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Floating photovoltaics may reduce the risk  
of hydro-dominated energy development  
in Africa

Wyatt Arnold    , Matteo Giuliani     & Andrea Castelletti     

Floating photovoltaics (FPV) is fast becoming cost-competitive, but its 
social and environmental impacts are under debate. Meanwhile, developing 
economies anticipate hundreds of new dams over the next decade, 
with social and environmental implications for the next century. In this 
context, we estimate that FPV could produce 20–100% of the electricity 
expected from Africa’s planned hydropower depending on the scale of FPV 
deployment and its cost and efficiency relative to land-based photovoltaics. 
Here, at the system scale, we show that the same capital investment 
earmarked for planned dams in the Zambezi watercourse could be used 
more efficiently by building fewer reservoirs and substituting the energy 
supply with FPV. This approach yields an energy output 12% less variable 
and more robust to long-term hydrological changes. Our findings suggest 
that FPV’s potential to avoid the environmental, social and financial risks of 
hydro-dominated energy development may outweigh its potential impacts 
on existing reservoir uses.

Despite the environmental, social and financial risks, developing coun-
tries are increasingly pursuing hydropower1,2. More than 80% of newly 
added hydropower capacity over the preceding decade has been con-
centrated in developing economies3, and profitable potential remains 
largely untapped even after incorporating environmental constraints4. 
Despite this appreciable growth, severe droughts have caused the first 
decline in global hydroelectric generation in two decades5. Such events, 
which expose power grids in hydro-dominated countries to electric-
ity shortages that can slow economic development6,7 and exacerbate 
poverty8, are anticipated to intensify with climate change9–12, escalat-
ing the financial and societal risks associated with hydropower-reliant 
energy development schemes13–15. But the exuberance for hydropower 
remains high, bolstered by the pursuit of net zero emissions, with some 
estimates calling for a doubling of global hydropower capacity by  
2050 (ref. 16).

A restrained hydropower capacity expansion aligns well with 
global change scenarios predicting accelerated technological advance-
ments and rapid cost reductions in renewables and battery storage17,18. 
Floating photovoltaics (FPV), an emergent solar technology that can be 

placed on and integrated with existing hydroelectric facilities, presents 
such a transformative advancement with an extensive global oppor-
tunity. Estimates suggest that, if FPV were to cover 30% of the world’s 
reservoir surfaces, these systems would generate more than one-third 
of the current global electricity production19. Similarly, a modest 5% 
coverage could suffice in delivering the solar power necessary to decar-
bonize the grids of numerous countries in South America and Africa 
by 2050 (ref. 20). The deployment of FPV systems on hydropower 
reservoirs offers the advantage of cost savings, facilitated by utilizing 
the grid connections of hydroelectric facilities and regularizing the 
total power output through coordinated operation of dispatchable 
hydropower21–24. This introduces the compelling prospect of FPV instal-
lation on existing dams as a substitute—not simply a complementary 
measure—to planned hydroelectric dams as a trajectory for sustainable, 
low-carbon energy development. Such a shift in the energy landscape 
would have profound implications for people’s lives, energy security, 
poverty alleviation, economic development and energy policy.

Recent projections forecast unprecedented population growth25 
and economic development across Africa in the coming decades. 
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maximal deployment case, our results suggest that FPV could conceiv-
ably substitute the hydropower production of all planned dams in four 
of Africa’s five major power pools and collectively supply 6–7% of the 
continent’s projected electricity demand by 2050.

We use the OSeMOSYS-TEMBA model to obtain cost-optimal 
FPV investments through 2050 that reflect techno-economic com-
petition among energy technologies. Under our nominal assump-
tions of FPV capital cost and efficiency (10% and 5% higher than LPV, 
respectively) we find that the majority of potential FPV is invested 
for all FPV deployment cases, with slightly higher investment in the 
emission-constrained Shared Socioeconomic Pathway (SSP) 1 scenario 
(Fig. 2). The WAPP and SAPP show the highest FPV, while the lowest 
proportion (39–43%) of potential FPV built is in the EAPP. For the 10× 
deployment case, an Africa-wide total of 65 GW (60%) and 81 GW (74%) 
of FPV capacity is invested in the SSP 4 and SSP 1 scenarios, respectively 
displacing 35–47 GW of LPV and 6–10 GW of wind. A small amount 
(~3 GW) of the planned hydropower is replaced by FPV in the SSP 4 
scenario, but we emphasize that this is in addition to the more than 
40% (~40 GW) of planned hydropower not built in any scenario due to 
its non-competitiveness with solar and wind in general.

