International Journal of Energy Economics and
Policy

ISSN: 2146-4553

ZJ

Eauny ol

available at http: www.econjournals.com /<

International Journal of Energy Economics and Policy, 2026, 16(5), 104-121.

Climate Vulnerability, Green Transition and Sustainable
Development in Africa: Evidence from KRLS and PCSE Models

Solomon Oluwaseun Okunade*

Department of Financial Intelligence, University of South Africa, Pretoria, South Africa. *Email: okunaso@unisa.ac.za

Received: 24 May 2026

Accepted: 25 August 2026

DOI: https://doi.org/10.32479/ijeep.24657

ABSTRACT

Climate change constrains sustainable development in Africa, but the effects of transition policies depend on whether they improve energy access,
productivity, and resilience. This study examines how energy productivity and renewable energy consumption moderate the climate stress-development
relationship in 43 African countries from 2000 to 2024. Sustainable development is measured using the SDG Index and Human Development Index,
while climate stress is captured by climate vulnerability and carbon emissions. Kernel Regularized Least Squares and panel-corrected standard errors
are applied. Results show that climate vulnerability consistently weakens development outcomes. Energy productivity improves development and
reduces the adverse effect of vulnerability, whereas renewable energy shares produce mixed outcomes because they often reflect traditional biomass
rather than modern energy. Effects vary across income groups, with stronger vulnerability penalties in poorer countries. Policies should prioritise
reliable modern energy, productive energy use, clean cooking, and targeted resilience investment rather than aggregate renewable energy shares alone.
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1. INTRODUCTION

Climate extremes are becoming more frequent while many
countries still confront poverty reduction, structural transformation,
fiscal consolidation, and human development challenges. Climate
stress affects development through agricultural productivity,
infrastructure damage, disease burdens, public expenditure
pressure, and investment uncertainty (Assoua et al., 2024; Trisos
et al., 2022). These effects are larger where households depend
on climate-sensitive livelihoods and governments have limited
fiscal space for adaptation, reconstruction, and social protection
(Okunade et al., 2025a; Kabemba, 2022).

Africa contributes only a small share of global energy use and energy-
related emissions, yet it carries a large energy access deficit. The
International Energy Agency reports that Africa accounts for about
6% of global energy use and less than 3% of global energy-related
carbon dioxide emissions, while more than 600 million people lack

electricity access and nearly one billion lack clean cooking access
(International Energy Agency [IEA], 2022; International Renewable
Energy Agency, 2022). Africa’s green transition must therefore
expand modern energy access, improve reliability, reduce biomass-
related health and time burdens, and mobilize finance for grids, clean
cooking, storage, and adaptation. When it raises energy productivity,
lowers effective energy costs, expands reliable electricity, and
supports clean cooking, green transition can strengthen firm
competitiveness, protect household welfare, and reduce exposure to
fuel-price shocks (Dhayal et al., 2025; Marinov, 2025). It can also
disappoint if financed through regressive price increases, if renewable
capacity does not improve reliability, or if headline renewable shares
mainly reflect traditional biomass. The relevant question is therefore
whether specific transition channels moderate the development costs
of climate vulnerability.

Recent studies already link climate vulnerability, green
innovation, energy security, and sustainable development.
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Xiao and Fei (2024), Tran et al. (2025), Baita et al. (2025), Isik
et al. (2025), and Filipovic et al. (2022) show that this nexus
has been examined from several angles. This study therefore
makes a narrower claim: It examines how climate vulnerability,
energy productivity, and renewable energy shares jointly relate
to welfare-oriented development outcomes in an African panel,
and whether these relationships differ by income group. First, the
study links climate vulnerability and transition indicators to the
SDG Index Score and the Human Development Index rather than
relying only on emissions or aggregate output. Second, it separates
energy productivity from renewable energy share because the
two indicators capture different transition mechanisms. Third, it
reports income-group estimates to show whether the vulnerability-
development association differs across countries with different
fiscal capacity, electrification levels, and energy system structures.

2. LITERATURE REVIEW

2.1. Conceptual Foundations

Sustainable development in Africa is shaped by climate exposure
and the capacity of economies to generate inclusive growth,
employment, public services, and human capital. Climate change
is therefore a development constraint that can slow structural
transformation and reinforce inequality where adaptation is
underfunded (Raihan et al., 2026; Trisos et al., 2022; Steiner,
2019). A green transition can be understood as a shift in energy
and production systems toward lower-carbon and more resource-
efficient pathways, but in Africa its development relevance depends
on affordability, reliability, productive use, and distributional
effects (Abdallah, 2025).

