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ABSTRACT

The general objective of this research is to determine the relationship between population and forest loss with CO2 emissions in Peru
during the period 1990-2023. Empirical evidence shows that economic growth and technology have a significant relationship with toxic
gas emissions worldwide; this effect is compounded by population growth, indiscriminate deforestation, and industrialization. The
methodology used corresponds to a quantitative, non-experimental, longitudinal trend study supported by the Kaya Identity model.
An ARDL econometric model, the bounds test, the error correction model, and the Granger causality test were applied to determine the
degree of relationship, causality, and long-run cointegration among the variables. The results show that the variables cointegrate in the
long run at an annual adjustment speed of 72%. In addition, the population and forest-loss variables show positive impacts of 13.5%
and 0.108%, respectively. Therefore, the study concludes that CO2 emissions in Peru are directly related to population and forest loss.

Keywords: Greenhouse Effect; Global Warming; Economic Growth; Population; Forest Loss.

JEL Code: Q50, Q51, Q52, Q53, Q57, Q58.

RESUMO

O objetivo geral desta pesquisa & determinar a relagao entre o crescimento populacional, a perda florestal e as emissoes de CO, no
Peru durante o periodo de 1990 a 2023. Evidéncias empiricas demonstram que o crescimento econémico e a tecnologia apresentam
uma relagao significativa com as emissoes de gases toxicos em todo o mundo; esse efeito é agravado pelo crescimento populacional,
pelo desmatamento indiscriminado e pela industrializagdo. A metodologia utilizada corresponde a um estudo de tendéncias
longitudinal, quantitativo e nao experimental, apoiado pelo modelo da Identidade de Kaya. Um modelo econométrico ARDL, o teste
de limites, o modelo de correcao de erros e o teste de causalidade de Granger foram aplicados para determinar o grau de relagao,
causalidade e cointegracao de longo prazo entre as variaveis. Os resultados mostram que as variaveis se cointegram no longo prazo a
uma velocidade de ajuste anual de 72%. Além disso, as variaveis populagao e perda florestal apresentam impactos positivos de 13,5%
e 0,108%, respectivamente. Portanto, o estudo conclui que as emissdes de CO, no Peru estdo diretamente relacionadas a populagao e
a perda florestal.

Palavras-chave: Efeito Estufa; Aquecimento Global; Crescimento Econdmico; Populagao; Perda Florestal.
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INTRODUCTION

The background of the research topic is presented in Table 1. The information obtained makes
it possible to integrate the statistical results with the conclusions of other authors. The publications
considered for this work were collected from reliable sources, particularly Scopus, and only from re-
cent years. The research problem is formulated as follows: What is the relationship between popula-
tion, economic growth, destroyed forests, and CO2 emissions? The Kaya Identity model was adopted
as the theoretical reference.

In all cases, a significant relationship is observed between CO2 emissions and economic growth.
Other variables studied include population, industry, and technology; in every case, they are directly
related to environmental pollution. The objective of this research is to determine the relationship

