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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
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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.

VIII


file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Spatial%23_CTVL0013c423c4f2dd04521873fd0a82d63a92a

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 [S]. 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 SE4A4/l 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  Title Publication journal Author’s contribution

papers

Paper 1 Geospatial mapping of micro- Energy in 2021 Sole author (from
wind energy for district conceptualisation to
electrification in doi.org/10.1016/j.energy.2021.120217 writing)
Ghana

Paper 2 Optimal techno-economic Renewable Energy Focus in 2022 Sole author (from
potential and site evaluation for conceptualisation to
solar PV and doi.org/10.1016/j.ref.2022.03.007 writing)

CSP systems in Ghana. A
geospatial AHP multi-criteria

approach

Paper 3 Green hydrogen potential International Journal of Sustainable Sole author (from
assessment in Ghana: Energy in 2023 conceptualisation to
application of PEM electrolysis writing)
process and geospatial-multi- doi.org/10.1080/14786451.2023.2256892

criteria approach

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,

Page 5 0f 103



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.

Page 6 of 103


file:///C:/Users/user/Desktop/PhD%20Defense/Summary%20thesis%20revised/Geospatial%23_CTVL001a2c156faf5b4436f9ec2a21b8a7d2835

Input

Datasets

Criteria Admin
Datasets Boundaries

Run Run model ‘ch'na]
G . th tical i Statistics tool
eoprocessing eoretic: : equation
Method equation with exclusion with Raster to compute
. & results per
Interpolation Raster - Caleulator Admin level
Calculator prioritization tool
Multi-criteria
Boolean approach
Approach (Weighted
(Con tool or Sum tool or
SETNULL Weighted
tool) Overlay tool
or Fuzzy logic)
Estimated
. output per
Macro-scale Micro-scale Suitable output per Puciion
(Potential at (Potential at Areas grid cell
the global disaggregated
level) level)
Potential . . Technical Economic
Classification Theoretical Geographical

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,
Cote 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 potential! ~ 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:
n
WPD = - 1 U?
=5*In* (pj * U}) (1)
j—1

where n is the number of wind speed observations and pjand U; are the j th (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:

x y
s=2 ] [ @)
i=1
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where § is the site suitability value for mounting the wind turbine, w; is the Boolean weight for the suitability
criteria, C; is the suitability criteria, and R; 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 km? 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 (4) below. Matrix (A4) will then represent a matrix
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where each entry a;; of the matrix determines the level of importance of the iy criterion to the jgp criterion as

shown in the steps below [47]:

1 a b
A=|Ya 1 ¢ (3)
1/1, e 1

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 = Cl/p, (4)
Amax—n
Ch=="T ®)

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 ().

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 The annual mean solar intensity received by the location GSA[48]

(GHI and DNI) (kWh/m?/year).

Slope The gradient of the terrain must be < 45° for the PV system and < [49]

2.1° for the CSP system.

Roads e Conventionally, the location where the power plant will be [50]
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.

e Additionally, helps to minimize total investment costs

associated with transportation.

Grid infrastructure e For grid integration purposes. [51]
e 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.
Water bodies and This criterion was considered particularly to determine the [52]
rivers 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.
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Population density =~ e Was considered mainly to determine the optimal [53]
electrification solution to assign to the communities.
e Helps to determine locations with less or more customer

demand for the electricity or energy? produced.

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™ and a cut-out wind speed of ~ 20 ms™! was chosen to fit
the nominal wind speed distribution in Ghana which ranges from ~ 1.0 ms' — ~ 9.8 ms™! 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 km? of land (GWh/year/km?). 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]:

o)

P (U) = f P, (U) dF(V) ©

0

Where P, (U) is the total wind energy produced by the turbine, P,,(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]:
P, (U) = 1/, pAC,U3 (7)

Where A is the swept area of the turbine rotor, which is = wD? /4 (D is the rotor diameter and m = 3.1416), Co
is the dimensionless theoretical maximum power coefficient value of 0.59, p is the air density (kg/m?;
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 [— (%)k] )

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
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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/m?/year to ~2 080 kWh/m?*/year and with the DNI ranging from ~700 kWh/m?/year to ~1 450

kWh/m?/year. The formulas used to estimate the solar PV and CSP systems are given as:
E,y = [GHI * efficiency x 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-=75

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]:

_ En,  TPpy*Nglec
My, of TPy, = v = A, (11)
TPyina = Py(U) = Ngb * Ngen * Mg (12)

Geographical potential

Ng = (13)

spacing value * rotor diameter

EH2 _ TPWind * NEtec * MNRec (14)

M TPying = =
Hj Of wind HHVHZ HHVHZ

TP,, and TPy;,q represent the solar and wind energy conversion systems, respectively, and Ey, is the

electricity requirement for the power plant. ng.. represents the rectifier efficiency, 1g;.. is the efficiency of the
electrolysis system, and HHVy, is the hydrogen higher heating value, and 7 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 ( npy) 17.5%
Power conditioning efficiency (p¢) 85%
Electrolysis system efficiency (9gjec) 75%
Rectifier efficiency ( gec ) 90 %
Hydrogen Higher Heating value (HHV ) 39.4 kWh/kg
Gearbox efficiency (174p) 85%
Generator efficiency (17 gen) 95%

Wind turbine spacing factor (174) Vary
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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]:

B I, + 0&M,
LCOE _< (1 + r)t )/(Z (1 + r)t ) (15)

where, LCOE is the average lifetime levelized cost of the energy produced, I; is initial capital costs in the year
(f), 0&M, is the operations and maintenance costs in the year ¢, E; is the amount of energy produced by the

power plant in the year ¢, 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.
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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™' — 9.8 ms™! 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/m? to ~ 1, 070.24 W/m? maximum

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

Theoretical Wind Power Potential

Wind Power Density (W/m?2)
High - 1,070 24

- Low:<38.97

[ ] Admin Boundaries

N

A

0 50 100 200km

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 ~ 238,723km?, with about 33,000km? to 34,000km? 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.

Geographical Potential

alues based on the Boolean estimate

|| ] 0:Restricted areas
I 1 sutable areas

Q Admin Boundaries

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/km?/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 §GWhy! 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/km? 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/km?* — 60 GWh/km? for the PV system and from ~
13GWh/km? —18GWh/km? 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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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

3 Million tonnes
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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.
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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.

- =~ [LCOE for CSP System
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LCOE for Solar PV System
No Data
($/kwh) B 2 15-289
No Data 165-2.15
I 00:-005 123-165
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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:

5.3.

a.

Investment into renewable energy projects must be intentional and targeted to scale-up
deployment and accelerate integration.

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

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

Scale-up feasibility studies.

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].

Extend the north-south high voltage power lines to supply the load centres of Ghana with
renewable electricity from the northern regions.

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

necessary expansion of Ghana’s renewable energy supply.

Reflections on progress made in the current state of research and recommendations
for further studies

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.

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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The present study provides an assessment of micro-wind energy potential within the 170 districts in
Ghana with more focus on a distributed electricity system for district household electrification. The wind
resource is assessed based on three main potentials, the theoretical, the geographical and the technical;
these included an assessment of localised wind power densities, necessary environmental conditions of
the terrain suitable for wind turbine installation as well as the energy generated by the turbine within
the districts. The study was done using wind speed data at a hub of 50 m and then interpolated to a 1 km
by 1 km grid cell to enhance granularity and localisation of the geospatial assessment of results. All input
datasets were interpolated to this effect. The study is based on a single turbine model; V52/850 and used
its power curve to determine the maximum energy output per grid cell. Results of the analysis are
visualised using high resolution maps. Results of the analysis show that, areas along the coast and the
middle belt areas show high potential with annual production more than a 2,000 GWhy ! per square
kilometre.

Ghana

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Access to basic energy and electricity remain a huge challenge in
Sub-Saharan Africa and as such a well-known challenge facing the
region [1]. This phenomenon is even more worrying as lack of
energy accessibility has ripple effects on various aspects of human
development such as health [2], education [3], gender parity [4,5],
wellbeing, as well as life expectancy, etc. Thus, in accordance with
the Paris Agreement and UN Agenda 2030 in achieving SDG 7, all
member States are to ensure that electricity is made accessible to all
through sustainable electricity generation means and to reduce the
amount of GHG emissions in the atmosphere by decarbonising
their energy systems. Member countries, of which Ghana is sig-
natory to, were hence requested to outline and develop their na-
tionally determined contributions (NDCs) as a roadmap in
achieving their contributions to this agenda [6]. Renewable energy
(RE) integration is one of such sustainable portfolios to help meet
various aspects of the NDCs set targets. More significantly, RE plays
a crucial role towards fostering climate resilience, reducing GHGs
emissions, a poverty alleviations mechanism as well as provide an
opportunity to improve and provide access to modern energy

E-mail address: mary.asare-addo@studierende.uni-flensburg.de.

https://doi.org/10.1016/j.energy.2021.120217
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

services and technology which in effect promotes energy security
[7-9].

With commitment to this agenda, the government of Ghana is
advised to increase the share of renewable by the year 2030 and
hereinafter, the country made projections to increase the share of
renewable energy by the year 2020 [10,11]. This projection and
wish however, did not materialise as the country is far from
meeting this commitment due to a myriad of challenges such as
strong policy commitment and robust renewable energy regulatory
framework and institutions that can actually enforce these policies
[12], including technology to develop these RE resources. The
country is thus currently faced with two major energy challenges
which are, to meet the country’ 2030 target which is to increase the
share of renewables to decarbonise the country's energy system
and the challenge of household electricity access. The country has
faced serious power outages in the past years and recorded a supply
deficit of about 25% in 2014 and 2015 [13]. The worst part of the
present situation is that, existing power plants are unable to reach
full generation capacities due to fuel supply challenges which is
partly due to the unreliable and seasonal rainfall pattern coupled
with the vagaries of climate change that have significantly mini-
mized water inflow into the country’s major hydroelectric gener-
ation power plant [8,14], and hence making thermal power the
dominant generation power source in Ghana. Exacerbatingly, with
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EC Energy Commission of Ghana
GHGs Greenhouse Gases
GW h/yr Gigawatts hour per year
GWA Global Wind Atlas
IEC International Electrotechnical Commission
IRENA International Renewable Energy Agency
kw kilowatts
ms~! Metre per second
NDCs Nationally Determined Contributions
NREL National Renewable Energy Laboratory
RE Renewable Energy
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increasing energy demand resulting from population growth, rapid
urbanisation and economic growth, the country’s energy system is
likely to suffer additional stress [ 14] and this most likely will put the
energy security of the country in jeopardy. There is therefore an
urgent need and a clarion call on the government of Ghana to
diversify the country’s energy system using sustainable energy
sources which are readily available in the country.

1.2. Deploying wind energy to bridge energy access gap in Ghana

In the Ministry of Energy report cited by Adaramola et al. [15],
about 28% of households in Ghana do not have access to electricity.
Even though the country has made significant improvements over
the last 30 years (1989—2019) with access rate at 79% in 2017, many
people remain unelectrified. Urban access rate as at 2017 is 90%
with 65% rural penetration slightly above average. About 5 million
people in Ghana still live without electricity [16,17]. This electrifi-
cation deficit has become an albatross around the neck of both past
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and successive government with calls from civil societies, the sci-
entific community and development organisations on government
to increase access rate using sustainable means See (Fig. 1).

Another major challenge facing Ghana’ energy sector is the over
reliance on imported fossil fuel to power the country's power
plants. A resultant of the financial challenges as a developing
country being unable to sufficiently purchase diesel to power these
power plants. This is also because, the country’s total generation
mix is predominantly thermal with a share of 69.3%, Hydro at
30.4%; and only about 0.3% from solar PV installations [10,11,18].
Other renewable energy sources like wind remain untapped.

Wind energy is however projected to be the fastest growing
renewable energy resource in the global energy market, with a
growing investment of 22% over the past 10 years [19]. RE is now no
longer referred to as an alternative energy sources, but rather
regarded as competitive energy sources [12,20]. And with
increasing efforts on the part of government to promote and inte-
grate RE in the country’s energy mix, has led to the formulation of
various policies and strategies towards the development of RE
integration over the past years.

Ghana is however fortunate due to its geographical location, is
endowed with many renewable resources such as excellent solar
energy potential, mini hydro, wind potential, and biomass [21,22].
However, many of the RE projects in Ghana are focused on har-
nessing the potential of solar energy with limited efforts towards
wind energy deployment. Wind energy deployment in Ghana is
still in its infantry stages. Also, according to the Energy Commission
of Ghana (EC) [23], most of the RE interventions in the country are
either being carried out as pilot projects or on short term planning
basis. Moreover, these pilot projects have mainly been carried out
along the coastline of Ghana [15,24] even though other parts of the
country have good potential worth harnessing. And as a matter of
fact, the country has not produced any significant amount of wind
energy over the past 30 years. According to the EC [11], as at the end
of the first quarter of 2018, a construction permit was issued to start
a 225 MW wind project which is a part of the pilot projects.

At the global level, several studies have been carried out to
assess the potential of wind energy in many countries using
different methodologies and approaches. One of the challenges of
wind resource assessment is to finding and applying a more
befitting approach to address the uncertainties associated with
estimating the real energy output of a location [25,26]. And this re-
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echoes one of the major barriers hindering wind deployment in
Ghana as stated in the country’s recent 2019 Renewable Energy
Master plan [23,27]. This thus, calls for further assessment of wind
energy potential to boost government and investor confidence to-
wards wind energy deployment in Ghana. To address these un-
certainties, different statistical methods have been applied in
various studies to estimate wind energy potential of a wind regime.
For instance, Archer and Jacobson [28] applied the Least Square
method to estimate the global wind energy potential, They argued
that, the Least Square technique was preferred due to the relatively
few wind speed observations at 80 m hub. Mert and Karakus [29]
also applied different statistical methods such as the 4-parameter
Burr, 3-parameter generalized gamma, and the conventional Wei-
bull function approaches to analyse the wind energy potential in
Antakya in Turkey. They however asserted that, the Burr distribu-
tion provided a more goodness-of-fit test for representing the wind
speed distribution in Antakya than the other two methods. Man-
well and McGowan [30] have also stated various methods that can
be used to estimate the wind energy potential of the wind regime of
a location. Nonetheless, in all the statistical methods used in esti-
mating wind potential or wind power, the most prominent are the
Weibull and the Rayleigh distribution functions. However, the
Weibull distribution is the most used as it has been argued to
provide a good fit for determining the power in the wind distri-
bution of a location. Adaramola et al. [15] for instance applied the
Weibull probability function to examine wind power potential
along the coastal areas of Ghana. Hoogwijk et al. [31] also used the
Weibull distribution function to estimate the wind power potential
at the global level. The Weibull distribution function has also been
applied in assessing the wind energy potential in the Tirumala
region in India by Kumar et al. [32]. Other scientists such as Ibrahim
[33], Mentis et al. [34], as well as Manwell and McGowan [30] have
also used the Weibull distribution functions to determine the wind
power potential at various scales and have argued why the Weibull
function is ideal especially for micro-scale analysis or at national
levels.

Besides, due to the spatial characteristic of wind, wind energy
assessment involves strong geospatial implications. And hence
many studies now include the spatial dimension of estimating
wind energy of a location by not only using these statistical
methods, but also the suitability and limiting conditions of a site to
reduce the uncertainties and errors in estimating the wind energy
potential of a place. The application of Geospatial Information
Systems (GIS) helps to identify the energy potential of a site just
through visualisation of results on maps. Janke [35] applied a multi-
criteria GIS approach to determine suitable land areas for wind and
solar farms in Colorado. He further ascribed the GIS environment as
a tool capable of combining multiple unrelated criteria in a
meaningful manner. This thereby being able to quantify the energy
output, the geographical conditions of a place suitable for turbine
installation, as well as help to examine the social acceptability of
wind farm project in an area to produce a more realistic energy
output result in situ. Baffoe and Sarpong [36] also applied similar
geospatial multi-criteria method to perform a site suitability
assessment to identify locations in Ghana that are geographically
and socially suitable for wind farm development. Mentis et al. [34]
also used GIS to estimate and show the wind energy potential of
countries in Africa. Their paper included an assessment of the wake
effect of turbine as well as the amount of energy that can be
generated considering grid restrictions and without grid re-
strictions. Results of their analysis showed that, about 82.8 TWh/yr
of wind energy can be generated in Ghana with or without grid
restrictions. In a report published by IRENA [37] on the other hand,
estimated about 600 TW/yr of technical potential for all areas with
turbine capacity factor greater than 20% in Ghana.
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Further, with efforts to increase the share of RE in Ghana, in
2002, the government introduced the Solar and Wind Energy
Resource Assessment (SWERA) initiative to explore the potential of
solar and wind energy in the country [18,23]. The SWERA initiative
was one of the earliest efforts by government which included
partnership with the National Renewable Energy Laboratory
(NREL) to carry out wind speed measurements and to estimate the
wind energy potential in some areas along the coast. Their
assessment showed that, over 300 MW installed capacity could be
generated which could generate over 500 GWh to augment the
country’s energy supply [18]. However, the SWERA was mainly a
theoretical assessment as it did not consider an assessment of
certain geographical restrictions such as land-use features, acces-
sibility and proximity to grid infrastructure, etc. as stated in the
SWERA report [24,36] as this could have had impact in the esti-
mation of the wind energy generated.

In addition, following the SWERA initiative, there has been some
but limited research to provide further assessment on the viability
of wind energy deployment in Ghana. A review of current literature
on wind energy development in Ghana, show a trend that seem to
put more emphasis on developing huge wind farm to feed into the
national electrical grid with no or limited attention to access in off-
grid areas that have very high wind energy potential to supply
electricity to people in these off-grid areas. Current research
include Asumadu-Sarkodie et al. [38] who carried out an assess-
ment of the technical and economic potential of wind energy in
Ghana but unlike this present study, their assessment focused only
on 11 selected locations mainly along the coastline of Ghana. Their
assessment was also seemingly geared towards assessing the po-
tential of wind energy mainly for grid connection rather than a
comprehensive potential assessment of all onshore areas of Ghana
and special attention to generation in off-grid areas that can benefit
from the high wind energy potential in these areas. Their assess-
ment also did not consider the geographical constraints associated
with wind turbine installations. These and among others are what
the focus of the present study seeks to heighten and contribute
towards universal energy access through distributed energy sys-
tems. Same can be said of the wind energy assessment in Ghana by
Adaramola et al. [15]; their assessment also focused on some
selected areas along the coastal areas rather than the entire coun-
try. Again, their assessment did not consider the geographical
conditions of Ghana terrain that must be considered to ensure
optimal operation of the selected wind turbine. Essandoh et al. [39]
also carried out wind potential in Ghana using the RETScreen and
HOMER software to identify areas with good potential in Ghana.
Their paper also placed emphasis on a grid connected system. The
present research however applied a different approach and meth-
odology, using the GIS software to visualize and estimate the wind
energy potential as detailed as at the district level. Also, in this
study, the Weibull distribution function was used to compute the
power densities as well as calculating and using the real air den-
sities of these locations.

Thus, from all the assessment of wind energy potential, one can
conclude that, depending on the objective of the RE assessment, the
wind energy generated could differ due to different considerable
factors such as type of turbine used, the statistical method used,
and geographical factors, etc, as well as either as a huge commercial
wind farm or as micro project for a distributed system. As reiterated
in the 2014 IRENA report [37], it is crucial to be transparent about
assumptions upon which the wind assessment is being carried out
in order to help compare the real values with on-site realities. This
study hence provides an assessment of not only the technical and
theoretical potential, but also the geographical restrictions of
Ghana'’ terrain (onshore) in assessing and mapping the wind energy
potential in all the districts in Ghana.
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Table 1
Categories of wind energy potential.

Energy 225 (2021) 120217

Category Definition

Theoretical potential
Geographical potential
Technical potential

The total global energy content of the wind (kwh year ).
The total global amount of land area available for wind turbine installation taking geographical constraints into account (km?).
The wind power generated at the geographical potential including energy losses due to the power density of the wind turbines and

the process of generating electricity using wind turbines (kWh year — ).

Economic potential
Implementation potential
incentives into account (kWh year ')

The technical potential that can be realised economically given the cost of alternative energy sources (kWh year ).
The amount of economic potential that can be implemented within a certain timeframe, taking (institutional) constraints and

1.3. Aim of study

The overarching aim of this study is to quantify and estimate the
amount of onshore wind energy that can be generated per km? at
the district level to meet the unmet electricity demands within the
districts. To achieve this aim, the below objectives have been
assessed:

. To estimate the theoretical wind power potential in Ghana.
i. To estimate the geographical wind power potential per
administrative district in Ghana.

To estimate the machine power/technical wind energy po-
tential per administrative district in Ghana.

ii.

The above three main potential assessments were used to esti-
mate the wind energy available per each district within the regional
boundaries. The present study tries and provides a maiden effort
towards a geospatial disaggregated assessment of wind energy
potential in Ghana, i.e. at the district level.

The outcome of this study is shown using high-resolution maps
at microscale level and by using the actual localised data in Ghana
to estimate the actual energy output (e.g. actual air density values
per district were calculated and used). The mapping was done at a
granular level due to the extensive level of detail which involved
dividing the individual district land areas (i.e. Admin 2 level [40])
into 1 km x 1 km grid cell size.

