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A B S T R A C T   

In support of West Africa’s potential energy transition under climate change, an international team of scientists 
and a wide range of local stakeholders in Ghana and Burkina Faso jointly assessed different mitigation and 
adaptation pathways for energy and water supply and demand, including their implications for achieving SDGs, 
in a transdisciplinary approach. They iteratively co-developed a range of future scenarios based on i) stakeholder 
knowledge and priorities, ii) countries’ national plans, and iii) simulations with a set of complementary energy 
and water models. Unlike current national plans, the more ambitious scenarios indicate that the projected rapid 
increase in electricity demand could be met almost entirely from renewables, but that a diversification beyond 
hydropower will be necessary. Phasing out fossil fuels would bring West African countries’s energy policies in 
line with Paris Agreement targets and generate additional socio-economic and environmental co-benefits.   

1. Introduction 

In West Africa, climate change, in combination with other environ
mental and socio-economic pressures, is already threatening energy and 
water security, livelihoods, and sustainable development [1–4]. There
fore, climate change mitigation and adaptation measures need to go 
hand in hand [5]. The urgency of simultaneously addressing climate and 
development issues presents an opportunity for West African states to 
initiate a rapid transformation of their energy and electricity sectors 

towards renewable energy sources while striving to obtain electricity 
access for all.1 

As pointed out by Ref. [6]; many African countries are in a good 
position for such a transformation thanks to an abundance of renewable 
resources, provided that they can attract the required international 
finance for building up the required infrastructure for electricity gen
eration, transport, storage and use [6,7]. Doing so would enable West 
African nations to align with the global target of achieving net-zero CO2 
emissions by mid-century to keep global warming well below 2 ◦C, with 

☆ This paper is an outcome of the JPI Climate funded ERA4CS CIREG (Climate Information for Renewable Electricity Generation) project (2018–2021).It addresses 
the U4RIA goals of engagement and accountability with the communities it involves, together with retrievability, repeatability, reconstructability, interoperability, 
and auditability [73]. 
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efforts toward 1.5 ◦C as per the Paris Agreement [8,9]. Beyond achieving 
climate neutrality, there is a need to reach general socio-economic tar
gets, expressed through the Sustainable Development Goals (SDGs), to 
improve societal well-being and environmental integrity to help to meet 
sustainability criteria for development cooperation. These targets 
should be harmonised with climate neutrality objectives as much as 
possible. 

Energy is critical for development, and improved access to renewable 
and clean energy is the focus of Sustainable Development Goal 7 or 
SDG7 [10]. Electricity from renewables has several co-benefits for sus
tainable development, such as improved health (SDG 3), education (SDG 
4), and business opportunities (SDG 8) [8]; chapter 17, [11]). A clima
te-smart2 transition to renewables in the electricity sector (i.e. climate 
mitigation) must inevitably address the impacts of climate change (i.e. 
climate adaptation), e.g., changing water availability. For instance, 
electricity generation from hydropower, but also from thermal power 
plants (requiring cooling water), may have to adapt to increasing vari
ability and extremes of water availability. 

Hydropower is currently the dominant source of renewable elec
tricity production in West Africa, and even the main source of electricity 
overall in certain countries, leaving the sector vulnerable to water 
scarcity and droughts. In combination with climate change, water de
mands from other sectors also drive water scarcity. More recently, 
renewable contributions to the power sector have become more diver
sified beyond hydropower [12]; Renewable Energy and Energy Effi
ciency Status Report). Increasing the contribution of solar and wind to 
the electricity mix, however, may pose challenges due to the intermit
tency of these sources, thus requiring intelligent design of electricity 
systems [13,14]. Among others, [15] show that higher levels of 
renewable energy can also lead to higher cost-effectiveness and at the 
same time creat additional jobs. 

As suggested by the EU Africa Strategy (2020) [16], the SDGs can 
only be achieved in low-carbon, resource-efficient and climate resilient 
economies. For achieving those objectives, systemic and trans
disciplinary approaches are essential for generating the required tran
sition knowledge. Such processes enable integrated planning of climate 
adaptation, mitigation, and sustainable development (e.g. Ref. [17], and 
in particular, coordination across the energy and water sectors, to 
minimize cross-sectoral trade-offs and enhance synergies. 

Such integrated or “nexus” approaches [18,19] and their complex 
challenges require the close and continuous collaboration of scientists 
and stakeholders as a prerequisite for generating state-of-the-art infor
mation for policy and decision making. Such co-development between 
scientists and stakeholders of science-based, relevant and actionable 
knowledge for direct implementation in planning and management is at 
the heart of what are called “climate services”—the provision of useful 
information to relevant stakeholders based on climate and related data. 

The CIREG (Climate Information for Integrated Renewable Elec
tricity Generation) climate services project (see Acknowledgements), 
implemented across the period 2018–2021, piloted such a participatory 
approach, jointly developed by stakeholders from Ghana and Burkina 
Faso and international scientists. The overall goal of the project was to 
assess pathways to meet energy and water demands in West African 
countries, with Ghana and Burkina Faso as particular focus countries, 
given future climate change impacts and socio-economic changes. A 
consortium of academic institutions3 provided the scientific underpin
ning for this co-development process. Scientific inputs ranged from 
short-term and seasonal predictions of e.g. water demand to long-term 

projections of climate variables and impacts, integrated with context- 
specific technical and environmental information. These scientific in
puts were subsequently tailored to the needs expressed by stakeholders 
in an iterative process. Thus, the CIREG project aimed to support a 
climate- and water-smart transition of the electricity sector and related 
aspects of sustainable development such as food and water security. 
Along the way, the CIREG project built capacity of local stakeholders, 
policymakers and decisionmakers from the energy and water sectors in 
Ghana and Burkina Faso for integrated planning and the use of scenario 
and modelling tools. 

The main goal of this paper is to provide an overview of the scientific 
approaches, methods, and results co-generated by scientists and stake
holders during the CIREG project. The authors of this paper, who were 
all involved in-depth in the CIREG project, believe this may provide a 
valuable learning moment for other future projects to implement and 
further develop similar participatory methods in which international 
and local teams work together to create meaningful scenarios while 
building institutional capacity. 

The iterative integration of scientific results with stakeholders’ 
knowledge, priorities, needs, and assumptions was achieved through 
participatory scenario development. These participatory scenarios were 
formalized and quantified with the help of the energy and water sce
nario planning tools LEAP and WEAP. This paper describes the scenario 
co-development process with three underlying input pillars, which 
provided inputs for LEAP and WEAP:  

i. A systematic assessment of national climate, energy and water 
documents, strategies, policies, and development plans, to inform 
the scenarios about national priorities and ambition levels; 

ii. Scientific model simulations with two other tools, namely CIR
EG’s hydropower dispatch (REVUB) and river flow (SWIM) 
models, which were coupled to LEAP and WEAP to study the 
potential responses of the energy and water systems to climate 
change and operational interventions; 

iii. Targeted and regular stakeholder-scientist dialogues4 for itera
tive scenario development, providing targeted scenario inputs. 