Additional OSeMOSYS-TEMBA scenarios show the sensitivity of 
FPV expansion to capital cost and capacity factors set relative to that of 
LPV (Supplementary Fig. 1). Towards the higher range of FPV efficiency 
(13% higher than LPV), all potential FPV is invested for all power pools 
even when FPV’s capital cost is 15% higher than LPV. At the mid-range of 
FPV efficiency (8% higher than LPV), ~70% of potential FPV is invested 
at a 5–15% higher capital cost than LPV, ~80% at FPV–LPV capital cost 
parity and 100% of potential FPV when its capital cost is 5% less than LPV. 
Towards the lower range of FPV efficiency (3% higher than LPV), more 
than 40% of potential FPV is invested even when its capital cost is 15% 
higher than LPV. The competitiveness of FPV is greatest in the WAPP and 
SAPP, whereas the EAPP and CAPP only see higher FPV investment with 
higher efficiency. On closer inspection of capacity expansion over time, 
we find that the WAPP and SAPP exhibit similar sensitivity to the EAPP 
and CAPP but at shorter time horizons (Supplementary Fig. 2). FPV is 
invested earlier (later) in the WAPP and SAPP when cost and efficiency 
assumptions are favourable (unfavourable) for FPV, whereas, for the 
EAPP and CAPP, these assumptions only affect FPV investment towards 
the end of the modelled period. This suggests that cost-optimal FPV 
capacity expansion in Africa is largely a matter of timing.

Strategic hydropower–FPV expansion in the ZW
Given the strong potential emerging from the continental scale 
analysis, we consider the ZW-SAPP case study for navigating syner-
gies and tradeoffs of hydropower and FPV capacity expansion at the 
river basin and electricity grid scale. Our system-scale assessment 
captures two feedbacks between the regional electricity grid and the 
river basin’s reservoir operations. The first is the grid penetration of 
available hydropower and solar generation at hourly timescales where 
electricity load and constraints of transmission and thermoelectric 
power generation control power dispatch. We configure the electric-
ity system model PowNet39 to prioritize the dispatch of floating solar 
over hydropower when the total available generation is greater than 
transmission capacity, thus yielding a 24-h dispatch curve representing 
the best possible integration of FPV at each dam. Second, we assess 
the economic benefit of hydropower and FPV expansion in terms of 
reduced operating costs (OPEX)—specifically, OPEX is the objective 
value of the electricity system operations model that we find is largely 
modulated by hydropower and solar availability (Methods)—and its 
tradeoffs with other water management sectors, including irrigation 
and ecosystem services. Thus, our system-scale assessment reveals 
additional social and environmental dimensions on which FPV may 
outperform hydropower development by simply avoiding new dam 
construction or facilitating reservoir re-operation towards other water 
management objectives.

Coupled with increased electrification and electricity access on the 
Continent26, Africa’s electricity demand is predicted to triple by 2050 
compared with current levels27. Analyses of Africa’s future energy 
needs for this rapid transformation reveal photovoltaics (PV) mark-
edly outpacing other technologies in added generation capacity by 
mid-century and supplanting over one-third of the continent’s planned 
hydropower expansion18. Given the anticipated surge in land-based 
photovoltaics (LPV), the first part of our work considers FPV’s potential 
contribution in Africa. We estimate that FPV could produce 20–100% of 
the electricity expected from planned hydropower dams and find that 
40–100% of that potential FPV capacity is part of Africa’s long-term, 
cost-optimal energy mix.

However, our continental-scale evaluation of FPV is merely a start-
ing point. Recent research underscores the efficiency gains and low 
regrets of strategic system-wide incorporation of renewables that can 
eliminate many of the large hydroelectric projects favoured in regional 
and national energy plans28–32. Furthermore, constructing and operat-
ing reservoirs solely to maximize energy production almost always 
conflicts with other water management objectives, disrupting natural 
flow regimes important for terrestrial and aquatic ecosystems, impact-
ing water availability for crop irrigation and other water demands, and 
increasing the risk of downstream flooding33–36. Thus, tradeoffs-aware 
hydropower expansion planning that maximizes synergies across 
multiple sectors requires system-scale evaluation of hydroelectric 
projects within the larger river basin systems and electricity grids of 
which they are a part37,38.

In this Article, to address these aspects, we present a detailed 
system-scale study of the transboundary Zambezi watercourse 
(ZW) in the South African Power Pool (SAPP) to jointly investigate 
FPV and hydropower capacity expansion while incorporating the 
techno-economic constraints and objectives of electricity system 
operations. The ZW is emblematic of many regions where economic 
progress is escalating energy and water demands but uncertainties in 
population growth, energy and climate could result in overbuilding 
of hydropower capacity18. Our results suggest that the same capi-
tal investment earmarked for constructing hydroelectric dams in 
the ZW is used more efficiently by erecting fewer reservoirs and sup-
plementing the energy supply with FPV installations on existing res-
ervoirs, altogether avoiding the negative social and environmental 
impacts of dam construction and operation. Compared with intensive 
hydropower-dependent energy development, this strategic approach 
generates an electricity output that has 12% less interannual variability 
and is more robust to long-term hydrologic changes. Moreover, we 
show a strong potential for FPV to effectively offset hydropower losses 
from system re-operation, thus internalizing tradeoffs over competing 
uses and management of shared water resources.

