
Designing diversified renewable energy systems to balance multisector performance 1 
 2 
Jose M. Gonzalez1, James E. Tomlinson1, Eduardo A. Martínez Ceseña2,3, Mohammed Basheer1

, 3 
Emmanuel Obuobie4, Philip T. Padi5, Salifu Addo6, Rasheed Baisie7, Mikiyas Etichia1, Anthony 4 
Hurford1, Andrea Bottacin-Busolin1, John Matthews8, James Dalton9, D. Mark Smith10, Justin 5 
Sheffield11, Mathaios Panteli2,12, Julien J. Harou1,13* 6 
 7 
1Department of Mechanical, Aerospace and Civil Engineering, The University of Manchester, 8 
Manchester, United Kingdom. 9 
2Department of Electrical and Electronic Engineering, The University of Manchester, 10 
Manchester, United Kingdom. 11 
3Tyndall Centre for Climate Change Research, The University of Manchester, Manchester, 12 
United Kingdom. 13 
4Water Research Institute, Council for Scientific and Industrial Research, Accra, Ghana. 14 
5Volta River Authority, Accra, Ghana. 15 
6Energy Commission, Accra, Ghana. 16 
7Ghana Grid Company Ltd, Tema, Ghana. 17 
8Alliance for Global Water Adaptation, Oregon, USA 18 
9International Union for the Conservation of Nature, Gland, Switzerland. 19 
10International Water Management Institute, Colombo, Sri Lanka. 20 
11School of Geography and Environmental Science, University of Southampton, Southampton, 21 
United Kingdom. 22 
12Department of Electrical and Computer Engineering, University of Cyprus, Nicosia, Cyprus. 23 
13Department of Civil, Environmental and Geomatic Engineering, University College London, 24 
London, United Kingdom. 25 
 26 
*Correspondence: julien.harou@manchester.ac.uk 27 

Abstract 28 
Renewable energy system development and improved operation can mitigate climate change. 29 
In many regions, hydropower is called to counteract the temporal variability of intermittent 30 
renewables like solar and wind. However, using hydropower to integrate these renewables can 31 
affect aquatic ecosystems and increase cross-sectoral water conflicts. Using an artificial 32 
intelligence-assisted multisector design framework applied to Ghana, we demonstrate that 33 
relying on hydropower's flexibility can support expanding the use of intermittent renewables in 34 
the country!s power mix by 38%. However, this would increase sub-daily Volta river flow 35 
variability up to 22 times compared to historical baseload hydropower operations, thereby 36 
damaging river ecosystems and reducing agricultural sector revenues by 169 M$/yr. 37 
Conversely, a diversified investment strategy including intermittent renewables, bioenergy, 38 
transmission lines, and strategic hydropower re-operation could reduce sub-daily flow 39 



variability and enhance agricultural performance while meeting future national energy service 40 
goals and reducing CO2 emissions. The tool supports national climate planning instruments such 41 
as Nationally Determined Contributions by steering towards diversified and efficient power 42 
systems and highlighting their sectoral and emission trade-offs and synergies. 43 

Main 44 
Increased access to sustainable electricity is required to deliver the United Nations Sustainable 45 
Development Goals (SDGs). According to the 2022 SDGs report, over 700 million people still 46 
lack reliable, sufficient electricity access, with more than three-quarters of them living in sub-47 
Saharan Africa 1. Renewable energy sources particularly from intermittent sources such as wind 48 
and solar, are called to increase access to affordable, reliable, and sustainable energy to meet 49 
increasing global electricity demand and climate objectives 1–3. However, recent global crises 50 
such as the COVID pandemic and increasing fuel prices have slowed efforts to meet 51 
electrification targets and reduced international financing for renewables, despite the urgency 52 
to slow climate change 1. For instance, an increase of 6% in global energy-related CO2 emissions 53 
was observed as demand for coal, oil and gas rebounded with economic reactivation in 2021 1. 54 
More alarmingly, based on current Nationally Determined Contributions (NDCs), global 55 
emissions are projected to increase by 14% over the current decade 1. Accelerating the 56 
adoption of renewables is necessary to achieve energy and climate objectives by 2030 1,3.  57 
 58 
Renewable sources can be classified into dispatchable, i.e., controllable generation, such as 59 
storage-based hydropower, bioenergy, and geothermal, and non-dispatchable, e.g., run-of-river 60 
hydropower, wind, and solar. Hydropower accounts for the largest share of the global total 61 
with a capacity of 1,230 GW, 40% of the worldwide renewable installed capacity 2. However, as 62 
of 2021, solar and wind energy dominated renewable capacity expansion worldwide, jointly 63 
accounting for 88% of all renewable additions in that year 2. Despite the environmental, social, 64 
and economic benefits of intermittent renewables, their variable nature challenges the ability 65 
of power system operators to balance electricity supply and demand at any given time. Power 66 
system flexibility is needed to compensate for variations in intermittent renewable generation 67 
across geographical areas and time scales 4,5. In the short-term (i.e., seconds to hours), 68 
flexibility is required to counteract supply and demand variation to prevent power system 69 
failures 6. In the medium- to long-term (i.e., days to years), flexibility is needed to use resources 70 
in the cheapest and most environmentally friendly ways.  71 
 72 
Reservoir hydropower is the most attractive technology for providing the flexibility required to 73 
accommodate intermittent renewables 6,7, as it can cost-effectively store water over time 74 
periods to complement short-, medium- and long-term variabilities of intermittent renewables 75 
6,8,9. However, dams can adversely impact rivers, as they fragment fish migration routes and 76 
change their rivers' physical and chemical characteristics and floodplains 10–12. Operating dams 77 
to provide system flexibility services can alter sub-daily natural river flow regimes 13–15, 78 
aggravating negative impacts on aquatic ecosystems 16–19 and intensifying intersectoral water 79 
use conflicts mainly due to long-term hydrological alterations 20,21. Reservoir hydropower in a 80 
system with a high share of intermittent renewables will tend to be called to release water 81 
downstream with high variability to compensate for short-term differences between power 82 



