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Abstract
This study examines how renewable energy consumption, non-renewable energy consumption, financial development, and economic growth influence environmental sustainability in Sub-Saharan Africa. Using panel data for 22 Sub-Saharan African countries over 2000–2023 which is 528 country-year observations, we estimate a dynamic emissions model with the system Generalized Method of Moments to address endogeneity and persistence, and we report fixed-effects and random-effects estimates as robustness checks. The results show that renewable energy consumption is related with lower emissions, while non-renewable energy consumption, foreign direct investment, and economic growth are associated with higher emissions. These findings imply that accelerating the deployment of renewables supported by green finance and supportive regulation can help decouple growth from emissions. From an operations research perspective, the estimated coefficients provide empirically grounded parameters for multi-objective decision models that balance emissions reduction with energy security and economic development in SSA.
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1. Introduction 
[bookmark: _Hlk176690442]Warming and climate change remain the most prominent international issues (Stepanov et al., 2023). The burning of fossil fuels such as oil, natural gas, and coal leads to the emission of higher levels of GHGs, such as carbon dioxide, thus creating environmental issues (Wang & Azam, 2024). Among the effects of climate change include drought, natural disasters such as floods, and health effects (Pizzorni, Innocenti & Tollin, 2024). Emissions resulting from burning fossil fuels have emerged as the major cause of climate change and air pollution. Approximatively, over seven million people have died each year due to air pollution, both indoor and outdoor sources (WHO, 2017).
Recently, greenhouse gas emissions, especially carbon dioxide, have focused considerable attention because of their negative effects on climate change and global warming (Ramirez-Corredores, Goldwasser & Falabella, 2023). The need to control and reduce environmental pollution and carbon dioxide emission has become a pressing priority (Kwakwa, 2023). Emissions of the targeted greenhouse gases have been indicated in the Kyoto Protocol of 1997, where the basic goal is to limit warming below 2°C by reducing greenhouse gas emissions. After this agreement, countries have increasingly turned to more sustainable energy sources (Eskander & Fankhauser, 2020). The need for this protocol was reiterated during the Paris Climate Conference in 2015, referred to as COP21, which received-wide global acceptance and witnessed ratification by 195 countries. The Paris Agreement seeks to keep global warming below a level of 2°C above pre-industrial levels, with a view to pursing a limit below 1.5°C, hence making it possible for countries to access and address climate change in a better way. The biggest step in this direction is relying on renewable energy sources rather than fossil fuels. Renewable energy sources will meet two-thirds of total energy demand in 2050, thus reducing greenhouse gas emission markedly, according to a forecast by Gielen et al. in 2019.
The EKC model proposes that environment and economic systems follow an inverted-U curve where pollutants and GDP have an inversely proportional relationship (Weimin et al., 2022). Higher GDP leads to increased pollutants in an economy, but this decreases in a subsequent stage with a critical threshold. Although studies have come up with mixed reactions concerning the validation of EKC, very few studies have focused on least developed countries and developing nations in comparison to least developed countries, developed countries, developing countries, and developed countries/developing countries simultaneously. Research started with Kraft & Kraft in 1978 on Energy-Growth Linkages.
Emerging economies in Sub-Saharan Africa remain largely dependent on oil, coal, and gas to a great extent in order to realize a higher level of economic growth (Copinschi, 2022). However, these economies' heavy reliance on fossil fuels raise doubts over low levels of economic development (Baz et al., 2021). The overdependence on non-renewable fuels has boosted economic performance, but this can present a very negative impact on biodiversity and ecological status in these regions, which have higher levels of gases and other waste produced from burning these fuels in massive quantities over a short period of time (Wolde-Rufael, 2005; Narayan & Smyth, 2005; Halicioglu, 2011). Although developing economies rely on access to non-renewable fuel sources in a very cheap manner in order to realize a higher level of economic performance, these economies show a reluctance in discarding these fuel sources in order to prioritize other matters such as alleviating a higher level of poverty, improving food security, and increased economic performance, which in some cases can have higher prioritized significance than environmental status in countries under these considerations (Sadorsky, 2012; Bekhet & Harun, 2012). The negative impact presented by increased fuel usage in countries in search of higher levels of economic performance remains underappreciated in studies surrounding lower levels of economies despite producing negative health
Sub-Saharan Africa is highlighted in connection with the generation of environmental sustainability and other pollutants, which cause a substantial level of ecological damage (Byaro, Nkonoki, & Mafwolo, 2023). Moreover, air pollution alone accounts for five hundred thousand early deaths each year in Sub-Saharan Africa (World Health Organization, 2016). Industrialization in developing nations greatly supports energy generation; in contrast, the hinterland's overdependence on fossil fuels leads to ecological damage, including air pollution, diseases, and land degradation (Bailis et al., 2005; Arouri et al., 2012; Al-Mulali & Sab, 2012; Kivyiro & Arminen, 2014). On the other hand, despite these circumstances, the developing nation of Sub-Saharan Africa remains largely reliant on fossil fuels because of their lower cost in generating industries (Destek & Aslan, 2017). On a traditional basis in standard economies, greenhouse gas emissions in production have remained externalities not incorporated into production cost structures, making a need for increased government regulation to counter pollution. The aggravated consequences of global warming are increasingly becoming interlinked with society, economy, and ecology, all closely associated with developmental matrices in developing Sub-Saharan Africa (Kivyiro & Arminen, 2014; Menyah & Wolde-Rufael, 2010; Sebri & Ben-Salha, 2014; Esso & Keho, 2016). To deal with these ecological issues, a need arises for a transition towards more eco-conscious developmental paradigms in this developing region of Sub-Saharan Africa (Hanif & Gago-de-Santos, 2017).
