacities across
Africa (increase in average gross domestic product
(GDP) of +4% in 2023 and 2024, respectively) (AfDB,
2023). Concurrently, climate change mitigation urges
a shift to renewable energy (RE) resources, accompa-
nied by the goal to “ensure access to affordable, reliable,
sustainable, and modern energy for all” [Sustainable
Development Goal (SDG) 7 (UN, 2015)] for almost half
of the African population that currently lacks access to
electricity. At continental level, hydropower accounts
for 77% of the total electricity production from renewa-
bles across Africa (156 of 202 TWh, 2021) (IEA, 2023).
There is clear evidence that hydropower plants (HPPs)
operating with a dam and reservoir storage can cause
ecological, socioeconomic, and political ramifications
on different spatiotemporal scales (Botelho et al., 2017).
However, decisions on future dam locations are com-
monly driven by political constraints and engineering
assessments (Wang et al., 2021).

Environmental Impact Assessments (EIA) are a pol-
icy instrument to ensure that the environmental impli-
cations of a project are anticipated and minimised
(Botelho et al., 2017). Indeed, in many countries, EIAs
are legally binding; however, in emerging economies,
the implementation of EIAs can barely keep pace with
the development of new hydropower projects (e. g.
India; Erlewein, 2013). In addition, a major shortcom-
ing of EIAs is the spatial level they cover: EIAs assess
HPPs on a project level rather than on a catchment,
national or international scale. This is in particular
problematic for HPPs operating with a dam and res-
ervoir because they may alter the flow, sediment and
thermal regime of entire river networks, thereby caus-
ing basin-wide impacts.

In contrast to EIAs, Strategic Environmental Assess-
ments (SEAs) are implemented at an earlier stage of pro-
ject development to identify potential negative impacts
of a proposed policy, program, or plan and to inform
its development. Thereof, SEAs use a range of analyti-
cal and participatory approaches. SEAs are commonly
commissioned by financing institutions. In contrast to
EIAs, SEAs explicitly focus on a project’s inter-linkages
with economic and social considerations. Despite its
integrative design, real-life examples have outlined the
shortcoming of SEAs: a review on the SEA for the Julius
Nyerere HPP being constructed in the Selous Game
Reserve, a UNESCO World Heritage site at Rufiji River in
Tanzania, found that the assessment did neither consider
cumulative impacts nor the full range of economic, envi-
ronmental and social benefits and costs (IUCN, 2019). As
such, the praxis of both, EIAs and SEAs, is not capable
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to guarantee that HPP impacts on river systems are fully
anticipated and assessed.

In Africa, proposed HPPs and other dam-related
infrastructure increasingly impact entire river systems
and their unique biodiversity (Opperman et al., 2022).
According to the Renewable Power Plant Database Africa
(RePP Africa), 243 HPPs are proposed to operate with
reservoir storage and dam. No information is available
on the type of a further 281 proposed HPPs. In total, the
proposed hydropower dams would double the present
number of hydropower dams (Peters et al., 2023). Moreo-
ver, if all proposed HPPs were implemented 75% of the
African river volume would be moderately to severely
altered (Fig. 1b). This is a conservative estimate, because
many additional dams and reservoirs are built and used
for irrigation, water supply, flood control, fisheries, and
other purposes (Lehner, Liermann, et al., 2011). Accord-
ing to the Global Reservoir and Dam Database (GRanD),
a total of 693 dams with other purpose than hydropower
fragment African rivers, with 400 mainly intended for
irrigation, 135 for water supply, four for flood control and
one for recreational purposes (Lehner, Liermann, et al,,
2011). For 147 reservoirs and dams, the purpose is not
specified (Lehner, Liermann, et al., 2011).

The proposed hydropower dams would further increase
river fragmentation of large river basins such as the Nile
[River fragmentation index (RFI) of 90%, calculated
according to a methodology from Grill et al. (2015)],
Zambezi (RFI 87%), and Niger (RFI 90%). However, the
riparian countries most affected are not always the coun-
tries that benefit most from the additionally generated
hydroelectricity (Fig. 1). If the negative impacts outweigh
the hydroelectricity benefits, or if a country does not
benefit at all, conflicts are likely to arise between riparian
countries. Globally, under a business-as-usual scenario,
920 million people are projected to live in very high to
high conflict-risk basins by 2050, with exacerbating risks
in river basins of the Sahel, the Horn of Africa and parts
of southern Africa (de Bruin et al., 2023). Long-term
cooperation among riparian countries is needed, but also
an optimisation of existing HPPs and a careful large-scale
assessment before building additional hydropower dams
(Opperman et al., 2023).

Acknowledging the need for renewable electricity but
also aimig to minimize the degree of projected river
fragmentation, investigation of possible alternatives and
optimisation of existing HPPs are possible pathways to
relieve the overall pressure on rivers and reach a more
sustainable renewable energy transition.

An optimised exploitation of installed hydroelectric-
ity needs to assure that existing HPPs operate on their
full potential. Few studies investigated how much elec-
tricity is generated by existing HPPs and which factors
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Fig. 1 a Existing and proposed hydropower capacity [MW] in comparison (b) to river fragmentation per sub-basin from existing and proposed
dams [%]. a. Circles indicate proposed (orange) and existing (white) hydropower plants (HPPs). The category “Existing HPP"includes HPPs

under construction. Countries are coloured according to the total capacity in megawatt [MW]. Colour intensity increases with capacity. b. Circles
indicate proposed HPPs (orange) and existing dams of hydropower and other purposes (white). Sub-basins are coloured according to their quartile
value (Q) in percent (%). Colour intensity increases with river fragmentation index (RFI). Data: a: RePP Africa (Peters et al., 2023); b: GRanD (Lehner,

Liermann, et al,, 2011), River discharge (Meng et al., 2020)

cause differences between effectively generated and
nominal capacity. Wan et al., (2021) studied, on a global
level, to which degree hydrological variability and num-
ber of operating plants have reduced generated capacity
in the past; however, results for the African continent
were unsatisfactory. Hence, we need to better assess
the risk of plant failure in HPP operation and planning,
which again requires evidence on how HPPs have per-
formed in the past considering times of reduced capac-
ity production and failure.

