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ABSTRACT
This study assesses the impact of innovation and economic growth on CO2 emissions in 14 African countries from 2012–2023. Using a fixed effects model (FEM) combined with the Driscoll-Kraay Robust standard error technique, the study addressed heteroskedasticity and autocorrelation in panel data. Empirical results established a U-shaped relationship between innovation and CO2 emissions (GII minimum ≈ 13.87). Since the sample countries exceeded this threshold, the study confirms the presence of a rebound effect, where technological innovation drives production scale growth faster than resource savings. Notably, the study rejects the traditional EKC hypothesis, showing that emissions in Africa do not decrease with increasing income but tend to accelerate progressively with economies of scale (U-shaped trajectory). Regarding the control variables, renewable energy and FDI play a role in reducing pollution (supporting the Pollution Halo hypothesis), while urbanization exacerbates environmental pressures. The study proposes reorienting innovation towards green standards, controlling the rebound effect, and promoting the clean energy transition to "decouple" economic growth from pollution, aiming for sustainable development in the region.
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INTRODUCTION
In the context of climate change becoming a global challenge, Africa is currently under pressure to find a new growth model that ensures economic efficiency while minimizing negative environmental impacts. However, paradoxically, Africa contributes only about 3-4% of total global CO2 emissions but is the region most severely affected by natural disasters and climate change (Calvin et al., 2023). Finding the link between innovation and emission reduction will help these countries build a sustainable development roadmap, avoiding the mistakes of earlier industrialized countries that focused on emissions first and treatment later. Secondly, the Leap Forward strategy – innovation in Africa – is not just about theoretical patents but also about the practical application of technology. Instead of investing in outdated and polluting traditional power grids, research into solutions such as smart solar power or disruptive technologies like electric vehicles (BEVs) and hydrogen production in energy management will demonstrate whether innovation truly creates emission reductions (Bamisile et al., 2021). Thirdly, there is pressure from international commitments. Within the framework of the COP conferences, these 14 countries have all signed Nationally Determined Contributions (NDCs) (Sakariyahu et al., 2023). However, they lack specific scientific evidence to prioritize resources for which type of innovation – technology, process, or organization – to achieve the dual goal of economic growth while simultaneously reducing pollution. Finally, this research makes a significant contribution to testing the Environmental Curve Hypothesis (EKC) (Simon Kuznets, 1955). In a region where average incomes are on an upward trend, innovation is expected to become a "key factor" in bringing the emissions curve down sooner than traditional models. The research findings will provide a scientific basis for policymakers in Africa to leverage innovation as a crucial tool to address the conflict between economic development and global environmental protection.
THEORETICAL FRAMEWORK
Innovation
In the context of the modern economy, innovation is identified as a core factor driving growth, strengthening competitive advantage, and ensuring a sustainable development path at both the enterprise and national levels (OECD, 2018). At the micro level, innovation allows production units to optimize processes, reduce costs, upgrade the quality of existing products, or establish groundbreaking business models. From a macro perspective, much empirical evidence has confirmed that innovation is a key driver for increasing labor productivity and boosting GDP. Building upon diverse theoretical frameworks, this study applies the OECD conceptual framework to define innovation: “Innovation is a new or improved product or process (or a combination of both) that is significantly different from the entity’s previous products or processes and has been made available to potential users (for products) or put into use by the entity (for business processes)” (OECD, 2018, p. 68). This approach is highly comprehensive, allowing for the identification of innovation activities through various specific types such as products, processes, organizations, and marketing. Applying the theoretical framework of (OECD, 2018) not only helps to deeply reflect the nature of innovation but also ensures consistency with international statistical systems, thereby creating a scientific foundation for measuring and analyzing the impact of innovation on CO2 emissions in an empirical model.