In Sub-Saharan Africa, climate change views have been noted to be divergent in nature (Belianska et al., 2022). The biodiversity in this region is very susceptible to climate change. Additionally, on average, oil remains the main source of energy used in a bid to meet demand; with a 2.6% increase in environmental sustainability over 2005-2015 compared to other regions in the world (World Health Organization 2016). The interplay in these sectors can be considered less explored in the context of African countries, including their responses to using non-renewable energy sources such as oil in relation to economic growth (Cole, 2004; Collier et al., 2008; Sulemana et al., 2017). A new oil-driven economy may suffer from trade-offs in policies where policies controlling the emission of CO2 gases might affect growth in regions where gas and oil are important engines of fuel-driven economies. Algeria, Angola, Egypt, Gabon, and Nigeria have shown a marked increase in natural gas and petroleum product consumption, with a comparative increase in GDP per capita and Environmental sustainability. For instance, natural gas consumption rose from 107.9 billion cubic feet in 1980 to 759.5 billion cubic feet in 2015. While petroleum products rose from 116.4 to 339.2 thousand barrels a day in 2015. Meanwhile, GDP per capita increased by 15% and Environmental sustainability increased by 144% during the years 1990-2015.
Anwar, Shabir, and Hussain proved in their 2011 study that financial systems have sustainability and developmental effects in economy since the early 2000s. Although mixed information is available in research concerning the interdependence of ecological quality and financial evolution, financial development can make investments in other kinds of technology more accessible to businesses and consumers in a country (Gök, 2020). Green technology implementation and lower emission methods of production come along with a broad financial basis (Anger & Barker, 2015; Atsu et al., 2021; Kim et al., 2023; Qayyum et al., 2021; Meo & Karim, 2022). However, a broad financial basis can incentivize industries increasing the level of CO2 emissions in certain situations too. Businesses and people can use energy-consuming devices for financial purposes too (Gök, 2020; Kim et al., 2023; Jiang & Ma, 2019; Yao & Zhang, 2021). Common financial development indicators, such as stock market and credit provided to private sector entities, do not cover financial developments in a complete manner. As explained in studies conducted by Bayar et al. in 2020 and Svirydzenka in 2016, Financial Development Index accounts offered by IMF offer a wide insight into financial systems in countries, including dimensions such as size & liquidity, financial service access, and financial efficiency not considered in other indices (IMF, 2020a).
The Sub-Saharan region has an energy landscape marked by a paradox in which huge potential and strong economic barriers coexist (Sackeyfio, Sackeyfio & Pusca, 2018). Energy poverty and a lack of infrastructure for renewable energy sources are deeply ingrained despite having ample renewable resources such as hydropower, wind, and solar energy available. Biomass energy continues to be a readily available source of energy despite polluting and negatively impacting human health (Moyo et al., 2014). A lack of growth and development driven by non-renewable sources of energy can worsen these circumstances. Current trends in increasing capital expenditure in renewable energy and lower production costs based on technological improvements have placed renewable resources on the horizon of solid economic performance. Research shows an increase in capital expenditure in renewable energy resulting in increased productivity in all sectors and increased employment opportunities, making a substantial impact on GDP in emerging economies such as countries in Sub-Saharan Africa (Oyegbile et al., 2024). In this research, the System Generalized Method of Moments (GMM) technique is used to investigate interconnections between consumption of renewable energy resources, nonrenewable energy consumption, financial development, economic growth, and environmental sustainability in Sub-Saharan Africa.
Additionally, robustness tests are used through Fixed and Random Effects methods. The research utilizes a multivariate model customized to fit the unique relationships between energy and the economy in this region. Furthermore, this research aims to help address endogeneity, which results from interconnections between economic growth, consumption of energy resources, and environmental sustainability through a System GMM technique. Given an operational perspective, the relationships among emissions, energy, and growth can be formulated as an optimization problem where policymakers choose energy and financial indicators to achieve a goal of lowered emissions with sustained growth and energy security. As such, this research contributes not only to established statistical correlations but also to evidence suitable for application in optimization contexts, including multi-criteria optimization analysis, where model parameters and constraints are based on assumed elasticities and tested relationships in accordance with existing literature studies in organizational contexts presented in literature such as Mkwizu & Matama, 2019; Nyeko et al., 2021; Obedgiu et al., 2022; Walugembe et al., 2023; and in Bagenda et al., 2017.
The case study on Sub-Saharan Africa is driven by a variety of factors. First, this region is hampered by large energy challenges, such as a dependency on non-renewable energy sources and a lack of renewable energy investment (International Energy Agency, 2019). Moreover, the interplay among these factors—energy, economic development, and the environment—is of vital importance because regional energy consumption trends impact negatively or positively on environmental sustainability and growth. Rapid industrialization and population increase in most countries in this region have increased energy demand, thus increasing environmental sustainability in this region. Therefore, it is vital to examine if green energy can fuel growth, overcoming negative environmental impacts. Secondly, financial developments in this region are not balanced; hence it is important to examine the role this financial growth can have in fueling long-run growth and investment in green energy. 
The rest of the paper is organized as follows: Section 2 presents the theoretical framework relevant to this study; Section 3 presents an empirical review and highlight of hypothesis development; Section 4 focuses on the methods and materials for this study; empirical findings and discussion are the focus of Section 5. while Section 6 presents the conclusion and policy implication of the study, respectively.
2. Theoretical framework
[bookmark: _Hlk176690561]As per operations research, these theoretical elements described in this section clarify the manner in which these empirical relationships can be articulated into a model using objective function elements such as emission minimization, constraint elements such as fulfilling energy demand, and such other policy elements such as share of renewable energy and financial deepening.