First, renewable energy shares do not necessarily indicate modern
energy transition because high shares may reflect traditional
biomass rather than solar, wind, geothermal, hydro, or other
productive energy sources (Guesmi et al., 2024). Second, energy
productivity captures how efficiently economies convert energy
inputs into output and welfare (Bai and Xing, 2025; Okunade et al.,
2025b). These distinctions justify treating energy productivity and
renewable share as separate moderators whose development value
depends on energy access, grid reliability, and complementary
investment. Energy pricing reforms, subsidy changes, and
investment decisions shape who bears costs and who gains
access (Agrawal et al., 2024; Bai and Xing, 2025). Where credit
markets are shallow, public investment management is weak, and
energy access is low, welfare gains are more likely to come from
reliability and affordability improvements than from technology
adoption alone (Marinov, 2025; Okunade et al., 2025b). These
considerations motivate a design that tests transition indicators as
moderators and examines income-group heterogeneity.

2.2. Empirical Evidence

Xiao and Fei (2024), Tran et al. (2025), Baita et al. (2025), and
Isik et al. (2025) show that climate vulnerability can shape green
innovation, green growth, and energy vulnerability. Their findings
confirm that the climate-transition-development relationship is
not new, but they leave room for Africa-wide evidence using
welfare-oriented outcomes and a distinction between energy
productivity and renewable energy shares. African evidence

also links energy transition variables to growth, emissions, and
environmental indicators, often finding that renewables support
long-run performance when institutions and infrastructure are
supportive (Guan et al., 2025; Panja et al., 2025). Other studies
show that vulnerability to climate shocks can reduce growth and
welfare and that adaptation capacity and governance condition
outcomes (Aurelien, 2025; Trisos et al., 2022).

Climate vulnerability is expected to depress development
outcomes, while energy productivity and renewable energy shares
may weaken or strengthen this association depending on whether
they improve productive energy use and modern access. The
remaining gap is specific: SDG Index and HDI outcomes are less
common in Africa-wide transition studies; energy productivity
is often not separated from renewable share; and income-group
heterogeneity deserves explicit treatment because African
countries differ sharply in grid reliability, fiscal space, investment
capacity, and clean-cooking access.

2.3. Trends of Climate Change, Green Transition, and
Sustainable Development in Africa

ND-GAIN vulnerability scores remain high in many low-income
and conflict-affected settings, while upper-middle-income
economies generally show lower vulnerability and stronger
readiness (Figure 1). Carbon dioxide emissions excluding land-use
change and forestry in Figure 2 have increased as energy demand
and industrial activity expanded, but Africa’s per capita emissions
remain low relative to global averages (Guesmi et al., 2024). This
supports a transition strategy that expands modern energy access
while avoiding high-emission lock-in.

Energy productivity (Figure 3) has improved in some countries
but remains constrained by transmission losses, weak industrial
efficiency, and limited regulatory capacity (Kabemba, 2022;
Blimpo et al., 2024). Renewable energy shares are high in several
low-income countries, often because biomass remains central
to final energy consumption (Figure 4). SDG Index and HDI
outcomes generally improve over time (Figures 5 and 6), but
progress remains sensitive to climate shocks, inflation, commodity
cycles, and fiscal stress (Sachs et al., 2024; Tiwari et al., 2024).

Figure 1: Trend of climate vulnerability index (CVI) from 2000 to
2024
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Figure 2: Trend of total carbon dioxide (CO,) emissions (% change

Figure 5: Trend of sustainable development index (SDGI) from 2000

from 1990) from 2000 to 2024 to 2024
2,000 p—on —— All — Low 68 — All Low-Income
Lower-Middle ——— Upper-Middle Lower-Middle Upper-Middle
1,600 64
o
S 60
1,200 @
[J]
T
£ 56
[U)
800 8
n 52
o
400 ]
48
0
2 2 % 8 8 8 8 3 8 283 & 8§ e e % 5 5 = - = - . =
] &8 &8 &8 &8 & R R R R & & § e 8 8 8 8 8 3 8 8 &3 & & S
(o'} N o~ (o] (o'} (o'} o~ ('] o~ o ('] ~N (o'}
Years
Years

