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Abstract

The level of environmental vulnerabilities is elevated in Sub-Saharan Africa. This study adopted an African perspective to
evaluate the impact of capital market development on environmental sustainability, drawing on inclusive theoretical and
empirical constructs of the nexus between the two. Beyond carbon emissions as a proxy for environmental quality, the study
added proxies for natural resources and forest depletion to examine the relationship. The sample consisted of 10 countries,
and data were collected between 1993 and 2022. Econometrically, we applied panel-estimated generalized least squares,
cross-section seemingly unrelated regression with panel-corrected standard errors, dynamic ordinary least squares, and fully
modified ordinary least squares to investigate the static and dynamic relationships between the variables. Our observation
was that the impact of stock market development on environmental sustainability depends on the proxy used to measure
environmental sustainability. By and large, we observed that, on the one hand, stock market development significantly
increases carbon emissions and, on the other hand, reduces forest and natural resource depletion. This study recommends
that stock exchange regulators strictly enforce mandatory environmental impact disclosures and financial reporting
regulations to ensure compliance by listed firms. For instance, regulators should require listed extractive industry firms to
provide environmental accountability as part of their annual financial reporting, ensuring continuous compliance and ongoing
monitoring of their environmental impacts. The issuance of climate-backed financial securities, such as green and brown
bonds, is recommended to encourage firms to fund their green projects and to help firms with high emission rates transition
to environmentally sustainable production methods.
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1. Introduction

Environmental sustainability has become an urgent policy issue in Africa over the past few decades, given the myriad
environmental challenges and the attendant risks confronting the continent. Issues of biodiversity loss, susceptibility to extreme
climate events, water, land, and air pollution, and deforestation have been cited as the leading ecological risks bedeviling Africa
(Houfi and Farhat 2025). The severity and intensity of environmental problems have far-reaching socio-economic consequences
for the continent's citizens. For instance, it is projected that by 2030, health-related costs resulting from environmental extremes
will reach 4 billion US dollars in African and developing countries (Wreford and Topp, 2020). Adverse consequences of water
scarcity, extreme drought, coastal erosion, and flooding are entrenched across Africa (World Meteorological Organization,
2022). It has equally been reported that climate change-induced food insecurity exposed 278 million Africans to hunger in 2022
(Food and Agriculture Organization [FAQ] 2022). Environmental crises pose threats to citizens’ well-being, quality of life, and
livelihoods, especially in developing countries. Consequently, there is a need to address the mounting environmental threats,
and failure to implement mitigation policies to achieve a sustainable environment may have dire consequences for present and
future generations in Africa. The 2030 Agenda and Agenda 2063 encourage African nations to develop and implement practical
strategies and policies towards achieving environmental sustainability.

The question of how, and to what extent, stock market development (SMD) initiatives and policies can be leveraged to mitigate
environmental crises has not received adequate policy attention or conceptualization in Africa. However, the United Nations
Economic Commission for Africa (UNECA 2024) noted that a robust continental capital market is needed if Africa is to achieve
its sustainable development goals. UNECA (2024) argues that, given the fiscal, environmental, and political risks, Africa urgently
needs to scale up the development of its capital markets to enable economic growth and sustainable development. The current
literature suggests that capital markets in Africa are underdeveloped, fragmented, and poorly capitalized. For instance, data
from the World Bank's Global Financial Development (GFD) indicators show that Africa’s stock market capitalization (SMC) has
been less than 54% of its gross domestic product (GDP) from 2000 to 2022. The African continent has a limited number of capital
market institutions, with relatively few listed domestic corporations that can contribute meaningfully to sustainable socio-
economic development. Against this background, literature proposes some linkages between SMD and a sustainable
environment. Theoretically, it is argued, based on the Environmental Kuznets Curve (EKC) hypothesis (Kuznets 1955), that the
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beginning phase of SMD is associated with increased environmental degradation, since at the early stages of SMD, economic
growth is in infancy, and countries do not generally factor environmental quality into economic activities and decisions (Kuznets
1955). The mature stages of SMD correspond to reduced degradation, as well-capitalized stock markets make credit available to
corporations for investments in environmentally friendly production technologies and energy innovations (Paramati et al., 2018).
The EKC theory posits an inverted U-shaped relationship between SMD and environmental sustainability (ES). Additionally, the
business-consumption theory provides practical mechanisms through which the impact of SMD filters on the natural
environment is transmitted. Advocates of this theoretical orientation claim that developed capital markets supply cheap and
affordable long-term credit to listed businesses, which enable them to engage in research and development (R&D) in energy
innovations, thereby encouraging firms’ adoption of environmentally responsive manufacturing technologies and reduced
resource consumption (Shari et al. 2020; Ulucak et al. 2020; Ahmed et al. 2021b; Khan and Hou 2021a; Nyeadi 2022).

On the empirical literature front, some studies report that SMD promotes environmental sustainability by reducing carbon
dioxide (CO2) emissions (Paramati et al. 2018; Chang et al. 2020; Wen et al. 2020; Zhao et al. 2023), thereby confirming the
business-consumption theory. The second stream of empirical studies finds that SMD contributes to environmental degradation,
thereby reducing sustainability (Khan et al. 2020; Xu et al. 2022; Chiu and Zhang 2023). The contradictory empirical reports and
arguments suggest that the debate over the impact of SMD on ES remains inconclusive, underscoring the need for further
academic research to uncover new evidence. Aside from the inconsistent empirical outcomes, another important weakness in
the current literature is that most studies used carbon emissions as a proxy for ES. This study argues that measuring
environmental pollution solely by carbon emissions is inadequate, and the literature can be extended by using other proxies.
This study addresses the gap by combining carbon emissions and forest depletion to proxy ES. In the study, the static long-run
impact of SMD on ES is determined using panel-estimated generalized least squares (EGLS) cross-section seemingly unrelated
regression (SUR) with panel-corrected standard errors (PCSE). Dynamic analyses are built on the dynamic ordinary least squares
(DOLS) framework. Furthermore, we applied the fully modified ordinary least squares (FMOLS) for robustness. The study uses a
sample of 10 African countries. The data period is from 1993 to 2022. To a greater extent, data completeness influenced both
the sample size and the time period.