In terms of measurement, innovation indicators are standardized statistical tools for quantifying the input resources, costs, and outcomes of the innovation process (OECD, 2018). Instead of using single indicators such as the number of patents or R&D budgets, which are often limited in scope, composite indicators such as the Global Innovation Index (GII) are increasingly preferred for systematically assessing national capacity. This study chooses the GII as a representative variable because it possesses a scientific structure (clearly separating input and output factors), broad coverage across 130 countries, and high prevalence in contemporary research. Using the GII ensures the necessary consistency and reliability when analyzing the correlation between innovation capacity and carbon footprint reduction targets on a regional scale.
The Impact of Innovation on CO2 Emissions
The relationship between innovation and environmental quality is a complex topic with many opposing viewpoints, reflecting the multifaceted nature of technological progress in the process of economic development. From a positive perspective, innovation is seen as a core solution to optimize resource utilization efficiency and promote the transition to clean energy. The latest technological advancements have shown enormous potential in reducing the carbon footprint. For example, (Kanaani et al., 2025) demonstrated the role of AI models in optimizing CO2 injection technology, helping to achieve the goals of oil recovery and long-term CO2 storage. Similarly, (Xie et al., 2025) recorded the potential to reduce emissions by up to 75% through simulations of energy-saving scenarios in transportation. On a larger scale, studies in 24 EU countries (Ahmed et al., 2016), South Asia (Ashiq et al., 2023), and research by (Obobisa et al., 2022) in 25 African countries all agree that innovation is a strategic driver for improving global environmental quality.
Contrary to optimistic expectations, innovation in some contexts can become a driver of CO2 emissions. This occurs when technological advancements scale up production and consumption, leading to a faster increase in total energy consumption than the savings offered by new technologies. Research by (Majeed & Sheikh, 2025), in Pakistan, illustrates this, where innovation in the energy sector increases emissions due to higher efficiency leading to lower costs, thereby stimulating consumer demand. This risk is particularly present in emerging economies. Specifically, (Dauda et al., 2019) indicates that in the BRICS and MENA countries, a 1% increase in innovation leads to a 7.386% and a 0.549% increase in emissions, respectively. This suggests a non-linear relationship, where countries may have to accept environmental trade-offs for technological capacity in the early stages of development.
Another viewpoint argues that innovation has not yet yielded a significant environmental impact, mainly because these activities often prioritize cost and profit optimization over ecosystem protection. Some evidence suggests that green innovation is not effective in the long term (Hamrouni et al., 2025) or is not statistically significant in low- and middle-income countries such as those in Africa (Amowine et al., 2025). Financial and institutional barriers have meant that the environmental benefits of technology are only truly apparent in very high-income countries.
The coexistence of contradictory outcomes – from reduced emissions and increased pollution to no apparent impact – confirms that this link does not follow a simple linear law but is highly dependent on national context, level of development, and policy orientation (Zhao et al., 2021). This lack of consistency has created a large "research gap," particularly in Africa – where technological and institutional capacities are highly diversified. Specifically, the study by (Sakariyahu et al., 2023) found that innovation improves the environment in lower-middle-income and high-income African countries, while the opposite was observed in low-income countries and West Africa. Therefore, re-examining the impact of innovation on CO2 emissions in this specific context is crucial. The study not only provides solid empirical evidence but also supports countries in designing appropriate green growth pathways to escape high-emission trajectories and move towards sustainable Net Zero targets.
RESEARCH METHODOLOGY
Research Data and Variables
To ensure accuracy and objectivity, the study utilizes secondary data from the period 2012–2023 from reputable international organizations. Specifically, the innovation capacity of countries is measured through the Global Innovation Index (GII) published by WIPO. The remaining variables, including average CO2 emissions, GDP per capita, urbanization rate, renewable energy consumption, and FDI flows, are extracted from the World Bank's WDI database. The research sample includes 14 representative countries in Africa (including Algeria, Egypt, Morocco, Tunisia, Benin, Ivory Coast, Ghana, Nigeria, Cameroon, Kenya, Botswana, Tanzania, South Africa, and Zimbabwe) – countries that ensure statistical consistency and completeness throughout the analysis period.
Table 1. Summary of Variables
	Variables
	Symbol
	Unit
	Source
	Expected