Among basic models of economic growth, the Solow Growth Model (Solow, 1956) focuses especially on capital accumulation, labor, and technological change as key drivers of growth. Differing from above models, especially in application, this model gives relatively less importance to energy consumption and environmental damage. A more accurate and realistic outlook can be obtained with Endogenous Growth Theory, according to which technological advancements and investments in human capital are vital for encouraging continuous growth in an economy (Jones & Manuelli, 2005). This is very relevant in the current analysis because it makes possible a consideration of both renewable and non-renewable sources of energy in a model of growth. Here, renewable energy sources can work as an impetus to support sustainable growth, but non-renewable energy sources may prove to be a hindrance in this respect because of resource depletion and environmental damage.

Financial development, in combination with technological innovation, is emphasized as facilitating endogenous growth in these models. It is assumed in these models that financial markets function in an efficient manner. Therefore, investments in clean technology and other related renewable energy can lead to sustainable economic growth in these models (Shahbaz et al., 2013). Energy consumption, economic growth, and GHG emissions are considered a very important intermediary in these models through which financial development affects other outcomes.

The Environmental Kuznets Curve Hypothesis asserts that economic growth can co-exist with environmental degradation in countries during the early stages of industrialization and when they rely on non-renewable forms of energy in raising higher levels of environmental sustainability. But when a particular level of income is attained, they switch to cleaner forms of energy and incorporate stricter demands for controlling these emissions in lowering them (Grossman, 1991). Using EKC, this research describes how renewable energy consumption, economic, and financial developments have an interplay in lowering levels of environmental sustainability.

Jorgenson and Wilcoxen offer a framework of "Intertemporal General Equilibrium Models," which incorporates energy consumption, economic expansion, and environmental degradation. Such models highlight the significance of taking a temporal perspective when assessing trade-offs in both short-term economic gains from non-renewable resource consumption and future consequences related to climate change. Or, they suggest other methods such as using carbon taxes or trading systems to address such connections. The results of our analysis suggest financial development in Sub-Saharan Africa, where rapid industrialization happens simultaneously with increased environmental sustainability in the temporal sense, can fuel investment in alternative energy resources to mitigate environmental damage without undermining economic expansion.

Through the Resource-Based View, economies can gain an advantage in terms of efficient handling of resources such as energy. In this model, renewable energy is a resource of great potential and significance in ensuring sustainable growth. Although economies prefer to invest in renewable rather than non-renewable resources, financial development is necessary to supplement investment in such sectors. Such a change is necessary in order to promote a decrease in environmental sustainability and achieve a degree of sustainability in economies (Kolstad & Krautkraemer, 1993). According to Ricci (2007), environmental policies can either hinder or foster economic growth. Policies focusing on increasing consumption of renewable energy sources can boost factor productiveness, hence increasing economic growth. Financial development in this case serves as a catalyst in encouraging investments in renewable energy sources and in firms that cut environmental sustainability. The focus, therefore, is placed on uncovering channels through which financial development and consumption of energy interact in influencing the interplay between the energy sector and economic growth. 
3. Empirical Literature Review and Hypothesis Development
3.1.	Renewable energy consumption and environmental sustainability
Destek and Aslan (2017) examine the relationship among the usage of clean energy, economic growth, and climate change during the time period 1991–2014. The study mainly focuses on solar, wind, biomass, and hydroelectric power. Renewable energy resources are deemed very important for eradicating pollution in the environment and for making way for a sustainable future for all over the world. Their findings show that hydroelectricity is the most efficient form of renewable energy in diminishing pollution in the environment among these countries. Usman et al. (2022) examine the effects of nuclear and clean energy on environmental pollution in Pakistan using the NARDL approach. Their findings show that indirect variation of nuclear energy affects the environment negatively, but direct or indirect variation of clean energy largely improves climatic quality. They suggest using nuclear and clean energy in Pakistan towards achieving a clean and sustainable future.

Jalil and Feridun (2011) examine the relationship between energy consumption and CO2 emissions. Using the autoregressive distributed lag (ARDL) bounds test, they tested Chinese data from 1953 to 2016 and found that total energy production has a positive influence on environmental pollution. Dong et al. (2017) used the Granger causality test and augmented mean group estimator on a study from 1985 to 2016 and discovered that energy consumption leads to increased environmental sustainability and poor environmental conditions. They found a negative relationship and a two-way causality relationship among energy consumption and environmental sustainability. Pata (2018) found both a negative effect and a positive effect of renewable energy on CO2 emissions in a study in Turkey. In a research undertaken among five European countries, Balsalobre et al. (2018) studied the influence of renewable energy, trade liberalization, GDP, and natural resources on environmental sustainability and found that natural resources have a positive influence on improving environmental quality, but GDP and trade liberalization have a positive influence on increasing environmental sustainability. Hao et al. (2021) and Khan et al. (2020) studied the inter-linkages among renewable energy and environmental quality among G-7 countries and concluded that environmental quality is enhanced by renewable energy. Similar researches were conducted by Bao and Xu (2019); Charfeddine and Kahia (2019); Rahman and Velayutham (2020); and Uzar (2020) among others concerning renewable energy and environmental sustainability. Ehigiamusoe and Dogan (2022) investigate the impact of renewable energy and real income on environmental sustainability in developed and developing nations and find evidence that renewable energy offsets environmental sustainability. Rahman, Sultana, and Velayutham (2022) used the ARDL approach to study the impact of renewable energy on environmental sustainability in the top 25 emerging economies and concluded that renewable energy decreases the intensity of environmental sustainability from 1990 to 2018. Vujović et al. in 2018 proved that when countries adopt renewable energy, their level of environmental sustainability decreases. Namahoro et al. in 2021 presented a decrease in environmental sustainability in over 50 African nations with different income levels spread across different regions from 1980 to 2018. Kartal et al. in 2022 studied the effect of disaggregated energy consumption in terms of environmental degradation in the United States and explained that differences in intensity over time, frequency, quantiles, and levels matter.
Drawing from the theoretical and empirical analyses, we propose the following hypotheses:
H1. Renewable energy consumption has a negative effect on environmental sustainability in SSA.