The study makes three major contributions to the literature. Firstly, the study emphasizes the multidimensional nature of
environmental sustainability and enhances its measurement by introducing variables for natural and forest resource depletion,
as well as CO2 emissions. In the context of SMD-environmental sustainability literature, prior research has yet to pair SMD with
forest depletions. What is currently known from the available studies is that ES is measured solely by carbon emissions. Second,
in terms of econometric methods, this study’s application of the panel EGLS cross-section SUR with PCSE in the context of the
SMD-environment nexus is innovative, as prior research mostly relied on first-generation, short-run static estimations and time-
series techniques (Nguyen et al., 2021; Nasir et al., 2021). The EGLS cross-section SUR with PCSE panel is efficient in controlling
for cross-sectional dependence, serial autocorrelation, and heteroskedasticity, which are commonly found in panel data sets
(Mance, Vilke, and Debelic 2020). Third, this study employs a single indicator (SMC) of SMD, in contrast to some prior research
(Chiu and Zhang 2023) that utilized a composite index. The statistical robustness of computing composite indices cannot be
guaranteed, as the computational processes have been questioned and criticized for being subject to discretion (Kacem et al.,
2019). Additionally, there has been no consensus among econometric researchers regarding the use of aggregate indices
(Makoni 2016). This study argues that variable aggregation oversimplifies a concept and produces misleading sector-specific
policy proposals.

The rest of the paper is organized as follows: Section 2 reviews the theoretical and empirical literature, while Section 3 presents
the data and methodology. Empirical results and discussion are given in Section 4, while Section 5 ends the paper by outlining
the conclusion and recommendations.

2. Literature review

2.1 Theoretical Framework

The mechanisms by which SMD enhances or devastates the natural environment are theoretically clarified by the business-
consumption hypothesis. Proponents of this theoretical channel argue that the development of the capital market facilitates
R&D undertakings by listed corporations, enabling them to adopt environmentally sustainable manufacturing techniques (Nyeadi
2022). The ability of stock market institutions to foster a sustainable environment is attributed to their provision of financial
resources to listed enterprises for R&D investments in renewable energy (Ahmed et al. 2021b; Khan and Hou 2021b). Some
scholars have argued that access to capital market funding is a primary factor in the corporate sector’s adoption of less energy-
intensive or scientifically improved manufacturing technologies (Shari et al. 2020; Ulucak et al. 2020). However, according to
Acheampong (2019), affordable credit from capital markets is a source of capital for corporations’ expansionary operations —
the procurement of new plant, machinery, and production equipment, which has the potential to increase firms’ usage of energy
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resources, potentially leading to negative environmental consequences. This line of argument seems to be supported by some
studies (Khan et al. 2020; Xu et al. 2022; Chiu and Zhang 2023), which contend that stock market’ credits' promote extractive
industry firms, especially oil and gas companies, and energy-powered enterprises to embark on intensive exploration and
productive operations, which end up degrading the ecological resources. Relatedly, Ridwan et al. (2024) lend credibility to the
EKC theory by arguing that the impact of capital markets on environmental degradation is channeled through growth in real
sector economic activities. The initial stages of economic growth, occasioned by production and manufacturing activities, are
associated with higher pollution and reduced environmental sustainability, as the EKC hypothesis predicts (Kuznets 1955).

2.2 Empirical Literature Review

Initially, one might think that stock market activities have no connection to the natural environment. However, some studies
have shed light on the transmission channels through which a country’s SMD and its natural environmental well-being are related
(Bai 2021; Ridwan et al. 2024). The impact of stock market activities on the environment is filtered through economic production:
stock markets provide financial resources for production and service operations and serve as a benchmark for measuring
economic well-being (Ridwan et al. 2024). Empirically, some studies provide econometric evidence suggesting that SMD
accelerates the development of a sustainable environment by mitigating the impacts of its CO, emissions (Paramati et al. 2017;
Chang et al. 2020; Wen et al. 2020; Zhao et al. 2023; Ali and Makoni, 2026). This is because liquid markets finance clean
technologies for eco-friendly production systems. On the contrary, a few studies report that SMD exacerbates environmental
degradation, thereby reducing sustainability (Khan et al. 2020; Xu et al. 2022; Chiu and Zhang 2023). This is because financing
for oil and gas exploration, a key driver of environmental degradation, is often sourced from markets.

The nexus between SMC and economic development with respect to carbon emissions was investigated in Nguyen, Huynh, and
Nasir (2021). Panel econometric modeling, such as the GMM, was adopted in the analysis. The key finding of the study was that
economic growth significantly and positively impacts carbon emissions, whilst SMC was reported to have a negative impact on
carbon emissions. However, the impact was reported as weak. In a related study, Nasir, Nguyen, and Le (2021) examined the
determinants of environmental pollution in Australia using time series econometrics. The study reported a bidirectional causality
between economic advancement and carbon emissions. Unlike Nguyen, Huynh, and Nasir (2021), who reported evidence for
the EKC hypothesis, Nasir, Nguyen, and Le (2021) did not arrive at the same conclusions.

The environmentally beneficial impact of stock market development is equally explained by its ability to spearhead the growth
of renewable energy supply, which helps reduce carbon emissions and improve environmental well-being (Alam et al. 2021).
Focusing on both developed and emerging market economies, a few studies (Parmati and Alam 2018; Habiba and Xinbang 2022;
Mundonde and Makoni 2025) show that stock market development induces a decline in carbon emissions in developed
economies relative to developing countries, whose capital markets are less capitalized. Ridwan et al. (2024) assessed the factors
affecting the sustainability of the USA environment from 1990 to 2022 using the ARDL statistical bounds testing procedure.
Empirical evidence shows that financial market activities negatively impact the environment whilst positively impacting industrial
development. Furthermore, Adow (2024) examined the environmental sustainability impacts of Saudi Arabia’s stock market
development, using data from 1995 to 2022. The study concluded that stock market development facilitates sustainable
environmental outcomes.

Having shown that none of the studies reviewed have proxied ES using forest resource depletion, a gap this study seeks to
contribute to the literature, the succeeding section alludes to the methodological terms underpinning the study.

3. Methodology
3.1 Data, variables, and sample

The dependent variables in the study are carbon dioxide (CO2) emissions, natural resource depletion (NRD), and forest resource
depletion (FRD). Natural resources and forest depletion are incorporated into the study because they directly capture changes
in the continent's stock of natural capital. Forests and natural resources provide critical ecosystem services, including biodiversity
conservation, climate regulation, carbon sequestration, and resource provisioning. Our focal independent variable is SMD,
measured by SMC. Although we used stock market capitalization as an indicator of stock market development, it should be noted
that the indicator primarily reflects the size of the equity market rather than its liquidity, efficiency, inclusiveness, or quality of
financial intermediation. Four control variables, comprising urban population growth (UPG), economic growth (GDPGR), trade
openness (TO), renewable energy consumption (REC), and global financial crisis (GFC), were included (Dietz & Rosa, 1994). Data
for each of these variables (except GFC) were obtained from the World Bank’s World Development Indicators (WDI) for the
period 1993-2022 (30 years, inclusive) across 10 selected African countries, yielding approximately 300 country-year panel
observations in an unbalanced panel structure. The sampled countries include Egypt, Ghana, Kenya, Mauritius, Morocco, and
Nigeria. The remaining are Namibia, South Africa, Tanzania, and Zambia. Given that not all African countries have stock
exchanges, we selected our sample countries based on the availability of the necessary data for our purposes. The sample period
is from 1993 to 2022, as the emergence of stock trading activities in Africa from 1993 (except for South Africa, whose stock
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market began in 1975) resulted in data availability only for the selected countries from this period. The variables are defined in

Table 1.