Enero - Junio * 2026
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5 between CO2 emissions and the variables included in the Kaya Identity model as a reference for the
é‘ econometric model. The specific objectives are to determine the relationship between the control
5 variables and CO2 emissions. The control variables are GDP per capita, population, industrialization
) per capita, and destroyed forests, while the dependent variable is CO2 emissions.
2
m Table 1.
3 Empirical evidence from studies related to the research topic
>
g‘ Author Variables Results Conclusions
z Baena DV: Pollution; IV: Human beings carry out multiple ac-  The author concludes that human
(2021) ecosystem; IV2: envi- tivities that are necessary to improve  beings are the main agents of envi-
ronmental education economic conditions and social life; ronmental pollution; each individual
however, these activities affect the contributes through their actions to
environment of living beings. the destruction of the environment.
Wangetal. DV:CO2; IV1: wastewa-  Greenhouse gas emissions represent  Population and the economic level
(2026) ter, GDP a major structure in the globalized are fundamental drivers of higher
world. Wastewater treatment is fun- emissions. Other factors include cli-
damental for environmental conser- mate, geography, knowledge, and the
vation. psychological conditions of the popu-
lation.
Anwar DV: CO2 emissions; IV:  Econometric methods were used for There is a relationship between CO2
(2026) energy, productivity data analysis and to determine the emissions and agriculture; in industry
effects of variables on agriculture, the effect is negative, while services
industry, and services. show no significant effect. The use of
renewable energy is fundamental for
protecting the planet.
Ricapa DV: carbon footprint; Results based on information provi- Population growth not only has a di-
(2020) IV: population growth  ded by INEI confirm the relationship rect impact on gas emissions but also
between population growth and car-  on waste accumulation and the degra-
bon footprint. dation of cultivated fields.
Adebayo DV: CO2; IV: technology, China has made major advances in Economic growth and urbanization
(2026) industry innovation, industry, and technology,  directly influence the increase in
but this progress has not yet transla-  polluting gas emissions; the solution
ted into lower gas pollution. depends on the policies adopted by
governments.
Erwinsyah  DV: gas emissions; IV: Indonesia is analyzed due to its high Industrial development involves large
(2025) GDP, industrialization,  industrialization and production con-  emissions of polluting gases. Sustai-
energy consumption sumption; despite this, the country is  nable economic growth requires clean
making substantial efforts to reduce technologies, renewable energies, and
environmental damage. public awareness.
2 Vol.1-No.1-e:005 Universidad Nacional de Tumbes RIECA - Revista Internacional de
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Author Variables Results Conclusions
Amaya & DV: economic growth; A relationship exists among the study The causal relationship among the va-

. - - - AR riables is not highly significant in the
Paredes IV: energy consump- variables, implying deterioration in the short run; the effect among variables
(2025) tion, CO2 emissions country’s sustainable growth. is transitory.

. . .. A relationship is evidenced between The results present an inverted U-sha-
ifg(%% et g\é‘PCOZ emissions; IV: €02 and N20 emissions and GDP, using ped relationship; however, some tests

’ panel data for the statistical analysis.  show very low decreasing returns.
Nisamud- Population and economic growth have
heen & DV: CO2 IV: GDP. DoDU- India has high consumption of fossil been the most important obstacles to
Shreef lation térrﬁs oft'rsdg fuels and seeks a transition to non-re- expanding renewable energy; green
(2026) ! newable energies by 2070. finance is promoted for clean develo-

pment.

. . ) A 1% increase in green energy would
gz?irpnaunllai( lejtigr?yll\l;c-)ggsmgl uplg- The use of green energy significantly reduce environmental pollution by
(2026) tion. exports » POP reduces environmental pollution. -118. Exports and population signifi-

1 €XP cantly affect long-run pollution.
Economic growth, population growth,

. Cng . Greater attention to education and the and the green economy are directly

Mohammad DV: CO2; IV: education, use of clean energy significantly redu- related to higher CO2 emissions. If hu-

et al. (2026)

green technology, clean
energy

ce CO2 emissions; modern econome-
tric techniques are used.

man capital improves and technology
is properly used, the long-run effect
could be reversed.

The use of biogas significantly reduces

Hasanza- . n . Population and industrial growth di- . -
deh et ol giccrchy conumption [SCLy afectthe enviranment;renewa- - ccrCC oL R TR T e
. cing pollution effects.
METHODOLOGY

Approach. The study is quantitative because it measures phenomena through statistical analysis.
Hypothesis tests are also carried out together with the theoretical review in order to produce a study
with scientific value.

Design. Because the data are not intentionally modified, the study follows a non-experimental
design. The variables occur naturally and are observed in their existing state; there is no control
over them and, in some cases, their effects have already occurred. The research only records what is
observed.