Addressing the search for alternatives, wind and solar
power have been increasingly developed, concurrently
driven by a high availability of both resources across
the continent and a continuous drop in production
costs. However, in contrast to hydropower, both wind
and solar are variable renewable resources with daily
shifts in availability. To guarantee a stable electricity
outcome, storage capacity (e.g. from batteries or a dam
with a reservoir) is needed. Thereof, matching sup-
ply and demand in renewable electricity systems using
smart management technologies can improve the use
of existing (hydropower and battery) storage capacities
while reducing the need for additional storage options
(Balasubramanian & Balachandra, 2021; Sterl et al,
2020).

In addition to the challenge of integrating vari-
able power capacity from solar and wind resources into
renewable-based electricity systems, the implementa-
tion of wind farms and solar parks requires space and
can evoke land-use conflicts. Other reported impacts of
onshore wind power include increased habitat loss and
animal mortality (Hamed & Alshare, 2022; Loss et al,,
2019; Millon et al., 2018; Popescu et al., 2020); noise pol-
lution (van Kamp & van den Berg, 2018); and perception
of visual impact (McKenna et al., 2021; Peri & Tal, 2021).
The impact associated to solar power infrastructure var-
ies with technology type (rooftop, standalone or floating
PV; concentrated solar panels). It is reported that large
solar facilities alter a landscape and impact visual percep-
tion, biodiversity, and microclimate (Hamed & Alshare,
2022; Torres-Sibille et al., 2009). Impacts of floating PV
on a reservoir increase with the area covered and can
cause algal blooms, reduce oxygen production (through
shading), but remain poorly studied (Almeida et al.,
2022a, 2022b).

Hybrid plants are a trending option that exploit
the complementary spatiotemporal properties of RE
resources at one location. A combination of variable
power from solar (SPPs) and wind power plants (WPPs)
with storage capacity from existing HPPs is increasingly
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explored to reduce the need for new energy storage and
grid infrastructure (Shivarama Krishna & Sathish Kumar,
2015). One example is the co-use of a hydropower res-
ervoir via floating photovoltaics (FPVs) (Almeida et al.,
2022a, 2022b; Gonzalez Sanchez et al., 2021), which also
prevents water loss from evaporation (Ates et al., 2020).
This combined setup works on average 11% more effi-
ciently than ground-mounted solar panels due to the
cooling effect of the underlying water (Sahu et al., 2016).
Furthermore, no additional land area is required which
is of particular interest because a solar PV plant installed
on-ground occupies 19 m? per megawatt hour (MWh)
while hydropower needs 14 m* per MWh and a nuclear
plant only 0.3 m* per MWh (Ritchie, 2022).

Optimisation and co-use of existing HPPs offer oppor-
tunities to rethink the proposed HPP infrastructure. Dur-
ing the past decade, the declining costs for solar PV [90%
decline since 2009 (IRENA, 2022b)] and wind turbines
[55-60% decline since 2010 (IRENA, 2022b)] have led
to increasing growth rates for SPPs and WPPs. Remain-
ing renewable potential of>99% for both solar and wind
power supports the assumption that many African coun-
tries could skip a phase of high fossil fuel dependency
and transit directly to renewable-based electricity sys-
tems (Peters et al., 2024).

RePP Africa
Hydropower
(existing &

proposed)

Co-use FPV

Replacement
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To match the growing electricity demand with RE and
build sustainable electricity systems, we hypothesise that
aligning existing renewable power plants with the exploi-
tation of non-hydro-alternatives can optimise the RE
system and reduce the pressure on (functioning) river
systems. However, there is a lack of spatially explicit and
integrated studies on how this transition could be imple-
mented. Thus, the aims of this study were to estimate the
potential of (1) minimizing plant failure and thus increas-
ing the renewable electricity generation by maintaining
and improving existing infrastructure, (2) co-using exist-
ing (hydropower) reservoirs by complementing them
with FPV, and (3) replacing proposed HPPs with poten-
tial solar PV and onshore wind power sites. This study
provides quantitative, data-based and spatially explicit
insights on the status and projections for the implemen-
tation of a renewable energy mix that could relieve the
dam building pressure on rivers in Africa.

Materials and methods

To answer the posed research questions, the analyti-
cal procedure includes three steps (Fig. 2). Each analysis
uses spatially explicit data on HPPs compiled from the
RePP Africa database; Analyses 2 and 3 further use data
from the Global Solar Atlas (WB, 2023) and the modelled

Comparison

MW Name plate MW Consideration
capacity of stops
(theoretical) (realistic)
years years

@ _

Level of
coverage

Irradiation at
an optimum tilt

Existing
hydropower

Wind and solar power
potential

Proposed
hydropower

Fig. 2 Methodological approach. The Renewable Power Plant Database (RePP Africa) forms the data basis for the three analyses. Red circles
indicate which hydropower plant operating types are included in a certain analysis. 1. The maintenance potential compares the cumulated capacity
of hydropower plants without (theoretical) and with (realistic) operation stops. 2. The co-use potential assesses how much capacity could be
generated by installing floating photovoltaics (FPVs) on existing reservoirs. The analysis includes data of the Global Solar Atlas (Solar atlas). 3. The
replacement potential assesses how much proposed hydropower capacity would be replaced if onshore wind and solar photovoltaic were fully
exploited. This analysis includes the modelled energy supply regions (MSR) which are technically and economically feasible areas for onshore wind

or solar photovoltaic exploitation
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supply regions for solar photovoltaic and onshore wind,
respectively (Sterl et al., 2022). While Analysis 1 imple-
ments an in-depth analysis of RePP Africa attributes on
historical operating times, Analyses 2 and 3 use geospa-
tial methods to analyse the different datasets.