Variable Type Indicator Unit of Measurement Expected sign Source

Outcome variable: CO2 emissions Yearly CO2 emissions (metric tons, scaled by N/A WDI

Environmental GDP)

sustainability Natural resources | Total natural resources rents (excluding N/A WDI
depletion (NRD) forest rents) from oil, natural gas, coal, and

minerals (% of GDP)
Forest resources | Total annual forest rents as a product of total N/A WDI
depletion (FRD) roundwood harvested, market price, and
rental charges (% of GDP)

Independent variable Stock market | Annual capital market capitalization of +/- WDI
capitalization (SMC) domestic firms as a percentage of GDP

Controls variables Growth of urban | Growth of urban population (% of total +/- WDI
population (UPG) national population)
Economic growth | Economic growth (annual % growth +/- WDI
(GDPGR)
Trade openness (TO) Trade scaled by GDP +/- WDI
Renewable energy | Renewable energy consumption as % of total - WDI
consumption (REC) energy used
Global financial crisis | A dummy variable having O for the pre-GFC +/- Authors
(GFC) period and 1 for the post-GFC period

Source: Authors’ work (2025) using the World Bank’s WDI database
Table 1: Variables and their measurements
3.2 Econometric Model Specification

We follow Adeleye et al. (2023) in setting up our empirical models to examine the static long-run impact of SMD on
environmental sustainability, assuming a linear relationship among the variables.

ES = f(SMC,UPG,GDPGR,TO,REC,GFC) (D

Transforming the linear functional notation model (1) into a logarithmic structure and inserting representative proxies for the
dependent variable, we obtain the following estimable empirical models 2 to 4.

LnCOzit = ,80 + ﬂanSMCit + ,BanUPGit + ,83LnGDPGRit + B4—LnT0it + ﬁSLTlRECit + ﬁﬁGFCit + Eit (2)
LnNRD;, = By + BiLnSMCy, + BoLnUPGy, + BsLnGDPGR;, + BoLnTO; + BsLnREC, + BeGFCy + &1 (3)
LnFRDl-t = ﬁg + ﬁanSMCit + ﬁanUPGit + B3L7’lGDPGRit + ﬂ4LnT0it + ﬁSLTlRECit + ﬁﬁGFCit + Eit (4)

From these models, CO2 represents carbon dioxide emissions, NRD denotes natural resource depletion, and FRD denotes forest
resource depletion. SMC is the stock market capitalization, used as a surrogate for SMD. UPG is urban population growth, GDPGR
is gross domestic product used as a proxy for economic growth, TO is trade openness, REC is renewable energy consumption,
and GFC is the 2008 global financial crisis. B; to B¢ These are the parameters whose values we want to estimate.

To analyze the dynamic long-run relationships among our variables, we adopt a dynamic (DOLS) model used by Nguyen et al.
(2021).

a
Yie = Bl Xy + Z 6;jAX; ey + Vi Dy + & (5)
==

The g in model (5) symbolizes the number of lags and leads embedded in the model.
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For robustness, we applied the fully modified OLS (FMOLS) estimator to assess the statistical validity of the DOLS results.
The FMOLS results were obtained by estimating the following model.

V= (=)= (22) 0, + (222) poxe - 5) - (6)

Both DOLS and FMOLS estimators can control for autocorrelation in long-period panels.
The DOLS system uses lags and leads to correct for autocorrelation, whereas FMOLS uses the Newey-West process to account
for residual serial autocorrelation.

3.3 Econometric Estimation Strategies
3.3.1 Cross-Sectional Dependence Testing

Applying standard panel econometric estimation procedures, we initiate data estimation in the software by first checking for
cross-sectional dependence (CD) in our dataset, which enables us to determine the appropriate panel unit root method to
implement (Nguyen et al. 2021; Adeleye et al. 2023).

It is also meant to avoid unreliable regression estimates and inferences (Pesaran 2004). We implement the Pesaran (2004, 2007)
CD test, which applies to both small and large panels (Adeleye et al., 2023), by estimating the model configuration used by
Nguyen et al. (2021).

p—-1
AV = m¥eq +vi6i + z 0 Yie—j tee (7

=

Where §;; defines the deterministic part and Z?;ll 0;j Y; - being the Augmented Dickey-Fuller (ADF) test, while &;; represents

the cross-sectional error term, which comprises the errors of individual units and the system’s white noise. Therefore,

& = Wie +60if; )
We substitute (8) into (7) to obtain model (9).

p—-1

AV, = mY g + V6 + Z 0ij Vie—j+ e +6:ft (9)
Jj=1

The hypotheses underpinning Pesaran’s (2004, 2007) CD state as follows: Ho: 8; # 0 and H1 = 0. The Ho may be rejected at 1% or
5% statistical level (Adeleye et al. 2023).

3.3.2 Panel Unit Root Testing

After ascertaining the prevalence of CD in our sample countries, the next step was to conduct a stationarity assessment of the
panel data to avoid spurious regression estimates.

We applied Bai and Ng's (2004) second-generation test to evaluate the presence of a unit root in our data, and we estimated a
model of the general format:

Yie = ¢+ vie + AF + 1 (10)

This approach decomposes the panel structure into three sub-structures: common factors (F;), factor weightings (4;) and
idiosyncratic error term (t;;).

The process, as described by Bai and Ng (2004), controls for cross-sectional dependence by modeling the common factors and
idiosyncratic elements to provide unit root information, under the null hypothesis that all units in the panel contain a unit root.
The final part of the estimation process pertains to establishing the long-run cointegration properties of the panel data.
Motivated by Nguyen et al. (2021), we relied on the data's stationarity to ascertain long-run relationships among the variables.
The presence of first-order cointegration (I(1)) at the 1% level suggests that the variables are appropriate for a dynamic panel
investigation (Nguyen et al. 2021).
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4 Empirical regression results and discussion of findings
4.1 Preliminary Diagnostic Analysis

We begin by presenting preliminary statistical estimates, including descriptive statistics, correlations, variance inflation factors
(VIFs), cross-section dependence, and panel unit root tests. The descriptive statistics are based on the raw data, and the results
are reported in Table 2.

