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Abstract 

This dissertation presents a summary of the resource potential assessments for wind energy, solar energy from 

solar PV and CSP systems as well as the viability of green hydrogen production in Ghana from wind and solar 

PV. The main goal of the dissertation is to analyse the possibility of improved sustainable energy access through 

grid integration. To achieve this purpose, geospatial techniques combined with multi-criteria decision methods 

were applied to quantify the theoretical, geographical, technical, and economic potentials of the renewable 

resources at various disaggregated scales across the country. Part of the research also included an evaluation of 

the electrification policy of Ghana and its implications for the country’s energy systems decarbonisation targets. 

Key findings from the research observed that many of the areas with very good generation capacities do not meet 

all requirements for a grid-connected system but rather for off-grid solutions. This will in effect slow down the 

diversification of the energy generation mix as by comparison, grid-electrification has more supply capacity than 

off-grid solutions like solar home systems and mini-grids.  

 Keywords: Geospatial; renewable resource mapping; sustainable energy access; multi-criteria decision; Ghana. 
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Executive summary 

The fight against climate change and global warming remains unabated. The impact of climate change both on 

the society and the environment cannot be overemphasized. Its impacts transcend all geographies, altering the 

lives of people globally. It is now widely known that climate change is caused by the increasing amount of 

greenhouse gases in the atmosphere and the continuous impact of human activities exacerbating an already 

existing climate change challenge can also not be downplayed and are well documented in the literature. Since 

the 1800s, the activities of human have been the main driver of climate change, primarily due to the burning of 

fossil fuels like coal, oil, and gas [1]. Also, according to the UN climate action report, the energy, transport, 

buildings, agriculture and land use are among the main sectors responsible for greenhouse gas emissions [1]. 

The energy sector alone accounts for about two-thirds of total global greenhouse gas emissions, and thus the 

energy sector plays a central role towards efforts to reduce these emissions and help mitigate climate change [2].  

Following this, in the year 2010, the United Nations General Assembly passed a resolution to mark the year 2012 

[3] as the International year of Sustainable Energy for All and as a commencement and awareness year in 

championing the SE4All Agenda. The year was set in recognition of the increasing importance of energy as a 

catalyst for economic development and as a climate change mitigation strategy [4]. The initiative was hence tied 

closely to the 2015 Sustainable Development Goal 7 to ensure that all member countries achieve universal access 

to clean energy by the year 2030, and also as a clarion call on all member countries to fulfil their commitments 

to the Paris Agreement that calls for measures to manage global warming to 1.5 degree Celsius by reducing the 

amount of greenhouse gases in the atmosphere [5]. And thus, with commitment to fulfilling the UN Agenda 

2030, which also includes sustainable energy access for all, members countries were advised to put in efforts to 

incorporate this agenda in their national energy policies and climate change program interventions to meet the 

sustainable energy for all targets.  

Renewable resources have proven to be a very viable mitigation strategy for energy system decarbonisation, as 

well as a cost competitive source of energy  in achieving the sustainable energy for all targets [6]. The present 

research thus explored the potential of solar and wind resources including the potential to produce green 

hydrogen using solar PV and wind energy at a more disaggregated level in Ghana through the application of 

GIS-based multi-criteria approaches. Results of the analysis showed varying potentials across all regions in the 

country, but a striking observation showed that, many of the high potential areas may not be considered for grid 

file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Resolution%23_CTVL0017c5daf7bef454eccb9541f21c6a929d5
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Energy%23_CTVL0013038575d54bd4a1880d310a1ca82c7de
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Global%23_CTVL001193bf2c902de486d943564311287be58


 

IV 

 

integration or grid connected electrification because they do not meet the existing grid connection requirement 

rule per the country’s electrification policy as of today. Thus, as a policy recommendation, the research 

recommends policymakers in Ghana to review the national electrification policy or set priority projects to 

enhance the development and deployment of energy transition projects in order to meet its Agenda 2030 

commitments and targets. 
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Definition of key terms 

a. Spatial disaggregation as used in the context of this research is an areal weighting method by which the 

known counts of surfaces or spatial features associated to source administrative regions are divided 

uniformly across the administrative area, in order to generate estimates at regions of higher spatial 

resolution [7]. It simply refers to the downscaling of data at a coarse scale to a finer scale while retaining 

consistency with the original dataset. It is a relevant and rapid approach for evaluating and developing 

high-resolution climate change surfaces for high resolution regional climate change impact and 

mitigation assessments, with less likelihood of altering the original data patterns [8]. 

 

b. The concept rural does not have a universally accepted definition. The term rural therefore, as used in 

the context of this research broadly refers to all remote areas or areas beyond the maximum power grid 

network threshold to an extent that, it is not economically viable or prudent to supply those areas with 

on-grid electrification but rather service those areas using off-grid electrification solutions. 
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1. Introduction 

Access to not just energy but sustainable energy is a challenge in Ghana. It is also widely acknowledged that the 

lack of it has rippling negative impacts on various aspects of human life and development such as on health [9], 

education [10], quality of life, wealth, gender equality [11, 12], poverty, as well as the development of a country. 

And as such, the level of energy access has become a development indicator used to track the progress of a 

country. Besides, access to basic energy remains a huge challenge in the Sub-Saharan African region and 

according to the recent 2023 energy progress report [13], to bridge this gap, people living in rural or remote areas 

must have an annual access rate of growth of one percent point per year, i.e., almost twice the current pace, else 

about 660 million people in the region will remain unserved by 2030 [13, 14]. Many people in the region still 

rely on unconventional energy sources like kerosene for lighting, and fuelwood, farm residue, and charcoal as 

fuel sources for cooking with its associated health risks [13].   

In Ghana, even though the country has made significant progress towards reducing energy poverty, about 14% 

of the population still lack access to electricity [15]; and with a wide access gab between rural (74%)  and the 

urban (95%) population, and thus about 26% of the rural population still live without access to electricity. The 

situation is even dire and urgent when it comes to access to clean cooking as out of a population of about 33 

million people [15], about 22 million are without access to clean cooking fuels and technologies [15].  