Data

For this study, data on existing and proposed HPPs were
combined with areas that have been selected as potential
best candidates for solar and wind electricity generation.
Both datasets cover all 54 African countries including
island states. HPP data were used from RePP Africa, a
georeferenced database on existing and proposed hydro-,
wind, and solar power plants (Fig. 2) (Peters et al., 2023).
It includes information on capacity [MW] and opera-
tional type. For the latter, it distinguishes between reser-
voir, pumped storage, run-of-river, and unknown. RePP
Africa also lists—if information is available—the year of
first operation start, full operation start and operation
stop if applicable. We used data on modelled energy sup-
ply regions to assess the economically feasible wind and
solar power potential for the entire continent (Sterl et al.,
2022). The regions include all areas where solar irradia-
tion or wind speed, respectively, are sufficient for com-
mercial exploitation, but exclude areas of high human
population, high elevation, steep slope, certain catego-
ries of land use (e.g. forest areas, floodplains), protected
areas, and areas with large distance from an existing road
network.

The selected sites were ranked according to their
respective levelised cost of electricity and only the high-
est ranked included in the dataset. The total area sum
was calculated and compared to the individual coun-
try’s surface area. If the total area sum exceeded 5% of
the individual country’s surface area, lower ranked areas
were excluded. Among all African countries, 39 countries
have data on 355 existing HPPs, 23 countries on 46 HPPs
under construction, and 40 countries on 673 proposed
HPPs. 43 countries were assessed to have feasible wind
potential, and 49 to have feasible solar PV potential. In
this study, the Sahrawi Arab Democratic Republic (West-
ern Sahara) is geographically aggregated with Morocco
due to technical reasons. No statements on the political
situation are intended.

If available and suitable, reservoir data of the Global
Reservoir and Dam Database (GRanD) were used for
FPV area estimates instead of digitalizing the reser-
voir manually (Lehner, Liermann, et al.,, 2011). In order
to assess the FPV potential annual average data on the
global tilted irradiation of the Global Solar Atlas were
used (WB, 2023). The global radiation at an optimum tilt
refers to total radiation received on a surface with defined
tilt and azimuth and is provided with a spatial resolution
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of 9 arcsec (nominally 250 m). The long-term yearly aver-
age of daily totals is calculated from time-series data of
global horizontal irradiation, direct normal irradiation,
and terrain horizon. The Global Solar Atlas was devel-
oped by Solargis under the funding of The World Bank
Group (ESMAP, 2020).

Potential for electricity generation by reducing
hydropower plant failure (maintenance potential)

We used RePP Africa attribute data on historic plant fail-
ure to analyse the amount of historic capacity reduction
from hydropower operating stops (Peters et al., 2023).
Times of reduced operation or complete stop were used
as an indicator of having reduced the exploitation of
the installed capacity in the past. HPPs of all types were
included in this analysis to assure the largest possible
sample size (Fig. 2). Time and respective “loss” in gener-
ated electricity due to technical plant failure was calcu-
lated from 1903 to 2020. This includes information on the
year of operational start, the year of operational start on
full capacity, the year of operational stop, and informa-
tion on current operational status (operational/not oper-
ational, census: 2022). Of the included 355 existing HPPs,
29 are not operating. For 350 HPPs, the year of operation
start, for 53, the year of operating start on full capacity,
and for 25, the year of operation stop is indicated. For the
years prior to full capacity operation, the full installed
capacity was reduced to 50% because, according to RePP
Africa, many HPPs start operating with half of their tur-
bines running (Peters et al., 2023). Actual electricity
generation was then compared to a potential electricity
generation assuming that HPPs were operating at full
capacity.

Potential for electricity generation by complementing
existing hydropower reservoirs with floating photovoltaics
(co-use potential)

To calculate the electricity that could possibly be pro-
duced by adding FPV to existing hydropower reser-
voirs, we compiled a dataset with the area information
(geometry and size) of reservoirs that corresponds to
the dam data points of RePP Africa (Peters et al., 2023).
Therefore, all reservoir polygons from the GRanD
database were selected that matched satellite images
of Google Earth Pro version 7.3.6.9345 (Google Earth,
2023). All other reservoirs (not matching satellite
images or not available in GRanD) were manually digi-
talised in Google Earth Pro. Of the 355 HPPs listed in
RePP Africa, 129 HPPs classified as run-of-river plants
were excluded. The 226 remaining HPPs operate either
with a reservoir (type reservoir and pumped storage) or
the type is unknown (Fig. 2). Of these 226 HPPs, 190
reservoirs spread over 35 countries were included in
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the analysis and further processed in ArcGIS Pro (ESRI,
2022). Among those, for five HPPs of type pumped
storage, two reservoirs were digitalised. Data exclusion
had the following, different motivations: cases with
conflicting information were excluded for further anal-
ysis, i.e. 13 HPPs had a different operating type than
indicated in RePP Africa (run-of-river instead of res-
ervoir or unknown). For 20 HPPs, reservoir digitalisa-
tion was impossible, because no reservoir was found on
Google Earth satellite images. From RePP Africa, seven
data entries were excluded since they represent capac-
ity updates to an existing reservoir. One power plant
was excluded as it appeared twice in RePP Africa. We
calculated the potential annual electricity production
for FPV on existing reservoirs as follows:

GTI

1000 (1)

EPppy = ARes - 14
where EPppy is the annual electricity production [MWHh],
Apg., the total reservoir area [m?], r, the ratio of reser-
voir area covered by FPV (Appy/Ag.s With Appy being the
total reservoir area covered by FPV [m?]), and GTI the
annual total of global tilted irradiation for the respective
reservoir [kWh/m?]; 1000 is a conversion factor from
kWh to MWh. The global tilted irradiation is the maxi-
mum amount of solar radiation that can be received at
the ground at the optimum angle (WB, 2023). Projected
polygons of reservoir areas were converted taking the
polygon centre of the reservoir as a point. In a next step,
the corresponding value of the global tilted irradiation
(GTI) was extracted at this location [resolution: 9 arcsec
(nominally 250 m)]. A medium coverage of r, =40% was
chosen to assess the area that could potentially be cov-
ered with FPV. We selected a 40% coverage, because the
literature suggests that up to a coverage of 40% effects
on algal bloom and organisms remain negligible or small
(Pouran et al., 2022; T. Wang et al., 2022). We calculated
the potential for replacing proposed hydropower capacity
by exploiting FPV on existing HPP reservoirs as