For brevity, we limit the interpretation to the study's core variables (CO2, NRD, FRD, and SMC). The results show that SMC for
the sampled African countries averaged approximately 48.785% of GDP over the period, with a deviation of 68.239%. CO2’s mean
score stood at 81.124 metric tons, ranging from 1.44 metric tons to 487.908 metric tons, with a deviation of 127.191 metric
tons. The average for NRD was 6.335% of GDP, with a deviation of 5.957%, ranging from a maximum value of 35.264% to a

minimum of 0.002%. FRD possesses a mean of 2.185% of GDP and a standard deviation of 2.955%.

Variable Obs. Mean Median Max. Min. Std. Dev. VIF 1/VIF
SMC 218 48.78 20.75 322.71 0.00 68.23 1.17 0.85
COa 300 81.10 20.05 487.90 1.42 127.19 N/A -
NRD 290 6.33 4.61 35.26 0.00 5.95 N/A -
FRD 290 2.18 0.61 13.89 0.00 2.95 N/A -
UPG 300 46.09 43.06 70.21 17.64 12.76 1.65 0.60
GDPGR 300 3.86 4.10 15.32 -14.54 3.22 1.03 0.96
TO 269 73.07 70.11 130.44 27.23 24.83 1.14 0.87
REC 290 40.34 30.30 90.70 4.90 31.51 1.64 0.60
GFC 290 0.48 0.00 1.00 0.00 0.50 N/A -
LnCO2 LnNRD LnFRD LhSMC LnUPG LnGDP LnTO LnREC GFC
LnCO2 1.00
LnNRD 0.02 1.00
LnFRD -0.28%** 0.67%** 1.00
LnSMC 0.45%** -0.08 -0.22*** | 1.00
LnUPG 0.39%** -0.03 -0.33*** | 0.38%** 1.00
LnGDP -0.13** 0.24%** 0.15** -0.18%** -0.13** 1.00
LnTO -0.48%** | -0.19*** -0.05 -0.21%** 0.10* 0.00 1.00
LnREC -0.45%** | 0.44%** 0.23%** -0.34%** -0.63*** 0.15** -0.07 1.00
GFC 0.10 0.06 -0.11* 0.14%** 0.22%** -0.14%** -0.00 -0.12%* 1,00

Notes: ***; ** and * indicates significance at 1%, 5% and 10% respectively

Table 2: Summary statistics, correlation estimates, and VIF

The results from Table 2 further reveal the absence of multicollinearity among the variables, as none of the VIF values exceed 5,
and the correlation coefficients are relatively low and moderate.

The highest correlation coefficient is observed between NRD and FRD (r = 0.670, p < 0.01), followed by that of REC and UPG (r =
-0.631, p > 0.1). TO and GDP exhibit the lowest correlation coefficient (r = -0.0086).

4.2 Cross-sectional Dependence and Panel Stationarity Testing

To determine the presence of cross-sectional dependence among our sample countries, we conducted four CD tests, including
the Pesaran (2007) test, and reported the results in Table 3A. The null hypothesis being tested is that the units are cross-
sectionally independent, whereas the alternative hypothesis is that they are cross-sectionally dependent.

The results of the four tests provide evidence to reject the null hypothesis and support the alternative hypothesis, as the
corresponding p-values are less than 0.05.

We therefore conclude that our sample countries are cross-sectionally dependent.

Consequently, we apply the Bai and Ng (2004) second-generation panel stationarity test to assess the level of unit root in our
sample variables. The results in Table 3B confirm that our variables are integrated of order one | (1). This result indicates that
the variables converge at a long-run equilibrium position.

This means we can perform long-run dynamic analysis using the variables, consistent with Nguyen et al. (2021), who concluded
that establishing stationarity in first differences suggests the variables are suitable for dynamic analysis.

-67 -

RISK MANAGEMENT MAGAZINE — Volume 21, Issue 2



Breusch-Pagan Pesaran scaled .
. Pesaran CD test Bias-corrected scaled LM
Variable LM LM

Test Stat. Test Stat. Test Stat. Test Stat.
LnCO: 4283.42%** 130.47*** 65.44%** 128.80***
LnNRD 3598.71*** 112.04%** 59.92%** 110.43%**
LnFRD 3811.36%** 119.50*** 61.71%** 117.89%**
LnSMC 2625.49%** 74.26*** 50.07*** 72.59***
LnUPG 3942.41*** 118.91*** 62.68%** 117.24%**
LnGDPGR 545.91*** 3.76%** 7.33%%* 2.09%**
LnTO 2560.41%** 72.05%** 49.90*** 70.18***
LnREC 3999.95%** 120.86%** 56.82%** 119.19%**

Table 3A: Panel cross-sectional dependence test results
Intercept and Order of
Constant . .
trend integration

LnCO: 0.22 -2.76%* (1)
LnNRD 3.23%** 1.41 I (0)
LnFRD -2.46%** -2.54%** (1)
LnSMC S4.21¥** -6.57*** 1(1)
LnUPG -3.84%%* -4 46*** 1(1)
LnGDPGR -2.44%* -4 21 %** (1)
LnTO -3.33%** -3.41%** (1)
LnREC -0.23 -4.32%%* 1(1)

Source: Notes: *** for p <0.01; and ** for p <0.05

4.3 Empirical Results and Discussion

Table 3B - Bai and Ng- Panic test

4.3.1 Static Long-run Impact of SMD on Environmental Sustainability

Conscious of the existence of cross-sectional dependence among our sample countries, following Adeleye et al. (2023), we
estimated our three models with CO2 emissions (model 1), NRD (model 2), and FRD (model 3) as dependent variables to test the
impact of SMD on these three measures of environmental sustainability.

Findings from EGLS are presented in Table 4.

Evidence is provided that carbon emissions positively respond to SMC activities, whilst the influence of SMC activities on NRD
and FRD is significant and negative.

This study’s findings conflict with some prior studies (Habiba and Xinbang 2022; Zhao et al. 2023; Ridwan et al. 2024; Adow
2024), which report that SMD negatively affects carbon emissions and, therefore, underpines environmental sustainability.

The researcher posited that only through liquid, well-developed capital markets can economies adopt and finance
environmentally friendly technologies and production systems.