Figure 3: Trend of green transition (Energy productivity) from 2000

Figure 6: Trend of human development index (HDI) from 2000 to

to 2024
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Figure 4: Trend of renewable energy consumption (% of total fine
energy consumption) from 2000 to 2024
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Vulnerability and development are generally negatively related,
while transition indicators appear more development-enhancing
when they reflect modern energy access and efficiency (Quan
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etal., 2025). The relationship is unlikely to be linear because early
increases in renewable share may capture biomass dependence,
whereas later modern renewables and efficiency gains may matter
more once grids, skills, and investment frameworks mature
(Dhayal et al., 2025; Yu et al., 2026). Income-group comparisons
reinforce this point: Upper-middle-income countries show higher
SDG and HDI levels and clearer energy productivity gains, while
low-income countries face the highest vulnerability and the
strongest infrastructure constraints.

3. METHODOLOGY AND DATA ISSUES

3.1. Study Area, Data Sources, Variables, and
Measurement

The analysis covers 43 African countries with sufficient data for
2000 to 2024. Countries are grouped using the World Bank income
classification based on Atlas-method gross national income per capita
(World Bank, 2025). The list of 43 Selected African Countries based
on 2025 World Bank income classification is provided in Appendix
A. The dependent variables are the backdated SDG Index Score from
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Table 1: Variable definitions and sources

S.  Variable Definition/Description/ Source

No. Measurements

1. SDGI SDG index score, is a welfare-oriented SDR, 2025
sustainable development

2.  HDI Human development index (index UNDP,
from 0 to 1), indicating capability- 2024
based development outcome

3. CAB Total carbon dioxide (CO,) WDI, 2026
emissions (% change from 1990)

4. CVI Climate vulnerability index. Higher ND-GAIN,
values indicate greater vulnerability 2026

5.  ERP Environmental and resources OECD,
productivity (Energy productivity) 2025

6. REW Renewable energy consumption as WDI, 2026
a percentage of total final energy
consumption. It is an energy-use
pressure indicator

7. POP Annual population growth (%) WDI, 2026

8.  ACE Access to electricity as a percentage of WDI, 2026
total population

9. PSE Gross primary school enrolment ratio, WDI, 2026

Education-access proxy

Data were sourced from Sustainable Development Report (SDR), 2025 of Sachs

et al. (2024); United Nations Development Programme (UNDP) Sustainable Report,
2024; Notre Dame Global Adaptation Initiative (ND-GAIN); World Development
Indicators (WDI); Organisation for Economic Co-operation and Development (OECD)
Environment Statistics on “Green Transition”

Sachs et al. (2024) and the Human Development Index. Climate
stress is measured using the Notre Dame Global Adaptation Initiative
(ND-GAIN) vulnerability index and carbon dioxide emissions
excluding land-use change and forestry. Green transition is measured
using energy productivity and renewable energy consumption as a
percentage of total final energy consumption. The renewable variable
is interpreted cautiously because it combines modern renewables with
traditional biomass in some settings. Controls include population
growth, access to electricity, and gross primary school enrolment as
a basic education participation proxy rather than a literacy rate, since
gross enrolment can exceed 100%. Energy productivity and selected
scale variables are log-transformed to reduce skewness and support
semi-elasticity interpretation (Burbidge et al., 1988; Bellemare and
Wichman, 2020). The description, measurements and sources of
variables are provided in Table 1.

3.2. Econometric Strategy and Model Specification

The baseline objective is to estimate conditional associations
between climate stress, green transition indicators, and sustainable
development, and to test whether transition indicators moderate
climate-stress effects. The interaction terms therefore have a
moderation interpretation; they do not test mediation because no
sequential mediator model is estimated.

SD, = f(CMC ,GTR X (1)

where SD, denotes sustainable development indicators, CMC,
denotes climate change indicators and GTR,, denotes green
transition indicators. The function f (.) is allowed to be nonlinear.

SDlt:al+Tt+ﬂ|CV[lt+ﬂ2CABlt+ﬁ3ERPlt+ﬂ4REVVlt+5](CV[lt*ERPU)Jr
6,(CVI *REW )+6,(CAB *ERP )+6 (CAB *REW )+X +¢, (2)

Where SD, is proxied by the SDG Index Score or the Human
Development Index in country i at time ¢, CMC, is proxied by
climate vulnerability (CVT ), and total carbon emissions excluding
land use change and forestry (CAB, ). Also, green transition (GTR,)
is proxied by energy productivity (ERP,), and the renewable
energy share (REW,), and X, contains controls for population
growth, access to electricity, and Education-access indicator. o,
captures country-specific effects, and 7, captures common time
dynamics where included.