	CO2 emissions
	CO2
	Tons/person
	WDI
	Dependent variable

	Innovation
	GII
	GII Index
	WIPO
	Nonlinear

	Income
	GDPpc
	Thousand USD/person
	WDI
	Nonlinear

	Urbanization
	URB
	% urban population
	WDI
	+/-

	Foreign direct investment
	FDI
	% GDP
	WDI
	+/-

	Renewable energy
	RE
	% total energy
	WB
	-


Source: Compiled by the author
Research Model and Data Analysis
The study is based on the classic IPAT model: I=P×A×T, proposed by (Ehrlich & Holdren, 1971) to quantify environmental impact (I) through the interaction between population size (P), prosperity level (A), and technological level (T). To overcome the limitations of IPAT regarding rigid homogeneity, (Dietz & Rosa, 1994) developed the STIRPAT model in the form of a stochastic function: , allowing for accurate quantification of the elasticity of the environment with respect to each socio-economic driver. By converting to the natural logarithm form , this model facilitates the application of modern linear econometric estimation methods. The superior advantage of STIRPAT over traditional IPAT is its ability to eliminate the assumption of unit proportionality, allowing for the testing of complex non-proportionality relationships. Accordingly, the coefficients b1, b2, b3 do not necessarily have to equal 1, allowing for a more sensitive understanding of emission variability based on the specific socio-economic structure of each country, instead of assuming the impact changes proportionally with the input variable.
Figure 1. Research analysis framework based on the extended STIRPAT model

Population size (P): URB variable
Level of prosperity (A): variables lnGDP and FDI
Technological level (T): variables lnGII and RE
CO2 emissions (lnCO2)

Source: Compiled by the author
The variable system in this study is built upon the three main components of STIRPAT but expanded to suit the modern context: i) Population size (P): Represented by the Urbanization variable, reflecting the shift in population structure; ii) Prosperity level (A): Measured through GDP per capita and FDI flows, considering both economies of scale and spillover effects from international investment; iii) Technological level (T): Specified by the Innovation index (central variable) and the proportion of renewable energy. This approach helps assess the role of technological knowledge and the ability to transition to clean energy in controlling emissions.
Based on the theoretical foundations mentioned above, combined with empirical research results from countries around the world to date, the author proposes an empirical model to analyze the impact of innovation on CO2 emissions as follows: lnCO2it​ = β0 ​+ β1​lnGIIit + β2​(lnGIIit)^2 + β3ln(GDPpcit) + β4[ln(GDPpcit)]^2 + β5URBit + β6FDIit + β7REit + εit	
All research data were processed using Stata 17 software with estimation and testing procedures as shown in Figure 2 below.





Figure 2. Diagram of the estimation and testing process.
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Source: Compiled by the author
Research Hypotheses
	The study develops five hypotheses to test the impact of various factors on CO2 emissions in African countries.



Table 2. Summary of research hypotheses
	Hypothesis
	Variable
	Expected sign
	Theoretical/ Experimental basis
	Expected meaning

	H1
	Innovation (lnGII, lnGII2)
	β1 ​> 0; 
β2 < 0
	STIRPAT frame; (Ahmed et al., 2016)
	An inverted U-shaped correlation. In the initial phase, emissions increase due to economies of scale, then decrease thanks to green technology effects.

	H2
	Income (lnGDP, lnGDP2)
	β3​ > 0; 
β4​ < 0
	EKC theory; (Simon Kuznets, 1955)
	The correlation is an inverted U-shape. Pollution increases in the early stages and decreases when it reaches a high development threshold.

	H3
	Urbanization (Urban)
	β5 ​(+/−)
	(Lin et al., 2017)
	A double-edged sword. It depends on the trade-off between population concentration and the benefits of smart infrastructure.