EP
Replacement potential[GWh] = 101:)
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There is lack of scientific consensus on the degree
of coverage that is suitable for FPV generation while
maintaining the reservoirs biogeochemical and eco-
logical balance. Thus, sensitivity was tested by running
two additional scenarios with a capacity of 20 and 60%.
Results were compared to the scenario with a 40% cov-
erage. In addition, results were compared to a scenario
where 40% of non-hydropower plants on the African
continent are covered with FPV. The analysis was run
for 640 reservoirs from the GRanD database, which
have hydropower neither as major nor as secondary
purpose (Lehner, Reidy Liermann, et al., 2011).

In addition, we assessed for all countries with Replace-
ment >0 the minimum share of reservoir area [%] that
would need to be covered with FPV to replace the elec-
tricity from proposed hydropower capacity.

Potential for electricity generation by solar and wind
power replacing proposed hydropower plants
(replacement potential)

The potential wind and solar electricity in gigawatt hours
(GWh) given for the modelled electricity supply regions
were cumulated for each country (Sterl et al., 2022). The
modelled electricity supply regions are areas that are
technically and economically feasible for onshore wind or
solar PV exploitation. The identification of these regions
includes the assessment of feasible areas based on a set
of different indicators (solar irradiation or wind speed,
human population, elevation, slope, forest, protected
areas, distance to existing road network). All areas are
ranked according to their respective levelised cost of
electricity and only the highest ranked areas included. In
that regard, the total surface area of the included areas
does not exceed 5% of the individual country’s surface
area.

In order to estimate the overall annual electricity gen-
eration of proposed HPPs, the capacity values [MW] of
524 proposed HPPs with the operating type “reservoir”
or “unknown” were summed up by country (Fig. 2). HPPs

POV [GWh] — Proposed hydropower|GWHh] (2)

where Replacement<0 means that the exploitation of
FPV could not cover the proposed hydroelectricity, and
Replacement > 0 that the full FPV potential would exceed
the generated annual electricity from proposed HPPs.

of these types are proposed in 37 African countries. Sao
Tome and Principe was excluded, because the dataset on
modelled supply regions does not cover the island state
(Sterl et al., 2022). An average capacity factor of 55% was
applied to estimate the total electricity [GWh] generated
per country (IRENA, 2022a).

Generation from poposed hydropower(GWh] = Power plant peak capacity{MW] - Capacity factor - 8760[h] - 0.001[GW /MW ] (3)
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The annual replacement potential [GWh] was calcu-
lated as

Replacement potential|GWh)]
= (Solar potential[GWh] + Wind potential [GWHh])

— Generation from proposed hydropower|GWh]
(4)
where Replacement<0 means that the exploitation of
solar and wind potential could not cover the proposed
hydroelectricity, and Replacement >0 that the full exploi-
tation of solar and wind potential would exceed the gen-
erated electricity from proposed HPPs.
For all countries with Replacement >0, we assessed the
share of solar or wind potential [%] that would need to be
exploited to replace the proposed hydropower capacity.
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Results

Potential for electricity generation by reducing
hydropower plant failure (maintenance potential)

HPPs in Africa have experienced a reduction of their
installed capacity due to varying reasons. From 1903,
when the first HPP listed in RePP Africa started into
operation, to 2020, 137.5 GW of the theoretically
installed capacity was not operational due to dysfunc-
tional or not installed turbines (Fig. 3). The total losses
varied from 1950 (total capacity of 0.6 GW) to 2020 (total
capacity of 38 GW) between 1% (2020) and 24% (1968).
The highest loss in terms of installed capacity was in 2011
and reached 4.2 GW (Fig. 3b). In 2022, a total of 29 HPPs
are existing but not operating, accounting for overall
losses of 490 M'W.

a
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Fig. 3 a. Comparison of the total installed hydropower peak capacity (in GW; grey line) and the effectively available hydropower capacity (black
line) in Africa from 1950 to 2020. b. Cumulated losses per year (in GW). Data: RePP Africa (Peters et al., 2023)
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Fig. 4 Potential electricity produced from covering 40% of existing reservoirs with floating photovoltaics (FPVs). Circles indicate existing
hydropower reservoirs. Circle size corresponds to the potential electricity generation [GWh] from complementing the reservoirs with FPVs. The
background map is coloured according to the annual global tilted irradiation at an optimum angle [kWh/m?]. Data: RePP Africa (Peters et al, 2023),

Global Solar Atlas (WB, 2023)

Potential for electricity generation by complementing
existing hydropower reservoirs with floating photovoltaics
(co-use potential)

Existing hydropower reservoirs cover 2.6 million ha in 34
African countries (Table S1). Covering 40% of each res-
ervoir with FPV would result in 1.10 million ha of FPV
area. This translates into a potential electricity generation
of 22,596 terawatt hours (TWh) per year (Fig. 4), which
equals three times the existing annual electricity con-
sumption of the entire continent and 41 times the elec-
tricity potentially generated from proposed HPPs (IEA,
2019).

The total annual electricity gains per country vary
between 20.45 GWh projected for Madagascar (12 exist-
ing HPPs with a total capacity of 21 MW and a total
reservoir area of 2.8 ha) to 4,880 TWh predicted for
Zimbabwe (13 existing HPPs with a total capacity of 142
MW and a total reservoir area of 526 - 10> ha; Figure
Sla). Thirty countries with existing FPV potential have
a hydropower capacity expansion proposed (Table S1).
Except Madagascar, Malawi, Uganda, and Burundi, all

the other 26 countries are capable to replace the pro-
posed hydropower capacity by exploiting electricity from
FPVs on existing reservoirs (Figs. 5, S1).