Cost-optimal FPV expansion in Africa
To evaluate FPV’s potential contribution to Africa’s energy future, we 
extend the multi-scale, multi-scenario integrated OSeMOSYS-TEMBA 
modelling framework in ref. 18 to include various cases of FPV deploy-
ment (Methods). By combining data on hydropower and reservoir 
characteristics with PV efficiencies from TEMBA, we first estimate 
the total possible electricity production of FPV installed at existing 
and under-construction dams where FPV peak capacities are set to 
incremental multiples (1×, 2× and 10×) of adjacent hydroelectric dam 
generating capacities as well as a case where FPV systems are lim-
ited only by maximum surface area constraints (‘Max’). As shown in 
Fig. 1, FPV power production could equate to 26–145% of planned dam 
hydropower generation in the SAPP, 40–126% in the Eastern Africa 
Power Pool (EAPP), 18–151% in the West African Power Pool (WAPP), 
less than 1% in the Central African Power Pool (CAPP) and 20–100% 
Africa-wide. Although there are no major planned hydroelectric dams 
in the North African Power Pool (NAPP), the pool could increase its 
power output by 33–480% of existing hydropower with FPV. Thus, in a 
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There are three major planned reservoirs in the ZW and, thus, eight 
possible reservoir networks (including the existing network) depend-
ing on which combination of the dams is built. The multi-purpose 
and coordinated operations for each reservoir can differ under each 
network, so we optimize reservoir operating policies together with FPV 
peak capacities for each network separately. The optimization process 
generates many solutions representing Pareto-efficient tradeoffs 
across the ZW’s energy, food and environmental objectives, a capital 
cost objective (CAPEX), and the OPEX objective of the SAPP electricity 
system. We post-process these solutions to identify benchmarks of 
hydropower and FPV capacity expansion along two Pareto-efficient 
fronts represented by the OPEX–CAPEX tradeoff shown in Fig. 3: a 
‘Holistic’ front where solutions achieve at least the 90th percentile or 
above on both irrigation and environmental objectives, and an ‘Energy’ 
front where no such filter is imposed. Although OPEX and CAPEX could 
be combined into a total (net) cost, meaningfully doing so necessitates 
jointly modelling system-scale operations with the optimization of 

capacity expansion sequencing over time, which is beyond the scope 
of our analysis. The OPEX–CAPEX tradeoff nevertheless indicates the 
relative dominance of solutions on cost alone.

Analysing the OPEX–CAPEX tradeoff across all dam portfolios in 
Fig. 3, the post-processed Energy and Holistic solutions show OPEX 
savings of approximately $130 million per year and $120 million per 
year, respectively, for every $1 billion of CAPEX invested. Analysing 
the OPEX–CAPEX tradeoff in relation to a specific number of reservoirs 
in a network, we observe a declining marginal value of OPEX savings 
per dollar CAPEX due to hydropower and FPV curtailment (the differ-
ence between available and dispatched power as estimated from the 
SAPP PowNet response model). The decreasing marginal value is more 
prominent in the energy solutions, where reservoir operating policies 
prioritize hydropower production leading to an increased frequency 
of curtailment.

Considering only existing reservoir network solutions with FPV 
(outlined ‘Existing reservoirs +FPV’ circles in Fig. 3), up to ~$6–7 billion 
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of FPV installed at Kariba and Cahora Bassa results in OPEX savings of 
~$700–750 million per year. This level of OPEX savings is comparable 
to constructing two new reservoirs without FPV (outlined ‘Two reser-
voirs (no FPV)’ grey markers in Fig. 3). However, while FPV deployed at 
the existing reservoirs could meet the same power production levels 
as constructing two new reservoirs, it would come at a greater capital 
cost due to the declining marginal value at higher FPV peak capaci-
ties. A more cost-effective approach is to construct one new reservoir 
together with FPV expansion, such as the Mphanda Nkuwa (MN) solu-
tions (outlined ‘One reservoir +FPV’ triangle markers in Fig. 3) that, 
for the same CAPEX investment, provide up to $250 million per year 
lower OPEX than the existing network solutions and the same OPEX 
savings as the two-reservoir solutions without FPV. Similarly, there is 
an Energy 6-Res (MN; FPV) benchmark solution that provides the same 
OPEX savings ($1.1 billion per year) as the benchmark three-reservoir 
Energy 8-Res (BG–DG–MN) solution (where ‘BG’ is ‘Batoka Gorge’ and 
‘DG’ is ‘Devils Gorge’) for the same capital cost ($7.9 billion). Altogether, 
this strongly suggests that, when FPV is deployed at capacities that can 
be optimally integrated into hydropower dam operations, FPV can 
substitute any of the planned dams in the ZW, thereby avoiding the 
social–environmental costs they may have.