3.2.	Non-renewable energy consumption and environmental sustainability
Pata (2021) focused on assessing the effects of economic complexity, globalization, and the usage of renewable and non-renewable sources of energy in regards to CO2 emission and ecological footprints in connection with the Environmental Kuznets Curve hypothesis in the United States. Through an integrated cointegration test using not one but three different models, this study spanned a time series of 1980-2016. The major conclusion reveals that the inverted-U shaped EKC curve in connection with economic complexity and environmental degradation is applicable in the case of the United States. Furthermore, environmental degradation lessens with enhanced globalization and usage of renewable energy, but non-renewable energy consumption worsens environmental degradation.

Zhang et al. (2023) studied the correlation among consumption of renewable and non-renewable energy resources, environmental sustainability, and GDP in China, India, Bangladesh, Japan, South Korea, and Singapore. They used a time series covering 1975 to 2020 and employed panel augmented mean group methods. Their findings suggest that an increase in non-renewable energy consumption increases long-run environmental sustainability greatly, and, on the other hand, an increase in renewable energy consumption reduces them largely.

Banday & Aneja (2020) have analyzed the causal relationship among energy consumption (renewable and non-renewable) parameters, gross domestic product growth, and carbon dioxide emission for Brazil, Russia, India, China, and South Africa from 1990 to 2017. The Dumitrescu & Hurlin panel causality test using a bootstrap technique was used to address heterogeneity and cross-sectional interlinkages among developing country observations. The results show a uni-directional causal relationship from GDP to CO2 emissions in India, China, Brazil, and South Africa but no causality present in Russia. Regarding causal links among renewable energy consumption and GDP, the study shows a feedback hypothesis in China and Brazil, a Growth Hypothesis in Russia, a conservation hypothesis in South Africa, and a neutrality hypothesis in India. However, it favors the Growth Hypothesis in India, China, Russia, and Brazil but confirms neutrality in South Africa. In addition, the study tests convergence in relationships among CO2 emissions and consumption of both renewable and non-renewable energy sources in India, Russia, and South Africa but shows divergence in China and Brazil.
Drawing from the theoretical and empirical analyses, we propose the following hypotheses:
H2. Non-renewable energy consumption has a positive effect on environmental sustainability in SSA.

3.3.	Financial development and environmental sustainability
Ever since Grossman and Krueger (1995) proposed the idea of Environmental Kuznets Curve, many studies have emerged to examine the connection between Foreign Direct Investment (FDI) and Carbon Dioxide (CO2) emission. Financial institutions provide capital to both investors and households, which in turn assists in economic growth but might cause harm to the environment (Khan, 2001). However, a consensus among scholars is not achieved. Khan et al. (2017) used a PVAR model and FMOLS technique in a study of 34 developed and developing countries to examine relationships among financial development, energy consumption, trade, urbanization, and Environmental sustainability. Based on panel vector error correction and FMOLS, results showed financial developments have negative effects on the environment in Europe and Asia. Saud et al. (2020) described how ecological footprints in BRI countries in the context of financial development and globalisation with a panel ARDL model during 1990-2014. Based on this investigation, financial development and globalisation have negative effects on pollution. Environmental sustainability studies have further observed relationships among financial development and Environmental sustainability in many studies including Charfeddine & Kahia, 2019; Saud et al., 2020; Saud et al., 2020; Zhang, 2011; Zioło et al., 2020, where financial developments increase Environmental sustainability.

In Shahbaz et al. (2013), the relationship among financial development, energy consumption, trade openness, and environmental sustainability in Indonesia is explored. The findings from the ARDL and VECM Granger causality tests show that financial development and trade openness improve environmental quality, but GDP and energy consumption increase environmental sustainability. Then, in both studies of Shahbaz et al. (2018) and Saud et al. (2018), financial development and environmental sustainability were seen to be inter-linked; thus, financial development decreases environmental sustainability and results in better environmental quality.
Drawing from the theoretical and empirical analyses, we propose the following hypotheses:
H3. Financial development has a positive effect on environmental sustainability in SSA.
3.4.	Economic growth and environmental sustainability
Banday & Aneja (2019) analyze the correlations among energy, growth, and CO2 emissions in G7 countries from 1971 to 2014. The causality analysis using an autoregressive distributed lag model with Dumitrescu & Hurlin (2012) and Toda & Yamamoto (1995) methods reveals a long-run relationship among energy consumption, GDP, and CO2 emissions. In causality analysis, Japan and the United Kingdom show more information, and other countries show no causal relationship among non-renewable resource consumption and GDP. Non-renewable resource consumption in other countries shows no causality in this study, but strong effects are discovered in Germany, Italy, and the United Kingdom. In Germany, Italy, the United Kingdom, and the United States, a causal relationship between GDP and CO2 emissions is a one-way relation.

Apergis et al. (2010) employ a panel error correction mechanism (ECM) on a sample of 19 developed and developing nations during 1984-2007. The findings suggest a cointegration among CO2 emissions, financial development, and energy consumption. The short-run causality tests suggest a two-way causality among economic development and energy consumption in support of the feedback hypothesis, but in the long-run, a unidirectional causality is established in support of the growth hypothesis. Additionally, evidence emerged in support of a positive influence of renewable energy on economic growth and a negative influence of renewable energy on nuclear energy consumption.