Furthermore, even though access to electricity in the country has improved over the past 10 years, with current 

rate of access at 86%, the country is still far from meeting its decarbonisation targets by 2030. This is because 

the country’s energy mix is predominantly fossil-based —accounting for about 66% [16] of the total energy 

generation mix, with 32.9% from hydropower and only about 0.7% from renewables (solar PV and biogas)[16]. 

Thus, diversification of its energy supply system has become even more urgent towards fulfilling the 

government’s commitments towards the Paris Agreement and Agenda 2030, with focus on the SDG 7 targets. 

The SDG 7, for which Ghana has committed to, seeks to achieve three core targets by 2030, for which all UN 

member countries, must i) ensure universal access to affordable, reliable, and modern energy services; ii) 

increase substantially the share of renewable energy in the global energy mix; and iii) double the global rate of 

improvement in energy efficiency [17]. Renewable resources have proven to be a very viable mitigation strategy 

for energy system decarbonisation, as well as a cost competitive source of energy [6]. Ghana, due its geographical 
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location, is fortunate to have several renewable resources such as abundant solar, biomass, hydropower, 

geothermal, and even wind energy and a green hydrogen potential to harness. 

However, a major challenge that hinders the exploitation of renewable energy resources is the ability to locate 

and quantify the exact generation capacity of these resources to determine their viability. As such, according to 

the country’s renewable energy masterplan [18], two of the major challenges hindering the development of 

renewable energy in the country are the uncertainties associated with the availability of the resources as well as 

limited technology capacities to harness these resources. This thus forms the basis of this research — which is 

to help the government of Ghana address these challenges by mapping and quantifying the solar and wind energy 

potentials, including the green hydrogen potential, at various scales, especially at a more disaggregated regional 

level through the application of geospatial science. 

Several statistical and mathematical methods have been applied in the literature to estimate the potential of 

renewable energy of a location. However, among these methods, the application of geographic information 

systems (GIS) has gained increasing preference in recent times. This is because the application of GIS also allows 

for the integration of multi-criteria decisions such as local land use policies, climatic conditions as well as the 

energy policies that may impact the development and deployment of the renewable energy project [19–21]. 

Besides, GIS can help identify spatial problems, address the problems, and present results using high resolution 

maps, thereby bringing reality to its audience like project stakeholders. These major factors are what 

distinguishes GIS-based approaches from other methods and applications. Examples of case studies where GIS 

has been used to estimate renewable resource potentials include [22–35]. 

1.1. State of Research 

This dissertation can be placed in the broad field of climate science and as a climate change mitigation strategy. 

The research seeks to contribute towards the global call to minimize and limit global warming to 1.5°C [5].  The 

present research precisely, tries to contribute to the overall SDG 7 targets under the Sustainable Energy for All 

agenda by building on existing energy systems decarbonisation pathways using the renewable resources 

available within a country. Current science and research have proven that renewable resources are very viable 

mitigation strategy for energy system decarbonisation, as well as a cost competitive source of energy [6]. And 

thus, the UN recognises the role and contribution of science and research in meeting the 1.5°C global warming 

targets [5]. However, even though a review of the literature shows that there exist many and different 
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decarbonisation pathways used to assess the viability of the renewable resource potential in a country, the present 

research builds on the existing resource potential mapping models through the integration of geospatial science 

and based on this, designed a GIS-based multi-criteria framework for evaluating the renewable resource potential 

in a country. Particularly, with the application of GIS for resource potential assessment, the present study does 

not only address the technical and economic viability of the renewable resources, but also tried to understand 

and map out how the local climatic conditions of a location can influence the scale of the energy potential of the 

location. The contribution of this research to science, does not also only end here, as the research also tried to 

understand and address a major concern which is currently gaining attention and an under-researched area, which 

is to integrate and estimate the environmental and social dimensions or criteria of a country such as 

considerations to the energy policy and regulations of a country and their impact on the overall energy transition 

projects in a country at a more spatially disaggregated level.  The use of multi-decision criteria allows for the 

integration of such social indicators even at an appropriate disaggregated level. The integration of the social 

component at a spatially disaggregated level is a relevant approach, not only for research but also for policy 

making, because an efficient policy framework most often requires information or data with high degree of 

spatial disaggregation [36]. Each of the three scientific articles have been synthesized to highlight how the 

proposed GIS-based multi-criteria framework used in this study contributes to the current state of research with 

regards to renewable resources potential assessments and feasibility studies.  

Further, the scope of the present research focuses on how the renewable resources such as solar and wind as well 

as the production of green hydrogen can be harnessed to contribute towards meeting the energy sustainability 

targets. This research also adopted a bottom-up approach and it is under the assumption that, the decentralization 

of climate change mitigation measures is one major approach towards achieving a unified sustainability goal by 

looking at how local communities, given their renewable resources can be harnessed and developed to the benefit 

of not only the country but also contribute to the overall global call to limit the global average temperature to the 

1.5°C target. 

The framework used in this research is also thus expected to serve as a model that could be scaled-up and 

replicated across other African countries or geographies. 
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1.2. A brief history behind the Sustainable Energy For All Agenda 2030 

In the year 2010, the United Nations General Assembly passed the resolution 65/151 to mark the year 2012 as 

the International year of Sustainable Energy for All and as a commencement and awareness year to champion 

the SEforALL Agenda [3]. The year was set in recognition of the increasing importance of energy as a catalyst 

for economic development and as a climate change mitigation strategy. It was an agenda to review the role of 

energy in tackling issues related to development and to rectify the error of not including energy poverty in the 

Millennium Development Goals. It was then based on recommendations from this report in 2010, that the 

Sustainable Energy for All initiative was launched in 2011 [4] as a preparatory year to spearhead the International 

year of Sustainable Energy for All for 2012. The initiative was then tied closely to the 2015 Sustainable 

Development Goal 7 to ensure that all member countries achieve universal access to clean energy by the year 

2030 and also as a clarion call on all member countries to fulfil their commitments to the Paris Agreement that 

calls for measures to manage global warming to 1.5 degree Celsius by contributing to reducing the amount of 

greenhouse gases in the atmosphere. 