Turning now to the tradeoffs of reservoir management in the 
ZW, the Holistic solutions have overall higher OPEX due to reservoir 
operations tailored towards meeting environmental flow and irrigation 
objectives (any reduction in hydropower requires a corresponding 
increase in the thermoelectric generation to balance the electricity 
load). This tradeoff starts at around $200 million per year higher OPEX 
under the existing reservoir network and increases to over $350 mil-
lion per year with the construction of all three reservoirs (a complete 
visualization of all solutions and tradeoffs is shown in Supplementary 
Fig. 3). What is key to recognize here is how the tradeoff of hydropower 
production with other basin objectives can be compensated by FPV 
investment. For example, by investing an additional $2.5 billion in FPV 
capacity, the Holistic 6-Res (DG; FPV) solution ($10.4 billion CAPEX) 
reaches $1 billion per year in OPEX savings, only $100 million per year 

less than the benchmark Energy 8-Res solution. Thus, incorporating 
FPV as a component of river basin management can internalize the 
costs of compromising with other system objectives while maintain-
ing power production levels comparable to solutions that construct 
more reservoirs.

Reduced exposure to hydrologic variability with 
FPV
Figure 4 illustrates differences in the variability of electricity supply 
between Energy and Holistic solutions by comparing the coefficient of 
variation (CV) of annual power production simulated over the historical 
hydrologic record (1986–2005). Adding hydropower capacity increases 
the variance of annual production while adding FPV reduces it since FPV 
power production has minimal year-to-year variability. For example, 
the CV for the benchmark Energy 8-Res solution is 67% higher than 
the Energy 6-Res solution and 30% higher than the Holistic 6-Res solu-
tion. This variability manifests in the most severe historical simulated 
drought period (1995–1996) where the Energy 8-Res solution produces 
23 TWh yr−1 and the 6-Res FPV solutions produce 28–29 TWh yr−1. Thus, 
adopting FPV in place of intensive hydropower development results 
in a more predictable output over longer timescales, which could lead 
to greater electricity reliability and lower reliance on imports in times 
of drought.

The benchmark solutions undergo re-simulation across a wide 
sampling of plausible future hydrologic conditions using a synthetic 
stochastic streamflow ensemble of 450 members derived from cli-
mate model-forced hydrologic simulations (Supplementary Text 4). 
Although the average annual hydropower production of the Energy 
8-Res solution is higher than other solutions, its performance range 
over the ensemble is also wider, varying from −37% to +25% compared 
with the historical hydrologic condition (Supplementary Fig. 4). Con-
versely, the 6-Res solutions with FPV cannot fully capitalize on wetter 
hydrologic conditions but display greater resilience in drier ensemble 
members. For instance, both 6-Res FPV solutions achieve an OPEX of 
$20 billion per year in 98% of the ensemble members, compared with 
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only 75% for the Energy 8-Res solution. This disparity is further evident 
in the ensemble performance of the fifth percentile of total monthly 
power production. For instance, the Energy 8-Res solution has lower 
fifth percentile monthly production than the existing reservoir network 
(5-Res) solution in ~20% of the ensemble members. In contrast, 6-Res 
solutions with FPV have higher fifth percentile monthly production 
than the Energy 8-Res in almost all of the ensemble members. The 
ensemble performance results suggest that intensive hydropower 
development carries substantial downside risk compared with solu-
tions with FPV and that FPV can reduce the vulnerability of the ZW’s 
electricity supply to drier futures.

Discussion
Our study illustrates that FPV is a cost-competitive alternative to 
land-based solar and the construction of new hydroelectric dams. FPV 
installed at existing dams could substitute the hydropower production 
of all planned dams in four of Africa’s five major power pools and col-
lectively supply 6–7% of the continent’s projected electricity demand 
by 2050, but the timing and extent of such FPV capacity investment is 
sensitive to its efficiency and cost relative to land-based solar. In the 
ZW, FPV can enhance total power production or internalize the costs 
of forfeiting hydropower to prioritize reservoir operations towards 
other competing river basin objectives, such as irrigation deliveries 
and environmental flows. As a substitute, FPV can match the energy 
performance of planned hydroelectric dams for the same capital cost, 
thereby avoiding the negative social and environmental impacts of 
dam construction and operation. Compared with risky hydropower 
investments, FPV’s insensitivity to hydrology and operational flexibility 
through hybridized hydropower operations could lead to greater reli-
ability of electricity supply and robustness to future conditions much 
drier than historically observed.