2. Methodology

This chapter gives a chronological assessment of how the
objective of this study was achieved. The result of this assessment is
expected to provide wind energy as a viable sustainable energy
transition option available to the Ghana government towards
decarbonization of the county’s energy system as well as towards
sustainable universal energy access. This study is particularly
relevant towards universal access as even 1 KW of electricity can
move a household to an upper or higher Tier level under the as-
sumptions of the Multi-Tier-Framework [41,42].

To achieve the aim of the study, a multi-criteria geospatial
method was used to assess the viability of wind energy develop-
mentin all 170 administrative districts in Ghana using the base year
2010 [43]. The year 2010 was used as a reference year because it is
the latest year that has all the available information needed for
district analysis especially regarding population statistics as well as
regional and district administrative boundaries.

The geospatial approach is based on a grid cell analysis to
quantify the annual wind energy output per cell (i.e. GWh/y). Also,
it is important to mentioned that, the focus of this study is not to
develop a huge commercial wind farm but rather a small-scale
wind distributed power system where there is wind potential and
the location of the turbine siting is relative to the end-user and the
electricity distribution system, and thus as stated earlier, an in-
crease in even watts of electricity is of essence towards universal

electricity access.

Aside, the multi-criteria aspect of this study involves an
assessment of certain key characteristics and conditions of Ghana'
topography necessary for wind power generation. For the technical
assessment, the wind turbine power curve was used. The chosen
wind turbine for the analysis is VESTAS V52/850. The selection of a
suitable turbine for a site is among others mainly dependent on the
wind speed regime, as well as the quality and the capacity of the
electric transmission network. Due to the nominal onshore wind
regime of Ghana, it is technically and economically viable to select
micro turbines that suits the Ghana grid [44]. More especially
because the focus of this study is to develop micro-wind energy to
augment household electrification within districts in Ghana. In
addition, the intermittent flow of wind power creates problems to
the power grid as a result of the power fluctuations that degrades
the quality of grid infrastructure [34], this situation is even worse
for countries with weak grid infrastructure [30,44]. VESTAS V52/
850 turbine operates at wind speed as low as 3 ms~! and a cut-off
wind speed’ at 20 ms~! [45]. It also has operational wind speed
requirements that is suitable for the onshore wind speed regime of
Ghana which ranges from 1.0 ms~' = 9.7 ms~' at 50 m hub height.
This turbine is mainly suitable for onshore wind energy generation
[45].

The wind speed data used for this study was obtained from the
Global Wind Atlas portal (GWA) at a hub height of 50 m as.tiff in GIS
raster format [46].The 50 m hub height climate data forms part of
the GWA version 3 datasets that were modelled over a simulation
period from 2008 to 2017 [46]. According to the GWA report, during
modelling of the wind data, some resulted in either being truncated
(e.g. CFSR, ERA-Interim) or interpolated (e.g. CFDDA) and thus the
data is not in its native model grid cell (e.g. no information on real
surface elevation and land use) and as a result there are implica-
tions for the generalized approach used [46]. The GWA model thus
applied a generalized approach to resample the wind speed dis-
tribution based on different terrain characteristics. Some datasets
were downscaled to 0.1 km, 1 km, 20 km, etc. depending on the
terrain or topography where the wind climate datasets were
collected. Hence, to achieve a more localised and micro-scale
analysis, the 50 m hub wind speed data as well as other climate
data were resampled to a 1 km x 1 km grid cell with the admin-
istrative boundaries of Ghana in focus. Grid cell as used in this study
refers to 1 km? of land area. Fig. 2 below provides a conceptual
flow-chart of the methodology process. Aside the challenge of
acquiring raw and ground data for this study, the major limitation
of this research is that, exact replication of all the models and al-
gorithms will require the use of commercial ArcGIS software and
more importantly the advanced licensed environment to access
certain tools needed to carry out this assessment.

' For more information on various wind shear models, check [30].
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Table 2
Classification of wind power density at 50 m.

Wind Power Wind Speed (m/s) Wind Power Density (W/m?)
Density Class

1 0-5.6 0-200

2 5.6-64 200-300

3 6.4-7.0 300-400

4 7.0-75 400-500

5 7.5—-8.0 500-600

6 8.0-8.38 600—-800

7 8.8-11.9 800—-2000

2.1. Description of the study area

Ghana is in West Africa on Latitude 7.9465° N and Longitude
1.0232° W, which is few degrees north of the Equator and along the
Gulf of Guinea. The terrain mainly consists of small deserts in the
northern part with few scattered hills and highlands like the
Gambaga Escarpment with plains and highlands in the southern
part. The mountains and ranges cut across the middle belt area;
central-south to the further eastern part of the country, i.e. the
Akwapim-Togo Ranges which include the Kwahu Plateau and Mt.
Afadjato. Mt. Afadjato is the highest point in Ghana of ~885 m high
above sea level [47]. About half of the country lies less than 153 m
above sea level.

As stated, the referenced year statistics data used to carry out
analysis for the study is 2010. This was due to the challenge of
acquiring census data with corresponding administrative bound-
aries for any recent changes over the years. In the year 2010, there
were 170 districts and 10 Regional administrative boundaries in
Ghana [48] with an average national household size of 4.4 [43].
Total population was around 21million people (Fig. 3).

2.2. Categories of wind energy assessment

There are different categories of assessing the potential of wind
energy depending on the objective and the focus of the study. Van
Wijk and Coelingh [49] outlined four categories of wind energy
potential. The study focuses only on the first three potential cate-
gories and at a disaggregate level (e.g. X value per grid cell per zone
or per polygon area) (Table 1).

2.3. Interpolation: adjustment of the wind speed distribution

The wind speed data downloaded from the GWA as well as all
the input raster datasets were readjusted to a higher grid cell res-
olution to a 1 km x 1 km grid cell to achieve some level of gran-
ularity in estimating the WPD per grid cell of the district land area.
The interpolation analysis was done in order to show a seemingly
granular detail of the terrain and to also achieve same cell size for
all the input datasets used in the analysis of this study.

The bilinear interpolation technique was used to resample the
wind speed distribution to a 1 km by 1 km grid. With bilinear
interpolation, the cell value is determined based on a weighted
distance average of the four nearest input cell centres [46,50] and
more ideal for continuous data like wind speed distribution.

2.4. Hub height extrapolation

The speed of wind (U) changes with reference to changes in
height, altitude or elevation due to the frictional effects at the
surface of the terrain which is characterised by vertical wind shear.
Due to the wind shear anomalies, it is important to extrapolate the
wind speed height to the hub height of the chosen wind turbine (i.e.
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52 m) [45]. The wind speed data used is the average annual wind
speed at a hub of 50 m. Many scientists have proposed different
models to estimate the wind shear exponent (o) and the corre-
sponding heights”. For many, assuming the terrain is flat, homog-
enous, and a neutral stratification of the atmosphere, a good
vertical wind shear can be estimated either by the log law or the
power law. The power law model is given as [30]:

U2:U1*(Zz/zl>u (1)

where U; = Velocity at height Z; Uy = Velocity at height Zy;
Zy = Height 1 (lower height); Z, = Height 2 (upper height);
o = wind shear exponent.

The wind shear exponent can be expressed as a function of the
wind speed and the wind speed hub as proposed by Justus (1978)
[51]:

o 0.37 — 0.088In (U,ef)

= (2)
1-0.088In (zl.efn 0)

where U is given in m/s and zyef in m.
2.5. Theoretical potential of wind

The theoretical energy power for this study estimates the po-
tential of Ghana’ wind energy potential at the global level
computing only WPD. Calculating wind power at the grid cell level
is conceptually difficult [31], thus energy intensity derived from
solar irradiance was used. The kinetic energy from the wind con-
tains mass of air and the mass also contains speed which is referred
to as Wind Power Density (WPD). The WPD formula is given as:

WPD = 1/2AU3 (3)

where WPD (Wm~?) is the power per m? of the swept area (A) of
selected turbine, p is the air density in (kgm~3), and U is the wind
speed per grid cell (m s~ ).

Caution must however be taken that, equation (3) is under the
tacit assumption that the wind blew with a velocity of U all the
time. Therefore a more accurate estimate for WPD will include
summation of all the wind speed data taken over time as below
[52]:

WPD=1/2+1 /n*zn:(pj*uf) (4)

J-1

where n is the number of wind speed observations and p; and U; are
the j™ (1%, 27, 3™, etc.) observations of the air density and wind
speed per respective site.

2.5.1. Air density estimation

Since air density and speed changes with every reading, a more
accurate result will consider every data interval [ 34,52—54]. The air
density is inversely proportional to temperature and elevation; an
increase in elevation and temperature will cause a decrease in air

2 The ideal gas law has been used to estimate the air density for local area per
site. It could also be expressed as a function of temperature and pressure [54]: p =
P/R* : where p is the air density, P is the absolute pressure; and R is the specific gas
for dry air, which is equivalent to 287.058 J/(kg K), and T is the local temperature in
K. [54,55].
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density. For this study, air density (p) is not equal to 1.225 kg/m>
(standard air density value) as used in many studies but rather
consideration is given to the temperature variations which pro-
vides a more accurate estimation of the WPD is preferred using the
ideal gas law formula® where the location’ elevation above sea level
was used to estimate the air density per cell. The formula is given as
[30]:

p=1225— (1‘194*10*4) *z (5)

where z is the location’s elevation above sea level in meters.

The formula used here is an assumption of how wind speeds are
distributed in a Rayleigh wind speed frequency curve, and it is
given as [30,56];

WPD =0.955*p*U3 (6)

where K = 1.91 is the value determined by the shape of the Rayleigh
distribution pattern that the wind speeds follow. Result or output of
the estimated actual air densities per district for this study has been
compiled into a GeoTIFF file and openly accessible at [57].

3 a) Vertical extrapolation of wind speed based on the 1/7 power law.b) Mean
wind speed is based on Rayleigh speed distribution of equivalent mean wind power
density. Wind speed is for standard sea-level conditions.

This method was used to estimate the theoretical WPD per cell
for all the 170 districts in Ghana as shown in Table 2 as well as to
estimate the theoretical WPD classification for wind speed ranges.
The wind speed class ranges from Class 1 for winds with least en-
ergy to Class 7 for winds with the most energy. The classification is
based on the methodology stated in the W. Cliff report. The WPD
estimations below are based on the wind speed classification at hub
50 m based on NREL wind speed classification and under
assumption” stated in the report [30,56,58] (Table 2).

2.6. Geographical potential

Geographical potential of wind simply is the total amount of an
area (km?) of land at a specific location available and suitable for
siting a wind turbine holding geographical constraints constant.
This research is restricted to onshore terrain. The characteristics of
the terrain was grouped into two categories to assess the suitability
of the terrain for siting a turbine per cell. It is important to stress
that, in this study, priority or level of importance were not assigned
to variables. The Boolean approach was used to factorise restricted
areas and suitable areas (0, 1), where Boolean value 0 represent
areas that are restricted due to the selected restriction criteria and

4 power curve of a wind turbine is the electric output (kW) of the turbine at
different wind speed levels (ms~ ).
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Boolean value 1 represent suitable land areas suitable for wind
turbine siting. The geographical potential equation was adopted
from [59] and it is given as:

2.6.1. Geographical potential equation

X y
S=3 wiG ][R (7)
i=1 j=0

where S is the Suitability for siting a wind turbine; w; is the Boolean
weight for suitability criteria; C; is the suitability criteria; and R; is
the restriction criteria.

2.6.1.1. Suitability criteria. In this study, the basic necessary condi-
tions of the terrain for wind energy development have been

examined. The topography or the terrain of a location plays an in-
tegral role in siting a wind turbine because wind energy penetra-
tion and development involve strong spatial implications. The
study performed a simulation analysis on the Digital Elevation
Model (DEM) of Ghana to determine basic characteristics of the
terrain to consider before siting a wind turbine such as elevation,
wind speed hub, slope, roughness, etc. The terrain should have
certain minimum characteristics to enable the installation and
performance of the turbine which is dependent on the DEM of
terrain. These features and characteristics included:

2.6.1.1.1. Wind speed. Wind speed is one of the major factors to
consider in the development of a wind farm or wind turbine
installation. The 50 m wind speed data used was downloaded from
the GWA portal [46] on a mesoscale level. The wind speed distri-
bution was interpolated to a considerable granular level of a
1 km x 1 km grid. At a hub of 50 m, the average annual wind speed
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ranges between 1.0 ms ™! to 9.7 ms ™. Wind turbines that are built
today have power curves” that can be programmed to suit any wind
speed class [31]. It has also been argued that, about 80% of global
land areas has annual average wind speed lower than 4 ms ! at
50 m hub and if estimates are confined to a cut-in® wind speed of
5 ms !, areas such as Sub-Saharan Africa and the total Indian
continent will be cut off [31]. For this study, Vestas V52/850 wind
turbine was used because of its operational wind speed re-
quirements. The wind turbine operates at wind speed as low as
3 ms ! and a cut-off wind speed’ at 20 ms ™.

Thus, based on the turbine cut-in wind speed, a geospatial
vectorisation or weighting was performed to select wind class from
3 ms ! and above (wind speed > = 3 ms~ ') (Fig. 4).

2.6.1.1.2. Elevation of the terrain. Elevation or slope of the
terrain is very important when estimating the distribution of wind

* Wind speed cut-in is the point at which the turbine starts producing electricity
from turning.

% Wind speed cut-off is the maximum wind speed at which the turbine gets so
fast and stands the risk of damage from operating further.

7 It can also be defined as the ratio of the full-load hours and the total amount of
hours in a year [31].

speed of location. The steepness or gentleness of the topography
can affect the stability of the turbine. Higher elevation is known to
increase wind turbulence that could destroy the turbine. Steeper
ground also reduces accessibility in transporting the turbine
resulting in increased building cost [60]. Some researchers have
estimated maximum slope threshold from 10% [61] to 30% [62].
Hoogwijk [31] proposed a suitable area at an altitude below 2000 m
for siting turbine. By this, the entire topography of Ghana is quite
suitable for siting turbine as it falls within a range of —12 m to
842 m above sea level by the DEM data used [63]. A 30 arc-second
DEM data of Africa [63] was used and resampled to a 1 km x 1 km
grid cell. The DEM data downloaded from ESRI was for the entire
globe so, the extract by mask tool in ArcGIS was used to extract the
geographic boundaries and extent of Ghana for the analysis and
resampled. By this, Akwapim-Togo Ranges including Mt. Afadjato
(~885 m) which is the highest point in Ghana are suitable for siting
wind turbine. It must be stated that, from the DEM dataset used, the
highest point in Ghana is 842 m above sea level (Fig. 5).

2.6.1.2. Restriction criteria. These are unfavourable areas of the
terrain that are not suitable for turbine installation. It must be
mentioned however that, these restrictive criteria are indicative
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Fig. 7. Geospatial suitability and restriction model.
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Fig. 8. Power curve: VESTAS V52/850 [45].

and may differ depending on the objective of the researcher and factors such as social acceptability of wind farm project [64]; like
local land-use regulations and laws in the study area. This is level of noise of the turbine, proximity to critical infrastructure, etc.
because other researchers have considered other constraining But for the purpose of this study, the focus is mainly on
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environmental/climatic constraints. These excluding areas are
mainly protected land areas like the Volta lake, national parks,
forest reserves, wildlife reserves, and wetlands, etc., which were
retrieved from the World Database on Protected Areas [65,66]. All
restriction criteria were completely excluded from the analysis.
Road and grid network were also not considered in this analysis as
these are some necessary conditions that must nonetheless be
considered by stakeholders to invest in energy infrastructure to
boost electricity access to achieve universal access by all (Figs. 6 and
7).

2.7. Technical assessment of wind power in Ghana

Here, the wind energy generated at the geographical potential
including mechanical losses of the wind turbines and the process of
generating electricity using wind turbines (kWh year~!) were
calculated. This is primarily based on the wind energy that the
specified turbine can generate given the level of suitability of the
location as well as the geographic suitability over a number of
hours in a full year. Calculating the technical potential of local
winds is complex as characteristics differ considerably from one
location to another. Hence, calculations were based on
approximations.

2.7.1. Statistical analysis of wind data: probability distribution
Probability distribution methods were used to determine the
potential of a site and to estimate the amount of wind energy
output that can be generated from a particular wind turbine
installed there [51,67,68]. Two probability distribution equations
are mostly used to estimate the wind regime: the Weibull or the
Rayleigh distribution. The difference between the two is, the latter
uses the mean wind speed value while the former uses both the
mean and standard deviation values of the wind regime. The study
utilizes the Weibull distribution to estimate the wind speed dis-
tribution, which relies on two parameters: the shape factor k and
the scale factor ¢, which are both functions of Uand ¢U [25,30,51].
The Weibull probability density function is given below, where U is
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the wind speed:

)t (u/) o (— (u /C)k)
1| (2]

The mean wind speed value U, and the value of k and ¢ are
estimated by the following steps:

U=cl (1 + 1/,<)

(8)

9)

(10)

—-1.086
k= (UU/U) where U represents the standard deviation of

the wind speeds averages and kis 1 < k<10 [51].
The value of c can be solved by substituting equation (10) into
equation (11). This method still requires a gamma function:

[9)

T(l + 1/k)

The Rayleigh probability density function is given as [30,51,56];
™ m 2
== =2 _Z —
PO=5 (” u )EX”[ 4(U/U) ]
. 2
F(U)=1—exp [ 7Z(U/U) ]

c=

(11)

(12)

(13)

2.7.2. Wind turbine energy production: machine power output

This refers to the amount of wind energy that a turbine can
produce at a given site with available wind speed data. The power
available from a wind turbine can be estimated using machine
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power curve of the turbine. As mentioned earlier, the turbine used
for this assessment is Vestas V52/850 kW (swept area: 2124.0 m?
and rotor diameter: 52 m) [45].

Machine power curves are usually based on tested data as stated
in IEC (2005) [69] or AWEA (1988). The machine power curve
shows three main characteristics of wind speeds, namely [30,31];

e Cut-in wind speed: minimum wind speed for power generation.

« Rated wind speed: wind speed with output at rated power.

e Cut-off wind speed: maximum wind speed until the generator is
turned off (Fig. 8).

For a given wind regime and the probability density function,
p(U), and a known turbine power curve,Py(U), the average wind
turbine power, Py , is given as [30]:

Pu= wa(U)p(U)dU (14)
0
Pu— (JPW(U)p(U)dU) 0 (15)
0

The average wind turbine power was then used to estimate the
capacity factor; CF®. The capacity factor of a wind turbine at a given
site is the ratio of the actual average energy output of the turbine to

8 Wind speed cut-off is also the maximum wind speed at which the turbine gets
so fast and stands the risk of damage from operating further.

the energy that could have been produced if the turbine ran at its
rated power, Pg, over a period of time (t); where time period is the
number of hours(h) in a full year, ie. 8760 h/year. It must be
mentioned that, the value of Py(actual power available) is highly
influenced by the nature of the wind distribution on site. Hence:
CF=Pu [Pk (16)

The turbine power curve can also be determined by the power
available in the wind and the rotor power coefficient, G,. P (U) can
thus be expressed as [30]:
Py(U)=1/2AC,U% (17)
where C;, is the maximum power coefficient; and the dimension-
less theoretical maximum value of 0.59 that was used for the
estimation and A = rotor swept area, (m?) = m D?/4 (D is the rotor
diameter in m, T = 3.1416) [30].

The Weibull distribution can thus also be possibly rewritten as a
function of the average wind power using a cumulative distribution
function as:

Py — J Py (U)dF(U) (18)
0

The figures below show variations in frequency of occurrence of
the wind speed data used between the Weibull and the Rayleigh
density functions as well as an estimated best fit shape factor value
(k) which is equal to 3.62. The analysis shows a higher probability of
occurrence using the Weibull compared to the Rayleigh
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distribution. This justifies why the Weibull function is preferred 3. Results

and a best fit for the wind speed distribution in Ghana (Figs. 9 and

10). The results are based on the outcome of the calculations and
estimations used to compute the energy output per cell in Ghana at
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Fig. 12. (continued).

the district level. The maximum values of a parameter (e.g. wind
speed, air density, etc.) of grid cells per district were used to esti-
mate the results of the energy potentials. The results of the three
wind energy potentials are also explained.

3.1. Theoretical potential assessment

This involves an assessment of the total wind power that could
be produced without any restriction criteria; and by estimating the
WPD at the 170 districts level as well as the general assessment at
the national level. The theoretical model was created in ArcGIS,
using the raster calculator tool to compute WPD maps per grid cell.
Also, since it is a bit challenging to directly see the values per cell by
looking at the maps, the zonal statistics as table tool was used to
populate the values per districts within the 10 regions. Here, the
actual air density and wind speed per district were used to compute
the WPD at the 170 district levels. At the national level, Ghana has
total theoretical onshore WPD of approx. 0.04 MW km?. Fig. 12
shows the WPD maps per grid cell per district within the 10 re-
gions of Ghana. The colour schemes are representative of the WPD
value. From the map legend, red colour scheme represents areas
with high WPD; with yellow to lemon-green representing low
WPD values. The no data represents areas that are either unsuitable
or with no identified input data. Fig. 11 is a visual geospatial model

used in estimating the theoretical potential (see Figs. 11 and 12).