Hence, with commitment to fulfilling Agenda 2030, all the member countries were admonished to develop their 

Nationally Determined Contributions (NDCs) [37] roadmap in alignments with the SE4All targets, particularly 

with regards to how their national energy policy and regulatory framework can contribute to this agenda. The 

goal of this agenda was primarily to improve access to sustainable energy for all, improve energy efficiency and 

to increase the share of renewable resources in a country’s total energy generation mix. The overall aim of this 

dissertation is centred on how renewable energy resources can be harnessed to contribute towards the 

achievement of these targets. 

1.3. Dissertation outline 

The next chapters of this thesis report have been divided into the following; chapter 2 highlights the research 

objectives and the research hypothesis, chapter 3 presents the main methods used with regards to its novelty and 

contribution to the state of research, chapter 4 synthesizes and provide highlights of the key research findings 

based on the three scientific articles, and then the concluding chapter 5, highlights the limitations of the present 

study, and provides a summary of the implications of the research outcome on policy, as well as the way forward 

and finally propose gaps in the research that will require further studies. 
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2. Overarching goal of research  

The overall goal of this research is to explore and quantify the potential of renewable energy resources in Ghana. 

This research is centred on and seeks to achieve two main objectives: 

i.     To provide sustainable energy for all by reaching the furthest as possible. 

ii.    To decarbonise the country’s energy generation mix. 

Thus, to achieve the objectives of this research, the viability of three selected renewable resources in Ghana have 

been evaluated in the three scientific articles using geospatial techniques and multi-criteria methods (see Table 

1 and Appendix for the three referenced articles). These renewable resources and technologies considered 

include:  

a. Wind energy from a micro-wind turbine. 

b. Solar energy from Photovoltaics (PV) and Concentrated Solar Power (CSP) systems. 

c. Green hydrogen from solar PV and wind energy through the electrolysis process. 

Table 1. Author's contribution to the three scientific papers 

Scientific 

papers 

Title Publication journal Author’s contribution 

Paper 1 Geospatial mapping of micro-

wind energy for district 

electrification in 

Ghana 

 

Energy in 2021 

 

doi.org/10.1016/j.energy.2021.120217 

 

Sole author (from 

conceptualisation to 

writing) 

Paper 2 Optimal techno-economic 

potential and site evaluation for 

solar PV and 

CSP systems in Ghana. A 

geospatial AHP multi-criteria 

approach 

 

Renewable Energy Focus in 2022 

 

doi.org/10.1016/j.ref.2022.03.007 

Sole author (from 

conceptualisation to 

writing) 

Paper 3 Green hydrogen potential 

assessment in Ghana: 

application of PEM electrolysis 

process and geospatial-multi-

criteria approach 

International Journal of Sustainable 

Energy in 2023 

 

doi.org/10.1080/14786451.2023.2256892 

 

Sole author (from 

conceptualisation to 

writing) 

 

It is also important to highlight that, despite the main goal of this research, the title sets the tone for the core 

argument of this research and the basis for the research hypothesis. The research tries to address some key 

challenges limiting the integration of renewable energies into the country’s energy system by highlighting policy 

decisions that restrict the development and deployment of renewable energy in high potential areas. The study, 
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hence, goes a step further to argue for grid electrification for rural or remote communities with high potentials, 

even if they do not meet all economic requirements for grid integration.  

2.1. Research Hypothesis 

Rural communities or remote locations that show high renewable energy generation capacities should be offered 

on-grid electrification to allow the use of their renewable energy potentials for the national development of 

Ghana, even if they do not meet all requirements for grid integration as set by the national energy policy as at 

present. 

3. Methodology 

Several methods have been applied in the literature to assess the potential of renewable energy resources for 

different case studies. However, the application of geospatial techniques combined with other methods have 

gained prominence over the years due to the spatial characteristics [20] of renewable resource availability as 

well as the scalability of the renewable energy generation capacities. This also refers to the uneven distribution 

of resources and this is where the application of GIS becomes valuable to help determine viable locations as well 

as help estimate the generation capacities at various scales, i.e., at microscale or macroscale levels. Fig.1. shows 

the conceptual framework used for this dissertation.  
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Fig. 1. Geospatial framework for resource potential assessment (in ArcGIS/ArcGIS Pro). Source: By Author. 

 

3.1. Case study country— Ghana 

Ghana is located in West Africa. The country shares its borders with Burkina Faso to the north, Togo to the east, 

Côte d’Ivoire to the west, and to the south, lies the Atlantic Ocean and the Gulf of Guinea. Total population as 

at 2021 was 30.8 million with an average household size of 3.6 [38].  Fig. 2 shows the map of Ghana with the 

current administrative boundaries.  
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Fig. 2.  Map of Ghana showing its geographical location. Map created by the Author. Data sources: [39, 40]. 

Further, as mentioned earlier, the research applied geospatial techniques, combined with two multi-criteria 

decision methods to quantify the potentials of the 3 selected renewable resources considered, these are; wind, 

solar from solar PV and CSP, and the production of green hydrogen from wind and solar PV. The methods 

included, the Boolean approach and the AHP methods. These two methods were used mainly to quantify the 

geographical potential. Table 2 also shows the various resource potential categories considered in this research 

[19, 20, 41–43]. 

Table 2. Types of resource potential assessments applied 

Category Description 

Theoretical potential1 The total global energy/power content of the energy resources. 

Geographical potential The total amount of land area available for the installation of the power plants 

considering geographical constraints. 

 
1   The theoretical potential analysis in this research was used mainly for the wind energy analysis and the production of 

green hydrogen from the wind power estimations. Please refer to research paper 1 [20] and paper 3 [43]. 
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Technical potential This is the mechanical energy generated at the geographical potential including 

energy losses by the power plant in the process of generating electricity from the 

power plants. 

Economic potential The technical potential that can be realised economically given the costs of 

conventional and the costs of alternative energy sources. 

 

3.2. Theoretical resource potential assessment 

The theoretical resource potential assessment, as mentioned earlier, was mainly used to estimate the general wind 

power density (WPD) potential of Ghana on a global scale— please refer to paper 1 [20] and paper 3 [43]. The 

equation used to estimate the WPD is given by: 

 

       (1) 

        

where 𝑛 is the number of wind speed observations and 𝜌𝑗and 𝑈𝑗 are the 𝑗𝑡ℎ (1st, 2nd, 3rd, …etc.) observations 

of the air density [44] and wind speed respectively, per site.  