generation and demand 14. Such operations, called hydropeaking, severely alter sub-daily river 83 
flows downstream of hydropower plants affecting aquatic ecosystems. Hydropeaking's 84 
hydrological alterations change river thermal regimes 22, erode riverbanks and beds, change 85 
river morphology, degrade plant and animal populations 16–19, and impact the incomes and 86 
livelihoods of communities that rely on these ecosystem services. Furthermore, dams provide 87 
services to sectors such as irrigated agriculture and drinking water supply, which have their own 88 
spatial and seasonal water demands. In the medium and long-term, seasonal changes in water 89 
releases from dams to match the medium and long-term seasonality of electricity demand and 90 
intermittent renewables may produce a mismatch between hydropower releases and the 91 
seasonal water demand of other sectors that depend on stored water in reservoirs, possibly 92 
leading to sectoral resource conflicts 20,21. 93 
 94 
Recent studies suggest that current and future hydropower can support substantial solar and 95 
wind power integration, re-introducing river flow seasonality, and reduce fossil fuel 96 
consumption by allowing changes in hydropower operations from baseload to peak 6,7,9,23–25. 97 
Other studies have focused on how regional coordination and expansion of solar and wind 98 
technologies can reduce the hydropower reliance in Asia's power systems from an integrated 99 
energy and river basin planning perspective 26,27. Although some of these studies consider the 100 
impacts of hydropower on river fragmentation, they do not consider the sub-daily flow 101 
alteration and the possible multisector conflicts that can be produced by the variability, at 102 
different timescales, of intermittent renewables. To our knowledge, no previous work has 103 
evaluated how to integrate a mix of low-carbon energy sources while achieving a broad range 104 
of other ecological, social, and economic objectives. 105 
 106 
Power generation systems are embedded in complex human-natural systems where changes 107 
affect water, food, and the environment to differing degrees. This complexity must be 108 
considered when designing plans and operating strategies for hydropower dams and 109 
intermittent renewables to achieve service level improvements and SDGs simultaneously. A key 110 
policy question of sustainable expansion of renewable energy technologies is how to plan 111 
spatially distributed, interdependent multisector systems, where performance and sectoral 112 
benefit distribution depend not only on what infrastructure is built and where but also on how 113 
existing and new infrastructure are operated conjunctively 28. Navigating trade-offs to reduce 114 
greenhouse gas emissions requires significant policy and operational integration, typically 115 
across multiple ministries. Few countries, if any, know how to identify and negotiate these 116 
issues through climate policy planning such as NDCs.  117 
 118 
This article aims to support decision-makers in designing, operating and balancing trade-offs in 119 
complex Water-Energy-Food-Ecosystem (WEFE) resource systems by introducing a novel 120 
Artificial Intelligence (AI) assisted multi-objective design framework. The framework uses 121 
interlinked spatially explicit power and river basin simulators. The study shows how system re-122 
operation aiming to enable intermittent renewables can increase sub-daily river flow variability 123 
and aggravate multisector conflicts within human-natural systems unless a diversified set of 124 
power system infrastructure investments with appropriate management are put in place. We 125 
demonstrate the design framework on a national-scale case study for Ghana in West Africa. The 126 



framework can assist decision-making in multisector resource systems with energy-river basin 127 
interdependencies and where energy supply and demand growth motivate decision-makers to 128 
transition to green growth. Our results encourage planners to consider the negative impacts on 129 
water, food and ecosystems of inappropriate energy system development and re-operation 130 
aimed at enabling intermittent renewables, and instead invest in power systems to balance 131 
multisector performance while reducing CO2 emissions. 132 

Spatial co-design of river basins and power systems 133 
We introduce a spatially distributed integrated river basin and power system simulation and 134 
design framework. It aims to help analysts and stakeholders identify power system designs and 135 
hydropower operations that minimize adverse environmental impacts and intersectoral 136 
conflicts when addressing the challenge of integrating intermittent renewables. The approach 137 
minimizes conflicts and maximizes inter-sectoral complementarities across time and space in 138 
multisector systems. The proposed framework, shown in Fig. S1, has two components: 1) an 139 
integrated river basin and power system simulator and 2) a multi-objective AI-based optimized 140 
design process.  141 
 142 
The first component (Fig. S2) considers spatially explicit sectoral infrastructure and connectivity 143 
within and between different sectors. Demands for water supply, irrigation and aquatic 144 
ecosystems are represented within river basins and are linked to power system elements to 145 
represent WEFE nexus dynamics. We use models adopted by each sector and soft link them at 146 
model run-time to represent feedback. The models simultaneously represent the various 147 
resource system supply-demand networks, connecting them where appropriate (in our work, at 148 
hydropower generation nodes). The river basin is modelled using a water resources allocation 149 
and management model 29,30 at discrete time steps. The power system is modelled using a 150 
direct current optimal power flow model at hourly time steps 31. The integration of the system 151 
models uses an object-oriented multi-actor simulation framework 32, which integrates and 152 
coordinates the inputs and outputs of the models into a single simulation.  153 
 154 
The second framework component is a multi-objective AI-based search algorithm used to 155 
perform WEFE trade-off-informed design, considering many performance dimensions and 156 
spatiotemporal scales of the integrated river basin and power system simulator. The approach 157 
helps planners and stakeholders identify performance trade-offs, synergies, and co-benefits 158 
implied by the most efficient (i.e., approximately Pareto-optimal) and resilient portfolios of 159 
synergistic water–energy interventions and their spatial layouts. Further technical details on the 160 
framework are provided in the Method section. 161 

National-scale case study for Ghana  162 
We use Ghana as a case study to demonstrate the integrated river basin and power system 163 
simulation and design framework at national scale. Ghana's total electricity generation 164 
comprises a mix of hydropower, gas, and oil sources (47%, 30%, and 23%, respectively) 33. The 165 
Ghanaian national policy aims for large-scale development of intermittent renewables, where 166 
hydropower could be used to provide flexible services 34. The Akosombo Dam, the largest 167 
electricity generation plant in the country (1,020 MW), which regulates the world's largest 168 