While our strategic, system-scale multi-objective reservoir plan-
ning framework has produced many promising solutions for joint 
hydropower–FPV expansion, certain limitations should be acknowl-
edged. First, smoothing the hourly variability of non-dispatchable 
solar power with reservoir releases for hydropower generation—an 
operation known as ‘hydropeaking’—can substantially alter subdaily 
flow regimes and impact terrestrial and aquatic ecosystems40–42. We did 
not control for this possibility, allowing the electricity system model 
to schedule the dispatch of available hydropower with full flexibility. 
Future research could incorporate the minimization of hydropeaking 
as an objective, such as done in ref. 42, or apply ramping constraints 
to hydropower plants in the electricity system operations model. We 
expect this would decrease the marginal value of FPV investment, thus 
adding another environmental tradeoff to consider. Additionally, our 
power system model simplifies the complexity of the SAPP electricity 
grid. Increasing the level of detail in the model could result in more com-
plex and nonlinear OPEX and unit commitment response to renewable 
power availability. However, given the time and spatial scales at which 
the long-term expected value objectives are computed, the impact 
of this simplification is probably negligible. Finally, the system-scale 
modelling framework used in this study is incapable of jointly optimiz-
ing reservoir and electricity system operations with the sequencing of 
hydropower and FPV investments over time. Such advancement would 
enable the identification of cost-optimal infrastructure expansion 
solutions that link multi-sectoral objectives at the local level to regional 
energy planning and scenarios of societal change.

Although our study affirms FPV’s prospects at the continental and 
river basin scales, several site-specific factors may challenge the expan-
sion of FPV. While FPV deployment on artificial lakes and reservoirs may 
benefit from the fact that these infrastructures have already crossed 
regulatory barriers, there could be legal and security concerns related 
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to the connection and integration of FPV systems into the hydroelectric 
dam facilities43. On the technical side, FPV installation may be physically 
impracticable at certain reservoirs or the costs of ongoing maintenance 
issues particular to FPV systems44,45 may be prohibitive. On the societal 
side, large-scale FPV systems that cover a large portion of reservoirs—
particularly those used for recreation and fishing or with cultural 
value—are likely to arouse negative public opinion46,47. Ultimately, all 
technologies have their disadvantages and potential risks that must 
be weighed by decision-makers at multiple levels. To this end, the joint 
hydropower–FPV infrastructure solutions generated in this study will 
be incorporated into the ZW’s GoNEXUS ‘nexus dialogues’, a participa-
tory stakeholder process to build trust and identify solutions that best 
address water, energy, food and ecosystem tradeoffs48.

In conclusion, our study has demonstrated the potential of stra-
tegically integrating FPV and hydropower for sustainable, low-carbon 
energy development. These benefits should be appreciated in light of 
recent scepticism over the environmental impacts of FPV20. Although 
considerations of technical feasibility or conflicts with other reservoir 
uses may preclude FPV in site-specific cases, it is difficult to imagine 
FPV installations having larger social and environmental costs than new 
hydroelectric dams, particularly when FPV investments are paired with 
improvements to reservoir operations that enhance competing uses 
of water as we have shown. By embracing FPV and reducing reliance on 
hydropower, developing countries can ensure a more stable energy 
supply that is robust to long-term hydrological uncertainties. Beyond 
these demonstrated energy benefits, FPV avoids the need for acquiring 
land, is a less capital-intensive option compared with hydroelectric 
dams prone to cost overruns, and avoids the difficult-to-calculate (but 
nearly assured) damaging impacts of dams on downstream communi-
ties and river ecosystems.

Methods
FPV capacity expansion in Africa with OSeMOSYS-TEMBA
We use OSeMOSYS-TEMBA, an energy system model for long-term 
capacity planning in Africa49,50, to evaluate cost-optimal trajectories 

of FPV expansion over the period 2015–2050. Uncertainty in future 
socio-economic development, energy demand and emissions policy 
is considered through two scenarios: the first represents no climate 
policy efforts and uses energy demands developed from SSP 4, an SSP 
based on heterogeneous development across regions; the second insti-
tutes a carbon emission constraint compatible with 2 °C end-of-century 
global warming and uses energy demands developed from SSP 1, an 
SSP based on sustainable and equitable development. Ref. 18 extended 
TEMBA49 with these two scenarios of SSP-driven final energy demands 
by leveraging simulations from the Inter-Sectoral Impact Model Inter-
comparison Project (ISIMIP2b)51. In addition, ref. 18 incorporated all 
existing and planned hydropower units from the African Hydropower 
Atlas (AHA)52 into TEMBA. Here, we extend the ref. 18 version of TEMBA 
to include the option of FPV expansion. Hydropower dams currently 
under construction are constrained in TEMBA to be invested in the 
year of anticipated completion. Meanwhile, all planned hydropower 
dams and potential FPV deployments can be invested in TEMBA in any 
year after 2023.

