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Abstract: This study investigates the causal relationships between carbon emissions, tem-
perature increases, and health expenditures within the framework of environmental and
economic indicators. With the accelerating global impacts of climate change and ris-
ing carbon emissions, understanding their effects on public health systems has become
critical. This research evaluates these interdependencies using panel causality models,
dividing 115 countries into two groups—developing and developed—based on Gross Na-
tional Income (GNI) per capita (PPP) and health expenditures as a percentage of GDP.
Dumitrescu–Hurlin panel causality analysis was applied to examine bidirectional relation-
ships among key indicators, including population density, temperature changes, carbon
emissions, GNI, and health expenditures. The findings reveal that population density has
significant causal effects on both temperature changes and carbon emissions, while carbon
emissions also influence health expenditures. Moreover, the causality from population
density to temperature changes is stronger in developed countries, whereas the impact of
temperature changes on health expenditures is more pronounced in developing countries.
These results highlight the need to strengthen climate adaptation capacities in the health
systems of developing countries and implement stricter carbon emission reduction policies
in developed nations as essential strategies to address these interconnected challenges.

Keywords: carbon emissions; health expenditures; climate change

1. Introduction
Today, it is increasingly emphasized that climate change causes irreversible losses

and damages to the physical and biological environment and human life, with the scale of
these damages growing as the global impact intensifies [1]. While it ranks among the most
critical environmental challenges of the 21st century, it has also become a factor profoundly
affecting economic structures and public health systems [2,3]. Although international
agreements and policies aimed at mitigating these impacts are intensifying, understanding
the causal relationships between environmental and economic indicators is crucial in
developing effective strategies.

Factors such as population density, energy consumption, industrial activities, and
transportation contribute to environmental changes [4]. In densely populated regions,
increased energy demand can lead to higher carbon emissions and, consequently, rising
temperatures [5,6]. A study conducted in developing countries reported that a 1% increase

Sustainability 2025, 17, 1330 https://doi.org/10.3390/su17031330

https://doi.org/10.3390/su17031330
https://doi.org/10.3390/su17031330
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2405-5084
https://orcid.org/0000-0002-0796-5003
https://doi.org/10.3390/su17031330
https://www.mdpi.com/article/10.3390/su17031330?type=check_update&version=2


Sustainability 2025, 17, 1330 2 of 21

in economic growth results in a rise in carbon emissions ranging from 0.23% to 2.32% [7].
However, while advanced technological infrastructure in developed countries can mitigate
these effects, inadequate infrastructure and low environmental awareness in developing
countries can amplify their impact [8]. Additionally, an increasing population density
directly raises energy consumption and fossil fuel use, thereby increasing carbon emis-
sions [1]. In developed countries, energy efficiency and the use of renewable energy sources
help reduce this impact, whereas rapid urbanization and industrialization in developing
countries may exacerbate it [6,7].

Temperature increases can affect economic factors such as agricultural productivity
and energy production costs, thereby influencing Gross National Income per capita (GNI
PPP) [9]. Agriculture, in particular, is the sector most sensitive to climate change. In this
regard, GNI PPP is a stronger indicator than Gross Domestic Product (GDP) per capita in
determining vulnerability to climate change, as it partially reflects the pace of economic
development, dominant sectoral impacts, and economic capacity in the comparison of
developed and developing countries [10,11]. Since the agricultural sector accounts for a
larger share of economic performance in developing countries, this relationship tends to be
stronger in these regions. Globally, agriculture significantly affects livelihoods, occupying
approximately 40% of the Earth’s land and consuming 70% of water resources [12]. In
contrast, developed countries, with their lower dependency on agriculture, are likely to
have higher adaptation capacities.

Higher income levels often lead to increased energy consumption and intensified in-
dustrial activities, which can contribute to higher carbon emissions. However, in developed
countries, environmental regulations and the use of clean energy can limit this effect [13–15].
For instance, a study conducted in 30 provinces of China from 1995 to 2019 examined the
effects of green investment, renewable energy consumption, and technological innovation
on CO2 emissions and observed a significant reduction in carbon emissions [13]. Similarly,
a study involving 14 Asian countries from 1990 to 2011 revealed an inverted U-shaped
relationship [16]. Studies conducted using the Chinese example on the impact of environ-
mental policies on green innovation in developing countries suggest that environmental
protection policies can increase firm-level innovation activities [13,16–18].

Carbon emissions are the primary driver of global warming and rising tempera-
tures [19]. Although this relationship affects all countries similarly, developed countries
are better equipped to manage the long-term consequences of this impact due to advanced
technologies and policies [20]. CO2 emissions from developing countries surpassed those
from developed countries in 2005 and now account for 63.4% of global emissions [21].
While absolute emissions in developed countries are declining, CO2 emissions from devel-
oping countries increased by 6753.2 Mt between 2006 and 2016, and this trend is expected
to continue in the foreseeable future [20,21].

The degradation of air quality and climate change-induced natural disasters impose
significant burdens on healthcare systems [22]. Outdoor pollution has been linked to
mortality rates, as evidenced by reports of 4000 deaths in London in 1952 and 400 deaths
in New York in 1963 due to pollution [23,24]. While robust healthcare infrastructure in
developed countries may mitigate these effects, weaker healthcare systems in developing
countries exacerbate them [22]. Rising temperatures also increase healthcare expenditures
through heat-related illnesses, vector-borne infections, and declines in agricultural produc-
tion [25]. Moreover, although diseases like malaria, cholera, and dengue fever, which can
be linked to climate change, have shown a declining trend over the years, the prevalence
of non-communicable diseases attributed to climate change is rising [26,27]. Success in
combating infectious diseases, driven by advancements in the pharmaceutical industry,
may limit the tendency of climate change to increase infectious disease rates [28]. However,
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even a reduced prevalence of vector-borne diseases does not prevent a rise in healthcare
expenditures [29].

Most studies in the literature examining the relationships between carbon emissions,
temperature increases, and healthcare expenditures indicate that these variables are often
addressed within a one-dimensional or limited framework [30–32]. However, the indirect
effects of environmental and economic factors on these relationships, particularly differ-
ences between developed and developing countries, remain underexplored. Specifically,
comparative research on the impacts of environmental changes on healthcare systems using
indicators reflecting economic capacity, such as GNI PPP, is scarce in the literature [31]. This
gap makes it challenging to understand the effects of environmental changes on healthcare
systems across different economic and social contexts [31,33].

The primary objective of this study is to analyze the potential causal relationships
between carbon emissions, temperature increases, and health expenditures within the
context of environmental and economic indicators. The globally rising levels of carbon
emissions and temperature changes have not only environmental impacts but also causal
effects on public health systems. In this context, this study aimed to examine and clarify
the relationships between these changes and the economic structures and environmental
factors in countries grouped by health expenditures and income levels.

By addressing the causal effects of carbon emissions and temperature changes associ-
ated with climate change on health expenditures, alongside environmental and economic
factors, this study aimed to expand the discussion on this topic. To evaluate the presence
of causal relationships, indicators such as gross national income per capita adjusted for
purchasing power parity and the share of health expenditures in gross domestic product
were considered and countries were classified as developed or developing. Based on this
classification, this study examined the potential indirect effects of environmental changes
on health systems and analyzed the differences between the two country groups using a
comparative approach informed by the findings.

2. Materials and Methods
The study was designed as a secondary data analysis and utilized panel causality

models to examine potential causal relationships between carbon emissions, temperature
increases, and health expenditures. Econometric methods were applied to evaluate the
effects of environmental and economic indicators in the context of causality. Data were
obtained from the platforms of Our World in Data, the World Bank, and the FAO, and the
relevant variables were analyzed annually for each country (Table 1).

Table 1. Definitions of the variables.

Abbreviation Indicator Provider Source

GNI GNI PPP (currently
USD) World Bank

World Bank. (2021). GNI PPP, 2021. https://databank.
worldbank.org/source/world-development-

indicators/Series/NY.GNP.PCAP.PP.KD (accessed on
1 January 2025). [34]

HE Health expenditure,
total (% of GDP) World Bank

World Bank (2024). Health expenditure, total (% of
GDP). https://data.worldbank.org/indicator/SH.

XPD.CHEX.GD.ZS (accessed on 1 January 2025). [35]

CO2
Per capita CO2

emissions Our World in Data

Global Carbon Budget (2024). Population based on
various sources, (2024). https://ourworldindata.org/

grapher/co-emissions-per-capita (accessed on 1
January 2025). [36]

https://databank.worldbank.org/source/world-development-indicators/Series/NY.GNP.PCAP.PP.KD
https://databank.worldbank.org/source/world-development-indicators/Series/NY.GNP.PCAP.PP.KD
https://databank.worldbank.org/source/world-development-indicators/Series/NY.GNP.PCAP.PP.KD
https://data.worldbank.org/indicator/SH.XPD.CHEX.GD.ZS
https://data.worldbank.org/indicator/SH.XPD.CHEX.GD.ZS
https://ourworldindata.org/grapher/co-emissions-per-capita
https://ourworldindata.org/grapher/co-emissions-per-capita
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Table 1. Cont.