This paper further describes the participatory scenario development 
process, and highlights the interlinkages between the energy and water 
sectors that the model coupling emphasized, showing the need to 
overcome siloed approaches in planning and management. The paper 
presents critical outcomes of the integrated scenarios, including syn
ergies and trade-offs between achieving climate-, energy- and water- 
related objectives. This central outcome of the CIREG project is meant 
to support evidence- and science-based integrated planning and man
agement of energy and water resources in the context of a sustainability 
transition of the electricity sector. Finally, the paper provides lessons 
learned and recommendations for participatory co-development pro
cesses and effective climate services. 

This paper is organised as follows. Section 2 details the methods used 
in the participatory scenario development, following the three pillars 
mentioned above. Section 3 explains the different scenarios that were 
designed, and their input assumptions, data and methods. Section 4 
covers results on energy and water supply and demand under the 
different scenarios. Section 5 provides a discussion of the obtained re
sults, and Section 6 summarises conclusions and lessons learnt. 

2. Materials and methods: input pillars 

In this section, the three input pillars for the developed scenarios 
tools are described in more detail: i) systematic assessment of national 
documents, ii) the energy and water process models REVUB and SWIM, 
and iii) the stakeholder-scientist dialogues for participatory scenario 

2 “climate-smart” here used as being climate-resilient AND low-carbon.  
3 West African Science Service Centre on Climate Change and Adapted Land 

Use (WASCAL); Potsdam Institute for Climate Impact Research (PIK); Stock
holm Environment Institute (SEI); Vrije Universiteit Brussel (VUB); World Re
sources Institute (WRI), Danish Technical University (DTU); Zentrum für 
Entwicklungsforschung (ZEF). 4 See list of participating stakeholders in the supplementary material. 
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development: 

2.1. Pillar 1: systematic assessment of national documents, strategies, 
policies, and development plans 

The systematic assessment of national plans was based on a thorough 
review of national documents, strategies, policies, and development 
plans, e.g., Nationally Determined Contributions (NDCs), National 
Appropriate Mitigation Actions (NAMA), and National Renewable En
ergy Action Plans (NREAP), among others. The focus was on identifying 
both quantitative and qualitative objectives and targets for each sector, 
as well as specific measures to achieve those targets. These measures 
were also used in the national scenarios developed by Ref. [20]. 

The national development plans frame the sectoral plans by 
describing how specific sectoral targets and measures contribute to the 
achievement of overarching development goals such as poverty allevi
ation and human well-being. An overview of the national documents 
and plans assessed in CIREG and used for the “National Plans” scenario is 
given in Supplementary Table 1 in the Supplementary Material. Note 
that almost all plans and targets focus on the short to medium-term 
future (until 2030). 

2.2. Pillar 2: CIREG’s energy and water models 

The energy and water scenarios are based on simulations of supply 
and demand for electricity and water under climate change. CIREG’s 
central scenario tools LEAP and WEAP were informed by detailed pro
cess simulations in the electricity (REVUB) and water (SWIM) models. 
These now well-established scientific models, REVUB [21]— which was 
developed within the CIREG project —and SWIM [22,23] provide 
additional supply-side information necessary as input to water and en
ergy planning. These two process models have been extensively applied 
to the West African context and proven to work well for this context. 
LEAP and WEAP (which have been successfully applied in many coun
tries and basins around the world) integrate this information with de
mand side projections, based on national plans and stakeholder inputs. 
The combination of REVUB and SWIM with LEAP and WEAP as input for 
the development of integrated energy and water scenarios is illustrated 
schematically in Fig. 1. Each of the four models and tools is introduced 
in more detail below. 

Energy scenarios under climate change and opportunities for 
increasing renewable electricity generation were simulated with the 
Renewable Electricity Variability Upscaling and Balancing 
(REVUB) model [21] as input into LEAP. REVUB was used to assess the 
spatio-temporal synergies between solar photovoltaic and wind power 
potential (intermittent resources) on the one hand, and flexibly dis
patchable hydropower on the other hand, thus estimating spatiotem
poral synergies and complementarities between these different energy 
sources. 

Hydrological and water management impacts of the climate sce
narios were assessed with the Soil and Water Integrated Model 
(SWIM) [22,23], a semi-distributed and process-based eco-hydrological 
model operating at a daily time step. SWIM river discharge simulations 
were used as input into WEAP to evaluate climate change impacts on 
water availability and use and hydropower production. 

The Low Emissions Analysis Platform (LEAP) [24] is a tool for 
participatory scenario development and strategic planning and man
agement and for policy and decision support. LEAP has evolved from a 
pure energy modelling tool to a modular platform for scenario analysis 
of energy, greenhouse gas emissions, and co-benefits e.g. in air pollution 
abatement [25,26]. In CIREG, LEAP integrates results from REVUB and 
WEAP with priorities of stakeholders and national plans. High temporal 
resolution data, in particular solar PV, hydropower, and electricity de
mands were pre-processed in REVUB before being aggregated into daily 
timesteps with daytime and night time temporal slices in LEAP (result
ing in 730 slices per year). In this project, LEAP was run at monthly 

resolution with two time-slices representing daytime and night-time for 
each month. 

The Water Evaluation and Planning (WEAP) tool [27] has a 
similar function as LEAP, but for the water sector, i.e., participatory 
scenario development in support of strategic planning and policy sup
port [28–30]. WEAP uses basic principles of water balance accounting 
and represents water systems, i.e. supplies, demands, and infrastructure 
at reduced complexity. An iterative linear programming algorithm pri
oritizes water allocations under scarcity [27]. In CIREG, WEAP inte
grated water supplies under climate change as derived from the SWIM 
model with water demands, infrastructure information, and projections 
from stakeholders and national plans. 

The conjunctive use of LEAP and WEAP for integrated energy and 
water sector planning and management has been tested in various 
geographical and socio-economic contexts before [31,32]; Johnson 
et al., 2018). In the CIREG project, WEAP and LEAP were soft-coupled to 
assess electricity-water linkages, trade-offs, and synergies under climate 
change and infrastructure and management interventions, with a focus 
on hydropower. 

2.3. Pillar 3: Stakeholder-scientist dialogues and participatory scenario 
development 

Throughout the CIREG project, the participatory scenario tools LEAP 
and WEAP were continuously adapted to the respective contexts and 
planning, management and policy needs, jointly by stakeholders and 
project scientists. In several iterations, scientific data from the process 
models was integrated with stakeholder needs, priorities, and knowl
edge, followed by improvement in model parameterizations and sce
nario adjustments and subsequent re-evaluation of the scenario 
outcomes in the next iteration loop. This iterative stakeholder-scientist 
process continued throughout the CIREG project, using all available 
formats and opportunities, including physical and virtual meetings, 
visits to key institutions, and on-site and online training sessions. 

