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Source: Sterl et al. (2022)

DAMS ARE OFTEN USED TO SUPPORT AFRICAN ECONOMIC 
DEVELOPMENT

+300 HP projects | +100 GW
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1. SITING

HYDROPOWER PLANNING AT RIVER BASIN SCALE: 
A WELL-KNOWN PROBLEM

EXAMPLE
Schmitt et al. 2021, PNAS
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1. SITING

2. SIZING

HYDROPOWER PLANNING AT RIVER BASIN SCALE: 
A WELL-KNOWN PROBLEM

EXAMPLE
Bertoni et al. 2019, EF
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1. SITING

2. SIZING

3. SEQUENCING

HYDROPOWER PLANNING AT RIVER BASIN SCALE: 
A WELL-KNOWN PROBLEM

2025 2035 2045
EXAMPLE
Arnold et al. 2023, EF
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1. SITING

2. SIZING

3. SEQUENCING

4. FILLING

HYDROPOWER PLANNING AT RIVER BASIN SCALE: 
A WELL-KNOWN PROBLEM

Time
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level

Regime target

EXAMPLE
Zaniolo et al. 2021, 
Nature Communications
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2. SIZING

3. SEQUENCING

4. FILLING

5. OPERATIONS

HYDROPOWER PLANNING AT RIVER BASIN SCALE: 
A WELL-KNOWN PROBLEM
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Giuliani et al. 2021, WRR
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THE GLOBAL TRANSFORMATION CHALLENGE:
CLIMATE IS CHANGING

Source: Copernicus C3S/ECMWF
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THE GLOBAL TRANSFORMATION CHALLENGE:
ENERGY DEMAND IS GROWING

Source: Pappis et al. (2019)
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THE GLOBAL TRANSFORMATION CHALLENGE:
TECHNOLOGY IS EVOLVING

Scenario construction
Wemodel the supply of energy services increasing at a fixed rate per year (2% in our
main specification). Energy services include heating/cooling, light, mobility, suste-
nance, materials, hygiene, and communications, but since these are hard tomeasure
and data are sparse, we take useful energy as a proxy for energy services. Energy
transition scenarios are constructed by assuming that growth rates of energy carriers
and technologies follow logistic (‘‘S’’) curves with specified start and end points
consistent with the growth of total useful energy. We model the relationship

Figure 8. IEA PV LCOE projections

All PV LCOE projections found in the IEA’s World Energy Outlook (WEO) reports are shown in

colors varying from purple through light green (note that ‘‘projection’’ here means conditional

forecast—this is a forecast that is conditional upon a whole array of modeling assumptions

regarding the scenario within which the forecast is embedded). The first such projection was found

in the WEO 2001. The four projections we selected to plot in Figure 3 are shown in red and were

chosen as examples of ‘‘high progress’’ projections. The first two, published in the WEOs from 2001

and 2008, may be considered high progress projections, because in those reports, cost ranges were

provided, and we simply picked the lowest points of those ranges. The upper ends of the ranges

were significantly higher. The second two (beginning in 2015 and 2019) may be interpreted as ‘‘high

progress’’ projections, because they correspond to the highest mitigation scenarios available in

the WEOs from which they are sourced (WEO 2016 and 2020). Note, however, that in those reports,

only region-specific cost projections were provided, so we have plotted the simple global average

of those values in the high mitigation scenarios. Observed values are from the Performance Curve

Database (described in Nagy et al.25) up to 2010 and from Bloomberg New Energy Finance (BNEF)

thereafter.

See Document S1 section ‘‘Data, calibration, and technology forecasts’’ for more details on data

sources.

ll
OPEN ACCESS

2076 Joule 6, 2057–2082, September 21, 2022

Article

Source: Way et al. (2022)
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HOW CAN WE BETTER EVALUATE 
THE ROLE OF HYDRO FOR ENERGY 
TRANSITION INVESTMENTS?
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HYDROPOWER EXPANSION IN THE ZAMBEZI WATERCOURSE

Three planned 
reservoirs: 
• +4.1 GW (+37%) 
• ≈$8 Billion
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FROM RIVER BASIN TO POWER POOL SCALE

Environmental
Flow Deficit

Irrigation Deficit Hydropower
Production

Energy System
Operational Cost

Capital
Investment Cost

Zambezi Design Model

Decisions & Policies

Objectives

Monthly  
Hydrology

Monthly
Operations

Solar
Installation
Capacities

Constructing
Planned

Reservoirs

Solar  
Generation 
Potential

Energy System
Operational Cost

SAPP PowNet Energy
System model

Decisions & Policies

Objective

Hourly Unit
Commitment &

Electricity
Transmission

Hourly 
Demand

Exogenous Drivers

Ecosystem Food Energy

OPEXCAPEX

Linear response function
to Zambezi hydropower

and solar production

Soft Links

Response matrices of 
hydropower and solar 

curtailments

 