3.2. Geographical potential assessment

The first reduction of the theoretical wind power potential is the
geographical restriction of areas that are or may not be conducive
or appropriate for siting a wind turbine. The geographical potential
as described earlier refers to the available land areas that are
suitable for wind turbine installation and this is basically the
necessary environmental and topographic conditions of the land
that must either be present or absent in order to ensure the optimal
production of wind energy and functioning of the wind turbine.

Results of the analysis indicate that, the windiest areas are
located along the coastal areas, and along the mountain ranges such
as the Akwapim-Togo Ranges, precisely the Kwahu Plateau in the
middle belt region, and around the Gambaga escarpment in the
North-East. From the district dataset used [48], the total geo-land
mass of Ghana is about 231,650 km? [65,66], and total restricted
areas under consideration is about 33,000 km?. Thus, about 86% of
the total land area (198, 649 km?) of Ghana is geographically ideal
for wind energy production. It must however be emphasized that,
due to data constraints, the district administrative boundaries and
polygon area used are not the latest and hence any future updated
datasets may show discrepancies in results of analysis, thus the
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Fig. 13. Map showing areas with geographical potential.

results of this analysis is solely indicative and representative of the
base year datasets used (Fig. 13).

3.3. Technical potential assessment

The next reduction of the wind power potential after the
geographical potential, is the amount of wind energy that the tur-
bine can produce per number of hours in a full year. This reduction
is based on the requirements and specifications of the chosen wind
turbine which is largely dependent on the power curve, the rated
power, and the swept area of the turbine (V52/850).

However, to estimate the energy potential of the turbine of the
available suitable land per grid cell, the wind power density is a
crucial variable to consider [31]. The energy potential per grid cell is
the product of the WPD per cell and the rated power of the wind
turbine (i.e.850 kW). It must also be mentioned that, wind array
efficiency of turbines was not considered since a single turbine
model was used and the maximum energy output per grid cell
within the suitable area was computed. The technical energy po-
tential (GWh/year) by the turbine per grid cell of the suitable areas
per district has been calculated (see Fig. 14).

From the analysis, areas along the coast especially districts
within the Greater Accra Region show very high potential for wind
energy development with annual energy production over
1,000 GWhy~'; these include areas such as the Ada-Dangbe-East
district, Ga South Municipal, etc. The Keta district in the Volta

Region also shows good potential. In addition, in the Eastern Re-
gion, the stretch of area from the south-western to central-
southern part has the highest potentials specifically within the
Kwahu-South, Kwahu-East, Fanteakwa, and the Akwapim-North
districts with over 2,000 GWhy . In addition, areas in the Asante
Region such as the southern part of Sekere-Central-West, Mam-
pong Municipal, and Ejura-Sekyidumasi also show very good
potential.

It is also important to state the differences in results between
the turbine energy potential which uses the Weibull distribution
and the theoretical potential estimations of the WPD which uses
the Rayleigh distribution. For instance, the technical potential per
cell for Kwahu East district in the Eastern region which has a
maximum wind speed of 9.20 m/s generated turbine output of
about 7000 GWh/year as compared to the Rayleigh estimate of
about 6,700 GWh/year. In summary, the turbine optimization pre-
sents a percentage difference of about 2%. The percent difference is
significant and thus, the Weibull distribution was preferred, espe-
cially for localised or micro-analysis.

In addition, it is important to reiterate that, the Weibull distri-
bution curve was used to compute the technical WPD potential of
the suitable areas. Also, the reduction in the technical WPD is
because of the geographical restrictions that significantly reduced
parts of the land area and by extension number of grid cells (land
area) within some districts.

Finally, the study provides an estimation of total energy
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generated by each district that can be exploited with the corre-
sponding total energy demand to bridge the access gap within the
districts as shown in the Appendix A. For instance, the districts of
Adaklu Anyigbe in the Volta region and the Sekyere Afram Plains in
the Ashanti region with the lowest demand of 8 GWhy~! for both
can be met with the wind energy generated there which is about
3000 GWh per annum for each. Again, the two most populous
districts in Ghana which are the Accra Metro and Kumasi Metro
have the highest annual demand of about 454 GWhy ! and
199 GWhy~, respectively. However, part of these demands can be
met with generations in these districts, with generation of about
1800 GWhy ! and 463 GWhy ', respectively. The reason for this
high demand is also because these are the most densely populated
regional capitals in Ghana with very high population densities due
to urbanisation. Accra Metro is the central district of the Greater
Accra Region and the capital of Ghana.

3.4. Discussion

The general outlook of this study is to try and present wind
energy as a viable sustainable energy transition option available to

~— ™

Wind Energy Potential of Districts in Western Region (GWhiyear)
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I 1507000
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R )
— et

(continued).

the government of Ghana towards the country’s commitment to
decarbonizing its energy system as well as serve as a development
portfolio towards sustainable universal energy access in Ghana. To
achieve this, the study tries to estimate the potential of wind en-
ergy that can be generated within the regional districts using
combined geospatial and statistical approaches. Geospatial Multi-
criteria method was used to process the input datasets that were
secondarily sourced. Some datasets such as the wind speed and
DEM were interpolated to fulfil some assumptions of the study
which was to have the analysis at a square kilometre grid size.
Analysis of the wind energy potential at this resolution provided
more detail on the topography and also provided a much higher
WPD compared to the initial higher resolutions of the input data-
sets [46].

The Weibull and the Rayleigh density functions were analysed
and compared to ascertain which one yielded more power density
at a localised level. The purpose of using these methods was solely
to estimate the wind power potential per grid cell of the study area.
Many authors who used these two methods and other statistical
methods concluded and argued that, the Weibull function provided
a better fit for wind speed distribution assessment and more
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relevantly, for estimating the wind power potential at a more
localised level [30,33,34]. Thus, the Weibull density function was
preferred and used because it presented a best fit for the wind
speed distribution of Ghana with an average wind speed of about
5.4 ms~! producing a power density of 124Wm?.

Besides, unlike other studies which focused mainly on wind
energy assessment in some selected areas along the coast of Ghana
[15,38,39], the general overview of the current study presents an
assessment of wind energy potential for the entire onshore and
more significantly at a disaggregate level (district level). It must
also be emphasized that, different assumptions and multicriteria
methods have been applied in previous studies and for the purpose
of this study, the Boolean approach was used purposely to define
suitable and restricted areas. Results from this study highlighted
the fact that, some areas along the middle-belt show higher gen-
eration capacities compared to the coastal areas which have been
the focus of many previous and similar studies in Ghana.

4. Conclusion

In summary, this study tries to estimate the wind energy po-
tential in Ghana at the district level for the purpose of meeting the
unmet demand in these areas with special attention to people
living in off-grid areas by encouraging a distributed electricity
system and to promote wind energy as a competitive RE option
worth harnessing in Ghana. The assessment showed varying po-
tentials that can be tapped. Even though most of government wind
energy pilot projects have been carried out along the coastal areas,
some areas in the middle-belt show higher generation capacities of
over 2,000 GWhy~! per cell. On a large scale, about 300 TWh of
wind energy can be generated annually in Ghana. It must also be
highlighted that, to ensure optimal wind energy production, the
geographical factors of the site are crucial but conservative and
subjective. Thus, per this study, about 86% of Ghana's Onshore area
- i.e. ~198, 649 km? of land area is geographically suitable for wind
energy production. Total national theoretical Wind Power Density
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is approx. 0.04 MW km?. But, in general, the wind speed potential
of Ghana can be categorized as low. This general potential shows
that, the wind speed characteristics of Ghana is more ideal for
small-scale wind energy projects rather than large commercial
wind farms.

Further research is encouraged to include or provide an
assessment of the economic and implementation potential espe-
cially in developing countries, like Ghana. Other statistical methods
other than the Weibull and the Rayleigh functions should be
applied to future studies to compare the results of the energy
output generated in Ghana. In addition, the GIS environment pro-
vides different approaches in computing the various methodology
components, future research is encouraged to explore other geo-
spatial techniques, especially at a more granular scale.
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Appendix A

The charts below show the total annual wind energy that can be
generated within the districts to meet the respective energy de-

mand.

District Energy demand versus wind energy generated
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District Energy demand versus wind energy generated
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District Energy demand versus wind energy generated
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In this study, the techno-economic potential and site suitability for utility-scale solar PV and CSP tech-
nologies have been estimated for Ghana. The overarching goal is to increase visibility of solar energy
potentials to encourage and facilitate the uptake of renewable energy towards the global decarbonisation
agenda as well as to expand energy access in the country. To assist policymakers in Ghana towards this
agenda including potential areas for investment, the geographical, technical, and economic potentials for
the two solar energy technology solutions have been assessed. In this study unlike many other studies,
the AHP and Weighted Sum Average approaches have been applied in the ArcGIS Pro environment to esti-
mate the two technology potentials at the national and regional levels. This combined approach is still in
its infantry stages and thus contributes to a new body of knowledge from the international perspective in
addition to its applicability at specific country level like Ghana. Results from the analysis show varying
generation capacities for the selected solar energy technologies. Geographically, about 85% of total land
area in Ghana is suitable for solar energy deployment. At the national level, a generation capacity of
~68,622 TWhjyear can be harnessed from utility-scale PV and ~23,452 TWh/year from CSP systems.
The LCOE for the utility-scale solar PV technology ranges from a minimum of about $0.04/kWh to a max-

imum of $0.15/kWh, and from ~$0.73/kWh to ~$2.89/kWh for the CSP technology in Ghana.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

Access to energy or electricity is a basic need of every human
being as stated in UN Agenda 2030 and central to achieving the
Sustainable Energy for All (SE4ALL) initiative with focus on SDG
7 [1-4]. Access to energy is an enabler for sustainable development
and thus, plays an integral role in the development of a country. It
is one of the major economic boosters and development indicators
of a country. According to the World Bank and Sustainable Energy
for All organizations, about 17% of the Ghanaian population lived
without electricity access in 2019 [5]. Energy consumption in
Ghana on the average is 50-100 times lower than in developed
countries [6,7]. For instance, in 2018, annual electricity consump-
tion per capita in Ghana was only 0.3 MWh/capita compared to
in developed countries like Germany with 6.9 MWh/capita, and
13.1 MWh/capita in the USA [8]. Even though there is no univer-
sally accepted threshold of the minimum accepted consumption
per capita value, experts like Javadi, et al. [9] posits that, an assess-
ment between basic quality of life, basic survival, internal collabo-
ration and social graces, “annual electricity consumption of about

E-mail address: mary.asare-addo@studierende.uni-flensburg.de

https://doi.org/10.1016/j.ref.2022.03.007
1755-0084/© 2022 Elsevier Ltd. All rights reserved.

1000 kWh per year per capita is known as the boundary between
basic life condition and guaranteed survival” [9,10].

Efforts by the government of Ghana towards increasing electric-
ity access dates to the 1960s, when the then government developed
one of the country’s ambitious electrification plans through the
development of hydroelectric power projects. This led to the devel-
opment of the Akosombo Dam across the Volta River [11,12] the
major hydro-electric power plant in the country. Following, the
country saw an increase in the development of two additional
mini-hydro power plants, the Kpong and Bui hydro power stations,
making hydropower the second major share and source of clean
energy in the country’'s energy generation mix. This accounted for
about 40% of total installed generation capacity of which Akosombo
supplied about 1020 MW; Kpong 160 MW, and Bui 40 MW as at
2018 [12]. Also, as of 2018, grid capacity was about 14,067 GWh
of which 39.2% (i.e., 4991 GWh) came from hydropower.

However, currently with the impact of climate change, the
capacity of hydro has significantly reduced because of shortage
of water inflow into the dams. Consequently, with an existing
and increasing demand, the country was compelled to find addi-
tional power sources to bridge the huge demand and supply gap.
The government then resorted to fossil fuels in its quest to service
the unmet energy demands in the country thereby increasing the
share and making thermal power the major source of electricity
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Nomenclature

AHP Analytic Hierarchy Process

Cl Consistency Index

CR Consistency Ratio

CSP Concentrated Solar Power

DNI Direct Normal Irradiance

ELECTRE ELimination Et Choix Traduisant la REalité
EU European Union

FAHP Fuzzy Analytic Hierarchy Process

GHI Global Horizontal Irradiance

GIS Geographic Information Systems

GSA Global Solar Atlas

GWh Gigawatt hour

GWh/y Gigawatt hour per year

IRENA International Renewable Energy Agency
IUCN International Union for Conservation of Nature
Km Kilometer

km? Square kilometer

kw Kilowatt

kwWh Kilowatt hour

kWh/m?[year Kilowatt hour per square meter per year
LCOE Levelized cost of electricity

MCDM Multi-criteria decision-making

MW Megawatt

MWh Megawatt hour

NDC Nationally Determined Contribution

O&M costs Operations and Maintenance costs
PROMETHEE Preference Ranking Organization METHod for
Enrichment of Evaluations

PR,y Performance Ratio of photovoltaic module

RE Renewable energy

RI Random Index

SAM System Advisor Model

SDG 7 Sustainable Development Goal 7

SE4ALL  Sustainable Energy for All

Solar PV Solar Photovoltaics

TOPSIS Technique for Order of Preference by Similarity to
Ideal Solution

TWh/year Terawatt hour per year

UN United Nations

UNEP United Nations Environment Programme

WCMC World Conservation Monitoring Centre

$ United States Dollar

supply in the country [1,13-15]. As at 2020, thermal power
accounted for about 67.91% of grid electricity supply in the country
[13], hydro generation at 31.79% of hydro; with still insignificant
share of 0.30% from solar photovoltaics (PV) [13]. More so, even
with the additional supply, the country is still unable to meet the
basic electricity needs of the people.

Further, with increasing concern about the use of conventional
energy sources contributing to greenhouse gas emissions and an
environmental pollutant, the use of renewable energy (RE) tech-
nologies like solar, wind, hydro, etc., have gained prominence
and political attention. Also, without global transitioning of the
energy sector, it will be impossible to achieve the 1.5 degree target
of the Paris Agreement [16]. More significantly, also because
renewable energy generation costs have experienced a sharp fall
over the past decade due to economies of scale, technology
improvement, growing developer experiences as well as a growing
competitive supply chain in the RE industry globally [17 18] mak-
ing RE a more competitive alternative energy source. Again,
according to IRENA [17], renewable energy technologies have
become the least-cost option for alternative supply in almost all
parts of the world with about 72% increasing deployment in
2019. Levelized cost of electricity (LCOE) for utility-scale solar PV
fell 82% between 2010 and 2019, whereas that of concentrated
solar power (CSP) fell 47% as reported by IRENA [17]. The call to
diversify the country’s energy system using RE resources has even
become more crucial for three main reasons; i) to assist the gov-
ernment of Ghana meet its sustainable energy for all Nationally
Determined Contribution (NDC) targets by 2030 [1], ii) in fulfil-
ment of its Paris Agreement commitments to contribute and
reduce its greenhouse emission, iii) and help cut-down investment
costs accrued in importing crude oil to fuel existing thermal plants
which will eventually assist government achieve its debt recovery
in the energy sector [19,20].

Just like many RE resources, solar energy development involves
strong geospatial implication [21]. Solar radiation intensities vary
considerably from one location to another. For instance, according
to IRENA's CSP technology brief, unlike solar PV systems, CSP
plants require high direct solar irradiance for the plants to work
and as such one of the major reasons places in the Sun Belt region
(.i.e. between 40 degrees north and south of the equator) show
good potential for CSP deployment [22]. This implies that the selec-
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tion of a suitable site for solar energy planning requires considera-
tion for certain fundamental conditions that the chosen site must
fulfil to ensure optimal solar energy generation. These criteria
may include but not limited to, proximity to the grid infrastructure
for large scale or utility grid-connected systems as well as consid-
erations to how to provide cost-effective options for the end-user
while minimizing the overall production costs of the project and
maximizing energy output from the solar technology used [23].

The geographical location of Ghana provides the country with
an excellent potential for solar energy development [24]. And thus,
performing a thorough solar energy site assessment is a strategic
step towards ensuring a well-performing and cost-effective solar
energy project [23]. Furthermore, as mentioned earlier, the geo-
graphical characteristics of solar irradiance has led to a growing
importance in geospatial-based studies in estimating the solar
energy potential of a location and help determine a more viable
solution to service both urban and off-grid or rural households
[25]. Moreover, the development of many solar technologies for a
site is mostly backed by policy programs and decisions to assist
policymakers make a well-informed decision towards their sus-
tainable energy access interventions and programmes. Multi-
criteria decision-making (MCDM) methods have helped to make
decisions when confronted with multiple and conflicting objec-
tives [26]. More so, to assist policymakers achieve this goal, several
geographic information systems (GIS) based multi-criteria
decision-making approaches have been applied to help determine
the best site for the development of a specific type of solar technol-
ogy; in this case for utility-scale PV and CSP technologies.

The application of GIS-based MCDM method has been used in
several studies to assess potential sites for solar energy projects.
For instance, Wang, Jing et al. [27]; Kumar, Sah et al. [28]; and Choi,
Suh et al. [29] have provided an extensive review of different
MCDM methods for RE resource mapping and planning across dif-
ferent geographies. Some methods highlighted included the Ana-
lytic Hierarchy Process (AHP) by Saaty [30], FAHP by Zadeh [31],
Weighted Sum Model by Fishburn [32], Weighted Average by
Anderson [33], Boolean Overlay [34], Weighted Product Model by
Bridgman [35]; ELECTRE by Benayoun et al. [36], TOPSIS by Hwang
and Yoon [37]; Multi-Attribute Utility Technique by Edwards and
Newman [38], PROMETHEE by Brans and Vincke [39], and Hierar-
chical Cluster Analysis [40], etc. These methods have been applied
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in various studies in many countries such as South Africa [41,42];
in Turkey [43], Croatia [44], West Africa | 7], Canada [45], USA [46],
just to mention a few.

Despite all the MCDM techniques, the most widely used is the
AHP technique developed by Thomas, L. Saaty [30]. However,
despite the usefulness of the AHP method, it is not comprehensive
on its own without the application of additional decision-making
methods [28]. For instance, the AHP approach alone does not
address the geographical conditions of the location. Many studies
have combined AHP with other methods like the fuzzy logic, Goal
Programming etc., to reduce the complexity when applied to a num-
ber of criteria [47]. The application of AHP method combined with
GIS techniques have been applied in many solar energy evaluation
studies, for example, in Saudi Arabia [23,48], in Indonesia [49,50],
in China [51], Morocco [52], Brazil [53], Japan and Malaysia [54]
etc. Colak, Memisoglu et al.[43] applied GIS and the AHP methods
to select optimal site for solar PV power plants in the Malatya Pro-
vince in Turkey. The GIS-AHP approach has also been applied to
explore the potential of CSP in Zimbabwe [55], and solar energy
potential in the Bumthang Valley in Bhutan [56]. Yushchenko et al.
[ 7] also carried out a GIS-based evaluation of solar PV and CSP poten-
tial in the West Africa region which included Ghana. In the present
study unlike many other studies, the AHP and Weighted Sum Aver-
age approaches have been applied; this combined approach is still in
its infantry stages and thus contributes to a new body of knowledge
from the international perspective in addition to its applicability at
specific country levels, Further, a review of the literature shows that,
this study and approachis the first of its kind in Ghana providing and
considering a multi-criteria and multi-dimensional approaches by
taking into account the national electrification policy which is to
extend grid connection to areas within a 20km distance with a pop-
ulation density of 500persons/ km? and above who live within the
20km existing grid buffer distance [57,58].

In addition, one key aspect missing in most of the studies men-
tioned above is an assessment of the financial viability of the solar
project at specific locations. To address this, the LCOE method
which is a measure of the lifetime costs of generating electricity
from energy technologies has been used by many experts [59-
61] to model the potential costs involved in embarking on solar
projects. Researches done by the EU solar bankability project [60]
and, IRENA [61] have used and established a common practice
using the LCOE method to minimize the risks associated with
investments in solar PV and CSP projects. In a techno-economic
feasibility study on CSP by Aly, Bernardos et al., [69] in Tanzania,
they reiterated that the penetration of CSP projects in Tanzania is
however dependent on the associated financial implications. Fur-
thermore, even in studies where the LCOE method has been used
to compute the life-cycle costs of solar project, an assessment of
the geographical viability is usually not included or evaluated.
Many of the solar energy assessments are based on an either-or
approach, i.e., it is either purely a techno-economic assessment
or just an evaluation of the geographical or technical potential like
as seen in the studies mentioned above. In addition, there has also
been recent and increasing interest by policy makers and investors
to have a visualization and knowledge of specific areas that would
yield the optimum returns and consumer satisfaction. In this pre-
sent study, both the techno-economic and evaluation of the sites
have been analyzed to provide a more comprehensive insight into
potential areas of interest for investment.

In Ghana, geospatial techno-economic and site assessments of
the two selected solar energy technologies are still in their infancy
and limited, not to mention an assessment for all regions. For
instance, in a study by Agyekum and Velkin [62], the System Advi-
sor Model (SAM) software was used to assess the techno-economic
viability of CSP for only two selected towns in the northern part of
Ghana. Their assessment was however only limited to CSP, two
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towns as well as the study did not consider an evaluation of the
site to assess its viability for the CSP project. A review of the liter-
ature also show studies carried out by IRENA to estimate the
potential of renewable energy in the entire Africa region in 2014
[63]. Results from IRENA’ analysis show that, about 229 TWh/year
of CSP and 7644 TWh/year of large-scale PV can be generated in
Ghana based on their selected suitability criteria [63,64]. IRENA’s
assessment did not also factor in the economic viability of solar
project. The concept of evaluating the techno-economic and site
feasibility of solar energy potential using geospatial tools and soft-
ware is still in its early stages. This makes the current study a mai-
den effort towards opening-up further discussions and studies on
the development of solar energy markets and investment risks,
even at more disaggregate levels. An assessment at disaggregate
levels would also promote and encourage decentralization of elec-
trification planning at the local levels.