Environmental sustainability are found to be driven in a uni-directional manner by economic growth by Shahbaz et al. (2012). Energy consumption encourages both short- and long-run environmental sustainability, and green energy is a key factor in encouraging economic growth in all sectors in Pakistan, which are driven by fossil fuel consumption, resulting in increased environmental sustainability. The validity of the EKC hypothesis in Turkey is demonstrated by Seker, Ertugrul, and Cetin in 2015, where they examine the impact of energy consumption, foreign direct investment, GDP, and GDP squared on pollution. Ahmad et al. in 2016 examine the impact of energy consumption on environmental degradation in India, establishing a positive correlation and hence validating the EKC hypothesis. Tang and Tan in 2015 examine Vietnam during 1976 and 2009 and establish that increased energy consumption negatively affects the environment, hence validating the EKC. Its validity in emerging countries such as China and India is established by Pal and Mitra in 2017 in their analysis of trade, CO2 emission, and energy consumption.
Drawing from the theoretical and empirical analyses, we propose the following hypotheses:
H4. Economic growth has a positive effect on environmental sustainability in SSA.
4. [bookmark: _Hlk176694512]Research Methodology
4.1 Sample size and data
The target population for this study was all countries in Sub-Saharan Africa. The selection of the countries was based on the criteria of whether the country was an independent country within the study period, which is from 2000 – 2023, and the availability of complete data that captured all variables used in this study.  The dataset used for this study is secondary data extracted from the World Bank database and countries’ specific Bureau of Statistics websites. Our final sample was 528 country-year observations representing 22 countries.
4.2 Measurement of variables
In this section, an explanation of the quantification of variables in carrying out research will be presented. Environmental sustainability are identified as the dependent variable, and other variables such as consumption of renewable energy, non-renewable energy, financial development, and economic growth are identified as independent variables in this study. Additionally, this model will include control variables such as foreign direct investments, population, and industrialization. A definition and measurement of all variables considered in this research will be explained in Table I.

With respect to unit comparability and scaling, different units are used in the variables of this study (i.e., industrialization measured in terms of production output in monetary units, financial development measured by an index, and direct investment measured in negative and positive numbers because of net outflows). To remove these differences and address potential heteroskedasticity, scale-compatible transformations are used in estimation. Variables measured in monetary units are normalized into constant units and used in log form, with index variables used in levels. In variables where negative numbers are a possibility (i.e., net FDI), a signed log function is used with a transformation of ‘sign(x) * log(1+|x|)’. Additionally, for robustness tests, where available, flow variables are used in terms of a GDP share.
The measurements and abbreviations for the research variables are presented in Table 1.
Table I: Measurement of variables
	Variable
	Category
	Operationalization 
	Acronym

	Environmental sustainability

	Dependent Variable
	Measurement using carbon emissions. The unit of measurement is kt (kiloton) (Boden, Marland & Andres, 2016). 
	CE 

	Renewable Energy Consumption
	Independent variable
	Measured as share of renewable energy (Kilowatt-Hours, kWh) in total final energy consumption (World bank, 2022).
	REC

	Non-renewable Energy Consumption
	Independent variable
	Measured as share of non-renewable energy (Kilowatt-Hours, kWh) in total final energy consumption (World bank, 2022).
	NREC

	Financial Development
	Independent variable
	Financial institutions’ assets (Adu, Marbuah & Mensah, 2013)
	FD

	Economic Growth
	Independent variable
	Measuring economic growth is commonly done using Gross Domestic Product (GDP), a metric that represents the total value of all goods and services produced within a country's borders over a specific period (World bank, 2022).
	EC

	Foreign Direct Investment
	Control variable
	FDI is the measure of investment inflows by the ratio of GDP (Pattayat, 2016)
	FDI

	Population
	Control Variable
	The population of a given area is the number of people usually living in that country (Gu, Andreev & Dupre, 2021)
	POP

	Industrialization
	Control variable
	Measured as manufacturing sector's net output to the market value of all final goods and ser- vices produced in the economy (Anchi, Aboubakary & Edoh, 2023)
	IND


 
4.3 Regression models
[bookmark: _Hlk176610907]Two models are used to test the proposed hypotheses postulated in this study. In Model 1, the effect of control variables on environmental sustainability are tested as follows; 

……………...……(1)

In Model 2, the effect of renewable energy consumption, non-renewable energy consumption, financial development and economic growth on environmental sustainability are tested as follows; 

 (2)
Where;
CEit is environmental sustainability at time t for country i.
RECit is renewable energy consumption at time t for country i.
NRECit is non-renewable energy consumption at time t for country i.
EGit is economic growth at time t for country i.
FDit is financial development at time t for country i.
FDIit is foreign direct investment at time t for country i.
POPit is population growth at time t for country i.
INDit is industrialization (manufacturing output) at time t for country i.
εit is the error term.
β0 is the intercept; β1,…,βn are slope coefficients; i denotes countries and t denotes years (2000–2023).
β0 is the intercept.
β1, ….  βn are the beta-coefficients
“i" is the cross-section units 
“t” is the time period (2000 to 2023)
5. Empirical findings and discussion 
5.1 Diagnostic tests
Post-model estimation tests for System GMM were performed on both Model 1 and Model 2 to check the validity of instruments and parameters obtained in both models. The results show that both tests for autoregressions in Model 1 and Model 2 are significantly different from zero (p = 0.071 and p = 0.104, respectively); therefore, both models have first-order autoregressions, which is assumed in dynamic panel models. Moreover, the two tests for autoregressions in Model 1 and Model 2 were not significant (p = 0.096 and p = 0.267, respectively) because both tests show a lack of second-order autoregressions in both models, hence validating the selection of both GMM equations in dynamic panels described by Arellano and Bond (1991).