We consider potential FPV deployments at 37 existing and 9 
under-construction dams across Africa with a capacity of at least 
100 MW. Because we develop hybridized hydropower–FPV capac-
ity factors that depend on an FPV system’s peak capacity (described 
below), we consider three nominal cases of FPV capacity deployment 
in TEMBA where FPV system capacities are set to incremental multiples 
(1×, 2× and 10×) of the adjacent hydroelectric dam plant capacities. 
Importantly, the 1× case represents a minimum bound where FPV 
deployment would not require any new grid connection infrastructure 
(a case with potential cost savings). Then, we limit final FPV capacities 
for each of these deployment cases to assumptions of maximum reser-
voir surface area coverage: 30 km2 or 30% of the reservoir surface area. 
These limits—the same as used in ref. 19—are meant to avoid overstating 
physical engineering limits of FPV installations (for example, in years 
of drought when reservoir surface areas can be substantially reduced) 
and to limit FPV’s potential interference with other reservoir uses and 
local ecosystems.
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We configure TEMBA inputs for FPV technology (emission activity 
ratio, availability factor, capacity to activity unit, fixed cost, variable 
cost, input activity ratio, output activity ratio and operational life) to 
be equivalent to TEMBA’s centralized, LPV technology except for two 
key distinguishing parameters: capital cost and capacity factor. There 
are limited data available on the capital costs of FPV. The most cited 
figure of $0.81–1.20 per watt-peak53 currently places FPV 0–25% higher 
than LPV. The higher cost is attributed mainly to the added complex-
ity of the floating structure. Capital costs are expected to decline as 
the cumulative installed capacity of FPV grows. Furthermore, there 
remains the potential for FPV systems to save on land acquisition and 
grid connection costs compared with LPV.

For FPV capacity factors, we use TEMBA’s LPV capacity factors as a 
starting point to avoid favouring one or the other merely due to differ-
ences in PV capacity factor development (for example, data sources, 
aggregation and so on). From there, we differentiate FPV from LPV on 
account of two factors. First, we increase FPV efficiency according to the 
cooling effect theory that posits that PV modules over water perform 
better than those on land because water keeps air temperatures closer 
to the standard operating temperature of PV panels. Studies suggest 
3–15% higher efficiency of floating versus land-based panels depend-
ing on system type, location and climate54–56. Second, the dispatchable 
nature of hydropower plants with reservoirs can aid the integration of 
variable renewable energy (VRE) sources by, for example, balancing 
more hydropower generation in the nighttime to accommodate higher 
daytime solar production. Importantly, the hydropower capacity fac-
tors in the AHA dataset are the output of continental-scale hydrological 
modelling, statistical analysis and post-processing with reservoir and 
plant characteristics that capture the seasonal constraints of hydro-
power availability52. This allows subsequent energy modelling studies 
such as ours to represent VRE integration at each hydropower plant con-
strained by average seasonal availability. Using a small linear program to 
solve the optimal seasonal day-part dispatch of hydropower provided 
an FPV peak capacity, we adjust FPV’s capacity factor inputs to TEMBA 
(leaving the adjacent hydropower plant factors as-is) to represent the 
remainder of the linear solution’s joint hydropower–FPV production. 
Although the same VRE integration could be achieved with a LPV project 
sited immediately adjacent to a hydropower plant, we consider this a 
site-specific consideration extraneous to the continental-scale assess-
ment of FPV’s role in Africa’s future energy needs.

ZW reservoir system model
The ZW model is a river basin-scale reservoir system model that has 
been used to explore synergies, tradeoffs and vulnerabilities within 
and across hydropower, irrigation supply and environmental objec-
tives35,36,57. The ZW model combines conceptual and data-driven mod-
els, including the hydrologic model of the subcatchments, the dynamic 
model of the reservoirs, and the irrigation diversions serving the agri-
cultural districts along the river. The model includes five existing res-
ervoirs (Kariba, Itezhi-Tezhi, Kafue Gorge Upper and Lower, and Cahora 
Bassa), one run-of-the-river hydropower plant at Victoria Falls, eight 
irrigation districts and up to three of the major planned reservoirs (BG, 
DG and MN). A monthly time step captures the ZW’s reservoir operation 
dynamics through mass balance equations (Supplementary Text 1).

