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of Ghana's energy security
dimensions and environmental
sustainability in a multi-indices
analysis
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This study presents a comprehensive evaluation of Ghana's energy security and environmental
sustainability using a multi-indices approach. Focusing on five key indicators: the Herfindahl-
Hirschman Index (HHI), Shannon-Wiener Index (H), Simpson Index (D), Adjusted Shannon-Wiener
Neumann Index (SWNI), and Carbon Intensity Index (Cl) are employed to assess the concentration,
diversification, and dependency of Ghana's energy sources alongside carbon emissions. The results
indicate a highly concentrated energy portfolio, with petroleum products and biomass dominating the
energy mix. The HHI score of 0.23 reflects moderate market concentration, while the Shannon-Wiener
Index of 1.5 and Simpson Index of 4.3 highlight a relatively diverse but still imbalanced energy mix. The
SWNI1 score of 0.37, accounting for political risk, reveals a vulnerability due to reliance on imported
energy. Furthermore, the Carbon Intensity Index of 5.50 kt CO, per ktoe of energy consumed (2022)
underscores significant carbon emissions, necessitating a sustainable energy transition. These findings
emphasize the need to enhance domestic energy production, diversify energy sources, and adopt low-
carbon technologies to improve Ghana's energy security and environmental resilience.

Keywords Energy security, Environmental sustainability, Herfindahl-Hirschman index (HHI), Carbon
intensity index (CI), Energy diversification

The history of human advancement and development has been inextricably linked with the availability and
consumption of energy in various forms!. While energy remains a fundamental input for economic activity, its
accessibility and reliability vary significantly across regions, leading to disparities in development and energy
security concerns®. A number of studies have established a direct link between energy use, economic growth,
and standard of living®. However, energy availability is not evenly distributed geographically and so the demand
and supply of it cause tensions among nations, particularly in the face of geopolitical dynamics, supply chain
vulnerabilities, and environmental sustainability challenges*.

Apart from the availability of energy, the production, storage, and supply of energy have serious financial,
environmental, and economic implications for countries and if not well-managed result in adverse consequences
on the livelihood of the people®. Access to reliable, affordable and clean sources of energy becomes a major factor
in determining the well-being of countries. Ensuring a consistent supply of energy resources, which eliminates
the threats of supply disruptions, price fluctuations, and geopolitical tensions is known as energy security®. It
is, therefore, imperative for countries to ensure energy security, whether by domestic production or through
imports. Thus, this requires a critical analysis of the energy profile, that is the demand and supply dynamics of
countries.

Developing countries have legitimate development imperatives to alleviate poverty, enhance infrastructure,
and improve living standards’. Since energy is a fundamental input for industrialization, transportation, and
technological advancement, these nations will inevitably consume more energy to drive their development®. As
they expand their manufacturing sectors, modernize agriculture, and build critical infrastructure, their energy
demand will rise to support increased production and economic activities®.
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Ghana, like other developing countries, has seen significant economic growth in recent years, with an average
Gross Domestic Product (GDP) of about 5.92% which is above the world’s average of 3.00% for the same period’.
As Ghana embarks on its development agenda, increase in energy consumption is critical in achieving growth.
However, in the wake of climate change, energy transition is essential to mitigate greenhouse gas (GHG) emissions
from fossil fuel combustion, which is one of the major contributors to rising temperatures on our planet'.
Shifting to renewable energy sources like solar, wind, and hydropower enhances environmental sustainability by
minimizing environmental degradation and extreme weather risks'!. Ghana is not exempt from this transition
wave. The country has made several commitments, both nationally and internationally, to mitigate climate
change by diversifying its energy mix to include renewable energy. Ghana has demonstrated its commitments
to address climate change by adopting comprehensive energy transition strategies. In September 2023, Ghana
unveiled its energy transition and investment plan during the United Nations (UN) General Assembly, outlining
a pathway to achieve net-zero energy-related carbon emissions by 2060 through the adoption of low-carbon
energy solutions across key sectors'?. Ghana also remains committed to the Paris Agreement by implementing
its Nationally Determined Contributions (NDCs), aiming to reduce greenhouse gas emissions by 64 MtCO e by
2030 through renewable energy expansion, energy efficiency, and climate-resilient policies!?.

This shift, while necessary for GHG, comes with significant challenges and potential adverse consequences for
existing energy systems'*. Transitioning from fossil fuel-based energy to renewable sources requires substantial
modifications in energy infrastructure, including the modernization of power grids, the expansion of energy
storage capabilities, and the integration of intermittent renewable sources such as solar and wind'®. Furthermore,
geopolitical dynamics surrounding energy security may shift, as nations that were once energy importers could
become self-sufficient through domestic renewable energy production, altering global energy markets and trade
relationships. Countries that lack the necessary financial and technological resources for a smooth transition
may experience energy access disparities, leading to increased energy poverty and insecurity. To navigate these
challenges, it is imperative for Ghana to assess it energy security situations to ensure that energy systems remain
resilient, secure, and equitable throughout the transition process.

Literature review

Energy security and environmental sustainability are two interdependent pillars of modern energy policy'.
This interdependency between energy security and environmental sustainability has attracted the attention of
many researchers. For instance, For instance, several studies'”~** have explored the relationship between energy
security and environmental sustainability and established that a relationship exist between the two. Whereas,
Baumann analyzed the energy security framework of the European Union (EU) and found persistent strategic
deficits, suggesting that a more comprehensive approach is necessary®. Similarly, Gill et al. examined renewable
energy variability in IEA and non-IEA countries, emphasizing that energy diversification is crucial for long-term
security?®. Their findings align with Obadi and Korcek, who applied HHI to rank European energy security and
found that Italy led in diversification and reducing vulnerability to supply shocks?’.

In the African context, Alemzero et al. assessed 28 African countries using composite factor analysis and
found that most nations suffer high import dependence and carbon emissions, signaling systemic energy
insecurity?®. Focusing on Ghana, Ahunu and Ackah identified institutional weaknesses in the natural gas sector,
which discourage independent power producer investments, affecting long-term security”. Similarly, examined
the impacts of petroleum pricing deregulation, highlighting potential economic hardships due to fuel and
transport cost volatility®.

Comparative assessments further illustrate Ghana’s position. For instance, Nigeria, while being a major oil
producer, shows higher import dependency for refined products and greater geopolitical risk exposure!:32. Cote
d’Ivoire, on the other hand, has advanced in regional energy trade and hydropower integration®»*. Acquah et
al., used the Composite Energy Security Index to rank Ghana 17th globally and 6th in Africa over a 20-year
period, indicating moderate performance but significant room for improvement?®®. Meanwhile, Kipkoech et al.,
analyzed renewable energy policies and found that regulatory frameworks such as feed-in tarifts (FITs) and the
Renewable Energy Act (2011) have fostered growth in renewable energy adoption, though barriers such as high
technology costs and limited financing mechanisms persist™.

These studies collectively highlight the complex nature of Ghana’s energy security challenges, spanning
policy gaps, economic risks, supply diversity, and environmental concerns, thereby, attracting research interests
in energy security analysis, especially in Ghana and the African sub-region which have received modicum
attention in the subject matter. This paper therefore, seeks to contribute to the energy security discussion of
Ghana through a different lens. It adopts a more integrated approach, applying multi-index analysis to offer a
holistic view of Ghana’s energy security and environmental sustainability performance.

Methodology

The focus of this paper is to evaluate the energy security of Ghana through a comprehensive analysis of energy
sources using the Herfindahl-Hirschman Index (HHI), Shannon-Wiener Index (H), Simpson Index (D),
adjusted Shannon-Wiener Neumann Index (SWNI) and Carbon Intensity Index (CI). The goal is to gain a
nuanced understanding of the energy security landscape in Ghana by considering both the concentration of
energy sources, diversity and dependency. Statistical analysis and visualization were performed to effectively
interpret and present the diversity metrics.