Research objective

The main objective of this study is to ascertain the feasibility of
utility-scale solar PV, and parabolic trough CSP systems penetra-
tion in Ghana by assessing the techno-economic and conducive-
ness of potential locations for the technology deployment. For
this purpose, the geographical, the technical and the economic via-
bility of utility-scale solar PV, and parabolic trough CSP systems
have been evaluated using GIS and AHP multi-criteria methods.

Methodology

This chapter of the study provides detail description of the
methods used and applicability using Ghana as a case study. In this
study, the techno-economic potentials and site suitability for
utility-scale solar PV and parabolic trough CSP technologies have
been estimated. Despite the differences among the CSP technolo-
gies, the parabolic trough dominates the CSP markets and is the
most commercially matured CSP technology [22].The analysis
applied a combined geospatial multi-criteria method, i.e., applied
GIS and the AHP multi-criteria analysis methods. The input data-
sets that were used for this study were all open-sourced and
resampled to the same resolution to achieve uniformity in level
of detail of study results. All datasets were interpolated to a
1km? grid cell size and the two solar energy potentials were esti-
mated and visualized for all 10 regions in Ghana. It must be men-
tioned that the site evaluation parameters and values used in this
study were not only based on evidences from empirical studies in
the Africa region [7,63] but also consideration was given to the
national electrification policy of Ghana [58]. Hence, in the present
paper, consideration for people living in close proximity to the grid
network and with higher population densities were more suitable
and assigned higher weights in constructing the pairwise compar-
ison matrices.

Study area

Ghana is located in the western part of Africa at latitude 7.9465°
N, and longitude of 1.0232° W. The country shares its borders with
Togo to the east, Cote d'Ivoire to the west, Burkina Faso to the
north, and to the south, lies the Atlantic Ocean and the Gulf of Gui-
nea. Ghana covers an area of about 238,723 km?. The terrain con-
sists mostly of low plains with scattered hills and highlands. The
highest point in Ghana, Mt. Afadjato which forms part of the
Akwapim-Togo Ranges is ~885m above sea level [65]. The country
is also home to the world’s largest artificial lake by surface area
(~8482 km?): the Lake Volta [65]. The climate in Ghana is tropical:
warm and humid with annual mean temperature ranging from
about 26-29 °C [66]. Total population as at 2021 is about 31 mil-
lion with average household size of 3.6 [67].
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It is however important to mentioned that the regional bound-
aries used for this study were the former 10 regions of Ghana. This
is due to the challenges in acquiring GIS administrative boundaries
data for the recent 2018 referendum that led to the creation of 6
new regions from the former 10 regions [67,68] as shown in
Figure 1.

Concept of the Analytic Hierarchy Process (AHP)

The AHP approach is a multi-criteria decision-making approach
that uses hierarchical structures to illustrate a problem and help
make judgement based on expert advice to deduce priority scale
[30,55]. With AHP, combination of qualitative and quantitative
inputs are allowed to help deal with complex problems in energy
planning [23]. AHP is used to mitigate the uncertainty and incon-
sistencies that may arise in the evaluation process [23,29]. A con-
sistency ratio (CR) must also be calculated to determine the
degree of inconsistency in the judgment of decisions through the
pairwise comparison process. Here all identified criteria are com-
pared against each other in the pairwise comparison matrix and
then numerical values are assigned to a criterion expressing judge-
ment of relative importance of a criterion against another [30,69].
With the AHP method, a scale of comparison ranging from values
of 1 to 9 is used to describe the intensity/ level of importance
among the compared criteria, where the value of 1 is used to rep-
resent “equal importance” and 9 for criteria having “extreme

Renewable Energy Focus 41 (2022) 216-229

importance” over the other criteria. Table 1 and Table 2 show the
pairwise comparison matrix of the five major criteria used for this
study which were derived from extensive review of literature to
identify suitable areas for utility-scale solar PV and CSP systems
in Ghana. To apply this method, first an unstructured problem
must be disintegrated in hierarchical order, define the goal, and
then identify the alternatives and criteria. Next, a pairwise compar-
ison matrix (A) is constructed and n as the number of criteria. The
matrix depicts the expert judgment of the pair-wise comparisons.
Matrix (A) will then represent a matrix where each entry a;; of the
matrix defines the significance of the i criterion to the jg criterion
[23,30,52]. The below steps provide further insight into carrying
out AHP for this study:

1 a b
A=1]1/a 1 ¢ m
1/b 1/c 1

After computing the pairwise comparison matrix, the next step
is to check for the consistency of the matrix. As mentioned earlier,
even though the values assigned to criteria are based on expert
opinions and experiences and not set arbitrarily, it is still impor-
tant to determine the level of inconsistencies in the matrix as peo-
ple’ decisions and preferences are sometimes intransitive and
inconsistent, and this may cause perturbations in computing the
eigenvector of a criteria [69]. Hence, the next step of the AHP
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Figure 1. Map of Ghana with the 10 regions. (a) Map of Ghana, (b) Geographical location of Ghana.
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Table 1
Pairwise comparison matrix for the utility-scale PV system.

Renewable Energy Focus 41 (2022) 216-229

Criteria Slope Population Density Distance to major roads Solar Irradiance (GHI) Distance to Electricity Grid Network
Slope 1.00 0.33 0.20 0.13 0.11
Population Density 3.00 1.00 0.33 0.20 0.11
Distance to major roads 5.00 3.00 1.00 0.25 0.13
Solar Irradiance (GHI) 8.00 5.00 4.00 1.00 0.50
Distance to Electricity Grid Network 9.00 9.00 8.00 2.00 1.00

Table 2
Pairwise comparison matrix for the CSP system.

Criteria Slope Distance to Rivers Distance to Electricity Grid Network Population Density Solar Irradiance (DNI)
Slope 1.00 0.50 0.50 033 0.20
Distance to Rivers 2.00 1.00 033 0.50 033
Distance to Electricity Grid Network 2.00 3.00 1.00 0.50 0.50
Population Density 3.00 2.00 2.00 1.00 0.50
Solar Irradiance (DNI) 5.00 3.00 2.00 2.00 1.00
Table 3
Values for RI.
n 2 3 4 5 6 7 8 9
RI 0.00 058 0.90 1.12 1.24 1.32 141 145

method is to calculate the consistency ratio CR which is defined as
the ratio of the consistency index CI to the average consistency
index RI'. CR is thus given as [30]:

CR= i (2)
The value of RI is based on the average of consistency of square
matrices of number of observed criteria n with its corresponding
assigned RI value. Table 3 shows the RI value of the given number
of observations n as proposed by Thomas L. Saaty [30].
Next is to compute the consistency index CI which is given as
[30]:

4max—n

= — 3)

If the value for CR is < 0.1, then the degree of consistency is
acceptable otherwise, decision judgment is inconsistent and based
on experiences and expert opinions Saaty [30,70] recommended a
revision of the preference pairwise matrix if CR > 0.1. Computation
of criteria weights resulting from the pairwise matrices for the 2
selected solar energy technologies are shown in Table 4 and Table 5.

Area suitability criteria: Input raster layers

This section highlights all the input variables or decision criteria
that were considered in this study for selecting optimal sites for
solar energy projects in Ghana (see Figure 2). All input layers were
rasterized and reclassified into 5 classes and level of importance
was assigned to areas from a scale of 1 to 5, with 1 having the high-
est prominence.

(a) Solar Irradiance

The first question that generally comes to mind when consider-
ing solar energy project is if the location receives enough solar irra-
diance worth harnessing for electricity. It is one of the main
necessary criteria that should be available to determine the suit-
ability of a site for the installation of a solar technology
[7,23,29,43,44,52,54-56,63,64,69,71-74]. Solar radiation datasets

! The average consistency index Rl is also referred to as the random index [70].
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for both the Global Horizontal Irradiance (GHI) and the Direct Nor-
mal Irradiance (DNI) were openly-sourced from the Global Solar
Atlas (GSA) portal [75]. From the nearest resample technique used,
GHI values in Ghana ranges from 1 500 kWh/m?/year to 2 080
KkWh/m?|year which makes the solar irradiance intensity in Ghana
very viable for utility-scale PV system, as well as for residential or a
distributed electrification system. The DNI intensity index in
Ghana on the other hand is rather nominal; ranging from 700
kWh/m?/year to 1 450 kWh/m?/year which makes CSP-based elec-
trification in Ghana more conducive for micro-grids or distributed
systems rather than for large-scale CSP projects.

(b) Slope

The gradient of the topography of the selected site can greatly
affect the amount of solar radiation received by the site. The land-
scape must usually not tilt more than 100% (45°) for PV systems
[63,64] and less the 3.7% (2.1°) [63,64] for CSP systems to ensure
optimal reception of the solar radiation. Hence prominence was
given to areas with lower slope. The slope dataset was accessed
from the Land Use Change and Agriculture Program, International
Institute for Applied Systems Analysis portal [76].

(c) Population Density

The number of persons per km? of the site is an important factor
to consider in determining the optimal technology solution to assign.
This particularly helps to identify where demand is to offer best-least
cost solutions. The population density dataset used was extracted
from the 2020 Africa population by WorldPop [77] in a tiff format.
The downloaded data was for the entire Africa continent and the ex-
tract by mask tool in ArcGIS was used to extract that of Ghana. Areas
with higher population densities with given higher prominence.

(d) Grid Infrastructure

As the name suggests, proximity to the power grid plays an
integral role in especially assigning an electrification solution to
the end-user, It therefore importance to site the solar plant in areas
with existing or proposed transmission and distribution networks.
This is also to ensure that there is enough demand to meet the
energy generated and to offer optimal cost-effective solutions.
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Table 4
Criteria weights for the utility-scale solar PV system.

Renewable Energy Focus 41 (2022) 216-229

Criteria Slope Population Distance to Solar Distance to Electricity Weights (%)
Density major roads Irradiance (GHI) Grid Network

Slope 0.04 0.02 0.01 0.03 0.06 333
Population Density 0.12 0.05 0.02 0.06 0.06 6.21
Distance to major roads 0.19 0.16 0.07 0.07 0.07 11.35
Solar Irradiance (GHI) 031 0.27 0.30 0.28 0.27 2853
Distance to Electricity Grid Network 035 0.49 0.59 0.56 054 50.58

Here, CI = 0.076 CR = 0.068

Table 5

Criteria weights for the CSP system.
Criteria Slope Distance to Rivers Distance to Electricity Population Density Solar Irradiance (DNI) Weights (%)

Grid Network

Slope 0.08 0.05 0.09 0.08 0.08 742
Distance to Rivers 0.15 0.11 0.06 0.12 0.13 11.26
Distance to Electricity Grid Network 0.15 0.32 0.17 0.12 0.20 19.08
Population Density 0.23 0.21 0.34 0.23 0.20 24.25
Solar Irradiance (DNI) 0.38 032 0.34 0.46 0.39 37.99

Here, CI = 0.039 CR = 0.034

Also, the further the grid network, the more expensive the LCOE,
since the transmission network will have to be extended to the
generation point and to where demand is located, thereby increas-
ing overall costs of production. The grid infrastructure dataset was
accessed from the World Bank data catalogue portal [78].

(e) Road Network

Conventionally, the location of a solar plant must be easily
accessible [52] to allow for easy access during all the development
phases; from preliminary site evaluation, plant installation, trans-
mission and for maintenance purposes. Access to road infrastruc-
ture goes a long way to help minimize investment costs
[7,49,50,79], especially cost associated with transportation. It is
therefore of an economic and technical relevance to consider prox-
imity to road infrastructure in evaluating suitable sites for solar
electrification projects. In addition, it is expected that, people are
more likely to live in areas where they could have access to trans-
port and therefore important to include proximity to road infras-
tructure in identifying suitable locations for siting a solar plant.
Road proximity evaluation also helps to avoid the oversight of
installing the power plant in areas designated for road construc-
tion. Areas closer to roads were more preferred and assigned
higher score of importance.

(f) Rivers

Availability of water is an important factor to consider espe-
cially for CSP systems. Therefore, the closer the power plant is to
a water body, the more convenient. Just like many conventional
thermal power plants, most CSP installations need water to cool
and condense the steam cycle [22]. The chosen CSP technology
selected must be regularly cleaned off dust that settles on the mir-
rors to ensure sufficient reception of the solar insolation [80-82].
Hence, areas closer to water bodies were considered more suitable
for siting a CSP plant. It must be mentioned that availability of this
criterion was only considered for CSP systems. The river dataset
was accessed from the World Bank data catalogue portal [83].

(g) Area Restriction Mask

In this study, for ecological and environmental protection rea-
sons, delimited areas like international protected areas were com-
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pletely excluded from all the solar project site selection as it is not
advisable to install power plants in protected areas [53,84]. Pro-
tected areas are one of the major restricted areas considered in this
study and they include areas like wetlands, Ramsar sites, forest
reserves, parks, etc. The protected areas dataset was openly
accessed at UNEP-WCMC and IUCN [85].

Estimation of the geographical potential

The geographical potential refers evaluation of sites for
development of the 2 solar technologies. The topography of
Ghana's terrain must fulfil certain necessary and minimum
environmental conditions to ascertain the viability of installing a
solar PV or CSP plant on a site to ensure optimal energy generation
and deployment. The evaluation of the geographical potential
included expert advice on site selection criteria that the location
must meet to be suited for building utility-scale solar PV or CSP
system. To analyze this, the AHP method was used to assign
weights of importance to selected criteria, such as the slope of
the terrain, population density of the location, proximity to power
grid infrastructure, distance to road network, etc.

After the criteria selection, the next step was to identify, esti-
mate and exclude all restricted areas from the suitable area. The
Boolean binary method in the GIS environment was used to
exclude all protected areas which forms the area restriction mask
from the analysis. Thus, all areas that either did not meet the min-
imum suitable criteria or are protected were assigned the value 0
and the remaining suitable areas were assigned the value of 1.
And this is the first reduction in the potential estimation of the
solar PV and CSP energy output because part of the overall land
area is reduced due to the exclusion mask.

Further, the remaining suitable land areas were subjected to
suitability criteria. All identified suitable criteria were reclassified
and assigned weights to identify areas that were either excellent
or poor for the installation of each solar technology. As mentioned,
the AHP was used to assign weights to all the suitable criteria of
the site. The AHP is one of the most common and widely used
approach and it consists of grouping criteria into a square matrix
and performing a pair-wise comparison to place level and scale
of importance on each suitable criterion. Based on the pair-wise
matrix, a general percentage score was computed and assigned
to each criterion which is also reflective of the level of importance
assigned to the criteria. For this study, 5 suitability criteria were
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used and then based on level of importance or prioritization, were
reclassified into 5 classes with class 1 being identifies as (excellent)
location, class 2 (very good), class 3 (good), class 4 (moderate), and
class 5 (poor). The geographical potential maps for both technolo-
gies are shown in Figure 3.

Estimation of the technical potential

After identification of suitable locations for the solar PV and CSP
systems is the estimation of the technical potential. The technical
potential basically refers to the amount of electric energy that
can be generated given the geographical potential by the selected
solar technology over an estimated period of time. In this study,
the maximum energy output per grid cell is estimated per year
(GWh/year), see Figure 4. Basic methods have been proposed in
many studies to estimate the technical potential or electrical
potential of solar PV and CSP systems of a location
[7,63,74,86,87]. For this study, the equation used by IRENA
[22,63,64] and Yushchenko et al. [7] was adopted and it is given as:

o ro - » n n "

1

GHI (kWh/m?fyear)
Value
- 1500
[ B¥c]
1800
. 1880
. 1962

-1l
- 1800
- 1880
-1962
2080

© 4 60 180 Kiometors

(c)

Figure 2.
Network, (f): Roads, (g): Rivers, (h): Area restriction mask.
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. AvailArea;
E; = GHI;j(or DNI;) «Efficiency + PR py (for pv systems) * {WM}

(4)

Where, E; refers to the technical solar energy potential to be gener-
ated per year (GWh/y), (i) represents the grid cell value per km?.
GHI and DNI are the solar irradiation values of the location for
either PV or CSP system, respectively. PR ,y (for pv systems) Was only
included in estimating the technical energy output for the solar
PV technology. AwailArea; represents the geographical potential
(suitable areas) and the spacingfactor is the ratio of total land
requirements to the surface of the solar panels or CSP collectors
| 7]. Efficiency as used here refers to the module efficiency for the
PV or the CSP technology while PR,, is the performance ratio of
the PV module. The selected module specifications are based on
expert advice from reviewed literature [7,63,74,86,87]. The module
specification assumptions used in this study for the 2 selected solar
energy technologies is shown in Table 6.
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Fig. 2 (continued)

Estimation of the economic potential

The economic potential is evaluated by estimating the LCOE for
utility-scale solar PV and CSP systems. As mentioned, the LCOE is
used as a measure to compare the lifetime costs of generating elec-
tricity from different generation technologies [59,88,89] which
includes components like the initial capital costs, operations and
maintenance costs (O&M), discount rate, etc. Just like the technical
potential, the LCOE is estimated based on the energy output gener-
ated per grid cell, i.e,, km?. The formula used for estimating the
LCOE of the solar energy technologies is given as [17,61,90]:

n i+ My " Ei
LCOE, = [Z[:,m] / [ZH m}

Where: LCOE; refers to the average lifetime levelized cost of elec-
tricity generation per grid cell, I; is initial capital costs in the year
t per grid cell, M;; is the O&M costs in the year t per grid cell, E;

(5)
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is the energy generated in the year t per cell, r; is discount rate
per cell and n represents the lifetime of the system.

The metrics used in this analysis are further elaborated in IRE-
NA's renewable power generation costs in 2020 report [61]. It must
however be mentioned that to estimate the LCOE per cell, all the
costs component remained constant across grid cells except for
the energy outputs that were the only variables. As projected in
the report, initial capital costs of installed capacity per cell for
utility-scale PV and CSP were $883/kW and $4581/kW, respec-
tively. A 10% rate for both PV and CSP was used to estimate the
O&M costs and at a discount rate of 7.5% for both technologies over
a lifetime period of 25 years. The LCOE values were calculated and
imported into the GIS environment to create visualisations of the
economic potential maps (see Figure 7). It also important to
emphasise that due to the evolving markets for the solar technolo-
gies, the LCOE results obtained in previous and subsequent years
may differ due to variations in the costs components used in the
estimations. For this assessment and as already stated, the cost val-
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Figure 3. Area suitability Maps. (a) Area suitability for solar PV deployment, (b) Area suitability for CSP deployment.
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Figure 4. Maps showing maximum energy generation capacity per year per grid cell (GWh/year). (a) Utility-scale solar PV energy output, (b) CSP energy output.

ues used were obtained from IRENA's report due to limited data
availability at the country level.
Table 6
Solar PV and CSP technology specifications and assumptions used in estimating the
technical solar energy potentials.

Results

Specification Utility-scale PV system CSP system In this section, results of the two energy potential categories for
Technology Monocrystalline cells Parabolic trough utility-scale solar PV and CSP technologies have been highlighted
Efficiency wg;‘;g;ﬁmnw 15-22%,  System efficiency15-21% and explained. This includes results from estimation of the
Spacing factor 145 375 geographical potential, the technical potential, and the economic

potential for utility-scale solar PV and CSP at the national level
and within the 10 regional boundaries in Ghana. Figure 5 and
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Figure 6 show the geospatial models used to estimate the geo-
graphical and technical potentials, respectively. As mentioned ear-
lier, the overarching purpose of this study is to help energy policy
makers in Ghana make better decisions in their sustainable energy
access planning and RE integration initiatives, and more impor-
tantly to encourage decentralization of energy access interventions
at the local government level (regional level).

Geographical potential

This section provides insights into the outcome of the analysis
of this study which includes site evaluation of suitable areas for
development of the 2 selected solar energy technologies. From
the dataset used [91], Ghana has a total land area of about
238,723 km? and about 203,795 km? (85%) area of the land is suit-
able for both utility-scale solar PV and CSP development. Total
restricted area is about 34,928 km?. Site evaluation for the 10
regions in Ghana show varying geographical potential with North-
ern region having the largest suitable land area (30%) for the devel-
opment of both solar technologies in Ghana and with the Greater
Accra region having the smallest available land (2%). Table 7 and
Table 8 show the various percentage share of actual land area
and suitable area both at the regional and national levels in Ghana
for the two technologies

Site evaluations show varying geographical potentials across
the regions in Ghana. At the regional level, the Upper West region
shows the area with the highest generation capacity of about 56%
(class 1), and least with potential share of 0.14% in the Greater
Accra and the Volta regions for utility-scale solar PV. Nationally,

Renewable Energy Focus 41 (2022) 216-229

about 51% (classes 1- 3) of total land area in Ghana is very ideal
for development of utility-scale PV solution and only about 8%
(class 5) of suitable areas show poor potential for utility-scale solar
PV, see Table 7.