 

D4.1: Final Synthesis on River Basin WEFE Models 83 

 
Figure 64. Configuration of SAPP PowNet Energy System model country-level peak annual demand, thermo-generation 
capacity, country-to-county (node-to-node) transmission capacity, and interconnections with existing and planned 
hydropower plants with potential floating solar installations in the Zambezi Watercourse. 
4.2.2.1.3.2 Floating Solar Representation 

Floating solar photovoltaic (FPV) generation is released on the same transmission line 
connecting hydropower generation to the demand node(s). Parameters for the transmission 
line connecting the FPV unit to the hydropower generation unit are set to permit a capacity 
an order of magnitude higher than any considered FPV capacity so that the transmission 
between FPV and hydropower units is not a limiting constraint. The driving constraint is thus 
focused on the transmission lines connecting hydropower units to country demand nodes, 
and the congestion created by the dual use of these lines for FPV and hydropower dispatch. 
In addition, a small “persuasion” penalty has been placed on hydropower dispatch so that 
PowNet prioritizes FPV generation first. This results in a 24-hour dispatch curve that curtails 
hydropower when the total available solar and hydropower generation is greater than the 
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IMPACTS OF HYDRO EXPANSION AT SAPP LEVEL

Arnold et al. 2024, Nature Energy
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HYDROPOWER VS FLOATING PHOTOVOLTAIC

Three planned 
reservoirs: 
• +4.1 GW (+37%) 
• ≈$8 Billion

FPV candidates:
• 12.6 GW
• ≈$12.6 Billion
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HYDRO EXPANSION WITH NO FPV

Arnold et al. 2024, Nature Energy
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JOINT HYDRO+FPV EXPANSION

Energy 6-Res is equivalent 
to Energy 8-Res with 
2 DAMS LESS

Arnold et al. 2024, Nature Energy
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FPV CAN CONTRIBUTE TO MULTIPURPOSE OPERATION

Energy 6-Res is equivalent 
to Energy 8-Res with 
2 DAMS LESS

Holistic 6-Res adds more 
FPV to meet 8-res energy 
with >80 percentile 
environmental and 
irrigation performance

Arnold et al. 2024, Nature Energy
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FPV INCREASES PRODUCTION RELIABILITY

Fig. 4 FPV expansion results in a more reliable electricity supply. The two left scatter plots show
the coe�cient of variation (CV) of annual power production for the Energy and Holistic solutions.
The rightmost bar plot shows the annual production of the three benchmark solutions broken out by
hydropower and solar contributions where the bar height represents the mean and lines extend by
one standard deviation. The CV of each solution is annotated at the top of the bar plot.

FPV solutions produce 5-6 TWh more power in the drought and are able to meet204

the peak load in October for a portion of the day. Thus, FPV’s predictable output205

over longer timescales increases the reliability of the electricity supply compared to206

intensive hydropower development. Meanwhile, at shorter timescales (hourly to daily),207

hydropower releases complement solar availability and minimize the variability of total208

power dispatched to the grid.209

The benchmark solutions undergo re-simulation across a wide sampling of plausi-210

ble future hydrologic conditions using a synthetic stochastic streamflow ensemble of211

450 members derived from climate model-forced hydrologic simulations (see Supple-212

mentary Text 4). The performance of the benchmark solutions across the streamflow213

ensemble is presented in Figure 5 for the metrics of average annual hydropower pro-214

duction and OPEX and the 5th percentile of monthly power production. The Energy215

8-Res solution has significantly higher hydropower production, but its performance216

range is also wider, varying -37% to +25% over the ensemble compared to the histor-217

ical hydrologic condition. Conversely, the 6-Res solutions with FPV are unable fully218

capitalize on wetter hydrologic conditions but display greater resilience in drier ensem-219

ble members. For instance, both 6-Res FPV solutions achieve an OPEX of $20 billion220

11

Arnold et al. 2024, Nature Energy
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FROM POWER POOL TO CONTINENTAL AFRICA: 
32% OF HYDRO PROJECTS ARE NOT COST OPTIMAL

Carlino et al. 2023, Science

RESEARCH ARTICLE SUMMARY
◥

RENEWABLE ENERGY

Declining cost of renewables and climate change
curb the need for African hydropower expansion
Angelo Carlino, Matthias Wildemeersch, Celray James Chawanda, Matteo Giuliani,
Sebastian Sterl, Wim Thiery, Ann van Griensven, Andrea Castelletti*