Abbreviation Indicator Provider Source

PD Population density Our World in Data

Our World in Data (2024). Population Density, 2024.
https:

//ourworldindata.org/grapher/population-density
(accessed on 1 January 2025). [37]

TC Temperature change
on land FAO

Food and Agriculture Organization of the United
Nations. Temperature change statistics

1961–2023—Global, regional and country trends.
https://www.fao.org/faostat/en/#data/ET (accessed

on 1 January 2025). [38]

Carbon emissions were measured using per capita carbon dioxide (CO2) emissions.
This indicator represents the amount of CO2 emitted per person as a result of fossil fuel
use and industrial processes. Temperature increases are expressed as the annual average
temperature change (◦C) and are considered a key indicator for evaluating the impacts
of global climate change [39]. Temperature change data are provided by the Food and
Agriculture Organization [40] for each country. Health expenditures were measured as the
ratio of total health expenditures to gross domestic product (GDP). This indicator, provided
by the World Bank, reflects the total annual expenditures on health goods and services
within a country, excluding capital expenditures such as infrastructure and equipment [41].
Additionally, economic indicators such as population density and GNI (Gross National
Income per capita, adjusted for Purchasing Power Parity) were included in the model
to assess their role in the causality relationships examined between environmental and
economic factors. Population density represents the number of people per square kilometer,
while the GNI indicator is used to measure the size of an economy and individuals’ income
levels [34].

The primary aim of the models and variable selections used in the study’s design was
to clarify the complex relationships between environmental and economic indicators and,
specifically, to evaluate the indirect and direct effects of these relationships—particularly
those of carbon emissions and temperature increases linked to climate change—on health
expenditures. Initially, the causal examination of population density on temperature
changes and carbon emissions was constructed based on the notion that factors such as
increased energy consumption, transportation, and industrial activities may elevate CO2

emissions, thereby leading to temperature changes. This was considered a critical starting
point for analyzing the environmental consequences of human activities.

Subsequently, the causal relationship between temperature changes and gross national
income per capita (adjusted for purchasing power parity, GNI PPP) and the potential
causality of GNI PPP on carbon emissions were explored. Temperature changes can directly
impact climate-sensitive sectors, including agriculture and energy production, and thereby
influence countries’ economic performance. Similarly, economic indicators, like per capita
income, may trigger CO2 emissions through the increased energy demand and industrial-
ization associated with economic growth. This approach aimed to highlight both the effects
of environmental changes on economic structures and the potential environmental burden
of economic growth.

Furthermore, this study evaluated whether temperature changes have a causal relation-
ship with GNI PPP and whether GNI PPP influences CO2 emissions. Temperature changes,
by affecting agricultural productivity and increasing energy-related costs like cooling and
heating, are expected to have a causal link with economic performance. Additionally, CO2

emissions have a direct influence on temperature changes, contributing to the greenhouse

https://ourworldindata.org/grapher/population-density
https://ourworldindata.org/grapher/population-density
https://www.fao.org/faostat/en/#data/ET
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effect, methane emissions, and glaciers melting. Both CO2 emissions and temperature
changes impose financial burdens on health expenditures by deteriorating air quality, lead-
ing to respiratory diseases, fostering conditions for infectious diseases, and causing health
problems linked to climate disasters and drought-induced nutritional challenges.

The causal relationships between carbon emissions, temperature changes, and health
expenditures differ between developed and developing countries due to variations in eco-
nomic structures, environmental policies, health system capacities, and adaptation abilities.
In developed countries, environmental risks are often mitigated through effective policies,
renewable energy use, and robust health infrastructures. In contrast, developing countries
experience more pronounced effects due to reliance on fossil fuels, the environmental costs
of industrialization, and limited resources. In these countries, the direct burden of tempera-
ture increases on health systems is more acutely felt due to weaker infrastructure and lower
adaptation capacities. Meanwhile, in developed countries, the capacity of individuals and
governments to adapt and respond to environmental changes is higher, which can make
the impact on health expenditures more indirect or limited.

Therefore, analyzing the two country groups separately to compare the causal effects
of environmental changes on health systems offers a critical opportunity to evaluate current
policies and develop sustainable health systems. This study’s model, presented in Figure 1,
reflects this approach.

Sustainability 2025, 17, x FOR PEER REVIEW 5 of 21 
 

 

policies, renewable energy use, and robust health infrastructures. In contrast, developing 

countries experience more pronounced effects due to reliance on fossil fuels, the environ-

mental costs of industrialization, and limited resources. In these countries, the direct bur-

den of temperature increases on health systems is more acutely felt due to weaker infra-

structure and lower adaptation capacities. Meanwhile, in developed countries, the capac-

ity of individuals and governments to adapt and respond to environmental changes is 

higher, which can make the impact on health expenditures more indirect or limited. 

Therefore, analyzing the two country groups separately to compare the causal effects 

of environmental changes on health systems offers a critical opportunity to evaluate cur-

rent policies and develop sustainable health systems. This study’s model, presented in 

Figure 1, reflects this approach. 

 

Figure 1. Distribution of clustered countries based on health expenditure as a share of GDP and GNI 

PPP. 

In this study, the GNI PPP (Gross National Income per capita adjusted for Purchasing 

Power Parity) indicator was chosen over GDP per capita because GNI PPP provides a 

more accurate representation of countries’ economic capacities for international compari-

sons. GNI PPP reflects the income levels of a country’s citizens while accounting for price 

differences between countries, making it particularly suitable for analyzing economic dis-

parities between developing and developed nations. This approach was chosen to enable 

a more precise evaluation of the impact of health expenditures and environmental indica-

tors across countries. 

Additionally, “Health Expenditure, Total (% GDP)” was selected as the indicator for 

health expenditures due to its capacity to reflect the share of health expenditures within 

the total economic output, which is critical in assessing economic sustainability. The per-

centage-based expression facilitates comparisons among countries with diverse economic 

structures and allows the analysis of imbalances in spending ratios between developed 

and developing countries. For this reason, it was deemed to be more beneficial in this 

research model. This approach not only moves beyond absolute health expenditure fig-

ures but also enables an evaluation of a country’s economic commitment to its health sys-

tem, providing a basis for a deeper examination of its relationships with environmental 

variables. The alternative hypotheses for the study are presented in Table 2. 

  

Figure 1. Distribution of clustered countries based on health expenditure as a share of GDP and
GNI PPP.

In this study, the GNI PPP (Gross National Income per capita adjusted for Purchasing
Power Parity) indicator was chosen over GDP per capita because GNI PPP provides a more
accurate representation of countries’ economic capacities for international comparisons.
GNI PPP reflects the income levels of a country’s citizens while accounting for price
differences between countries, making it particularly suitable for analyzing economic
disparities between developing and developed nations. This approach was chosen to
enable a more precise evaluation of the impact of health expenditures and environmental
indicators across countries.

Additionally, “Health Expenditure, Total (% GDP)” was selected as the indicator
for health expenditures due to its capacity to reflect the share of health expenditures
within the total economic output, which is critical in assessing economic sustainability.
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The percentage-based expression facilitates comparisons among countries with diverse
economic structures and allows the analysis of imbalances in spending ratios between
developed and developing countries. For this reason, it was deemed to be more beneficial
in this research model. This approach not only moves beyond absolute health expenditure
figures but also enables an evaluation of a country’s economic commitment to its health
system, providing a basis for a deeper examination of its relationships with environmental
variables. The alternative hypotheses for the study are presented in Table 2.

Table 2. Research hypotheses.

Country Type HA Hypotheses
H1a In developing countries, population density has a causal relationship with temperature changes.
H2a In developing countries, population density has a causal relationship with CO2 emissions.

H3a
In developing countries, temperature changes have a causal relationship with gross national income
per capita (GNI PPP).

H4a
In developing countries, gross national income per capita (GNI PPP) has a causal relationship with
CO2 emissions.

H5a In developing countries, CO2 emissions have a causal relationship with temperature changes.
H6a In developing countries, CO2 emissions have a causal relationship with health expenditures.

D
ev

el
op

in
g

co
un

tr
ie

s

H7a In developing countries, temperature changes have a causal relationship with health expenditures.
H1b In developed countries, population density has a causal relationship with temperature changes.
H2b In developed countries, population density has a causal relationship with CO2 emissions.

H3b
In developed countries, temperature changes have a causal relationship with gross national income
per capita (GNI PPP).

H4b
In developed countries, gross national income per capita (GNI PPP) has a causal relationship with
CO2 emissions.