Data source and reliability
The paper utilises secondary data on Ghana’s carbon emissions, energy production, imports, and consumption
including sources such as fossil fuels (oil, natural gas), and renewables (solar, hydroelectric, biomass). The studies
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relied on Ghana Energy Commission for energy data and the world Bank Group for CO, and political stability
data for countries. While these sources are reputable, there are inherent limitations that must be acknowledged.

Firstly, there may be time lags in the data, as different sources may publish updates at varying intervals. World
Bank data may not always reflect the most recent political and economic conditions. Secondly, discrepancies
between data sources may arise due to variations in data collection methodologies. For example, different studies
or institutions might define and measure energy use, emissions, or stability factors differently, leading to slight
variations in reported figures. Finally, regarding the time period covered, the latest complete dataset available
from Ghana’s Energy Commission on energy sources corresponds to 2022 as of 2023 and that for CO, from the
World Bank was 2020 and for political stability factor was 2021.

The Herfindahl-Hirschman index (HHI)

The HHI is a standard metric used to measure market concentration in various industries, including energy. In
the context of energy security, HHI is employed to assess the level of reliance on a limited number of energy
sources. Analysing the concentration of Ghana’s energy sources using HHI helps policymakers identify risks
associated with over-reliance on specific energy imports. HHI has previously been applied in energy security
research. For instance, The European Commission and U.S. Energy Information Administration frequently use
HHI to assess electricity and fuel market competition®”*. Obadi & Korcek?” and Acquah et al.* applied HHI in
their studies. The HHI is represented as:

HHI = i’ )
=1

Where xi is the market share. ¥ denotes adding the squared market shares.

The Shannon-Wiener index (H)

The H index originally developed for biodiversity studies, has been adapted for energy security research to
measure the diversity of energy sources. Given Ghana’s dependence on hydroelectricity, petroleum and natural
gas, this index helps quantify the level of energy diversification and identify areas needing improvement.
Researchers have taken interest in the H index for analysing energy security. For instance, Ranjan and Hughes*
applied the H index to analyze energy security in India, while Alemzero et al.,?® used the H index to assess energy
security in 28 countries in Africa. The H index formula is represented as:

H= —ZPZ‘* In (Pi) )
=1

Where: Pi is the proportion of each individual energy source, In is the natural log function, the negative sign
ensures that H remains positive, as entropy increases with diversity. ¥ denotes adding the proportion of each
individual energy source.

The Simpson index (D)
The Simpson index is very similar to the H index but is a dominant index that provides an alternative way of
measuring dependence and diversity. Unlike the H index, which gives equal weight to all sources, the Simpson
index emphasizes dominant sources, making it ideal for identifying over-reliance on a single energy type. It
provides an opportunity to confirm or contradict the H index. It is particularly useful for assessing Ghana’s
dependence on a few major energy sources (e.g., petroleum and hydro).

The Simpson index is represented as:

1
D= ——ps 3)

i, PP

Piis the proportion of each individual energy source. Y. denotes adding the squared proportion of each individual
energy source.

The adjusted Shannon-Wiener neumann index (SWNI)

The SWNI allows for other indicators or variables to be added to the Shannon-Wiener index model. It improves
upon the original H Index by incorporating external risk factors such as political stability and indigenous
production. Ghana imports a significant portion of its petroleum and natural gas from politically unstable
regions such as Nigeria. SWNI helps quantify the risks associated with these imports. Munoz et al., (2015)
applied a similar adjusted index to assess political risks in global energy markets*’. For example, if the political
stability factor alone is included, the index takes the form:

SWNI = = " bi+ PixIn (Pi) (4)
i=1
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Where bi is the political stability factor of the country from where imports are coming. The (‘bi’) used in this
study is derived from the World Bank’s Worldwide Governance Indicators (Political Stability and Absence of
Violence/Terrorism).

To include the share of indigenous production, the SWNI index can be modified as follows:

SWNIy == bi+Pix [In(Pi)(1+gi)] (5)

i=1
where gi represents the indigenous production.

Carbon intensity index (Cl)

The CI quantifies the amount of CO, emissions produced per unit of energy generated or consumed. It is a
critical tool for assessing the environmental impact of energy production and consumption. A lower carbon
intensity indicates a cleaner and more environmentally friendly energy system. As Ghana aims to transition
toward low-carbon energy sources to enhance environmental sustainability, the CI provides insights into how
different energy sources contribute to emissions. The CI is widely used in analysing energy systems and carbon
emissions. For instance, Jayachandran et al.*! analysed carbon intensity in developing countries using CI. The
CO, data used here does not account for indirect emissions such as those embodied in imported petroleum
products. It also excludes emissions from Land Use, Land Use Change and Forestry (LULUCEF).

The CI model is represented as:

>, CO
Zf; — ©)
i=1

Where CO, is kiloton of Carbon Dioxide equivalent. x is ktoe of final energy consumed. ¥ denotes adding the
CO, and energy consumption from different time periods.

CIl =

Results

The results of the energy security analysis are as follows: “Energy portfolio and concentration assessment”,
“Assessment of the market structure of the power sector’, “Diversity and dependence assessment with the
Shannon-Wiener index”, “Diversity and dependence assessment with the Simpson Index”, “Assessment of
political risk”, “Assessment of indigenous production: adjusted Shannon-Wiener Newman index (SWNI,)” and
“Assessment of CO, Intensity Index” for each set of results, analysis and discussion focus on the implication of

low or high computed indices and their implications to the energy security of Ghana.

Energy portfolio and concentration assessment

The HHI helps determine the market concentration levels of various energy supplies*2. We applied the HHI to
analyse the level of concentration for the entire industry by energy source. This involves quantifying the relative
share of each energy source in the total energy mix and then calculating the HHI, to understand whether certain
sources dominate the market or if there is a balanced distribution. This approach is to minimise any challenges
that could confront the study due to the many suppliers in the entire sector, with petroleum products alone
having over 25 suppliers and suppliers of biomass is very difficult to determine®’. The HHI analysis by energy
source are shown in Table 1.

HHI, = Z zi®
i=1

Note that about 98% of petroleum products are imported and, therefore, need to be added so as to account
for all energy supplied within the year and not just primary energy supplied. Thermal-generated electricity is
accounted for in crude oil, natural gas, and petroleum products.

s (number of energy sources) =6.

n (Individual energy source).

N (total ktoe of energy supplied) = 16,648.

xi is the market share.

Energy supplied 2022 | ktoe (x) | Proportion ktoe (n/N) | xi xi?