Kernel regularized least squares (KRLS) is used as a flexible
nonparametric estimator because it reduces functional-form
restrictions and returns interpretable average marginal effects
(Hainmueller and Hazlett, 2014). The implementation should use a
Gaussian radial basis function kernel, standardized predictors, and
regularization selected by leave-one-out cross-validation (Ferwerda
etal., 2014). For robustness, the study estimates conventional panel
models with panel-corrected standard errors (PCSE). PCSE is useful
as a sensitivity check for heteroskedasticity and contemporaneous
correlation in time-series cross-section data (Beck and Katz, 1995).
The panel has N =43 and T =25, so it should not be described as a
case where T is larger than N. The robustness models use the same
covariates and interaction terms, with country fixed effects and
common time dynamics captured where appropriate.

4. DATA ANALYSIS AND
INTERPRETATIONS

4.1. Preliminary Analyses and Diagnostic Evidence
Table 2 reports the full-sample descriptive statistics and correlations.
Average SDG Index performance is 53.9, while the HDI averages
0.52. The mean climate vulnerability score of 0.52 indicates substantial
exposure and sensitivity to climate risks. Renewable energy share
averages 60.5%, consistent with the continued importance of
biomass and hydro in final energy use. Access to electricity averages
45.4%, with wide dispersion across countries. Correlations show that
electricity access is strongly positive for SDG and HDI outcomes,
while renewable energy share is negatively correlated with both
indicators, consistent with the interpretation that high renewable
shares in many low-income settings reflect biomass dependence
rather than modern energy transition. Table 3 reports diagnostic tests.
Im et al. (2003)’s IPS, CIPS, and PESCADF tests indicate that most
variables are integrated of order one, while others become stationary
after differencing. Pesaran CD and related tests reject cross-sectional
independence, consistent with shared shocks such as commodity
cycles, global financial conditions, and regional climate patterns
(Pesaran, 2004, 2007). Westerlund (2007) tests support cointegration
among climate stress, transition indicators, and development outcomes,
while the Wooldridge test indicates serial correlation.

4.2. Main and Robustness results

4.2.1. All African countries

Tables 4 and 5 report full-sample KRLS and PCSE results for
the SDG Index and HDI. Across specifications, higher climate
vulnerability is associated with lower development outcomes. In
the KRLS specification that includes the vulnerability-renewable
interaction, a one-unit increase in vulnerability is associated with a
reduction of about 0.37 points in the SDG Index and 0.057 in HDI,
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Table 2: Descriptive characteristics and correlation analyses of the variables

Obs. 1075 1075 1075 1075
Mean 53.93 0.52 0.52 423.5
Std. Dev. 7.63 0.11 0.07 1099.2
Min. 39.0 0.26 0.35 —54.39
Max 72.77 0.81 0.66 9937.1
1 1.00

2 0.84 1.00

3 0.04 0.06 1.00

4 —0.78 —0.83 0.01 1.00
5 —0.04 0.05 0.19 —-0.04
6 —0.62 —-0.70 —-0.19 0.71
7 —-0.51 —0.45 0.05 0.46
8 0.75 0.80 0.12 —-0.73
9 0.38 0.36 —-0.10 -0.21

1075 1075 1075 1075 1075
2251.5 60.49 241 45.35 97.63
4112.3 29.57 0.95 29.71 21.55

539 0.09 —0.92 1.3 25.57
15582.8 98.3 6.41 100.6 156.6

1.00
—0.17 1.00

0.07 0.38 1.00
—0.04 —-0.57 —0.34 1.00

0.05 —-0.03 —0.24 —-0.01 1.00

SDGI, HDIL, CVI, CAB, ERP, REW, POP, ACE, and PSE represent sustainable development index, human development index, climate vulnerability index, carbon dioxide (CO,)
emissions, Environmental and resources productivity (Energy productivity), Renewable energy consumption, Population growth, Access to electricity, and Primary school enrollment ratio

respectively

Table 3: Cross-sectional dependence, panel unit root, autocorrelation & cointegration tests

IPS (Level) ~0.621 ~0.753 ~1329  -2204**  —152 ~1.112 ~0.954 1452 -2.207%%*
IPS (First diff) —4.78%RE D RRERE g (Qkx —4.88%*K 4 Qqux 3 RS 7 [Tk