H5b In developed countries, CO2 emissions have a causal relationship with temperature changes.
H6b In developed countries, CO2 emissions have a causal relationship with health expenditures.D

ev
el

op
ed

co
un

tr
ie

s

H7b In developed countries, temperature changes have a causal relationship with health expenditures.

H1c
In both developing and developed countries, population density has a causal relationship with
temperature changes.

H2c
In both developing and developed countries, population density has a causal relationship with CO2
emissions.

H3c
In both developing and developed countries, temperature changes have a causal relationship with
gross national income per capita (GNI PPP).

H4c
In both developing and developed countries, gross national income per capita (GNI PPP) has a
causal relationship with CO2 emissions.

H5c
In both developing and developed countries, CO2 emissions have a causal relationship with
temperature changes.

H6c
In both developing and developed countries, CO2 emissions have a causal relationship with health
expenditures.

(B
ot

h
D

ev
el

op
in

g
an

d
D

ev
el

op
ed

)

H7c
In both developing and developed countries, temperature changes have a causal relationship with
health expenditures.

H1d
There is a difference in the causal relationship of population density with temperature changes
between developing and developed countries.

H2d
There is a difference in the causal relationship of population density with CO2 emissions between
developing and developed countries.

H3d
There is a difference in the causal relationship of temperature changes with gross national income per
capita between developing and developed countries.

H4d
There is a difference in the causal relationship of gross national income per capita with CO2
emissions between developing and developed countries.

H5d
There is a difference in the causal relationship of CO2 emissions with temperature changes between
developing and developed countries.

H6d
There is a difference in the causal relationship of CO2 emissions with health expenditures between
developing and developed countries.

D
iff

er
en

ce
s

H7d
There is a difference in the causal relationship of temperature changes with health expenditures
between developing and developed countries.

To perform clustering analysis by country, cross-sectional data for 115 countries cover-
ing the years 2000–2021 were generated with higher weights assigned to more recent years.
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This was achieved by weighting the values from recent years to incorporate the effect of
time in the clustering process, utilizing the following formula:

Xcross−sectional =
∑ Xt ×

[
Yeart−Year2000

Yearmax −Yearmin

]
∑
[

(Year t−Year2000)+1
(Year max−Yearmin)+1

]
To ensure the comparability of data across variables, z-score standardization was ap-

plied as a preprocessing step before conducting the k-means clustering analysis. Following
this scaling process, the k-means clustering algorithm was utilized to divide the countries
into two clusters based on GNI PPP (current USD) and the share of health expenditure in
GDP. The k-means algorithm optimized the cluster centers and assigned each observation
to the nearest cluster center [42]:

WCSS =
2

∑
k=1

∑
i∈Ck

∥xi − µk∥2

As a result of the clustering analysis, the means of Cluster 1 and Cluster 2 were
evaluated, with Cluster 1 identified as developing countries and Cluster 2 categorized as
developed countries due to its relatively higher values. Before proceeding to causality tests,
the stationarity of variables in the panel data were assessed using the Levin–Lin–Chu unit
root test, developed in 2002 [43]. For non-stationary variables, first-order differences (l)
were taken, and their stationarity was re-evaluated. Subsequently, causal relationships
between the variables were examined using the relatively recent Dumitrescu–Hurlin panel
causality test.

The Dumitrescu–Hurlin test [44] analyzes whether the past values of a variable X
improve the ability to predict the current values of another variable Y within a panel
dataset. According to Granger’s theory, if the past values of X enhance the explanatory
power of Y, then X is considered to cause Y [45]. A key advantage of the Dumitrescu–
Hurlin test is its ability to account for heterogeneity across panel units, such as countries,
thereby eliminating the requirement for the same causal relationship to exist in every
unit. Furthermore, the method is suitable for heterogeneous panel data analyses that
include both fixed and dynamic effects. The test employs asymptotic and semi-asymptotic
distributions developed by Dumitrescu and Hurlin to calculate a global Z-statistic based
on averages. This Z-statistic is used for hypothesis testing, where the null hypothesis states
that X has no causal effect on Y, while the alternative hypothesis asserts that X causes Y
in at least one panel unit. Another significant advantage of this method is its flexibility in
handling panel units with varying levels of stationarity, allowing it to work with different
lag lengths or degrees of independence for all series in the analysis [44].

The optimal lag length in panel data analysis and time series models determines
how past values of the dependent variable should be incorporated into the model [46]. If
the lag length is not selected correctly, then autocorrelation issues may arise, leading to
inaccurate predictions. Optimal lag selection is typically determined based on information
criteria such as the Akaike Information Criterion (AIC), Hannan–Quinn Criterion (HQ),
and Schwarz Criterion (SC) or by evaluating forecasting performance. Identifying an
appropriate lag structure enhances the statistical validity of the model, improves prediction
accuracy, and allows for a more reliable analysis of relationships between variables [47].
The Akaike Information Criterion, Hannan–Quinn Criterion, and other information criteria
are used to determine the optimal model complexity in time series and panel data models.
AIC balances model explanatory power while preventing overfitting, where a lower AIC
value indicates a preferred model. HQ, on the other hand, is often used in large datasets as



Sustainability 2025, 17, 1330 8 of 21

it provides less biased estimates. These criteria play a crucial role in avoiding unnecessary
complexity in models with excessive parameters and ensuring more accurate predictions.
The Levin–Lin–Chu (LLC) unit root test is a statistical test used to determine whether series
in panel datasets are stationary [43]. In panel data analysis, ensuring that variables are
stationary is crucial in avoiding the presence of misleading relationships in the estimates.
The LLC test examines whether all cross-sectional units share a common autocorrelation
coefficient to assess stationarity. The test’s null hypothesis (H0) assumes that the variable
contains a unit root, meaning that it is non-stationary, whereas the alternative hypothesis
(H1) assumes that the variable is stationary. Since non-stationary variables can compromise
the reliability of the model, the LLC test is one of the most frequently used methods in
panel data analysis.

In the process of defining the models, criteria such as the Akaike Information Criterion,
Schwarz Criterion, Hannan–Quinn Criterion, and Final Prediction Error (FPE) were consid-
ered to determine the optimal lag length. These criteria aim to balance model complexity
with data fit, facilitating the selection of the most appropriate model [48]. During the
application of the LLC test, differencing was performed as necessary to achieve stationarity
based on the hypothesis test results [43]. When conducting the Dumitrescu–Hurlin panel
causality test with differenced series, it is a standard practice to add an additional lag to
the determined lag length (i.e., lag length + 1). This adjustment is used to better capture the
dynamic structure of the model and minimize autocorrelation issues, making it a widely
accepted approach in panel data analysis [44]. Accordingly, the research hypotheses were
constructed based on the following regression model.

To compare the
∼
Z values of developed and developing countries, the Wald test was

employed [49]:

W =

∼
Zdeveloped −

∼
Zdeveloping

σ2
developed − σ2

developing

All analyses in the study were conducted using R 4.4.2 software. The results were
interpreted at a 95% confidence level, and hypothesis tests were evaluated accordingly.

3. Results
A k-means clustering analysis was performed based on GNI PPP (current USD) and

the share of health expenditures in GDP. Prior to clustering, the values of these two variables
were scaled after being cross-sectionalized with time-weighted adjustments for each country.
This clustering analysis was conducted to classify countries into developed and developing
groups based on GNI PPP (current USD) and the share of health expenditures in GDP.

The clustering analysis identified two distinct groups: Cluster 1, representing develop-
ing countries, and Cluster 2, representing developed countries. The results showed that
developing countries (Cluster 1) had an average health expenditure share of 4.99% (±1.46)
of GDP and an average GNI PPP of 8933 USD (±7260 USD), while developed countries
(Cluster 2) exhibited higher values, with an average health expenditure share of 8.52%
(±2.63) of GDP and an average GNI PPP of 31,306 USD (±22,711 USD). According to this
classification, 77 countries were categorized as developing, while 38 were classified as
developed. The findings indicate that developed countries generally have higher shares of
health expenditures, per capita income, CO2 emissions, and population density, whereas
developing countries are characterized by lower levels in these aspects along with more
irregular temperature change patterns (Figure 1).

Figure 2 provides an example of trends for five variables from three randomly selected
countries in each cluster, using a fixed random seed (set.seed (123)). A fixed random
seed ensures that the random selection process remains reproducible, meaning that if the
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analysis is repeated, the same set of countries will be selected each time. This approach
enhances the consistency and comparability of the results. The concept of setting a seed is
widely used in statistical and computational analyses to control randomness, ensuring that
findings are replicable [50].
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Figure 2. Trend examples for 5 variables for 6 randomly selected countries from clusters.

Figure 2 presents the trends for the CO2 Emissions, Population Density, GNI PPP,
Health Expenditure, and Temperature Change variables for six randomly selected countries
(three from Cluster 1 and three from Cluster 2) during the period 2000–2021.