human-made reservoir based on surface area —the Volta Lake 35, currently provides ancillary 169 
services (e.g., voltage and volt-ampere reactor support, and reserve) to the Ghanaian power 170 
system 36.  171 
 172 
By 2018, the Ghanaian government provided electricity access to 84% of the population 173 
through its National Electrification Scheme started in 1991 33. However, challenges remain, such 174 
as low electrification rates in Northern Ghana, high per capita power system emissions 175 
compared with other Sub-Saharan African countries (0.52 ton CO2e/yr per capita 7), high 176 
electricity losses in the transmission system (around 20% 33) and low generation capacity 177 
resulting in load shedding or power rationing, which affects the country's economic and social 178 
welfare 37. Ghana's updated NDCs and Energy Master Plan 34,38 aim for large-scale renewable 179 
energy development (1,363 MW) and to reduce Greenhouse gas emissions by 45% compared 180 
with a business-as-usual trajectory emission by 2030. However, what to build, where and why, 181 
how to operate the new system, and what impacts would be imposed on river ecosystems 182 
remain open questions.  183 
 184 
64% of Ghana's land surface is part of the Volta river basin, which is shared by six riparian 185 
countries; the basin area within Ghana makes up 42% of the total basin area 33. Fig. 1 shows 186 
Ghana's existing and planned irrigation schemes that depend on water resources stored in 187 
existing and under-construction dams (Akosombo, Bui, Pwalugu). The installed hydropower 188 
capacity in Ghana is 1,580 MW (Akosombo, Kpong, and Bui), with an additional 59 MW under 189 
construction (Pwalugu) and 501 MW potentially developable 33. The natural river flows pre-190 
damming the lower Volta river were characterized by a high intra-annual variability with a peak 191 
in September or October. This natural river flow pattern provided vital ecosystem services and 192 
livelihood opportunities to riverine communities and the wider country 39. Among those 193 
services were a mix of freshwater, marine, and saltwater fish, flood recession agriculture, clam 194 
picking, and aquatic weeds control 40,41. However, after Akosombo and Kpong were 195 
constructed, the steady flow regime established to favor baseload hydropower production 196 
affected the natural dynamics of salt and fresh water in the estuary, decreasing the catch of 197 
fish, clams, and oysters and favoring the proliferation of weeds, which resulted in a reduction of 198 
the base resources contributing to riverine households' impoverishment and diseases 199 
proliferation (malaria, schistosomiasis and river blindness) 41. However, despite the impacts of 200 
constructing these dams, downstream ecosystems have adapted to the post-damming 201 
conditions, with a shift in species composition dominated by freshwater species such as Tilapia, 202 
Chrysichthys, and Catfish 39,41. Riverine communities have also adapted to the steady flow 203 
regime, which provides year-round freshwater supply for domestic, industrial, and agriculture 204 
39. The new flow regime has encouraged investment in aquaculture and floodplains 205 
infrastructure that would be at risk from flooding under the natural river flow regime 39. 206 
Introducing additional changes to the river flow regime by reoperating hydropower plants to 207 
integrate intermittent renewables may further negatively impact the ecosystems and 208 
communities that have adjusted to the post-dam flow regime 39,41.  209 
 210 
This study highlights the need to balance river ecosystems and multisector responses to the re-211 
operation of hydropower plants aiming to support the integration of intermittent renewables, 212 



as detailed in the following two sections. We evaluate impacts on sub-daily river flow alteration 213 
and the water resources sector produced by increased hydropeaking and changes in seasonal 214 
reservoir releases. 215 

Results 216 
Synergistic low-carbon infrastructure designs for Ghana 217 
Three intervention strategies were used to assess the multisector impacts and trade-offs of re-218 
operate hydropower to support intermittent renewables integration into Ghana's power 219 
system. The strategies combine the expansion of new power system infrastructure (solar, solar 220 
with storage, wind and bioenergy generation, and transmission lines) and the re-operation of 221 
existing hydropower plants, considering a two-fold increase of the electricity demand peak by 222 
2030 36. The three intervention strategy scenarios include expansion of solar, wind and solar 223 
with storage technologies and the re-operation of the Akosombo, Bui and Pwalugu hydropower 224 
plants, but each strategy includes different additional measures/investments to support 225 
intermittent renewables, as explained below. 226 
 227 
In intervention strategy one, hydropower re-operation and existing thermal generation plants 228 
provide the power system flexibility necessary to integrate high levels of intermittent 229 
renewables. Here, the power system distribution is constrained by the existing capacity of the 230 
transmission network. In intervention strategy two, the expansion of transmission lines is 231 
included in the system design. Here, hydropower re-operation and thermal generation plants 232 
are still the only technologies providing flexibility; however, expanding the power system 233 
network allows reallocating and distributing renewable resources (intermittent or not) to 234 
displace existing thermal generation and reduce CO2 emissions. Finally, intervention strategy 235 
three is the most diversified power system infrastructure portfolio strategy where bioenergy 236 
and transmission line expansion are included jointly with hydropower re-operation and thermal 237 
generation plants to support the integration of intermittent renewables. The three strategies 238 
are assessed considering the following performance metrics: i) sub-daily hydrological alteration 239 
downstream reservoirs; ii) power load curtailment; iii) CO2 emissions from power generation; 240 
iv) agricultural yields and revenue from irrigation schemes; v) flood recession agriculture 241 
benefits; vi) power system capital costs; and vii) power system operational costs. Sub-daily 242 
hydrological alteration is evaluated using the Richards–Baker Flashiness Index 42. Natural sub-243 
daily flows are characterized by a steady flow regime, with infrequent short-term fluctuations 244 
where native flora and fauna are adapted to various features of this natural flow regime 42–44. A 245 
value of 1 in the Richards–Baker Flashiness Index implies a flashy stream (hydropeaking 246 
operations) and a less desirable sub-daily regime. In contrast, a zero index value characterizes a 247 
stable stream (baseload operations) with equal flow throughout the day 14,15,42. 248 
 249 
Fig. 2 shows the complete set of Pareto optimal solutions identified in the three intervention 250 
strategies. Each line in Fig. 2a is a Pareto optimal portfolio corresponding to a set of new 251 
infrastructure expansion and hydropower operations. Different flexible hydropower operation 252 
levels are identified using the Richards–Baker Flashiness Index. For example, in intervention 253 
strategy one, hydropeaking operation with high sub-daily hydrological alteration (0.22 in the 254 
Richards–Baker Flashiness index) can help expanding up to 6,3 GW from intermittent 255 



renewables, 38% of Ghana’s power mix (blue lines in Fig. 2b). However, in addition to increasing 256 
the sub-daily hydrological alteration, this system expansion and operative strategy would result 257 
in high power system emissions (14 Mton CO2e/yr), high levels of annual load curtailments 258 
(7%), and a decline in agricultural yields of at least 5% annually; reducing the agricultural sector 259 
revenues by 169 M$ annually.  260 
 261 
In intervention strategy two, expansion of intermittent renewables enabled by new 262 
transmission lines (yellow lines in Fig. 2b) drives a reduction in system annual load curtailment 263 
up to 2%, in CO2 emissions to 13 Mton CO2e/yr, and sub-daily flow alteration to 0.16 in the 264 
Richards–Baker Flashiness Index compared to strategy one. This is because the expansion of 265 
transmission lines helps to accommodate renewable generation displacing gas and oil 266 
generation. Further performance improvement is achieved in intervention strategy three when 267 
hydropower plants are more efficiently used alongside new spatially distributed and 268 
dispatchable bioenergy infrastructure enabled by new transmission lines (red lines in Fig. 2c). 269 
This reduces sub-daily flow alteration to 0.01 in the Richards–Baker Flashiness Index (to 270 
historical baseload hydropower operation levels) and the emissions to 12 Mton CO2e/yr, 271 
without affecting agricultural production or incurring in load curtailment compared to 272 
intervention strategy one and two. 273 
 274 
Fig. 2d shows infrastructure expansion by region based on a compromise solution from 275 
intervention strategy three (black line in Fig. 2c). This compromise solution is selected because 276 
it reduces the power system load curtailment to zero, produces low levels of CO2 emissions 277 
(12.3 Mton CO2e/yr), and maximizes irrigation yields (2770 kton/yr) and its economic returns 278 
(1,299 M$/yr) thus resulting in “improved all-around system performance” compared to 279 
solutions in scenarios one and two. The compromise solution includes more infrastructure 280 
expansion in northern Ghana, mainly transmission lines (1 GW, corresponding to 43% of total 281 
transmission expansion in the system) and bioenergy generation plants (0,8 GW, corresponding 282 
to 76% of total new bioenergy), compared with other regions. This happens because the north 283 
has a lower installed infrastructure capacity than the south, and the electricity demand in this 284 
region is increasing. Strategy three helps identify strategic system infrastructure designs and 285 
hydropower reservoir operations that improve system performance and reduce operating costs 286 
(up to 82 $M/yr) without requiring large investments in cross-region transmission infrastructure 287 
(see Fig. S3). This is because more intermittent renewable sources and spatially distributed 288 
bioenergy infrastructure reduces the need for costly new cross-region transmission lines. Fig. 289 
2d shows how the new cross-region transmission infrastructure represents only 24% of the 290 
total new transmission infrastructure installed in the country for the selected compromise 291 
solution. This result is generalized in Fig. S4, which shows the infrastructure expansion 292 
distribution for the solutions in intervention strategy three (red lines in Fig. 2a). Fig. S5 shows 293 
the distribution of infrastructure selected in the three intervention strategies. 294 
 295 
Managing for nexus resource system synergies 296 
Comparing historical hydropower operations with those optimized via the framework 297 
presented here allows evaluation of changes in sub-daily hydrological alteration and 298 
agricultural yields. The drivers of those changes are the variability at different timescales of 299 