Scope. Based on its characteristics, the study is longitudinal; that is, it identifies changes in varia-
bles over time. More precisely, it is a longitudinal trend study (Hernandez, 2016).

Population and sample. The population is the totality of the elements under study, also called the
universe (Arias-Gonzales, 2021). The sample is a figure or number that represents the population. In
this case, the population or universe is the Peruvian economy, and the sample is composed of GDP,
population, and CO2 emissions during the period under analysis.
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CO02 Emissions and Their Relationship with Population and Forest Loss in Peru, 1990-2023

Table 2.
Information sources for the model variables
Variable Period Source Code Symbol

32;'0” capita 2010 1590 5003 World Bank NY.GDP.PCAPKD GDPpc
Population 1990-2023 World Bank SP.POPTOTL Population
Lost forests 1990-2023 '\n’::‘rili”y of Environ- b B0S.AMAZ Forestloss
CO2 emissions 1990-2023 World Bank EN.GHG.ALL.CE.PE cozt
Industrialization per 155, 55 World Bank NV.IND.MANF.KD Induspc

capita (2010 USS)

Sampling type, data-collection techniques, and instrument. The data used in this research were docu-
mentary in nature and were collected from reliable sources such as World Bank macrodata. The sampling
type is referred to as “other quantitative methods of data collection” (Hernandez, 2016). The data-co-
llection technique was documentary data acquisition, and the instrument was based on the collection of
secondary data.

Timeframe, inclusion criteria, and exclusion criteria. Data were collected from the World Bank and
MINAM for the 1990-2023 period. The variables included are those identified in the theoretical founda-
tions and in models used by other authors as references for this study. As an exclusion criterion, informa-
tion after 2023 was not considered because reliable statistical data were not available.

Figure 1 presents the study variables and their trend in Peru during 1990-2023. The temporal delimi-
tation runs from 1990 to 2023. During this period, a constant growth trend is observed; however, in 2020,
the trend is negative because of the COVID-19 pandemic. Nevertheless, population maintained a positive
trend that year. It is also important to note that the trends described by GDP per capita and industrialization
per capita are very similar, indicating that production and economic activity in general maintained sustained
growth. CO2 emissions describe a trend very similar to the variables previously mentioned.

Figure 1.
Study variables and trend in Peru, 1990-2023

Note. The graph represents all variables in this research and describes their trend during the study period using
World Bank and MINAM data.
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Data collection and analysis procedure. The procedures adopted facilitate the identification of re-
lationships and causality among variables. In summary, unit-root tests, the ARDL model, the bounds
test, the error correction test, the Granger causality test, the CUSUM test, and the squared CUSUM
test were used. These statistical tests made it possible to verify the validity of the variables and the
application of the models using EViews 12. The study variables are represented by the following
stylized facts.

CO2 emissions in Peru grew by 2.44% compared with the previous year. In 2023, Peru ranked 131st
among countries with the highest emissions in the world, with the largest polluter occupying position
184.. The World Bank indicates that population is the most important variable to consider; the country
emits 0.11 kilograms of CO2 per US$1,000 of GDP, and its trend increases steadily over time.

The population in Peru has maintained an upward trend. By 2023, 59% of the population re-
sided on the coast, 28% in the highlands, and 14.2% in the jungle. It is estimated that by 2050 the
population will exceed 39 million inhabitants. The fertility rate was 1.98 children per woman, and
the average age was 33.6 years, suggesting that the country has begun a process of population ageing.

The trend in economic growth, represented by GDP per capita, is volatile and shows four cycles with
moderate variability. The end of terrorism and the economic measures of the Fujimori government allowed
sustained growth up to the present. Monetary policy protects the country from inflation; the economic
chapter of the 1993 Constitution had a significant impact, and mining remains one of Peru’s strengths.

