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Abstract 

The global economy continues to face short-term challenges such as resource depletion and pollution, 

which has made the transition to a circular economy system imperative. To explore the capacity of 

the CE for African economies, this study analyses the role of eco-innovation, economic sophistication, 

and digitalization in influencing the CE using data from 2000 to 2024 on a panel of African economies. 

The study uses the Dumitrescu-Hurlin causality test, as well as POLS, DKSE, and MMQR techniques, 

to investigate the effects of the three explanatory variables on EC. The findings show that 

digitalization, economic complexity, and eco-innovation are key drivers of CE growth in Africa, with 

as the primary determinant, whereas economic complexity and eco-innovation exert moderate 

influences. However, the consequences differ depending on CE performance levels: economic 

complexity is important in relatively developed economies, whereas eco-innovation is more 

important in less CE-developed countries. The study finds a unidirectional causal relationship 

between economic complexity and CE, but also finds reciprocal causal relationships between 

digitalization, CE, and eco-innovation. These results highlight the importance of region- and country-

specific approaches to boost CE initiatives, thereby supporting Africa's sustainable development 

strategy as well as long-term environmental and economic objectives. 
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1. Introduction 

The introduction should briefly place the study in a broad context and highlight why it is 

important. It should define the purpose of the work and its significance. The current state of the 

research field should be carefully reviewed and key publications cited. Please highlight controversial 

and diverging hypotheses when necessary. Finally, briefly mention the main aim of the work and 

highlight the principal conclusions. As far as possible, please keep the introduction comprehensible 

to scientists outside your particular field of research. All the references mentioned in the text should 

be cited in the “Author-Date” format—e.g., (Azikiwe & Bello, 2020a), (Davison, 1623/2019), (Fistek et 

al., 2017) or Hutcheson (2012). See the end of the document for further details on references. 

According to the Ellen MacArthur Foundation (2013), the circular economy (CE) is a 

regenerative system that minimizes waste and extends product lifecycles by keeping resources in use 

through methods including recycling, repair, reuse, and composting. Resource shortages, 

environmental degradation, and global warming have intensified the global push for CE adoption, 

which provides an alternative to the linear "take–make–dispose" manufacturing model (Barteková & 

Börkey, 2022; Mügge et al., 2024; Peyravi et al., 2024). The CE is particularly significant for Africa due 

to the continent's rapidly growing population, mounting environmental concerns, and growing 

demand for sustainable resource management. Adopting the CE reduces environmental hazards 
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while also promoting innovation, creating environmentally related jobs, and addressing the 

continent's excessive dependence on basic commodities, which constitute the backbone of the 

majority of African economies. 

With initiatives like the EU sustainability agenda, including the Green Deal and the Circular 

Economy Action Plan, Europe has made significant progress toward circularity (European 

Commission, 2020). Conversely, African nations are just now beginning to use circular economy 

practices. They face challenges such as inadequate institutional procedures, underdeveloped 

infrastructure, and a lack of finance to fully fulfill the circular economy's potential (African Circular 

Economy Network [ACEN], 2024; UNDP, 2024). However, there are still opportunities due to Africa's 

growing digital infrastructure, eco-innovative businesses in the waste management and renewable 

energy sectors, and expanding production capacity diversification (African Union, 2024; European 

Commission, 2019). 

Examining the interactions between the trio of eco-innovation, economic complexity, and 

digitalization is therefore essential. Eco-innovation can promote cleaner production and sustainable 

consumption practices, economic sophistication can diversify production to high-value, resource-

saving industries, and digitalization—through the use of blockchain, AI, and the Internet of Things 

(IoT)—can improve resource traceability, integrate value chains, and support circular business 

models. 

Despite the presence of these driver possibilities, there is a lack of empirical research on the three 

drivers' combined impact to CE in Africa. Little is known about the unique opportunities and 

problems facing African economies, as most of the research that is currently available focuses on the 

global or European setting. By offering quantitative data on how eco-innovation, economic 

complexity, and digitization shaped CE in African nations between 2000 and 2024, this study 

attempts to compensate for this shortcoming. The results of the analysis should help shape region-

specific strategies and guide policymakers in creating interventions that support Africa's transition 

to sustainable, circular development. Utilizing economic techniques that take consideration of cross-

country dynamics and CE performance heterogeneity will assist achieve this. 

2. A Brief of Literature Review 

Integrating eco-innovation into circular economy (CE) frameworks has become a critical strategy 

for promoting resource efficiency and sustainable development (D. Jesus & Mendonça, 2018). Green 

innovation facilitates closed-loop systems, sustainable production and consumption, and resource 

conservation (Pichlak & Szromek, 2022). Effective implementation of CE principles requires both 

technological and organizational innovations to manage system complexity (Maldonado-Guzmán et 

al., 2020). Recent studies highlight eco-innovation’s role in enabling manufacturing firms to adopt 

circular models, driven by technological progress, corporate social responsibility, and strategic 

resource management (Liu et al., 2023; Peyravi & Jakubavicius, 2022; Hinojosa, 2022). 

Eco-innovation not only enhances circular processes but also supports global environmental 

objectives, including decarbonization and resilience during CE transitions (Thakker & Bakshi, 2023; 

Le et al., 2023). Resilient firms can maintain operations amid environmental and economic shocks, 

adapting to regulatory and market demands. However, eco-innovation can produce rebound effects, 

where efficiency gains increase consumption, offsetting environmental benefits (Figge & Thorpe, 

2019; Zerbino, 2022; Castro et al., 2022). 

Economic complexity is another key driver of CE and sustainability. The sophistication of a 

nation’s productive capacities and knowledge integration enhances eco-innovation and supports 

systemic CE transitions (Hassan et al., 2023; Montiel-Hernández et al., 2024). Countries with more 

complex economies invest more in green technologies and demonstrate higher adaptability toward 

sustainable development goals (Ha, 2023; Ma et al., 2022). Nevertheless, economic complexity can 

also contribute to short-term environmental challenges, such as air pollution, particularly without 

complementary green policies or renewable energy adoption (Boleti et al., 2021; Bucher et al., 2023; 

Anwar et al., 2024; Kirikkaleli et al., 2023; Lee & Olasehinde-Williams, 2024). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 October 2025 doi:10.20944/preprints202510.2303.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.2303.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 19 

 

Digitalization has emerged as a critical enabler of CE, especially in African contexts where 

structural transformation and sustainability are priorities (Alsaggaf, 2024; Mishra et al., 2024). 