Crude oil 4147 4147/16,648 0.2490 | 0.0620
Natural gas 3472 3472/16,648 0.2085 | 0.0434
Hydro 704 704/16,648 0.0422 | 0.0017
Solar 14 14/16,648 0.0008 | 0.0000
Biomass 3993 3993/16,648 0.2398 | 0.0575
Petroleum products 4318 4318/16,648 0.2593 | 0.0672

Table 1. Energy market concentration.Source: Authors computations.
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Fig. 2. Energy source concentration. Source: Authors computations
xi? is the square of the market share.
S (sum) of xi® =0.23
HHI; = 0.06 + 0.04 4+ 0.00 4+ 0.00 + 0.06 + 0.07 = 0.23
Analyzing the energy source concentration levels over the last ten years for a variety of energy sources
provides valuable insights into the nation’s energy landscape, sustainability efforts, economic performance, and
commitments to achieving a favourable HH,. Note that about 98% of petroleum products are imported and,
need to be added so as to account for all energy supplied within the year and not just primary energy supplied.
Thermal-generated electricity is accounted for in crude oil, natural gas, and petroleum products. Specifically,
we have explained how different levels of HHI, indicate varying degrees of market concentration and how
this affects energy security. The different values of xi in the table above indicate the energy mix of Ghana in
2022. The HHI, value of 0.23 suggests moderate concentration, meaning that while the country has some level
of diversification, it remains vulnerable to supply disruptions due to its reliance on a few key energy sources,
particularly petroleum and natural gas. See Fig. 1 below.
By tracking the HHI, of Ghana’s energy sources over a period of ten years, we can make indirect inferences
about the changes in energy diversity within that country’s energy sector. See Fig. 2 below.
The HHI shows a general decline over the years, suggesting that Ghana’s energy mix has become more
diversified over time. Between 2013 and 2015, the HHI slightly declined, but there was a brief increase in 2016,
indicating a temporary rise in concentration. The decline in HHI implies Ghana is reducing dependence on a
few dominant energy sources, which can enhance energy security and sustainability. The diversification trend
could be due to increased integration of renewable energy sources, such as solar and wind, alongside traditional
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fossil fuel and hydroelectric power. Policymakers should continue to promote investments in varied energy
sources to further strengthen resilience against supply shocks.

Assessment of market structure of the power sector

By identifying suppliers of the power sector and obtaining market share data, the structure of the market could
be determined by HHI,. The HHI, can be used to assess the degree of concentration among suppliers within the
power sector. Table 2 shows how it can be applied to assess suppliers in the power sector:

HHI, = Z xi? 7)
i=1

s (number of energy sources) = 14.
x (Individual energy source).
N (total dependable power capacity) = 3647.
xi is the market share.
xi? is the square of the market share.

3 (sum) of zi”> = 0.09
HHI> = 0.04 4+ 0.00 + 0.01 4 0.00 + 0.01 4 0.00 4+ 0.00 + 0.00 4+ 0.01 + 0.01 4 0.00 4+ 0.01 + 0.01 4+ 0.01
HHI, = 0.09

See Fig. 3 below for producer market share of the power sector.

Figure 3 above presents the share of power generation dependable capacity in Ghana, showcasing
contributions from various power plants and energy sources. The Akosombo Hydroelectric Dam has the highest
share of dependable capacity, indicating that hydroelectric power remains a critical component of Ghana’s
electricity generation. The presence of several thermal plants, including Takoradi Power Company, Kpone
Thermal Power Plant, and Sunon Asogli Power Plant, suggests a mix of gas-fired and oil-based thermal power
stations. Also, significant contribution form Independent Power Producers (IPPs): Karpowership, Amandi,
AKSA, and Cenpower are among the notable IPPs contributing to Ghana’s electricity generation, highlighting
the importance of private sector participation. The data suggests that while hydro power is still a significant
contributor, thermal and IPP contributions are ensuring a diversified and more resilient energy mix. However,
renewable energy sources (solar, wind) is conspicuously missing in the Ghana’s power generation mix.

Assessment of diversity and dependence with Shannon-Wiener index (H)

The Shannon-Wiener Index, also called the Shannon Diversity Index is widely used in ecology studies to
measure the diversity of species within a biological community**. It can also be applied to assess energy diversity
and dependence in the context of the energy sector®®. This index provides a way to understand how different
energy sources contribute to the overall energy mix and whether the energy supply is reliant on a few dominant
sources or is more diversified as presented in Table 3.

s

H=—) Pix In(Pi) (8)
i=1

Energy suppliers 2022 ktoe (x) | Proportionktoe () | 4 xi?

Akosombo 677.90 | 677.90/3647.83 0.1858 | 0.0345

Kpong 105.45 105.45/3647.83 0.0289 | 0.0008

Bui 248.56 248.56/3647.83 0.0681 | 0.0046

Takoradi Power Company (TAPCO) 237.26 | 237.26/3647.83 0.0650 | 0.0042

Takoradi International Company (TICO) | 248.56 | 248.56/3647.83 0.0681 | 0.0046

Tema Thermal 1&2 Power Plant 128.04 | 128.04/3647.83 0.0351 | 0.0012

Kpone Thermal Power Plant 150.64 | 150.64/3647.83 0.0413 | 0.0017

Ameri Plant 173.240 | 173.240/3647.83 0.0475 | 0.0023

Sunon Asogli Power (Ghana) Ltd 399.2 399.2/3647.83 0.1094 | 0.0120

Karpowership 338.95 | 338.95/3647.83 0.0929 | 0.0086

Amandi (Twin City) 151.39 151.39/3647.83 0.0415 | 0.0017

AKSA 248.56 | 248.56/3647.83 0.0681 | 0.0046

Cenpower 256.09 | 256.09/3647.83 0.0702 | 0.0049

Others 283.99 283.99/3647.83 0.0779 | 0.0061

Table 2. Power sector generation mix.Source: Authors computations.

Scientific Reports |

(2025) 15:43745 | https://doi.org/10.1038/s41598-025-05407-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Share of Power Generation Dependable Capacity

0.2
0.15
0.1
0.05 B0 es - B N
- - ® 7 ) -
~ 'S X % L
6@0 s & L F &R o) & & -
S qt_Q ((\Q f{)&\ Q© ,\Q '\Q Q© o . ' QO o
& & & P & & & < oS
b s <& N Q© }@ O K (N0 <
& & > N \s > >
L & & &£ o &
F 3 & <> ks
o 0 G L e
o L
N & 8

Fig. 3. Power sector market share. Source: Authors computations

Energy supplied 2022 | Ktoe () | Proportion (n/N) | Pi In pi Piln Pi

Crude Oil 4147 4147/16,648 0.2490 | —1.3899 | —0.3462
Natural Gas 3472 3472/16,648 0.2085 | - 1.5675 | —0.3269
Hydro 704 704/16,648 0.0422 | - 3.1632 | - 0.1337
Solar 14 14/16,648 0.0008 | —7.0809 | —0.0059
Biomass 3993 3993/16,648 0.2398 | —1.4277 | —0.3424
Petroleum Products 4318 4318/16,648 0.2593 | —1.3494 | - 0.3500

Table 3. Shannon-Wiener index energy diversity and dependence.Source: Authors computations.

s (number of energy sources) =6.
n (Individual energy source).
Pi is the proportion of each individual energy source.
In is the natural log.
N (total ktoe of energy supplied for 2022) =16,648.

¥ (sum) of PiInpi= —1.51

H = —(0.25 x In (0.25) + 0.21 x In (0.21) 4 0.04 x In (0.04) + 0.00
x In (0.00) 4 0.24 x In (0.24) + 0.26 x In (0.26)

H:=— (0.25 x (—0.39) 4+ 0.21 x (—1.57) 4 0.04 x (—1.36) + 0.00

X (—7.08) 4+ 0.24 x (—1.43) 4+ 0.26 x (—1.35))

H:=—(-0.354+-0.33 + —0.13 + —0.01 + —0.34 + —0.35)
H =151

Figure 4 above presents the H index trend for Ghana’s energy sources, reflecting changes in energy diversity
and dependence from 2013 to 2022. The index increased from 2013 to 2015, then dipped in 2016, suggesting
a temporary reduction in diversification possibly due to increased reliance on a particular energy source. The
general upward trend in H suggests that Ghana’s energy mix has become progressively more diverse over the
years. The increasing H index suggests Ghana is reducing dependence on a few dominant energy sources,
enhancing energy security and resilience.