3.3. Geographical resource potential assessment  

The geographical potential involves an evaluation of the site, and it is basically an estimation of the total land 

area suitable for siting of the power plant to ensure optimal energy generation and operation of the selected 

power plant. Thus, locations that did not meet the suitability criteria were excluded from the analysis. For this 

research, protected areas [45] were completely excluded or restricted from the analysis. The geographical 

potential therefore forms the first reduction in the energy generation capacity of the site as parts of the land area 

were excluded from the rest of the potential estimations. The geographical potential can be estimated given the 

below equation:  

 

        (2)  

 

 

𝑾𝑷𝑫 =
1

2
∗ 1

𝑛⁄ ∗ ∑(𝜌𝑗 ∗ 𝑈𝑗
3)

𝑛

𝑗−1

 

𝑆 = ∑ 𝑤𝑖𝐶𝑖 ∏ 𝑅𝑗

𝑦

𝑗=0

𝑥

𝑖=1
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where 𝑺 is the site suitability value for mounting the wind turbine, 𝒘𝒊 is the Boolean weight for the suitability 

criteria, 𝑪𝒊 is the suitability criteria, and 𝑹𝒋 is the restriction criteria. 

Furthermore, to test the hypothesis of this research, certain key requirements that a community must meet to be 

eligible for grid integration or electrification according to the Ghana electrification policy were evaluated. The 

two main decision criteria and requirements included analysis of communities that are in close proximity to the 

power grid, for the case of Ghana, within a 20km buffer distance, and that the population density or customer 

density of the region or district should be above 500 persons per km² to be eligible for a connection to the grid 

[19, 46]. 

3.3.1. The Boolean approach 

The Boolean method is a binary statistical method that involves the use of assigning two weights or vectors to 

decision criteria to determine their relative weights of importance. This method was used mainly to evaluate the 

site suitability parameters for the micro-wind assessment and for the green hydrogen potential assessment in the 

ArcGIS environment using the Con tool and SETNULL tool. 

3.3.2. Analytic Hierarchy Process: The AHP method 

The AHP method is a multi-criteria decision-making approach that helps to combine both quantitative and 

qualitative decision criteria to help solve complex problems related to energy planning. The AHP approach places 

decision criteria in hierarchical order to help illustrate the problem as well as help make judgements based on 

expert advice to derive a priority scale or scale of prominence. The AHP method was mainly used in the solar 

PV and CSP geographical estimations to help identify suitable areas for siting the power plants and deployment 

of the two selected solar technologies. It was applied to the research to help minimize the inconsistencies and 

uncertainties that may arise during the evaluation of the expert advice [22, 47]. Hence, a pairwise comparison 

matrix was designed to compute the consistency ratio (CR) to help evaluate the degree of inconsistencies in the 

expert judgement on the decision criteria used. The pairwise matrix places value of importance on the decision 

criteria on a priority scale ranging from 1 to 9 to compare and describe the level of importance of a decision 

criterion. Where the value of 1 signifies equal importance and 9 represents extreme importance over the other 

decision criteria. Based on the number of decision criteria considered (n) and given the two solar energy projects, 

a pairwise matrix was constructed, as illustrated in matrix (A) below. Matrix (A) will then represent a matrix 
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where each entry 𝒂𝒊𝒋 of the matrix determines the level of importance of the 𝒊𝒕𝒉 criterion to the 𝒋𝒕𝒉 criterion as 

shown in the steps below [47]:  

𝐴 =  [

1 𝑎 𝑏
1

𝑎⁄ 1 𝑐
1

𝑏⁄ 1
𝑐⁄ 1

]          (3)  

The next step after computing the pairwise comparison matrix was to examine the consistency of the matrix to 

minimize the perturbations that may occur in computing the eigenvector of a criterion. This is important because 

even though the levels of significance were assigned to a criterion based on expert opinion, expert opinions may 

be inconsistence and intransitive. Thus, the CR and the consistency index (CI) were estimated given the 

following equations [47]: 

𝐶𝑅 =  𝐶𝐼
𝑅𝐼⁄            (4)  

𝐶𝐼 =
 𝜆𝑚𝑎𝑥 − 𝑛

𝑛 − 1
           (5)  

When CR < 0.1, the degree of consistency is acceptable, else the decision judgement is inconsistent when CR > 

0.1 and thus will require revision of the pairwise matrices [47]. Table 3 shows the value of the average 

consistency index or random index (RI) with the corresponding number of observed criteria (n). 

Table 3. Values for RI with corresponding number of observed decision criteria (n). 

n 2 3 4 5 9 7 8 9 

RI 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 

 

  It is important to mention that the decision criteria used in this research were not only based on best practices 

or expert opinions within the Sub-Saharan African region, but also based on the electrification policy of the 

country of study, Ghana. The criteria considered included the impact of slope or gradient of the terrain where the 

solar power plants will be mounted, the availability of water bodies, distance to major roads, the population 

density of the community, the closeness of the power plant to the central power grid systems, and more 

importantly the solar irradiance index (GHI for the PV system and DNI for the CSP system) recorded by the 

location as elaborated in Table 4. Proximity to the grid network and the population density were key criteria 
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according to the Ghana electrification policy to determine the type of electrification solution to assign to the 

community, i.e., grid-tied system or off-grid solution—please see paper 2 [19].    

Table 4. Decision criteria considered for the solar energy analysis (paper 2 [19]) 

Input criteria Description Source/Reference 

Solar irradiance 

(GHI and DNI) 

The annual mean solar intensity received by the location 

(kWh/m²/year). 

GSA[48] 

Slope The gradient of the terrain must be ≤ 45° for the PV system and < 

2.1° for the CSP system. 

[49] 

Roads • Conventionally, the location where the power plant will be 

mounted must be accessible throughout all the project 

development phases, i.e., during preliminary site feasibility 

evaluation, plant installation, as well as during transmission and 

maintenance periods. 

• Additionally, helps to minimize total investment costs 

associated with transportation. 

 

[50] 

Grid infrastructure • For grid integration purposes. 