Technologies such as AI, blockchain, and IoT enhance resource efficiency, reduce waste, and improve 

production processes (Barteková & Börkey, 2022; Liu et al., 2022). However, regional disparities in 

infrastructure, limited technological readiness, poor data governance, and low stakeholder 

cooperation constrain CE adoption (Antikainen et al., 2018; Aral et al., 2024; Afolabi, 2023). Moreover, 

digitalization’s environmental benefits can be offset by rebound effects and energy-intensive 

operations, while greenwashing remains a risk when upstream inefficiencies are unaddressed (Lowe 

et al., 2024; Fasi, 2024; Choudhury et al., 2023; Raasens & van Leeuwen, 2024). 

Overall, while eco-innovation, economic complexity, and digitalization present substantial 

opportunities for advancing CE transitions, their effectiveness depends on coordinated technological, 

organizational, and institutional interventions. Without such integration, digital and green 

innovations may fail to deliver genuine sustainability outcomes, particularly in developing contexts 

(Kushch et al., 2024). 

Economic complexity has emerged as a major driver of sustainability and resource efficiency in 

CE transitions. The sophistication of a nation’s productive capacities and the integration of 

knowledge are vital for advancing circular economy initiatives (Hassan et al., 2023). Transitioning to 

a CE demands systemic changes that incorporate cutting-edge skills and technologies to promote 

sustainable development (Montiel-Hernández et al., 2024). 

Recent studies underscore that economic complexity fosters eco-innovation within CE 

structures. Ha (2023) finds that countries with more complex economies invest more heavily in green 

technologies, thereby enhancing their capacity to implement CE programs. Similarly, Ma et al. (2022) 

report a strong link between innovation and economic growth, suggesting that advanced economies 

are better positioned to achieve sustainable development goals. However, economic complexity can 

also generate negative environmental externalities. Boleti et al. (2021) note that while complexity 

often improves environmental outcomes, it may exacerbate air pollution. Likewise, Bucher et al. 

(2023) observe that even when long-term benefits exist, short-term pollution challenges can arise, 

particularly in former communist transition economies. 

The importance of complementary policies is highlighted in studies emphasizing that economic 

structural complexity can more effectively mitigate environmental degradation when supported by 

green technologies (Kirikkaleli et al., 2023). Lee and Olasehinde-Williams (2024) reinforce this notion, 

indicating that economic complexity serves as a reliable predictor of environmental quality in OECD 

countries, provided there is investment in knowledge-intensive industries. On a global scale, 

however, evidence is mixed. In low-income countries, economic complexity may worsen 

environmental outcomes unless paired with renewable energy deployment (Anwar et al., 2024). 

Digitalization has also gained attention as a driver of CE, particularly in African contexts where 

sustainable development and structural transformation are priorities. Digital technologies facilitate 

the shift from linear and unsustainable systems toward closed-loop models, supporting CE adoption 

(Alsaggaf, 2024; Mishra et al., 2024). Successful CE implementation requires institutional and 

organizational adaptation alongside technological advancement (Antikainen et al., 2018). 

Emerging digital technologies, including AI, blockchain, and IoT, have been shown to improve 

resource utilization, reduce waste, and enhance production processes across industries (Barteková & 

Börkey, 2022; Liu et al., 2022). In Africa, where infrastructure and resource constraints persist, 

digitalization offers opportunities to implement sustainable practices despite conventional 

development limitations (Afolabi, 2023). Nevertheless, regional disparities in infrastructure and 

technological readiness influence the effectiveness of digital CE initiatives. Even as digital 

innovations advance, adoption is often hindered by data governance issues, poor interoperability, 

and limited stakeholder coordination (Antikainen et al., 2018; Aral et al., 2024). 

Although digital technologies hold promise, their environmental benefits can be overestimated. 

Efficiency gains may induce rebound effects, especially in African markets where demand for low-

cost goods may offset gains (Lowe et al., 2024). Furthermore, digital systems are energy-intensive, 
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potentially conflicting with CE goals of resource conservation and energy efficiency (Fasi, 2024). 

Concerns about greenwashing are notable, as companies may promote digital traceability or 

recycling initiatives that fail to address upstream inefficiencies or unsustainable practices 

(Choudhury et al., 2023; Raasens & van Leeuwen, 2024). 

In summary, while digital technologies provide considerable potential to support CE transitions 

in Africa, their impact depends on widespread adoption, alignment with national development 

strategies, and robust institutional frameworks. Without systematic integration, digitalization risks 

serving as a superficial image-enhancing tool rather than fostering genuine circular outcomes 

(Kushch et al., 2024). Efficiency gains may trigger rebound effects, particularly where rising demand 

for inexpensive goods exists, and energy-intensive digital processes can challenge CE objectives of 

resource and energy efficiency (Lowe et al., 2024; Fasi, 2024). 

3. Research Gap 

For the expected rise in issues of scarce resources and environmental degradation, African 

countries are paying more attention to new strategies to progress faster toward building a circular 

economy (CE). Previous research has indicated a range of CE drivers, including digitalization, eco-

innovation, technological advancement, application of renewable energy, and economic 

sophistication (Lapatinas et al., 2021; Liu et al., 2023; Neves et al., 2024). However, research on these 

drivers in Africa is still inadequate, and several gaps have been left. First, there are relatively few 

robust quantitative studies capable of capture the relationship between these determinants and CE 

accomplishments, even if the majority of prior research has relied on qualitative methods. (Pichlak & 

Szromek, 2022; Peyravi & Jakubavicius, 2022).  

Secondly, the majority of existing research relies on the narrow range of indicators not covering 

the complete meaning of digitalization and circularity, particularly in developing economies of 

Africa. Third, little analysis of the significant variation in eco-innovation capacity, digital 

infrastructure, and productive capabilities across African countries has occurred, which can have a 

significant impact on how CE initiatives are implemented and scaled up (Antikainen et al., 2018; Aral 

et al., 2024; García-Castillo et al., 2024). There is little literature that offers aggregate analyses that 

disregard the heterogenous effect of eco-innovation, digitalization, and economic complexity across 

different levels of development within Africa. For example, certain countries, like South Africa, 

Kenya, and Nigeria, are advancing digital finance, renewable energy, and green business, while 

others are unable to implement CE because of ingrained structural issues. Initiatives that are more 

comprehensive and multifaceted, better represent African economies, and enable insightful cross-

country comparisons are needed to close these disparities. 