The industrialization process in Peru has not received adequate incentives, and initially there
was no venture capital. Industrial policy has been inefficient; however, in the last five years substan-
tial investments have been allocated to transport, education, sanitation, and agroindustry. Peru has
adopted a set of measures to promote knowledge and capabilities as part of industrial policy.

Forestloss in 2023 amounted to 132,216 hectares. The total area of current forests was 67,654,122
hectares, and forest loss was 10% lower than in the previous year. Junin, Huanuco, Puno, and Cuzco
are the regions where forest area continues to decline, most often as a result of human intervention
in nature.

Figura 02.
Emisiones de CO2 per cdpita en el Toneladas métricas en el Peri 1990-2023
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CO02 Emissions and Their Relationship with Population and Forest Loss in Peru, 1990-2023

Figura 03.
Poblacion total del Peru en el periodo 1990-2023

Figura 04.
Producto Bruto Interno PC Délares 2015, en Perit 1990-2023
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Figura 05.
Industrializacion PC Délares 2015, en Peritt 1990-2023
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Figura 06.
Bosques Perdidos en kilometros2 en Peri 1990-2023

Note. Figures 2, 8, 4, 5, and 6 represent statistical data for the variables in Peru during the study period, using information from
the World Bank and the Ministry of Environment (MINAM, 2024,).

Theoretical model

Among the theories that support this research, it is necessary to consider Romanian econo-
mist Nicholas Georgescu-Roegen, who proposed the law of entropy and the economic process. His
approach is based on replacing the “fossilist” economy, as he called it, with a process that is careful
with the environment, avoids resource depletion, and demands perpetual growth that respects natu-
re. Technology, politics, aesthetics, and, above all, ethics must be used responsibly (Bonifetti, 2025).

Herman Daly also expressed concern about economic growth and the environmental damage it
generates. His critique focuses on the need to achieve sustainability through a steady-state economy
supported by institutions capable of modifying the particular structure of the economic system.
Daly’s policy proposals and approaches remain relevant today (Hernan, 2026).

To establish the relationship between the growth of human activities and their effects on the
environment, Kaya (1989) proposed a model explaining this phenomenon through three variables:
population (P), economic growth or consumption (A), and technology (T). Thus, the model is expres-
sed as: I = P + A + T, where I represents environmental impact. A reduction in any of the variables
would directly affect polluting gas emissions (Rivas et al., 2020). Considering the reference model,
the empirical evidence presented in Table 1, and the variables included in this research, the following
theoretical-mathematical model is formulated: I =P + A+ T + FL.

In this formulation, I represents CO2 emissions, P represents total population, A represents GDP
per capita, T represents industrialization per capita, and FL represents destroyed forests. The econo-
metric model is: CO2 = Population x GDPpc x INDUSTpc x Forestloss.
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CO02 Emissions and Their Relationship with Population and Forest Loss in Peru, 1990-2023

RESULTS
3.1. Unit-root test of the study variables
The Dickey-Fuller and Phillips-Perron tests were applied to determine whether the variables are

stationary and integrated of order one. If they had been integrated of order two, they would not have
been valid; this was verified through the results of these tests (Pereira et al., 2025).

Table 3.
Summary of unit-root tests
Variable ADF level ADF level ADF first PP level PP level PP first
> intercept intercept+trend difference intercept  intercept+trend difference
bl
2 Log CO2 i ) -6106%** | i i -0.692%** |
2 emissions pc 0.824 1920 -6.009*** 0.804 2083 -6.016***
=
) Log . - -3.032%* / i . ) )
g population 2.369 4.01M 3.458* 0.975 2.032 1.372 / -1.880
z -6.423%* | -6.399%* |
< - 3448* - -
5 Log GDPpc 0.301 3448 6307+ 2.556 2.077 g
-
o i - -6.806*** | i i -6.820%** |
(J-’; Log Induspc ~ -0.887 3.475 6,743 0.861 1.778 _6.837%%*
O
z Log i [P -9.018%* | i o 13.53%* |
Forestloss pc 0171 4292 -6.094*** 0.681 4.276 -18.80***

Note. *** Significant at 1%, ** significant at 5%, * significant at 10%. The tests show that no variable is integrated in
second differences; therefore, all variables are stationary in the required order and model application is feasible.