Assessment of diversity and dependence with the Simpson index (D)

The Simpson gives more weight to common or dominant species. In this case, a few rare energy sources will
not affect the diversity as with the Shannon-Wiener Index model*. The strength of the Simpson index is that
the model presents different approaches to suit the study environment. In this context, we applied the inverse
Simpson Index also known as Simpson’s Reciprocal Index and present the results in Table 4:
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Fig. 4. Shannon-Wiener Index trend of energy diversity and dependence. Source: Authors computations

Energy supplied 2022 | Ktoe (n) | Proportion (n/N) | Pi Pi?

Crude oil 4147 4147/16,648 0.2490 | 0.0620
Natural gas 3472 3472/16,648 0.2085 | 0.0434
Hydro 704 704/16,648 0.0422 | 0.0017
Solar 14 14/16,648 0.0008 | 0.0000
Biomass 3993 3993/16,648 0.2398 | 0.0575
Petroleum products 4318 4318/16,648 0.2593 | 0.0672

Table 4. Simpson index energy diversity and dependence.Source: Authors computations.

s (number of energy sources) =6.
n (Individual energy source).
N (total ktoe of energy supplied) = 16,648.
Pi is the proportion of each individual energy source.
Pi? is the squire of the proportion of each individual energy source.

¥ (sum) of pi® = 00.6 + 0.04 + 0.00 + 0.00 + 0.06 + 0.07 = 0.23

1
= —— =4, 10
D 023 4.35 (10)

A trend analysis of the Simpson Index over a decade for the energy diversity provides valuable insights into
the country’s energy sector’s development with regards to the efforts and commitments towards ensuring well
diversified energy mix. See Fig. 5.

Figure 5 above provides the trend of the Simpson Index for energy source diversity in Ghana from 2013
to 2022. The Simpson Index, a measure of diversity, shows a general upward trend over the decade, indicating
increasing diversification of energy sources. There are minor fluctuations, particularly a dip around 2016, but
the overall trajectory suggests a steady improvement in energy mix diversity. The increasing values imply a more
balanced reliance on different energy sources, which can enhance energy security and sustainability. The trend
stabilizes around 2021-2022, suggesting Ghana has reached a relatively stable level of energy diversity.

Assessment of political risk with adjusted Shannon-Wiener Newman index (SWNI,)

The SWNI, removes the limitations of the H index. The SWNI, allows for other indicators to be added to
the Shannon-Wiener index model. We assess the political risk of importing fuels for Ghana based on import
data for 2022 by incorporating political stability factor’®. Even though Ghana is a net exporter of crude oil
it still imports crude from the United States for the refineries?’. Ghana produces significant natural gas but
compliments domestic production with Nigerian gas through the West African Gas Pipeline*®. Another energy
that is heavenly imported is petroleum products. The major supplier of Ghana’s Petroleum products is the British
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Fig. 5. Simson index trend of energy diversity and dependency. Source: Authors computations
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Fig. 6. Trend of political risk and domestic production. Source: Authors computations

Petroleum Pls from its USA subsidiary**. The SWNI, will consider political risk from Nigeria, and The United
States of America which are the origin of Ghana’s energy imports. Electricity imports are included from the
analysis paint a holistic picture despite the low import figures which are not significant enough to impact Ghana’s
energy security. Electricity imports mostly Ivory Coast for the past few years have decreased drastically with the
2022 figure at 37 GWh representing about 0.1% of electricity consumption for 20228, We infused the political
stability factor from to module to observe the impact on the H index*. For example, if the political stability
factor alone is included, the index takes the form:

SWNI, = —Zbi*Pi*In (Pi) (11)

i=1

Equation 11 is computed and presented in Table 5.
s (number of energy sources) =4.
n (Individual energy source).
N (total ktoe of energy imported) =4858.
Pi is the proportion of each individual energy source.
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Energy imports 2022 | Ktoe (n) | Proportion (n/N) | Pi In (pi) bi bi Pi biPi In Pi
Crude oil 31.64 31.64/4858 0.0065 | —5.0340 0.0049 0.000 | - 0.0002
Natural gas 501.9 501.9/4858 0.1033 | —2.2700 | -1.779 |-0.184 0.4173
Petroleum 4322 4322/4858 0.8895 | —0.11706 0.5421 0.482 | - 0.0565
Electricity 3.18 3.18/4858 0.0006 | —7.3315 | —0.9528 | - 0.006 0.0046

Table 5. Political risk of imports.Source: Authors computations.

Energy produced 2022 | Ktoe (1) | Proportion (#/N) | Pi | In (pi) bi bi Pi biPilnPi | gi 1+ gi | biPi In (Pi) (1 +gi)
Crude oil 7246 7246/1239 0.58 | - 0.2718 0.0049 | 0.0029 | —0.0016 |0.42 | 1.42 —0.0022
Natural gas 2973 2973/1239 0.24 0.0000 | -1.779 |-0.427 0.6093 | 0.17 | 1.17 0.7144
Petroleum 180 180/1239 0.01 | = 0.11706 0.5421 | 0.0079 | —0.0333 |0.12 | 1.01 —-0.0337
Electricity 1992 1992/1239 0.16 | - 1.7791 —-0.9528 | - 0.153 0.2799 |0.01 | 1.12 0.3123

Table 6. Impact of domestic production.Source: Authors computations.

In is the natural log.
bi is the political stability factor of the country from where imports are coming.

3 (sum) of bi*pix In(pi) =0.48
SWNI; =-0.00 + 0.42+ —0.06 + 0.01
SWNI;, =0.37

Assessment of Indigenous production: adjusted Shannon-Wiener Newman index (SWNI,)
Domestic energy production plays a crucial role in enhancing a country’s energy security by reducing its reliance
on imported energy sources. More especially for countries that import from unstable regions. Incorporating
indigenous energy production into the ASWN index analysis provides a holistic view of a country’s energy
security, considering not only the availability and reliability of energy sources but also the strategic, economic,
and environmental implications of domestic energy production: To include the share of indigenous production,
the SWNI index is modified in Eq. (11) and the results from the estimation is shown in Table 6.

SWNI; = — Z bi * Pi * [In (Pi) (1 + gi)] (12)
=1

s (number of energy sources) =4.
n (Individual energy source).
N (total ktoe of domestic energy production) =1239.
Pi is the proportion of each individual energy source.
In is the natural log.
bi is the political stability factor of the country from where imports are coming.
gi represents the indigenous production.

Domestic Crude Oil Imports : Pi=0.58, gi = 0.42, In(Pi) = —0.27, bi* Pi = 0.00,

bi x Pix (InPi) = —0.00, bi* Pix*[In(P3)(1+ gi)] = —0.00
Domestic Natural Gas Imports : Pi =0.24, gi = 0.17, In(P7) = 0.00,
bix Pi = —0.43, bi *x Pix (InPi) = 0.61, bi* Pix [In(Pi)(1+ gi)]= 0.71
Domestic Petroleum Imports : Pi =0.01, gi = 0.12, In(Pi) = —0.12, bi* Pi = 0.00,
bi x Pi* (InPi) = —0.03, bi x Pi*[In(Pi) (14 gi)] = —0.03
Domestic Electricity Imports : Pi=0.16, gi = 0.01, In(Pi )= —1.78, bix Pi = —0.15,

bi * Pix (InPi) = 0.28, bi x Pix [In(Pi)(1+ gi)] = 0.31
3 (sum)of bi x Pix [In (Pi) (1+ gi)] = 1.82
SWNI; = —0.00 + 0.71 + —0.03 + 0.31
SWNI, = 0.98

Figure 6 presents a ten-year trend analysis of the Shannon-Wiener Index and Adjusted Shannon-Wiener Index
to assess how political risk and domestic production affects the original Shannon-Wiener Index.
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Fig. 7. CO, Intensity of Ghana. Source: Authors computations

Figure 6 above illustrates a 10-year trend analysis of the H index alongside its adjusted versions; SWNI,
(incorporating political risk) and SWNI, (accounting for domestic production). The overall H index remains
relatively stable, with a slight upward trend, suggesting a steady level of energy source diversity. SWNI,, which
factors in political risk, exhibits fluctuations, notably a sharp decline around 2016, followed by gradual recovery.
This suggests that political instability had a temporary negative impact on energy diversity. SWNI,, reflecting
domestic production influence, shows a more pronounced upward trend, particularly after 2016. This indicates
that increasing domestic energy production has contributed positively to energy diversity over time. The
divergence between the indices highlights the significant impact of political and domestic production factors on
energy source diversity in Ghana.