Also, despite the nominal DNI intensity in Ghana, suitable areas
for CSP system however show great potential as shown in Table 8.
For instance, about 62% (classes 1-3) of suitable areas in Ghana
show promising potentials. Only about 9% (class 5) of suitable
areas show poor potential, with the Volta region having the poor-
est technical potential per suitable area of about 0.14%. The Upper
West region still has the largest CSP technical potential per suitable
areas of about 56% (in class 1). See Figure 3 for geospatial suitabil-
ity maps for the 2 selected technologies under research.

Technical potential

In this section, results from the technical estimation of the
annual energy output generated by the 2 selected solar energy
technologies have been explained. As mentioned earlier, the tech-
nical potential here refers to the amount of solar energy that the
utility-scale solar PV and CSP systems can generate annually given
the geographical potentials or suitable areas. It must be empha-
sized that, the energy output visualized in Figure 4 are based on
a grid cell values where the maximum value per grid cell was used
to estimate the technical potential of the location in GWh/year. But
for the total capacity generated per region and nationally, sum of
all grid cell values within a region was used i.e., in TWh/year.

Results of the analysis show that, a total of ~68,622 TWh/year
of solar energy can be generated annually from utility-scale PV sys-
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Figure 6. Geographical and technical potential estimation model for the CSP system.
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Figure 7. Maps showing the LCOE estimates per grid cell for both solar technologies. (a) LCOE estimates for Utility-scale solar PV system, (b) LCOE estimates for CSP system.
Table 7
Share of utility-scale solar PV technical potential per suitability class (%).
Region Class 1 (Excellent) 2 (Very Good) 3 (Good) 4 (Moderate) 5 (Poor)
Ashanti - - 5.76% 21.07% 4.84%
Brong Ahafo - - 22.78% 17.30% 24.48%
Central - - 0.71% 6.79% 21.84%
Eastern - - 4.99% 14.73% 4.30%
Greater Accra - 0.91% 2.35% 2.46% 0.14%
Northern 10.39% 68.51% 56.42% 9.74% -
Upper East 33.27% 5.71% - - -
Upper West 56.33% 24.85% 2.44% - -
Volta - 0.02% 4.55% 17.36% 0.14%
Western - - 0.01% 10.55% 44.27%
Total 10.13% 10.11% 30.78% 41.08% 7.89%
Table 8
Share of CSP technical potential per suitability class (%).
Region Class 1 (Excellent) 2 (Very Good) 3 (Good) 4 (Moderate) 5 (Poor)
Ashanti - - 10.38% 24.81% 6.07%
Brong Ahafo - - 31.60% 20.34% 6.87%
Central - - 0.90% 8.05% 21.72%
Eastern - - 6.94% 15.15% 11.01%
Greater Accra 0.01% 1.39% 2.44% 2.77% -
Northern 16.43% 89.96% 38.89% - -
Upper East 28.06% - - - -
Upper West 55.50% 8.49% - - -
Volta - 0.16% 8.80% 18.46% 0.04%
Western - - 0.06% 10.41% 54.28%
Total 13.30% 19.46% 28.97% 29.53% 8.74%

tem in Ghana, see Table 9. Regionally, the Northern region gener-
ated the highest utility-scale PV energy with capacity of about
22, 203 TWh/year with a national geographical potential share of
30%, followed by the Upper West region with a technical potential
of about 10,517 TWh/year with a national geographical potential
share of 9%. The Greater Accra region at the national level, gener-
ated the lowest technical potential of about 1079 TWh/year given
its geographical potential of 2%. At the regional level however, the
Western region generated the lowest maximum capacity of
~ 28.83 GWh/year, followed by the Ashanti region with maximum
capacity per grid cell of ~ 30.11 GWh/year. The CSP system gener-
ated an annual capacity of about 23,453 TWh/year in Ghana. Again,
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under the criteria and assumptions used for this study, the North-
ern region showed the highest annual generation capacity of
~8560 TWh/year. The Greater Accra and the Central regions
showed the lowest annual CSP potential of ~377 TWh/year and
~685 TWh/year, respectively, see Table 10.

Economic potential

In this study, the LCOE approach was used to estimate the eco-
nomic potential for utility-scale solar PV and CSP technologies for
Ghana. This approach was used to provide insights and estimation
of the costs involved in the generation and integration per unit of
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Table 9
Geographical, Technical and Economic potential of utility-scale solar PV system for Ghana.
Region  Actual Lland  Suitable National share of Share of suitable area PV Energywin PV Energyy.  PVENergymen PV Energyiaa  PVLCOEwu PVLCOEwy PV LCOEncan
Area (km?) Area (km?)  suitable area (%) within region (%) (GWhjyear) (GWhyear) (GWhyear) (TWh/year) ($/kwh) (S/kwh) ($/kwh)
Ashanti 24,793 20847 1023% 84.08% 16.90 3011 24.12 579216 0.1452 0.0815 0.1018
Brong 39,670 32,626 16.01% 82.24% 16.60 3074 25.88 9225.66 0.1478 0.0798 0.0948
Ahafo
Central 9655 8777 431% 90.91% 17.04 29.95 2137 2244.00 0.1440 0.0819 0.1148
Eastern 18,661 17206 LR RS 9221% 17.14 30.74 2404 423259 0.1432 0.0798 0.1021
Greater 3671 3543 1.74% 9651% 18.66 40.73 2645 1078.86 01315 0.0603 0.0928
Accra
Northern 69,037 60,238 29.56% 87.25% 23.53 58.94 34.06 2220345 0.1043 0.0416 0.0721
Upper 8665 7369 362% 85.04% 47.29 60.10 57.77 506724 0.0519 0.0408 0.0425
East
Upper 19,466 17370 8.52% 89.23% 3059 60.39 5277 1051661 0.0802 0.0406 0.0465
West
Volta 20467 18,847 9.25% 92.08% 1811 4011 2458 4664.48 0.1355 0.0612 0.0998
Western 24,639 16972 8.33% G8.88% 16.90 2883 2068 3597.14 0.1452 0.0851 0.1187
Total 238,723 203,795 100% 85% 68622.18
N
i
i
Table 10
Geographical, Technical and Economic potential of CSP system for Ghana.
Region  Actualland  Suitable National share of Share of suitable area €SP Energywi,  CSP Energywax  CSP EMergymean  CSPEnergyrom  CSPLCOEy. CSP LCOEy, CSP
Area (km?) Area (km?)  suitable area (%) within region (%) (GWh/year) (GWh/year) (GWh/year) (TWh/year) (S/kWh) (S{kwh) LCOEmean (S
kwh)
Ashanti 24,793 20,847 10.23% 84.08% 492 9.08 7.00 187954 2.5879 14023 18189
Brong 39,670 32626 16.01% 82.24% 5.08 967 783 305029 2.5064 13167 16261
Ahafo
Central 9655 8777 431% 90.91% 512 1153 61 685.18 24868 1.1043 2.0839
Eastern 18,661 17,206 BA4% 9221% 441 967 7.07 130066 2.8872 13167 1.8009
Greater 3671 3543 1.74% 96.51% 523 1479 8.49 376.77 24345 08609 1.4997
Accra
Northern 69,037 60,238 29.56% 87.25% 736 16.40 1119 8559.79 1.7300 0.7764 11379
Upper 8665 7369 3.62% 85.04% 1273 1725 16.49 1520.68 1.0002 0.7381 07721
East
Upper 19.466 17.370 8.52% 89.23% 1147 17.61 1563 3488.14 11101 07230 08146
West
Volta 20467 18,847 9.25% 92.08% 458 1222 751 1491.73 2.7800 1.0419 1.6954
Western 24,639 16972 833% 68.88% 468 1053 5.68 1099.85 27206 1.2002 22417
Total 238,723 203,795 100% 85.37% 23452.64

622-917 (7207} LF sna04 ARiaug aqomausy
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solar energy generated by the technology. As mentioned earlier,
the entire study is based on a grid cell assessment and hence the
maximum values as shown on the map represents the potential
LCOE estimate of the maximum energy output generated within
the grid cell, i.e., per km? as visualized on the maps in Figure 7.

The LCOE for a CSP technology in Ghana is much more expen-
sive than for the utility-scale solar PV, see Table 9 and Table 10.
For example, in the Upper West; the region with the largest gener-
ation capacities for both technologies, the maximum energy gener-
ated by the PV system i.e., 60.36 GWh has LCOE of $0.04/kWh
while that of the CSP system with maximum capacity of about
17.16 GWh has unit cost or LCOE of $0.72/kWh. From the study
and as shown on the maps in Figure 7, the LCOE for the utility-
scale solar PV technology ranges from about $0.04/kWh to $0.15/
kWh, and from a minimum of $0.73/kWh to a maximum of
$2.89/kWh for a CSP technology in Ghana.

Discussion

In this study, a combined geospatial-AHP multicriteria decision
methods were applied to the case of Ghana to estimate the
geographical, technical, and economic viability of utility-scale
solar PV and CSP systems in the country. The GIS Boolean
method was applied as the first step to delimit and delineate
suitable areas from the restricted areas. Areas that were classi-
fied as restricted or delimited such as protected areas were com-
pletely excluded from the analysis. The suitability area criteria
were based on extensive review of  literature
[7,37,43,63,64,72,74,84], etc. It must however be stated that,
even though similarities exist between criteria selections, value
thresholds differ slightly based on technology assumptions, geo-
graphical location, and objective of the solar project. The analysis
was carried out at a grid cell resolution of 1km? per land area.
The AHP [30] which is most widely used and the WSA multi-
criteria methods were used in the ArcGIS environment to com-
pute the geographical and technical potentials of the solar tech-
nologies used. The values for the LCOE were however computed
in excel and then imported into the GIS environment. This study
is particularly relevant to Ghana's decarbonization agenda. Fur-
ther, a review of the literature shows limited geospatial solar
energy potential assessment in Ghana to assist policymakers
make informed decisions. The only similar studies that have
been carried out were done by IRENA for the Africa and the ECO-
WAS region [17,61,63,64] and technical potential for countries in
West Africa by Yushchenko et al. [7] and not specifically on
Ghana and hence the level of detail is not comparable. Results
of this assessment show varying potentials for the 2 selected
solar technologies, with total generation capacities of ~68,622
TWh for a utility-scale solar PV technology and ~23,453TWh
for the CSP technology. The LCOE for the utility-scale solar PV
technology ranges from a minimum of about $0.04/kWh to a
maximum of $0.15/kWh, and from ~ $0.73/kWh to ~$2.89/
kWh for the CSP technology in Ghana. The LCOE estimations
are comparable as they fall within values obtained in other stud-
ies like that of [62]. Evidence from other countries have also
shown that where there are right regulatory and policy frame-
works in place, access to low-cost finance is available [92].

Conclusion

The techno-economic potential and site viability for utility-
scale solar PV and CSP system for Ghana have been evaluated.
Out of the about 238,723 km? of Ghana's land areas, about
203,795 km? (85%) available land is suitable for solar energy devel-
opment. In addition, ~68,622 TWh/year of energy from utility-
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scale PV can be deployed annually in Ghana, and ~23,453 TWh/
year from the CSP technology. The economic potential (LCOE) for
the utility-scale solar PV technology ranges from about $0.04/
kWh to $0.15/kWh, and from about $0.73/kWh to $2.89/kWh for
the CSP technology in Ghana. Also as already discussed, there are
various factors that accounted for the unit cost of each technology.
For Ghana, aside the evolving markets for the solar technologies,
the overall capital costs, the O&M costs, and present discount rate,
another major reason for the higher unit cost especially for the CSP
technology is the low DNI intensity in the country.

Further studies are however needed to analyze the implemen-
tation potential for the selected solar technologies to understand
the feasibility of implementing these projects given institutional
constraints and incentives as evidence have shown that access to
low-cost finance exist when the right policy framework is in place.
In addition, an assessment of how to strengthen grid network con-
nectivity to increase the uptake of solar energy would be valuable
to reduce transmission and distribution losses.
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ABSTRACT ARTICLE HISTORY
With green hydrogen gaining traction as a viable sustainable energy Received 12 June 2023
option, the present study explores the potential of producing green Accepted 4 September 2023
hydrogen from wind and solar energy in Ghana. The study combined
the use of geospatial multi-criteria approach and PEM electrolysis G .

3 ; : ; reen hydrogen;
process to estimate the geographical and technical potential of the decarbanisation;-susidinable
selected two renewable resources. The study also included an energy access; water
assessment of potential areas for grid integration. Technology electrolysis; geographic
specifications of a monocrystalline solar PV module and 1 MW wind information systems (GIS);
turbine module were applied. Results of the assessment show that multi-criteria approach
about 85% of the total land area in the country is available for green
hydrogen projects. Technically, capacities of ~14,196.21 Mt of green
hydrogen using solar and ~10,123.36 Mt/year from wind energy can be
produced annually in the country. It was also observed that some
regions, especially regions in the northern part of the country even
though showed the most favourable locations for solar-based green
hydrogen projects with technical potential of over 1500 Mt/year, these
regions may not qualify for a grid connected system based on the
current electrification policy of the country due to the regions’ low
population density and distance from the power grid network threshold.

KEYWORDS

1. Introduction

The achievement of net-zero carbon economies and access to sustainable energy will require the
development and evolution of new and improved technologies to harness energy from renewable
sources. With the increasing call on global leaders and governments to decarbonise their energy
systems due to the adverse impact of global warming on the environment and on society, many
leaders with the help of researchers are encouraged to explore various sustainable energy or fuel
options to diversify their energy systems. For this reason, and aside other renewable energy
resources like wind, solar, hydro, biomass, and geothermal, green hydrogen is also gaining increas-
ing traction as a possible alternative source.

Green hydrogen could provide a great opportunity to countries in Sub-Saharan Africa towards
achieving sustainable universal energy access and the eradication of energy poverty. Countries in
this region could leverage on the rich renewable energy potentials to produce green hydrogen as
an alternative source for electricity generation (Herdem et al. 2023), alternative cooking fuel, and
for export. Globally about 2.4 billion people still rely on traditional fuels (World Bank 2023b)
like charcoal, fuelwood, crop waste and kerosene for cooking with the associated toxic heath
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implications as well as negative impact on the environment. It is projected to contribute about 6%-
18% of total global energy consumption by 2050 (Ball and Weeda 2015; Okunlola, Davis, and
Kumar 2022). Hydrogen is also the most abundant element in the universe yet difficult to obtain
in its pure form (Acakpovi et al. 2021; Mackenzie 2019). It is a valuable fuel source widely used
in the heavy industry like the manufacturing and transport industries. Global demand for hydrogen
is about 70 Mt'/year (Mackenzie 2019). The greater concern, however, is that, 99% of today’s hydro-
gen is not green but rather generated from hydrocarbons like coal and natural gas contributing sub-
stantially to the share of CO, emissions released into the atmosphere (Mackenzie 2019). Green
hydrogen on the other hand, is not produced with hydrocarbons but from renewable energy
resources like solar and wind through electrolysis by splitting water molecules into hydrogen
and oxygen. Many developed countries with good penetration of renewable energy (RE) sources
are therefore exploring the potential for long-term commercial production of green hydrogen
for domestic uses (Okunlola, Davis, and Kumar 2022). About 252 MW cumulative installed
capacity of green hydrogen projects were deployed by the end of 2019 and additional 3205 MW
of electrolyser for green hydrogen production will be deployed globally by the end of 2025
(Mackenzie 2019).

Ghana, like many countries, is currently exploring other sustainable means of energy to diversify
the country’s energy mix in order to meet its Agenda 2030 commitments and targets (Energy Com-
mission of Ghana 2019; Ghana - Action Plan for Sustainable Energy for All by 2030, 2012,
‘SE4ALL-GHANA ACTION PLAN’ 2012). Green hydrogen will therefore provide great opportu-
nity to the country due to the availability of renewable resources like solar and wind; and particu-
larly for solar which the country has in abundance. This is also because countries in the Sun-Belt
region, i.e. between 40° north and south of the Equator have higher potential for solar energy than
other parts of the world.

Thus, the potential of green hydrogen is a promising option for the country to consider. This
technology if properly developed and harnessed, could even be produced on a commercial scale
for export as well as to meet the electricity needs at a grid connection level which will also help mini-
mise the risks associated with the over-reliance on a specific fuel source. This is again particularly
crucial for a developing country like Ghana that relies on imported fossil fuels to power its thermal
plants — the most dominant energy source in the country’s energy mix (Asare-Addo 2022; Energy
Commission of Ghana 2020; 2021).

Besides, according to the IEA report (IEA - International Energy Agency 2021), the co-location
of hydrogen production from renewables often helps to avoid or minimise the costs associated with
electricity transmission. Also, electrolysers used for producing green hydrogen can operate dyna-
mically, needing only seconds to operate at maximum capacity and thus can easily be integrated
with renewable infrastructure that are frequently disrupted for long or short duration, and can
be stored for longer periods in large tanks for later use (Mackenzie 2019). Opportunities for
green hydrogen production in the country exist, even for export. According to Mackenzie (Mack-
enzie 2019), even though green hydrogen might not be currently competitive on the market as pro-
jected in most scenarios by 2025, national pilot projects and targets will help generate enough
volume to achieve substantial CAPEX decline beyond 2025. Ghana however as at the end of
2022 does not have a hydrogen energy policy or any existing hydrogen initiatives (Ballo et al. 2022).

Hydrogen over the past years has been produced mainly from hydrocarbons. There are currently
about four types of hydrogen produced differently based on the kind of resource used, the technol-
ogy used, and the processing or method used to produce the hydrogen. Aside green hydrogen,
which is produced using renewable resources via electrolysis, the other types are produced using
fossil fuels with hydrogen and carbon dioxide as end products. Fossil-based hydrogen includes
the blue hydrogen which uses Steam Methane Reforming (SMR) plant with carbon capture and sto-
rage (CCS) or Coal gasification plant with CCS to convert natural gas or coal into hydrogen and
CO, as well as stores CO, for reuse. Grey hydrogen is also produced using SMR or coal gasification
plant to generate hydrogen and CO, using natural gas and coal. Another type is turquoise hydrogen
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which uses methane pyrolysis plant with carbon capture and utilisation (CCU) to split methane into
hydrogen and solid carbon. The present study explores the potential of producing green hydrogen
from solar and wind in Ghana using the water electrolysis process and the application of geographic
information systems (GIS) techniques.

Many studies have combined the production of green hydrogen via electrolysis with multi-
criteria approaches and GIS methods to assess the potential of green hydrogen in many countries.
This is mainly due to the spatial characteristics associated with RE sources used for producing the
green hydrogen. The application of GIS has become a widely used approach not only in green
hydrogen potential assessment but also predominantly used for assessing the potential of RE pro-
jects globally. Moreover, the application of GIS in resource assessment has become increasingly
important because of the unequal distribution of RE sources across the globe in terms of generation
capacity and predominance. For instance, (Bhandari 2022) combined the application of GIS and
regression analysis to forecast the potential of solar-to-hydrogen demand across the electricity
and transport sectors till 2040 in Niger. The study highlighted that the use of GIS provided a
more accurate analysis as it factored in different land use policies which is required to estimate
the true hydrogen potential of a location. The application of GIS in the study was however mainly
used to evaluate the theoretical and the technical potentials of green hydrogen from solar potential
in Niger. Other studies also used GIS to assess the technical potential of green hydrogen (solar and
wind) in Canada (Okunlola, Davis, and Kumar 2022). Their study however only focused on the
technical potential without estimating the geographical potential. A geospatial approach was also
applied to assess the feasibility of green hydrogen from solar, wind and hydropower to replace
grey hydrogen production in the EU27 and UK at the regional level (Kakoulaki et al. 2021).
Their study focused mainly on the technical potential while briefly highlighting the environmental
constraints and techno-economic factors that could affect the generation capacities. Their study
however did not explicitly estimate the geographical potential or how land use conditions impacted
results of their assessment. (Touili et al. 2018) also performed a techno-economic feasibility study to
analyse the potential of generating hydrogen from solar energy in Morocco. The authors used the
method of interpolation in the GIS environment to visualised results of their simulation. Their
research was also purely technical potential assessment without site suitability evaluation. Another
techno-economic potential assessment of green hydrogen production from wind and solar was car-
ried out in Oman by (Okonkwo et al. 2022). A study was also conducted in Turkey to assess and
compare offshore and onshore green hydrogen potential from solar (Karayel, Javani, and Dincer
2022). Other country case studies include Algeria (Messaoudi et al. 2019; Rahmouni et al. 2017),
South Africa (Ayodele and Munda 2019), Italy (Dagdougui, Ouammi, and Sacile 2011), Iran
(Nematollahi et al. 2019), Morocco (Touili et al. 2018), Thailand (Ali et al. 2022), Chile (Gallardo
et al. 2021), Jordan (Alrabie and Saidan 2018), Venezuela (Posso and Zambrano 2014), Ecuador
(Posso et al. 2016), Brazil (Esteves et al. 2015), and in Turkey (Karayel, Javani, and Dincer 2023).
Other studies also include an assessment of the cost of wind-electrolyser fuel cell for energy demand
(Geng, Celik, and Geng 2012), and a technical and financial evaluation of green hydrogen pro-
duction using solar, wind and hybrid technologies in Egypt (Al-Orabi, Osman, and Sedhom 2023).