Our finding, however, supports some studies (Khan et al. 2020; Xu et al. 2022; Chiu and Zhang 2023), which posit that SMD
engenders environmental degradation and thus reduces sustainability, highlighting that credits from capital markets propel
environmental pollution by oil and gas companies as well as emboldening energy-intensive and extractive industries to undertake
environmentally unwholesome practices.

Contrastingly, the NRD and FRD models provide evidence that in Africa, SMD contributes to reversing the depletion of natural
resources and forest resources.

This finding suggests that policymakers must create institutional mechanisms to encourage listed companies to incorporate
environmental issues into their operational strategies.

Regarding control variables, evidence shows that UPG negatively and significantly affects ES, regardless of the ES proxy used. A
1% increase in the urban population in Africa is associated with approximately a 2% increase in carbon emissions.In the same
light, a 1% increase in UPG depletes natural resources by approximately 3%.
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Model Model 1: DV = LnCO> Model 2: DV = LnNRD Model 3: DV = LnFRD
Variable Coefficient Std. Error Coefficient Std. Error Coefficient Std. Error
C 11.43 0.88 2.32 1.86 -1.16 1.53
LNSMC 0.16*** 0.03 -0.33%*** 0.07 -0.23%** 0.04
LNUPG 2.06%** 0.17 3.72%%* 0.39 3.17%** 0.31
LNGDPGR -0.16** 0.06 -0.13 0.11 -0.22%** 0.09
LNTO -3.46%** 0.13 -4.66%** 0.27 -4 1 T7*** 0.23
LNREC -0.59%** 0.07 1.60%** 0.17 2.32%*x* 0.12
GFC -0.03 0.11 0.65** 0.26 -0.07 0.18

Source: Authors’ estimations from EViews 12, 2025. Notes: *** for p < 0.01; and ** for p <0.05
Table 4: Panel EGLS cross-section SUR with PCSE results

More so, according to models 1 and 3, there is a statistically significant inverse relationship between the proxy for ES and GDPGR.
Similarly, TO makes a positive contribution towards ES at 1% level of significance. Evidence shows that carbon emissions, natural
resource depletion, and forest resource depletion decline significantly as Africa opens trade with the rest of the world. Moreover,
the study's evidence supports the view that increased renewable energy use reduces carbon emissions. On the other hand, we
observe that in Africa, REC results in the depletion of forests and renewable resources at 1% level of significance. Lastly, our
study did not observe a significant effect of the GFC on carbon emissions and forest resources depletion. This is not the case
with regard to the depletion of natural resources. The GFC contributed to the depletion of natural resources.

4.3.2 Dynamic Long-run Impact of Stock Market Development on Sustainable Environment

Table 5 presents the results of the DOLS estimator. The estimator was applied to examine the influence of SMD on the three ES
proxies, namely CO2 emissions, NRD, and FRD. The CO2 model provides evidence that at the 1% level, SMC exacerbates ES in
the African region, especially through the carbon-emission channel in the long run. This situation can be attributed to the
corporate effect theoretical conceptualization, which asserts that stock markets provide capital for firms to pollute the
environment through investments in oil and gas exploration and energy-intensive industries (Khan et al. 2020). However, when
the ES is proxied by NRD and FRD, the findings are that SMD development contributes to environmental quality. The levels of
natural resources and forest depletion tend to decline as SMC develops, and the effect is significant at the 1% level.

Model Model 1: DV = COz Model 2: DV = NRD Model 3: DV = FRD
Variable Coefficient Std. Error Coefficient Std. Error Coefficient Std. Error
LNSMC 0.18%** 0.03 -0.37*** 0.08 -0.19*** 0.05
LNUPG 1.87*** 0.15 3.26%** 0.42 2.50%** 0.28
LNGDPGR -0.29*** 0.06 -0.41** 0.16 -0.471%** 0.11
LNTO -3.16*** 0.11 -4,01*** 0.32 -3.38*** 0.21
LNREC -0.68*** 0.05 1.16%** 0.15 2.22%** 0.10

Notes: *** for p < 0.01; and ** for p < 0.05

Table 5: Panel DOLS estimation results

Furthermore, irrespective of the proxy for ES used, the growth in the urban population is detrimental to ES in the African region.
Across the three models, the coefficients are significant at the 1% level and positive. On the other hand, these models show that
economic growth enhances environmental quality by reducing carbon emissions and forest depletion. The same effect is
observed with regard to TO. The evidence suggests that as African countries are opened to trade with other countries, the quality
of ES tends to improve. The effect is observed at 5% level of significance. Furthermore, the study concluded that REC at the 1%
level contributes to long-term pollution abatement in Africa. However, when natural resources and forest depletions are
considered, REC has a depleting effect and hence contributes to environmental degradation. This potentially counterintuitive
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finding may be explained from the standpoint that large-scale renewable energy projects such as hydropower dams, solar, and
wind farms may require significant natural resource extraction during construction.

4.3.3 Robustness Analysis of SMD’s Impact on Environmental Sustainability

Table 5 presents the robustness checks. It can be observed that the FMOLS and DOLS findings are, to a large extent, similar in
terms of statistical significance and the direction of the explanatory variables' impact on the dependent variable. This confirms
the robustness and the reliability of the estimations underpining the study.

Model CO2 model NRD model FRD model
Variable Coefficient SE Coefficient SE Coefficient SE
LnSMC 0.11%* 0.04 -0.21** 0.11 -0.18** 0.07
LnUPG 1.79%** 0.20 4.19*** 0.50 3.03*** 0.33
LnGDP -0.22%** 0.08 -0.55%** 0.19 -0.43%** 0.13
LnTO -2.92%x* 0.18 -3.54%** 0.45 -2.81%x* 0.30
LnREC -0.70%** 0.09 1.93%** 0.22 2.56%** 0.14

Notes: *** for p < 0.01; and ** for p < 0.05

Table 6: FMOLS robustness results

5 Conclusions

Africa faces mounting environmental vulnerabilities, while its capital markets are said to be underdeveloped, with limited trading
volumes, fewer listed firms, and undercapitalization. This study examined the static and dynamic impact of SMD on ES. This study
was motivated by three main reasons. First, we observe that leveraging SMD policies as environmental risk mitigation measures
has received inadequate policy attention and conceptualization. Second, both the theoretical and empirical literatures are
inconclusive about the precise role of SMD in achieving environmental sustainability; therefore, we deem it imperative to
conduct this study to document new evidence from an African perspective. Third, and most importantly, the extant literature
primarily measures environmental sustainability using CO2 emissions, as if environmental pollution were limited to air pollution
or atmospheric degradation. We address this measurement deficiency by using natural resource depletion and CO2 emissions,
along with other indicators, to proxy for environmental sustainability and account for the multidimensionality of the concept.
This study collected quantitative data from 10 countries between 1993 and 2022 and applied panel-estimated generalized least
squares (EGLS) cross-section SUR with PCSE, DOLS, and FMOLS to investigate the static and dynamic impacts of SMD on
environmental sustainability. We find that the impact of SMD on ES depends on how the ES is measured. Specifically, while SMD
has a positive and significant impact on CO2 emissions, it has a significantly negative impact on NRD and FRD. These findings
imply that, whereas capital market activities contribute to environmental sustainability by reducing depletion of natural and
forest resources, they also drive environmental pollution by increasing carbon emissions.