The results determining the optimal lag length for causality analyses are presented in
Table 3.
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Table 3. Lag selection of models.

Models AIC HQ SC FPE
Population Density→Temperature Change 4 3 3 4

Population Density→CO2 Emissions 3 1 1 3
Temperature Change→GNI PPP 4 3 3 4

GNI PPP→CO2 Emissions 3 1 1 3
CO2 Emissions→Temperature Change 4 4 3 4
CO2 Emissions→Health Expenditure 4 3 1 4

D
ev

el
op

in
g

co
un

tr
ie

s

Temperature Change→Health Expenditure 4 3 3 4
Population Density→Temperature Change 3 3 2 3

Population Density→CO2 Emissions 1 1 1 1
Temperature Change→GNI PPP 4 3 2 4

GNI PPP→CO2 Emissions 3 1 1 3
CO2 Emissions→Temperature Change 3 2 2 3
CO2 Emissions→Health Expenditure 1 1 1 1

D
ev

el
op

ed
co

un
tr

ie
s

Temperature Change→Health Expenditure 3 3 2 3

A
ll

Population Density→Temperature Change 3 3 3 3
Population Density→CO2 Emissions 1 1 1 1

Temperature Change→GNI PPP 4 4 3 4
GNI PPP→CO2 Emissions 3 3 1 3

CO2 Emissions→Temperature Change 3 3 3 3
CO2 Emissions→Health Expenditure 3 1 1 3

Temperature Change→Health Expenditure 4 3 3 4
AIC, Akaike Information Criterion; HQ, Hannan–Quinn Criterion; SC, Schwarz Criterion; FPE, Final Prediction
Error.

The optimal lag structure for each model was determined using criteria such as the
AIC, HQ, SC, and FPE. Consistency among these criteria was observed in most models.
For example, in the model including all countries, all criteria suggested a lag of 3 for
the relationship between Population Density and Temperature Change, while a lag of 1
was recommended for the relationship between Population Density and CO2 Emissions.
However, in cases where differences between the criteria were observed, the dominant
criteria were selected. When equal values were proposed, AIC was prioritized (Table 3).

The Levin–Lin–Chu unit root test was applied to assess the stationarity of variables in
the panel dataset. This test determines whether a variable maintains a constant mean and
variance over time or exhibits a systematic trend. According to the hypotheses used in the
test, the null hypothesis (H0) assumes that the variable contains a unit root, meaning that it
follows a stochastic trend and is non-stationary. In contrast, the alternative hypothesis (HA)
assumes that the variable is stationary, implying that its statistical properties remain stable
over time.

According to the results of the Levin–Lin–Chu test, the stationarity of variables was
evaluated to determine the necessity of differencing. Variables such as Temperature Change
and Population Density were found to be stationary at level (0th difference), and the unit
root assumption was rejected due to the significance of the p-value. In contrast, the
variables GNI PPP and CO2 Emissions required first differencing to achieve stationarity.
For developed countries, in addition to GNI PPP and CO2 Emissions, the variable Health
Expenditure as a percentage of GDP also required first differencing. After these processes,
the test statistics indicated significance, confirming that these variables were now stationary.
For causal analysis based on level values, the first differenced variables were incorporated
into the causality models as lag lengths (Table 4).
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Table 4. Levin–Lin–Chu unit root tests.

Variables ∆ z p Result
Temperature Change 0 −12.312 <0.001 *** H0 rejected

Health Expenditure in GDP 0 −2.054 0.020 * H0 rejected
GNI PPP, currently USD 1 −14.048 <0.001 *** H0 rejected with differencing

Population Density 0 −4.243 <0.001 *** H0 rejected

D
ev

el
op

in
g

co
un

tr
ie

s

CO2 Emissions Per Capita 1 −26.582 <0.001 *** H0 rejected with differencing
Temperature Change 0 −7.569 <0.001 *** H0 rejected

Health Expenditure in GDP 1 −16.532 <0.001 *** H0 rejected with differencing
GNI PPP, currently USD 1 −13.150 <0.001 *** H0 rejected with differencing

Population Density 0 −2.752 0.003 ** H0 rejected

D
ev

el
op

ed
co

un
tr

ie
s

CO2 Emissions Per Capita 1 −6.332 <0.001 *** H0 rejected with differencing

A
ll

Temperature Change 0 −14.44 <0.001 *** H0 rejected
Health Expenditure in GDP 0 −1.858 0.032 * H0 rejected

GNI PPP, currently USD 1 −18.967 <0.001 *** H0 rejected with differencing
Population Density 0 −4.963 <0.001 *** H0 rejected

CO2 Emissions Per Capita 1 −23.485 <0.001 *** H0 rejected with differencing
*, p < 0.05; **, p < 0.01; ***, p < 0.001.

The findings of hypothesis tests related to causality analyses are presented in Table 5.
The Dumitrescu–Hurlin panel causality test evaluated the existence of causal relation-

ships between variable pairs. For all countries, the causality test for Population Density on

Temperature Change yielded a
∼
Z statistic of 15.682 and a p-value < 2.2 × 10−16, leading

to the rejection of the null hypothesis and demonstrating a significant effect of Popula-
tion Density on Temperature Change. The causality test for Population Density on CO2

Emissions resulted in a
∼
Z value of 24.144 and a p-value < 2.2 × 10−16, also indicating a

significant relationship. However, the causality test for Temperature Change on GNI PPP

showed a
∼
Z statistic of −0.24137 and a p-value of 0.8093, failing to reject the null hypothesis,

and no causality was found. The test for GNI PPP on CO2 Emissions produced a
∼
Z value

of 7.967 and a p-value of 1.625 × 10−15, indicating a significant causal effect of GNI PPP on

CO2 emissions. For CO2 Emissions on Temperature Change, the
∼
Z statistic was 2.7709 with

a p-value of 0.00559, revealing a significant relationship, suggesting that CO2 emissions
may influence temperature change. The test for CO2 Emissions on Health Expenditures

yielded a
∼
Z value of 2.527 and a p-value of 0.0115, while the test for Temperature Change

on Health Expenditures showed a
∼
Z value of 2.4382 and a p-value of 0.01476. Both tests

disproved the null hypothesis, demonstrating significant causal relationships in each case
(Table 5).

For developing countries, the causality test for Population Density on Temperature

Change yielded a
∼
Z statistic of 6.8432 and a p-value of 7.744 × 10−12, leading to the

rejection of the null hypothesis and demonstrating a significant causal relationship between
Population Density and Temperature Change. Similarly, the test for Population Density on

CO2 Emissions resulted in a
∼
Z statistic of 9.9045 and a p-value < 2.2 × 10−16, indicating a

significant relationship. However, the causality test for Temperature Change on GNI PPP

showed a
∼
Z statistic of −0.51403 and a p-value of 0.6072, failing to reject the null hypothesis,

and no causal relationship was found between these variables. The causality test for

GNI PPP on CO2 Emissions yielded a
∼
Z statistic of 5.6091 and a p-value of 2.034 × 10−8,

confirming a significant causal relationship. In contrast, the test for CO2 Emissions on

Temperature Change showed a
∼
Z statistic of 0.38377 and a p-value of 0.7011, and the null
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hypothesis could not be rejected. The test for CO2 Emissions on Health Expenditures

yielded a
∼
Z statistic of 3.398 and a p-value of 0.0006787, indicating a significant causal

relationship. Lastly, the causality test for Temperature Change on Health Expenditures

resulted in a
∼
Z statistic of 1.9221 and a p-value of 0.05459, showing borderline significance,

with the null hypothesis being rejected at the margin (Table 5).

Table 5. Test results for models.