• Also helps to determine the type of electrification solution to 

assign to the end-user. The closer the power plant is to the 

central grid, the greater the likelihood that communities in that 

location will be best serviced by grid-connection and vice versa 

for off-grid electrification when the power plant is sited farther 

away from the central grid. 

[51] 

Water bodies and 

rivers 

This criterion was considered particularly to determine the 

availability and ease to access to water needed to cool the heat 

and to condense the steam cycle of the CSP thermal plant. 

To also help clean off dust that may have settled on the solar 

modules or panels. 

[52] 
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Population density • Was considered mainly to determine the optimal 

electrification solution to assign to the communities. 

•  Helps to determine locations with less or more customer 

demand for the electricity or energy2 produced. 

[53] 

 

3.4. Technical resource potential assessment 

The technical potential as mentioned, basically refers to the amount of energy that the renewable energy power 

plants can produce over a period of time given the available land or geographical potential. This section therefore 

provides an overview of the methods and equations used to estimate the three selected renewable energies, i.e., 

wind energy (paper 1 [20]), solar PV and CSP systems (paper 2 [19]) as well as for the green hydrogen 

technologies (paper 3 [43]).  

3.4.1. Wind energy technical potential estimation 

For paper 1 [20], the wind energy potential estimation for this research was based on a single turbine model. To 

ensure that the selected turbine operates optimally, the wind turbine model, VESTAS 52/850 [54] micro-turbine 

with a cut-in wind speed requirement as low as 3.0 ms-1   and a cut-out wind speed of ~ 20 ms-1 was chosen to fit 

the nominal wind speed distribution in Ghana which ranges from ~ 1.0 ms-1 — ~ 9.8 ms-1 at a 50m hub height 

and thus, any wind turbine with higher wind speed requirements may need higher wind speed values to operate 

optimally and with this, a huge wind turbine with higher wind speed requirements may not be ideal considering 

the wind speed regime in Ghana. The power curve of this turbine was used to estimate the amount of wind energy 

that can be produced in a year per km² of land (GWh/year/km²). It is also important to highlight that even though 

this turbine could be deployed on a large commercial scale, the main aim of this assessment (paper 1 [20]) in 

particular was to evaluate the potential of wind energy for residential electrification in Ghana at a more 

disaggregated level, at the district level on a 1km x1km resolution scale to understand the amount of wind energy 

that can be generated to meet the respective regional or district energy demands. The wind data was downloaded 

from the Global Wind Atlas (GWA) portal [55] . 

 Different methods have also been used to estimate the mechanical energy capacities of the turbine used and this 

is also based on the best fit simulation models used. For this study, not only was the turbine power curve used, 

 
2 Electricity or energy as used in the context of this research have been used interchangeably to refer to same. 
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but also the wind speed regime at the various locations were estimated to determine the potential of a site as well 

as the amount if wind energy the site can produce from the wind turbine used. To achieve this, the Weibull and 

Rayleigh probability distribution functions were compared. The Weibull function however provided the best-fit 

for the wind speed distribution in Ghana [20] (see paper 1). Hence, the Weibull distribution function was 

introduced into the turbine power curve equation to estimate the amount of mechanical energy that the turbine 

can generate in a year. The technical wind energy  potential can thus be estimated by [20, 56]: 

 

        (6)  

 

Where  P̅𝑤(𝑈) is the total wind energy produced by the turbine, 𝑃𝑤(𝑈) is the wind turbine power curve function, 

dF(𝑈) represents the Weibull distribution function, and they can be estimated given the equations below [56]: 

𝑃𝑤(U) = 1
2⁄ ρACρU3          (7)  

Where 𝐴 is the swept area of the turbine rotor, which is ≈ 𝜋𝐷2/4  (D is the rotor diameter and  𝜋 = 3.1416), Cρ 

is the dimensionless theoretical maximum power coefficient value of 0.59, 𝜌  is the air density (kg/m³; 

kilogram per cubic meter) and (U) is the wind speed value of the site. The Weibull function uses both the 

standard deviation and the mean values of the wind speed, and it is given as:  

F(𝑈)  =  1 −  exp [− (
𝑈

𝑐
)

𝑘
]         (8)  

 

Where (𝑈) is the wind speed of the site, 𝑐 is the scale factor, and 𝑘 is the shape factor, which are both parameters 

of the mean wind speed function and the standard deviation function.   

3.4.2. Solar PV and CSP technical potential estimation 

The ability of the selected solar power plants to function optimally usually also depends on the specifications 

and input requirements of the solar power plant. Different studies have included various parameters to model 

and estimate the amount of solar energy that the technology can produce per site in a year.  However, for this 

study (paper 2 [19]), basic specifications required for the solar technology to function optimally was applied and 

these included the efficiency of the solar module, the solar radiation, the performance ratio (PR) of the PV 

P̅w(𝑈)  =  ∫ Pw(𝑈)

∞

0

dF(𝑈) 
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system, as well as a land requirement ratio. The technology specifications and assumptions used were based on 

IRENA’ 2020 report [57] as shown in Table 5. From the tiff GIS data used, the GHI in Ghana ranges from ~1 

500 kWh/m²/year to ~2 080 kWh/m²/year and with the DNI ranging from ~700 kWh/m²/year to ~1 450 

kWh/m²/year. The formulas used to estimate the solar PV and CSP systems are given as:  

Epv  =  [𝐺𝐻𝐼 ∗  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗  𝑃𝑅] ∗  [𝑔𝑒𝑜𝑔𝑟𝑎𝑝ℎ𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟⁄ ]  (9)  

E𝑐𝑠p  =  [DNI ∗  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐y]  ∗  [𝑔𝑒𝑜𝑔𝑟𝑎𝑝ℎ𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟⁄ ]    (10)  

Table 5. The solar PV and CSP systems specifications and assumptions 

Specification Solar PV system CSP system 

Technology type Monocrystalline cells Parabolic trough 

Efficiency  15% ─ 22% 15% ─ 21% 

Performance ratio (PR) 70% ─ 85% — 

Spacing factor 1.4 ─ 5 3 ─7.5 

 