CIPS (Level) ~1.864 ~1.890 ~1.004  —2.68%%* 1834  —1.691 ~1413  -3247%%*% 1886
CIPS (First diff) —4397HFHE  4084%FE D 434K —4.5%RE 4 4QRRE D Q4RHk -4.344%%
PESCADF (level) ~0.802 1.054 ~1210  —4.67FF* 0447 0.656  —4.506%*%  .5003%%%  _8.88%**
PESCADF (First D)~ —7.877%%*%  —5.626%*%  —]0.63%%* —12.9%%% g 57wk

Status 1(1) 1(1) 1(1) 1(0) 1(1) 1(1) 1(1) 1(1) 1(0)
CD-test 132.8%%% 74 5w 65.6%%% 973wk GRIEE  GG4wEE  [gEERE |34 ]Rkk 5D THe

Pesaran’s test of cross-sectional independence
Friedman’s test of cross-sectional independence
Frees’ test of cross-sectional independence
Autocorrelation (Wooldridge) test

Westerlund statistic (cointegration)

8.709*** Pr=0.0000
78.144%** Pr=0.0006
7.933*** alpha=0.1035 (10%); 0.1350 (5%); 0.1947 (1%)
F (1, 42)=217.313*** Prob.=0.0000
Variance ratio=9.29***_ Prob.=0.000

*#*%p<0.01, **P<0.05, *P<0.1 (10%)

holding other covariates constant. This is consistent with evidence
that climate risk depresses welfare through productivity losses,
health burdens, infrastructure damage, and fiscal pressure (Trisos
etal.,2022; Aurelien et al., 2025). In the SDG models, the emissions
term is positive and significant, which may reflect the stage of many
African economies where higher energy use still accompanies
basic services and industrialisation (Tiwari et al., 2024). In HDI
models, the coefficient is generally negative and often significant,
suggesting that fossil-based emissions can coincide with weaker
capability outcomes after controls are included.

Energy productivity is the clearest transition channel in the pooled
estimates. Its main effect varies when interactions are introduced,
but positive interaction terms between energy productivity and
climate stress suggest that more efficient energy use can reduce
the vulnerability-development penalty (Tables 4 and 5). It means
that economies that convert energy more efficiently into output
and services appear less exposed to some development losses
associated with climate stress (Oyadeyi and Oyadeyi, 2025;
Okunade et al., 2025b).

In many African economies, renewable energy consumption
includes fuelwood, charcoal, and other traditional biomass
(Agrawal et al., 2024). High renewable shares can therefore

coexist with low electricity access, weak productive energy use,
and clean-cooking deficits. The interaction terms suggest that
renewable energy is development-enhancing only when it reflects
modern, reliable, and productive energy use. Access to electricity
remains strongly positive in all models, while population growth
is generally negative, indicating pressure on per capita service
provision when investment does not keep pace.

Access to electricity is strongly positive and significant in all
models for both dependent variables, confirming that electrification
remains a core constraint on development in Africa. The PCSE
robustness results in Table 5 broadly confirm the role of green
transition as a moderating channel, particularly through the
interaction terms, even though some main effects differ in sign.
Overall, the combined evidence suggests that climate vulnerability
is a persistent drag on African development, but that green
transition progress, especially higher energy productivity and
a shift toward modern renewables, can reduce the sensitivity of
development outcomes to climate stress.

4.2.2. Upper middle-income countries

Tables 6 and 7 report upper-middle-income results. KRLS
estimates show that climate vulnerability remains negatively
associated with both development measures, although the small
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subgroup of seven countries requires caution. In the interaction
specification, higher vulnerability is associated with declines of
about 0.40 points in the SDG Index and 0.14 in HDI. Emissions
growth is less stable in this group: it is not significant for the SDG
Index in the preferred KRLS specification but is positive and
significant for HDI, consistent with economies where industrial
activity and energy use remain linked to income and capabilities.

Green transition indicators appear to play a stronger moderating
role in this group. Energy productivity is positive in the SDG
model, while the vulnerability-renewable interaction is positive
for both SDG and HDI outcomes. This suggests that renewable
penetration, supported by grids, efficiency, and infrastructure,
may weaken the development penalty from vulnerability (Quan
et al., 2025).