The dialogue started with critical priorities identified by stake
holders in each country or basin (see Table 1). 

These issues were addressed iteratively throughout the project in the 
stakeholder-scientist dialogues and dedicated trainings (note that this 
paper does not discuss all of the issues in detail). Stakeholders involved 
in these dialogues and trainings ranged from the Energy Commission 
(Ghana), which had already used LEAP for energy planning (updating 
their LEAP model during the CIREG project), to e.g. the Water Resources 
Commission (Ghana), which had already used WEAP for water man
agement, and the Volta River Authority (Ghana), which manages ther
mal and hydropower plants, including the Akosombo dam. The full 
range of stakeholders from the different countries involved in the CIREG 
dialogues is listed in Supplementary Table 3 of the Supplementary 
Material. 

CIREG’s starting point for the Volta basin was an earlier WEAP 
application developed by the Volta Basin Authority and the IUCN 
PAGEV5 project, jointly with IWMI6 and IRD7. During CIREG, this model 
application was updated with the latest data on new hydropower dams 
and reservoirs (e.g., storage capacity, dead storage, volume elevation, 
year of commissioning, etc.) based on stakeholders’ knowledge and 
additional literature (see Supplementary Table 2 in the Supplementary 
Material). The CIREG WEAP Volta tool now covers all primary water 
supplies, users, and their (actual and projected) demands in the entire 
basin, including dams along the principal rivers. 

CIREG’s LEAP models were developed at the national level for Bur
kina Faso and Ghana. Hence, WEAP and LEAP cover different spatial 

5 Project for Improving Water Governance in the Volta Basin.  
6 International Water Management Institute.  
7 L’Institut de Recherche pour le Développement, French Development 

Research Institute. 
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domains: WEAP covers the Volta River basin, while the LEAP models 
focus at the national level on Burkina Faso and Ghana. In WEAP, water 
demands were distributed spatially explicitly within the basin, while 
electricity demands were aggregated to the national level in LEAP. 

The synthesis and integration of all available scientific and stake
holder data and information in the WEAP and LEAP scenario tools 
enabled the identification of potential systemic hotspots, bottlenecks, 
trade-offs, and opportunities for sustainable and integrated generation, 
management, provisioning and use of electricity and water. 

As an extension of the stakeholder-scientist dialogues, a set of hands- 
on training sessions with focus on LEAP and WEAP, with introductions 
to the REVUB and SWIM models, were held by the CIREG project. Over 

the period from February 2018 until December 2020, six workshops 
were held, three in Ouagadougou, two in Accra and one virtual (during 
pandemic-related travel restrictions). These training sessions aimed to 
build capacity with local stakeholders on energy and water system 
modelling, the associated data management, and the operational use of 
the tools in planning and management; while at the same time also 
improving stakeholders’ skills in assessing the systemic impacts of 
climate change and in developing integrated electricity and water so
lutions in the context of the SDG targets. Participants were mainly from 
Ghana and Burkina Faso, but several interested representatives from 
Niger and Togo also joined the sessions (see Table 3). 

3. CIREG’s scenario hierarchy as co-developed by stakeholders 
and scientists 

For assessing the combined and systemic effects of climate and other 
changes and different management interventions, stakeholders and 
scientists agreed, in the course of their dialogue, on five scenarios, which 
were deemed to represent the most relevant climate, socio-economic 
and policy projections and development trajectories of the electricity 
and water sectors. These five scenarios built upon each other to form a 
comprehensive storyline, each scenario introducing new elements as 
compared to the previous. The hierarchy is illustrated schematically in 
Fig. 2, and explained below. 

3.1. Overview of scenarios 

Scenario (1) Business-as-usual (BAU): This scenario aimed to show 
what would happen with energy and water supply and demand in Ghana 
and Burkina Faso if current trends were to continue into the future. 
Extrapolating recent trends, a “business-as-usual” pathway is thus 
obtained. 

Scenario (2) Climate Change: This scenario aimed to show how a 
business-as-usual policy (Scenario 1) would be affected by projected 
climate change and land use change effects on river discharge (and 
consequently hydropower generation) and irrigation demand. We use 
two combinations of Shared Socioeconomic Pathways (SSPs) and 
Representative Concentration Pathways (RCPs), namely SSP1/RCP2.6 
and SSP3/RCP7.0, to assess these impacts. 

Fig. 1. Modelling framework, exchange of data & information between models.  

Table 1 
Topics and information needs identified in the early phase of the project by 
CIREG stakeholders.  

Topics considered critical priorities Information needs identified 

Hydropower potential Inflow into and hydropower production of 
existing and planned dams under climate 
change 

Potential of planned Pwalugu dam 
(Ghana)  

• Integrated management of this multi- 
purpose dam under climate change: hy
dropower, irrigation and domestic water 
supply, flood control, environmental 
flows  

• Siltation of the dam  
• Impact on Lake Volta 

Potential of planned Bagré Aval and 
Samendéni dams (Burkina Faso) 

Integrated management of multi-purpose 
dams under climate change: hydropower, 
irrigation and domestic water supply, flood 
control, environmental flows 

Domestic water supply to 
Ouagadougou (Burkina Faso) under 
climate change  

• Assessment of the future water demand  
• Reliability of the supply from Ziga and 

Loumbila dams 
Capacity building on WEAP and LEAP 

tools 
Existing capacity of involved stakeholders 
to develop scenarios for electricity demand 
and supply 

Flexible hydropower and solar 
photovoltaic integration (Ghana) 

Optimisation of complementary production 
of solar and hydropower, informing the 
growing interest in floating solar 
photovoltaics on Ghana’s Akosombo and 
Bui reservoirs  
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Scenario (3) National Plans: This scenario built upon Scenario 2 by 
aiming to show how energy and water demands could be met differently 
than under business-as-usual. It explores what it would mean if countries 
successfully implemented their national climate, energy and water 
policies, as expressed through NDCs, NREAPs and NREMPs and other 
targets for electricity and water supply and demand. 

Scenario (4) Universal electricity access and beyond: Building 
upon Scenario 3, this scenario includes the additional energy demands 
for achieving universal electricity access for residential, educational, 
and medical facilities (single-stage tier advancement in electricity access 
based on rural and urban population grouping). This scenario thus 
assumed an ambitious policy to provide universal electricity access 
within the assessed timeframes, which goes beyond current policy tar
gets in ambition. “Beyond” refers to the World Bank’s multi-tier 
framework of electricity access that includes quality, quantity, and 
availability of electricity (“Beyond connections”, [33]. 