Hypothesis
~
Z df p-Value Result

Population Density ⇏ Temperature Change
H0: no causality 6.8432 4 7.744 × 10−12 *** H0: rejected

Population Density ⇏ CO2 Emissions
H0: no causality 9.9045 4 <2.2 × 10−16 *** H0: rejected

Temperature Change ⇏ GNI PPP
H0: no causality −0.51403 5 0.6072 H0: cannot be rejected

GNI PPP ⇏ CO2 Emissions
H0: no causality 5.6091 4 2.034 × 10−8 *** H0: rejected

CO2 Emissions ⇏ Temperature Change
H0: no causality 0.38377 5 0.7011 H0: cannot be rejected

CO2 Emissions ⇏ Health Expenditure
H0: no causality 3.398 5 0.0006787 *** H0: rejectedD

ev
el

op
in

g
co

un
tr

ie
s

Temperature Change ⇏ Health Expenditure
H0: no causality 1.9221 4 0.05459

H0 is at the borderline of
being rejected (indicating
weak evidence against the

null hypothesis)

Population Density ⇏ Temperature Change
H0: no causality 11.006 3 <2.2 × 10−16 *** H0: rejected

Population Density ⇏ CO2 Emissions
H0: no causality 23.952 2 <2.2 × 10−16 *** H0: rejected

Temperature Change ⇏ GNI PPP
H0: no causality 0.31183 5 0.7552 H0: cannot be rejected

GNI PPP ⇏ CO2 Emissions
H0: no causality 5.8753 4 4.221 × 10−9 *** H0: rejected

CO2 Emissions ⇏ Temperature Change
H0: no causality 2.8731 4 0.004065 ** H0: rejected

CO2 Emissions ⇏ Health Expenditure
H0: no causality 5.8611 2 4.599 × 10−9 *** H0: rejected

D
ev

el
op

ed
co

un
tr

ie
s

Temperature Change ⇏ Health Expenditure
H0: no causality 1.5054 4 0.1322 H0: cannot be rejected

A
ll

Population Density ⇏ Temperature Change
H0: no causality 15.682 3 <2.2 × 10−16 *** H0: rejected

Population Density ⇏ CO2 Emissions
H0: no causality 24.144 2 <2.2 × 10−16 *** H0: rejected

Temperature Change ⇏ GNI PPP
H0: no causality −0.24137 5 0.8093 H0: cannot be rejected

GNI PPP ⇏ CO2 Emissions
H0: no causality 7.967 4 1.625 × 10−15 *** H0: rejected

CO2 Emissions ⇏ Temperature Change
H0: no causality 2.7709 4 0.00559 ** H0: rejected

CO2 Emissions ⇏ Health Expenditure
H0: no causality 2.527 4 0.0115 * H0: rejected

Temperature Change ⇏ Health Expenditure
H0: no causality 2.4382 4 0.01476 * H0: rejected

The Dumitrescu–Hurlin panel causality test; p-value was calculated according to the degree of freedom; *, p < 0.05;
**, p < 0.01; ***, p < 0.001.
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For developed countries, the results of the Dumitrescu–Hurlin panel causality test
indicate that the causality from Population Density to Temperature Change is significant,

with a
∼
Z statistic of 11.006 and a p-value < 2.2 × 10−16. Similarly, the causality from

Population Density to CO2 Emissions is also significant, with a
∼
Z statistic of 23.952 and a

p-value < 2.2 × 10−16. However, the test for Temperature Change on GNI PPP showed a
∼
Z

statistic of 0.31183 and a p-value of 0.7552, failing to reject the null hypothesis, indicating no

causal relationship. The causality test for GNI PPP on CO2 Emissions yielded a
∼
Z statistic

of 5.8753 and a p-value of 4.221 × 10−9, demonstrating a significant causal relationship.

The causality from CO2 Emissions to Temperature Change showed a
∼
Z statistic of 2.8731

and a p-value of 0.004065, indicating a significant relationship. Furthermore, the causality

from CO2 Emissions to Health Expenditures yielded a
∼
Z statistic of 5.8611 and a p-value

of 4.599 × 10−9, confirming a significant relationship. However, the test for Temperature

Change on Health Expenditures resulted in a
∼
Z statistic of 1.5054 and a p-value of 0.1322,

failing to reject the null hypothesis (Table 5).
Differences in causality relationships between developing and developed countries

were analyzed using the Wald test, as presented in Table 6.

Table 6. Comparison of causality relationships between developing and developed countries.

Developing
(n = 77)

Developed
(n = 38)Models ~

Z
~
Z

Wald-Stat p-Value

Population Density→Temperature Change 6.8432 11.006 440.907588 6.87 × 10−98 **
Population Density→CO2 Emissions 9.9045 23.952 5020.818972 0.00 × 10 **

Temperature Change→GNI PPP −0.51403 0.31183 17.353591 3.10 × 10−5 **
GNI PPP→CO2 Emissions 5.6091 5.8753 1.802987 0.179

CO2 Emissions→Temperature Change 0.38377 2.8731 157.667226 3.66 × 10−36 **
CO2 Emissions→Health Expenditure 3.398 5.8611 154.362061 1.93 × 10−35 **

Temperature Change→Health Expenditure 1.9221 1.5054 4.417977 0.035 *
*, p < 0.05; **, p <0.001.

The causality from Population Density to Temperature Change was found to dif-
fer significantly between developing and developed countries (W = 440.91, p < 0.001),
with stronger causality observed in developed countries. Similarly, the impact of Popula-
tion Density on CO2 Emissions also showed a significant difference between the groups
(W = 5020.82, p < 0.001), with this causality being more pronounced in developed countries.
For the relationship between Temperature Change and GNI PPP, a significant difference
was identified between the groups (W = 17.35, p < 0.001), with the causality being stronger
in developing countries. Conversely, the effect of GNI PPP on CO2 Emissions did not
show a significant difference between the groups (W = 1.80, p = 0.179). The causality from
CO2 Emissions to Temperature Change demonstrated a significant difference (W = 157.67,
p < 0.001), with stronger causality in developed countries. Similarly, the causality from
CO2 Emissions to Health Expenditures also showed a significant difference between the
groups (W = 154.36, p < 0.001), being more prominent in developed countries. Finally,
the causality from Temperature Change to Health Expenditures revealed a significant
difference (W = 4.42, p = 0.035), with stronger causality observed in developing countries
(Table 6).

Figure 3 explains the results of the Dumitrescu–Hurlin panel causality test. Accord-
ingly, for Developing and Developed countries, population density has a significant causal
effect on temperature change and CO2 emissions, while CO2 emissions are found to influ-
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ence both temperature change and health expenditures. The causal relationship between
GNI PPP and CO2 emissions is also significant across both country groups. In develop-
ing countries, population density has a strong causal effect on temperature change and
CO2 emissions; however, the causal relationship between CO2 emissions and temperature
change is not significant. In developed countries, CO2 emissions influence both tempera-
ture change and health expenditures, while the causal relationship between temperature
change and health expenditures is not significant.
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4. Discussion
This study comparatively examines the impact of environmental indicators such as

population density, temperature changes, and CO2 emissions on economic structures and
health expenditures in both developed and developing countries. The findings reveal
that environmental changes create a complex web of interactions that shape not only the
physical environment but also economic and health systems. In developing countries, the
direct effects of climate change on economic growth and health expenditures are more
pronounced, whereas in developed countries, these effects are typically mitigated through
regulatory policies, robust health infrastructure, and environmental adaptation measures.

A study conducted in G7 countries found that long-term increases in GDP per capita
were associated with reductions in greenhouse gas emissions [51]. In another study cov-
ering BRICST and G7 countries, the effects of fintech applications and natural resource
abundance on energy consumption were examined, and differences among countries were
revealed using a special climate change index [52]. Similarly, another study involving
919 European cities observed higher levels of air pollution in densely populated urban
areas but also noted that these cities were more energy-efficient. Moreover, areas with
abundant green spaces exhibited lower levels of air pollution, which were linked to posi-
tive health outcomes [53]. These findings emphasize the importance of interdisciplinary
approaches in understanding the impact of environmental indicators on economic and
health systems. They also underscore the need for policymakers to prioritize sustainability
and public health in urban planning.

Research indicates that population density generally reduces CO2 emissions, although
this effect diminishes as density increases [54]. Among the 115 countries analyzed in this
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study, population density was found to have a significant causal effect on temperature
changes. In developing countries, population density significantly affects not only tem-
perature changes but also CO2 emissions. Similarly, in developed countries, population
density has a strong influence on both variables. In developing countries, issues such as
inadequate urban infrastructure and uncontrolled urban migration may be key contribu-
tors to variations in carbon emissions [55,56]. On the other hand, in developed countries,
well-planned urban infrastructure, the effective use of public transportation systems, and
the adoption of energy-efficient technologies act as mitigating factors, reducing the environ-
mental impacts of population density. This study also highlighted the fact that population
density, particularly as an indicator of energy consumption and industrial activities, has a
significant causal effect on CO2 emissions across all countries. While this relationship is
marked by a steeper upward trend in developing countries, a causal effect is also observed
in developed nations. Similar findings were reported in a study using the STIRPAT model,
which demonstrated that urbanization and real economic development have only a small
impact on CO2 emissions in low-income countries, whereas real economic development in
upper–middle-income countries leads to a reduction in CO2 emissions [57]. These findings
suggest that in developing countries, economic growth is often prioritized over addressing
global environmental challenges.