	H4
	FDI investment (FDI)
	β6​ (+/−)
	(Dauda et al., 2019)
	A two-sided impact: a "pollution paradise" (increased emissions) or a "technological halo" (decreased emissions).

	H5
	Renewable energy (Re)
	β7​ < 0
	(Obobisa et al., 2022)
	The impact is inverse. It creates a "substitution effect," reducing dependence on fossil fuels.


Source: Compiled by the author
RESULTS AND DISCUSSION
Descriptive Statistics of Variables
	Results from 168 observations in 14 African countries show a clear divergence in development indicators. Average CO2 emissions reached 1.815 tonnes/person, but the high standard deviation (2.02) reflects the large contrast between industrialized countries like South Africa and the sub-Saharan agricultural group. The wide income range (GDPpc) from 0.862 to 8.329 thousand USD provides ideal conditions for testing the EKC hypothesis. Notably, renewable energy (Re) shows the strongest polarization, ranging from 0.1% to 85.2%, demonstrating the energy technology gap between oil and gas countries and leading hydropower countries like Kenya. The GII averaged 26,008 points, showing the rise of technology centers like Morocco but remaining a challenge for the majority. Finally, the high average urbanization rate (52%) and volatile FDI inflows (1.83%) confirm the dual pressure from population migration and economic risks on the regional environment.
Table 3. Descriptive statistical results of variables
	Variable
	Unit
	Medium
	Standard deviation
	Min
	Max

	CO2​
	Tons/person
	1,815
	2,023
	0,224
	8,707

	GDPpc​
	Thousand USD/person
	3,062
	1,923
	0,862
	8,329

	Re
	% total energy
	43,678
	31,183
	0,1
	85,2

	FDI
	% GDP
	1,831
	1,443
	-1,702
	9,66

	Urban
	% urban population
	52,364
	14,279
	24,376
	75,268

	GII
	GII Index
	26,008
	5,139
	14,625
	38,25


Source: Compiled by the author from results obtained using STATA 17 software.
Correlation Analysis
	The correlation matrix provides important preliminary indicators of emission dynamics in 14 African countries. Innovation (lnGII) is positively correlated with emissions (0.442; p < 0.01), reflecting the characteristics of developing economies where early-stage innovation often prioritizes scale and industrial productivity, leading to increased energy demand. Control variables also show clear trends: Income (lnGDPpc) and urbanization (Urban) are strongly positively correlated with emissions (0.901 and 0.711, respectively), demonstrating the trajectory of energy-intensive growth and infrastructure pressure. Conversely, renewable energy (Re) is the only factor reducing emissions with a strong negative correlation (-0.883). Finally, the variance inflation coefficient test confirms that the model does not violate the assumption of serious multicollinearity. With the VIF of all variables below 5 (average VIF is 2.37), the independence of the explanatory variables is assured, providing a reliable foundation for further in-depth regression analysis.
Regression Analysis
	In this study, the estimation process was rigorously conducted through model selection and defect testing steps as shown in Figure 2. The estimation process was carried out through rigorous screening steps. The Breusch-Pagan LM test (P-value = 0.000) rejected the null hypothesis H0, confirming that the Pooled OLS model was unsuitable due to the presence of national specificity. Furthermore, although the Hausman test yielded a negative P-value (-9.14) - a common technical phenomenon in macroeconomic panel data - the study still prioritized the Fixed Effects Model (FEM) to optimally control for unobservable institutional and geographical specificity of the 14 African countries. Subsequent diagnostic tests confirmed that the FEM model simultaneously violated two important assumptions: heteroskedasticity (Modified Wald test: P < 0.01) and first-order autocorrelation (Wooldridge test: P < 0.01). To completely overcome these shortcomings, the study applied the robust standard error method of Driscoll & Kraay (1998). This is an optimal estimation technique that yields unbiased regression coefficients with the highest reliability for policy conclusions (Hoechle, 2007).
Table 4. Regression analysis results
	Independent variable
	(1) POLS
	(2) REM
	(3) FEM
	(4) Driscoll-Kraay