4.2.3. Lower middle-income countries

Tables 8 and 9 focus on lower-middle-income countries. In the
interaction specification, vulnerability reduces the SDG Index by
about 0.26 points and HDI by about 0.41. These countries face
urban exposure, water stress, agricultural sensitivity, and fiscal
volatility that can transmit climate shocks into public services and
household welfare (Assoua et al., 2024; Oyadeyi and Oyadeyi,
2025). Emissions growth is negative and significant for the SDG
Index in the preferred specification, suggesting that emissions
expansion may reflect congestion, pollution, and inefficient energy
systems more than inclusive development. Energy productivity is
positive and significant for both outcomes, reinforcing its relevance
for countries that are industrialising and urbanising. Renewable
shares remain negative, likely reflecting traditional biomass and
incomplete translation of modern renewable deployment into broad
human development gains (Panja et al., 2025; Abdallah, 2025).

The moderation results suggest that renewable energy can reduce
the marginal development cost of vulnerability when it reflects
modern renewables and improved access. Decentralised solar,
grid-scale renewables, and clean-cooking investments can stabilise
energy services during climate shocks and reduce energy-poverty
burdens.

4.2.4. Low-income countries

Tables 10 and 11 report low-income results. KRLS estimates
show that climate vulnerability is negatively associated with
both SDG and HDI outcomes, confirming that climate stress
remains a development constraint where energy poverty and
fiscal limits are severe. Emissions growth is positive for the SDG
Index but negative for HDI, suggesting that modest emissions
may accompany electrification and basic infrastructure while
fossil-based expansion can still harm health and living standards
(Tumushabe, 2018). Energy productivity is positive and significant
for both measures. Renewable shares are negative, consistent with
the measurement problem that high renewable use often reflects
fuelwood and charcoal rather than modern renewables (Raihan
et al., 2026).

The moderation evidence reinforces this interpretation. The
negative vulnerability-renewable interaction in KRLS does not
imply that modern renewables worsen vulnerability; it suggests

that biomass-driven renewable shares may amplify vulnerability
through drought exposure, land degradation, and fuel scarcity
(Abdallah, 2025). The practical message is that aggregate
renewable shares are insufficient in low-income contexts:
development gains depend on modern energy access, efficiency,
clean cooking, and targeted adaptation.

4.3. Comparing Findings across Income Groups
Income-group comparisons show that transition channels differ by
development context. In upper-middle-income countries, energy
productivity and modern renewable deployment appear more
aligned with development outcomes because these economies
have higher electrification, deeper infrastructure, and stronger
fiscal capacity (Raihan et al., 2025). In lower-middle-income
countries, energy productivity is more dependable than renewable
share alone because urbanisation and industrialisation coexist with
transmission losses, reliability constraints, and limited long-term
finance (Chouksey et al., 2026). In low-income countries, climate
vulnerability remains strongly associated with weaker outcomes,
while renewable share is harder to interpret because it often reflects
traditional biomass rather than modern transition.

A negative or weak renewable-share coefficient should not be read
as evidence against renewable energy. It reflects measurement
and structure: where biomass dominates, a high renewable share
can coincide with low modern energy access, indoor air-pollution
burdens, and limited productivity growth (Tiwari et al., 2024; Quan
etal., 2025). A development-oriented transition therefore requires
reliable electricity access, clean cooking, grids, storage, and
productive-use investments so that modern renewables displace
costly and polluting fuels rather than coexist with energy poverty.
Across groups, the central pattern is that a development-oriented
transition is not defined by aggregate renewable shares. It depends
on reliable electricity, clean cooking, productive energy use,
reduced technical losses, and investments that improve resilience
to climate shocks. The subgroup findings support differentiated
policy sequencing rather than a uniform transition prescription
for all African countries.

4.4. Theoretical Contributions

This study makes five theoretical contributions to research on
climate vulnerability, sustainability transitions, and development
in Africa. First, it moves beyond treating climate change and
green transition indicators as separate direct determinants of
development. The moderation framework conceptualises the green
transition as a conditioning capacity that can alter the strength
of the relationship between climate vulnerability and welfare
outcomes. This distinction matters because a transition may expand
installed renewable capacity without reducing the exposure of
households, firms, and public services to climate shocks. The
evidence therefore supports a relational view of transition: its
development value depends on whether it changes how climate
stress is transmitted into the SDG Index and human development
rather than whether a country records a higher renewable share
in isolation.