Scenario (5) “Climate-smart”: This final scenario, building upon 
Scenario 4, explored opportunities to reach climate neutrality in the 
electricity sector while achieving universal electricity access. These 
opportunities mostly relate to adopting a low carbon energy mix, 
through an increase in variable renewable electricity contribution (in 
particular, solar and wind) to about 60% of total electricity generation 
until 2050, harnessing the flexibility of existing and planned hydro
power to integrate these variable resources into the mix, as well as 
investing in bioenergy and waste-to-energy projects. 

Note that higher-order scenarios inherit the assumptions and data 
from (and hence build on) parent scenarios, meaning, for example the 
Climate Smart scenario (5) includes the data and assumptions from all 
other scenarios, the Universal Access scenario (4) includes those from 
scenarios 1–3, etc., exchanging in each higher-order scenario only those 
data that are directly related to the newly introduced assumptions. 
Scenario (5) is particularly important in that it includes key develop
ment objectives in terms of universal electricity access, demonstrating 
that these can be met while simultaneously (almost) achieving climate 
neutrality in the electricity sector. 

This scenario hierarchy was primarily implemented in the LEAP 
energy scenario tool. Wherever relevant and necessary, scenario ele
ments were also implemented in the WEAP water scenario tool. 

The following section presents more detailed assumptions and data 
used in the different scenarios. 

3.2. Data and assumptions used for the scenarios 

3.2.1. Demographic and economic drivers of water and energy demands 
WEAP and LEAP are driven by water and energy demands, respec

tively, and hence use demographic and macro-economic growth trends 
for projecting future demands. Current and projected demand and 

supply data were consolidated from expert knowledge and relevant 
national statistics, policies, strategies, and plans, including NDCs and 
SDGs. For details on the inputs used to parameterize WEAP and LEAP, 
the reader is referred to Supplementary Table 4 in the Supplementary 
Material. 

3.2.2. Historical and future water demand trends 
Following stakeholders’ expert knowledge, the most substantial 

future increases in domestic water demands were implemented in WEAP 
scenarios for the cities of Ouagadougou and Koudougou in Burkina Faso 
and Tamale in Ghana, based on data provided by the Direction Générale 
des Ressources en Eau (Burkina Faso) and the Water Resources Commission 
(Ghana). Similarly, the most substantial increases in irrigation water 
demands were projected and implemented in WEAP for Bagré in Burkina 
Faso and a new irrigation scheme in conjunction with the commis
sioning of the Pwalugu dam in Ghana. 

At Bagré, data provided by the organization managing the irrigation 
scheme, Bagré Pôle, shows that there has been a continuous expansion of 
irrigated areas and, therefore, water demand from the reservoir since 
1997. This historical trend is projected into the future until it reaches its 
maximum of about 540 Mm3/year as per data from Bagré Pôle (illus
trated in Fig. 3 below). Studies available from the Water Resources 
Commission (Ghana) indicate that the new Pwalugu dam is expected to 
serve an irrigation area of 25,000 ha, equivalent to an irrigation water 
demand of about 600 Mm3/year. Additional cooling water demand for 
electricity generation from the thermal power plants was estimated to be 
about 25 Mm3/year, according to Ref. [34] in a fossil fuel-dominated 
electricity grid under the BAU scenario. 

Fig. 2. Scenario hierarchy for energy and water supply and demand in Ghana and Burkina Faso.  

Fig. 3. Stylized implementation of future water demand in WEAP, based on 
current trends, here for Bagré irrigation demand (based on data obtained 
through dialogue with the Bagré Pôle agency). 
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3.2.3. Future water supply trends 
Changes in future water supply will primarily be due to climate 

change and to the development of water infrastructure (expansion of 
existing irrigation and new irrigation schemes from the multi-purpose 
Pwalugu dam) according to national plans. With the help of the SWIM 
model, projected changes in temperature, precipitation, and solar radi
ation were translated into changes in river discharge using an ensemble 
of eight downscaled and bias-adjusted Global Climate Models from 
CMIP6 [35] and ISIMIP [36], for the SSP1-RCP2.6 and SSP3-RCP7.0 
scenarios (see Fig. 1 and the Supplementary Material). 

Hydropower was therefore constrained by annual average avail
ability based on the average of RCP 2.6 and RCP 8.5 emissions pathway 
between 2035 and 2065, for modelling impacts of climate change under 
Scenario 2. 

3.2.4. Historical and future electricity demand and supply trends 
For Ghana, historic electricity supply data implemented in the CIREG 

LEAP model were based on the annual energy outlook [37], and trends 
of the past ten years were extrapolated into the future in Scenario 1 
(business-as-usual). 

LEAP uses demographic and economic growth and value-added 
trends within the different sectors to project future electricity de
mands. Projections for specific companies and sectors in Ghana, such as 
VALCo (Volta Aluminium Company) and Mines, were adopted from the 
supply master plans. Resources were then allocated to these demands, 
considering generation source efficiencies and transmission and distri
bution losses. The dispatch order in LEAP is determined by load duration 
curves and pre-set criteria such as merit order and availability [38,39]; 
2019). 

The demand data for Scenario 3 (National Plans) for Ghana is based 
on official national plans, including the Nationally Determined Contri
butions, the Integrated Power System Master Plan, the Renewable En
ergy Master Plan 2019, and the National Renewable Energy Action Plan 
[38]; ICF & Energy Commission of Ghana, [40]; [41]; [42]) [20]. pro
vides an overview of the plans. The stakeholder-scientist dialogues in 
Ghana agreed to base the National Plans scenario on the medium-term 
projections (until 2030) of the Renewable Energy Master Plan Energy 
Outlook (2019). Their implementation in LEAP was aligned with pro
jections of renewable energy targets from the Nationally Determined 
Contributions and the National Renewable Energy Master Plan (NREAP) 
to meet the growing future demands while expanding renewables and 
reducing (technical and commercial) losses to an average of 19% in 
2024, 15.5% in 2030 and 12% in 2050, in particular for the two leading 
players NEDCO (Northern Electricity Distribution Company) and ECG 
(Electricity Company of Ghana) [43]. In Scenario 3, Ghana’s electricity 
exports of about 1350 GWh in 2020 are projected to increase to 3500 
GWh by 2035 and 4100 GWh by 2040 [43]. 

Scenario 3 for Burkina Faso relied mainly on historical electricity 
consumption data (Ministère de l’Energie, 2017) [44]. The imple
mentation of this scenario in LEAP also uses data from the Plan d’Action 
National des Energies Renouvelables (PANER) for electricity generation 
[45]. Transmission and distribution losses for Burkina Faso are projected 
to drop from 17% in 2020 to 10% in 2030 and 6% in 2050. National 
plans aim for renewable electricity shares to rise from 24% in 2020 to 
36% in 2030. Further investment may enable 50 MW of concentrated 
solar power, 200 MW of photovoltaic, 30 MW of hydropower genera
tion, and 7.5 MW of biomass (PANER). Off-grid supply will expand to 
36% of total supply by 2030 through mini-grids and other distributed 
systems fields [45]. By 2050 about half of the rural population is pro
jected to be served by decentralized (off-grid) electricity, while 100% of 
the urban population will be served by grid electricity. Burkina Faso has 
no official electricity import projection; however, we adopted an 
average import growth rate of 5% annually in the LEAP model. 