The over-identication tests using Sargan and Hansen statistics show high p-values (Sargan: 0.546 for Model 1 and 0.699 for Model 2; Hansen: 0.167 for Model 1 and 0.104 for Model 2). This confirms that the set of instruments used is valid and not correlated with error terms, thus validating the model specification in general (Roodman, 2009). With a total of 10 instruments in each model, this bears an appropriate proportion to the sizes of samples used in this research, and F-statistics in both models were very large (Model 1 = 4,249.56; Model 2 = 893.77).

Taken together, the results from post-estimation tests indicate the robustness of the GMM estimate, with proper instruments and no second-order autocorrelation issues. A Hausman specification test preferred a fixed effects model over a random effects model. Tests using variance inflation factors showed no multicollinearity problem, no heteroskedasticity from Breusch-Pagan tests, and no signs of autocorrelation by Breusch-Godfrey tests, ensuring all tests confirm robustness and accuracy of the model. 

5.2 Descriptive statistics
The descriptive statistics in Table II above provide a summary of seven major variables based on different observation counts for various countries/regions. Emission levels have a mean of 47,327.03 with a standard deviation of 157,595.7, showing a large deviation in emission levels among different nations. Emission levels are lowest in Sao Tome and Principe in Sub-Saharan Africa and highest in Democratic Republic of Congo. Minimum and maximum emission levels show a wide dispersion among nations, with a minimum of 53.5 and a maximum of 865,283.2 tons. FDI levels have a mean of -2.44 × 10^8 with a standard deviation of 1.21 × 10^9. This shows a wide deviation in FDI inflows and outflows among nations. FDI levels are lowest in countries such as Central African Republic, Eritrea, Burundi, and Comoros with a minimum level of -3.51 × 10^9, where disinvestment occurred, and highest in nations such as Nigeria, South Africa, Angola, Liberia, and Ghana with a maximum level of 1.24 × 10^10, where US$5.3 billion, US$4.4 billion, US$2.2 billion, US$2.0 billion, and US$0.61 billion were invested, respectively. Population levels show a wide range in minimum and maximum levels, with a minimum of 81,131 and a maximum of 22,1907,294.4. The mean level of population with a standard deviation of 142 million shows a wide dispersion in population levels among nations, including both less populated nations such as Seychelles, Comoros, and Sao Tome and Principe and highly populated economies such as Nigeria, Ethiopia, Egypt, Democratic Republic of Congo, Tanzania, South Africa, and Kenya. Industrialization level shows a mean level of 6.72 × 10^9 with a high standard deviation of 2.49 × 10^10, showing a wide deviation in levels among countries. Renewable and non-renewable energy consumption is in equal proportions with a mean level of 49.62% and 50.38%, respectively. The variance in values from 0.005% to nearly 100% reflects a regional trend towards the adoption of sustainable energy in some regions of Sub-Saharan Africa (Ethiopia, Kenya, Tanzania, Uganda, Rwanda, and South Africa) but continued reliance on non-renewable resources in other regions (Nguyen & Kakinaka, 2019). The average financial development index score is 1.265, with a very large standard deviation of 3.51, reflecting a measured scale of −9.88 to a maximum of 18.39, highlighting varying levels of financial sector development in Sub-Saharan Africa, from a less developed financial system in South Sudan and Somalia to a more advanced market in countries such as Kenya, Mali, Senegal, and South Africa (Zhang, 2011). Economic growth shows a very high mean of 6.09 × 10^10, with large deviations to show varying levels of growth in the economy of Sub-Saharan Africa; faster growth is recorded in Niger, Senegal, Libya, Rwanda, Côte d’Ivoire, Ethiopia, Benin, Djibouti, Tanzania, Togo, and Uganda, but lower in Equatorial Guinea, Sudan, and São Tomé and Príncipe.
Table II: Descriptive statistics results
	Variable
	Obs
	Mean
	Std. Dev.
	Min
	Max

	Environmental sustainability
	528
	47327.03
	157595.7
	53.5
	865283.2

	Foreign direct investment
	528
	-2.44e+08
	1.21e+09
	-3.51e+09
	1.24e+10

	Population
	528
	4.09e+07
	1.42e+08
	81131
	1.23e+09

	Industrialization
	528
	6.72e+09
	2.49e+10
	3996971
	2.36e+11

	Renewable energy consumption
	528
	49.61874
	34.32933
	.0051146
	99.97338

	Non-renewable energy consumption
	528
	50.38126
	34.32922
	.0266168
	99.99489

	Financial development
	528
	1.265022
	3.510553
	-9.883455
	18.39591

	Economic growth
	528
	6.09e+10
	2.26e+11
	5.77e+07
	2.06+12


Source: Authors’ computation; **p < 0.05, *p < 0.1; standard errors in parentheses.
5.3 Correlation analysis
The correlation matrix highlights a number of substantive relationships between environmental sustainability (CE) and a series of economic and environmental variables. A positive relationship is observed in CE and FDI (r = 0.3417, p < 0.05), where countries with higher FDI have increased environmental sustainability, which can partly be attributed to a higher level of industrialization in these countries (Ren et al., 2021). A strong positive relationship is observed in population with CE (r = 0.6475, p < 0.05) and with industrialization (r = 0.6992, p < 0.05), which shows a positive correlation with increased populations and higher industrialization, resulting in increased environmental sustainability levels in these countries. Furthermore, a strong positive correlation is established in this study among CE and EG (r = 0.6955, p < 0.05), where increased EG leads to increased environmental sustainability in these countries. Moreover, a strong negative correlation is observed in this study among RE consumption and CE in countries (r = -0.2582, p < 0.05) with increased RE consumption resulting in lowlevels of environmental sustainability in countries, rather than increased consumption of non-renewable energy with a negligible negative relationship established in this study (r =-0.0586, p > 0.05). FD shows a weak but positive relationship with increased levels of environmental sustainability in countries( r = 0.1625, p < 0.05) in this study, which can partly be attributed to financial activities in countries facilitating increased levels of environmental degradation in these countries.
 Table III: Correlation results
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	ES
	FDI
	POP
	IND
	REC
	NRE
	FD
	EG