3.2. Number of'lags according to Schwarz, Akaike, and Hannan-Quinn criteria

Table 4.
Lags according to Schwarz, Akaike, and Hannan-Quinn criteria
Variable Schwarz Akaike Hannan-Quinn

Log(CO2 emissions pc) 2.3481(1) 2.4406 (1) 2.4105 (1)
Log(Population) -10.256 (3) -10.441 (3) 10.381(3)
Log(GDPpc) -3.2885 (1) -3.3811 (1) -3.3509 (1)
Log(Induspc) -3.0125 (1) -31051 (1) -3.0749 (1)
Log(Forestloss pc) -0.3778 (2) -0.5244 (3) -0.4317 (2)

The Schwarz, Akaike, and Hannan-Quinn criteria show that the optimal number of lags averages
two. Consequently, the two-lag criterion was used in the ARDL test.

3.3. ARDL model

The ARDL model analyzes time series by identifying relationships among variables with lagged
and contemporary values. The bounds test verifies the long-run relationship, and the error correction
model then verifies cointegration (Dahir et al., 2026).

RIECA - Revista Internacional de
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Table 5.
RDL model
Variable Coefficient t-statistic Prob.

LOG(CO2 emissions(-1)) 0.271063 2.344198 0.0285
LOG(Population) 13.50542 1.839741 0.0793
LOG(Population(-1)) -37.59606 -2.444724 0.0230
LOG(Population(-2)) 23.44145 2.589865 0.0167
LOG(GDPpc) 1.857445 2.694717 0.0132
LOG(Induspc) -1.112319 -1.707653 01018
LOG(Forestloss) -0.002754 -0.045178 0.9644
LOG(Forestloss(-1)) -0.092000 -1.380932 01812
LOG(Forestloss(-2)) -0.108580 -1.497764 01484
C 11.33081 2.848362 0.0093

R =0.9789; R2 = 0.9703; Durbin-Watson = 2.35.

The values R = 0.9789 and adjusted R2 = 0.9703 indicate a high goodness of fit. The Durbin-Watson
value of 2.85 shows no serial autocorrelation. The Jarque-Bera test value of 0.74 indicates normal distribu-
tion; the LM test value of 0.20 shows absence of serial correlation; and the ARCH test value of 0.74 > 0.05
indicates no heteroscedasticity. The Ramsey test value of 0.303 shows that the model is correctly specified.

3.4. Bounds test
The validity of the bounds test is achieved when the F-statistic exceeds the critical values for the

selected significance levels. In this research, the F-statistic is 9.63, while the 10% significance range is
between 2.20 and 3.09; therefore, the variables jointly cointegrate.

Table 6.
Bounds test
Variable F-statistic At 1% At 5% At 10% Result
Akaike model 9.630 1%: 3.29-4.37 5%: 2.56-3.49 10%: 2.20-3.09 Cointegrate

The long-run coefficients show constants and trends. The population variable has a significance
level of 0.02, below 5%, while GDP per capita has a significance level of 0.01, significant at 1%.

Table 7.
Long-run restrictions, constants, and trends
Variable Coefficient t-statistic Prob.
LOG(POpulation) -0.890601 -2.336380 0.0290
LOG(GDPpC) 2.548155 2.723900 0.0124
LOG(IndUSpC) -1.525946 -1.691352 0.1049
RIECA - Revista Internacional de Universidad Nacional de Tumbes Vol.1- No.1-e:005 9
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CO02 Emissions and Their Relationship with Population and Forest Loss in Peru, 1990-2023

Variable Coefficient t-statistic Prob.
LOG(Forestloss) -0.278946 -1.372325 0.1838
C 15.54429 2.820751 0.0100

3.5. Error correction coeflicient analysis

Error correction coeflicients are expected to be negative and statistically significant in order to deter-
mine the long-run relationship among variables. They also validate long-run causality (Ahmed, 2026).