3.4.3. Green Hydrogen technical potential estimation 

Green hydrogen as the name suggests, refers to the production of hydrogen from renewable resources. This 

research (paper 3 [43]) explored the potential of generating hydrogen from solar and wind energy in Ghana. The 

technical potential in this context refers to the amount of green hydrogen that the electrolysis system can generate 

over the lifetime of the generating plant given the geographical potential. The production of hydrogen through 

electrolysis involves the process of splitting water into oxygen and hydrogen without emitting carbon dioxide 

into the atmosphere. Unlike the production of solar energy and wind energy, which involves a direct generation 

from the solar power plants and the wind turbine, respectively, green hydrogen production involves two separate 

generation processes. First, is the generation of the energy from the wind turbine or the solar PV system— please 

refer to sections 3.4.1. and 3.4.2. on how to estimate the technical potential for wind energy and solar energy, 

respectively, and then followed by the conversion system or the production of the generated energy into hydrogen 

using the electrolyser technology. Currently, there are two types of water electrolyser technologies which are the 

Proton Exchange Membrane (PEM) electrolyser and the Alkaline electrolyser [35, 58, 59] . For this research, the 

PEM electrolyser was preferred due to its efficiency, high lifecycle, and its compatibility with the variability of 
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electricity generated from renewable sources [60, 61]. To estimate the technical potential of hydrogen that the 

PEM electrolyser system can produce from the wind turbine and the solar PV system, the following assumptions 

as shown in Table 6 were used and given the below equations [59, 62]: 

𝑀𝐻2
 𝑜𝑓 𝑇𝑃𝑝𝑣 =  

𝐸𝐻2

𝐻𝐻𝑉𝐻2

=
𝑇𝑃𝑝𝑣∗ 𝜂𝐸𝑙𝑒𝑐

𝐻𝐻𝑉𝐻2

        (11)  

 

𝑇𝑃𝑤𝑖𝑛𝑑 =  𝑃𝑤(𝑈) ∗ 𝜂𝑔𝑏 ∗ 𝜂𝑔𝑒𝑛 ∗  𝜂𝜙        (12)  

 

𝜂𝜙 =  
𝐺𝑒𝑜𝑔𝑟𝑎𝑝ℎ𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

𝑠𝑝𝑎𝑐𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 ∗ 𝑟𝑜𝑡𝑜𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
         (13)  

 

        (14)  

 

𝑇𝑃𝑝𝑣   and  𝑇𝑃𝑤𝑖𝑛𝑑  represent the solar and wind energy conversion systems, respectively, and 𝐸𝐻2
 is the 

electricity requirement for the power plant. 𝜂𝑅𝑒𝑐  represents the rectifier efficiency,  𝜂𝐸𝑙𝑒𝑐 is the efficiency of the 

electrolysis system, and 𝐻𝐻𝑉𝐻2
 is the hydrogen higher heating value, and 𝜂𝜙 is the spacing factor which varies 

and depends on the land size of the suitable area per region. 

Table 6. Green hydrogen technical specifications and assumptions 

Component Value 

Photovoltaic module efficiency ( 𝜼𝑷𝑽) 17.5% 

Power conditioning efficiency (𝜼𝑷𝑪) 85% 

Electrolysis system efficiency (𝜼𝑬𝒍𝒆𝒄) 75% 

Rectifier efficiency ( 𝜼𝑹𝒆𝒄 ) 90 % 

Hydrogen Higher Heating value (𝑯𝑯𝑽𝑯𝟐
) 39.4 kWh/kg 

Gearbox efficiency (𝜼𝒈𝒃) 85% 

Generator efficiency (𝜼𝒈𝒆𝒏) 95% 

Wind turbine spacing factor (𝜼𝝓) Vary 

𝑀𝐻2
 𝑜𝑓 𝑇𝑃𝑊𝑖𝑛𝑑 =  

𝐸𝐻2

𝐻𝐻𝑉𝐻2

=
𝑇𝑃𝑊𝑖𝑛𝑑 ∗  𝜂𝐸𝑙𝑒𝑐  

∗  𝜂𝑅𝑒𝑐   

𝐻𝐻𝑉𝐻2
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3.5. Economic resource potential assessment 

To estimate the economic potential of the renewable energy produced, the levelized cost of energy (LCOE) 

method was used.  The LCOE method was used to estimate the unit price of solar energy generated from the 

solar PV system and CSP system given. It is used as a measure to compare the lifecycle costs of generating 

electricity from different generation plants or technologies and includes components such as the initial 

investment or capital costs, the operations and maintenance costs (O&M), and the discount rate, just to mention 

a few [63, 64]. The costs components and assumptions used in this research were based on IRENA’ 2020 

renewable power generation cost report [57]. The economic potential assessment was mainly considered in the 

solar resource potential assessment study (refer to paper 2 [19]). The formular used to compute the LCOE is 

given as [63]:  

       

     (15)  

 

where, 𝐿𝐶𝑂𝐸 is the average lifetime levelized cost of the energy produced, 𝐼𝑡 is initial capital costs in the year 

(t), 𝑂&𝑀𝑡  is the operations and maintenance costs in the year t,  𝐸𝑡  is the amount of energy produced by the 

power plant in the year t,  𝑟  is discount rate, and 𝑛 represents the lifetime of the system. 

4. Results and Key Findings 

This section presents the key findings and highlights of the three research papers as well as to provide proof for 

making a case for the core argument of this dissertation. Results of the research have therefore been summarised 

and presented with the associated results visualisation to mainly address the hypothesis of this study. As 

mentioned earlier, the core hypothesis of this research is that it is more beneficial for Ghana’s economy to serve 

grid electrification to rural communities with high renewable energy generation capacities than to provide them 

with off-grid electrification. Two key assumptions and criteria requirements for on-grid electrification based on 

the electrification policy of Ghana were applied, and these include but are not limited to the population density 

of the location or the number of persons in a location and their proximity to the grid network [46]. Key highlights 

of the research findings based on these grid integration decision criteria are discussed here. 