Second, the study distinguishes the quantity of transition from
its quality. Sustainability transition research explains long-term
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changes in technologies, institutions, infrastructure, and user
practices, rather than technology substitution alone (Markard et
al., 2012). The separation of energy productivity from renewable
energy share applies this insight to African energy systems. Energy
productivity captures the capacity to convert energy into output
and public welfare, while the renewable share may combine
modern electricity sources with traditional biomass. The findings
show why these indicators cannot be treated as interchangeable
measures of greenness. A high renewable share can coexist with
low electricity access, unreliable supply, indoor air pollution, and
weak productive use. The study therefore advances the concept
of transition quality, defined here by the extent to which energy
system change improves efficiency, reliability, modern access,
and resilience.

Third, the use of the SDG Index and the Human Development
Index connects sustainability transition analysis to a capability-
based understanding of development. In this perspective,
development concerns the substantive opportunities that people
possess, not output growth alone (Sen, 1999). The consistently
positive associations of electricity access and primary school
enrolment with both development measures indicate that the
climate and energy nexus operates through basic capabilities,
including education, health, mobility, communication, and access
to productive services. This shifts the theoretical benchmark for
judging an energy transition from carbon intensity or renewable
deployment alone to its capacity to preserve and expand human
capabilities under climate stress.

Fourth, the income group results add a contextual proposition to
transition theory. The same transition indicator can have different
development meanings because countries differ in grid maturity,
fiscal capacity, industrial structure, clean cooking access, and
institutional ability to manage investment. Energy productivity
is more consistently aligned with development in low and lower
middle-income settings, whereas the effect of renewable shares
depends more strongly on whether modern technologies displace
traditional biomass and unreliable fuels. The findings therefore
reject a uniform transition pathway for African economies and
support a complementarity argument: renewable technologies
generate broader development gains when they are combined with
networks, storage, skills, finance, social protection, and capable
public institutions.

Finally, the study brings distributional and recognition concerns
into the climate transition and development relationship. Energy
justice and just transition scholarship emphasise who receives
reliable energy, who bears adjustment costs, and whose needs
are recognised in policy design (Jenkins et al., 2016; Newell and
Mulvaney, 2013). The results are consistent with this perspective
because energy access is strongly associated with development,
while aggregate renewable shares are not uniformly beneficial.
The theoretical implication is not that renewable energy
reduces development, but that transition indicators have limited
explanatory value when they omit access, affordability, reliability,
and the social distribution of benefits and costs. These propositions
are associational rather than causal, but they provide a clearer
framework for future tests of when green transition policies reduce

the development penalty associated with climate vulnerability.

5. PRACTICAL RELEVANCE FOR
POLICYMAKERS

The results provide a practical basis for redesigning African
green transition strategies around development performance.
Governments should not assess progress mainly through the
percentage of renewable energy in final consumption. That
measure can rise because households remain dependent on
fuelwood and charcoal, even when electricity access, reliability,
and clean cooking conditions remain poor. National transition
scorecards should therefore separate modern renewable electricity
from traditional biomass and report energy productivity, grid
reliability, technical and commercial losses, clean cooking
access, affordability, and the continuity of electricity supplied to
firms, schools, health facilities, and water systems. Linking these
indicators to SDG and human development outcomes would make
transition policy more accountable to welfare rather than installed
capacity alone.

Policy sequencing should reflect the different constraints identified
across income groups. In low-income countries, the immediate
priorities are modern electricity access, clean cooking, climate
resilient decentralised systems, and protection of essential
public services. Grants and highly concessional finance are more
appropriate for these investments than debt creating projects that
depend on rapid tariff increases. Distributed solar, mini grids,
storage, and clean cooking programmes should be designed
around productive uses such as irrigation, agro processing, cold
storage, digital services, and local enterprises. These uses raise
the development return from each unit of energy and are more
consistent with the positive role of energy productivity in the
estimates.

Lower middle-income countries require a different emphasis.
Their policy problem is not only connection, but the capacity
of expanding energy systems to support urbanisation and
industrialisation without large reliability losses, pollution burdens,
or fiscal stress. Priority measures include transmission and
distribution upgrades, reduction of system losses, energy efficiency
standards for buildings and industry, competitive procurement of
generation and storage, and finance for firms that adopt efficient
equipment. Climate adaptation should also be integrated into
power, transport, water, and urban investment appraisal because
climate vulnerability weakens both SDG and human development
outcomes in this group.