intermittent renewables and electricity demand, which hydropower attempts to offset 300 
alongside other interventions. 301 
 302 
Fig. 3 shows sectoral impacts resulting from changes in hydropower reservoir seasonal releases 303 
meant to complement intermittent renewable generation, where Fig. 3a shows Ghana's 304 
monthly load rolling average and solar irradiance. Fig. 3b presents changes in hydropower 305 
generation seasonality which aimed to support the integration of solar resources in months of 306 
high resource availability (February to May). The financially viable potential of solar power in 307 
Ghana is higher than wind's 36. However, the solar resources have opposite seasonality to 308 
irrigation demands, leading to a mismatch between hydropower water releases and the basin's 309 
irrigation demands, thereby increasing the irrigation deficit during the irrigation season (Fig. 310 
3c). Despite the solar potential being higher than wind's potential, the framework identifies 311 
multiple mixes of intermittent renewable technologies (Fig. 6S), and decision-makers can 312 
evaluate different cross-sectoral performance trade-offs (presented in Fig. 2) and define a 313 
system design based on their preferences. 314 
 315 
Fig. 3d shows that Ghana's integration of high shares of intermittent renewables does not 316 
reintroduce the natural river flow seasonality or its peak flows downstream of the Akosombo 317 
dam. For instance, under intervention strategy one with sub-daily flow alteration, hydropower 318 
reservoirs release more water during months of high solar availability (February to May) 319 
compared to the compromise solution. Those months of high solar resources occur when 320 
natural river flows are lowest. The ability to reintroduce the historical flow pattern through 321 
hydropower generation depends on the installed hydropower turbine capacity. Many dams 322 
worldwide, including the Akosombo, cannot release the natural river flow peak through 323 
hydropower turbines. The mean peak of natural streamflow of the Volta river at Akosombo is 324 
around 5,000 m3/s 40, whereas the turbines' maximum capacity is 1,460 m3/s 33, which makes it 325 
impossible to reintroduce seasonality using turbine outlets. 326 
 327 
The hourly hydropower generation variability shown in Fig. 3b is presented in Fig. 4 for a typical 328 
two-day hourly pattern. Fig. 4 shows the increased hydropower generation fluctuations under 329 
intervention strategy one (RB-Index 0.22) compared to the compromise solution. This variability 330 
in hydropower generation leads to an increase in the sub-daily hydrological alteration, 331 
negatively impacting aquatic ecosystems 16–19,22. The Akosombo hydropower plant shows higher 332 
hydrological alteration than others (see Fig. S7) because it is the country's largest installed 333 
generation plant. Fig. S8 also shows the monthly and hourly generation of Ghana’s power mix 334 
for the two Pareto optimal portfolios presented in Fig. 3b, where despite high sub-daily 335 
variability in intervention scenario one at a monthly scale, the hydropower generation is stable 336 
across the year (Fig. S8a) compared to the hydropower generation in the compromise solution 337 
(Fig. S8c). 338 

Discussion 339 
Intermittent renewable energy development is increasingly recognized as essential to 340 
eliminating poverty, providing universal electricity access, and reducing the pace of climate 341 
change globally 7. However, sustainable energy development to meet growing electricity 342 



demands may be hampered by counter-intuitive inter-sectoral interdependencies and 343 
environmental impacts. Inter-sectoral, inter-ministerial cooperation designed to integrate goals 344 
for poverty reduction, electricity access, and climate mitigation is rare. In this article, we argue 345 
that energy infrastructure planning should consider environmental systems and river-346 
dependent sectors where renewable energy is being expanded and suggest a method to enable 347 
these policy objectives. We introduce an integrated multisector framework that helps analysts 348 
and stakeholders strategically design and operate national-scale WEFE nexus resource systems.  349 
 350 
Although hydropower flexibility is a cost-effective alternative to complement intermittent 351 
renewables’ variability at different timescales, we have shown that hydropower operated to 352 
support intermittent renewable integration can adversely alter the sub-daily flow regime of 353 
rivers (shown as higher Richards–Baker Flashiness Index), impacting river ecosystems. River 354 
flow can be altered by changing long-term seasonality or short-term sub-daily flows. 355 
Ecosystems and livelihoods need not be the cost of decarbonized growth. For the Ghanaian 356 
case, we have shown that integrating high shares of intermittent renewables does not 357 
reintroduce or reestablish the natural river flow seasonality or peak downstream of the 358 
Akosombo Dam. But it can introduce high and short-term intermittent flow variability by 359 
hydropeaking plants that can wash out macroinvertebrates and phytoplankton essential to the 360 
food chain of aquatic ecosystems and fish species such as Tilapia and Chrysichthys 41, and 361 
create flood events impacting floodplain infrastructure that was built to support riverine 362 
livelihoods. Also, as shown in Ghana, a new water management regime aiming at flexible 363 
hydropower generation negatively impacts irrigated agriculture (lower crop yields and 364 
revenues) by changing the seasonality of hydropower releases. River ecosystems and 365 
communities downstream of the Akosombo and Kpong hydropower plants have adapted to the 366 
steady flow regime of the dams; new hydropower operations could negatively impact these 367 
ecosystems and communities 39,40. 368 
 369 
The proposed artificial intelligence-assisted approach can improve the design of WEFE resource 370 
systems, minimizing intersectoral conflicts and emissions while maximizing energy services and 371 
synergies across space and time through a diversified expansion of technologies which 372 
contributes to power system flexibility and alleviates pressure on water resource-dependent 373 
sectors (red lines in Fig. 2c). We explored the expansion of bioenergy generation for Ghana; 374 
however, as they become economically feasible in the following decades, other measures such 375 
as batteries 45, power-to-gas systems 46 and demand-side management 47 might support 376 
intermittent renewable integration with lower impacts because they do not depend on water 377 
resources to produce or store energy. We used bioenergy in our study because the Ghanaian 378 
authorities have identified it as the main renewable, dispatchable, and spatially distributed 379 
technology available in the country, and it can use the residues from various stages of 380 
agricultural and forestry activities; mainly from crops harvesting, wood logging, and residues 381 
from municipal wastes and other commercial and domestic activities 36. Our results are 382 
consistent with previous studies highlighting the importance of a diversified expansion of 383 
renewable technologies to reduce energy-system vulnerabilities 48. The proposed framework 384 
allows for pragmatic and detailed spatial designs of how the river basin and energy networks 385 
should best be connected, expanded, and their operations synergized. Strategic transmission-386 