For the present case study, a review of the literature shows limited study on green hydrogen poten-
tial assessments in Ghana not to mention with a geospatial approach. The present study thus, presents
a maiden effort towards quantifying the potential for producing green hydrogen from both wind and
solar resources. Few existing studies include a techno-economic assessment of producing hydrogen
from wind in Anloga district in the Volta region of Ghana by (Acakpovi et al. 2021). Their assessment
however differs entirely from the present study as the present study focuses on the use of solar and
wind energy as well as the application of GIS and remote sensing for all the regions. (Topriska et al.
2016) also analysed the feasibility of green hydrogen using solar for cooking in Ghana, Jamaica, and
Indonesia. The authors estimated the cooking demand profiles to size the green hydrogen-solar plants
for their selected communities using the TRNSYS model. The scope and aim of their research also
differ from the present study. And even though their study included GIS, it was used to visualise
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the results of their analysis. The present study thus differs from these studies in the sense that, for the
present study all computations were completely performed in the GIS environment using the model
builder as well as with different objectives and approaches. Moreover, the present research unlike
other studies, provided an evaluation of the national energy or electrification policies and their impli-
cations on energy systems diversification as well as their implications towards the country meeting its
decarbonisation targets.

The main objective of this study therefore is to explore the potential of producing green hydro-
gen from solar and wind in Ghana by estimating their generation capacities at the national and
regional levels. To achieve this aim, the geographical and the technical potentials for the two
green hydrogen sources were estimated by combining GIS techniques and green hydrogen pro-
duction by the electrolysis process. The study also went a step further to assess the potential of
the green hydrogen produced for a utility-scale system as well as an estimation of the associated
potential grid customers in each region.

2. Methodology

This section of the paper explains the approaches used to estimate the geographical and technical
capacities for the two selected green hydrogen sources. The study adopted a geospatial approach
using spatially explicit satellite images as well as local topographic conditions of Ghana to assess
the site feasibility for the selected green hydrogen potentials in the country. The geospatial analysis
included the use of ArcGIS, ArcGIS Pro and Quantum GIS (QGIS) software packages where appli-
cable. Results of the geospatial assessment have been visualised using high-resolution maps and
exported into excel using the zonal statistics tool and table to excel tool to show numerical values
of the analysis at all regional levels in the country as shown in Tables 2 and 3. Also, all the input
raster datasets used for this study were resampled to a 1 km x 1 km cell resolution (km?) using
the bilinear interpolation technique in the GIS environment to achieve coherence in the output
of results of the analysis or modelling. Figure 1 shows the geospatial processes used to estimate

(Con tool or
SETNULL tool) to
‘map out suitable /

Fotantinl 4:> Theoretical :> i N

Figure 1. Methodology flowchart.
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the resource potentials. Please note that, the theoretical potential was only used to assess the wind
power potential of the wind speed. It is also important to clarify that, the economic potential,
including the cost of land, were not considered in this study as an assessment of the economic
potential is beyond the scope of the current research.

Three scenarios were thus carried out for the green hydrogen using solar and wind technical
assessments (i) to compare production with and without power plant spacing constraints, (ii) to
evaluate potential for a utility-scale or grid-connected system, (iii) to estimate green hydrogen poten-
tial grid-connected customers. The grid connection system analysis was done based on the 20 km
proximity to the power grid network requirement rule by the national electrification policy of the
country (Asare-Addo 2022; Ghana - Action Plan for Sustainable Energy for All by 2030, 2012,
‘SE4ALL-GHANA ACTION PLAN’ 2012).

2.1. Brief description of case study country - Ghana

Ghana is located in West Africa and shares its borders with Burkina Faso to the north, Cote d’Ivoire
to the west, Togo to the east, and to the south, lies the Gulf of Guinea and the Atlantic Ocean, as
shown in Figure 2. The country is a member of the United Nations and like other member
countries, has pledged its commitment to decarbonise and provide sustainable energy for all
of its citizens. In that regard, the country had set an ambitious target to reach universal energy
access by 2020, which was also in line with the country’s 2010 National Energy Strategy (NES)
(Ghana - Action Plan for Sustainable Energy for All by 2030). This goal however could not be
realised even though significant progress has been made since the year of this commitment in
2016 (Energy Commission of Ghana 2020) with an increased electrification rate from 79% to
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Figure 2. Spatial representation of case study country, (a) Map of Ghana with regional boundaries, (b) Geographical location of
Ghana.
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~85% in 2020 (World Bank 2023a). Progress towards decarbonisation has nonetheless been slow as
thermal power remains the main source of energy in the country’s generation mix (Asare-Addo
2022; Energy Commission of Ghana 2020) and accounts for 66.4% (Energy Commission of
Ghana 2021) and, 32.9% from hydropower and only about 0.7% from renewables (Energy Commis-
sion of Ghana 2021). Moreso, despite an existing renewable energy policy (Energy Commission of
Ghana 2019), the country, however, as at the end of 2022 does not have a policy on hydrogen or
existing hydrogen project (Ballo et al. 2022). Opportunities to increase the share of renewables
exist for the country due to its geographical location that has great potential for solar and even
wind which are good sources for large-scale green hydrogen production.

2.2. Geographical potential assessment

This basically refers to the part of the total land area that is available and feasible for the develop-
ment of renewable energy projects. The geographical potential generally gives insights into the
characteristics of the terrain or topography of the land as well as the atmospheric conditions of
the location that must be present to ensure optimal energy generation and operation of the
power plant. The concept can also be extended to include other quantifiable characteristics of
the location such as the social acceptability conditions like level of noise pollution by the power
plants, exclusion of environmental protected areas, land use constraints, and conformity to national
energy policy or programmes (e.g. marking out areas for utility-scale production or for off-grid
electrification).

For the present study, not only were the atmospheric viability of the wind and solar resources
considered, but also all protected areas or conservation sites were completely excluded from the
analysis to conserve the environment. The geographical potential assessment thus, also marks
the first reduction in the generation capacities of the green hydrogen production as part of the
total land area of Ghana is excluded from the assessment. Please note that and as already men-
tioned, the site suitability criteria used though may be generic to certain resource potential assess-
ments like solar and wind, there may exist considerable differences in other studies based on the
scope and objective of the study. The land suitability criteria considered in this study include the
following: digital elevation model of the terrain, exclusion of protected areas, 20 km proximity to
the power grid system, and population or customer density within the regions as shown in Figure 3.
The digital elevation model or the elevation data was used to estimate the actual air density of the
location as shown in Equation (7). And the grid network and the population density datasets were
used to estimate the green hydrogen generation capacities within a 20 km grid proximity buffer for
grid connection or utility-scale system (Asare-Addo 2022; Ghana - Action Plan for Sustainable
Energy for All by 2030), as well as to estimate the number of potential grid customers within the
region.

The Boolean method (0,1) in the GIS environment was used to delimit suitable sites and
restricted or excluded areas. Thus, all restricted areas were assigned the value 0 and I for all suitable
areas. Further details of the Boolean concept can be found here (Esri 2016). To assess the geographi-
cal potential, the following formula was adopted (Mary 2021):

LSGH = Z:qz i W,'SC,' HT: 0 Rj (1)

where LSgy is the land suitability for siting the green hydrogen plant; w; is the Boolean weight for
the suitability criteria; SC; is the suitability criteria; and R; is the area restriction criteria.

2.3. Technical potential assessment

The technical potential basically refers to the amount of green hydrogen that the solar and wind
conversion systems can generate over the power plants lifetime given the solar and wind resources
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Figure 3. Geospatial data inputs for the land suitability analysis: a. Elevation map; b. Population density map; c. restricted areas; d
20 km buffer distance around grid network.

as shown in Figures 5 and 7. This also includes for this study, the amount of hydrogen mass that the
power plants can produce given the geographical potential or the available land area. The pro-
duction of green hydrogen from the solar PV and the wind turbine required two separate methods.
First was to estimate the amount of energy that the solar (SECS) and wind (WECS) conversions
systems or power plants can generate. Table 1 shows the input specifications used for the technical
potential modelling. The next step was to estimate the amount of hydrogen (My,) that the electro-
lyser conversion system can produce given the energy generated by the solar and wind power
plants. In addition, the study also estimated the impact of spacing factor in the overall generation

capacities of the green hydrogen power plant, as shown in Tables 2 and 3.

Table 1. Technical specifications for the green hydrogen modelling.

Component

Value

Photovoltaic module efficiency ()

Spacing factor for Photovoltaic module (n,, )
Power conditioning efficiency (1p¢)
Electrolysis system efficiency (1gec)

Rectifier efficiency (ng,)

Hydrogen Higher Heating value (HHVy,)
Gearbox efficiency (1)

Generator efficiency (Mgen)

17.5%
2
85%
75%
90%
39.4 kWh/kg
85%
95%
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Table 2. Summary statistics for the solar-based green hydrogen analysis.

Hydrogenpax Hydrogenyora, Population
NoSpacing and NoSpacing and within
SECSmax SECStora  SECSmax  SEC: Hydi Hydi Hyd Hyd) within 20 km  within 20 km 20 km Grid
Region  Actual land Geographical withSpacing withSpacing NoSpacing NoSpacing withSpacing  withSpacing NoSpacing  NoSpacing (Mt/ Grid Network  Grid Network Total within the
Name (km?) Potential (%) (GWh/year) (TWh/year) (GWh/year) (TWh/year) (Tonnes/year) (Mt/year) (Tonnes/year) year) (Tonnes/year) (Mt/year) Population  region (%)
Ahafo 5195.47 74.48% 133.13 6492.93 266.26 12,985.87 2534.22 123.60 5068.45 247.19 5068.45 4843 584,877 18.10%
Ashanti 24,370.22 83.78% 140.57 3543545 281.14 70,870.91 2675.80 674.53 5351.60 1349.07 5351.60 945.32 5,871,660 94.12%
Bono 11,648.92 80.08% 14057 16,061.54 281.14 32123.07 2675.80 305.74 5351.60 611.48 523834 279.98 1128141 64.36%
Bono East  23,247.90 85.61% 14354 36,270.72 287.09 7254144 273243 690.43 5464.86 1380.86 5464.86 754.72 1,157,074 71.67%
Central 9659.34 91.91% 142.80 14,894.95 285.60 29,789.90 271827 283.53 5436.55 567.07 5436.55 48297 2,682,408 92.29%
Eastern 18,958.36 92.21% 14429 30,654.39 28858 61,308.79 2746.59 583.52 5493.18 1167.05 5493.18 1028.48 3,285,799 97.53% _
Greater 3698.86 96.54% 147.26 6321.59 29452 12,643.18 2803.22 12033 5606.44 240.67 5606.44 240.67 4,896,589 100.00% 5
Accra m
Northern 2484242 95.95% 149.49 45,513.71 298.99 91,027.43 2845.69 866.38 5691.39 1732.76 5663.07 497.75 1,843,100 49.55% 2
Northern 9071.41 94.82% 15247 16,980.45 304.94 33,960.90 290232 32323 5804.65 646.46 5748.02 151.99 558,297 24.78% ;
East o
oti 11,066.07 93.68% 142.80 18,682.96 285.60 3736593 271827 355.64 5436.55 711.28 5379.92 423.55 825973 63.62% E
Savannah  35853.03 77.47% 149.49 52,370.22 298.99 104,740.45 2845.69 996.90 5691.39 1993.79 5663.07 931.25 661,612 52.26% :
Upper 8618.64 84.51% 153.96 1467533 307.91 29,350.66 2930.64 279.35 5861.28 558.71 5861.28 38333 1,262,883 85.36% 8
East =
Upper 19,032.96 92.95% 154.70 3534875 309.40 70,697.50 2944.80 672.88 5889.59 1345.76 5889.59 719.93 838,098 71.18% JZ,
West e
Volta 9827.90  90.60% 145.77 1554796  291.55 31,095.92 2774.90 295.96 5549.81 591.93 5549.81 578.92 1,881,531 97.77% =}
Western 14,257.30 79.09% 13834 18,633.07 276.68 37.266.14 263333 354.69 5266.66 709.38 5266.66 571.82 1,961,022 90.07% E
Western 10,080.18 53.58% 131.64 9003.11 26329 18,006.23 2505.91 17138 5011.82 34276 5011.82 22331 878,605 68.20% g
North >
Total 239,428.99  85.45% 372,887.15 745,774.32 7098.11 14,196.21 8262.40 30,317,669.77 84.33% E
@
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Table 3. Summary statistics for the wind-based green hydrogen analysis. E
Hydrogenmax  Hydrogenrora, Population 5]
NoSpacing and  NoSpacing and within 20 km o
Air WECSmax ~ WECSrora.  WECSuax  WECStora.  Hyd Hyd Hyd Hyd within 20 km  within 20 km Grid Grid within
Region  Actual land Geographical Densityyax WPDyax(W/ withSpacing withSpacing NoSpacing NoSpacing ~ withSpacing ~ withSpacing ~ NoSpacing ~ NoSpacing (Mt/  Grid Network  Network (Mt/ Total the region
Name {km?) Potential (%)  (kg/m’) mifyear)  (GWh/year)  (TWhiyear) (GWhiyear) (TWh/jyear) (Tonnes/year) (Mt/year) (Tonnes/year) year) (Tonnes/year) year) Population (%)
Ahafo 519547 74.48% 1.2084 12285 338 6821 52057 1050397 57.91 117 8918.40 17995 800031 39.66 58487703 1810%
Ashanti 2437022 83.78% 12186 465.96 1282 37587 197444 5788358 21965 644 3382613 991.66 3382613 745,66 587166015  94.12%
Bono 1164892 80.08% 12133 39354 1083 20648 166760  31,797.78 185.51 354 28,569.30 54476 1227076 28554 112814131 6436%
Bono East  23,247.90 85.61% 12162 195.46 538 28446 82825 43,807.25 9214 487 14,189.53 75050 14,189.53 508.87 115707379 71.67%
Central 965934 91.91% 12248 247.04 680 215.09 104681 3312386 116.45 368 17.93395 567.48 17,933.95 500.53 268240802 92.29%
Eastem 1895836  9221% 1.2244 555.47 1528 33401 235374 5145274 26185 572 40324.30 881.49 40324.30 84038 328579940  97.53%
Greater 369886  96.54% 12264 35123 966 12648 148830 19477.19 165.57 217 25,497.45 33368 25497.45 33368 489658001 100.00%
Accra
Northern  24,84242  95.95% 12156 140.01 385 49213 59327 7578869 66.00 843 10,163.83 129841 775032 38296 184309965  49.55%
Northern 907141 94.82% 12117 201.85 555 19251 85531 29,646.10 95.15 330 14,653.14 507.90 1131042 11096 558,297.00  2478%
East
oti 1106607 93.68% 12166 14591 401 11465 61827 1765536 68.78 196 10,592.19 30247 10,592.19 15445 82597268  6362%
Savannah 3585303  77.47% 12159 103.16 284 37991 4371 5850621 4863 651 7488.58 1002.33 7488.58 519.10 66161223 5226%
Upper 861864  84.51% 1.2096 234.59 645 17250 99405 26,565.30 11058 296 17,02997 45512 1702997 33691 126288284 8536%
East
Upper 1903296 9295% 12076 13965 384 416.04 59175 64,070.61 6583 713 10,137.79 1097.66 10,137.79 642.89 83809812 71.18%
West
Voha 9827.90  90.60% 12252 267.64 736 18232 113408 28,077.94 12616 32 19,420.07 481.03 19429.07 472.70 188153086 97.77%
Western  14,257.30  79.09% 12254 16234 447 19220 68791 2950879 76.53 329 11,785.26 507.09 11,785.26 406.67 196102238 90.07%
Western  10,080.18  53.58% 12219 166.07 457 84.08 70369 1294864 7828 144 12,055.59 22184 12,055.59 13591 87860531  68.20%
North
Total  239,428.99  B545% 3837.04 590,904.02 6574 10,123.36 641687  30317,669.77  8433%

Page 80 of 103



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY @ 1211

GHIMap Wind Speed at 100m hub

s
B g
I Low 190

vt
||
.Lom 1460

a. Global Horizontal Irradiance b. Extrapolated wind speed distribution

Figure 4. Visualisation of the solar irradiance and wind speed distribution.

2.3.1. Solar energy technical potential

2.3.1.1. Solar energy from the conversion system (SECS). Firstly, the solar energy” generation
capacity for all locations at the regional level were estimated. This was done to quantify the amount
of solar energy that the selected solar PV module can generate. The solar radiation of the location as
well as specifications of the solar PV module were used to compute the total solar energy potential
of a location (see Table 1). The annual average solar irradiance in Ghana and as visualised in
Figure 4 ranges from 1 460 kWh/m?/year to 2 080 kWh/m?/year from the bilinear resampling tech-
nique used. The data was downloaded from the global solar atlas platform (Global Solar Atlas 2023).
A monocrystalline PV module was used because of its maturity on the solar market as well as its
high efficiency compared to the other solar modules (Gaur and Tiwari 2013; IEA 2023). Several
methods have been used in the literature to estimate the technical energy potential of a PV module,
examples include (Asare-Addo 2022; Bhandari 2022; Dagdougui, Ouammi, and Sacile 2011; Gerbo,
Suryabhagavan, and Raghuvanshi 2022; Koko 2022; Leiblein et al. 2021; Okunlola, Davis, and
Kumar 2022; Rahmouni et al. 2016; Sunarso et al. 2020; Touili et al. 2018). The methods applied
are generally dependent on the aim and scope of the research, other studies have included other
PV specifications and requirements in the PV technical potential assessment such the derating fac-
tor, and the capacity factor which could significantly affect results of the analysis. For this study, a
spacing factor for the solar PV was introduced into the model to account for instances where spa-
cing is required. The spacing assumptions used for the solar PV system generally ranges from 1.4 to
5 as applied in the African region (Asare-Addo 2022; International Renewable Energy Agency 2014;
Yushchenko et al. 2018). For this study, the below formula was used to estimate the total solar
energy capacities by the selected PV module (Berrada and Laasmi 2021; Touili et al. 2018):

TPspcs = GHIx mpy* Mpc (2)

With spacing factor:
TPspcs = GHI * mpy * Npe * Moy (3)
where TPggcs is the total solar energy technical potential from the PV module in GWh/km?*/year.
GHI is the annual solar irradiance in kWh/m?/year; 1,y is the PV efficiency (%), and mp¢ is the

power conditioning efficiency used to shape and condition the solar energy produced by the PV
plant (%), and 7, is the spacing factor, here a spacing factor of 2 was applied.
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2.3.1.2. Solar energy to hydrogen: the water electrolysis modelling. The electricity generated by the
PV plant then undergoes the water electrolysis process. There are different types of water electro-
lysis technologies, which are the alkaline and the Proton Exchange Membrane (PEM) electrolysers.
For this study the PEM electrolyser system was used due to its high life cycle, efficiency and com-
patibility with the variability of electricity generated from renewable sources (Alshehri et al. 2019;
Ayodele and Munda 2019; Nematollahi et al. 2019; Okunlola, Davis, and Kumar 2022). Moreso, due
to the hydrogen pressure of 1.2 bar, hydrogen produced from PEM electrolyser do not require com-
pression and can be stored directly or linked to a pipeline (Dagdougui, Ouammi, and Sacile 2011;
Touili et al. 2018). The PEM electrolyser used is assumed to consume about 54 kWh (power
capacity) of energy to produce 1 kg of hydrogen, with higher heating value (HHV) of 39.4 kWh/
kg and with 75% efficiency and has the capacity to produce on the average, about 1 Ton per day
(~1000 kg/day). The assumptions, specifications and parameters used in the electrolysis process
are based on the most widely used values for estimating the potential of green hydrogen from
solar (Ali et al. 2022; Dagdougui, Ouammi, and Sacile 2011; Rahmouni et al. 2017; Touili et al.
2018; Yodwong et al. 2020) as shown in Table 1. The mass of green hydrogen using solar was esti-
mated using the equation below (Ali et al. 2022; Boudries 2016; Gouareh et al. 2015; Messaoudi et al.
2019; Rahmouni et al. 2017; Touili et al. 2018):

En,  TPspcs* Mg,

My, of TPsgcs = HH‘}HZ = " HHV,,

(4)

My, is the mass of hydrogen produced from the solar energy conversion system (TPsgcs) in tonnes/
km?/year, Ey, is the hydrogen electricity produced and required for the power plant in kWh/km?/
year. mp,. is the efficiency of the electrolysis system, and HHV}, is the hydrogen higher heating
value in kWh/kg.

2.3.2. Wind energy technical potential

2.3.2.1. Interpolation of the wind speed distribution data. The wind speed distribution data used
for this study was downloaded from the global wind atlas portal (Global Wind Atlas 2023) and
was readjusted to a 1 km x 1 km resolution to ensure uniformity in the output of the assessment,
i.e. to make sure the analysis is carried out at the same grid or cell size. Few interpolation techniques
exist, but for this study the bilinear resampling method was used because of its suitability for con-
tinuous data like wind speed and the solar radiation data that has been measured and validated over
a period of time. At a hub height of 100 m, wind speed distribution in the country ranges from
~1.92 to ~9.84 m/s.