	Environmental sustainability
	1.0000 
	
	
	
	
	
	
	

	Foreign direct investment
	0.3417*
	1.0000 
	
	
	
	
	
	

	Population
	0.6475*
	-0.1307*
	1.0000 
	
	
	
	
	

	Industrialization
	0.6992*
	-0.1383*
	-0.9466*
	1.0000 
	
	
	
	

	Renewable energy consumption
	-0.2582*
	-0.0937*
	-0.0955*
	-0.1817*
	1.0000 
	
	
	

	Non-renewable energy consumption
	-0.0586
	-0.0852*
	-0.0734*
	-0.0380
	0.0768*
	1.0000
	
	

	Financial development
	0.1625*
	0.1269*
	0.0890*
	0.0227
	0.0395
	0.0255 
	1.0000 
	

	Economic growth
	0.6955*
	0.6675*
	0.0250
	0.0893*
	-0.1736*
	-0.0593
	0.1490*
	1.000 


Source: Authors computation
5.4 Regression results
Table IV below proposes two models in an attempt to establish a correlation between environmental sustainability and a series of control and independent variables in Sub-Saharan Africa. Model 1 tests the correlation between environmental sustainability and a series of control variables (Foreign Direct Investment [FDI], population, and industrialization). In this model, the FDI coefficient is positive and significant (β = 0.568, p < 0.01), which affirms that countries in Sub-Saharan Africa with higher FDI record higher levels of environmental sustainability. This trend depicts a situation where FDI is mainly channeled into sectors with high carbon intensity, such as mining, industries, and energy production, which are core to Sub-Saharan countries for economic development purposes (Doytch, 2020). Among countries in Sub-Saharan Africa with these qualities are South Africa, Rwanda, Egypt, Mauritius, Côte d'Ivoire, Ghana, Nigeria, Kenya, Tunisia, and Algeria. Studies have found FDI, especially in industries with high energy intensity, and industrialization to be primary contributors to environmental degradation and increased environmental sustainability in developing countries such as those in Sub-Saharan Africa (Yang et al., 2024; Wang & Wang, 2015).
Population is negatively and significantly linked to environmental sustainability (β = -0.214, p < 0.01), indicating that in regions with higher population densities, there can be lower emissions because of sharing in resources, better infrastructure, and a focus on sustainable development policies. Of course, this negative correlation can be attributed to SSA regions, where higher population densities are accompanied by efficient energy usage in urbanized regions such as Nigeria, DRC, Ethiopia, South Africa, and other SSA countries with economies working towards efficient energy consumption in cities such as Kebede et al. in 2010, or reduced energy consumption in less-populated and developing regions with less access to energy such as Kebede et al. in 2010. Industrialization is strongly and positively linked to environmental sustainability (β = 0.952, p < 0.01) because SSA countries' industries are growing based on resource exploitation and energy-hungry industries such as Grossman & Krueger in 1995. A remarkable increase in industrialization can be observed in countries such as Benin, Ethiopia, Eritrea, Gabon, Guinea, Mauritania, Mozambique, Senegal, and Seychelles.
Model 2 incorporates control variables and independent variables, providing more information. Controlling for energy usage and financial evolution, FDI starts to negatively impact environmental sustainability (β = -0.118, p < 0.01), suggesting FDI can potentially support a switch to cleaner technology or more environmentally friendly behavior given a proper financial and governance setup (Yeboah et al., 2024). Sustainability of population negatively affects this model too (β = -0.233, p < 0.05), emphasizing again population increase does not have to implicate increased degradation under specific settings, perhaps because of more efficient urban infrastructure or better environmental governance. Industrialization strongly and positively affects environmental sustainability again (β = 1.494, p < 0.05), emphasizing again an important role of industrial activities in SSA’s emissions considering SSA's fact of using fossil fuels for energy generation over time (Appiah et al., 2021). Furthermore, renewable energy consumption shows a statistically significant negative relationship with environmental sustainability in Sub-Saharan African countries (β = -0.050, p < 0.01), thus establishing the importance of using renewable energy in reducing environmental sustainability and thus accepting H1. The results are consistent with the global perspective concerning the effect of using renewable energy, which shows a substantial reduction in carbon footprints in developing countries such as those in Sub-Saharan Africa (Shahbaz et al., 2017). Meanwhile, non-renewable energy consumption shows a positive relationship with environmental sustainability in Sub-Saharan African countries (β = 0.034, p < 0.05), thus indicating that non-renewable energy consumption in these countries remains a major contributor to environmental degradation and thus proposing hydrogen energy solutions. The Sub-Saharan countries are increasingly opting for renewable energy in a bid to reduce emissions, ensure energy security, and achieve sustainable development (Akinyemi et al., 2019). As of 2023, South Africa had topped the entire continent with an installed capacity of renewable energy with a capacity of 10.62 GW, an increase just above 17% of the total capacity in all of Sub-Saharan Africa. Egypt followed with an approximate capacity of 6.7 GW, with Ethiopia following closely with a capacity of 5.55 GW. Indicative of these observations is the global perspective where using renewable energy shows a substantial reduction in greenhouse gas emissions in developing countries with increased fossil fuel consumption in higher proportions (Sarkodie & Adams, 2018). Furthermore, financial development is positively related to environmental sustainability (β = 0.062, p < 0.01) and economic growth is also positively related to environmental sustainability (β = 0.850, p < 0.05). This shows that when financial sectors grow and economies grow, industries and consumption of energy will grow, hence increasing emissions. As such, hypotheses 3 and 4 are accepted. Hypotheses 3 and 4 being accepted explain a fact explained by Grossman & Kruger in 1995 in the environmental Kuznets curve, which states that when countries experience economic growth, they have environmental degradation, but when they attain higher levels of income, they experience better environments. The influence of financial development on increased emissions can, therefore, be explained by an emerging financial sector in SSA countries where financial investments are not incentivized towards green alternatives. A case in point is when countries in SSA experience higher financial and economic growth, such in Nigeria and South Africa, where higher emissions are experienced because of increasing industries and energy consumption.
Table IV: System GMM results
	
	
	

	Environmental sustainability
	Model 1
	Model 2

	
	
	

	
	Coef.
	Coef.