By creating composite CE and digitalization indicators from several measures, this study fills in 

these gaps and provides a comprehensive view of how these factors interact in Africa. Additionally, 

it evaluates the circumstances in what aspects of digitization, economic complexity, and eco-

innovation support sustainable resource management efficiency and environmental advances rather 

than those in which gains are undermined by unfavorable institutional conditions or rebound effects. 

The study provides detailed explanations of how these drivers affect CE performance across various 

structural and development contexts of African nations using rigorous econometric methodologies 

like POLS, DKSE, and MMQR. 

By doing so, the study provides a forum for appreciating how Africa can use digital and 

technological transformation to advance CE, enhance sustainability, and complement regional 

development plans like the UN Sustainable Development Goals and the African Union's Agenda 

2063. 
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4. Methodology and Model Specification 

4.1. Conceptual Framework and Econometric Methodology 

According to Schumpeter’s innovation theory, which emphasizes how innovation drives 

structural change and economic growth through the process of creative destruction, in which fewer 

successful technologies and systems are replaced by more sophisticated and effective ones 

(Schumpeter, 1950; Yoguel et al., 2013). This viewpoint is extremely pertinent in the African setting, 

where the majority of countries are attempting to shift from linear and resource-dependent 

development patterns to more sustainable and diverse ones. Such a paradigm shift is the circular 

economy (CE), which calls for systemic innovation across industries and is frequently motivated by 

eco-innovation, digitalization, and the complexity of the economy.  

According to Schumpeter's theory of innovation as a disruptive evolutionary process, eco-

innovation is a key component of Africa's transition to CE since it develops new goods, services, and 

procedures that reduce waste, stop environmental degradation, and increase resource efficiency 

(Usman et al., 2024). Such inventions upend traditional resource-wasting production systems, which 

are common in the majority of extractive-industry-dominated African countries, and open the door 

to more sustainable industrialization patterns. For example, new recycling business models, digital 

waste management platforms, and renewable energy technologies are starting to transform local 

production and consumption systems in South Africa, Kenya, and Rwanda. 

Schumpeter also made the point that innovation is a part of larger industrial and economic 

systems and is not limited to entrepreneurs. African nations with more developed economies and 

continuous digital transformation enhances readiness to adopt, disseminate, and expand 

technologies that support CE practices (Ha, 2023; Montiel-Hernández et al., 2024). But the continent 

is characterized by inequality: while some nations are quickly developing innovation ecosystems and 

digital infrastructure, others are hindered by institutional and technological flaws that make it harder 

for them to execute revolutionary CE plans. 

Overall, this theoretical model concludes that the three main forces behind Africa's transition to 

a CE are eco-innovation, digitization, and economic complexity. The empirical model developed in 

this study is based on these forces, as shown in Equation (1). 

CEit = α0 + α1ln(ECIN)it + α2ECOMit + α3DIGit + 𝜀𝑡 (1) 

The variables in this study are represented as follows: countries (i), time (t), intercept (α), 

parameters (β), error term (ε), digitalization (DIG), circular economy (CE), eco-innovation (ECIN), 

and economic complexity (ECOM). Together with other variables that are described in percentage 

units, eco-innovation is defined in logarithmic units (ln) for the sake of comparison and the 

interpretation of coefficients as elasticities. The variables were chosen with the help of empirical 

research and theoretical models. Africa is particularly affected by green innovation as it is a principal 

factor of CE transformation, which involves improving circular resource utilization, reducing waste, 

and achieving sustainable production via organizational and technical change (Pichlak & Szromek, 

2022; Liu et al., 2023).  

Eco-innovation, for example, has been most evident in Africa through the adoption of web-based 

waste management systems, waste-to-energy technology, and renewable energy sources. Economic 

complexity also indicates a country's capacity for production and knowledge, which are essential for 

assimilating and disseminating breakthroughs. African countries that have stronger technological 

capabilities and more diverse industrial structures—such as South Africa, Morocco, and Egypt—are 

better equipped to execute CE projects, whereas less varied states run the danger of structural 

obstacles. 

In the African context, digitalization is also a catalyst for change, as the swift spread of digital 

banking, e-commerce platforms, and mobile technology is already drastically altering economic 

activity. Tracking resource flows, enhancing recycling systems, and improving the general 

effectiveness of CE practices are all possible with the help of digital advancements. Thus, the 
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inclusion of digitalization, eco-innovation, and economic complexity in the analytical model 

acknowledges their critical role in facilitating Africa's transition to CE. 

Equation (1) is supplemented with the squared value of digitalization ( 𝐃𝐈𝐆𝒊𝒕
𝟐  )) to take into 

consideration nonlinearity in digitalization and determine if greater digitalization always translates 

into improved circularity. This result is presented in Equation (2): 

𝐂𝐄𝐢𝐭 = 𝛂𝟎 + 𝛂𝟏𝐥𝐧(𝐄𝐂𝐈𝐍)𝐢𝐭 + 𝛂𝟐𝐄𝐂𝐎𝐌𝐢𝐭 + 𝛂𝟑𝐃𝐈𝐆𝐢𝐭 + 𝛂𝟑𝐃𝐈𝐆𝒊𝒕
𝟐 + 𝜺𝒕 (2) 

4.2. Empirical Investigation 

Three econometric approaches are employed in this research to analyse drivers of the CE for 

African countries: POLS, DKSE, and MMQR. 

The POLS estimator is the default method, with a constant variable relationship across countries 

and over time and homogeneous treatment of all observations. Although its popularity is due to ease 

of use, no unobserved heterogeneity, serial correlation, or cross-sectional dependence is taken into 

account, leading to panel dataset biased estimates (Baltagi, 2021). 