Assessing CO, intensity index (Cl) of final energy consumption
To assesses energy efficiency and environmental sustainability of the energy system, the study employed the CI
model to measure the carbon emission intensity of Ghana using CO, data from the world Bank group*’.

_ 25:1 CO2
Ef:l z

Where CO, is kiloton of Carbon Dioxide equivalent and x ktoe of final energy consumed.

Ccl

Total cx for 2020 = 39070.29

Total ex for 2020 = 8601

39070.29
¢r= 8601

Cl =454

Figure 7 presents a 23-year trend analysis of carbon intensity (ktCO2/ktoe) in Ghana:

Figure 7 above illustrates the twenty-year trend of carbon intensity (ktCO,/ktoe) in Ghana from 2000 to
2020. The overall trend shows a steady increase in CO, intensity, indicating that Ghana’s energy production has
become more carbon-intensive over time. There are periods of fluctuation, notably around 2004 and 2010, where
CO, intensity temporarily declined before continuing its upward trajectory. The general rise suggests increased
reliance on fossil fuels or less efficient energy production methods, contributing to higher emissions per unit of
energy consumed. The trend underscores the need for cleaner energy transitions and efficiency improvements
to mitigate carbon intensity and ensure environmental sustainability.

Ghana’s post-COVID recovery plan emphasized scaling up renewable energy, especially through mini-grid
and off-grid solar projects targeting rural and peri-urban areas®'. However, from the chart, there is no visible
decline or flattening in the CO, emissions trend during the post-COVID years (2020-2022). Emissions continue
to rise, even though at a slower pace compared to the pre-COVID years.
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Type of index Indicator Number of variables | Index | Period | Interpretation

The Herfindahl-Hirschman Index (HHI) Market Concentration Levels 6 0.23 2022 Good

The Herfindahl-Hirschman Index (HHIL,) Power Sector Market Structure | 14 0.09 2022 Good

The Shannon-Wiener Index (H) Diversity and Dependence 6 1.51  |2022 Good

The Simpson Index (D) Diversity and Dependence 6 431 2022 Good

Adjusted Shannon-Wiener Newmann Index (SWNI,) | Political Risk 4 0.37 2022 SWNI, lowers the level of H
Adjusted Shannon-Wiener Newmann Index (SWNI,) | Indigenous Production 4 0.98 | 2022 SWNI, raises the level of SWNI,
Carbon Intensity (ktCO2/ktoe) Emission levels 3 5.50 | 2022 High level of emissions

Table 7. Summary of indices.Source: Authors computations.

Summary of indices analysis
Summary of 2022 indices results are shown in Table 7.

Analysis and discussions

An HHI, of 0.23 indicates a relatively low concentration and a diverse energy market, which can be seen as a
positive factor for the energy diversity profile of Ghana and enhances energy security. The trend of the HHI,
from the past ten years shows great improvement in terms of energy source diversity for the country. Within the
10-year period, the HHI, showed continuous decline from 2016 index of 0.287 which is the second higher index
to only the 2013 index of 0.291. After 2016 the index declines over the years to 0.232 in 2022, the lowest within
the 10-year period.

The test for the power sector market structure resulted in an HHI, of 0.09 which is quite good for the energy
market structure. It suggests that the energy sector is characterized by a significant number of energy companies
with relatively balanced market shares. A signal that the energy industry is promoting competition and reducing
dependency on a few dominant energy sources. This level of competition could help reduce energy prices and
increase energy as to the poor. Healthy competition could also contribute to energy security by reducing the
country’s vulnerability to disruptions in a single energy source or company.

The HHI, ; ,, however, has its own shortcomings as it fails to consider domestic production and political risk
into consideration and therefore may not be seen as a comprehensive analysis of the energy security dimensions
of a country. Even though, it is a precise metric, it is important to compare HHI with other indices when analysing
energy security issues, especially for countries that import a considerable portion of their energy needs.

An assessment of the Shannon-Wiener Index (H) for the 2022 energy dataset of Ghana is 1.5. The higher H
indicates a more competitive market. The Shannon-Wiener Index indicates the diversity of the energy portfolio
of Ghana which suggests good levels of the energy mix indicating greater diversity. The energy is being generated
from a wide variety of sources with relatively balanced contributions. This is a positive sign for energy security,
as it implies that the country is not heavily dependent on a single energy source. The modelling also tracked the
Shannon-Wiener Index for Ghana energy profile for the last ten years as illustrated in Fig. 4 to make inferences
about changes in the energy diversity within Ghana’s energy sector. The H trend just as the HHI, trend shows
that the energy diversity greatly improved from 2016 which hard the second lowest H of 1.36 and 2022 showing
the highest H of 1.5. Among the reasons for the low H in 2016 was due to the energy crisis that hit Ghana from
2013 and heightened at 2016. Many interdependent power producers were brought in to help improve the energy
diversity thereby lowering the H continuously afterwards.

Just as the HHI, the main limitations remain. The Shannon-Wiener Index also cannot take domestic
production separately from the imports, and the political risk cannot be incorporated into the model.

To obtain a wide perspective on the energy variety and dependence and to validate the HHI and H, the
study applied the Simpson Index model with the same dataset. We computed a reverse Simpson Index value of
4.3 which suggest a relatively diversified energy mix. This diversification is positive with regard to the energy
security of the country, as it indicates that the country is not heavily reliant on a single or a few dominant energy
sources.

The SWNI, measures the energy security of external energy supply in Ghana. It assesses the proportion of
energy imported and the political risk associated with the origin of the imports. The HHI, value of 0.23 suggests
moderate concentration, indicating Ghana has some level of diversification. However, this does not account
for geopolitical risk. In contrast, the SWNI, index, which integrates political stability of import origin, reveals
heightened vulnerability due to reliance on politically unstable regions for energy imports. This distinction
highlights the importance of using multi-dimensional indices to assess different aspects of energy security. Thus,
the SWNI, makes much sense when compared to the H index. SWNI, of 0.48 is less than H of 1.51. 0.48 < 1.51
shows a decrease in the energy profile situation because the ASWI, incorporated energy imports sources. An
indication that most of the origin of Ghana’s energy imports do not have strong political stability factors and
therefore, imports from such unstable regions of the world tend to reduce the original Shannon-Wiener Index
drastically, thereby making the country vulnerable to supply disruptions. This revelation borders on the energy
security of the country as it introduces uncertainty on the supply chain of energy imports. The consequences
of such uncertainties depend on how much energy the economy relies on through imports versus domestic
production. According to the Energy Commission (2023), about 28% of the energy supplied (primary energy
supplied plus petroleum products) for 2022 was imported>2. Ghana imports a significant portion of its Natural
Gas, crude oil and refined petroleum from politically unstable regions, particularly Nigeria, the United States and
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United Kingdom®->°. Nigeria is a key supplier of natural gas through the West African Gas Pipeline (WAGP).
However, the country frequently experiences political unrest, insurgency (e.g., Niger Delta militant attacks), and
oil theft, which disrupts supply. When supply is interrupted, Ghana is forced to buy more expensive alternatives,
leading to higher electricity tariffs and fuel prices. For example, during the 2013-2015 power crisis, disruptions
in Nigerian gas supply forced Ghana to rely on more expensive crude oil for power generation, worsening load
shedding (‘dumsor’) and economic slowdown®®. The United States and United Kingdom are major suppliers of
crude and refined petroleum products and have geopolitical tensions, trade policies, and fluctuations in crude oil
production that can lead to fuel price volatility in Ghana®”>8. The impact on the ordinary Ghanaian is higher fuel
prices and increase transportation costs, leading to rising food prices and inflation. Higher household energy
bills make basic electricity and cooking fuel less affordable. Businesses, particularly transport companies and
manufacturers, pass on the increased costs to consumers, further straining household budgets.