𝐿𝐶𝑂𝐸 = (∑
𝐼𝑡  + 𝑂&𝑀𝑡

(1 +  𝑟)𝑡

𝑛

𝑡=1

) (∑
𝐸𝑡

(1 +  𝑟)𝑡

𝑛

𝑡=1

)⁄  

file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Dissertation%20final/For%20publication/Renewable%23_CTVL001e32fcfd58cc049a9b798ddb9211ae78a
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Dissertation%20final/For%20publication/A%23_CTVL00154386725220e4b5d98c61ae7df55db68
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Dissertation%20final/For%20publication/Renewable%23_CTVL00119eeb8b768f64f1b901e1b627ba87442
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Optimal%23_CTVL001e03f51876701435aa3f4e00e2062f975
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Dissertation%20final/For%20publication/Renewable%23_CTVL001e32fcfd58cc049a9b798ddb9211ae78a
file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Dissertation%20final/For%20publication/SE4ALL-GHANA%23_CTVL0018d1ba57111844bf8b9b04dd1ab0a4f95


 
Page 18 of 103 

 

4.1. Theoretical potential 

The theoretical potential, as mentioned earlier broadly refers to the amount of energy that can be harnessed on a 

global scale or on a large macro-scale. It usually does not include an assessment of the local conditions and other 

factors that can impact the energy output of the power plant. The theoretical potential is useful in providing an 

overview or insight into the energy potential of a location. For this research, the theoretical potential was mainly 

applied to the wind energy potential assessment (see paper 1 [20]). Based on the extrapolation assessment, a 

wind speed distribution of about 1.0 ms-1 — 9.8 ms-1 can be recorded in Ghana given a wind turbine hub height 

and anemometer height of above 50m. The wind power density of the location was used to estimate the global 

power potential of the wind speed distribution across all locations in the country as shown in Fig.3. Results from 

the analysis showed varying potentials, ranging from the lowest of ~ 38.97 W/m² to ~ 1, 070.24 W/m² maximum 

across the districts or regions in Ghana. On a global scale, the country recorded a WPD of ~ 0.04MW/km².  

 

Fig. 3. Theoretical potential based on the Wind Power Density estimates. Map created by the Author. Data 

sources: [39, 55]. 

4.2. Geographical potential 

Secondly, the geographical potential was used to evaluate the suitability of the topography or terrain conditions 

necessary to ensure the optimal operation of the chosen power plant. This assessment is particularly relevant and 
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forms an integral part of the renewable resource potential assessment as it provides insights into the climatic 

requirements of the renewable resources and the characteristics of the topography of the site.  Also, the 

geographical potential may also include an assessment of the local energy policies that may or may not allow for 

the siting of the power plant at a specific location. Therefore, for this research, the geographical potential 

assessment was applied to all three resource technologies considered, i.e., the wind turbine, the solar PV and 

CSP systems, and for the green hydrogen technologies (energy conversion systems and the electrolyser). It is 

however important to mention that the geographical potential is directly influenced by the administrative 

boundary (polygon area) used for the evaluation and thus any reduction or elimination of any part of the 

administrative boundary of a location will directly affect the geographical potential. And, as discussed earlier, 

the geographical potential forms the first reduction in the amount of energy that the power plant can produce 

given the available or suitable land areas. From the administrative boundary used, the total land area of Ghana 

is ~ 238,723km², with about 33,000km² to 34,000km² restricted or unsuitable area of land; and with about 85%—

86% geographical potential for all the renewable energy resources considered, as shown in Fig. 4.    

 

Fig. 4. Geographical potential for all 3 resource assessments. Map created by the Author. Data source: [39]. 
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4.3. Technical potential  

For the technical potential, the amount of mechanical energy that the selected power plants can produce at a 

location given the geographical potential have been presented for the three renewable resource technologies 

under consideration. Also, just like the geographical potential, the technical potential recorded varying 

generation capacities across all locations in Ghana. And, as earlier discussed, this research is based on a 1km x 

1km grid cell analysis and also, results of the assessments are based on the key assumptions and criteria used. It 

is therefore important to highlight that, results may defer if different decision criteria and assumptions are 

applied. However, the total national estimates represent the sum of all regional outputs per technology type. For 

the wind energy assessment, a total of ~ 300TWh of wind energy can be harnessed annually in the country. At 

the regional level, areas with higher generation capacities, i.e., mountainous areas, the Eastern, and the Ashanti 

regions recorded over 2,000GWh/km²/year (see Fig.5.a), including some areas along the coast which have been 

the focus of many of the wind energy pilot projects. However, from the on-grid electrification potential 

evaluation, communities within some high generation potential areas like Adaklu-Anyigbe in the Volta region 

and the Sekyere-Afram Plains in the Ashanti region will not be considered for grid integration due to their low 

customer demand of about 8GWhy-1  which is because of their low population density, and distance from the 

proximity grid threshold even though these areas could generate over 3,000 GWh/km² of wind energy per annum 

[20] (please refer to paper 1).  

Further, results from the solar energy analysis also show that about 68,622TWh of energy can be generated from 

the solar PV system per year, and about 23,453 TWh/year from the CSP system. Here also, from the visualisation 

and analysis (see Fig. 5.b and 5.c), it can be observed that, the communities in the northern parts of the country 

recorded the highest generation capacities ~49 GWh/km² — 60 GWh/km² for the PV system and from ~ 

13GWh/km² —18GWh/km² for the CSP system. The Upper West region alone recorded a technical suitability 

of 56.33% for the PV system and ~55.50% for the CSP system, yet due to the region’s low population density 

and distance from the 20km grid proximity threshold may not qualify for grid electrification (see paper 2 [19]) 

but rather off-grid, thereby hindering the ability of the country to accelerate the decarbonisation of its energy 

system, which is currently predominantly fossil based [16]. Basically, the misconception in the present grid 

connection rules is that the present electrification policy looks at grid connection only from an electricity supply 

perspective for the regions, it simply does not take into account the vast electricity generation potential in the 

remote areas, which have the resources to supply Ghana with abundant cheap renewable energy. 
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a. Energy output from the wind turbine system. b. Energy output from the solar PV system. 

 

 

c. Energy output from the CSP system.  

Fig. 5. Technical potential for the wind, and solar (PV and CSP) resources. Maps created by the Author. Data 

sources: [39, 48, 55]. 