To overcome these limitations, the study employs the DKSE estimator, originally designed by 

Driscoll and Kraay (1998) and providing heteroskedasticity-consistent, autocorrelation-consistent, 

and cross-section dependence-consistent standard errors. The approach is particularly suitable for 

the African economies, where regional linkages such as trade, investment linkages, and shared 

environmental concerns create spatial and temporal linkages that cannot be ignored (Hassan et al., 

2023). The DKSE is an advantageous method for managing African panel data with structural 

interlinkages since it produces reliable inference across any addition of nations or time periods. 

Machado and Silva's (2019) MMQR is utilized for a more thorough analysis because of the 

heterogeneity that has been established in the primary variables of this article. The technique 

estimates the conditional quantiles of the circular economy (CE) with regard to green innovation, 

economic complexity, and digitalization while reducing common issues such as endogeneity and 

cross-sectional heterogeneity (Usman et al., 2024). By reducing the estimation to moment conditions 

obtained from the data, the MMQR works beyond the disadvantages of traditional quantile 

regression techniques, which are highly computational and assumption-dependent. This method 

produces quantile, scale, and location regression findings in a single estimation, effectively manages 

several fixed effects, and is well-suited for big or complicated datasets (Machado & Silva, 2019). 

The results are more robust because to this integrated methodology, which also makes it easier 

to evaluate quantile regressions simultaneously. Equation (3) displays a basic MMQR model: 

Yρ (
τ

Xi,t

) = σ1 + X′i,tφ + (ai + Z′i,tγ)Ui,t      (3) 

Where, in this study, the CE index is denoted by 𝑌𝜌, while the indicator vector is represented by 

𝑋𝑖,𝑡. The term(𝑎𝑖 + 𝑍′𝑖,𝑡γ)𝑈𝑖,𝑡 denotes the scale coefficient, with 𝜎1 and φ as parameters.   

4.2. Causality Analysis 

In order to augment the regression parameters, this study uses the Dumitrescu–Hurlin (2012) 

panel causality test to examine the causal relationships between eco-innovation, economic 

complexity, digitalization, and the circular economy (CE) in African countries. The test incorporates 

variations in causality links and regression coefficients for individual economies, making it an 

extension of the traditional Granger causality approach for heterogeneous panel data.  

One advantage of this approach is its flexibility in responding to heterogeneity and cross-

sectional dependence; this is particularly crucial for African countries, which vary widely in terms of 

institutional quality, technological preparedness, and resource endowments (Hassan et al., 2023; Lee 

& Olasehinde-Williams, 2024). The Dumitrescu–Hurlin test accepts the null hypothesis of non-

Granger causality for all cross-sections, as opposed to the alternative hypothesis that causation for at 

least one of the sample's countries holds. 
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By adopting this methodology, the study provides deeper understanding of whether economic 

complexity, eco-innovation, and digitalization influence CE or, conversely, whether CE dynamics 

promote such advancements. Such findings are particularly significant in Africa, where policy 

objectives vary widely among nations and evidence-based approaches are needed to combine 

economic development with environmental sustainability. Before the main computations, a variety 

of diagnostic checks are performed to ensure the dataset is robust and dependable. These include of 

cointegration analysis, unit root tests, cross-sectional dependence (CD) tests, correlation tests, 

variance inflation factor (VInf), and slope heterogeneity evaluations. 

The proper model definition is guided by the correlation test, which assesses the direction and 

strength of linear relationships between the variables. Stronger correlations are indicated by numbers 

closer to either end of the correlation coefficient, which spans from 0 to 1. The VInf test is used to 

examine possible multicollinearity between digitalization, eco-innovation, circularity, and economic 

complexity. This test quantifies the extent to which collinearity with other explanatory variables 

inflates the squared standard error of the coefficient. VInf is calculated as VInf_j=1/(1-R_j^2 )  when 

R_j^2    corresponds to regressing the predictor against the other covariates.  

Remedial actions, including eliminating or rescaling highly correlated predictors, are necessary 

to provide more support for the validity of regression results when the VInf value is larger than 10, 

which indicates the presence of multicollinearity. Due to close intra-continental commercial, 

financial, and institutional, economic and environmental policies in one African nation are likely to 

have a substantial impact on neighboring nations. For this reason, cross-sectional dependence (CD) 

management is especially crucial in this study. Error dependency might result, for instance, from the 

spread of eco-innovation or circular economy practices in one country to others. This is captured 

using the Pesaran (2004) CD test. 

Following the confirmation of the existence of CD, second-generation unit root tests that are 

robust to cross-sectional dependence are employed. This analysis utilizes the cross-sectionally 

augmented Im, Pesaran, and Shin (CIPS) and cross-sectionally augmented Dickey-Fuller (CADF) 

tests, proposed by Pesaran (2007), are applied in order to test for stationarity in the data to prevent 

spurious regression. Next, the slope heterogeneity test is performed to determine whether the 

interaction between circular economy determinants and their indicators differs across African 

countries.  

The null hypothesis test of slope homogeneity via the Pesaran and Yamagata (2008) method 

affirms whether heterogeneity holds. Heterogeneity is corroborated by evidence that warrants the 

application of flexible estimators such as the Method of Moments Quantile Regression (MMQR). 

Finally, the Pedroni (1999) cointegration test is conducted in order to determine whether or not the 

variables are related by a constant long-run equilibrium relation. These diagnostic techniques 

collectively provide the methodological foundations of the empirical investigation (see Figure  1). 

 

Figure 1. Methodological Overview. 

Environmental technology development is a measure of eco-innovation, according to the OECD 

database. This dataset contributes a wealth of environmental technology innovation patent-based 

Data Collection 
(ADFB,WDI,UNEP)

Preliminary 
Analyses(Correlation, 
Vinf,CD,Unit Root,Slope 
heterogeneity, Cointegration)

Estimation Method( POLS, 
DKSE, MMQR, Dumitrescu-
Hurlin )
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metrics, making it easier to quantify how innovatively successful countries and businesses are. 

Additionally, the Harvard Growth Lab's Atlas of Economic Complexity provides information on 

economic complexity. This data reflects a nation's inherent knowledge and production capacities in 

terms of exporting diversity and complexity, capturing the diversity and complexity of a nation's 

exports (Atlas of Economic Complexity, 2022). 