We tested the sensitivity of the estimations by run-
ning scenarios for an FPV coverage of 20 and 60%,
respectively. Results show the linear dependency with a
decrease of 50% in electricity gains if a coverage of 20%
is applied (11,298 TWh in total), and an increase of 50%
if a coverage of 60% is applied (33,895 TWh in total).
The total electricity outcome for a 20% coverage ranges
from 10 GWh to 2440 TWh, and for a 60% coverage
from 31 GWh to 7320 TWh. If a 20% coverage is applied,
besides the above-mentioned countries also Rwanda and
the Democratic Republic of Congo would not be capa-
ble to replace proposed hydropower capacity with FPV.
If a 60% coverage is applied, the same countries, as in
the 40% analysis, are capable to replace their proposed
hydropower capacity, suggesting that this scenario would
increase the overall continental electricity generation
but not the share of countries with potential to entirely
replace their proposed hydropower capacity.
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Fig. 5 Floating photovoltaic power needed to replace proposed
hydropower capacity. Countries are coloured according to the share
of reservoir area that would need to be covered to replace
the proposed hydropower capacity [%]. Colour intensity decreases
with share.”no proposed hydropower "indicates that no hydropower
capacity of type reservoir storage is currently proposed (Data: RePP
Africa (Peters et al,, 2023), final revision November 2022).no feasible
reservoir”indicates that hydropower is proposed, but no feasible
reservoirs exist for FPV installation. “not enough for replacement”
indicates that the required electricity to replace hydropower
surpasses the potential electricity generation of a 100% coverage
of all existing hydropower reservoirs

The total reservoir area of the 640 non-hydropower
reservoirs is 0.6 million ha, corresponding to one fifth of
the total area from hydropower reservoirs. Consequently,
a 40% FPV coverage results in additional 4,850 TWh,
which is equal to 21% of the FPV electricity potentially
generated from hydropower reservoirs.

In total, 27 countries can replace their proposed hydro-
power capacity with FPV capacity. Thereof, 13 coun-
tries are capable to replace the proposed electricity
from hydropower by covering 1% or less of the country’s
cumulated existing reservoir surface area with FPVs. Fur-
ther six countries require less than 10% and five countries
between 10 and 25%. Only Rwanda would need to cover
39% of its existing reservoirs and thus touches the pro-
posed maximum reservoir coverage of 40% while Uganda
would even surpass the suggested maximum and would
need to cover 68% of its hydropower reservoirs (Fig. 5,
Table S3).
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Fig. 6 Replacement of proposed hydropower capacity with solar PV
and wind potential exploitation. Countries are coloured according
to the total electricity [TWh] that would be produced per country

if all potential “supply regions” were fully exploited. Data: RePP Africa
(Peters et al,, 2023); All-Africa dataset on energy model “supply
regions”for solar PV and wind power (Sterl et al,, 2022)

Potential for electricity generation by solar and wind
power replacing proposed hydropower plants
(replacement potential)

All 36 countries with proposed hydropower capacity
can replace the electricity gains by exploiting solar and
wind alternatives (Table 1, Fig. 6, Table S1). In Burundi,
Gabon, Liberia, Rwanda, and Sierra Leone, where no
potential for onshore wind is available, the exploitation
of solar PV potential is more than sufficient to replace
the proposed hydropower capacity (Table S2). Among
all countries, the mean surplus of generated electricity
after replacing proposed hydropower is 371 TWh per
year (Table S2).

The total surplus is 21,000 TWh. The smallest surplus
would be generated by Burundi (3.2 TWh, Table S2), the
largest by Sudan (1,835 TWh). Projected reservoirs of
proposed HPPs would inundate a total area of 4.6 mil-
lion ha (Table 1). Exploiting the total area feasible for
solar PV and onshore wind power in countries with pro-
posed hydropower would require 174 million ha, which
is 38 times the area required for the projected reser-
voir areas; yet, projected areas for onshore wind and
solar PV include unsealed areas under solar panels and
between wind turbines, which is in contrast to hydro-
power reservoirs. Reservoir inundation alters the entire
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Table 1 Statistical summaries for hydropower (projected reservoir areas), solar, and wind power (energy model supply regions for

solar PV/onshore wind power)

Projected Solar power potential Wind power potential
hydropower
Total HPP countries Total HPP countries
Area [1000 km?] 46 1488 1.040 1151 703
Nominal capacity [GW] 115 4911 3431 3.384 2.068
Capacity factor [%] 55 19 19 44 40
Annual electricity generation [TWh] 552 8.476 5.882 13.504 8.046
Land use [m*MWh] 83 175 177 85 87
Density IMWh/m?] 0.012 0.006 0.006 0.012 0.011

We assumed an average capacity factor for hydropower. For solar and wind power the mean capacity factor for the African continent was used. Annual values are
indicated for electricity generation [TWh per year, MWh per year]. For national summaries, please refer to Table S2. Data: RePP Africa (Peters et al., 2023); all-Africa
dataset on energy model “supply regions” for solar PV and wind power (Sterl et al., 2022)

projected area. Exploiting area feasible for wind and solar
power instead would produce 25 times the electricity
generated from proposed HPPs (14,294 TWh, Table 1).
Using an equal area (summed up total) of the projected

reservoir area for solar PV would provide for around 50%
of the electricity generated from hydropower (276 TWh),
while covering an area of the same size with wind power
could even replace the entire proposed hydroelectricity
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Fig. 7 Shares of solar PV and wind power required to replace electricity from proposed hydropower capacity [%]. Colour intensity decreases

with share of solar (a) or wind (b) potential that needs to be exploited to replace the proposed hydropower capacity. ‘no proposed hydropower”
indicates that no hydropower capacity of type reservoir storage is currently proposed (Data: RePP Africa (Peters et al,, 2023), final revision November
2022)."no potential for wind"indicates that data were recorded but resulted in no feasible wind potential within the country.“not enough

for replacement”indicates that the required electricity to replace hydropower surpasses the potential electricity generation from wind potential
exploitation. “no data”indicates that no data for solar or wind potential is available. This applies to island states [Data: Modelled electricity supply

regions (Sterl et al,, 2022)]
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(552 TWh). It should be noted that these summaries
are based on continental averages and do not reflect the
national differences in available solar PV and onshore
wind potential (Figure S2c, d). While solar PV potential
is nationwide available at comparable levels (capacity fac-
tor 19.07 +1.36), onshore wind potential differs strongly
between countries (capacity factor 44.28 +7.52).