Countries with energy-intensive economic growth and high fossil fuel consumption
for energy production, particularly those dominated by tertiary industries, tend to have
larger carbon footprints [58]. In Sweden, renewable energy sources were found to be
negatively associated with carbon emissions, whereas energy efficiency measures involving
coal and gas were also negatively correlated [59]. In analyzing the effects of temperature
changes on economic structures, this study found no significant causal effect of these
changes on per capita Gross National Income (GNI PPP). However, the findings show that
GNI PPP, an indicator of economic growth, increases CO2 emissions consistently across all
country groups. While the effect of GNI PPP on CO2 emissions is significant in developing
countries, a similar relationship was observed in developed countries. Importantly, no
significant difference in the magnitude of this effect was found between the two groups,
indicating that economic growth in both contexts leads to similar environmental outcomes
through energy consumption and industrialization. Research investigating historical cli-
mate impacts across 77 countries and over 1500 regions found no significant effect on
sustained economic growth but highlighted the substantial influence of temperature on
productivity levels. By the end of the century, a global average surface temperature in-
crease of approximately 3.5 ◦C is projected to reduce global output by 7–14%, with even
higher damages expected in tropical and impoverished regions [60]. These findings un-
derscore the critical importance of energy efficiency, renewable energy promotion, and
transitioning to low-carbon technologies in mitigating the environmental impacts of eco-
nomic growth. Furthermore, the consistent results across both developed and developing
countries suggest that the more pronounced effects of temperature changes on GNI PPP in
developing nations may stem from the indirect impacts of climate-sensitive sectors such as
agriculture and energy on economic growth. For instance, a study controlling for income
inequality found that temperature increases and rainfall anomalies significantly exacerbate
intranational inequality, particularly in rural areas with larger populations and a higher
prevalence of agricultural workers [33]. The impact of CO2 emissions on temperature
changes is significant across all countries, yet this effect is not found to be significant in
developing countries. In contrast, the effect of CO2 emissions on temperature changes is
strongly evident in developed nations, primarily due to higher levels of economic growth,
uncontrolled urbanization, and reliance on fossil fuels in developing countries. Successes
in reducing carbon emissions have been documented in 18 developed countries through
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the use of renewable energy sources and adherence to the targets set by the Paris Agree-
ment, which has also contributed to stabilizing temperature changes [61,62]. To prevent
problems, foreign direct investments may offer opportunities for firms to shift towards
cleaner and greener technologies; for instance, a study using data from Chinese companies
has demonstrated that foreign investments support green innovation [63].

The relationship between CO2 emissions and health expenditures is significant in both
developed and developing countries. While CO2 emissions drive increases in health expen-
ditures in developing countries, this effect is stronger in developed nations. A similar study
in G7 countries found that greenhouse gas emissions directly drive health expenditures [51].
In developed countries, this relationship is likely due to the allocation of more resources for
combating air pollution and climate change. In developing countries, a study examining
the relationships between health expenditures, carbon emissions, economic growth, natural
resources, and population found that improved sanitation reduces health expenditures,
whereas economic growth, pollution, and resource exploitation increase them [64]. Another
study on causal dynamics found bidirectional causality between CO2 emissions and eco-
nomic growth, as well as between health expenditures and economic growth for the global
panel, though this relationship was absent in low-income countries [65]. These findings
highlight the critical role of advanced health infrastructure and technology in treating and
preventing pollution-related illnesses in developed nations.

The effects of temperature changes on health expenditures are significant across
all countries. However, this relationship is only marginally significant in developing
countries and is not significant in developed countries. Nevertheless, the more pronounced
effects of temperature changes on health systems in developing countries are likely due
to limited infrastructure and adaptation capacity. A study covering 15 countries from
2000 to 2017 found that temperature and air pollution had a long-term and substantially
positive relationship with healthcare costs, while rainfall exhibited a negative correlation
with health expenditures [66]. Another study involving 38 countries emphasized that
national environmental policies could reduce health expenditures [67]. In Sub-Saharan
Africa, a study warned of significant public health threats in countries such as Ghana,
Nigeria, South Africa, Namibia, Ethiopia, and Kenya if climate change measures were not
implemented [68]. Limited access to clean water and sanitation in developing countries
further exacerbates the health issues caused by temperature changes [69].

Advanced climate policies and transitions to green energy help mitigate the indirect
effects of temperature changes on health in these countries. Additionally, in developed
countries, allocating a significant portion of health expenditures to preventive healthcare
reduces the costs of health issues associated with temperature changes. However, consider-
ing the long-term impacts of climate change, even developed countries are expected to face
an increasing burden on their health systems. The aging population’s greater vulnerability
to environmental changes could further amplify the effects of temperature changes on
health expenditures in the coming years [66]. These findings underscore the importance of
proactive policies and investments in addressing climate change for both developed and
developing countries. Strengthening energy efficiency, promoting renewable energy use,
and enhancing environmental health policies are critical steps in mitigating these impacts.

5. Conclusions
This study provides comprehensive evidence on the causal relationships between

carbon emissions, temperature increases, and health expenditures, with a particular focus
on inequalities between developed and developing countries. It highlights the multi-
faceted impact of climate change and environmental degradation on public health systems,
emphasizing the importance of proactive and targeted strategies.
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The findings reveal that population density significantly contributes to both temper-
ature increases and carbon emissions across all countries. However, this relationship is
more pronounced in developed countries, likely due to better management of urbanization
patterns and industrial activities through sustainable infrastructure. In contrast, in devel-
oping countries, inadequate urban planning and uncontrolled urban sprawl exacerbate
environmental pressures, leading to increased emissions and temperature fluctuations.

The relationship between temperature increases and health expenditures underscores
the critical vulnerability of developing countries. Limited adaptation capacity and in-
adequate infrastructure make health systems in these countries more susceptible to the
impacts of climate change, including vector-borne diseases, heat-related illnesses, and
water-borne diseases. While the direct effects on health expenditures appear less significant
in developed countries, the long-term implications of an aging population and chronic
diseases linked to climate change remain a concern.

The role of economic growth, measured by GNI PPP, demonstrates a consistent link
with increased carbon emissions. This finding highlights the need for both developed
and developing countries to prioritize decoupling economic growth from carbon intensity.
Investments in renewable energy, improvements in energy efficiency, and the adoption of
low-carbon technologies are essential in mitigating the environmental impact of economic
activities. Accordingly, the following recommendations are proposed:

• Developing countries should focus on enhancing healthcare infrastructure, improving
access to clean water and sanitation, and integrating climate adaptation into pub-
lic health strategies. International funding and technology transfer are critical in
supporting these efforts.

• Governments in developing countries should implement policies prioritizing sus-
tainable urban planning, including green infrastructure, efficient public transporta-
tion systems, and urban green spaces, to mitigate the environmental impact of
population density.

• Both developed and developing countries should increase investments in renewable
energy sources and promote the transition to energy-efficient technologies. Developed
countries should lead by example and provide financial and technical support to
developing nations.

• Policymakers must enforce regulations that limit emissions, incentivize energy effi-
ciency, and support the use of cleaner energy sources. Multilateral agreements like the
Paris Agreement should be further reinforced with actionable commitments.

• Developing countries need to allocate resources to preventive healthcare to reduce the
burden of climate-related illnesses, while developed countries should expand efforts
to address long-term health challenges associated with climate change.

While this study provides significant insights, it does not fully capture the long-term
impacts of climate change that may manifest over decades. Additionally, the classification
of countries into developed and developing groups does not account for the environmental,
legal, political, and economic variations within these broad categories. The causal rela-
tionships examined in this study do not fully reflect the long-term progression of these
dynamics. Furthermore, critical environmental indicators such as biodiversity loss or air
pollution, which could offer deeper insights into the environment–health nexus, were not
included, and only unidirectional relationships were evaluated.

Future research should focus on longitudinal analyses to capture the delayed effects of
climate change on health systems and include micro-level data from regional or local studies
to provide more detailed insights into the causal dynamics explored here. Increasing studies
on the intersection of climate change, socioeconomic inequality, and health outcomes
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can offer valuable multidimensional perspectives for designing equitable and effective
climate policies.

Author Contributions: Conceptualization, S.Y.; methodology, S.Y.; software, S.Y.; validation, S.Y. and
D.O.; formal analysis, S.Y.; investigation, S.Y.; resources, S.Y.; data curation, S.Y.; writing—original
draft preparation, S.Y.; writing—review and editing, S.Y. and D.O.; visualization, S.Y.; supervision,
S.Y.; project administration, S.Y.; funding acquisition, S.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: The APC was funded by Acibadem Mehmet Ali Aydinlar University.

Institutional Review Board Statement: Since this study was not conducted on humans or animals,
ethics committee approval was not required.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data utilized in this study are openly accessible at the following
link: https://www.dosya.tc/server2/vz5gka/data_temiz_2.xlsx.html (accessed on 1 January 2025).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Upadhyay, R.K. Markers for Global Climate Change and Its Impact on Social, Biological and Ecological Systems: A Review. Am. J.