Table 1 presents dataset of variables, data sources, as well as descriptive statistics. The average 

value of EC (45.8%) indicates that African countries have made moderate progress executing circular 

economy (CE) strategies, yet the rate of adoption varies considerably from country to country. The 

upper and lower bounds of green innovation indicate that, as much as there are some African 

countries that are leaders in environmental innovation, others are still in their infancy. There are also 

clear differences between economies with advanced technology and digitally connected systems and 

those with less diverse economic structures when it comes of green innovation and digitization. 

Because of this uneven growth, some nations are leading the way in sustainability and technological 

innovation, while others are lagging behind, which may prevent the continent from moving toward 

a circular economy. 

Table 1. Variable and summary statistics. 

Variables Measurement Source Obs Mean Std. Dev. Min Max 

Circular 

Economy 

Circular Economy 

Index 
Author 1152 0.458 0.210 0 1 

Circular 

material use 

Circular material use 

rate (%) 
Eurostat 1152 7.833 6.797 1.1 27 

Gross value 

added in CE 

sectors 

Gross value added in 

circular economy 

sectors (% of GDP) 

Eurostat 1152 2.781 0.549 0.4 5.4 

Private 

investment in 

CE sectors 

Private investment in 

circular economy 

sectors (% of GDP) 

Eurostat 1152 0.961 0.323 0.2 14 

Recycling rate 
Recycling rate of 

municipal waste (%) 
Eurostat 1152 34.569 13.991 4.2 66.3 

Eco-innovation 

Development of 

Environment-related 

technologies 

OECD 1152 410.465 879.726 0.430 5110.48 

Economic 

complexity 

Economic Complexity 

(EC) Index 

Atlas of 

EC 
1152 1.277 0.399 0.019 2.390 

Digitalization Digitalization Index Author 1152 0.656 0.134 0 1 

Fixed 

broadband 

subscriptions 

Fixed broadband 

subscriptions (per 100 

people) 

WDI 1152 6283230.6 8487826.3 338883 38670564 

Fixed 

telephone 

subscriptions 

Fixed telephone 

subscriptions (per 100 

people) 

WDI 1152 8201208.7 10144716 182078 67000000 

Internet 

penetration 

Individuals using the 

Internet (% of the 

population) 

WDI 1152 79.154 11.561 43.6 99.776 

Mobile 

cellular 

subscriptions 

Mobile cellular 

subscriptions (per 100 

people) 

WDI 1152 23297548 27651490 1661709 1.034e+08 

Secure internet 

servers 

Secure Internet 

servers (per 1 million 

people) 

WDI 1152 269661.66 830147.71 502 8105498 
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5. Results and Discussion 

Analysis is carried out in two stages: firstly, the estimation results are provided, and then results 

and discussion of the main estimation. 

5.1. Estimation Results 

Figure 2 displays the matrix of correlations between digital transformation, economic 

complexity, eco-innovation, and CE. Along with CE, the three components of green innovation, 

complexity of the economy, and digitalization have a positively sloped scatter plot. This indicates 

that, despite their varying degrees of correlation, all of the above factors have a positive relationship 

with CE. For instance, there is a significant beneficial relationship between CE and eco-innovation, 

meaning that nations with high eco-innovation levels are also like to have high CE activity levels. CE 

has a moderate relationship with digitization and economic progress. It also suggests that advanced 

CE practices are more likely to be found in highly digitalized nations and producers who create more 

complex and varied products. 

 

Figure 2. Correlation matrix. 

Figure 3 shows a consistent upward trend in the Circular Economy Index between 2000 and 

2024, showing that GCC nations have made slow but steady progress in improving recycling 

methods, cutting waste, and supporting sustainable production systems. This improvement results 

from the expanding use of circular models and more robust policy commitments to sustainability, 

particularly among important industries like manufacturing and energy, where innovation and 

regulatory frameworks have pushed efficiency of resources and environmental responsibility. 
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Figure 3. Trend of Circular Economy Index in GCC Countries (2000-2024). 

A steady but moderate increase in eco-innovation is depicted in Figure 4, suggesting that 

sustainable practices and technologies are being adopted over time and gradually across the region. 

This trend is an indication of growing attempts to integrate sustainable solutions into commercial 

and industrial systems. Additionally, it aligns with the region's increasing interest in green 

technologies, renewable energy, and innovation-driven sustainability initiatives aimed at lowering 

reliance on oil-based income and promoting long-term economic diversification. 

 

Figure 4. Trend of Eco-Innovation Index in GCC Countries (2000-2024). 

As observed in Figure 5, economic complexity has been relatively stable while demonstrating a 

slight upward trend, indicating a slow diversification of the region's production structures. 

According to this pattern, the economies of the GCC are gradually shifting away from resource-

dependent models and toward ones that are more focused on knowledge and innovation. However, 

this promising trend, differences continue to exist among the member states, with some making faster 

progress in creating high-value, technology-driven industries than others. This is indicative of 

varying capacities and the success of policies in promoting changes in structure. 
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Figure 5. Trend of Economic Complexity Index in GCC Countries (2000-2024). 

Figure 6 shows a clear rising trend in digitalization, particularly after 2010, highlighting the GCC 

region's quicker adoption of smart technologies, e-government platforms, and digital infrastructure. 

This swift digital revolution has emerged as an important driver driving efficiency and 

modernization, acting as a vital stimulant for the development of eco-innovation and sustainability 

projects. Digitalization is supporting the region's shift to resilient and sustainable economic systems 

by promoting data-driven decision-making, improving resource management, and increasing 

technological integration. 

 

Figure 6. Trend of Digitalization Index in GCC Countries (2000-2024). 

5.2. Panel Unit Root, and CD Tests 

Table 2 presents the findings of the VInf, unit root, and CD tests. Columns two and three report 

the VInf statistics and their reciprocals, columns four to seven present the unit root findings, and the 

last column reports the CD test findings. The VInf test and its reciprocal ascertain the presence or 

absence of multicollinearity, which, if present, would corrupt and compromise the validity of the 

estimates. The outcome indicates that the variables are not strongly correlated as the values are far 

from the critical values of 10 and 5, respectively. This confirms that the inclusion of CE, eco-

innovation, economic complexity, and digitalization in the same model for African countries will 

yield consistent and robust results.  
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CD test statistics reject the null hypothesis CD ~ N (0,1), indicating that CE, eco-innovation, 

economic complexity, and digitalization shocks in one African country can spillover to other 

countries. To address this cross-sectional dependence, second-generation unit root tests (CADF and 

CIPS) are employed instead of conventional approaches. Both tests provide more or less similar 

findings that eco-innovation and economic complexity are not level stationary, whereas digitalization 

is. The findings differ somewhat, however: the CIPS suggests level stationarity, whereas the CADF 

shows first-difference stationarity. This discrepancy suggests the existence of possible long-run 

relationships among the variables. 