INTRODUCTION: Driven by population growth
and the goal of improving living standards,
especially in the least-developed regions, many
African countries plan to expand their power
generation capacities to meet future energy
demand. Indeed, total electricity demand is
expected to grow by 5 to 6% per year until
2050, mainly in sub-Saharan Africa. Yet the
future of African energy systems will not only
be driven by the additional energy demand
but also by the need to mitigate and adapt to
anthropogenic climate change. Hydropower
is an important component of African power
systems, especially in sub-Saharan countries.
It provides around 20% of total electricity gen-
eration, but its full potential has not been ex-
ploited yet. Traditionally considered a cheap
source of low-carbon electricity, more than
300 hydropower plants, corresponding to an
additional 100-GW power capacity, are under
consideration across the continent.

RATIONALE: Although an apparently effective
strategy, the long-term planning of hydropower
systems is complex. First, as the cost of renew-

ables continues to decline, solar andwindpower
are becoming more competitive and potentially
cheaper alternatives. Second, in recent years,
hydroclimatic variability has negatively affected
hydropower generation in major river basins.
Climate change will alter the spatiotemporal
distribution of water availability, exacerbating
the impacts of extreme events and reducing
the predictability of future power generation.
Finally, future energy demands and climate
policies depend on evolving socioeconomic
conditions that are fundamentally uncertain.
In this work, we investigated the power capa-
city expansion across the African continent
over the next 30 years and elucidated the
cost-optimal sequencingofhydropowerprojects.
We built an integrated modeling framework
that captures individual power project charac-
teristics within an energy system model that
simulates three socioeconomic scenarios that
harmonize land-use change, climate impacts
on water availability, final energy demands,
and climate policy options. Our model relies
on a combination of the Shared Socioeconomic
Pathways (SSPs) and Representative Concen-

tration Pathways, namely SSP1-2.6, SSP4-6.0,
and SSP5-8.5. SSP1-2.6 describes a sustain-
able development scenario that aims to main-
tain the global mean temperature below 2°C,
whereas the other two scenarios result in higher
levels of warming and are characterized by
rising inequalities and fossil-fueled develop-
ment, respectively. We considered median
(MED) and very dry (DRY) water availability
scenarios to capture hydroclimatic variability
reflecting a risk-neutral and risk-averse plan-
ning perspective.

RESULTS: Our results show that between 32
and 60% of the proposed hydropower capacity
is not cost-optimal. Moreover, our analysis
suggests that hardly any new hydropower will
be built after 2030, meaning that its role in
terms of installed capacity and generation will
gradually decrease in favor of solar and wind
power. Across the scenarios, hydropower expan-
sion is robust in the Nile, Congo, andNiger river
basins, whereas it remains uncertain in the
Zambezi and smaller river basins. These find-
ings emphasize the importance of connecting
hydropower planning with capacity expansion
models, because cost-optimality cannot bedeter-
mined solely based on each project’s technical
characteristics. Finally, we discover that an in-
crease in annual capital investment between
1 and 4% at the continental level can ensure
the reliability of the power systemagainst hydro-
climatic variability. Yet the required increase
in capital investments and the observed reduc-
tions in vulnerability do not necessarily overlap
at the country level. As local interests conflict
and diverge from system-wide ones, we under-
line the importance of electricity exchanges
between countries and cooperation for power
system reliability.

CONCLUSION: Traditional planning of hydro-
power facilities is challenged by the dynamics
of technological innovation, climate impacts on
water availability, and uncertainty in long-term
socioeconomic projections that affect energy
demands and climate policies. Using a multi-
sectoralmodeling framework,wedesigned capa-
city expansion plans that avoid commitments to
cost-inefficient hydropower infrastructures that
are often associated with substantial impacts on
the local communities and environment. Yet, in
the short term, especially in the transition to a
net-zero emissions energy system, hydropower
represents a cheap alternative to displace fossil
fuels, especially coal.▪

RESEARCH
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Cost-optimal hydropower expansion. Proposed (dashed line) and cost-optimal (bars) capacity expansion for
continental Africa and its major river basins under the scenarios considered. In total, 32 to 60% of the proposed
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OSEMOSYS-TEMBA AHA FRAMEWORK

African Hydropower Atlas

Energy system evolution:
Capacity 

Generation 

dataset modelscenarios outputs

OSeMOSYS-TEMBA-AHA

OSeMOSYS-TEMBA 
African energy system model

Hydropower disaggregation at the plant level
Capacity

Capacity Factors

Legend

Hydropower sector: 
Sequencing of new projects

Trade-off Metrics: 
Costs 

Generation deficit

SSP database

Future hydrology & land-use (2020-2050):