line expansion can facilitate more effective use of power system flexibility, thus displacing 387 
thermal generation, alleviating cross-sector conflicts, and reducing hydropeaking, as we have 388 
demonstrated for Ghana (see yellow lines in Fig. 2d). Although grid expansion in developed 389 
countries faces social opposition 49, in developing countries the grid systems often have large 390 
transmission losses produced by old and damaged components resulting in outages and 391 
revenue losses, which justifies reinforcing existing grids 50. 392 
 393 
Future work addressing the adaptability of the agricultural sector to water availability, climate 394 
change and other uncertainties would allow further investigating the case for renewables 395 
integration and their role in climate change adaptation and mitigation programs. Climate 396 
change and increasing pressures on WEFE systems could aggravate the negative impacts of 397 
power system development blunders and increase intersectoral conflicts. Investment 398 
institutions and partnerships such as the World Bank and Green Climate Fund are adding 399 
climate targets to their project finance evaluation criteria, even though analytical tools to 400 
consider climate goals in planning remain sparse. The UN Paris Agreement specifies global 401 
targets for acceptable levels of climate change. It defines a process for national governments to 402 
make five-year plans to meet those goals through Nationally Determined Contributions (NDCs). 403 
For many countries, climate goals represent a new policy domain with little operational and 404 
planning expertise to support national targets; without a multisector planning framework, 405 
national climate mitigation goals may incentivize reducing carbon emissions or promoting low-406 
emission energy systems without considering broader impacts. Global climate initiatives have 407 
created development targets but the technical and policy tools necessary to meet these targets 408 
have lagged behind. The strategic WEFE design framework presented in this study can help 409 
bridge this gap and help decision-makers identify and refine the policy and investment mixes 410 
that could efficiently and effectively support sustainable development and meet net-zero 411 
aspirations. 412 

Methods 413 
Integrated river basin and power system simulation 414 
The multisector simulation model integrates the independent river basin and the power system 415 
simulators. The system integration is implemented using the Python Network Simulation library 416 
(Pynsim) 32, which coordinates model inputs and outputs to form a single simulation at model 417 
run-time representing feedback across the models (see Fig. S2). The integrated simulation 418 
considers spatially explicit sectoral infrastructure and connectivity within and between the 419 
models. 420 
 421 
The models run sequentially with feedback across the model's interconnections. In this study, 422 
hydropower connector nodes use unidirectional feedback, i.e., the river basin model decides 423 
the hydropower releases and passes the information to the power system. The river basin 424 
model runs its first time-step (a week) and generates the weekly average hydropower 425 
generation, which is transferred to the power system as a maximum generation capacity 426 
constraint for that week. The power system model runs for the same week at an hourly time 427 
step, constrained by the information provided by the river basin model. The river basin and 428 
power system models repeat this process timestep-by-timestep until the completion of the 429 



simulation. The integrated model runs over a 10-year time horizon, from 2030 to 2040; the 430 
system performance metrics are calculated once a simulation is completed. 431 
 432 
Electricity demand projections, generating resources, operating and capital costs, and hourly 433 
profiles of intermittent renewable resources were obtained from the Integrated Power System 434 
Master Plan for Ghana 36. Hourly load profiles and transmission data were provided by the 435 
Ghana Grid Company Ltd, which operates the national grid. Long-term projections for annual 436 
peak load are available in the Ghana Power System Master Plan 36. Those projections project a 437 
two-fold increase in the peak load by 2030 compared with 2018. We scaled the hourly load 438 
profile of 2018 using the 2030 to 2040 peak projections to consider the projected increase in 439 
electricity demand in the country. Capital costs include engineering, procurement, construction, 440 
start-up, and owner's cost (land, cooling infrastructure, administrative and associated buildings, 441 
site works, project management, and licenses) 36. The operating cost of intermittent renewable 442 
technologies is low enough, compared with the costs of hydropower, bioenergy, and thermal 443 
plants, to ensure that intermittent renewable technologies' economic dispatch follows the 444 
hourly generation profiles 36. We modelled PV with storage technology using an hourly PV 445 
generation profile, similarly as it was modelled in the Integrated Power System Master Plan for 446 
Ghana 36. The solar-with-storage profile takes out 30% of the PV generation profile during the 447 
daytime and discharges it during peak periods following ref. 36. 448 
 449 
River basin model 450 
The river basin model uses the open-source Python Water Resources simulation library (Pywr) 451 
29. Pywr solves a linear program at every simulation time step deciding the optimal water 452 
allocation from different nodes in the system (e.g., hydropower reservoir releases) by 453 
minimizing allocation penalties subject to operating rules. The model solves a mass balance 454 
equation Eq. (1) at each node in the network representing incremental catchment inflows and 455 
water demands at ecosystem service delivery and infrastructure locations. 456 
 457 
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0 ≤ 𝑟!,% ≤	𝜑%(𝐱)	 (3) 
 458 
where, 𝑆!,% is the volume of water stored in the reservoirs at node 𝑛, in time-step 𝑡, 𝑟!,%'  is the 459 
water allocation for the water uses (𝑖) in the system, public water supply (𝑝𝑤𝑠), hydropower 460 
(ℎ𝑝), and irrigation schemes (𝑖𝑠). 𝑟!,% is the water releases sum of all water uses, and 𝜑%(∙) are 461 
the reservoir operating rules, which constraint water allocation decisions. Irrigation demand is 462 
defined by the planted area of each crop (𝑐𝑡) that composes an irrigation scheme. 𝑠𝑝!,% denotes 463 
spill flows from reservoirs; 𝑞!,% are inflows to nodes, and 𝑒!,%(∙) represents evaporation, which 464 
depends on water level ℎ!,% in reservoir. C& is the network connectivity matrix 465 
>C),*& = 1	(−1)	when	the	node	j	receives	water	from	(to)	node	kQ. For releases to irrigation 466 
schemes, the network connectivity matrix tracks flows that return to the network as a fraction 467 