Table 2. Results of variance inflation factor, unit root, and CD tests. 

Variable 

Variance inflation 

factor 
Unit Root Tests CD Test 

VInf 1/VInf 
CIPS      CADF Pesaran (2004) 

Level 1st Diff. Level 1st Diff.   

CE   -2.405*** -3.151*** -0.254 -2.369*** 26.370*** 

ln (Eco-innovation) 1.391 0.719 -2.010 -3.447*** 0.332 -3.811*** 3.940*** 

Economic complexity 1.399 0.715 -1.799 -3.388*** -1.603 -4.319*** 4.280*** 

Digitalization 1.123 0.890 -2.998** -4.075*** -2.834*** -5.585*** 22.480*** 

***p < 0.01, **p < 0.05. 

The conclusions of the slope heterogeneity and cointegration tests are shown in Table 3. The 

slope heterogeneity test explores whether the slope coefficients for digitalization, economic 

complexity, and eco-innovation are similar across all African nations. The unproven theory of slope 

homogeneity is rejected by the statistically significant delta and modified delta statistics. This shows 

that African nations are diverse and that the effects of economic sophistication, eco-innovation, and 

digitalization on CE vary among the countries in the sample.  

Therefore, African economies have distinct institutional and structural processes that influence 

CE growth in each instance, even when they are interconnected. The MMQR method makes it simple 

to capture this heterogeneity. The cointegration of CE, eco-innovation, economic complexity, and 

digitalization is strongly supported by the Pedroni cointegration tests, which account for cross-

sectional dependence and heterogeneity. This suggests that there is a relationship of long-term 

equilibrium among the African nations. 

Table 3. Panel Heterogeneity and Cointegration Results. 

Statistic Slope Homogeneity Pedroni Cointegration   

Delta 7.297*** Gt Modified Phillips-Perron t 4.151***  

Adj. Delta 9.554*** Phillips-Perron t -1.165 

    Augmented Dickey-Fuller t -1.891** 

***p < 0.01, **p < 0.05. 

5.3. Empirical Results 

The POLS and DKSE estimators are used to experimentally investigate the relationship between 

green innovation, complex economics, digitalization, and the circular economy (CE) in African 

nations. To assess the robustness of the estimates and determine whether the results are sensitive to 

model specification, the impact of each variable on CE is examined individually before a combined 

model is applied. The results are displayed in Table 4, where the POLS and DKSE anticipates are 

given in columns (1) through (5) and (6) through (10) respectively. The multivariate parameters' 

slightly larger R-squared values imply that green innovation, complexity of the economy, and 
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technology collectively account for a greater proportion of the diversity in CE results than do these 

variables separately. 

The findings show that eco-innovation significantly boosts CE in Africa. In particular, the DKSE 

estimates range from 0.045% to 0.070%, but the POLS results show that a 1% increase in eco-

innovation increases CE by around 0.026% to 0.045%. The persistent positive impact shows that eco-

innovation is a major force behind Africa's CE transformation, emphasizing how eco-innovative 

techniques may improve resource sustainability and reduce waste. Similarly, with DKSE estimates 

ranging from 0.095% to 0.239% and POLS estimations between 0.117% and 0.195%, economic 

complexity positively affects CE. This suggests that Africa's circular transition is strengthened by the 

diversity of production structures and the move towards more knowledge-intensive enterprises. 

Additionally, the two estimating methodologies' coefficients for digitalization range from 0.420% to 

0.630%, indicating positive and substantial benefits on CE.  

Although digitalization improves CE performance, its marginal contributions may eventually 

decline, as seen by the squared term of digitalization showing signs of falling returns in several of the 

models. According to the research, digitization, economic complexity, and eco-innovation are the 

main forces behind the CE in Africa. Their combined effect is greater than their separate effects, 

indicating the necessity for comprehensive plans that simultaneously support innovation, diversity, 

and digital infrastructure in order to propel the CE transition throughout the continent. Similarly, 

economic complexity positively affects CE in African economies.  

The POLS estimates reveal that a 1% increase in economic complexity propels CE by 

approximately 0.12%–0.20%, while the DKSE estimates place the progress at 0.10% to 0.24%. This 

suggests that economic complexity significantly promotes the CE transition across Africa. It indicates 

that productive sophistication and diversification enhance better resource use and create sustainable 

production and consumption patterns that are at the center of CE ideals. This aligns with previous 

research (Lapatinas et al., 2021; Hassan et al., 2023), which argues that economic complexity enhances 

innovation, intensifies knowledge transfer, and promotes the development of resource-saving 

industries that propel the CE agenda.  

Concurrently, digitalization is the most critical driver of CE evolution in Africa. The estimates 

by POLS indicate that digitalization enhances CE by about 0.63%, while the estimates by DKSE 

indicate that the effect is between 0.43% and 0.62%. Such a positive high effect is an indication that 

the application of digital technologies significantly increases resource efficiency, waste handling, as 

well as circular production systems. In reality, digitalization improves smart manufacturing 

techniques, enabling organizations to optimize resource utilization, reduce material inputs, and 

minimize waste production (Alsaggaf, 2024; Mishra et al., 2024). This transition from conventional 

manufacturing to digitally enhanced green production accelerates the CE change.  

Furthermore, digital platforms let producers monitor resource flows, prevent overproduction, 

and encourage recycling and reuse (Barteková & Börkey, 2022). Yet there is no convincing proof of a 

linear or inverted-U relationship between digitalization and CE, as shown by the positive and 

statistically insignificant coefficient for the digitalization squared term. However, the relationship 

seems to be mostly linear, with further digitization continuing to have positive effects without 

apparent diminishing returns. In general, digitalization, economic complexity, and eco-innovation 

are all crucial factors that drive CE in Africa; digitalization has the greatest impact, followed by eco-

innovation and economic complexity. thus indicates if African nations want to hasten their shift to a 

circular and sustainable economy, they have to implement policies that. 
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Table 4. Results of POLS and DKSE estimation. 