SAPP electricity system model
An electricity system operations model of the SAPP developed with 
PowNet39 has been used to explore the ZW’s connections with the 
regional electricity grid and the impact of hydropower production 
variability on grid operations. PowNet is a freely available, open-source 
modelling tool for simulating the operations of large-scale power sys-
tems. The model solves a unit commitment economic dispatch optimi-
zation problem to schedule least-cost operations that balance supply 
and demand over a 24 h period. The electricity system is represented 
by a set of nodes that include demand units, power-generating units 

and substations. Intermittent renewable energy is represented as an 
externally specified time series of available power, while the optimiza-
tion algorithm determines the actual renewable power dispatched to 
satisfy demand. Thus, PowNet computed generation mix accounts for 
the technical and economical constraints of power plants and transmis-
sion lines that can limit penetration of renewable electricity generation 
into the grid. In addition to an hourly schedule of availability from 
renewable power sources, PowNet requires economic and technical 
input data of the following types:

 1. Power plants: maximum and minimum capacity, rate of fixed 
cost, start-up fuel price, minimum up and down time, ramping 
limits and heat rate.

 2. Load: hourly demand for each node.
 3. Transmission lines: electrical transmission network line  

capacity and line susceptance.

These specifications have been gathered from available public 
data to build a simplified representation of the existing country-level 
interconnections of the SAPP power grid with the potential expan-
sion of reservoirs and FPV installations in the ZW (Supplementary 
Table 1 and Supplementary Fig. 5). Because only one connection is 
permitted between two nodes in PowNet and lines between countries 
typically number more than one, the capacity of multiple country 
interconnections is summed, and an arithmetical mean is applied for 
line susceptance. Hourly power demand time series for each country 
were built with different load curves representative of different typi-
cal days of the year (for example, winter and summer days or weekday 
and weekend days). These daily profiles were scaled and calibrated to 
match 2018 demand data.

Soft linkage of SAPP electricity and ZW reservoir models
An overview of the policies, objectives and exogenous drivers 
included and linked between ZW and SAPP PowNet models is shown in  
Supplementary Fig. 6, and a schematic of model features and topology 
is shown in Supplementary Fig. 5. Soft linking the ZW to SAPP PowNet 
is achieved via a response model of PowNet output from a single 24 h 
period corresponding to the highest observed SAPP electricity sys-
tem load during the year, thus reflecting an upper bound on power 
production and costs. The 24 h SAPP PowNet optimization is repeated 
under 25,000 Latin Hypercube samples of 14 randomly combined 
inputs of daily ZW hydropower availability at up to eight reservoirs (five  
existing and three planned), and FPV generation at up to five reservoirs 
(two existing and three planned). The input–output sampling is used 
to generate three response models of SAPP PowNet for incorporation 
into the ZW model simulation–optimization routine:

 1. A linear regression model that predicts SAPP electricity system 
operation cost (OPEX) from the total ZW hydropower and 
solar dispatched to the grid. Residuals of the linear model are 
normally distributed with a maximum underestimation error 
of 0.6% and >99% of predicted values are within ±0.1% of the 
PowNet modelled cost (Supplementary Fig. 7).

 2. Look-up tables that map FPV peak capacity into the expected 
daily power dispatch. FPV dispatch scales linearly with peak 
capacity until transmission line capacity constrains it (Supple-
mentary Fig. 8).

 3. Look-up matrices that map FPV dispatch and hydropower 
availability to curtailment of hydropower. In general, there is 
sufficient line capacity to dispatch 100% of the available hy-
dropower and solar production at each hour; however, as solar 
production increases, the curtailment of daily hydropower can 
reach over 30% of the available hydropower generation (Sup-
plementary Fig. 9).

The soft link validation was performed by simulating the SAPP 
PowNet model over the historical 1986–2005 period with solutions 
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developed from the ZW model. Thirty solutions were randomly 
selected from each of the eight possible reservoir network configura-
tions (for a total of 240 solutions), where each solution specifies FPV 
peak capacities and a coordinated multi-reservoir operating policy. The 
monthly hydroelectric production of the ZW model simulation output 
is allocated evenly over a month to specify the daily hydroelectric avail-
ability constraint in PowNet. In addition, hourly solar power availability 
is constrained to an observed record of power output developed from 
a global dataset of hourly solar radiation and ambient conditions for 
a unit-peak capacity system58. The hourly solar power availability is 
scaled by the peak capacity specified in the ZW model solution. Results 
of the validation show that the linear response modelled OPEX simu-
lated in the ZW model has a $1.97 billion per year positive bias relative 
to OPEX determined in the PowNet simulation (Supplementary Fig. 10). 
The positive bias varies little over the wide range of hydropower opera-
tions, reservoir network configurations and hydrologic conditions. The 
soft link is thus considered robust, with the bias reflecting an adjust-
ment to the lower power demands seen over the course of a full year.