The policy implications of the study incline towards effective financial market regulation to curb negative environmental
externalities. The observation that SMD engenders carbon emissions does not suggest that development initiatives in the capital
markets should be discontinued. Rather, the findings highlight the importance of continuous development of capital markets
and the need for policy interventions and regulatory controls to reduce carbon emissions. Similarly, the finding that SMD
contributes to reducing natural and forest resource depletion implies that policies are required to consolidate. Overall, the
differential impacts of SMD on environmental sustainability imply the need for targeted mitigation policies to address
environmental emissions and consolidation policies to address natural resource and forest depletion. Thus, policies should not
be generic or uniform across different sectors.

Limitations and direction for future research

As every study has limitations, ours is no exception. In terms of scope and sample, this study focused on only 10 African countries
from 1993 to 2022, while many individual countries and regional stock exchanges were excluded due to data constraints. The
unbalanced nature of the panel implies that results should be interpreted in light of data availability limitations. Potential studies
may consider expanding the time scope and sample when data becomes available. Furthermore, we measured stock market
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development using only stock market capitalization largely on the grounds of data completeness and availability. SMC may fail
to capture important aspects of liquidity, efficiency, inclusiveness, or overall quality of financial intermediation. Future research
may utilize other indicators, such as stock value traded, the number of listed firms, and stock volume traded, to measure stock
market development when data are available. Finally, we observe that declining natural resources and forest rents may not
necessarily mirror minimal environmental degradation. Rather, factors such as price fluctuations may be at play. Future
researchers may use quarterly data if available. Future research can further explore the effect of the GFC on the relationship
under consideration. Future research can generate composite indices of the measures of ES and compare the findings to those
of our study.
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  𝐱 ↦ | 𝜙 ( 𝐱 ) ⟩ =   U  𝜙 ( 𝐱 ) | 0 ⟩


    U  𝜙 ( 𝐱 ) | 0 ⟩


  𝐱


  | 0 ⟩


  ℋ


    k  Q (   x  i ,   x  j ) = | ⟨ 𝜙 (   𝐱  i ) | 𝜙 (   𝐱  j ) ⟩  | 2


  ℋ


    k  Q (   𝐱  i ,   𝐱  j ) = ⟨ 𝜙 (   𝐱  i ) | 𝜙 (   𝐱  j ) ⟩


    𝛼  i


  | 𝜙 ( 𝐱 ) ⟩


    k  Q (   𝐱  i ,   𝐱  j )


  ℋ


    𝐦 𝐢 𝐧  𝐰 , 𝝃  1 2 ‖ 𝐰  ‖ 2 + C   ∑  i = 1  N    𝜉  i s.t.    y  i ( ⟨ 𝐰 ,   𝜙  Q (   𝐱  i ) + b ⟩ ) ≥ 1 −   𝜉  i ;   𝜉  i ≥ 0 , ∀ i = 1 , … , N


    𝜙  Q (   𝐱  i ) =  | 𝜙  (   𝐱  i ) ⟩


  i


  ⟨ 𝐰 ,   𝜙  Q (   𝐱  i ) ⟩


  ℋ


  𝐰


  ℋ


  𝐰 =   ∑  j = 1  N    𝛽  j | 𝜙 (   𝐱  j ) ⟩


    𝛽  j ∈ ℝ


  ℋ


  𝐰


  𝐰


  ‖ 𝐰  ‖ 2 = ⟨ 𝐰 , 𝐰 ⟩ =   ∑  i = 1  N    ∑  i = 1  N    𝛽  j   𝛽  k ⟨ 𝜙 (   𝐱  j ) | 𝜙 (   𝐱  k ) ⟩


  ⟨ 𝐰 ,   𝜙  Q (   𝐱  i ) ⟩ =   ∑  j = 1  N    𝛽  j ⟨ 𝜙 (   𝐱  j ) | 𝜙 (   𝐱  i ) ⟩


   (   𝐰 ∗ ,   𝐛 ∗ )


  𝐱


  f ( 𝐱 ) = ⟨   𝐰 ∗ ,   𝜙  Q ( 𝐱 ) ⟩ +   𝐛 ∗


    𝐰 ∗


  f ( 𝐱 ) =   ∑  j = 1  N    𝛽  j ∗ ⟨ 𝜙 (   𝐱  j ) | 𝜙 ( 𝐱 ) ⟩ +   𝐛 ∗


  ⟨ 𝜙 (   𝐱  j ) | 𝜙 ( 𝐱 ) ⟩


  L ( 𝐰 , b , 𝝃 , 𝜶 , 𝝁 ) =  1 2 ‖ 𝐰  ‖ 2 + C   ∑  i = 1  N    𝜉  i −   ∑  i = 1  N    𝛼  i [   y  i ( ⟨ 𝐰 ,   𝜙  Q (   𝐱  i ) ⟩ + b ) − 1 +   𝜉  i ] −   ∑  i = 1  N    𝜇  i   𝜉  i


    𝜕 L  𝜕 𝐰 = 𝐰 −   ∑  i = 1  N    𝛼  i   y  i   𝜙  Q (   𝐱  i ) = 0 ⇒   𝐰 ∗ =   ∑  i = 1  N    𝛼  i ∗   y  i   𝜙  Q (   𝐱  i )


    𝜕 L  𝜕 b = −   ∑  i = 1  N    𝛼  i   y  i = 0 ⇒   ∑  i = 1  N    𝛼  i ∗   y  i = 0