Variables POLS      DKSE  

 (1) (2) (3) (4) (5)  (6) (7) (8) (9) (10)  

ln(Eco-

innovation) 

0.045*

** 
  

0.028*

* 
0.026***  

0.070*

** 
  0.046*** 0.045***  

 
(0.014

) 
  

(0.013

) 
(0.013)  

(0.00

8) 
  (0.008) (0.008)  

Economic 

complexity 
 

0.195*

** 
 

0.117*

* 
0.123**   

0.239*

** 
 0.095*** 0.097***  

  
(0.061

) 
 

(0.053

) 
(0.053)   

(0.008

) 
 (0.028) (0.027)  

Digitalizati

on 
  

0.630*

** 

0.627*

** 
0.420**    

0.621*

** 
0.428*** 0.352***  

   
(0.047

) 

(0.046

) 
(0.174)    

(0.034

) 
(0.043) (0.090)  

Digitalizati

on squared 
    0.185      0.064  

     (0.149)      (0.079)  

Constant 
0.306*

** 

0.270*

* 

0.101*

* 
-0.171** -0.120  

0.191*

* 

0.215*

** 

0.107*

** 
-0.095**  -0.075*  

 
(0.073

) 

(0.084

) 

(0.048

) 

(0.081

) 
(0.092)  

(0.06

7) 

(0.037

) 

(0.029

) 
(0.037) (0.038)  

Number of 

obs. 
1152 1152 1152 1152 1152  1152 1152 1152 1152 1152  

Overall R-

squared 
0.365 0.266 0.302 0.518 0.517  0.365 0.266 0.302 0.551 0.551  

Chi-square 9.967 10.214 
180.64

6 

200.37

1 
201.92  78.74 800.78 338.45 869.46 624.98  

Prob > chi2 0.002 0.001 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000  

After determining the unconditional impacts of digitalization, eco-innovation, and economic 

complexity on CE, the MMQR approach is used to assess their conditional quantile effects. This 

makes it possible to examine the nexus in further depth at various CE performance levels, such as the 

lower quantile (Q = 0.25), median (Q = 0.50), and upper quantile (Q = 0.75). The findings, which are 

shown in Table 5, include the location and scale effects in addition to the quantile-specific estimates.  

The scale effect is the variability of this influence across quantiles, whereas the location effect 

just gives the across-distribution impact of each predictor on CE.  A positive scale coefficient 

indicates that the predictor's influence increases as quantiles rise, whereas a negative one indicates 

that it decreases as CE performance improves. A 1% rise in eco-innovation is shown to correlate to 

around 0.044%–0.046% growth in CE, indicating that the eco-innovation site estimation has a positive 

and substantial influence on CE in Africa.  

Nonetheless, the negative and significant scale coefficients of -0.011 to -0.012 show that the 

beneficial impact of eco-innovation is greatest when countries have lower CE levels and decreases as 

countries move toward higher CE performance. Eco-innovation has the biggest marginal 

contribution at the 25th percentile (0.05%–0.06%), followed by 0.04%–0.05% at the median and 0.03% 

at the 75th percentile, according to quantile-specific statistics. With average coefficients ranging from 

0.35% to 0.45%, the estimations for digitalization demonstrate a significant and favorable location 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 October 2025 doi:10.20944/preprints202510.2303.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.2303.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 19 

 

effect. This beneficial effect is confirmed by the quantile estimates, which show that digitalization 

raises CE by around 0.16%–0.43% at the 25th percentile, 0.35%–0.43% at the median, and 0.39%–0.52% 

at the 75th percentile. 

 In contrast to eco-innovation, digitalization's influence does not decrease as CE levels rise; 

rather, it continuously increases, making it a vital force throughout the distribution. The squared 

digitalization term, however, is largely negligible, indicating that there isn't a major nonlinear impact.  

In summary, the MMQR findings for Africa show that digitalization is a strong driver across all 

quantiles, economic complexity becomes increasingly significant with improving CE performance, 

and eco-innovation contributes most at lower quantiles of CE. All things considered, these results 

highlight the need for African nations to adopt distinct approaches, such as boosting economic 

complexity to optimize high-end CE results, investing in eco-innovation in nations with relatively 

weak CE frameworks, and expanding digital infrastructure to promote CE more broadly. 

Digitalization has the biggest beneficial impact on CE in African nations, as was previously 

emphasized.  

CE increases by around 0.43% throughout the distribution for every 1% increase in 

digitalization. Digitalization increases CE by around 0.43% to 0.44% at the 25th percentile, 0.35% to 

0.43% at the median, and 0.39% to 0.52% at the 75th percentile. Regardless of any country's CE 

performance level, this constant effect across quantiles shows that digitization greatly influences CE 

performance in Africa. 

By facilitating more effective resource use, streamlining production and consumption 

procedures, increasing supply chain visibility, and assisting in the development of new circular 

business models, digitalization promotes CE in Africa (Barteková & Börkey, 2022; Usman et al., 2024). 

In reality, digital technologies like blockchain apps, big data analytics, and smart manufacturing 

systems may assist African businesses in lowering waste, enhancing material traceability, and 

facilitating recycling and reuse. With negative scale estimates and a mostly nonsignificant coefficient 

of digitalization squared, the effect of digitalization on CE is almost linear over the measured range.  

This indicates that there are no obvious indications of nonlinearities or threshold effects, even if 

digitization is still having a favorable impact on CE. The stability and robustness of the results are 

once again confirmed by the MMQR results, which generally agree with the results of the POLS and 

DKSE estimators. In support of the prior theories, the conformance demonstrates that digitization 

continues to be the all-encompassing engine of CE in Africa. The empirical findings highlight how 

urgently African nations must increase their investments in digital infrastructure and include digital 

solutions into their CE and sustainability plans. 

Table 5. Results of MMQR estimation. 