ZW-SAPP joint hydropower–FPV capacity expansion 
optimization
The ZW model is coupled with an optimization engine to design alter-
native reservoir operating rules, irrigation diversion policies, and 
FPV capacities. The optimization is performed using evolutionary 
multi-objective direct policy search59, a reinforcement learning method 
that implements a simulation-based optimization of parametric 
rules using multi-objective evolutionary algorithms (Supplementary  
Text 2). The optimization generates a set of Pareto-efficient solutions 
representing tradeoffs across the objectives. Three objectives were 
formulated to represent the sectors of energy (hydropower produc-
tion), food (irrigation deficits) and environment (streamflow deficits) 
at the river basin scale in previous ZW assessments36,57. In addition to 
these three, we include OPEX (to be minimized) and CAPEX (to be 
minimized) to represent the economic value of electricity production 
in the watercourse and the cost of capital investment for new reservoirs 
and FPV, respectively. The formulation of these objectives is included 
in Supplementary Text 3.

ZW-SAPP FPV grid integration and feasibility
FPV generation is released on the same transmission line connecting 
hydropower generation to demand node(s). A major constraint is thus 
the transmission line capacity of hydropower units to country demand 
nodes and congestion of these lines for dual use of FPV and hydropower 
dispatch. In our study, we place a small persuasion penalty on hydro-
power dispatch so that PowNet prioritizes FPV power dispatch first. 
This results in a 24 h dispatch curve that curtails hydropower when 
the total available solar and hydropower generation is greater than 
the transmission capacity of the line connecting the hydropower unit 
to the country demand node(s). Thus, PowNet determines the optimal 
scheduling of hydropower over a 24 h period.

The range of feasible FPV peak capacities was initially determined 
in PowNet by sampling solar dispatch as a function of solar peak capac-
ity and transmission line capacity of the hydropower unit to the demand 
node(s). As expected, solar dispatch scales directly with FPV peak 
capacity until transmission line capacity begins to sharply constrain 
(Supplementary Fig. 11). While we test different line capacities, we ulti-
mately limit our study to the existing line capacities at the reservoirs 
(or planned capacities at the planned reservoirs). The initial estimate 
of the feasible limit of FPV peak capacity is assumed to be where addi-
tional peak capacity added would provide greatly diminished power to 
the grid. The second feasibility check for FPV peak capacity was based 
on the area of FPV panels required to provide power output equal to 
the specified peak capacity. For Kariba and Cahora Bassa, minimum 
operating storage volumes correspond to relatively large surface areas 
of 4,400 km2 and 1,000 km2, respectively. Therefore, transmission 

line capacity is the primary constraint, limiting FPV peak capacity to 
5 GWp at Kariba (35 km2 footprint) and 4 GWp at Cahora Bassa (28 km2 
footprint). However, minimum operating volumes of the planned 
reservoirs correspond to relatively small surface areas of 20 km2 at 
BG and DG and 120 km2 at MN. Therefore, we assume that the panel 
footprint area becomes the primary constraint and limit floating solar 
peak capacity at BG and DG to 0.9 GWp (6 km2 footprint) and at MN to 
1.8 GWp (12 km2 footprint).

Data availability
Data for the OSeMOSYS-TEMBA model, the ZW-SAPP experiments 
and the post-processing scripts for developing figures are available 
from the open-source repository Zenodo at https://doi.org/10.5281/
zenodo.10576226 (ref. 60). The historical hydrologic data on the Zam-
bezi River Basin are protected by a nondisclosure agreement with 
Zambezi River Authority (ZRA). However, the climate model data used 
for the temperature and precipitation projections are freely available 
at http://www.csag.uct.ac.za/cordex-africa/ (ref. 61).

Code availability
The OSeMOSYS-TEMBA model18 is available from the open-source 
repository Zenodo at https://doi.org/10.5281/zenodo.7931050  
(ref. 62). As the ZW reservoir operations simulation model contains 
sensitive hydrologic data and hydropower plant characteristics from 
the Zambezi River Authority (ZRA), Zambia Electricity Supply Corpora-
tion (ZESCO) and Hidroeléctrica de Cahora Bassa (HCB), it cannot be 
made public. The code of the HBV model for streamflow simulation is 
available from the open-source repository Zenodo at https://doi.org/ 
10.5281/zenodo.5726941 (ref. 63). The PowNet model developed for 
the SAPP is available on GitHub at https://github.com/EILab-Polimi/
ZRB-PowNet (ref. 64).
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