of the releases. The model includes existing infrastructure in Ghana and Burkina Faso, including 468 
the Pwalugu multi-purpose dam which is under construction. More details of the Volta river 469 
basin model can be found in ref. 30, a previous publication on the model. 470 
 471 
Reservoir operating rules 472 
We used Gaussian radial basis functions (RBF) to represent reservoir operating rules. RBFs have 473 
shown good performance representing rules for diverse problems, including reservoir storage 474 
and time into releases decisions 51–54. The Gaussian RBF is defined by Eq. (4). 475 
 476 
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 477 
Where  m = 2 is the number of input variables 𝐱 (time and reservoir volume); 𝑙 is the number 478 
of RBFs (𝑙 = 4); w+ is the weight of the ith RBF (𝜑+); 𝑐,,+ and 𝑏,,+ are the m-dimensional centres 479 
and radius vectors of the ith RBF, respectively. The centres and radius take values in 𝑐,,+ ∈480 
[−1,1]	𝑏,,+ ∈ [0,1]	𝑤,,+ ∈ [0,1]	∑ 𝑤+ = 11

+/# . The parameter vector 𝜽 is defined as 𝜽 =481 
>𝑐,,+, 𝑏,,+, w+Q. In Eq. (4), the time and reservoir volume are mapped to decide a target reservoir 482 
release at each time of the simulation period. 483 
 484 
Ghana's power system model 485 
The power system model simulates each time step (i.e., hour) using a direct current optimal 486 
power flow linear program formulation (Eq. 5-7), described in ref 31. The simulation minimizes 487 
power system costs as denoted by Eq. (5). Eq. (6) represents the equality constraints, i.e., 488 
power balance at each node, while Eq. (7) represents the inequality constraints, i.e., power 489 
generation and line flow limits. 490 
 491 

min
⬚

𝑓!34565 = 	 b3'OC% × P!,%) +	'LC!,% 	× 	PE)
7

%/#

	g (5) 

𝐺(𝑥, 𝑢, 𝑦) = 0 (6) 

𝐻(𝑥, 𝑢, 𝑦) ≥ 0 (7) 

where, 𝑢 is the vector of control variables which includes the control active power output of a 492 
generation unit and load curtailment. 𝑥 is the vector of state variables, including the voltage 493 
angle at each bus, and 𝑦 is the vector of parameters such as connectivity, reactance and 494 
generator limits. OC% is the operating cost per generator, P!,% is the power output per 495 
generator in each time step of the simulation model, LC!,% is the load curtailment, and PE is a 496 
load curtailment penalty. We simulate network connectivity and impedances, power generation 497 
technologies, locations, and demand profiles. 498 



 499 
Integrated river basin and power system design process 500 
The multisector simulation model is connected to an AI-based multi-objective evolutionary 501 
algorithm (MOEA) to perform a multi-objective trade-off analysis. This identifies the 502 
performance trade-offs implied by the most efficient (Pareto optimal) portfolios of synergistic 503 
WEFE system interventions without needing to pre-specify preferences or weights for the 504 
different objectives. This supports unbiased a posteriori decision-making 55–57, i.e., where 505 
stakeholders can assess how much they value each dimension of performance by seeing the 506 
implied sacrifice to other dimensions. MOEAs are an established iterative population-based 507 
meta-heuristic search method that identifies a multi-dimensional non-dominated (“best 508 
achievable”) set of objective solutions, using processes that mimic the natural evolutionary 509 
process to explore the search space and find the best performing combinations of options 510 
55,56,58,59. Results assist policymakers and stakeholders in designing WEFE nexus resource 511 
systems by revealing to them the synergies and trade-offs implied by the most efficient bundles 512 
of interventions. 513 
 514 
Performance metrics for the River basin model 515 
Performance metrics used to quantify water use benefits include irrigation yields and revenues 516 
from irrigation schemes Eq. (11), flood recession agriculture benefits Eq. (14), and hydrological 517 
alteration produced by hydropeaking Eq. (16) (Richards-Baker Flashiness Index 14,40). 518 
 519 
Basin irrigation yields are estimated using the Food and Agriculture Organization (FAO) Crop 520 
Water Requirements method 60 for the following crops: sugar cane, maize, rice, beans, 521 
tomatoes and fresh vegetables. 522 
 523 
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 524 
where, 𝐶𝑊𝑅!,% is the crop water requirement per node (𝑛) (irrigation scheme). 𝐾𝑐!,(9!∈%), 525 
𝐸𝑇𝑜!,(9!∈%) and 𝑅!,% are crop factors, reference crop evapotranspiration [mm/day] and effective 526 
rainfall [mm/day] obtained from ref. 61. 𝐴(9!∈%) is the area (ha) of each crop type. 𝐼𝑊𝑅!,% is the 527 
irrigation water requirement per irrigation scheme, 𝛼9!  and 𝛽9! are irrigation and conveyance 528 
efficiencies (assumed to be 0.8 and 0.7, respectively, for surface irrigation). 𝐶𝑅!,% is the water 529 



supply curtailment ratio, 𝑦% is annual crop yield (ton/ha) per irrigation scheme, 𝑟!,% is the crop 530 
water allocated by the river basin model, 𝑠𝑦 the number of simulated years, and 𝑓< is total 531 
irrigation crop yield (ton/yr). We used international crop prices to estimate the agricultural 532 
sector revenues from FAO. 533 
 534 
Flood recession agriculture (FRA) depends on the floodplain's seasonal flooding during the peak 535 
rainy season in Northern Ghana (July to September). The magnitude of the annual peak 536 
determines the total area sown each year 62. Low flood peaks result in no overflowing of the 537 
riverbanks preventing flood recession activities. Once the flooding threshold is breached, the 538 
flooded area increases with the flood peak. Extreme floods negatively affect flood recession 539 
activities by removing fertile topsoil. The area suitable for flood recession agriculture reduces to 540 
zero for extreme flows (95% exceedance probability 30). 541 
 542 
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 543 
where, 𝑞%>&?  is the mean flow in August or September during the simulation horizon; 𝑞!,% is the 544 
mean flow in August and September; 𝐴%