Variables Location Scale Quantiles  

   Q = 0.25 Q = 0.50 Q = 0.75  

ln (Eco-

innovation) 

0.046*** 

(0.006) 
 -0.012*** (0.003) 

0.058*** 

(0.006) 
0.043*** (0.006) 

0.030*** 

(0.007) 
 

Economic 

complexity 

0.095*** 

(0.023) 
0.070*** (0.013) 

0.036 

(0.023) 
0.069*** (0.024) 

0.160*** 

(0.028) 
 

Digitalization 
0.448*** 

(0.047) 
 -0.025 (0.026) 

0.438*** 

(0.048) 
0.438*** (0.047) 

0.395*** 

(0.057) 
 

Constant 
 -0.094*** 

(0.033) 
0.118*** (0.018) 

 -0.197*** 

(0.034) 
 -0.187*** (0.034) 0.002 (0.041)  

ln (Eco-

innovation) 

0.044*** 

(0.007) 
 -0.011*** (0.004) 

0.050*** 

(0.006) 
0.042*** (0.007) 

0.033*** 

(0.008) 
 

Economic 

complexity 

0.095*** 

(0.025) 
0.062*** (0.015) 

0.041* 

(0.024) 
0.086*** (0.025) 

0.135*** 

(0.032) 
 

Digitalization 
0.3542* 

(0.190) 
0.231** (0.111) 

0.162 

(0.183) 
0.355* (0.188) 

0.515** 

(0.244) 
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Digitalization 

squared 
0.061 (0.162)  -0.222** (0.095) 

0.243 

(0.156) 
0.096 (0.160)  -0.136 (0.207)  

Constant  -0.075 (0.056) 0.038 (0.033) 
 -0.107** 

(0.054) 
 -0.080 (0.055)  -0.004 (0.072)  

The possible causal links between the circular economy (CE) and important developmental 

factors among African economies are captured by the Granger causality test findings from the 

Dumitrescu-Hurlin panel, which are shown in Table 6. The test findings show that eco-innovation 

and CE are causally related in both directions. However, the statistical evidence linking CE to eco-

innovation is becoming more and more strong, indicating that when African economies adopt 

circular concepts, creative solutions to lessen environmental damage and increase resource efficiency 

are produced. 

Additionally, the findings show a somewhat unidirectional causal relationship between CE and 

economic complexity. Accordingly, African nations with more intricate and knowledge-intensive 

industrial structures are marginally better suited to adopt circular economy practices. However, there 

was little evidence linking CE to economic complexity, suggesting that without more extensive 

industry and regulatory action, circularity alone might not increase structural variety. 

Most significantly, CE and digitalization have a strong, reciprocal, and extremely significant 

causal relationship. This emphasizes how crucial digital technologies are to hastening the transition 

to a circular economy in Africa. Digital tools like data-enabled waste management, e-commerce 

platforms, and smart monitoring technologies make it easier for businesses and governments to 

adopt and expand circularity. Alternatively, there is a self-reinforcing cycle of digital transformation 

and sustainable growth as the adoption of circular practices increases demand for digital solutions. 

These results demonstrate how digitization is a key component of CE plans across the continent and 

have important ramifications for policymakers who want to foster innovation-driven development 

and sustainable industrialization. 

Table 6. Dumitrescu-Hurlin causality test. 

Null Hypothesis Z-bar Prob. 

Eco-innovation does not Granger-cause CE 1.899* 0.058 

CE does not Granger-cause eco-innovation 3.192*** 0.001 

Economic complexity does not Granger-cause CE 1.924* 0.054 

CE does not Granger-cause economic complexity 1.401 0.161 

Digitalization does not Granger-cause CE 6.553*** 0.000 

CE does not Granger-cause digitalization 4.474*** 0.000 

***p < 0.01, *p < 0.1. 

6. Conclusions 

Though it is developing at a different rate throughout the continent, Africa offers enormous 

potential for the circular economy (CE). The research explored the role of eco-innovation, economic 

complexity, and digitalization in CE development in African economies between 2000 and 2024, 

driven by the need to address issues of pollution, resource scarcity, and sustainable development. 

The study offered solid proof of the determinants' pivotal significance by employing POLS, DKSE, 

and MMQR estimates in addition to the Dumitrescu-Hurlin panel causality test. According to the 

findings, digitalization, economic complexity, and eco-innovation are all essential for the 

development of CE, with digitalization having the most impact, followed by eco-innovation and 

economic complexity.  

Their impacts differ depending on the CE level of performance: digitalization has an equal 

impact on all CE levels, economic complexity has a bigger impact on comparatively more developed 

countries, and eco-innovation has a more noticeable impact on less CE-developed nations. 

Additionally, causality studies show that CE is independent of digitization and eco-innovation, but 

that there is a one-way link between CE and economic complexity. 
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These results have important policy ramifications for the development of CE in Africa. 

Interventions at the regional and national levels are essential due to the continent's diversity in terms 

of institutional competency, economic arrangements, and developmental stages. First and foremost, 

because of the significant impact of digitalization, less developed countries must prioritize digital 

infrastructure and literacy, connection, and SMEs' empowerment, whereas more established 

economies may concentrate on incorporating cutting-edge digital tools into already-existing 

industrial platforms.  

Second, the benefits of economic complexity highlight the necessity of human resources, 

industry diversity, and support for research and development. While less complex nations must 

develop their capacity for innovation and support value-added industries, more complex nations can 

benefit from cross-sectoral collaboration and knowledge spillovers. Third, there is a need to 

encourage eco-innovation through enabling technology transfer, green entrepreneurship, and public-

private partnerships, particularly in countries at earlier stages of CE adoption, while higher-

performing nations concentrate on emulating successful innovations and effective recycling systems. 

The study suggests strengthening the policy architecture in light of other CE-related initiatives 

in Africa by obtaining funding agreements that are suitable for structural capabilities and CE 

readiness, building peer-learning and regional networking platforms, facilitating national CE 

roadmaps that are in line with each country's institutional setup and resource environment, and 

fostering innovation clusters that are in line with local industrial competencies. 

Despite several shortcomings in the research. Three major CE drivers were covered, with space 

for future studies to examine other aspects including institutional quality, green financing, and 

regulatory frameworks. While ongoing study into consumer behavior, cultural factors, and the 

influence of multinational corporations may add depth to the dynamics of CE in Africa, industry-

level research may offer sector-specific patterns in CE adoption. Examining how Africa's CE 

transition fits into the larger global movement toward sustainability may also be possible through 

comparison with other growing economies. 

Data availability: The authors do not have permission to share data. 
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