SSP1-2.6 Capacity Factors (median & dry)
SSP4-6.0 Capacity Factors (median & dry)
SSP5-8.5 Capacity Factors (median & dry)

Socio-economic and climate policy scenario:

SSP1-2.6 Final Energy Demands
SSP4-6.0 Final Energy Demands
SSP5-8.5 Final Energy Demands

Large scale energy system model for 
least-cost energy planning in Africa

Dataset collecting information on 633 
hydropower projects in Africa, both 

existing and planned

Energy demand inputs associated to three 
combinations SSPs  and RCPs, capacity 

factors of hydropower plants for median 
and very dry hydrology

Cost-optimal national energy generation 
strategies and hydropower portfolios

Scenario definition

SSP1-2.6 Sustainability

SSP4-6.0 Inequality

SSP5-8.5
Fossil-fueled
development

Carlino et al. 2023, Science
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NATIONAL GENERATION MIX IN 2050 UNDER SSP1-2.6 

unu.edu/inweh

Enable Cost-competitive Climate-resilient Hydropower 
Infrastructure
We suggest promoting infrastructural development where 
technological competition and impacts of climate change 
are not undermining the economic viability of hydropower 
development. Generally, the proposed projects for the Congo 
River, the Nile River, and the Niger River Basins are consistently 
classified as cost-optimal under all the scenarios examined. 
The scenarios explore different climate change, socio-
economic, land-use change, and hydrological futures while 
ensuring coherence between them. Even for these projects 
and especially for large hydropower dams, environmental and 
social impacts remain to be comprehensively assessed. We 
advise carefully assessing the reasons for developing projects 
that we do not find to be cost-optimal under all scenarios. For 
instance, projects located in the Zambezi River and smaller 
river basins represent a risky infrastructural investment that 
could be better directed towards solar photovoltaic or wind 
power. 

Enhance Cross-Border Energy Cooperation
Foster regional cooperation and power trading agreements to 
ensure energy security and stability in regions heavily reliant 
on hydropower (Table 4). Collaborative efforts can mitigate the 
impacts of hydroclimatic variability through shared resources 
and diversified energy sources. Designing an energy system 
less vulnerable to hydroclimatic impacts on hydropower comes 
with a 3% increase in annual investment costs. However, 
the distribution of costs and risks from hydropower is not 
homogeneous among countries. Incentive schemes will be 
needed to support investment in countries where costs will be 
borne to reduce risks in other regions.

Table 4. African countries with the largest average power exchange in 
2050. 

Conclusion

Strategic energy planning is essential to navigate the 
complex landscape of hydropower development in Africa. By 
adopting a systemic approach, African nations can avoid risky 
investments and secure a sustainable and resilient energy 
future.

Source

Carlino, A., Wildemeersch, M., Giuliani, M., Chawanda, C. J., 
Sterl, S., Thiery, W., van Griensven, A., Castelletti, A., (2023), 
“Declining cost of renewables and climate change curb the 
need for African hydropower expansion”, Science, 361, 6658. 
Available at: https://doi.org/10.1126/science.adf5848
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Climate proofing the MED capacity expansion against the DRY hydrology requires a 
1.8-4% increase in annual continental investments

HYDROCLIMATIC VARIABILITY GENERATES COST-DEFICIT 
TRADEOFFS

and investing in additional solar,wind, and firm-
ing capacity, particularly in the scenarios where
emissions are constrained. These additional
costs are not necessarily distributed uniformly
or fairly across the countries, highlighting the
need for coordination and incentive mecha-
nisms to support capacity expansion plans,
which are robust to climate change impacts.
Through the reduction in economically

viable hydropower capacity associated with
the declining cost of wind and solar, techno-
logical innovation helps reduce pressure on
riverine ecosystems and small communities in
the proximity of proposed impoundments and
further downstream as far as the impacts of

these changes propagate (43). Indeed, previous
research on hydropower’s social and environ-
mental trade-offs (25, 27, 30) and the effects
of environmental risks on the financial per-
formance of this infrastructure (44) has sug-
gested caution in construction of new projects.
Introducing these factors into our modeling
framework is likely to further reduce the space
for hydropower in future energy systems. Analy-
ses at the river-basin level remain complemen-
tary to our study and might be better tailored
to address such concerns. However, additional
research and development of new methods are
needed to connect local, regional, and continen-
tal scales for a robust planning of water and

energy systems (34). Similarly, greenhouse gas
emissions from reservoirs (30, 45–47) are a de-
terrent for hydropower capacity expansion,
particularly in tropical areas where life-cycle
emissions associated with new dams might
be comparable to those of fossil fuel power
sources (48, 49). Accounting for this factor will
likely further promote the expansion of wind,
solar, and other carbon-neutral technologies.
Additionally, we are not able to fully capture

the contribution of hydropower projects to
ancillary services such as frequency regulation
and improved renewable integration associ-
ated with the rapid ramp-up of power output.
Although these services are rarely considered