We further assessed the minimum potential of solar
PV and wind that would be necessary to replace pro-
posed hydropower capacity (Fig. 7). All countries could
potentially replace their proposed hydropower capac-
ity with solar PV (Fig. 7a). Burkina Faso, Mali, Morocco,
Niger, and South Sudan can potentially replace all their
proposed hydropower capacity by exploiting <1% of their
solar PV potential. Further 19 country would need to
exploit less than 10%. Only tropical countries with high
hydropower dependencies such as Burundi, Cameroon,
the Republic of Congo and the Democratic Republic of
Congo would need to exploit between 34 and 43% to
replace the proposed hydropower capacity (Table S3).
The assessment for wind potential reveals that the poten-
tial for wind power is less abundant across the continent
(Fig. 7b). In five countries, the wind power potential is
not sufficient to replace the proposed hydropower capac-
ity. Six countries do not have feasible wind potential to
exploit. Eight countries could fully replace their proposed
hydropower capacity by exploiting<1% of the country’s
wind potential; for additional 11 countries, the share is
below 10%. Benin and Cabo Verde would need to exploit
shares above 70%, Uganda and Togo between 38 and 48%,
and Angola, Eswatini, and Ghana between 14 and 21%
(Table S3).

Discussion

The analysis of the RePP Africa database regarding
hydropower capacity reduction reveals that HPPs have
experienced pronounced losses with up to 4 GW in
2011 (Peters et al., 2023). That is more than each of the
39 countries with existing hydropower capacity has cur-
rently installed, except Angola. The reasons for a capac-
ity reduction are described in the RePP Africa attributes
and include project delay, cost-overruns, natural disasters
that cause HPP damage, lack of maintenance, war dam-
age, and other (Peters et al., 2023). Causes diminishing
the available hydropower capacity are natural [e. g. res-
ervoir sedimentation due to increased soil erosion from
land use and climate change in semi-arid east Africa
(Amasi et al., 2021)], technical [turbine failure caused by
cavitation, erosion, fatigue, or material failure (Dorji &
Ghomashchi, 2014)], political [political conflict (de Bruin
et al,, 2023; del Bene et al., 2018), or destruction from
war (Tiepoh, 1992)]. A management aiming for efficient
hydropower operation must identify and anticipate these

Page 11 of 16

risk factors and include them in long-term strategies to
optimise the available hydropower capacity (Shaktawat
& Vadhera, 2021). In addition, plant-level management
must inform large-scale river basin management to fully
account for risks caused by the operation of multiple
hydropower dams in a connected river network (Opper-
man et al, 2023). To that point, risk assessment and
failure avoidance should not only be aimed for future
hydropower development but also for existing hydro-
power: policy regulations must assure that existing infra-
structure is repaired, continuously maintained and fully
functioning before new hydropower dams are commis-
sioned. Therefore, costs of proposed HPPs should not
only include material costs but should also be weighed
against the long-term environmental costs of the increas-
ingly fragmented river systems (Moran et al., 2018).

While the present study argues that additional HPP
construction can be avoided by improving the per-
formance of existing HPPs and exploiting renewable
electricity from solar PV and wind resources, several
challenges remain and require guiding policy regulations
at national and regional level. Shifting from hydropower
to wind and solar showed that not all countries are capa-
ble to fully replace their hydropower capacity due to the
heterogenous distribution of renewable resources. Trans-
national treaties and policy guidelines have to assure
that hydropower capacity losses can be compensated.
Here, river basin organisations and regional power pools
are frameworks that allow for transnational renewable
electricity planning. In addition, the integration of vari-
able resources will require storage and demand-driven
renewable electricity management. Countries could
create knowledge hubs to share knowledge and experi-
ence to continuously improve the integration of variable
resources.

Moran et al. (2018) summarised that hydropower could
only be part of a sustainable future if it moved from dam
only to in-stream turbine and run-of-river technologies;
in addition, the integration of volatile wind and solar
power into dispatchable hydropower systems would play
an increasingly important role in the twenty-first century.
Building on that outlook, the findings prove that cover-
ing 40% of each existing hydropower reservoir with FPV
would provide 41 times the electricity generated by the
proposed hydropower capacity. In addition, FPV exploi-
tation could cover three times the current electricity
demand of the entire continent, supporting existing find-
ings, which state that covering 10% of the world’s hydro-
power reservoirs with floating PV would install as much
capacity as currently available from fossil fuel power
plants (Almeida et al., 2022a). Thirty-one of 35 countries
could fully replace proposed hydropower by exploiting
electricity from their reservoirs. Despite the FPV analysis
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being only a proxy as it does not include losses due to
spacing, system performance, and solar clipping, it con-
firms the huge potential for FPV in Africa which has been
proven by other studies (Almeida et al., 2022a; Gonzalez
Sanchez et al., 2021). FPV are still more cost-intensive
than stand-alone systems, and licensing requires time
and efforts (Essak & Ghosh, 2022). However, a major
advantage of installing FPV on hydropower reservoirs is
that electricity generation can be granted without further
river damming and additional grid infrastructure.