Clim. Change 2020, 9, 159–203. [CrossRef]
2. Lomborg, B. Welfare in the 21st Century: Increasing Development, Reducing Inequality, the Impact of Climate Change, and the

Cost of Climate Policies. Technol. Forecast. Soc. Change 2020, 156, 119981. [CrossRef]
3. Linares, C.; Díaz, J.; Negev, M.; Martínez, G.S.; Debono, R.; Paz, S. Impacts of Climate Change on the Public Health of the

Mediterranean Basin Population—Current Situation, Projections, Preparedness and Adaptation. Environ. Res. 2020, 182, 109107.
[CrossRef] [PubMed]

4. Rahman, M.M.; Alam, K. Clean Energy, Population Density, Urbanization and Environmental Pollution Nexus: Evidence from
Bangladesh. Renew. Energy 2021, 172, 1063–1072. [CrossRef]

5. Rahman, M.M. Exploring the Effects of Economic Growth, Population Density and International Trade on Energy Consumption
and Environmental Quality in India. Int. J. Energy Sect. Manag. 2020, 14, 1177–1203. [CrossRef]

6. Khan, M.T.; Imran, M. Unveiling the Carbon Footprint of Europe and Central Asia: Insights into the Impact of Key Factors on
CO2 Emissions. Arch. Soc. Sci. A J. Collab. Mem. 2023, 1, 52–66.

7. Sikder, M.; Wang, C.; Yao, X.; Huai, X.; Wu, L.; KwameYeboah, F.; Wood, J.; Zhao, Y.; Dou, X. The Integrated Impact of GDP
Growth, Industrialization, Energy Use, and Urbanization on CO2 Emissions in Developing Countries: Evidence from the Panel
ARDL Approach. Sci. Total Environ. 2022, 837, 155795. [CrossRef] [PubMed]

8. Maja, M.M.; Ayano, S.F. The Impact of Population Growth on Natural Resources and Farmers’ Capacity to Adapt to Climate
Change in Low-Income Countries. Earth Syst. Environ. 2021, 5, 271–283. [CrossRef]

9. Dong, E.; Tol, R.S.J.; Wang, J. The Effects of Weather Conditions on Economic Growth: Evidence from Global Subnational
Economic Output and Income. 2024. Available online: https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4728106 (accessed
on 1 January 2025).

10. Nguyễn, H.V.; Phan, T.T. Impact of Economic Growth, International Trade, and FDI on Sustainable Development in Developing
Countries. Environ. Dev. Sustain. 2023. [CrossRef]

11. Bashir, M.F.; Pata, U.K.; Shahzad, L. Linking Climate Change, Energy Transition and Renewable Energy Investments to Combat
Energy Security Risks: Evidence from Top Energy Consuming Economies. Energy 2025, 314, 134175. [CrossRef]

12. Kumar, P.; Sahu, N.C.; Kumar, S.; Ansari, M.A. Impact of Climate Change on Cereal Production: Evidence from Lower-Middle-
Income Countries. Environ. Sci. Pollut. Res. 2021, 28, 51597–51611. [CrossRef]

13. Huang, Y.; Kuldasheva, Z.; Bobojanov, S.; Djalilov, B.; Salahodjaev, R.; Abbas, S. Exploring the Links between Fossil Fuel Energy
Consumption, Industrial Value-Added, and Carbon Emissions in G20 Countries. Environ. Sci. Pollut. Res. 2022, 30, 10854–10866.
[CrossRef]

14. Avenyo, E.K.; Tregenna, F. Greening Manufacturing: Technology Intensity and Carbon Dioxide Emissions in Developing
Countries. Appl. Energy 2022, 324, 119726. [CrossRef]

15. Qadeer, A.; Jiang, X.; Rehman, R.U.; Deng, B. Does State Participation Promote or Damage Green Innovation? Creat. Innov. Manag.
2024, 33, 61–76. [CrossRef]

https://www.dosya.tc/server2/vz5gka/data_temiz_2.xlsx.html
https://doi.org/10.4236/ajcc.2020.93012
https://doi.org/10.1016/j.techfore.2020.119981
https://doi.org/10.1016/j.envres.2019.109107
https://www.ncbi.nlm.nih.gov/pubmed/32069750
https://doi.org/10.1016/j.renene.2021.03.103
https://doi.org/10.1108/IJESM-11-2019-0014
https://doi.org/10.1016/j.scitotenv.2022.155795
https://www.ncbi.nlm.nih.gov/pubmed/35561911
https://doi.org/10.1007/s41748-021-00209-6
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4728106
https://doi.org/10.1007/s10668-023-04060-9
https://doi.org/10.1016/j.energy.2024.134175
https://doi.org/10.1007/s11356-021-14373-9
https://doi.org/10.1007/s11356-022-22605-9
https://doi.org/10.1016/j.apenergy.2022.119726
https://doi.org/10.1111/caim.12581


Sustainability 2025, 17, 1330 19 of 21

16. Apergis, N.; Ozturk, I. Testing Environmental Kuznets Curve Hypothesis in Asian Countries. Ecol. Indic. 2015, 52, 16–22.
[CrossRef]

17. Abdul, Q.; Jiang, X. Environmental Protection Policy and Green Innovation in China. Appl. Econ. Lett. 2024. [CrossRef]
18. Ali, A.; Jiang, X.; Ali, A.; Qadeer, A. A Moderated Mediation Model Linking Entrepreneurial Leadership to Green Innovation: An

Upper Echelons Theory Perspective. Creat. Innov. Manag. 2023, 32, 41–57. [CrossRef]
19. Seneviratne, S.I.; Donat, M.G.; Pitman, A.J.; Knutti, R.; Wilby, R.L. Allowable CO2 Emissions Based on Regional and Impact-

Related Climate Targets. Nature 2016, 529, 477–483. [CrossRef]
20. Jiang, J.; Ye, B.; Liu, J. Research on the Peak of CO2 Emissions in the Developing World: Current Progress and Future Prospect.

Appl. Energy 2019, 235, 186–203. [CrossRef]
21. Le Quéré, C.; Andrew, R.M.; Friedlingstein, P.; Sitch, S.; Hauck, J.; Pongratz, J.; Pickers, P.A.; Korsbakken, J.I.; Peters, G.P.;

Canadell, J.G.; et al. Global Carbon Budget 2018. Earth. Syst. Sci. Data 2018, 10, 2141–2194. [CrossRef]
22. Manisalidis, I.; Stavropoulou, E.; Stavropoulos, A.; Bezirtzoglou, E. Environmental and Health Impacts of Air Pollution: A Review.

Front. Public Health 2020, 8. [CrossRef]
23. Kassomenos, P.A.; Kelessis, A.; Petrakakis, M.; Zoumakis, N.; Christidis, T.; Paschalidou, A.K. Air Quality Assessment in a

Heavily Polluted Urban Mediterranean Environment through Air Quality Indices. Ecol. Indic. 2012, 18, 259–268. [CrossRef]
24. Dockery, D.W.; Pope, C.A.; Xu, X.; Spengler, J.D.; Ware, J.H.; Fay, M.E.; Ferris, B.G.; Speizer, F.E. An Association between Air

Pollution and Mortality in Six U.S. Cities. N. Engl. J. Med. 1993, 329, 1753–1759. [CrossRef]
25. Ligsay, A.; Telle, O.; Paul, R. Challenges to Mitigating the Urban Health Burden of Mosquito-Borne Diseases in the Face of Climate

Change. Int. J. Environ. Res. Public Health 2021, 18, 5035. [CrossRef]
26. Diouf, I.; Sy, I.; Diakhaté, M. Assessing Climate Change Impacts on Public Health in Haiti: A Comprehensive Study of Disease

Distribution, Modeling, and Adaptation Strategies. Front. Trop. Dis. 2024, 4, 1287499. [CrossRef]
27. Kjellstrom, T.; Butler, A.J.; Lucas, R.M.; Bonita, R. Public Health Impact of Global Heating Due to Climate Change: Potential

Effects on Chronic Non-Communicable Diseases. Int. J. Public Health 2010, 55, 97–103. [CrossRef]
28. Bloom, D.E.; Cadarette, D. Infectious Disease Threats in the Twenty-First Century: Strengthening the Global Response. Front.

Immunol. 2019, 10. [CrossRef]
29. Chilakam, N.; Lakshminarayanan, V.; Keremutt, S.; Rajendran, A.; Thunga, G.; Poojari, P.G.; Rashid, M.; Mukherjee, N.;

Bhattacharya, P.; John, D. Economic Burden of Mosquito-Borne Diseases in Low-and Middle-Income Countries: Protocol for a
Systematic Review. JMIR Res. Protoc. 2023, 12, e50985. [CrossRef]

30. Cristóbal, J.; Ehrenstein, M.; Domínguez-Ramos, A.; Galán-Martín, Á.; Pozo, C.; Margallo, M.; Aldaco, R.; Jiménez, L.; Irabien, Á.;
Guillén-Gosálbez, G. Unraveling the Links between Public Spending and Sustainable Development Goals: Insights from Data
Envelopment Analysis. Sci. Total Environ. 2021, 786, 147459. [CrossRef]

31. Lai, Y.; Li, Y.; Wu, B.; Tian, Y.; Zhang, X.; Shi, B.; Wu, Q.; Jiao, M. Temporal and Spatial Deduction Pattern of Health Poverty
Eradication in Countries Along the Belt and Road: A Systematic Analysis of 141 Countries from 2008–2019. 2024. Available
online: https://assets-eu.researchsquare.com/files/rs-3984478/v1/34486e5f-6261-4c4e-b398-5cf9d221c9ac.pdf?c=1718479894
(accessed on 1 January 2025).