Table 8.

Error correction coefficient analysis
>
g Variable Coefficient t-statistic Prob.
0
c DLOG(Population) 13.50541 2.912458 0.0081
(e] .
o DLOG(Population(-1)) -23.44145 -5.023886 0.0000
m
Z DLOG(Forestloss) -0.002754 -0.068286 0.9462
<
i DLOG(Forestloss(-1)) 0.108580 2.728403 0.0123
o
g CointEq(-1)* -0.728937 -8.421034 0.0000
(2]
o
4

The coefficient CointEq(-1) has a value of -0.728 and is statistically significant at 0.000. Under
these conditions, the model requirements are satisfied because the coefficient is negative and signifi-
cant. Therefore, a long-run relationship exists among the variables, and they cointegrate at a maxi-
mum annual adjustment speed of 72%.

The variables with the greatest significance are contemporaneous population, with a positive im-
pact of 18.5% and statistical significance, and forest loss with a lag, which also has a positive impact
of 0.108% and is statistically significant. It should be noted that lagged population is statistically sig-
nificant but has a negative impact of -23.4%. The other variables in the model do not have significant
values for explaining cointegration. Finally, the high significance of population in relation to CO2
emissions in Peru should be emphasized.

38.6. Granger causality test

Table 9.
Granger causality test
Null hypothesis F-statistic Prob.
LOG(Population) does not Granger-cause LOG(CO2 emissions) 3.97453*%* 0.0307
LOG(CO2 emissions) does not Granger-cause LOG(Population) 7.26391*** 0.0030
LOG(GDPpc) does not Granger-cause LOG(CO2 emissions) 3.18744** 0.0572
LOG(Induspc) does not Granger-cause LOG(CO2 emissions) 3.99763** 0.0301
LOG(CO2 emissions) does not Granger-cause LOG(Induspc) 2.59898* 0.0928
LOG(GDPpc) does not Granger-cause LOG(Population) 7.73966*** 0.0022
10 Vol.1-No.1-e:005 | Universidad Nacional de Tumbes RIECA - Revista Internacional de
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Null hypothesis F-statistic Prob.
LOG(Population) does not Granger-cause LOG(GDPpc) 6.52511%** 0.0049
LOG(Induspc) does not Granger-cause LOG(Population) 6.35259*** 0.0055
LOG(Population) does not Granger-cause LOG(Induspc) 7.44792%** 0.0027
LOG(Forestloss) does not Granger-cause LOG(Population) 7.65474%%* 0.0023
LOG(Population) does not Granger-cause LOG(Forestloss) 2.79502* 0.0788
LOG(Induspc) does not Granger-cause LOG(GDPpc) 2.78602* 0.0794
LOG(GDPpc) does not Granger-cause LOG(Induspc) 2.57635*% 0.0946
LOG(GDPpc) does not Granger-cause LOG(Forestloss) 6.92306%** 0.0037
LOG(Induspc) does not Granger-cause LOG(Forestloss) 4.97248*%* 0.0145

Note. *** Significant at 1%, ** significant at 5%, * significant at 10%.

The Granger test shows that population and CO2 emissions have a bidirectional causal rela-
tionship, as do industrialization and CO2 emissions. GDP per capita and population also present
bidirectional causality, as do industrialization and population, forest loss and population, and indus-
trialization and GDP per capita. GDP per capita and CO2 emissions, GDP per capita and forest loss,
and industrialization and forest loss present unidirectional causality.