    𝜕 L  𝜕   𝜉  i = C −   𝛼  i −   𝜇  i = 0 ⇒   𝛼  i ∗ ≤ C ,   𝜇  i ∗ = C −   𝛼  i ∗


    𝐦 𝐚 𝐱  𝜶   ∑  i = 1  N    𝛼  i −  1 2   ∑  i = 1  N    ∑  j = 1  N    𝛼  i   𝛼  j   y  i   y  j   k  Q  (   𝐱  i ,   𝐱  j )  s.t.  0 ≤   𝛼  i ≤ C ,   ∑  i = 1  N    𝛼  i   y  i = 0 ;


    k  Q (   𝐱  i ,   𝐱  j )


  | 𝜙 (   𝐱  i ) ⟩


    U  𝜙 † (   𝐱  j )


  | 0 ⟩


  | ⟨ 𝜙 (   𝐱  i ) | 𝜙 (   𝐱  j ) ⟩  | 2


  | 𝜙 (   𝐱  i ) ⟩


  | 𝜙 (   𝐱  j ) ⟩


    K  Q


    𝛼  i


    𝜕 L  𝜕   𝛼  k = 1 −   ∑  j = 1  N    𝛼  j   y  j   y  k   k  Q (   𝐱  j ,   𝐱  k )


    𝛼  i


    𝛼  i ∗


  0 <   𝛼  i ∗ < C


    𝐱  S


    y  s  (   ∑  i = 1  N    𝛼  i ∗   y  i   k  Q (   𝐱  i ,   𝐱  s ) +   b ∗ ) = 1


    b ∗ :     b ∗ =   y  s −   ∑  i = 1  N    𝛼  i ∗   y  i   k  Q (   𝐱  i ,   𝐱  s )


    b ∗ =  1   | S |   ∑  s ∈ S [   y  s −   ∑  i = 1  N    𝛼  i ∗   y  i   k  Q (   𝐱  i ,   𝐱  s ) ]


  𝐱


  f ( 𝐱 ) =   ∑  i = 1  N    𝛼  i ∗   y  i   k  Q (   𝐱  i , 𝐱 ) +   b ∗


  ℋ


    𝐦 𝐢 𝐧  𝐰 , 𝝃 ,   𝝃 ∗  1 2  ‖ 𝐰  ‖ 2 + C   ∑  i = 1  N (   𝜉  i +   𝜉  i ∗ )


    y  i −  (  ⟨ 𝐰 ,   𝜙  Q  (   𝐱  i ) ⟩ + b ) ≤ 𝜀 +   𝜉  i


   (  ⟨ 𝐰 ,   𝜙  Q  (   𝐱  i ) ⟩ + b ) −   y  i ≤ 𝜀 +   𝜉  i ∗


    𝜉  i ≥ 0  


    𝜉  i ∗ ≥ 0 .


  𝐰


  ℋ


  b


    𝜉  i


    𝜉  i ∗


  C


    𝜙  Q (   𝐱  i ) = | 𝜙 (   𝐱  i ) ⟩


  i


  𝐰


   (   𝐰 ∗ ,   𝐛 ∗ )


  f ( 𝐱 ) = ⟨   𝐰 ∗ ,   𝜙  Q ( 𝐱 ) ⟩ +   b ∗


    𝐰 ∗


  f ( 𝐱 ) =   ∑  j = 1  N    𝛽  j ∗ ⟨ 𝜙 (   𝐱  j ) | 𝜙 ( 𝐱 ) ⟩ +   b ∗


  ⟨ 𝜙 (   𝐱  j ) | 𝜙 ( 𝐱 ) ⟩


  ℋ


  ℋ


    𝐦 𝐢 𝐧  𝜶 ,   𝜶 ∗  1 2   ∑  i = 1  N    ∑  j = 1  N    ( 𝛼  i −   𝛼  i ∗ ) (   𝛼  j −   𝛼  j ∗ )   k  Q (   𝐱  i ,   𝐱  j ) + 𝜀   ∑  i = 1  N (   𝛼  i +   𝛼  i ∗ ) −   ∑  i = 1  N    y  i (   𝛼  i −   𝛼  i ∗ )


    ∑  i = 1  N    ∑  j = 1  N    ( 𝛼  i −   𝛼  i ∗ ) (   𝛼  j −   𝛼  j ∗ )   k  Q (   𝐱  i ,   𝐱  j )


  𝜀   ∑  i = 1  N (   𝛼  i +   𝛼  i ∗ )


  𝜀


  −   ∑  i = 1  N    y  i (   𝛼  i −   𝛼  i ∗ )


    y  i


    ∑  i = 1  N (   𝛼  i −   𝛼  i ∗ ) = 0


   {    0 ≤   𝛼  i ≤ C , ∀ i   0 ≤   𝛼  i ∗ ≤ C , ∀ i


  i


  j


    ( 𝛼  i ,   𝛼  i ∗ )


  f ( 𝐱 ) =   ∑  i = 1  N (   𝛼  i  −   𝛼  i ∗ )   k  Q (   𝐱  i , 𝐱 ) +   b ∗


    b ∗


    𝛼  i  > 0 ,     𝛼  i ∗ < C


    b ∗ =   y  s − 𝜀 ⋅ s i g n (   𝛼  s  −   𝛼  s ∗ ) −   ∑  i = 1  N (   𝛼  i  −   𝛼  i ∗ )   k  Q (   𝐱  i ,   𝐱  s )


    b ∗ =  1   | S |   ∑  s ∈ S [   y  s − 𝜀 ⋅ s i g n (   𝛼  s  −   𝛼  s ∗ ) −   ∑  i = 1  N (   𝛼  i  −   𝛼  i ∗ )   k  Q (   𝐱  i ,   𝐱  s ) ]


  S


  Z = 1 . 2   W C  T A + 1 . 4   R E  T A + 3 . 3   E B I T  T A + 0 . 6   M E  T L + 1 . 0   S  T A


  ε


  ε


  C ∈ { 0 . 1 , 1 , 10 , 25 , 50 , 100 }


  ε ∈ { 0 . 05 , 0 . 1 , 0 . 5 }


  [ 1 , 10000 ]


  G R


  G a p R a t i o =     RMSE  out −   RMSE  in    RMSE  out × 100


  RMSE


    RMSE  out


    RMSE  out


  G a p R a t i o


    RMSE  out


  C = 10


  𝜀 = 0 . 1


  RMSE


  C = 10


  C = 10


  𝜀 = 0 . 1


  RMSE


  RMSE


    RMSE  out


    RMSE  out = 2 . 616


  GR=3.9%


  GR=7.6%


  C = 10


  𝜀 = 0 . 1


  RMSE


  Z


  ZZ


  ZZ


  𝜙 ( S , x )


   {      x  i  if  S =  { i }         ( 𝜋 −   x  i ) ( 𝜋 −   x  j )  if  S = { i , j }