	lnGII
	-6.882**
	-1.747*
	-1.759*
	-1.759**

	lnGII2
	1.097**
	0.328**
	0.335**
	0.335***

	lnGDPpc
	0.314**
	-0.169*
	-0.176*
	-0.176

	lnGDPpc2
	0.269***
	0.131***
	0.118**
	0.118*

	Re
	-0.016***
	-0.020***
	-0.020***
	-0.020***

	FDI
	-0.040**
	-0.009
	-0.007
	-0.007**

	Urban
	-0.002
	0.020***
	0.024***
	0.024***

	Inspection
	
	LM test
	Hausman
	Driscoll-Kraay Robust


Source: Compiled by the author from results obtained using STATA 17 software.
(Note: *** p<0.01, ** p<0.05, * p<0.1)
Discussion of Results
The research results confirm the U-shaped relationship between innovation and CO2 emissions. The negative first-order coefficient lnGII (β1 = -1.759; p = 0.022) and positive second-order coefficient lnGII^2 (β2 = 0.335; p = 0.010) confirm the non-linear trajectory: innovation only reduces emissions at a low threshold, then promotes emissions to increase again. This is consistent with the research results of (Ehigiamusoe et al., 2024), who used a non-linear model and found a positive U-shaped relationship between technological innovation and CO2 emissions. With a minimum GII of ≈ 13.87 while the actual minimum of the sample is 14.63, all 14 countries have exceeded the threshold and are on the right slope. This situation exemplifies the "Rebound Effect." In economies like South Africa, Egypt, and mining regions in Ghana and Zambia, improved technological efficiency reduces marginal costs, thereby encouraging businesses to expand production many times over to maximize profits. Instead of conserving resources, these countries increase extraction capacity, resulting in higher final emissions than before the new technology was introduced.
	Similarly, the variable (lnGDPpc)^2 has a positive sign (β4 = 0.118; p < 0.1) while the linear variable is not significant (p = 0.149), officially rejecting the traditional EKC hypothesis. Instead of an inverted U-shaped curve, the data shows a U-shaped trajectory, confirming that Africa is in a phase of "carbon-intensive development." In Nigeria and Angola, the booming demand for infrastructure and fossil fuels as the economy flourished led to a progressive increase in pollution with rising incomes, demonstrating that the "threshold of wealth" for prioritizing the environment remains a distant prospect.
	Renewable energy (Re): With a β7 coefficient of -0.020 (p < 0.01), this is the most robust and stable emission reduction variable, with a 1% increase in renewable energy use resulting in a 2% reduction in emissions. For example, in Kenya, investment in geothermal and wind energy (accounting for over 70% of electricity production) has effectively curbed emissions despite rapid economic growth, affirming the core role of the clean energy transition.
	Foreign Direct Investment (FDI): The β6 coefficient = -0.007 (p < 0.05) supports the "Pollution Halo" hypothesis, suggesting that for every 1% increase in FDI to GDP, average CO2 emissions decrease by approximately 0.7%. FDI, particularly from European solar energy and electric vehicle projects in Morocco, brings international standards and clean technologies, improving the environmental technology landscape in the host country better than domestic businesses.
	Urbanization: With a positive β5 coefficient = 0.023 (p < 0.01), it reflects the pressure from rapid urbanization, where an increase of 1% in urbanization leads to an average increase of approximately 2.3%. In megacities like Lagos or Kinshasa, the rate of population concentration far exceeds the capacity of green infrastructure. The increase in spontaneous settlements, traffic congestion, and the use of outdated, low-efficiency electrical equipment are the main causes driving up emissions.
	The combination of the rebound effect in technology and the carbon-intensive trajectory of growth poses a major challenge to sustainable development goals in Africa, requiring stronger policy interventions in the energy structure and green innovation standards.
Table 5. Comparison Table of Hypotheses and Actual Results
	Variable
	The original hypothesis (Hi​)
	Experimental results (β)
	Status
	Explaining the unique characteristics of Africa

	Innovation (GII)
	H1​: Inverted U-shape (Emission reduction through advanced technology)
	U-shaped curve (β1 ​< 0, β2 ​> 0)
	Reject
	The rebound effect: Innovation helps increase productivity but also stimulates the expansion of production scale, leading to an increase in total emissions.