32. Sajid, M.J.; Khan, S.A.R.; Sun, Y.; Yu, Z. The Long-Term Dynamic Relationship between Communicable Disease Spread, Economic
Prosperity, Greenhouse Gas Emissions, and Government Health Expenditures: Preparing for COVID-19-like Pandemics. Environ.
Sci. Pollut. Res. 2022, 30, 26164–26177. [CrossRef]

33. Paglialunga, E.; Coveri, A.; Zanfei, A. Climate Change and Within-Country Inequality: New Evidence from a Global Perspective.
World Dev 2022, 159, 106030. [CrossRef]

34. World Bank GNI, PPP (Currently USD). Available online: https://databank.worldbank.org/source/world-development-
indicators/Series/NY.GNP.PCAP.PP.KD (accessed on 20 December 2024).

35. World Bank. Health Expenditure, Total (% of GDP). 2024. Available online: https://data.worldbank.org/indicator/SH.XPD.
CHEX.GD.ZS (accessed on 1 January 2025).

36. Global Carbon Budget. Population Based on Various Sources. 2024. Available online: https://ourworldindata.org/grapher/co-
emissions-per-capita (accessed on 1 January 2025).

37. Our World in Data. Population Density. 2024. Available online: https://ourworldindata.org/grapher/population-density
(accessed on 1 January 2025).

38. Food and Agriculture Organization of the United Nations. Temperature Change Statistics 1961–2023—Global, Regional and
Country Trends. Available online: https://www.fao.org/faostat/en/#data/ET (accessed on 1 January 2025).

39. Joy, A.; Dunshea, F.R.; Leury, B.J.; Clarke, I.J.; DiGiacomo, K.; Chauhan, S.S. Resilience of Small Ruminants to Climate Change
and Increased Environmental Temperature: A Review. Animals 2020, 10, 867. [CrossRef]

40. FAO. Temperature Change Statistics 1961–2023: Global, Regional and Country Trends; FAO: Rome, Italy, 2024.
41. World Bank Health Expenditure, Total (% of GDP). Available online: https://databank.worldbank.org/metadataglossary/world-

development-indicators/series/SH.XPD.TOTL.ZS (accessed on 20 December 2024).

https://doi.org/10.1016/j.ecolind.2014.11.026
https://doi.org/10.1080/13504851.2024.2332528
https://doi.org/10.1111/caim.12538
https://doi.org/10.1038/nature16542
https://doi.org/10.1016/j.apenergy.2018.10.089
https://doi.org/10.5194/essd-10-2141-2018
https://doi.org/10.3389/fpubh.2020.00014
https://doi.org/10.1016/j.ecolind.2011.11.021
https://doi.org/10.1056/NEJM199312093292401
https://doi.org/10.3390/ijerph18095035
https://doi.org/10.3389/fitd.2023.1287499
https://doi.org/10.1007/s00038-009-0090-2
https://doi.org/10.3389/fimmu.2019.00549
https://doi.org/10.2196/50985
https://doi.org/10.1016/j.scitotenv.2021.147459
https://assets-eu.researchsquare.com/files/rs-3984478/v1/34486e5f-6261-4c4e-b398-5cf9d221c9ac.pdf?c=1718479894
https://doi.org/10.1007/s11356-022-23984-9
https://doi.org/10.1016/j.worlddev.2022.106030
https://databank.worldbank.org/source/world-development-indicators/Series/NY.GNP.PCAP.PP.KD
https://databank.worldbank.org/source/world-development-indicators/Series/NY.GNP.PCAP.PP.KD
https://data.worldbank.org/indicator/SH.XPD.CHEX.GD.ZS
https://data.worldbank.org/indicator/SH.XPD.CHEX.GD.ZS
https://ourworldindata.org/grapher/co-emissions-per-capita
https://ourworldindata.org/grapher/co-emissions-per-capita
https://ourworldindata.org/grapher/population-density
https://www.fao.org/faostat/en/#data/ET
https://doi.org/10.3390/ani10050867
https://databank.worldbank.org/metadataglossary/world-development-indicators/series/SH.XPD.TOTL.ZS
https://databank.worldbank.org/metadataglossary/world-development-indicators/series/SH.XPD.TOTL.ZS


Sustainability 2025, 17, 1330 20 of 21

42. MacQueen, J. Some Methods for Classification and Analysis of Multivariate Observations. In Proceedings of the Fifth Berkeley
Symposium on Mathematical Statistics and Probability. Oakland, CA, USA, 1 January 1967; pp. 281–297.

43. Levin, A.; Lin, C.-F.; James Chu, C.-S. Unit Root Tests in Panel Data: Asymptotic and Finite-Sample Properties. J. Econ. 2002, 108,
1–24. [CrossRef]

44. Dumitrescu, E.-I.; Hurlin, C. Testing for Granger Non-Causality in Heterogeneous Panels. Econ. Model. 2012, 29, 1450–1460.
[CrossRef]

45. Diks, C.; Panchenko, V. A New Statistic and Practical Guidelines for Nonparametric Granger Causality Testing. J. Econ. Dyn.
Control 2006, 30, 1647–1669. [CrossRef]

46. Dormann, C.; Griffin, M.A. Optimal Time Lags in Panel Studies. Psychol. Methods 2015, 20, 489–505. [CrossRef]
47. Lopez, L.; Weber, S. Testing for Granger Causality in Panel Data. Stata J. 2017, 17, 972–984. [CrossRef]
48. Poyyamozhi, S.; Mohideen, A.K. Multivariate Time Series Analysis Using Heart Disease Patent in Tamilnadu. 2024. Available

online: https://assets-eu.researchsquare.com/files/rs-3945284/v1/61e9206c-b7d1-41d0-888d-822f7e69cd80.pdf?c=1716969565
(accessed on 1 January 2025).

49. Greene, W.H. Econometric Analysis, 8th ed.; Pearson Education: Oxford, UK, 2020.
50. Green, P.; MacLeod, C.J. An R Package for Power Analysis of Generalized Linear Mixed Models by Simulation. Methods Ecol.

Evol. 2016, 7, 493–498. [CrossRef]
51. Dritsaki, M.; Dritsaki, C. The Relationship Between Health Expenditure, CO2 Emissions, and Economic Growth in G7: Evidence

from Heterogeneous Panel Data. J. Knowl. Econ. 2024, 15, 4886–4911. [CrossRef]
52. Ma, B.; Destek, M.A.; Shahzad, L.; Bashir, M.F. Fintech, Natural Resource Abundance, Environmental Regulations and Energy

Consumption in BRICST and G7 Economies: Empirical Evidence from Novel Climate Change Index. Resour. Policy 2024,
91, 104873. [CrossRef]

53. Iungman, T.; Khomenko, S.; Barboza, E.P.; Cirach, M.; Gonçalves, K.; Petrone, P.; Erbertseder, T.; Taubenböck, H.; Chakraborty,
T.; Nieuwenhuijsen, M. The Impact of Urban Configuration Types on Urban Heat Islands, Air Pollution, CO2 Emissions, and
Mortality in Europe: A Data Science Approach. Lancet Planet. Health 2024, 8, e489–e505. [CrossRef]

54. Wang, Q.; Li, L. The Effects of Population Aging, Life Expectancy, Unemployment Rate, Population Density, per Capita GDP,
Urbanization on per Capita Carbon Emissions. Sustain. Prod. Consum. 2021, 28, 760–774. [CrossRef]

55. Angel, S.; Parent, J.; Civco, D.L.; Blei, A.; Potere, D. The Dimensions of Global Urban Expansion: Estimates and Projections for All
Countries, 2000–2050. Prog. Plann. 2011, 75, 53–107. [CrossRef]

56. Martínez-Zarzoso, I.; Maruotti, A. The Impact of Urbanization on CO2 Emissions: Evidence from Developing Countries. Ecol.
Econ. 2011, 70, 1344–1353. [CrossRef]

57. Lin, S.; Wang, S.; Marinova, D.; Zhao, D.; Hong, J. Impacts of Urbanization and Real Economic Development on CO2 Emissions
in Non-High Income Countries: Empirical Research Based on the Extended STIRPAT Model. J Clean Prod 2017, 166, 952–966.
[CrossRef]
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