F(∙) is flooded area (ha); 𝑓>&?  is a suitability factor 62; 𝐶G  545 
is crop yield (ton/ha) assuming a typical flood recession agriculture crop mix of maize, beans, 546 
Bambara beans, soya, millet and groundnuts 63; 𝑌% is total FRA yield (ton/yr); 𝛽HI@ is average 547 
regional market price of crops at $1,222/ton 64, and 𝑓>&? is the financial benefit ($) of flood 548 
recession agriculture activity. 549 
 550 
Although variations in flow patterns produced by flood peaks and precipitation patterns are 551 
part of the natural flow regimen in streams, flow rates observed as results of hydropeaking can 552 
show multiple peaks per day and intensities exceeding those of the strongest natural floods 553 
negatively impacting aquatic ecosystems 65. Sub-daily hydrological alteration is quantified using 554 
the Richards–Baker Flashiness Index 42. This index accounts for the sequence, magnitude, and 555 
number of peaking events in a day of a hydropower plant 14. The index used in this study does 556 
not account for seasonal changes induced by re-operating baseload hydropower plants. Natural 557 
sub-daily flows are characterized by a steady flow regime, with infrequent short-term 558 
fluctuations where native flora and fauna are adapted to various features of this natural flow 559 
regime; human alteration of flow regimens often impairs these biological communities 42–44. 560 
Thus, a high Richards–Baker Flashiness Index value implies a flashy stream (less natural flow) 561 
and a less desirable regime, whereas a low index value characterizes a stable stream 14,15,42,66. 562 
More details on the impacts of altering the flow river regime can be found in a review of Refs. 563 
67,68. 564 
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 566 
Similarly to ref. 14, we calculate a daily Richards–Baker index aggregating hourly data, which is 567 
calculated as the sum of the difference between turbined flows 𝑞𝑡!  of consecutive hours 𝑡 and 568 
𝑡 + 1, normalized by the total turbined flow over time horizon 𝑇𝑑 = 24ℎ. Consequently, if the 569 
simulation time horizon is one year at an hourly time step, a time series of 365 values of the 570 
Richards–Baker Index is created. The Richards–Baker Index (𝑓%IM) is calculated for each 571 
hydropower plant (𝑛). 572 
 573 
Performance metrics for the power system model 574 
Performance metrics used to quantify power system benefits and costs include system load 575 
curtailment Eq. (17), CO2 emission Eq. (18), system capital costs Eq. (19), and system operating 576 
costs Eq. (20).  577 
 578 
The system load curtailment (LC!,%) is calculated by the power system simulation model at each 579 
time step when the balance at each bus (𝑛) is performed. The balance at each bus in the system 580 
is modeled as a function of demand, generation, load curtailment, and flows across the 581 
transmission lines. At the end of each simulation, the system load curtailment is calculated 582 
based on Eq. (17). 583 
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 584 
where, 𝑠𝑦 is the number of simulation years and 𝑓09  is the average system load curtailment. 585 
 586 
To calculate the CO2 emissions, we multiply the generation (P!,%) from the power system 587 
simulator in each time step (𝑡) and generator plant by a CO2 emission factor 69 per generator 588 
technology (𝑓𝑡%

NO!).  589 
 590 
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 591 
where, 𝑓NO!  is the average CO2 emissions produced by the power system. 592 
 593 



The system capital costs were calculated by multiplying the technology capital cost CC% by the 594 
new infrastructure capacity (NI%), which is selected in the multi-objective optimization process.  595 
 596 
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 597 
where, 𝑓N?PQR is the system Capital expenditure. 598 
 599 
To calculate the system operating costs, we multiply the operating cost per generator (OC%) by 600 
the power output (P!,%) per generation technology (𝑛) in each time step (𝑡). 601 
 602 
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 603 
where, 𝑓OPQR is the system Operating expenditure. 604 
 605 
Integrated WEFE resource system design problem 606 
The integrated multi-objective optimization design solves the objective function presented in 607 
Eq. (21). The design formulation's objectives include minimize the system load curtailment 608 
(𝑓09), the CO2 emissions from generation (𝑓NO!), the power system capital costs (𝑓N?PQR), the 609 
system operating costs (𝑓OPQR), and the hydrological alteration downstream of the Akosombo, 610 
Bui and Pwalugu reservoirs (𝑓%&L). Also, the design problem maximizes the agricultural yields 611 
(𝑓<) and the flow recession economic activities (𝑓>&?).  612 
 613 

𝐅(𝐲, 𝜽𝒏) = (𝑓< , 𝑓>&?, 𝑓%&L, 𝑓09 , 𝑓NO! , 𝑓N?PQR, 𝑓OPQR)	 (21) 
 614 
We use the Borg multi-objective evolutionary algorithm 70,71 to solve the multi-objective 615 
optimization design (Eq. 21). Borg handles complex non-linear and non-concave problems when 616 
searching for non-dominated solutions 71,72. The optimization process for each of ten random 617 
seeds follows two steps summarized in Fig. S1: 1) initialization of the Borg multi-objective 618 
evolutionary algorithm using a set of decision variables for the integrated simulation model (in 619 
our analysis, power system infrastructure capacity and reservoir operating rule parameters), 620 
and 2) running the integrated WEFE simulation over the 10-year time horizon evaluating 621 
performance metrics and sending them back to the search algorithm. The optimization 622 
algorithm then selects a new set of decision variables for the next iteration. Steps (1) and (2) 623 
are repeated for a set number of evaluations of the objective function vector Eq. (21); in our 624 
case 700,000 iterations. 625 
 626 
Three intervention strategies are defined to counter intermittent renewables' variability from 627 
hourly to seasonal timescales. The intervention strategies are defined around the decision 628 