By introducing indigenous energy production as an additional factor that represents the share of energy
sources produced domestically to the Adjusted Shannon Wiener Index (SWNTI,) the SWNI, increased to 0.98
from SWNI, of 0.48. A SWNI, of 0.98 > 0.37 which indicate domestic production can increase the energy source
diversity and enhance the energy supply chain positively thereby enhancing the energy security situation. The
introduction of indigenous energy production has significantly changed our Shannon-Wiener Index results and
presenting a different perspective of the energy security analysis.

Ghana’s energy security profile within the West African sub-region is essential. Nigeria, although a major
oil and gas producer, faces persistent energy insecurity due to low refining capacity, high dependency on fuel
imports, and recurring gas pipeline disruptions. This overreliance on imported refined products introduces
significant geopolitical and infrastructural vulnerabilities. In contrast, Cote d’Ivoire has enhanced energy
stability through greater reliance on hydropower and integration into the West African Power Pool (WAPP),
enabling cross-border electricity trade. Ghana’s performance sits between these two extremes more diversified
than Nigeria, yet still constrained by external supply dependencies and modest renewable integration. The
contrasts highlight the varied trajectories of energy transition and resilience across West Africa.

Carbon Intensity of 5.50 kt of CO, per ktoe of energy consumed for 2022 is relatively high in the context
of carbon emissions associated with energy consumption. This means that for every kiloton of oil equivalent
(ktoe) of energy consumed, approximately 5.50 kilotons (or 5498.45 metric tons) of carbon dioxide (CO,)
are emitted into the atmosphere. This is not a good indicator for the energy security context of the country
as these emission levels have implication for climate change. It is no surprise that Ghana is among the top
ten CO; emitters in Africa, according to the IEA%®. Even though, Ghana’s emissions are relatively moderate,
compared to countries like South Africa, Egypt, Algeria and Nigeria that tops the list, Carbon Intensity of 5.50
kt is a concern for Ghana in terms of meeting environmental sustainability goals such as the NDCs and United
Nations Sustainable Development Goals (SDGs). It is therefore, critical for Ghana to expand renewable energy
investments, particularly in solar, wind, and hydro, to reduce dependence on fossil fuels. Other measures that
can help the reduction of Ghanas CO, emissions are carbon Pricing and Regulation, and promotion of electric
vehicles (EVs) and public transportation. Also, Encouraging energy efficiency programs in industries and
households could lower emissions further. As part of its post-COVID recovery strategy, Ghana placed a strong
emphasis on accelerating the adoption of renewable energy, with a particular focus on expanding mini-grid and
off-grid solar energy systems. These initiatives were primarily aimed at increasing energy access in rural and
peri-urban communities, reducing dependence on fossil fuels, and promoting sustainable development.

Despite these efforts, the CO, emissions trend from 2020 to 2022 does not show a clear decline or stabilization.
The data indicate that emissions have continued to rise during the post-COVID period, although the rate of
increase appears to have moderated slightly compared to the sharper upward trend observed in the years leading
up to the pandemic. This suggests that while renewable energy projects are being implemented, their scale and
impact may not yet be sufficient to offset the broader national emissions growth driven by increasing energy
demand and continued reliance on conventional energy sources.

Conclusion and policy implications
HHI, score of 0.23 and H index of 1.5 as revealed by the results, reflects a moderately concentrated energy
market in Ghana. This finding underscores the importance of diversifying energy sources and enhancing energy
resilience to mitigate potential vulnerabilities. The HHI, of 0.09 revealed a very competitive market structure for
the power generation sector which is a positive indicator for energy systems of the country. However, the share of
renewables such as wind and solar in the power generation mix is negligible and raising environmental concerns.

Ghana, like many other nations, faces energy security challenges influenced by various factors such as supply
disruptions, market concentration, and external shocks. The existing energy system seems to have addressed
these challenges in the short to medium- term. However, our imports policy must ensure that the origin of
imports have high political stability factors with long term supply contracts. Also, fostering international
collaborations and trade partnerships can improving energy security.

Government must also take proactive steps to ensure a robust and sustainable energy future for the nation as
a Carbon Intensity of 5.50 kt of CO, per ktoe is relatively high emissions. The continued rise in CO, emissions
in Ghana even during the post-COVID period, despite the government’s increased investment in renewable
energy, signals a need for more comprehensive and aggressive climate and energy policies. While the expansion
of mini-grid and off-grid solar projects is a positive step toward decarbonizing the energy sector, the current
scale and speed of implementation appear insufficient to significantly influence national emission levels in the
short term. This indicates that Ghana’s renewable energy interventions must be better integrated into a broader
national strategy that includes phasing out fossil fuel-based generation especially in the transport sector that
consumes about 33% of Ghana energy. Other interventions should be targeted at improving energy efficiency,
and enforcing stricter emissions regulations. Specific policies such as incentives for solar and wind energy,
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improvements in grid reliability, and regional energy trade agreements could enhance long-term security while
reducing environmental impact.

The energy security analysis of Ghana has provided valuable insights into the country’s energy landscape. The
study provides a comprehensive assessment of Ghana’s energy security by employing a multi-indices approach,
incorporating the HHI, H Index, Simpson Index, SWNTIand CI to assess Ghana’s energy sources and environmental
sustainability. Furthermore, this study’s multi-indices approach offers a more nuanced understanding of Ghana’s
energy security compared to previous studies that often rely on single-index evaluations. By integrating multiple
metrics, we capture the interplay between diversity, reliability, and sustainability, providing a more holistic
assessment of vulnerabilities and strengths in the energy sector.

This study serves as a foundation for future studies for researchers interested in the intersection of energy
security and environmental sustainability, particularly in the context of emerging economies like Ghana. It
emphasises the urgency of taking proactive measures to ensure a secure and sustainable energy landscape for
countries and regions. Ultimately, achieving energy security is essential not only for the well-being of Ghanaians
but provides a step towards achieving the United Nations SDGs and halting global climate change.