In Scenario 4 (Universal Access), residential electricity use was 
assumed to move from Tier 2 (up to 365 kWh/yr) to Tier 3 (up to 1250 
kWh/yr) for rural areas and from Tier 3 to Tier 4 (up to 3000 kWh/yr per 

household) for cities, in line with [46]. This increase can be attributed to 
growth in household electrical appliances such as air conditioners, re
frigerators, washing machines, and other devices [47–49]. This sub
stantial increase in demand in Scenario 4 could reduce the share of 
renewables in electricity supply compared to Scenario 3, unless re
newables are rapidly expanded (as in Scenario 5). 

Under all scenarios, we assumed that the hourly energy consumption 
pattern of electricity would not vary substantially in the mid-term 
projection. 

In Scenario 5 (Climate Smart), with its maximized renewable energy 
contribution, electricity-based GHG emissions will approach net-zero by 
2050 in both countries. For that, Ghana is projected to use a mix of 
strategies for achieving that net-zero goal, including variable renewable 
energy integration [21], exploitation of all available resources such as 
hydropower in Ntesero, Kulpawn and other reservoirs [50], and utili
zation of biomass, municipal solid waste, and other forms of bioenergy 
[51,52]. Through adapted hydropower reservoir operation in support of 
grid integration of variable renewables, 1515 MW of solar could be 
backed by Akosombo hydropower and 372 MW by the Bui hydropower. 
Furthermore, Ghana’s technical wind potential is estimated at 5 GW MW 
[53] and its potential for energy from agricultural biomass is almost 20 
GW [51,52]. Through the stakeholder dialogues, we assumed bioenergy 
could reach a share of 15% in Ghana’s electricity generation mix by 
2050. 

In Burkina Faso, the strategic focus for achieving net zero by 2050 in 
the Climate Smart scenario (5) will be on harnessing all techno- 
economically viable hydropower plants in Bontioli, Bougouriba, 
Folozo, Gongourou, and Noumbiel [54], eventually providing an addi
tional 110 MW to the existing capacity mix. About 518 MW additional 
capacity of future dams were identified on the Black and White Volta 
Rivers, which would be economically viable. Total potentials for wind 
power were estimated to be about 10 GW of wind power, 82 GW of solar 
power and 1000 MW from biomass [54]. From those potentials, we 
assumed that 50% of future electricity will come from solar photovoltaic 
and wind energy, supported by advancements in technology and con
trols, regional trade, and geographical location smoothening [55]. 

3.2.5. Additional assumptions and constraints for the Climate Smart 
scenario 

The Climate Smart scenario (5) is much more ambitious than current 
national plans, aiming at almost complete decarbonization of the elec
tricity sector, through higher exploitation of the available renewable 
energy resources. In LEAP, we prioritized their dispatch by merit 
ordering as follows: (a) renewable and variable sources such as solar PV 
and wind are dispatched at full capacity (b), all hydropower are set at 
merit order 1, whereas other renewables (e.g. biomass and biogas) are 
set at merit order 2. Gas turbines and fuel oil have the lowest priority 
and are dispatched at merit orders 3 and 4 respectively. 

Moreover, for achieving maximum utilization of solar power while 
mitigating its variability at hourly and seasonal time scale, the LEAP 
model used the results of the REVUB model, which determines an 
optimized (hourly time resolution) combination of flexibly dispatched 
reservoir hydropower and solar photovoltaics, with hydropower 
designed to ramp up and down in the evenings and mornings as solar 
generation changes, as discussed by Ref. [21]. In this case, the hourly 
resolution of solar photovoltaic power availability in Ghana and Burkina 
Faso for 365 days was derived from the ERA-5 reanalysis and provided 
as LEAP input data for aggregated timestep scenario modelling at a 
much lower resolution of 730 time steps per year. From climate change 
models, no significant change in solar insolation is expected until 2050, 
assuming similar annual solar PV generation profiles [21]. Given that 
the LEAP model does not support grid stability studies under high 
penetration of variable renewables, the total contribution of solar and 
wind power to the final electricity generation mix in the grid was capped 
at an annual average of 50% [56] to avoid spurious scenario results in 
which variable renewables reach potentially unrealistic shares of 
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electricity supply. 
Fig. 4 shows an example of how hydropower from Akosombo in 

Ghana could work in tandem with solar PV, as provided by the hydro
power dispatch model REVUB: Hydropower ramps down during periods 
of high solar power generation. This output from Ref. [21] was used as 
input for Scenario 5 to reflect adapted hydropower operation under high 
penetration of variable renewables. 

4. Results 

4.1. Climate change impacts on hydropower generation 

The climate change impacts on hydropower generation are assessed 
in Scenario 2 and thus are also included in the subsequent scenarios 
(3–5). SWIM model simulations show increasing annual inflows into the 
Bagré reservoir and Lake Volta under climate change. This increase is 
mainly due to larger inflows in the rainy season, while the simulated 
changes of inflows during the dry season are minor (see Fig. 1 in the 
Supplementary Material). 

Impacts of climate change scenarios on hydropower generation were 
examined with WEAP and LEAP against a historical period starting in 
1994, following the commissioning of the Bagré dam, and up until 2016, 
which is the last year of available historical data. Two future time ho
rizons were chosen for climate projection: 2030, representing the 
average of the years 2015–2045, and 2050, representing the average of 
the years 2035–2065. 

The projected increase in discharge logically accumulates from up
stream to downstream in the basin, in Lake Volta, which translates into 
an increase in hydropower production in Akosombo of about 7% by 
2030 (5550 GWh/yr) and 5% by 2050 (5450 GWh/yr) compared to the 
historical period. The planned expansion of the irrigation areas by the 
Bagré dam in Burkina Faso will, however, increase water demands and 
thus reduce the water available for hydropower by about 12% [4]. The 
greater simulated inflow into the Bagré reservoir under climate change 
does not fully compensate for this increase in irrigation water demand, 
overall leading to a slight decrease in hydropower production of about 
7% by 2030 (55 GWh/yr) and 11% by 2050 (52 GWh/yr). This reduction 
in hydropower production will be concentrated at the end of the dry 
season, in May and June, following the peak of irrigation demand, while 
there will be an increase in hydropower production during the rainy 
season. Fig. 5 illustrates these results. 