variables (𝐲, 𝜽𝒏) of the objective problem presented in Eq. (21). Where, 𝐲  is a vector that 629 
combinates the expansion of different power system infrastructure -intermittent renewables 630 
(solar and wind), solar with storage, bioenergy, and transmission lines-, and 𝜽𝒏 is the vector of 631 
parameters of the reservoir operating rules presented in Eq. (4), which determines the 632 
hydropower plants’ re-operation. The different intervention strategies are shown in the 633 
following section. 634 
 635 
Intervention strategy one 636 
The decision variables in intervention scenario one are the vector of infrastructure expansion 637 
(𝐲) including solar, solar with storage and wind generators, and the vector of operating rules 638 
parameters (𝜽) for Akosombo, Bui, and Kpong reservoirs. This intervention strategy aims to 639 
evaluate the impacts of the hydropower plants’ reoperation and their contribution to the 640 
integration of high levels of intermittent renewables. In this strategy, hydropower and thermal 641 
generation plants provide the power system flexibility necessary to integrate intermittent 642 
renewables. However, existing thermal and hydropower generation is constrained by the 643 
existing capacity of the transmission network of the power system. 644 
 645 
Intervention strategy two 646 
The decision variables in intervention strategy two are the vector of infrastructure expansion 647 
(𝐲) including solar, solar with storage, and wind generators and transmission lines, and the 648 
vector of operating rules parameters (𝜽) for Akosombo, Bui, and Kpong reservoirs. In this 649 
scenario, the transmission line capacity in the power system is a decision variable in the 650 
optimization problem. Here, the re-operation of hydropower plants and existing thermal 651 
generation also provide flexibility to the power system. However, expanding the transmission 652 
lines will allow the system to reallocate and distribute the renewable (intermittent or not) 653 
resources in the system to displace thermal generation and reduce CO2 emissions. 654 
 655 
Intervention strategy three 656 
Finally, decision variables in intervention strategy three are the vector of infrastructure 657 
expansion (𝐲) including solar, solar with storage, wind and bioenergy generators and 658 
transmission lines, and the vector of operating rules parameters (𝜽) for Akosombo, Bui, and 659 
Kpong reservoirs. In this strategy scenario, a new technology that provides system flexibility is 660 
included. This scenario constitutes a fully diversified power system infrastructure portfolio 661 
scenario of renewable (intermittent or not) resources advocated to reduce system CO2 662 
emissions, meet the increasing electricity demand, and reduce intersectoral conflicts in WEFE 663 
resource systems. Bioenergy (Biogas and Biomass) is considered in the design process because 664 
it is Ghana's main renewable, dispatchable, and spatially distributed technology. Just from crop 665 
residues, bioenergy potential has been estimated at around 75 TJ 36. Bioenergy in Ghana is 666 
available from residues from the various stages of agricultural and forestry activities, mainly 667 
from crop harvesting, wood logging, and residues from municipal wastes and other commercial 668 
and domestic activities 36. 669 



Data availability 670 
The data for the river basin model that support the findings of this study are available from the 671 
corresponding author upon request and consultation with the relevant national authorities who 672 
own the data. Data for the power system model, including hourly intermittent renewable 673 
profiles, are free to access and can be found in Ghana's Power System Master Plan. The 674 
following link provides access to the data (IPSMP GH-IPM v1.2018 Assumptions Book.xlsx) 675 
hosted on the Ghanian Energy Commission website: 676 
https://energycom.gov.gh/planning/ipsmp/ipsmp-2018/gh-ipm-v1-2018-assumptions-model-677 
results. The link is accessible as of 24/07/2022. 678 

Code availability 679 
The river basin model, including parameters, settings and calibration, is described in more 680 
detail in an earlier publication 30, and the software library used to build the model is open-681 
source and freely available in https://github.com/pywr/pywr. The Python libraries used to build 682 
the power system model 31 and the objective-oriented multisector simulation framework are 683 
open-source and freely available in the following repositories: https://github.com/pywr/pywr-684 
dcopf and https://github.com/UMWRG/pynsim, respectively. 685 
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Figure legends/captions 712 

 713 
Fig. 1 | Transboundary Volta river basin and Ghana's national power system. The map shows the existing electrical transmission 714 
network and the locations of existing and planned storage dams, solar PV, solar PV with storage, wind power plants, irrigation, 715 
and public water supply diversions, and flood recession activities in the Volta river basin included in the integrated water-energy 716 
simulation. 717 



 718 
Fig. 2 | Performance trade-offs attained by the most efficient strategic river basin–power system national-scale designs. All three 719 
panels on the left-hand side (a-c) show the results for the three intervention strategies. However, the black rectangles on some 720 
axes of panels b and c serve as filters of Pareto optimal solutions shown in panel a, thus highlighting some optimized designs (the 721 
non-greyed-out solutions) based on their performance levels. The first four axes from left to right in a to c correspond to 722 
objectives (i.e., optimized design metrics), and the remaining four axes show three decision variables of the design problem and 723 
one tracked metric (Agricultural benefit). The top of panels a to c is the direction of preference for each metric; so a straight line 724 
across the top of the y-axis would indicate a “perfect” WEFE intervention portfolio. Crossing lines between axes represent trade-725 
offs among metrics, whereas a roughly straight line joining two metrics indicates a synergy. d, shows the spatial distribution of 726 
infrastructure expansion for one selected efficient compromise solution of strategy three (the bold black line in panel c), which 727 
includes significant levels of infrastructure expansion in Ghana's Northern region (e.g., 0,8 GW, corresponding to 76% of the total 728 
new bioenergy generation plants installed in the country for the compromise solution). Hydropower providing flexibility services 729 
can support high levels of intermittent renewable integration (up to 6,3 GW) and improve power system performance. However, 730 
this new role for hydropower would increase hydrological alteration and decrease agricultural yields up to 5% annually, reducing 731 
the agricultural sector's economic revenues by 169 M$/yr —blue lines, strategy one. A mix of intermittent renewable generation 732 
and bioenergy technologies can meet electricity demands while improving all-around system performance and decreasing inter-733 
sectoral conflicts. That is why the red lines (representing the more diverse energy mix of intervention strategy three) are higher 734 
up the y-axis – they simply enable better performance. The acronym vRES refers to the variable (intermittent) renewable energy 735 
sources. 736 



 737 
Fig. 3 | Sectoral impacts resulting from changes in hydropower operations to enable more solar and wind generation in Ghana. 738 
a, shows Ghana's monthly load rolling average and solar irradiance. The system load (i.e., electricity demand) has two peaks, in 739 
May and December, while higher solar irradiance occurs from February to May. b, shows the hourly hydropower generation 740 
following the historical operating rules and hydropower re-operation for intervention strategies one and three. c, shows one year 741 
of Ghana's total mean irrigation demand from irrigation schemes and the irrigation deficits under the portfolios of the 742 
intervention strategy scenarios presented in b. d, shows the mean monthly naturalized streamflow and the simulated flows under 743 
the two intervention portfolios presented in b, downstream Akosombo. The mean streamflow is calculated as a percentage of 744 
the mean annual flow. In d, the shaded area represents the standard deviation of the mean streamflow, where the historical 745 
naturalized flow was calculated for the period 1919 to 2018 and for the simulated series for the period 2030 to 2040. In b, 746 
hydropower operation of two resulting portfolios from Fig. 2, corresponds to a portfolio of intervention strategy one with high 747 
hydro-alteration, RB-index = 0.22 (Fig. 2b) and the compromise solution selected from intervention strategy three (black line in 748 
Fig. 2c). The figure shows how enabling intermittent renewables integration leads to hydropeaking and a seasonal hydropower 749 
generation shift that increases sectoral conflict because releases no longer coincide with peak irrigation demand. Short-term 750 
variability and long-term changes in hydropower generations are driven by hourly fluctuations and seasonal patterns in electricity 751 
demand and intermittent renewables, respectively. 752 



 753 
Fig. 4 | Hourly hydropower generation for a typical two-day hour pattern in Ghana. The figure shows the increased hydropower 754 
generation variability under intervention strategy one with high hydrological alteration (RB-index = 0.22), compared to the 755 
hydropower generation in the compromise solution (black line Fig. 2c). 756 
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