Study limitations

Despite the comprehensive nature of this study, several limitations must be acknowledged. First, data availability
remains a significant constraint, for instance, the reliance on publicly available sources may introduce
inconsistencies in reporting and classification. Second, the indices used; such as the HHI and the H index assume
that diversity alone enhances energy security, which may overlook other critical factors such as infrastructure
resilience, technological progress, or dynamic policy responses. Finally, external factors such as policy shifts,
global energy price fluctuations, and climate change impacts were not directly modelled but are important
considerations for future research. Addressing these limitations through real-time data analytics and scenario-
based modelling could enhance future assessments of Ghana’s energy security. Therefore, future research should
incorporate scenario-based modeling, energy storage capacity, and grid flexibility metrics to better assess the
evolving nature of energy systems.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 26 April 2024; Accepted: 2 June 2025
Published online: 13 December 2025

References
1. Day, R., Walker, G. & Simcock, N. Conceptualising energy use and energy poverty using a capabilities framework. Energy Policy.
93, 255-264 (2016).
2. Mansson, A., Johansson, B. & Nilsson, L. J. Assessing energy security: an overview of commonly used methodologies. Energy 73,
1-14 (2014).
3. Okafor, H. O. Testing the relationship between energy consumption and economic growth: evidence from Nigeria and South
Africa. J. Econ. Sustain. Dev. 3 (11), 111-124 (2012).
4. Prasad, R. D,, Reddy, N., Kumar, A., Dbouk, W,, Yiadom, E. B., & Vassiliades, C. (2025). Empowering Kavewa: The socio-economic
and environmental impact of biogas technology adoption in rural Fiji. Energy Research & Social Science, 120, 103940
5. Energy Commission. Strategic National Energy Plan: Main Report. In: and SP, (SPPD) PD, editors. Online: Energy Commission.
pp. 1-6. (2006).
6. Bhattacharyya, S. C. Energy Economics: Concepts, Issues, Markets and Governance (Springer Nature, 2019).
7. Ayoo, C. Poverty reduction strategies in developing countries. Rural development-education, sustainability, multifunctionality 19
(2022).
8. Prasad, R. D, Dbouk, W.,, Yiadom, E. B., & Vassiliades, C. (2025). Biogas digester innovations as solution to clean cooking energy
challenge in the Pacific Islands: A policy perspective. Energy Reports, 13, 2417-2432. https://doi.org/10.1016/j.egyr.2025.01.074
9. World Bank Group. Online & World Bank Group. March 19, 2025. [cited 2025]. (2023). https://data.worldbank.org/indicator/NY.
GDP.MKTPKD.ZG?utm_source=chatgpt.com
10. Qi, Y, Lu, J. & Liu, T. Measuring energy transition away from fossil fuels: a new index. Renew. Sustain. Energy Rev. 200, 114546
(2024).
11. Osman, A. I. et al. Cost, environmental impact, and resilience of renewable energy under a changing climate: a review. Environ.
Chem. Lett. 21 (2), 741-764 (2023).
12. Tettey, G., Ansah, E. A. & Asante, W. The politics of renewable energy transition in ghana: issues, obstacles and prospects. Energy
Res. Soc. Sci. 120, 103939 (2025).
13. NDC Partnership & Online NDC Partnership. 2021 11/04/2021. [cited 2025]. https://ndcpartnership.org/country/gha#:~:text=G
hana20submitted20its20first20ND C,emissions20in20a20baseline20scenario
14. Shang, Y., Sang, S., Tiwari, A. K., Khan, S. & Zhao, X. Impacts of renewable energy on climate risk: a global perspective for energy
transition in a climate adaptation framework. Appl. Energy. 362, 122994 (2024).
15. International Renewable Energy Agency. Online: International Renewable Energy Agency. 2022 2021. [cited 2025]. https://www.i
rena.org/Energy-Transition/Outlook?utm_source=chatgpt.com
16. Azzuni, A. & Breyer, C. Definitions and dimensions of energy security: a literature review. Wiley Interdiscip. Rev. Energy Environ.
7 (1), €268 (2018).
17. Arianpoo, N., Islam, M., Wright, A. S. & Niet, T. Electrification policy impacts on land system in British columbia, Canada. Renew.
Sustain. Energy Transit. 5, 100080 (2024).
18. Aslam, N., Yang, W.,, Arslan, M. & Ashraf, B. Environmental regulations as a solution for energy security risk and energy gap:
evidence from highly energy intensive economies. Appl. Energy. 374, 123992 (2024).
19. Chen, W, Alharthi, M., Zhang, J. & Khan, I. The need for energy efficiency and economic prosperity in a sustainable environment.
Gondwana Res. 127, 22-35 (2024).
20. 18. Vassiliades C., Diemuodeke, O. E., Yiadom, E. B, Prasad, R. D., Dbouk, W. (2022) Policy pathways for mapping clean
energy access for cooking in the Global South - a case for rural communities. Sustainability, 14(20), 13577

Scientific Reports |

(2025) 15:43745 | https://doi.org/10.1038/541598-025-05407-0 nature portfolio


https://doi.org/10.1016/j.egyr.2025.01.074
https://data.worldbank.org/indicator/NY.GDP.MKTP.KD.ZG?utm_source=chatgpt.com
https://data.worldbank.org/indicator/NY.GDP.MKTP.KD.ZG?utm_source=chatgpt.com
https://ndcpartnership.org/country/gha#:~:text=Ghana20submitted20its20first20NDC,emissions20in20a20baseline20scenario
https://ndcpartnership.org/country/gha#:~:text=Ghana20submitted20its20first20NDC,emissions20in20a20baseline20scenario
https://www.irena.org/Energy-Transition/Outlook?utm_source=chatgpt.com
https://www.irena.org/Energy-Transition/Outlook?utm_source=chatgpt.com
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

21.
22.

23.

24.

25.
26.

27.
28.

29.

37.

38.

39.
40.

41.

42.
43.

44.
45.

46.
. The Observatory of Economic Complexity. Crude Petroleum in Ghana [Online]. Online: The Observatory of Economic

48.
49.

50.
51.

52.
53.

54.

Elkhatat, A. & Al-Muhtaseb, S. Climate change and energy security: a comparative analysis of the role of energy policies in
advancing environmental sustainability. Energies 17 (13), 3179 (2024).

Vidya, C. Unveiling the complex web: exploring the international fossil fuel trade network and its impact on CO, emissions and
trade patterns. Stud. Econ. Finance. 41 (4), 871-901 (2024).

Yiadom, E. B., Indome, P. N., Mawutor, ]. K., & Domfe, G. (2025). Balancing Finance and Sustainability: The impact of Financial
Access on Carbon Emissions Through Innovation and Entrepreneurship in a Global Study. International Review of Economics &
Finance, 103878

Shirazi, M. Complex links between the energy trilemma dimensions in top 25 energy trilemma performers: the role of the UN plan
of action for 2030. Energy Strategy Rev.. 57, 101623 (2025).

Baumann, E. Energy Security as multidimensional concept. (2008).

Gill, G. K,, kaur Gill, T. & Singh, R. (eds) Energy security-the issue of present time. 2015 IEEE 10th Conference on Industrial
Electronics and Applications (ICIEA) (IEEE, 2015).

Obadi, S. M. & Korcek, M. Quantifying the energy security of selected EU countries. Int. J. Energy Econ. Policy. 10 (2), 276-284
(2020).

Alemzero, D. A. et al. Assessing energy security in Africa based on multi-dimensional approach of principal composite analysis.
Environ. Sci. Pollut. Res. 28, 2158-2171 (2021).

Ahunu, L. & Ackah, I. Towards Ghana’s energy security: an analyses of existing natural gas legal frameworks in Ghana. Available
at SSRN 2928266. (2017).

. Acheampong, T. & Ackah, I. Petroleum product pricing, deregulation and subsidies in Ghana: perspectives on energy security.

(2015).

. Online, I. E. A. IEA. 2022. [cited 2025]. https://www.iea.org/search?q=Nigeria20Energy20Profile

. Nigerian National Petroleum Corporation (NNPC). Online: NNPC. 2023. [cited 2025]. https://www.nnpcgroup.com

. World Bank Group. Online: World Bank Group. 2021. [cited 2025]. https://www.worldbank.org

. ECOWAS Regional Electricity Regulatory Authority (ERERA). Online: ERERA. 2023. [cited 2025]. https://www.erera.arrec.org

. Acquah, C. K,, Sarpong, S. A. & Hyunjung, L. The energy security situation of ghana; a country comparative analysis of 34 other

countries worldwide. Energy 5(8). (2015).