Singh et al.,, (2023) reported in their recent study on
the 63.5 MW Maithon HPP in India that FPV is more
effective than land-based solar photovoltaic while sav-
ing water (0.0635 million m®) and running at lower costs
than current electricity supply (US$ 0.024 per Watt less).
Jin et al., (2023) further highlighted that 106 + 1 billion m®
of annual water loss from evaporation could be avoided
globally when covering 30% of reservoirs with FPV. Con-
sidering that most African countries are increasingly
affected by drought (van Vliet et al., 2016), with central
Africa being in particular increasingly vulnerable to cope
with drought impacts (Ahmadalipour & Moradkhani,
2018), FPV installation would not only improve electric-
ity generation but also save water losses from reservoirs.
In that regard, it has been reported that even a coverage
of 1% could save about 743 million cubic metres of water
annually in Africa (Gonzalez Sanchez et al., 2021).

While Jin et al.,, (2023) considered reservoirs for all
kinds of purposes, the present study focusses on hydro-
power sites because these locations have the advantage
of an available electricity grid that reduces costs and
impacts of grid infrastructure construction. We tested
the additional outcome by calculating the total electric-
ity production from a 40% coverage on non-hydropower
reservoirs. Therefore, we selected 641 reservoirs from the
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GRanD database without hydropower as major or co-
purpose (Lehner, Reidy Liermann, et al., 2011). The total
area of these reservoirs was, despite the huge number of
projects, only 20% of the total hydropower reservoir area.
Compared to the FPV electricity generated on hydro-
power reservoirs, non-hydropower reservoirs provide a
rather small electricity gain due to their smaller reservoir
size. In addition, changing water levels that are for exam-
ple part of water supply management can be a technical
barrier for FPV installation and operation.

While hydropower reservoirs appear as an adequate
choice for FPV expansion, there is a need for in-depth
analyses on the optimum degree of coverage. Our assess-
ment reveals that most countries (19 out of 27) could
replace their proposed hydropower capacity by cover-
ing small shares of their reservoirs (<10%) with FPV.
It yet lacks scientific concern on how much reservoir
area should be covered: it has been reported that shad-
ing decreases water temperature and incoming sunlight,
which reduces photosynthesis and oxygen production
and thus impacts food webs and seasonal water circula-
tion (Haas et al., 2020; Sahu et al., 2016). Our results indi-
cate that even a low coverage will remarkably increase
electricity production while avoiding large infrastructure.

Optimisation of existing HPPs and exploitation of float-
ing solar PV are not for all African countries an option
to replace announced hydropower capacity. In addition,
a lack of knowledge on the effects of FPVs on reservoir
dynamics discourages the covering of hydropower res-
ervoirs without further environmental and economic
assessments. The exploitation of feasible onshore wind
and solar PV potentials would avoid proposed river frag-
mentation while preserving protected areas and assur-
ing a certain vicinity to the existing road network. Wind
and solar power also alter the natural dynamics of the
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Fig. 8 Renewable power plants impact the physical dynamics of the resource they depend on. Hydropower plants operating with dam
and reservoir cause effects on small, medium, and large scale (a). Solar (b) and wind power plants (c) do not alter the entire dynamic of the resource

they depend on and mainly cause small and medium scale effects
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physical resource they generate electricity from, but not
the entire available wind or incoming sunlight. Solar PV
converts around 20% of solar radiation and reflects the
rest in form of thermal radiation or heat. This affects
the radiation budget, but more research is required to
fully understand, assess, and confirm large-scale effects
(Stern et al., 2020). Confirmed are the small and medium
scale effects of solar PV and concentrated solar power
on land use and protected areas (Hernandez et al., 2015)
(Fig. 6b). Wind power plants generate electricity by
removing kinetic energy from the atmosphere, which is
why large wind parks can cause wind speed reductions,
limiting the exploitable energy (Miller & Kleidon, 2016).
However, this effect mainly applies to surface wind and
can be reduced with adequate planning. Other effects of
wind power are restricted to the small scale (habitat loss
(Hamed & Alshare, 2022; Loss et al., 2019; Millon et al.,
2018; Popescu et al., 2020), noise pollution (van Kamp &
van den Berg, 2018), perception of visual change (McK-
enna et al., 2021; Peri & Tal, 2021)) up to the medium
scale (bird migratory routes (Marques et al, 2020),
Fig. 8¢).

Consequently, and according to current knowledge,
solar and wind power infrastructure does not cause
large-scale effects that are comparable to the up- and
downstream alterations caused by an HPP that operates
with a dam and reservoir. As an example, a river’s sedi-
ment supply is trapped behind dams which potentially
leads to degradation of heavily populated deltas, such as
the Mekong delta (Almeida et al., 2022b). Still, onshore
wind and solar PV require more land per megawatt gen-
erated than hydropower, but in particular in African
countries both renewable types will be less impacted
by climate change and could be integrated with other
land-use forms to create co-benefits, e.g. in the agricul-
tural sector (Choi et al., 2021). Including climate change
and socioeconomic pathway scenarios, Carlino et al.
(2023) concluded that HPP construction will not be eco-
nomically attractive beyond 2030 in sub-Saharan Africa.
That paves the path for onshore wind and in particular
solar power plant implementation, not only PV but also
in form of concentrated solar power, and can also stimu-
late further innovation in both fields. Here, it is crucial
to better identify and understand impacts associated to
wind and solar infrastructure. Future research should
also include life cycle assessments, as both, solar PV and
wind power facilities require resources like rare earth
elements (wind power plants) or silicon (solar PV) and
have shorter lifetimes than hydropower or most fossil
fuel infrastructure. Finally, the fact that HPP construc-
tion is likely to be economically unattractive for many
African countries in the future underlines the need for
transnational renewable energy management as potential
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areas of high onshore wind and solar potential often do
not overlap with areas where high shares of hydropower
capacity are proposed (Carlino et al., 2023; Sterl et al,,
2022).