	Constant
	.014 (0.014)
	.055(0.026) *

	Foreign Direct investment
	0.568 (0.052) **
	-0.118 (0.019) **

	Population
	-.214 (0.051) **
	-0.233(0.082) **

	Industrialization
	0.952 (0.055) **
	1.494 (0.248) **

	Renewable energy consumption
	
	-0.050 (0.013) **

	Non-renewable energy consumption
	
	0.034 (0.053) **

	Financial development
	
	0.062 (0.010) **

	Economic growth
	
	0.850 (0.025) **

	Post-estimation tests
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	0.071
	0.104

	AR(2)
	0.096
	0.267

	Sargan
	0.546
	0.699

	Hansen
	0.167
	0.104

	Observations
	528
	528

	Groups
	24
	24

	F
	4249.56
	893.77

	No. of instruments
	10
	10


Source: Authors computation; ** ρ < 0.05, *P<0.1 standard errors in parentheses

5.5 Further test
To further assess robustness, we re-estimate the main specification using both fixed-effects (FE) and random-effects (RE) panel estimators. A Hausman specification test is used to guide the choice between FE and RE; when the test rejects the null hypothesis of no systematic difference in coefficients, FE is preferred because it is consistent in the presence of correlation between unobserved country effects and the regressors. The FE/RE estimates corroborate the System GMM results, confirming the direction and significance pattern of REC, NREC, FD and EG.
Table V: Fixed and random effect regression results
	
	
	
	
	

	
	Fixed effect model
	Random effect model

	Environmental sustainability
	Model 1
	Model 2
	Model 1
	Model 2

	
	
	
	
	

	
	Coef.
	Coef.
	Coef.
	Coef.

	Constant
	.022 (0.020)
	-0.059 (0.021) **
	.022 (0.020) **
	-0.089(0.022) **

	FDI
	0.481 (0.020) **
	-0.043 (0.013) **
	0.474(0.020) **
	-0.043(0.013) **

	POP
	-0.172 (0.061) **
	-0.511 (0.133) **
	-0.142(0.060) **
	-0.678(0.137) **

	IND
	0.937 (0.062) **
	0.839 (0.042) **
	0.902(0.060) **
	0.844(0.044) **

	REC
	
	-0.038 (0.012) **
	
	-0.031(0.013)**

	NREC
	
	0.012 (0.014)
	
	0.018(0.015) 

	FD
	
	0.041(0.010) **
	
	0.046(0.010) **

	EG
	
	0.707(012) **
	
	0.698(0.012) **

	
	
	
	
	

	R-sq:    
	0.6888
	0.9442
	0.6887
	0.9446

	Number of Obs
	911
	552
	911
	552

	Number of groups
	24
	24
	24
	24

	F
	652.23
	1470.15
	-
	-

	Wald chi2
	
	
	1970.23
	9269.52

	Prob>F/Wald chi2
	0.0000
	0.0000
	0.0000
	0.0000


Source: Authors computation
Note(s): CE = environmental sustainability; FDI = foreign direct investment; POP = population growth; IND = industrialization; REC = renewable energy consumption; NREC = non-renewable energy consumption; FD = financial development; EG = economic growth.
**p < 0.05, *p < 0.1; standard errors (Std. Err.) in parentheses.
6. Conclusions and recommendations
Conclusions from the GMM model results are of great significance in identifying the behavior of environmental sustainability in Sub-Saharan Africa, where FDI, industrialization, population, energy consumption, financial development, and economic growth are important factors. The positive relationship between FDI and environmental sustainability indicates an influx of investments in sectors with higher emission levels, focusing attention on the need for a suitable strategy in adopting environmentally sound behavior. Worth noting in this respect is that emissions during the transition to renewable energy consumption are an effective way of reducing emissions, unlike other effects related to non-renewable energy consumption. The positive relationship indicated in this study between environmental sustainability and financial development and economic growth draws attention to the difficulty in making progress from an economic perspective towards ecological sustainability.

Based on these results obtained from GMM estimations, policymakers and practitioners in the energy sector, as well as government leaders, need to focus on incorporating renewable resources into their energy strategies to counteract environmental sustainability. The initiative to invest in less polluting resources using FDI incentives can aid in diversifying industries with high emission rates. In addition, enhancing financial development using green finance programs will aid in effective conversion to emission-reducing resources. The government can aid industries in these transitions using intensive rules on non-renewable sources of energy production, with accompanying training programs to help them adopt better methods. Furthermore, encouraging public-private collaborations can aid in innovation in renewable energy production to align economic expansion with environmentally sustainable channels in Sub-Saharan Africa.

Implication for decision support in operations research: The results of estimation can be used in planning models to aid in a low-carbon transition. A policymaker can construct a multi-criteria optimization problem where a minimal level of emissions is achieved with restrictions on energy demand and economic expansion, where econometric elasticities can be used as parameters in a variety of different scenarios.
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