. Kipkoech, R., Takase, M. & Amankwa Afrifa, E. K. Renewable energies in Ghana in relation to market condition, the environment,

and food security. J. Renew. Energy. 2022 (1), 8243904 (2022).

Manzagol, N., Online & US Energy Information and Administration (EIA). June 19, 2015. [cited 2025]. (2015). https://www.eia.g
ov/todayinenergy/detail php?id=21732#:~:text=In20this20model2C20electricity20markets,needed20to20improve20electricity20i
nfrastructure

European Commission & Online European Union. [cited 2025]. (2022). https://energy.ec.europa.eu/system/files/2021-05/metada
ta_for_energy_union_indicators_0.pdf

Ranjan, A. & Hughes, L. Energy security and the diversity of energy flows in an energy system. Energy 73, 137-144 (2014).
Munoz, B., Garcia-Verdugo, J. & San-Martin, E. Quantifying the geopolitical dimension of energy risks: a tool for energy modelling
and planning. Energy 82, 479-500 (2015).

16. Yiadom, E. B., Mensah, L., Bokpin, G. A., & Dziwornu K. R. (2023). Analyzing Financial and Economic Development
Thresholds for Carbon Emission Reduction: A Dynamic Panel Regime-switching Study across Income Levels. Management of
Environmental Quality, Vol. 35 No. 1, pp. 18-37

Grubb, M., Butler, L. & Twomey, P. Diversity and security in UK electricity generation: the influence of low-carbon objectives.
Energy Policy. 34 (18), 4050-4062 (2006).

National Petroleum Authority. In Downstream Petroleum Industry Report: First Quarter 2023. 1-10 (eds Research & Do) (National
Petroleum Authority, 2023).

Begossi, A. Use of ecological methods in ethnobotany: diversity indices. Econ. Bot. 280-9. (1996).

Keylock, C. Simpson diversity and the Shannon-Wiener index as special cases of a generalized entropy. Oikos 109 (1), 203-207
(2005).

The World Bank. World Development Indicators (2023): Political Stability and Absence of Violence/Terrorism. (2023).

Complexity; 2021 [cited 2023 September 2, 2023]. https://oec.world/en/profile/bilateral-product/crude-petroleum/reporter/gha
Energy Commission. National Energy Statistical Bulletin: Energy Statistics and Balances (Energy Commission, 2023).

Kaufmann, D., Kraay, A. & Mastruzzi, M. The worldwide governance indicators: methodology and analytical issues1. Hague J. Rule
Law. 3 (2), 220-246 (2011).

The World Bank. World Development Indicators. Total greenhouse gas emissions (kt of CO2 equivalent). Online2023.

Global Centre on Adaptation. Online: Global Centre on Adaptation. 2022. [cited 2025]. https://gca.org/projects/srep/2utm_sourc
e=chatgpt.com

Energy Commission & Online Energy Commission. [cited 2025]. (2023). https://www.energycom.gov.gh/newsite/files/2023-ener
gy-Statistics.pdf

Statista & Online Statista. [cited 2025]. (2023). https://www.statista.com/statistics/1298410/total-volume-of-petroleum-products-i
mported-to-ghana/?utm_source=chatgpt.com

Online, O. E. C. & OEC. [cited 2025]. (2023). https://oec.world/en/profile/bilateral-product/crude-petroleum/reporter/gha?utm_
source=chatgpt.com

. eia. Online: eia. 2018. [cited 2025]. https://www.eia.gov/international/analysis/country/GHA
. Online, J. & Online Joy Online. [cited 2025]. (2025). https://www.myjoyonline.com/chronology-of-power-crisis-and-lessons-for-e

nding-the-current-crisis/

. eia. Online: eia. 2023. [cited 2025]. https://www.eia.gov/
. bp. Online: bp. 2023. [cited 2025]. https://www.bp.com/
. Online, I E. A. & IEA. [cited 2025]. (2022). https://www.iea.org/regions/africa/emissions

Author contributions

All authors contributed to the study’s conception and design. Material preparation, data collection, and analysis
were performed by M.A.A, EB.Y, and A.A. The first draft of the manuscript was written by M.A.A and all au-
thors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2025) 15:43745 | https://doi.org/10.1038/541598-025-05407-0 nature portfolio


https://www.iea.org/search?q=Nigeria20Energy20Profile
https://www.nnpcgroup.com
https://www.worldbank.org
https://www.erera.arrec.org
https://www.eia.gov/todayinenergy/detail.php?id=21732#:~:text=In20this20model2C20electricity20markets,needed20to20improve20electricity20infrastructure
https://www.eia.gov/todayinenergy/detail.php?id=21732#:~:text=In20this20model2C20electricity20markets,needed20to20improve20electricity20infrastructure
https://www.eia.gov/todayinenergy/detail.php?id=21732#:~:text=In20this20model2C20electricity20markets,needed20to20improve20electricity20infrastructure
https://energy.ec.europa.eu/system/files/2021-05/metadata_for_energy_union_indicators_0.pdf
https://energy.ec.europa.eu/system/files/2021-05/metadata_for_energy_union_indicators_0.pdf
https://oec.world/en/profile/bilateral-product/crude-petroleum/reporter/gha
https://gca.org/projects/srep/?utm_source=chatgpt.com
https://gca.org/projects/srep/?utm_source=chatgpt.com
https://www.energycom.gov.gh/newsite/files/2023-energy-Statistics.pdf
https://www.energycom.gov.gh/newsite/files/2023-energy-Statistics.pdf
https://www.statista.com/statistics/1298410/total-volume-of-petroleum-products-imported-to-ghana/?utm_source=chatgpt.com
https://www.statista.com/statistics/1298410/total-volume-of-petroleum-products-imported-to-ghana/?utm_source=chatgpt.com
https://oec.world/en/profile/bilateral-product/crude-petroleum/reporter/gha?utm_source=chatgpt.com
https://oec.world/en/profile/bilateral-product/crude-petroleum/reporter/gha?utm_source=chatgpt.com
https://www.eia.gov/international/analysis/country/GHA
https://www.myjoyonline.com/chronology-of-power-crisis-and-lessons-for-ending-the-current-crisis/
https://www.myjoyonline.com/chronology-of-power-crisis-and-lessons-for-ending-the-current-crisis/
https://www.eia.gov/
https://www.bp.com/
https://www.iea.org/regions/africa/emissions
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to E.B.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:43745 | https://doi.org/10.1038/s41598-025-05407-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿A comprehensive assessment of Ghana’s energy security dimensions and environmental sustainability in a multi-indices analysis
	﻿Literature review
	﻿Methodology
	﻿Data source and reliability
	﻿The Herfindahl–Hirschman index (HHI)
	﻿The Shannon–Wiener index (H)
	﻿The Simpson index (D)
	﻿The adjusted Shannon–Wiener neumann index (SWNI)
	﻿Carbon intensity index (CI)

	﻿Results
	﻿﻿Energy portfolio and concentration assessment
	﻿﻿Assessment of market structure of the power sector
	﻿﻿Assessment of diversity and dependence with Shannon–Wiener index (H)
	﻿﻿Assessment of diversity and dependence with the Simpson index (D)
	﻿﻿Assessment of political risk with adjusted Shannon–Wiener Newman index (SWNI﻿1﻿)
	﻿﻿Assessment of Indigenous production: adjusted Shannon–Wiener Newman index (SWNI﻿2﻿)
	﻿﻿Assessing CO﻿2﻿ intensity index (CI) of final energy consumption
	﻿Summary of indices analysis

	﻿Analysis and discussions
	﻿Conclusion and policy implications
	﻿Study limitations

	﻿References