The climate change simulations further show an increase in 

discharge variability from 2040 onwards in the SSP3-RCP7.0 scenario, 
while the variability of hydropower production decreases at Akosombo, 
as shown by the smaller boxes for the future time horizons in Fig. 5. This 
is due to hydropower production being partly stabilized by higher water 
levels, and the large storage capacity of Lake Volta. 

Hydropower production in the planned new dams Bagré Aval (Bur
kina Faso) and Pwalugu (Ghana) is projected to show typical seasonal 
patterns, the one at Bagré Aval being very similar to that at Bagré, with 
an average production of about 60 GWh/yr and 270 GWh/yr respec
tively for 2030 and 2050. 

The increase in river discharge could increase hydropower contri
bution to Ghana’s overall grid electricity mix in 2030 to 26% in the 
Climate Change scenario (2) compared to 23% in the BAU scenario (1). 

4.2. Electricity scenarios and projected demand-supply gaps 

In Ghana, electricity demands are projected to grow from 16474 
GWh/yr in 2020 to about 27000 GWh/yr in 2030 and 51000 GWh/yr in 
2050 under Scenario 1 (business-as-usual), mainly driven by economic 
and demographic growth. To match this demand, supply would need to 
grow to about 35000 GWh/yr in 2030 and 69,000 GWh/yr in 2050, 
given technical and commercial transmission and distribution losses in 
Ghana of about 30%. The industrial and commercial sectors account for 
66% of total electricity demand, while the residential sector accounts for 
30%. 

Given the additional electricity needs for meeting development 
goals, in Scenario 4 (Universal Access), electricity demands will be 
significantly higher than in the BAU scenario (1), by 4000 GWh/yr in 
2030 and 9000 GWh/yr in 2050. 

Fig. 6a illustrates Ghana’s electricity supply and demand trends for 
the different scenarios. 

In Burkina Faso, electricity demand is projected to reach almost 
5000 GWh/yr in 2030 and 15000 GWh/yr in 2050 for Scenario 1. 
Taking into account losses, supply would accordingly need to grow to 
about 5400 GWh/yr in 2030 and 17200 GWh/yr in 2050s. The industrial 
& commercial sectors account for 83% and the residential sector for 17% 
of total demand. In Scenario 4, demand will increase more strongly, to 
about 6100 GWh/yr in 2030 and 20000 GWh/yr in 2050. 

Fig. 6b illustrates Burkina’s electricity supply and demand trends for 
the different scenarios. 

According to national plans (scenario 3), reducing transmission and 
distribution losses can save Ghana about 4000 GWh/yr and Burkina 

Fig. 4. Flexible electricity generation for Akosombo from the REVUB model, in blue the baseload and flexible generation from Akosombo supporting solar PV 
through up- and down-ramping, in yellow the solar PV profiles whose power mix integration is supported by Akosombo. We show an average of the first 48 h of the 
year from a simulation spanning 17 hydro-meteorological years from Ref. [21]. The figure explains various elements of synergetic hydro-solar operation, labeled 
(1)–(3). 
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about 1300 GWh/yr in 2030, compared to Scenario 1. 
While decentralized solutions can also play a role in rural and iso

lated areas in achieving universal access to electricity [45], [57], their 
contribution will likely remain below 1% of the total electricity supply. 

4.3. Transition to renewables – pathways under different scenarios 

To meet growing electricity demands, including those arising from 
achieving development objectives, using renewable sources and in line 
with the Paris Agreement, it will be necessary to quickly phase out fossil 
fuels, which in turn requires restructuring investments in the electricity 
sector, exploiting all available renewable electricity sources in combi
nation with efficiency improvements, demand-side management, and 
increased energy storage for buffering fluctuations. In this study, we 
focus on the expansion of renewable electricity sources. 

Hydropower has traditionally played a key role in Ghana, contrib
uting over 80% of total electricity in 2000, about 70% in 2010, and 35% 
in 2020 (based on VRA inputs during the stakeholder – science di
alogues). The potential for further expansion of hydropower in Ghana 
and Burkina Faso is very limited. While increasing river discharge under 
climate change can increase hydropower contribution somewhat, this 
increase is small compared to growing demand, in particular when 
striving for universal electricity access (Scenario 4). Accordingly, there 
is a risk that growing electricity demands will be met by increasing fossil 
fuel use, unless renewables (mainly solar and wind) are ramped up 
rapidly. 

When promoting renewables according to the National Plans 

scenario (3), they could contribute 43% of total grid electricity by 2030, 
compared to 27% in the BAU scenario (1) in Ghana, of which hydro still 
remains by far the largest fraction. In Burkina Faso, by 2030, renewables 
would meet 27% of the total electricity demand (other renewables 
contributing more than twice the amount of hydropower) according to 
the National Plans scenario (3), compared to 16% in the BAU scenario 
(1). 

The Climate Smart scenario (5) is much more ambitious, going well 
beyond national plans. By 2030 the contribution of other renewables 
besides hydropower could be twice as high as foreseen in the National 
Plans (3) scenario. For 2050 the Climate Smart scenario demonstrates 
that a combination of supply and demand-side measures can increase 
the contribution of renewables to about 90% of total electricity demand. 
Solar PV emerges as the largest electricity source by far, which is in line 
with model results by Ref. [58]. 

Fig. 7 illustrates the grid electricity mix by source for Ghana and 
Burkina Faso for each scenario. It shows that in all scenarios, the elec
tricity sector still mostly depends on fossil fuels by 2030. Only by 
rigorously pursuing the climate neutrality agenda of the climate smart 
scenario, Ghana and Burkina Faso could phase out fossil fuels and 
replace them with renewables by 2050. The composition of renewables 
in the Climate Smart Scenario (5) in 2050 is further detailed for the 
different sources in the right-hand bar. Note that all scenarios assume 
some dependency of Burkina Faso on electricity imports also in the 
future. 

The exact contribution of each electricity source per scenario is 
shown in Supplementary Table 5 in the Supplementary Material. 

Fig. 5. Hydropower production for the historical period and time horizons 2030 and 2050 for the existing dams Akosombo and Bagré and for 2030 and 2050 for the 
planned dams Bagré aval and Pwalugu. The dots and connecting line represent the average monthly production, the box the range containing 50% of the simulations, 
the horizontal line in the box the median, and the whiskers the extremes. 
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Fig. 8 shows the annual emissions of greenhouse gases for each of the 
five scenarios in 2050 and the development of these emissions over time 
for the BAU (1) and Climate Smart (5) scenarios for Ghana and Burkina 
Faso, as well as the contribution of each electricity source to the total 
capacity for the Climate Smart (5) scenario in 2050. 