  S = { i }


  Z


  S = { i , j }


  ZZ


  d


  | 0 ⟩


  Z


  ZZ


  Z


  ZZ


   (   x  i ,   x  j )


    x  i   x  j


  r e p s ∈ { 1 , 2 }


  r e p s


  x


  U ( x )


  | 𝜓 ( x ) ⟩ = U ( x ) | 0 ⟩


  K ( x , z ) = F ( x , z ) = | ⟨ 𝜓 ( x ) | 𝜓 ( z ) ⟩  | 2


  x


  z


  ⟨ 𝜓 ( x ) | 𝜓 ( z ) ⟩ =   ∑  i = 0   2  n − 1    𝜓  i ( x  ) ∗ 𝜓 ( z )


  r e p s = 1


  r e p s = 2


  C = 10


  𝜀 = 0 . 1


  Default =  {    1 ⟹ if the firm defaults   0 ⟹ otherwise                


  Balance Ratio =   # Default  # No Default


  C ∈ ( 0 . 1 , 1 , 10 , 25 )


  𝛾 ∈ ( 0 . 001 , 0 . 01 , 0 . 1 , 1 )


  𝛾


    T N + T P  T N + F P + F N + T P


  T P


  T N


  F P


  F N


  AccuracyGap =   Accuracy  I S −   Accuracy  O O S


  AccuracyGapRatio =  (   AccuracyGap    Accuracy  I S ) × 100


  C


  𝛾


  A c   c  I N


  A c   c  O U T


  A c   c  g a p


  A c   c  g a p   R a t i o


  C = 0 . 1


  𝛾 = 0 . 1


  A v g   A c   c  o u t


  0 . 9385 ± 0 . 0009


  M i n   A c   c  o u t


  0 . 9363


  M a x   A c   c  o u t


  0 . 9410


  A v g   A c   c  g a p


  0 . 0021 ± 0 . 0011


  A v g   A c   c  g a p   R a t i o


  0 . 22 %


  R ∈ {   R  x ,   R  y ,   R  z }


  𝐱 = (   x 1 ,   x 2 , … ,   x  n ) ∈  ℝ  n


     ⨂  i = 1  n   R  𝛼 ( f (   x  i ) ) | 0 ⟩


  𝛼 ∈ { x , y , z }


  f (   x  i )


    R  x


  𝜋


  2 𝜋


    R  y


    R  z


    R  x


    R  y


    R  z


    R  z


  H


    R  z ( 𝜃 )


   (      e  − i 𝜃 / 2  0   0    e  i 𝜃 / 2 )


    R  z ( 𝜃 ) | 0 ⟩ =   e  − i   𝜃 2 | 0 ⟩ = | 0 ⟩


  𝜃


  | 0 ⟩


  H | 0 ⟩ =  1   2 ( | 0 ⟩ + | 1 ⟩ )


    R  z ( 𝜃 )


    R  z ( 𝜃 ) H | 0 ⟩ =  1   2 (   e  − i   𝜃 2 | 0 ⟩ +   e  i   𝜃 2 | 1 ⟩ )


    R  x


    R  y


    R  z


    R  X


    R  Y


  X


  Y


   2 5 = 32


    R  Z


  𝜋


  2 𝜋


  𝜋 / 2


  Z Z


    x  i   x  j


  R a t i n g =  {    A  if  Z > 3 . 25   B  if  1 . 65 < Z ≤ 3 . 25   C  if  1 < Z ≤ 1 . 65   D  if  0 . 25 < Z ≤ 1   E  if  Z ≤ 0 . 25


  C


  C = 0 . 1


  𝛾 = 0 . 1


    K ( K − 1 ) 2


  K


   { Z , Z Z }


   { Z , Z Z }


   { Z , X X , Y Y , Z Z }


  X X


  Y Y


  Z Z


    𝑹  𝒁


    R  Z


    R  Z


    R  Z


    R  Z


  X X


  Y Y


  Z Z


   { Z , Z Z }


    R  Z


    R  Z


  E S = f  ( S M C ,   U P G ,   G D P G R ,   T O ,   R E C ,   G F C )                           ( 1 )


      L n C O 2  i t =     𝛽 0 +   𝛽 1 L n   S M C  i t +   𝛽 2   L n U P G  i t +   𝛽 3 L n   G D P G R  i t +   𝛽 4 L n   T O  i t +   𝛽 5 L n   R E C  i t +   𝛽 6   G F C  i t +   𝜀  i t                     ( 2 )


    L n N R D  i t =     𝛽 0 +   𝛽 1 L n   S M C  i t +   𝛽 2   L n U P G  i t +   𝛽 3 L n   G D P G R  i t +   𝛽 4 L n   T O  i t +   𝛽 5 L n   R E C  i t +   𝛽 6   G F C  i t +   𝜀  i t                     ( 3 )


    L n F R D  i t =     𝛽 0 +   𝛽 1 L n   S M C  i t +   𝛽 2   L n U P G  i t +   𝛽 3 L n   G D P G R  i t +   𝛽 4 L n   T O  i t +   𝛽 5 L n   R E C  i t +   𝛽 6   G F C  i t +   𝜀  i t                       ( 4 )


    𝛽 1


    𝛽 6


    Y  i t =   𝛽  i 1   X  i t +     ∑  j =   − q  q    𝛿  i j ∆   X  i ,   t + j +   𝛾  1 I     D  i i +   𝜀  i t                       ( 5 )


      Y ∗  i t =    (   Y  i t −     Y -  i ) −  (       L  21 i ^      L  22 I ^ ) ∆   X  i t +  (       L  21 i −     L  22 i ^ ^      L  22 I ^ )   𝛽  (   X  i t −     x  i - )                 ( 6 )


    ∆ Y  i t =     𝜋  i   Y  i t − 1 +   𝛾  i   𝛿  i t +     ∑  j = 1  p − 1    𝜃  i j     Y  i , t − j +   𝜀  i t                 ( 7 )


    𝛿  i t


    ∑  j = 1  p − 1    𝜃  i j     Y  i , t − j


    𝜀  i t


    𝜀  i t =     𝜇  i t +   𝜃  i   f  t                     ( 8 )


    ∆ Y  i t =     𝜋  i   Y  i t − 1 +   𝛾  i   𝛿  i t +     ∑  j = 1  p − 1    𝜃  i j     Y  i , t − j +   𝜇  i t +   𝜃  i   f  t             ( 9 )


    𝜃  i


    Y  i t =     𝜑  i +     𝛾  i t +  ∆  i   F  i +     𝜇  i t             ( 10 )


    F  i )


   ∆  i


    𝜇  i t