Upper middle-income countries can place greater weight on
system integration, storage, demand management, industrial
decarbonisation, and the retirement or repurposing of high carbon
assets. However, the estimates for this group are based on only
seven countries and should not be used as a uniform prescription.
Country level planning should identify regions, workers, and
consumers that may bear transition costs. Reskilling, local
economic diversification, and negotiated adjustment support are
needed where fossil fuel industries or energy intensive activities
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are regionally concentrated. This follows the just transition
principle that decarbonisation should address distributional,
procedural, and recognition concerns rather than transfer costs
to groups with the least capacity to absorb them (Jenkins et al.,
2016; Newell and Mulvaney, 2013).

Energy price reform also requires careful sequencing. Removing
poorly targeted subsidies can improve fiscal efficiency, but abrupt
price increases can reduce energy access and weaken household
welfare. Reform packages should combine transparent tariff
adjustment with lifeline tariffs, targeted cash transfers, support for
clean cooking conversion, and temporary assistance for vulnerable
firms and households. The relevant policy test is whether the
reform improves reliable service and energy productivity without
increasing energy poverty. This is especially important because
the empirical results show that electricity access remains one of
the most stable correlates of both development outcomes.

Climate finance institutions and national development banks
should use the same development test. Project selection should
favour investments that jointly reduce climate exposure, improve
energy productivity, and expand reliable modern energy. Funding
conditions require measurable service outcomes, including hours
of reliable supply, reduced network losses, new clean cooking
users, lower energy costs per unit of output, and improved
service continuity in climate exposed communities. Ministries
responsible for finance, energy, environment, education, health,
industry, and social protection should share these indicators so
that transition policies are not implemented as a narrow electricity
sector programme.

The central policy message is therefore one of differentiation
and discipline. African countries need more modern renewable
energy, but renewable deployment should be treated as an input
rather than the final objective. The objective is to create a resilient
energy system that raises productivity, protects basic capabilities,
and reduces the welfare consequences of climate vulnerability.
Policies that do not improve access, reliability, affordability, and
productive use may change the energy mix without producing a
comparable improvement in sustainable development.

6. CONCLUSIONS, LIMITATIONS, AND
DIRECTIONS FOR FUTURE RESEARCH

This study examined whether green transition indicators
moderate the relationship between climate stress and sustainable
development in 43 African countries from 2000 to 2024. Climate
vulnerability is consistently associated with weaker SDG Index
and Human Development Index outcomes. Energy productivity is
the more dependable transition channel, while renewable energy
shares have mixed associations because they do not distinguish
modern renewable energy from traditional biomass. The income
group estimates further show that the development relevance of
transition indicators depends on energy access, infrastructure,
fiscal capacity, and the structure of national energy systems. Taken
together, the results indicate that a green transition reduces the
welfare costs of climate vulnerability when it improves reliable

modern energy, productive energy use, affordability, and resilience.

The findings should be interpreted in light of several limitations.
Index based measures embed in measurement choices and do not
fully capture within country inequality. The renewable energy
variable does not separate traditional biomass from modern
renewable sources, and the upper middle-income subgroup
contains only seven countries. In addition, the observational
design, nonstationarity, and cross-sectional dependence mean
that the estimates represent long run conditional associations
rather than definitive causal effects. Future research should use
disaggregated renewable indicators, measures of grid reliability
and energy affordability, clean cooking data, and subnational
evidence. Research designs that exploit policy changes,
infrastructure rollout, or climate shocks would also help identify
the mechanisms through which transition investments affect
employment, productivity, public services, and household welfare.
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APPENDIX

Appendix A : List of 43 Selected African Countries based on 2025 World Bank income classification

Low income
countries (16)
Lower-middle
income (20)
Upper-middle
income (7)

Burkina Faso, Burundi, Central African Republic, Chad, Congo, DR., Ethiopia, Gambia, Guinea-Bissau, Madagascar, Malawi,
Mali, Mozambique, Niger, Rwanda, Sudan, Uganda

Angola, Benin, Cameroon, Comoros, Congo, Cote d'Ivoire, Egypt, Ghana, Guinea, Kenya, Lesotho, Mauritania, Morocco,
Namibia, Nigeria, Senegal, Tanzania, Tunisia, Zambia, Zimbabwe

Algeria, Botswana, Cabo Verde, Equatorial Guinea, Gabon, Mauritius, South Africa
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