While an economic analysis was not part of the CIREG energy 
modelling, there is increasing evidence that renewables, already now 
and increasingly so in the future, outcompete fossil fuels in terms of 
electricity generation costs (Adeoye et al., 2018, [59]; [60]; [61]; [1] 
chapter 6). Any new fossil fuel-related infrastructure included in the 
national plans, with its expected lifespan of ca. 30 years, is likely to 
become an obstacle to the country’s climate neutrality ambitions very 
soon. A related risk is the loss of export opportunities for products that 
are not climate-neutral when being produced with fossil electricity. In
ternational investments in fossil-based enterprises and projects are also 
decreasing quickly [62,63]. 

5. Discussion 

The CIREG project set out to support, through its transdisciplinary 

approach, the transition towards sustainable, climate- and water-smart 
electricity systems in West Africa. Central tenets of the project are the 
integrated climate, energy, and water scenarios, as co-generated in 
stakeholder-scientist dialogues, underpinned by stakeholder expertise 
and scientific evidence derived from the integrated CIREG modelling 
tools. 

On the water side, the scientific analyses show that climate change 
will have some impact on hydrology and water availability in Ghana and 
Burkina Faso, resulting in an increase in river discharge and hydropower 
production. At the same time, climate change, with its higher temper
atures together with other factors will significantly increase irrigation 
water demand (and also energy demand for pumping) which in turn will 
reduce water available for hydropower production [4]. Competition for - 
and possibly also conflicts over - scarce water resources is likely to in
crease, and integrated, ideally transboundary, planning is therefore 
required. The CIREG dialogue supported by the LEAP-WEAP scenario 
tools has successfully piloted such planning in Ghana and Burkina Faso. 

Climate change impacts on the electricity sector include the lower 
yield of photovoltaics at higher temperatures; but climate change is only 
estimated to have a minor effect on solar energy production in West 

Fig. 6. a Projected electricity demand and supply in Ghana. b Projected electricity demand and supply in Burkina Faso.  
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Africa [21,64]. Moreover, climate change will affect the demand for 
space cooling. Although Ghana and Burkina Faso already have a hot 
climate today, the number of cooling degree days (CDDs) will increase 
further, and so will the demand for air conditioning (AC). However, 
income is a strong determinant of whether households can afford AC 
[65] and therefore plays a key role, together with the increase in CDDs, 
in increasing electricity demand from AC. These factors together 
determine how the hourly electricity demand curves may change. 

Beyond the climate change-driven need for more space cooling, 

electricity demand also continues to increase in both Ghana and Burkina 
Faso due to demographic, social and economic drivers (the combined 
systemic impacts of these drivers have been assessed in LEAP). Both 
countries, but especially Burkina Faso – where currently less than 20% 
of the population and less than 5% of the rural population have access to 
electricity [66,67], still need to improve universal electricity access, to 
enable sustainable development as specified for example in SDG 7 (and 
represented in Scenario 3). To avoid fossil-fuels being used to meet this 
increasing electricity demand, both countries need to quickly raise their 

Fig. 7. a Ghana’s electricity mix in the different scenarios in % (left-hand scale) and in TWh/yr (numbers in bars) for the year 2030, except for scenario 5 which is for 
2030 & 2050. b: Burkina Faso’s electricity mix in the different scenarios in % (left-hand scale) and in TWh/yr (numbers in bars) for 2030 except for scenario 5 which 
is for 2030 & 2050. 
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ambitions in expanding renewables, e.g., in upcoming NDC revisions, as 
mandated under the Paris Agreement. Existing opportunities for ramp
ing up renewables have been included in the most ambitious Scenario 5. 
For these opportunities to materialize, international climate finance will 
be very important. 

One substantial opportunity lies in exploiting the complementarities 
of different renewables, mainly hydro, solar, and wind. This opportunity 
has been included in the Climate Smart scenario (5), based on REVUB 
assessments [21], building on the finding by Ref. [13] that additional 
hydroelectric storage helps to buffer fluctuations in new wind and solar 
contributions. Diversification and complementary generation of elec
tricity from different renewables can increase overall reliability and 
system resilience vis-à-vis climate change and extreme events and, as a 
co-benefit (when diversifying beyond hydropower), potentially take 
some pressure off water resources and, with that improve the manage
ment of aquatic ecosystems (addressing SDG 14). Other co-benefits 
include reduced air pollution and associated health benefits (SDG 3) 
that come with phasing out fossil fuel combustion, as well as creating 
new jobs through the expansion of solar and wind power [58] and 
providing new business opportunities (SDG 8). 

More opportunities for accelerating the energy transition towards 
renewables arise from transboundary collaboration and power pooling, 

with electricity imports and exports across national borders, which can 
reduce cost and load shedding and improve supply security ([68], [69], 
[21,70]. Such opportunities can be extended even further toward 
multi-dimensional transboundary benefit sharing, across the energy, 
water and other sectors [71]. These opportunities need to be further 
assessed by continuing the transdisciplinary process that has been suc
cessfully established in CIREG. 

In the Climate Smart scenario (5), we have shown that combinations 
of different measures can add up to almost 100% renewable energy in 
electricity production, much more than foreseen in the current national 
plans. Supply-side contributions to this target include further develop
ment of renewables such as solar and wind, sustainable use of bioenergy, 
waste-to-energy, and others. We do not claim that these represent a 
comprehensive set of measures; rather, they serve to indicate that going 
beyond national plans in ambition appears possible. 

Demand-side measures, which were not part of the modelling, could 
further aim to improve resource use efficiencies, e.g. through improved 
irrigation, reducing transmission losses, building codes, consumer 
choices, etc. Technological and digital developments present ample 
opportunities to further integrate renewables into the electricity system, 
such as innovations in power generation, distributed storage options, 
wholesaling and retailing, better access to data and information, and the 

Fig. 8. a Emission pathways towards a zero-carbon electricity system for Ghana and electricity generation capacities for the Climate Smart (5) scenario in 2050. b. 
Emission pathways towards a zero-carbon electricity system for Burkina Faso and electricity generation capacities for the Climate Smart (5) scenario in 2050. 

H. Hoff et al.                                                                                                                                                                                                                                    



Energy Strategy Reviews 49 (2023) 101149

12

possibility of flexible generation and consumption patterns including 
“prosumer” schemes. In any future work, all of these supply and demand 
side measures could be analyzed in greater detail individually or in 
combination with others, for their systemic effects, with the CIREG 
scenario tools. While we have not included financial analyses in CIREG, 
these could form part of future work in conjunction with CIREG-style 
analysis as well. 