Carlino et al., Science 381, eadf5848 (2023) 11 August 2023 5 of 7

Fig. 5. Country-level cost-deficit trade-offs. Maximum annual power deficit as a percentage of demand over the period from 2020 to 2050 obtained from
simulation of the MED capacity expansion plan under dry hydrology. The additional cost of eliminating the power deficits is derived as the percentage increase
obtained from the annualized capital costs of the MED and the DRY capacity expansion plans. Their joint value is reported for each country in the maps by the
bidimensional color scale that is visible in the legend, and each map corresponds to a different SSP scenario.

Fig. 4. Main characteristics
of projects and their role in
least-cost capacity expan-
sion. Capacity, average capacity
factor under very dry hydrology,
and maximum interannual
capacity factor variability under
very dry hydrology of the
examined hydropower projects
are reported on the x axis, the
y axis, and with different colors,
respectively. The diamond
marker indicates a project that
is always cost-optimal. The
circles correspond to projects
that are cost-optimal at least
once, whereas the crosses
correspond to the projects that
are never built. The always–
cost-optimal projects correlate
with the average capacity
factor (point biserial correlation
coefficient = 0.37; p = 2 × 10−19)
and capacity (point biserial
correlation coefficient = 0.18; p =
3 × 10−5). Their correlation with
capacity factor's variability is
weaker (point biserial correlation
coefficient = 0.09; p = 0.03).
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FPV is competitive with other renewables, particularly in the SAPP and WAPP

TECHNOLOGICAL DISPLACEMENT WITH FPV EXPANSION IN 
OSEMOSYS-TEMBA 

Arnold et al. 2024, Nature Energy
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FPV CAN SUBSTITUTE BETWEEN 20-100% OF PLANNED DAMS

Arnold et al. 2024, Nature Energy
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TAKEAWAYS



28

• The cost competiveness of African hydropower is declining

TAKEAWAYS
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• The cost competiveness of African hydropower is declining

• We need to go beyond the river basin scale to study the energy transition

TAKEAWAYS
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• The cost competiveness of African hydropower is declining

• We need to go beyond the river basin scale to study the energy transition

• We need to consider global socio-economic teleconnections to explore future 
scenarios and multisectoral competition

TAKEAWAYS



31

• Arnold, W., M. Giuliani, and A. Castelletti (2024), Floating photovoltaics may reduce the risk of hydro-
dominated evergy development in Africa, Nature Energy

• Arnold, W., J. Zatarain-Salazar, A. Carlino, M. Giuliani, and A. Castelletti (2023), Operations eclipse sequencing 
in multipurpose dam planning, Earth’s Future, 11

• Bertoni, F., A. Castelletti, M. Giuliani, and P. Reed (2019), Discovering dependencies, trade- offs, and robustness 
in joint dam design and operation: An ex-post assessment of the Kariba dam, Earth’s Future, 7, 1367–1390

• Carlino,A., M. Wildemeersch, C. Chawanda, M. Giuliani, S. Sterl, W. Thiery, A. van Griensven, and A. Castelletti 
(2023), Declining cost of renewables and climate change curb the need for African hydropower expansion, 
Science, 381(6658)

• Giuliani, M., J. Lamontagne, P. Reed, and A. Castelletti (2021), A State-of-the-Art Review of Optimal Reservoir 
Control for Managing Conflicting Demands in a Changing World, Water Resources Research, 57

• Schmitt, R., M. Giuliani, S. Bizzi, G. Kondolf, G. Daily, and A. Castelletti (2021), Strategic basin and delta planning 
increases the resilience of the Mekong Delta under future uncertainty, Proceedings of the National Academy of 
Sciences, 118(36)

• Zaniolo, M., M. Giuliani, S. Sinclair, P. Burlando, and A. Castelletti (2021), When timing matters - misdesigned 
dam filling impacts hydropower sustainability, Nature Sustainability, 12

REFERENCES



DEPT. of ELECTRONICS, INFORMATION,
and BIOENGINEERING

POLITECNICO DI MILANO

Matteo Giuliani

matteo.giuliani@polimi.it | @MxgTeo
www.ei.deib.polimi.it