	Income (GDP)
	H2​: Inverted U-shape (EKC theory)
	U-shaped curve (β3​ meaningless, β4​ > 0)
	Reject
	Economic growth remains overly reliant on fossil fuels, and pollution is accelerating with the growth of economies of scale.

	Urbanization (Urban)
	H3​: positive or negative (+/-)
	Positive effects (β5 ​= 0,024)
	Confirm
	Rapid urbanization: Green infrastructure cannot keep up with the pace of population concentration, putting immense pressure on the environment.

	Invest (FDI)
	H4​: positive or negative (+/-)
	Negative effects (β6 ​= −0,007)
	Confirm
	Pollution halo: FDI brings with it green standards and advanced environmental management technologies from multinational corporations.

	Renewable energy (Re)
	H5​: Negative effects (-)
	Negative effects (β7 ​= −0,020)
	Confirm
	Energy transition: Replacing fossil fuels with clean energy is the most sustainable solution for reducing emissions.


Source: Author's own compilation
CONCLUSION AND POLICY IMPLICATIONS
	Based on empirical results from the Driscoll-Kraay model, the study proposes a system of strategic solutions to address the paradox between development and the environment in African countries:
	First, controlling the Rebound Effect and reorienting the Innovation strategy. The research results establish a U-shaped relationship with a minimum GII of ≈ 13.87, revealing a worrying reality: the countries in the sample have all exceeded this threshold and are on the right slope of the curve - where innovation is directly proportional to emissions. This demonstrates the strong presence of the "Rebound Effect": when technological innovations help increase resource efficiency or reduce marginal costs per unit of product, businesses and households tend to expand production and consumption many times over to maximize profits. As a result, total emissions skyrocket, completely negating the initial environmental benefits of the technology. To overcome this paradox, African governments need to shift their focus from encouraging "purely productivity-enhancing" innovation to green and sustainable innovation. Strict technical barriers and emission-intensity-based carbon taxes are necessary to regulate business behavior. Financial incentives and green credit policies should prioritize patents focused on carbon capture, waste treatment, and product lifecycle optimization technologies, rather than solely on increasing raw industrial output.
	Secondly, the Decoupling strategy and GDP trajectory control: The positive lnGDP2 coefficient (β4 = 0.118) and the rejection of the traditional EKC hypothesis indicate that Africa is stuck in a carbon-intensive development trajectory. To achieve decoupling, countries need to implement an immediate economic restructuring roadmap instead of waiting to reach a wealthy threshold. Priority should be given to developing energy-intensive service and digital economies, while integrating the Green GDP index into national governance systems to accurately assess environmental losses during growth, avoiding the mistake of "polluting first, cleaning up later."
	Thirdly, prioritize renewable energy and attract green FDI: Renewable energy has proven to be the most effective tool for reducing emissions (β7 = −0.020). Policies should focus on eliminating fossil fuel subsidies to shift resources to support clean electricity pricing. Furthermore, by supporting the "Pollution Halo" hypothesis (β6 = −0.006), countries need to attract selective FDI, prioritizing multinational corporations committed to transferring clean technologies and adopting international environmental standards. Finally, to reduce the pressure from urbanization (β5 = 0.023), smart urban planning and the development of electric public transport are urgent requirements.
	In summary, the study confirms that in 14 African countries, innovation and economic growth are still driving pollution rather than providing solutions for the environment. The key to sustainable development lies not in growth at all costs, but in proactive intervention to control the rebound effects of technology and accelerate the transition to clean energy to completely decouple the link between economic development and environmental degradation.
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