Given the urgency and complexities of transforming the electricity 
sector as an important part of any national climate neutrality pathway 
and wider SDG agenda, all opportunities need to be rapidly assessed for 
their feasibility and (often cross-sectoral) sustainability implications 
through further stakeholder science dialogues. We suggest to take the 
integrated LEAP-WEAP energy and water modelling and scenario 
planning further to provide stakeholders and scientists with the evi
dence base as a reality check for new integrated solutions, across sectors, 
space and time, to simultaneously achieve climate, energy and water 
targets. Integrated and effective solutions could include for example new 
multi-functional dams, climate- and energy-smart irrigation, reduced 
water demand for cooling with phasing out of thermal power plants 
[19], water-smart diversification of renewable electricity generation, 
complementary grid, mini-grid and off-grid electricity also coupled with 
more electricity storage [66,67] and zoning of (de-) centralized and 
distributed electrification [72], as well as climate- and energy-smart 
water solutions such as desalination with renewable energy. All of 
these went beyond the scope of the current project, but could form part 
of future initiatives. 

More inter- and transdisciplinary research as piloted in CIREG is 
needed to further support the required transformation, systematically 
assessing water demands of the different elements of the energy system, 
e.g., hydropower, cooling water demands of fossil fuel power plants, 
water demands to clean PV panels, as well as water demands for growing 
biomass (for food, feed, fibre and energy), and how these can be met 
sustainably given all other competing water demands and changing 
water availability under climate change. At the same time, the energy 
demands of the different elements of the water system also need to be 
assessed, in particular for water pumping, e.g., drinking water supply, 
irrigation and other uses, water treatment, and desalination. 

6. Conclusions 

The CIREG project has piloted a transdisciplinary approach in two 
West African countries, in support of a climate neutrality and sustain
ability transition of the electricity sector. Local stakeholders and scien
tists jointly co-developed a set of five scenarios for assessing the systemic 
energy- and water-related effects of different interventions under 
climate change. 

With the help of these scenarios and the underlying scenario tools, 
we could show that renewables could almost completely replace fossil 
fuels in the electricity sector, even under high demand scenarios, in 
Ghana and Burkina Faso. More specifically, the scenario results show 
that a rapid increase in electricity demand, in particular when striving 
for universal electricity access for all (as stipulated in the national 
planning and in the SDGs), would outpace the projected increase in 
hydropower production from new reservoirs and climate change. 
However, expansion of other renewables (primarily solar and wind) and 
their integration with hydropower and better coordination of the 
different electricity supply- and demand-side options can close the 
demand-supply gap, now and in the future. Renewable potentials have 
been assessed in this study to be far greater than projected in the na
tional plans, and in view of the emerging challenges, national plans 
could be ratcheted up accordingly. 

In the water sector, we find that rapidly growing water demands for 
the different uses (agriculture, industry, households) compete with hy
dropower water demands, calling for better coordination of the different 
water demands and supplies, as well as integrated planning and man
agement across the energy and water sectors, while getting on track for 

climate neutrality. Stakeholders and scientists concluded that integrated 
planning and policy making, across energy, water, environment, climate 
and development goals, has to complement current sectoral approaches. 
Increasing transmission interconnections for electricity also beyond 
national boundaries can further increase co-benefits and increase resil
ience to climate change. 

From testing different technical interventions in WEAP and LEAP, it 
also became clear that climate-smart electricity systems are no longer 
limited by available technologies or economic constraints but are a 
matter of national priorities (e.g. in the NDCs). Only through co- 
developing the scenarios jointly by stakeholders and scientists, it was 
possible to arrive at these evidence-based (based on inputs from state-of- 
the-art energy and water process models) and action-oriented conclu
sions, which bridge different sectors and development goals. The CIREG 
project has been a first step in promoting continuous collaboration be
tween stakeholders and scientists and towards institutionalizing climate 
services. More transdisciplinary work will be required to take these 
initial conclusions further, addressing in more detail stakeholder ques
tions and sustainability challenges. 

The CIREG project was initially conceived as an applied research 
project; thus, stakeholders were not involved in formulating the original 
research questions. In the course of the project, however, these were 
adapted to the needs of the stakeholders through iterative dialogues and 
eventually. Project results were presented to senior officials, with the 
hope that these would eventually percolate through to policy and de
cision-making. 

At the meta-level, we found that such a transdisciplinary approach 
and collaboration between stakeholders and scientists is a rather un
common modus operandi on both sides. It requires a large amount of 
time, and the results do not necessarily fit standard scientific formats 
well. The long review process of this paper may be a case in point. 
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Bruin, S.F. Gebrehiwot, B. Gedif, F. zur Heide, O. Johnson, M. Osbeck, C. Young, 
C., Tackling complexity: understanding the food-energy-environement nexus in 
Ethiopia’s lake tana sub-basin, Water Altern. (WaA) 8 (1) (2015) 710–733. 

[33] World Bank, Energy sector management assistance Program, in: Beyond 
Connections: Energy Access Redefined, 2015. https://www.esmap.org/mtf 
_multi-tier_framework_for_energy_access. 

[34] S.Y. Pan, S.W. Snyder, A.I. Packman, Y.J. Lin, P.C. Chiang, Cooling water use in 
thermoelectric power generation and its associated challenges for addressing 
water-energy nexus, Water-Energy Nexus 1 (1) (2018) 26–41, https://doi.org/ 
10.1016/j.wen.2018.04.002. 

[35] S. Lange, Trend-preserving bias adjustment and statistical downscaling with 
ISIMIP3BASD (v1.0), Geosci. Model Dev. (GMD) 12 (2019) 3055–3307. 

[36] L. Warszawski, K. Frieler, V. Huber, F. Piontek, O. Serdeczny, J. Schewe, The inter- 
sectoral impact model intercomparison project (ISI–MIP): project framework, Proc. 
Natl. Acad. Sci. USA 111 (2014) 3228–3232. 

[37] Energy Commission Ghana, Energy (Supply and Demand) Outlook for Ghana, 
2019, 2019. 

[38] Energy Commission, Electricity Supply Plan for Ghana, 2019, 2019. 
[39] Energy Commission Ghana, ENERGY (SUPPLY AND DEMAND) OUTLOOK FOR 

GHANA, 2018, 2018. 
[40] Energy Comission of Ghana, National energy statistics 2000—2019. https://www. 

energycom.gov.gh/files/2020%20ENERGY%20STATISTICS-revised.pdf, 2019. 
[41] Ministry of Power, & ECREEE, Ghana Renewable Energy Action Plan 

(2015—2020), 2015. 
[42] Republic of Ghana, in: 2019 Electricity Supply Plan for Ghana, National Plan, 

2019. 
[43] ICF, & Energy Commission of Ghana, Integrated power systems master plan for 

Ghana, Main Report ume 2 (2019). 
[44] Ministère des Mines et de l’Energie, Annuaire statistique 2016 du Ministère de 

l’Energie. http://cns.bf/IMG/pdf/as_me_2016_version_finale.pdf, 2017. 
[45] Ministère des Mines et de l’Energie, CEDEAO, Plan d’Action National des Energies 

Renouvelables (PANER), Centre pour les Energies Renouvelables et l’Efficacité 
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