Driven by the need for climate-change mitigation
and renewable energy supply, hydropower continues
to be the RE technology of choice not only in African
countries (IEA, 2021). The negative impacts related to
hydropower dam and reservoir development have been
scientifically reported and discussed in depth (Botelho
et al., 2017; Schulz & Adams, 2019). Efforts to achieve a
more sustainable development of hydropower plants are
manifested in the Hydropower Sustainability Assessment
Protocol (HSAP) from 2010 or in the newly adopted
Hydropower Sustainability Standard from 2021, a global
certification scheme and the first of its kind for RE pro-
jects (IHA, 2010, 2021). However, HSAP as voluntary and
non-binding auditing tool was strongly criticised by the
non-governmental organisation International Rivers as
attempt to greenwash hydropower dams (International
Rivers, 2013). As the debate continues and legally bind-
ing EIAs and SEAs still fail to fully account for large-scale
effects of numerous hydropower dams on river dynamics,
the results of this study contribute to the potential opti-
misation of existing infrastructure and alternatives.

In contrast to common research practices that focus
on one possible optimisation pathway [e.g. replacing pro-
posed hydro capacity with floating PV on existing reser-
voirs (Arnold et al., 2024)], our study combines multiple
optimisation pathways due to the following reasons: (1)
all analyses use data from RePP Africa and cover the
entire continent; (2) the presentation of multiple path-
ways may better fit national needs and simultaneously
stimulate research on combined optimisation pathways;
and (3) the combined analyses of replacement, co-use,
and replacement is to our knowledge a new add-on to the
current research literature.

The all-Africa analysis allows for comparison at a con-
tinental scale; yet the large-scale approach comprises
several limitations: data accuracy at such spatial level is
limited, which is why national and local studies on renew-
able energy potential are a necessary add-on to inform
precise small-scale planning. In particular, data on pro-
posed hydropower projects are subject to uncertainty as
plants might be cancelled, relocated or changed in their
design (Peters et al,, 2023). Furthermore, the available
data on operation outages of existing plants are probably
incomplete, because data of this type are barely publicly
available. Yet, our analysis outlines that plant failure is
often overlooked despite its crucial effect on available
power capacity and that further research is necessary to
fully exploit the existing renewable electricity capacity.
In addition to data accuracy, the analyses of co-use and



Peters et al. Sustainable Energy Research (2024) 11:15

replacement potential are restricted to current system
conditions. Integrating a scenario analysis under the con-
sideration of socioeconomic and climate change could
improve the analysis outcome, but was beyond the scope
of this work (Carlino et al., 2023).

Building on the presented study findings, we identi-
fied several opportunities for future research. Using a
continental approach, our study outlines hydropower
plant maintenance, co-use of floating PV and hydro-
power reservoirs, and the full exploitation of feasible
standalone solar PV and onshore wind are possibilities
to avoid hydropower induced river fragmentation. In that
regard, it is inevitable to better understand the impacts
related to (floating) solar PV and wind infrastructure.
Here, regional analyses need to be combined with local
assessments to fully address the far-reaching effects on
environment and society. In addition, the increased inte-
gration of intermittent resources will require an opti-
mised use of existing (hydropower) storage capacity in
combination with demand-driven renewable electricity
supply systems. Therefore, research can provide a bet-
ter understanding on how technologies such as artificial
intelligence can support the implementation of smart
grid management at regional scales.

One of the greatest challenges in African countries
continues to be the lack of access for almost half of the
continent’s population (Peters et al., 2024). At the same
time, irreversible damage caused by unregulated renewa-
ble infrastructure expansion needs to be avoided in order
to ensure sustainable systems in the future that provide
important ecosystem services for human well-being
(Rockstrom et al., 2023). In that regard, future research
has to investigate how renewable transition scenarios can
tackle the access gap. Off-grid and mini grid solutions
might be more feasible than capacity expansion alone
(Falchetta et al., 2019). In the past, the construction of
large hydropower projects has led to cost overruns and
consequently an increase in electricity costs, which is
why flexible energy alternatives can be a more suitable
option to provide electricity access within a short period
of time (Ansar et al., 2014).

Conclusion

The implementation of all 524 proposed HPPs operating
with a dam and reservoir would more than double the
number of existing ones in Africa, causing a moderate to
severe fragmentation of 75% of the entire African river
volume. As costs for solar and wind power decline con-
tinuously while climate change threatens hydroelectricity
generation, Carlino et al. (2023) project that most likely
no new hydropower will be built in sub-Saharan Africa
after 2030. Still, due to its dispatchable nature, existing
hydropower will remain important to integrate variable
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wind and solar resources and simultaneously provide
a stable renewable electricity grid (Moran et al., 2018).
Science-based discussions are required to guide the path
towards a renewable electricity mix that releases the
dam-building pressure on African rivers. Based on the
evidence provided by this study, we suggest the following
recommendations:

o The capacity of existing HPP infrastructure needs
to be optimised as times of reduced operation and
failure have diminished the available capacity in
the past. If feasible, complementary use via hybrid
renewable technology should be implemented to
maximise renewable electricity generation without
further land-use changes.

+ DPolicy makers should acknowledge the negative
impacts of hydropower and assure a fully sustain-
able renewable energy transition by avoiding river
fragmentation wherever possible. Therefore, the
development of large-scale and basin-wide power
plant assessment protocols could allow a weighing
of hydropower impacts against wind and solar power
impacts, including positive impacts of a potential
agricultural co-use within solar and wind farms.
When ranking RE power plants based on integrated
impact assessments, it is necessary to acknowledge
that a ranking might change depending on the impact
indicators included.

+ Replacing proposed hydropower capacity with
onshore wind and solar PV is technically feasible
on the African continent. Based on our findings and
other scientific evidence national and international
policy frameworks must set the course for recon-
sidering hydropower as a renewable energy solution
that is not per-se sustainable, and should point out
alternatives.

In this regard, many African countries have the poten-
tial to lead the implementation of sustainable renewable
electricity systems and skip a phase of heavy dependency
on fossil fuels while sustaining the ecological integrity of
rivers.
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