2.3.2.2. Extrapolation of the wind speed hub height. Wind speed regime is recorded at various hub
heights to provide insight into the choice of wind turbine to mount on site, either for a small-scale
or commercial projects. Lower hub heights are generally ideal for small-scale projects due to the
nominal wind speed values or potential. Wind speed at anemometer height of 100 m was used
for this study. However, due to wind shear anomalies caused by atmospheric externalities such
as variations in altitude, speed frequencies and the frictional effect of the earth surface, it is impor-
tant to calibrate the wind speed to the hub of the chosen wind turbine for the specific locations to
mount the wind turbine. Thus, to estimate the wind shear exponent (@), the earth surface is
assumed to be homogenous and was estimated using the power law model (Manwell, McGowan,

and Rogers 2009):
Z\“
U= U (2_1) (5)

U, is the wind velocity at the anemometer height Z; (at the lower height), U, is wind velocity at the
turbine height Z, (at the upper height), and « is the wind shear exponent which varies with altitude,
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time, and location. The wind shear value is determined by the terrain type or surface roughness and
generally ranges between 0.1 and 0.4 (Liu et al. 2023). For this study, a surface roughness value of
0.03 was assumed given that the wind turbines will be mounted at open agricultural area with very
scattered buildings. The extrapolated wind speed distribution thus ranges from 1.90 to 9.78 m/s as
shown in Figure 4.

2.3.2.3. Theoretical power of the wind speed. The amount of wind energy generated by the wind
turbine depends on the wind power potential of the location. It is therefore important to estimate
the theoretical wind power potential of the site. Computing the wind power at the grid cell level is
conceptually challenging (Hoogwijk, de Vries, and Turkenburg 2004; Mary 2021) hence the kinetic
energy derived from the wind which contains speed and air mass were used to estimate the wind
power potential which is referred to as the wind power density (WPD). This was determined
using the following equation:

1
WPD = Epzi:l U* = 1/2pU° (6)

WPD is the potential wind power capacity of the wind (W/m?), pis the air density (kg/m*), and U is
the wind speed value (m/s) recorded in n period of time. It is however important to mention that,
for this study, unlike as used in many other studies, the air density is not equal to 1.225 kg/m® as
generally assumed for all locations but rather the actual air density value was estimated for each
location considering temperature variations (Asare-Addo 2022) (see Table 3). Hence the ideal
gas law which provides a more accurate estimation of the air density of a location above sea
level was used. The ideal gas law is given as:

p=1225— (1.194%10"*)xz (7)

z is the elevation of the location above sea level (m).

2.3.2.4. Machine power estimation: yield from the wind turbine. For the wind energy potential
assessment, it is also crucial to assess the viability of the site to generate a substantial amount of
energy which is generally based on the wind regime and the wind turbine used. Hence, it is impera-
tive to evaluate the wind regime of a location to be able to select the best turbine for optimal capacity
generation of the green hydrogen from wind. Based on the onshore wind speed regime of Ghana as
visualised in Figure 2, a wind turbine within IEC class III or IV will be appropriate. Hence the NREL
1000 kW (1MW) distributed wind turbine was used for this simulation (Bhaskar and Stehly 2021).
The turbine has a conducive cut-in® wind speed of 3 m/s, and a cut-out” wind speed of 25 m/s, with
a rotor diameter of 77 m and 80 m hub height (Bhaskar and Stehly 2021; Lantz et al. 2016). This
turbine was selected not only because of the wind speed requirements but also due to its power
curve that could be utilised not only for residential purposes but also a potential model for com-
mercial wind farm projects. The first step therefore was to estimate the energy yield by the turbine
given the suitable land areas. It is important to mention that computation of the energy potential of
local winds is complex due to the wide variations in the wind speed characteristics of the different
locations (Mary 2021) - thus, the machine energy outputs are approximated values. As discussed
earlier, the wind characteristics of any given wind regime can be well-defined based on the wind
distribution. To determine this, there are currently two widely used probability methods used to
estimate the wind speed distribution of a location to help in the selection of a well-fit turbine to
install on the site; the Rayleigh and the Weibull distribution functions. These methods are used
to determine the power densities of locations which in turn are used to estimate the energy output
generated by the wind turbine. These two methods differ in the sense that, the Rayleigh distribution
function applies only the mean windspeed values whereas the Weibull uses both the mean wind-
speed and standard deviation values of the wind regime. For this study and a review of the literature
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show that, the Weibull function provides the best-fit for the wind speed distribution in Ghana
(Mary 2021). The Weibull function is given as:

k—1 k
P(U) = k/c*(g) exp|:— (H> ] (8)
Cc c
k
FU) =1- exp|:— (%) } 9)

U= cI(1+1/k) (10)

k= (oU/U)~"% (11)

k is the shape factor and falls within the range of 1 < k < 10, c is the scale factor and can be solved
by substituting Equation (11) into Equation (12) and which also requires the gamma function, I". k
and c are both functions of the mean wind speed U; and the standard deviation, aU. U is the wind-
speed value.

U

“TTa+1/k (2

The next step then was to determine the wind energy output per location by the chosen wind
turbine. This was estimated using the power curve of the turbine. For a given wind regime,
expressed as the probability density function p(U), P,, which is the actual mean available energy
output generated by the wind turbine can be estimated given the following equation (Manwell,
McGowan, and Rogers 2009):

B, = r PL(U)p(U)AU (13)
0

P, = ( | Pw(U)P(U)dU)(t) (14)

0

2.3.2.5. Estimation of the capacity factor (Cf). The capacity factor (Cf) of a wind turbine plays a
crucial role in selecting the appropriate wind turbine for a given location. It also provides insight
into the economic viability of the wind project sites (Ayodele and Munda 2019). The Cf can be
expressed as ratio of the actual average power output of the turbine (P,) to the rated power output
of the turbine (P,) over a time period (¢); where time period is the number of hours in a full year (i.e.
8760 hours/year). The wind turbine capacity factor can thus be estimated by (Manwell, McGowan,
and Rogers 2009):

Cf = P,/ P, (15)

Thus, for a conventional wind turbine, under a steady incoming wind, the mechanical average wind
energy that can be extracted from the turbine rotor can be estimated by (Manwell, McGowan, and
Rogers 2009; Simpson and Loth 2022):

P, (U) = 1/2pAC,U’ (16)

P,(U) is the power extracted by the turbine rotor, A is the rotor swept area (m®) which is
~ wD?/4 (D is the rotor diameter (m), and 7 = 3.1416), C, is the maximum power coefficient
of the turbine; with a dimensionless theoretical value of 0.59 known as the Betz limit (Manwell,
McGowan, and Rogers 2009).
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2.3.2.6. Wind energy from the conversion system (WECS). The wind energy conversion system
usually consists of the wind turbine, the gearbox, the electrical generator, the power electronic con-
vertor, and the water electrolysis system (Ayodele and Munda 2019; Dagdougui, Ouammi, and
Sacile 2011; Okunlola, Davis, and Kumar 2022; Olateju, Kumar, and Secanell 2016). For the wind
energy to hydrogen production, the PEM electrolysis system was used and requires a DC electrical
energy capacity of 54 kWh to produce 1 kg of hydrogen. The gearbox is usually used to increase the
rotational speed of low-speed turbine rotor to a higher speed electrical generator (Ayodele and
Munda 2019; Ayodele and Ogunjuyigbe 2015; Okunlola, Davis, and Kumar 2022). The use of the
gearbox is also particularly important due to variations in the wind speed distribution across the
project sites and considering the use of the same turbine model. In addition, a turbine spacing factor
was introduced in this model to minimise the effect of turbulence and to ensure that all the turbines
mounted will receive an appreciable amount of the wind speed on a km? of land by increasing the
rotor swept area radius. By rule of thumb, turbine spacing is generally 3-5 rotors diameter apart and
5-9 rotor diameter between the rows (Gupta 2016). A 3x rotor diameter spacing within the turbines
was considered for this study. The electrical energy potential of a typical wind energy conversion
system can therefore be estimated using the following model (Ayodele and Munda 2019):

TPWECS = PW(U)*ngb*ngen (17)
With spacing factor:
TPWECS = PW(U)*ngb*ngen * 77¢WECS (18)
available land area
n‘.bWECS = (19)

spacing valuexrotor diameter

TPwecs is the total wind energy technical potential extracted from the wind conversion system
(GWh/km?/year), m,, is the gearbox transmission efficiency, 7, is the generator efficiency, and
Mrures 1S the increased rotor diameter factor. Please note that P, (U) already includes rotor diameter
exponent one. Thus, the turbine swept area is extended by two rotor diameter.

2.3.2.7. Wind energy to hydrogen: the water electrolysis modelling. To extract and determine the
amount of hydrogen that the turbine can generate, the wind energy conversion system was made
to go under a water electrolysis using the PEM electrolyser. The electrolysis system for the green
hydrogen using wind consists of the extracted wind energy (i.e. wind turbine, the gearbox, and
the electrical generator) as well as a AC-DC rectifier to convert the AC voltage of the energy pro-
duced by the turbine to a DC voltage output suitable for the electrolyser to operate and also con-
ducive for storage of the hydrogen in high-pressure tanks (Almutairi et al. 2022; Ayodele and
Munda 2019). The potential amount of hydrogen that can be produced from the system was mod-
elled using the following equation:

My, of Thvipe= En,  TPwecs* Mpgiec* Mpec

- 20
HHVy, HHVy, (20)

3. Results

This section presents the results of the study. It includes the results of the geographical potential and
the technical potential assessment for the two selected green hydrogen systems. Please note that the
results of the technical hydrogen potentials are based on the SECS and WECS estimates. Results of
the analysis are presented and visualised based on a 1km?® grid resolution at the national and
regional levels in Ghana. Finally, the study also tried to provide an assessment highlighting the
potential of green hydrogen for a grid-connected or utility-scale system given the grid connection
policy in the country (Asare-Addo 2022; Ghana - Action Plan for Sustainable Energy for All by
2030, 2012, ‘SE4ALL-GHANA ACTION PLAN’ 2012), and potential grid-connection customers.
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3.1. Geographical potential

Results based on the evaluation of sites for mounting the two green hydrogen power plants have
been discussed here. The main purpose of this assessment was to identify suitable sites that will
maximise the green hydrogen production while protecting conservation sites. Therefore, all areas
that were not socially and environmentally conducive to site the power plants were completely
excluded from the analysis. The exclusion criterion was based mainly on the areas occupied by pro-
tected zones and that accounted for about 14.55% of total land area, as shown in the summary stat-
istics (Tables 2 and 3). This also shows that based on the recent administrative boundary data used
for this study (OCHA & Humanitarian Data Exchange 2021), out of the ~239,429 km” of Ghana’s
total land area, ~85% is suitable for the production of green hydrogen using solar and wind. The
Greater Accra region which is the capital of Ghana even though has the smallest total land area
(~3698.86 km?®) has the largest geographical potential of 96.45% for the green hydrogen production.
Followed by the Northern region with a geographical potential of 95.95% for both the production of
green hydrogen from solar and wind. The Greater Accra region is also the most densely populated
region. Figures 5 and 7 show maps of study results with the restricted areas.

3.2. Technical potential: results from the conversion systems

3.2.1. Solar-based green hydrogen potential

In this section, the results of the solar energy generated by the solar PV conversion system (SECS) as
well as for the electrolysis process are discussed. Green hydrogen using solar basically refers to the
production of green hydrogen using the energy generated by the SECS through water electrolysis
process with an electrolyser technology. Figure 5 shows maps of the solar energy potential from
the SECS as well as with the corresponding green hydrogen from solar generation capacities
with no spacing factor considerations. Table 2 also provides summary statistics for the green hydro-
gen using solar assessment including generation capacities across the regions for the solar PV plant
with and without spacing factor considerations. As visualised in Figure 5 and shown in Table 2,
each region shows varying generation capacities for both the SECS and for the green hydrogen
using solar, which also depicts a direct correlation between the solar intensity or irradiance of
the location. The Upper West region recorded the highest solar radiation intensity of 2 080
kWh/m?/year with corresponding SECS and green hydrogen using solar generation capacities of
~309.40 GWh and ~5889.59 Tonnes/year without spacing per km?, respectively. However, the
region with the largest green hydrogen using solar potential is the Savannah region, with a total

£ [Solar Energy from SECS 13
(W)

. Hign 309,40

Solar-Based Green Hydrogen Potential|

(Tonnesim?yr)

a. Solar energy potential with no spacing. b. Green hydrogen using solar potential with no spacing.

Figure 5. Solar energy potential from the SECS with corresponding green hydrogen production using solar with no spacing
factor.
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generation capacity of 1993.79 Mt per year, and about 996.90 Mt/year with spacing considerations.
The lowest generation capacity was recorded in the Ahafo region, with a total of 247.19 Mt/year
without spacing, and ~123.60 Mt/year with the PV plant spacing, and a maximum SECS energy
output of ~266.26 GWh. Nationally, and with respect to the geographical potential, a total of
~14,196.21 Mt of green hydrogen using solar can be produced annually in the country without spa-
cing and ~7098.11 Mt/year when spacing factor is considered. Please note that the Ahafo region is
however not the smallest region per total land area (see Table 2).

Figure 6 also shows the geospatial model used to compute the solar-based green hydrogen tech-
nical potential. The model consists of four geo-processes. As mentioned earlier, the production of
green hydrogen using solar involves two separate processes, the first process was to estimate the
amount of solar energy that can be generated from the solar PV conversion system (TP_SECS)
using the raster calculator in ArcGIS for the calculations, and the next process was to run the
extracted solar energy through the electrolyser system to produce the green hydrogen (Mass_Hy-
drogen). Also as shown in (Equation 3), a spacing factor was also included to estimate how much
potential can be generated when spacing of the solar PV module is considered. The spacing was
only considered during the TP_SECS estimation which in effect also affected the amount of
green hydrogen that can be produced by the electrolyser system.

Figure 6. Solar-based green hydrogen technical potential model.

3.2.2. Wind-based green hydrogen potential

This section also presents and explains the results of the wind energy generated by the wind turbine con-
version system (WECS) as well as for the electrolysis process. Green hydrogen using wind refers to the
process of using the wind energy supplied by the WECS to produce hydrogen mass using an electrolyser
technology and through the process known as electrolysis — process of using the renewable energy or
electricity to split water into hydrogen and oxygen, while emitting zero-carbon dioxide in the process.
Here also, results of the assessment show varying technical potentials across the regions, which also
show a direct correlation with the wind speed class. The results have been presented in Figure 7 and
in the summary statistics Table 3, including the WPD and the air density estimations used in computing
the mechanical energy output generated by the wind turbine. At the national level, a total of ~10,123.36
Mt of green hydrogen using wind can be produced annually with no spacing consideration and about
65.74 Mt/year with consideration to the impact of spacing the wind turbines per suitable or available
land area. At the regional level, and with regards to only the technical potential, the Eastern region
recorded and showed the most favourable location, with a generation capacity of about 2353.74
GWh from the WECS and 40,324.30 Tonnes/km®/year and a total capacity of ~881.49 Mt/year of
green hydrogen using wind - all without spacing factor, given the maximum extrapolated wind
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a. Wind energy potential with no spacing.

Figure 7. Wind energy potential from the WECS with corresponding hydrogen production with no spacing factor.

b. Green hydrogen using wind potential with no spacing.

speed value of 9.78 m/s. Additionally, given spacing considerations, the region could generate a total of
~5.72 Mt/year given the geographical potential. The Savannah region on the other hand recorded the
lowest wind energy and green hydrogen given the wind energy generation capacities with no spacing.
With a maximum wind speed of 5.89 m/s, the region generated about 437.11 GWh from the WECS.
With spacing constraints, the Northern region recorded the largest potential of about 1298.41 Mt/
year. Correspondingly, and as mentioned earlier the capacity factor of the turbine provides a valuable
insight into potential areas for investment as well as areas where production could be optimised. As
shown in Figure 8, the Eastern region has the highest turbine capacity factor of about 33% and one
of the favourable locations for wind-based green hydrogen projects, followed by the Ashanti region
with a capacity factor of 28%. The Savannah region recorded the lowest capacity factor of 6% due to
the relatively low wind speed regime of the location compared to other regions in the countries.

Turbine capacity factor versus mechanical wind energy output

3500
3000
2500
2000
1500
1000

500

Figure 8. The wind turbine capacity factor with corresponding wind energy generated per region.
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Figure 9 shows the geospatial model used to compute the wind-based green hydrogen technical
potential. The model consists of four geo-processes. As mentioned earlier, the production of green
hydrogen using wind involves two separate processes, the first process was to estimate the amount
of wind energy that can be generated from the wind turbine conversion system (TP_WECS) using
the raster calculator in ArcGIS for the calculations, and next process was to run the extracted wind
energy through the electrolyser system to produce the green hydrogen (Wind_hydrogen_mass).
Also as shown in (Equation 18), a spacing factor was also included to estimate how much potential
can be generated when spacing of the wind turbine is considered. The spacing was only considered
during the TP_WECS estimation which in effect also affected the amount of green hydrogen that

can be produced by the electrolyser system.
- Excel

®
=

&)
Table To Excel
@

Figure 9. Wind-based green hydrogen technical potential model.

3.2.3. Potential for utility-scale system

Further, the study also tried to assess the viability of the green hydrogen project for a grid-con-
nected or utility-scale system within the region. This was done by quantifying the generation
capacities of the green hydrogen produced within a 20 km grid distance from the central power
grid network, including the customer demand capacities within the 20 km grid distance by estimat-
ing the total number of people that live in this proximity distance within the region. As earlier dis-
cussed, this is in fulfilment of one of the key requirement for grid-connected system by the national
electrification policy or standard of practice in Ghana (Asare-Addo 2022; Ghana - Action Plan for
Sustainable Energy for All by 2030, 2012, ‘SE4ALL-GHANA ACTION PLAN’ 2012). The aim of
this analysis is also to provide an overview of potential areas for green hydrogen project investment
as well as to encourage renewable energy integration and diversification in the country’ energy mix
— that which is currently and predominantly fossil-based (Asare-Addo 2022; Energy Commission of
Ghana 2020; Mary 2021; Odoi-Yorke et al. 2023). As shown in Figures 10 and 11 as well as Tables 2
and 3, the Greater Accra region has the highest energy demand customer base (100%) within the
20 km proximity threshold compared to the other regions and thus economically prudent to pro-
vide grid electrification to communities in this region. However, in terms of the green hydrogen
generation capacities, the Upper West region had the largest capacity of ~719.93 Mt/year for the
solar-based green hydrogen production without spacing considerations and about 71% of its popu-
lation live within the potential for grid connection threshold (see Table 2). For the wind-based
green hydrogen, the Eastern region still has the largest generation capacity of ~519.10 Mt/year
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| Potential for utility-scale solar-based green hydrogen system
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Figure 10. Potential for utility-scale solar-based green hydrogen.

with no spacing given the 20 km utility-scale distance threshold and has 98% of its population eli-
gible for grid electrification as shown in Table 3. This therefore presents policy makers in Ghana
with two sustainable energy intervention options: (i) the decision to prioritise investment in
areas with larger generation capacities or, (ii) to prioritise investment in areas with higher energy
demand customer base.

4. Discussion

As the global call to decarbonise energy systems continues and to help limit global warming to 1.5°C
heightens (IPCC 2018), it has become increasingly important for governments to explore all sus-
tainable alternative sources of energy available, which also includes the use of clean technologies
in the production processes. The present study thus explores the potential of green hydrogen pro-
duction in Ghana using solar and wind energy. The study applied the use of GIS techniques and
PEM electrolysis process to assess the potential of the two selected renewable energy resources.
This was done by first estimating the geographical potential which was to determine the area of
land that were suitable and environmentally conducive to site the green hydrogen power plants.
The Boolean method was applied in the GIS environment to delineate the suitable areas from
restricted/ unsuitable areas. Thus, from the geographical potential evaluation, about 85% of the
country’s land area is ideal for green hydrogen production using solar and wind. Followed by
the technical potential assessments of renewable resources used by first estimating the amount of
energy that the conversion systems could generate from the solar PV power plant and from the
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wind turbine before converting the generated energy into green hydrogen through the water elec-
trolysis process — a process which involves splitting water into hydrogen and oxygen, while emit-
ting zero-carbon dioxide into the atmosphere. Results of the analysis show varying potentials
across the various regions in Ghana. The assessment included estimating the amount of green
hydrogen that the available land can produce with and without power plant spacing constraints.
The present study went a step further to assess the potential of the green hydrogen power plants
for a utility-scale or grid-connected systems, including an estimation of potential grid customers
that could be serviced from the utility-scale green hydrogen power plants within each region in
the country based on the 20 km distance from the grid network requirement for grid electrifica-
tion as practiced in the country (Asare-Addo 2022; Ghana - Action Plan for Sustainable Energy
for All by 2030, 2012, ‘SE4ALL-GHANA ACTION PLAN’ 2012), for which the Greater Accra
region has the largest green hydrogen-grid customers (100%), and the lowest in the Ahafo region
with ~18% potential green hydrogen-grid customers. The aim of the utility-scale assessment was
to provide insight into potential areas for investment. For green hydrogen using solar,
the Savannah region showed the largest generation capacity of ~1993.79 Mt/year. For the pro-
duction of green hydrogen using wind, the Eastern region showed the most favourable location
for green hydrogen projects using wind as the region recorded the highest capacity factor of
33%, and with a generation capacity of about ~40,324.30 Tonnes/km?/year while the Northern
region recorded the largest potential of about 1298.41 Mt/year due to its geographical potential.
Nationally, a total of ~10,123.36 Mt of green hydrogen using wind can be produced annually with
no spacing consideration and about 65.74 Mt/year when the wind turbines are spaced out given
the geographical potential. For green hydrogen using solar, a total of ~14,196.21 Mt can be pro-
duced annually in the country without spacing and ~7098.11 Mt/year when spacing factor is
considered.