Additionally, at the national level, results from the green hydrogen assessment showed that, about 10,123.36 Mt3 

of wind hydrogen can be harnessed annually in the country and about 14,196.21 Mt/year from the solar hydrogen 

systems, with no spacing constraints (please refer to summary table in paper 3 [43]). Here also, despite that fact 

that the northern part of the country recorded the highest potential for the solar hydrogen, many of the 
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communities did not qualify for on-grid electrification due the remoteness of these locations and the low 

population density (see Fig.6.and 6.b). The same applies to some locations in the Eastern and Volta regions when 

it comes to the wind hydrogen generation capacities, as visualised in Fig.6.c and 6.d. 

  

a. Hydrogen mass (H2) from the solar PV conversion 

system with no spacing. 

b. Hydrogen mass (H2) from the solar PV conversion 

system with spacing. 

  

c. Hydrogen mass (H2) from the wind conversion 

system with no spacing. 

d. Hydrogen mass (H2) from the wind conversion 

system with spacing. 
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Fig. 6. Technical potential for the green hydrogen production using solar and wind. Maps created by the 

Author. Data sources: [39, 48, 55]. 

 

4.4. Economic potential 

The economic potential assessment as discussed earlier, was performed only for the solar PV and the CSP system 

by estimating the LCOE for the two solar energy technologies (please refer to paper 2 [19]). From the analysis, 

the LCOE for the solar PV system ranges from about $0.04/kWh — $0.15/kWh, and from $0.72/kWh — 

$2.89/kWh for the CSP system in the country as shown in Fig.7. It can also be observed that, the LCOE estimates 

show a direct correlation to the technical energy generation capacities across the various sites, with the northern 

part and a narrow strip along the coast showing the best potential areas for investment into solar energy projects 

due to the optimal unit costs for both the PV and the CSP systems.  

  

a. LCOE for the solar PV technology. b. LCOE for the CSP technology. 

Fig. 7. Economic potential for the solar PV and CSP systems. Maps created by the Author. Data sources: [39, 

48, 55]. 

5. Conclusion 

This section provides a general overview of the research findings and their implications for policy towards the 

achievement of sustainable universal energy access by reaching the furthest as possible and to enhance energy 

systems decarbonisation in Ghana, and by extension contribute to the global call to limit global warming to 
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1.5°C. This also includes a validation assessment of the hypothesis of this research. Results from the research 

show varying resource potentials across the country. This case study research, as discussed, applied a geospatial-

multi-criteria approaches to quantify the potential of solar energy, wind energy and the potential to produce green 

hydrogen from solar PV and wind at various scales across the country. Results from the assessment reinforce the 

core argument of this research in that, for instance, the solar energy potential analysis shows that in the northern 

part of the country, even though having the largest capacities for both the solar PV and CSP systems, many 

communities will be assigned off-grid electrification status instead of grid electrification. This is because, as per 

the current electrification policy of the country, communities in these areas do not meet all the requirements for 

on-grid electrification due to their low population densities and distance from the existing grid infrastructure. 

The isolated demand orientation in the present grid connection rules do not take into account the vast electricity 

generation potential in the remote areas, which have the resources to supply Ghana with abundant cheap 

renewable energy.  

The results of the analysis show that decarbonization of the country’s energy system can be significantly 

advanced when renewable energy integration is viewed more from a perspective of renewable energy supply 

from all regions in Ghana, as well as from the perspective of the end-user through grid integration. This will 

therefore imply that an increase in grid-connected renewable electrification will translate into increased access 

to sustainable energy due to the increase in the supply of renewable energy in the total generation mix. Thus, the 

use of the more remote solar and wind energy potentials of Ghana combined with a strategy of more aggressive 

grid connection of remote areas rich in renewable resources can achieve both an increase in electricity access of 

the entire population of Ghana and a fast and just transition to a carbon free electricity supply for the country.  

5.1. Limitations of the dissertation 

A major limitation of this research is the adoption of a case study approach that primarily focuses on a particular 

country in Africa, Ghana. By this approach, all the assumptions and data used are informed by the conditions in 

the country and thus, the proposed framework and the outcome of the three scientific articles may not apply to 

countries in different geographies and or may require different parameters. 

In addition, large scale development and deployment of energy transition projects, especially in remote areas or 

of the grid areas are usually capital intensive and may require substantial financial investment to implement these 

projects. However, despite the seeming capital intensiveness, these rural or remote locations are likely to enjoy 
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economies of scale with multiplier effects in the long term due to the benefits associated with infrastructure 

development such as the expansion of the grid network to these high potential rural areas, as well as anticipated 

employment opportunities, and urbanization, just to mention a few. 

5.2. Policy Implications and the Way Forward 

The researcher thus proposes the following strategies as the way forward towards sustainable universal energy 

access and energy systems decarbonisation:  

a. Investment into renewable energy projects must be intentional and targeted to scale-up 

deployment and accelerate integration. 

b. Identify and set priority projects to help fulfil climate goals and meet climate targets. 

c. Subsidies on private low-carbon projects and investor-friendly green policies, and  

d. Scale-up feasibility studies. 

e. According to the SDG 7.b, there must also be a conscious effort to “expand infrastructure and 

upgrade technology for supplying modern and sustainable energy services for all in developing 

countries” by 2030 [17]. 

f. Extend the north-south high voltage power lines to supply the load centres of Ghana with 

renewable electricity from the northern regions. 

g. Mobilize international climate funding to finance the necessary infrastructure investments for the 

necessary expansion of Ghana’s renewable energy supply.  

5.3. Reflections on progress made in the current state of research and recommendations 

for further studies   
 

a. A review of current discourses in the literature shows the production of green hydrogen as gaining 

increasing attention as a viable renewable energy resources that will require further investigation in 

terms of its development and deployment as well as its competitiveness in the global renewable energy 

market.  

b. A gap in this dissertation that will also require further studies and also drawing attention particularly in 

informing energy policy, is how to estimate the social dimension of energy transition projects. Even 

though the present study considered the role of the national energy policy, further studies to explore how 
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GIS can be used to estimate the impact of other social perspectives like the impact of local community 

policies on energy transition projects will thus be valuable.  
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4 referenced as: A.-A. Mary, “Geospatial mapping of micro-wind energy for district electrification in Ghana,” Energy, vol. 
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