5. Conclusion

The present study explored the potential of producing green hydrogen using solar and wind in
Ghana by estimating the generating capacities at the national and regional levels in the country.
Even though the country as at the end of 2022 does not have a hydrogen energy policy or any exist-
ing hydrogen initiative, opportunity to harness green hydrogen as part of the country’s effort
towards decarbonisation exist and even on a commercial base for export. Results of the assessment
show that Ghana has good potential for green hydrogen production. A geographical and technical
potential assessments were carried out for the two green hydrogen source by excluding all protected
areas or conservation sites from the assessment. The remaining land areas were then estimated to
determine how much land area is available regionally for the green hydrogen project. Results of the
analysis show that, out of ~239,428.99 km” total land area of the country, 85% is conducive for the
selected green hydrogen sources. With the technical potential, the country can produce ~14,196.21
Mt of green hydrogen using solar per annum, and ~10,123.36 Mt/year of green hydrogen from
wind.

From the assessment, it could be seen that areas with higher solar-based green hydrogen
capacities were mainly recorded in the northern part of the country which presents a great oppor-
tunity even for grid-connected systems. However, the population densities in certain part of these
regions may not meet the criteria for on-grid electrification and thus the decision to explore large-
scale green hydrogen using solar especially, lies with the government which may require a revision
of the NES to incorporate priority projects for large-scale deployment.

Integration of renewable energy into the power grid remains a challenge, therefore further
research is needed on how to build grid resilience and its ability to transmit the green hydrogen
to the residential end-user. Also, further studies on the implementation potential as well as how
social conditioning of the location could impact the green hydrogen projects will be valuable.
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tial for utility-scale wind-based green hydrogen.

Million tonnes.
Energy and electricity have been used interchangeably in this study to refer to same.
Wind speed cut-in is the point at which the turbine starts producing electricity from turning.

Wind speed cut-out is the maximum wind speed at which the turbine gets so fast and stands the risk of

damage from operating further.

Acknowledgements

120%

100%

80%

60%

40%

20%

0%

The author would like to thank this journal and its anonymous reviewers for peer-reviewing this paper. Special
thanks to my academic supervisors for their guidance. Also grateful to family and friends for their continuous sup-
port and encouragement. Credit author statement: This article was independently written by the author. All datasets
used in the study are open-sourced and have duly been referenced. The ArcGIS software licence used for this study
was provided by the University of Flensburg.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The authors acknowledge financial support by Land Schleswig-Holstein within the funding programme Open
Access-Publikationsfonds.

Page 92 of 103



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 1223

References

Acakpovi, A., P. Adjei, N. Y. Asabere, R. A. Sowah, and D. M. Sackey. 2021. “Techno-Economic Evaluation of
Hydrogen Fuel Cell Electricity Generation Based on Anloga (Ghana) Wind Regime.” International Journal of
Energy Optimization and Engineering (IJEOE) 10 (3): 47-69. https://doi.org/10.4018/IJEOE.2021070103.

Al-Orabi, A. M., M. G. Osman, and B. E. Sedhom. 2023. “Evaluation of Green Hydrogen Production Using Solar,
Wind, and Hybrid Technologies Under Various Technical and Financial Scenarios for Multi-Sites in Egypt.”
International Journal of Hydrogen Energy. https://doi.org/10.1016/j.ijhydene.2023.06.218.

Alj, F., A. Bennui, S. Chowdhury, and K. Techato. 2022. “Suitable Site Selection for Solar-Based Green Hydrogen in
Southern Thailand Using GIS-MCDM Approach.” Sustainability 14 (11): 6597. https://doi.org/10.3390/
sul4116597.

Almutairi, K., S. S. Hosseini Dehshiri, S. J. Hosseini Dehshiri, A. Mostafaeipour, and K. Techato. 2022. “An Economic
Investigation of the Wind-Hydrogen Projects: A Case Study.” International Journal of Hydrogen Energy 47 (62):
25880-25898. https://doi.org/10.1016/j.ijhydene.2022.05.070.

Alrabie, K., and M. N. Saidan. 2018. “A Preliminary Solar-Hydrogen System for Jordan: Impacts Assessment and
Scenarios Analysis.” International Journal of Hydrogen Energy 43 (19): 9211-9223. https://doi.org/10.1016/j.
ijhydene.2018.03.218.

Alshehri, F., V. G. Sudrez, J. L. Rueda Torres, A. Perilla, and M. A. M. M. van der Meijden. 2019. “Modelling and
Evaluation of PEM Hydrogen Technologies for Frequency Ancillary Services in Future Multi-Energy
Sustainable Power Systems.” Heliyon 5 (4): €01396. https://doi.org/10.1016/j.heliyon.2019.e01396.

Asare-Addo, M. 2022. “Optimal Techno-Economic Potential and Site Evaluation for Solar PV and CSP Systems in
Ghana. A Geospatial AHP Multi-Criteria Approach.” Renewable Energy Focus 41:216-229. https://doi.org/10.
1016/j.ret.2022.03.007.

Ayodele, T. R, and J. L. Munda. 2019. “Potential and Economic Viability of Green Hydrogen Production by Water
Electrolysis Using Wind Energy Resources in South Africa.” International Journal of Hydrogen Energy 44 (33):
17669-17687. https://doi.org/10.1016/j.ijhydene.2019.05.077.

Ayodele, T.R., and A. S. O. Ogunjuyigbe. 2015. “Wind Energy Resource, Wind Energy Conversion System Modelling
and Integration: A Survey.” International Journal of Sustainable Energy 34 (10): 657-671. https://doi.org/10.1080/
14786451.2013.855778.

Ball M, Weeda M. 2015. The Hydrogen Economy - Vision or Reality? International Journal of Hydrogen Energy. 40
(25):7903-7919. https://doi.org/10.1016/j.ijhydene.2015.04.032.

Ballo, A., K. K. Valentin, B. Korgo, K. O. Ogunjobi, S. N. Agbo, D. Kone, and M. Savadogo. 2022. “Law and Policy
Review on Green Hydrogen Potential in ECOWAS Countries.” Energies 15 (7): 2304. https://doi.org/10.3390/
enl5072304.

Berrada, A., and M. A. Laasmi. 2021. “Technical-Economic and Socio-Political Assessment of Hydrogen Production
from Solar Energy.” Journal of Energy Storage 44:103448. https://doi.org/10.1016/j.est.2021.103448.

Bhandari, R. 2022. “Green Hydrogen Production Potential in West Africa — Case of Niger.” Renewable Energy
196:800-811. https://doi.org/10.1016/j.renene.2022.07.052.

Bhaskar, P., and T. Stehly. 2021. Technology Innovation Pathways for Distributed Wind Balance-of-System Cost
Reduction. Golden, CO: National Renewable Energy Lab. (NREL). NREL/TP-5000-77452. https://www.osti.gov/
biblio/1776704/.

Boudries, R. 2016. “Techno-economic Assessment of Solar Hydrogen Production Using CPV-Electrolysis Systems.”
Energy Procedia 93:96-101. https://doi.org/10.1016/j.egypro.2016.07.155.

Dagdougui, H., A. Ouammi, and R. Sacile. 2011. “A Regional Decision Support System for Onsite Renewable
Hydrogen Production from Solar and Wind Energy Sources.” International Journal of Hydrogen Energy 36
(22): 14324-14334. https://doi.org/10.1016/j.ijhydene.2011.08.050.

Energy Commission of Ghana. 2019. Ghana Renewable Energy Master Plan.

Energy Commission of Ghana. 2020. National Energy Statistics: 2000 - 2019.

Energy Commission of Ghana. 2021. Energy Outlook for Ghana: Demand and Supply Outlook. 2021.

Esri. 2016. Boolean Or - Help | ArcGIS for Desktop. January 26, 2016. Accessed March 1, 2023. https://desktop.
arcgis.com/en/arcmap/10.3tools/spatial-analyst-toolbox/boolean-or.htm.

Esteves, N. B., A. Sigal, E. Leiva, C. R. Rodriguez, F. Cavalcante, and L. C. de Lima. 2015. “Wind and Solar Hydrogen
for the Potential Production of Ammonia in the State of Ceara — Brazil.” International Journal of Hydrogen Energy
40 (32): 9917-9923. https://doi.org/10.1016/j.ijhydene.2015.06.044.

Gallardo, F. I, A. Monforti Ferrario, M. Lamagna, E. Bocci, D. Astiaso Garcia, and T. E. Baeza-Jeria. 2021. “A
Techno-Economic Analysis of Solar Hydrogen Production by Electrolysis in the North of Chile and the Case
of Exportation from Atacama Desert to Japan.” International Journal of Hydrogen Energy 46 (26): 13709-
13728. https://doi.org/10.1016/j.ijhydene.2020.07.050.

Gaur, A, and G. N. Tiwari. 2013. “Performance of Photovoltaic Modules of Different Solar Cells.” Journal of Solar
Energy 2013: 1-13. https://doi.org/10.1155/2013/734581.

Page 93 0of 103



1224 M. ASARE-ADDO

Geng, G., M. Celik, and M. S. Geng. 2012. “Cost Analysis of Wind-Electrolyzer-Fuel Cell System for Energy Demand
in Pinarbagi-Kayseri.” International Journal of Hydrogen Energy 37 (17): 12158-12166. https://doi.org/10.1016/j.
ijhydene.2012.05.058.

Gerbo, A., K. V. Suryabhagavan, and T. K. Raghuvanshi. 2022. “GIS-Based Approach for Modeling Grid-Connected
Solar Power Potential Sites: A Case Study of East Shewa Zone, Ethiopia.” Geology, Ecology, and Landscapes 6 (3):
159-173. https://doi.org/10.1080/24749508.2020.1809059.

Action Plan for Sustainable Energy for All by 2030, 2012, ‘SE4ALL-GHANA ACTION PLAN’, viewed 5 April 2023,
from http://energycom.gov.gh/files/SE4ALL-GHANA%20ACTION%20PLAN.pdf

Global Solar Atlas. 2023. “Global Solar Atlas 2.0, a free, web-based application is developed and operated by the com-
pany Solargis s.r.o. on behalf of the World Bank Group, utilizing Solargis data, with funding provided by the
Energy Sector Management Assistance Program (ESMAP). For additional information.” February 28, 2023.
Accessed 29 March, 2023. https://globalsolaratlas.info/map?c=7.972198,-1.032715,7&r=GHA.

Global Wind Atlas. 2023. Global Wind Atlas 3.0, a free, web-based application developed, owned and operated by the
Technical University of Denmark (DTU). The Global Wind Atlas 3.0 is released in partnership with the World
Bank Group, utilizing data provided by Vortex, using funding provided by the Energy Sector Management
Assistance Program (ESMAP). For additional information. October 3. Accessed March 10, 2023. https://
globalwindatlas.info/en/area/Ghana.

Gouareh, A., N. Settou, A. Khalfi, B. Recioui, B. Negrou, S. Rahmouni, and B. Dokkar. 2015. “GIS-Based Analysis of
Hydrogen Production from Geothermal Electricity Using CO, as Working Fluid in Algeria.” International Journal
of Hydrogen Energy 40 (44): 15244-15253. https://doi.org/10.1016/j.ijhydene.2015.05.105.

Gupta, N. 2016. “A Review on the Inclusion of Wind Generation in Power System Studies.” Renewable and
Sustainable Energy Reviews 59:530-543. https://doi.org/10.1016/j.rser.2016.01.009.

Herdem, M. S., D. Mazzeo, N. Matera, C. Baglivo, N. Khan, P. M. Congedo, and M. G. De Giorgi. 2023. “A Brief
Overview of Solar and Wind-Based Green Hydrogen Production Systems: Trends and Standardization.”
International Journal of Hydrogen Energy. https://doi.org/10.1016/j.ijhydene.2023.05.172.

Hoogwijk, M., B. de Vries, and W. Turkenburg. 2004. “Assessment of the Global and Regional Geographical,
Technical and Economic Potential of Onshore Wind Energy.” Energy Economics 26 (5): 889-919. https://doi.
org/10.1016/j.eneco.2004.04.016.

IEA (International Energy Agency). 2021. Global Hydrogen REVIEW 2021.

IEA (International Energy Agency). 2023. “Solar PV — Analysis - IEA.” August 2. Accessed February 8, 2023. https://
www.iea.org/reports/solar-pv.

International Renewable Energy Agency. 2014. Estimating the Renewable Energy Potential in Africa: A GIS-Based
Approach. IRENA, viewed 18 July 2023, from https://www.irena.org/-/media/Files/IRENA/Agency/Publication/
2014/IRENA_Africa_Resource_Potential Aug2014.pdf.

IPCC. 2018. Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-
industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to eradicate poverty.

Kakoulaki, G., I. Kougias, N. Taylor, F. Dolci, ]. Moya, and A. Jager-Waldau. 2021. “Green Hydrogen in Europe - A
Regional Assessment: Substituting Existing Production with Electrolysis Powered by Renewables.” Energy
Conversion and Management 228:113649. https://doi.org/10.1016/j.enconman.2020.113649.

Karayel, G. K., N. Javani, and I. Dincer. 2022. “Green Hydrogen Production Potential for Turkey with Solar Energy.”
International Journal of Hydrogen Energy 47 (45): 19354-19364. https://doi.org/10.1016/j.ijhydene.2021.10.240.

Karayel, G. K., N. Javani, and I. Dincer. 2023. “Green Hydrogen Production Potential in Turkey with Wind Power.”
International Journal of Green Energy 20 (2): 129-138. https://doi.org/10.1080/15435075.2021.2023882.

Koko, S. P. 2022. “Optimal Battery Sizing for a Grid-Tied Solar Photovoltaic System Supplying a Residential Load: A
Case Study Under South African Solar Irradiance.” Energy Reports 8:410-418. https://doi.org/10.1016/j.egyr.2022.
02.183.

Lantz, E., B. Sigrin, M. Gleason, R. Preus, and I. Baring-Gould. 2016. Assessing the Future of Distributed Wind:
Opportunities for Behind-the-Meter Projects. Golden, CO: National Renewable Energy Lab. (NREL). NREL/TP-
6A20-67337. https://www.osti.gov/biblio/1333625/.

Leiblein, J., K. Bir, F. Graf, C. Hotz, and F. Mors. 2021. “Techno-Economic Analysis of Green Hydrogen Production
from Solar Energy in Mena and Transport to Central Europe.” International Solar Energy Society.

Liu, B., X. Ma, J. Guo, H. Li, S. Jin, Y. Ma, and W. Gong. 2023. “Estimating Hub-Height Wind Speed Based on a
Machine Learning Algorithm: Implications for Wind Energy Assessment.” Atmospheric Chemistry and Physics
23 (5): 3181-3193. https://doi.org/10.5194/acp-23-3181-2023.

Mackenzie, W. 2019. “The Future for Green Hydrogen.” Accessed December 28, 2022. https://www.woodmac.com/
news/editorial/the-future-for-green-hydrogen/.

Manwell, J. F., J. G. McGowan, and A. L. Rogers. 2009. “Wind Energy Explained: Theory, Design and Application.” In
Anthony Rogers, edited by J. F. Manwell and J. G. McGowan, 2nd ed., 33-65. Chichester: John Wiley.

Mary, A.-A. 2021. “Geospatial Mapping of Micro-Wind Energy for District Electrification in Ghana.” Energy
225:120217. https://doi.org/10.1016/j.energy.2021.120217.

Page 94 0of 103



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 1225

Messaoudi, D., N. Settou, B. Negrou, and B. Settou. 2019. “GIS Based Multi-Criteria Decision Making for Solar
Hydrogen Production Sites Selection in Algeria.” International Journal of Hydrogen Energy 44 (60): 31808-
31831. https://doi.org/10.1016/j.ijhydene.2019.10.099.

Nematollahi, O., P. Alamdari, M. Jahangiri, A. Sedaghat, and A. A. Alemrajabi. 2019. “A Techno-Economical
Assessment of Solar/Wind Resources and Hydrogen Production: A Case Study with GIS Maps.” Energy
175:914-930. https://doi.org/10.1016/j.energy.2019.03.125.

OCHA & Humanitarian Data Exchange. 2021. “Ghana - Subnational Administrative Boundaries.” Accessed 2023.
https://data.humdata.org/dataset/cod-ab-gha.

Odoi-Yorke, F., T. F. Adu, B. C. Ampimah, and L. Atepor. 2023. “Techno-Economic Assessment of a Utility-Scale
Wind Power Plant in Ghana.” Energy Conversion and Management: X 18:100375. https://doi.org/10.1016/j.
ecmx.2023.100375.

Okonkwo, P. C., E. M. Barhoumi, I. B. Mansir, W. Emori, and P. C. Uzoma. 2022. “Techno-Economic Analysis and
Optimization of Solar and Wind Energy Systems for Hydrogen Production: A Case Study.” Energy Sources, Part A:
Recovery, Utilization, and Environmental Effects 44 (4): 9119-9134. https://doi.org/10.1080/15567036.2022.
2129875.

Okunlola, A., M. Davis, and A. Kumar. 2022. “The Development of an Assessment Framework to Determine the
Technical Hydrogen Production Potential from Wind and Solar Energy.” Renewable and Sustainable Energy
Reviews 166:112610. https://doi.org/10.1016/j.rser.2022.112610.

Olateju, B., A. Kumar, and M. Secanell. 2016. “A Techno-Economic Assessment of Large Scale Wind-Hydrogen
Production with Energy Storage in Western Canada.” International Journal of Hydrogen Energy 41 (21): 8755-
8776. https://doi.org/10.1016/j.ijhydene.2016.03.177.

Posso, F., J. Sanchez, J. L. Espinoza, and J. Siguencia. 2016. “Preliminary Estimation of Electrolytic Hydrogen
Production Potential from Renewable Energies in Ecuador.” International Journal of Hydrogen Energy 41 (4):
2326-2344. https://doi.org/10.1016/j.ijhydene.2015.11.155.

Posso, F., and J. Zambrano. 2014. “Estimation of Electrolytic Hydrogen Production Potential in Venezuela from
Renewable Energies.” International Journal of Hydrogen Energy 39 (23): 11846-11853. https://doi.org/10.1016/j.
ijhydene.2014.06.033.

Rahmouni, S., B. Negrou, N. Settou, J. Dominguez, and A. Gouareh. 2017. “Prospects of Hydrogen Production
Potential from Renewable Resources in Algeria.” International Journal of Hydrogen Energy 42 (2): 1383-1395.
https://doi.org/10.1016/j.ijhydene.2016.07.214.

Rahmouni, S., N. Settou, B. Negrou, and A. Gouareh. 2016. “GIS-based Method for Future Prospect of Hydrogen
Demand in the Algerian Road Transport Sector.” International Journal of Hydrogen Energy 41 (4): 2128-2143.
https://doi.org/10.1016/j.ijhydene.2015.11.156.

Simpson, J. G., and E. Loth. 2022. “Super-rated Operational Concept for Increased Wind Turbine Power with Energy
Storage.” Energy Conversion and Management: X 14:100194. https://doi.org/10.1016/j.ecmx.2022.100194.

Sunarso, A., K. Ibrahim-Bathis, S. A. Murti, I. Budiarto, and H. S. Ruiz. 2020. “GIS-Based Assessment of the
Technical and Economic Feasibility of Utility-Scale Solar PV Plants: Case Study in West Kalimantan
Province.” Sustainability 12 (15): 6283. https://doi.org/10.3390/su12156283.

Topriska, E., M. Kolokotroni, Z. Dehouche, D. T. Novieto, and E. A. Wilson. 2016. “The Potential to Generate Solar
Hydrogen for Cooking Applications: Case Studies of Ghana, Jamaica and Indonesia.” Renewable Energy 95:495-
509. https://doi.org/10.1016/j.renene.2016.04.060.

Touili, S., A. Alami Merrouni, A. Azouzoute, Y. El Hassouani, and A. Amrani. 2018. “A Technical and Economical
Assessment of Hydrogen Production Potential from Solar Energy in Morocco.” International Journal of Hydrogen
Energy 43 (51): 22777-22796. https://doi.org/10.1016/j.ijhydene.2018.10.136.

World Bank. 2023a. Access to Electricity (% of population) - Ghana | Data. July 4. Accessed April 7, 2023. https://
data.worldbank.org/indicator/EG.ELC.ACCS.ZS?locations=GH.

World Bank. 2023b. Tracking SDG 7 — The Energy Progress Report 2022. July 4. Accessed April 7, 2023. https://www.
worldbank.org/en/topic/energy/publication/tracking-sdg-7-the-energy-progress-report-2022.

Yodwong, B., D. Guilbert, M. Phattanasak, W. Kaewmanee, M. Hinaje, and G. Vitale. 2020. “AC-DC Converters for
Electrolyzer Applications: State of the Art and Future Challenges.” Electronics 9 (6): 912. https://doi.org/10.3390/
electronics9060912.

Yushchenko, A., A. de Bono, B. Chatenoux, M. K. Patel, and N. Ray. 2018. “GIS-Based Assessment of Photovoltaic
(PV) and Concentrated Solar Power (CSP) Generation Potential in West Africa.” Renewable and Sustainable
Energy Reviews 81:2088-2103. https://doi.org/10.1016/j.rser.2017.06.021.

Page 95 of 103