3.7. CUSUM and squared CUSUM tests

z
o
o
<
%)
=
(]
w
>
Z
w
a)
o
-l
=)
3]
'—
o
<

The CUSUM graph is used to detect the incidence of events or other causes in the statistical mo-
nitoring of the process. In this study, the CUSUM test shows stability in the proposed model and in
its parameters because the trace does not exceed the 5% significance bands. The squared CUSUM
test is an alternative measure based on squared residuals; it verifies whether non-random deviations
exist from the mean. In this study, the variations in the trace do not exceed the restrictive limits of
the significance bands.

Tables 10 and 11.
CUSUM and squared CUSUM tests
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DISCUSSION

The relationship among population growth, larger areas of destroyed forests, and CO2 emissions
in Peru during 1990-2023 is the central topic of this research. The study seeks to identify relations-
hips among variables, their causality, and cointegration through an ARDL model (Paija et al., 2026),
using the Kaya Identity as the theoretical reference.

The R value of 0.9789 and adjusted R2 of 0.9703 indicate goodness of fit. Therefore, the va-
riables included in the model explain the impact on the dependent variable. In addition, the R and
adjusted R2 values show that the error term has an imperceptible or null value in the construction
and explanation of the model (He, 2026). The Jarque-Bera test value of 0.74 indicates normal dis-
tribution; the LM test shows absence of serial correlation with a value of 0.20; and the ARCH test
shows no heteroscedasticity because its value is 0.74 > 0.05. The Ramsey test value of 0.303 confirms
that the model is correctly specified.

The Granger causality test showed a bidirectional relationship between population and CO2
emissions; industrialization and CO2 emissions; GDP per capita and population; industrialization
and population; forest loss and population; and industrialization and GDP per capita. In addition,
GDP per capita and CO2 emissions, GDP per capita and forest loss, and industrialization and forest
loss present unidirectional causality.

The empirical evidence presented demonstrates a high degree of relationship between CO2 emis-
sions and population, supported by the studies of Baena (2021), Nisamudheen and Shreef (2026),
Ricapa (2020), Wang et al. (2026), and Rahman and Salimullah (2026). The relationship between
COZ2 emissions and forest loss is supported by Anwar (2026) and Mohammad et al. (2026). There-
fore, the relationship between the dependent variable and the independent variables proposed in this
study is evident, reinforced by the statistical data presented in the methodological section and by the
stylized facts of the model.

The theoretical foundations of this research are consistent with the findings. Nicholas Georges-
cu-Roegen’s model expresses concern about economic growth and environmental damage, arguing
for a careful process that prevents resource depletion and respects nature, supported by ethics, te-
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chnology, and policy. Herman Daly’s postulates seek to minimize environmental damage resulting
from economic growth through sustainability and institutional support. The Kaya Identity model
proposes economic growth, population, and technology as variables explaining the increase in CO2
emissions. In this research, these variables are particularly important based on empirical evidence
and statistical testing.

The statistical analysis for the bounds test shows that the F-statistic is 9.63, exceeding the 10%
lower and upper critical bounds of 2.20 and 3.09. This result shows that all variables in the model
jointly cointegrate in the long run. In the error correction model, the CointEq(-1) coefficient is -0.72,
fulfilling the condition of being negative and statistically significant (0.000), with a t-statistic of
-8.42. These results show that the variables cointegrate until reaching long-run equilibrium, with an
adjustment speed of 72% per year.

The contemporaneous population variable has a positive impact of 13.5% and is statistically sig-
nificant (0.00). The lagged forest-loss variable has a positive impact of 0.108% and is statistically
significant (0.01). In contemporaneous form, forest loss is not statistically significant. On the other
hand, lagged population has a negative impact of -23.44% and is statistically significant (0.00). This
result can be explained by the findings of Musse et al. (2026), who conclude that population has an
inverse relationship with CO2 emissions when political instability prevents the population from ac-
cessing renewable energy sources.

The CUSUM and squared CUSUM tests show graphically that in both cases the traces do not
exceed the 5% significance bands. Therefore, stability exists among the estimated model parameters.
Since the traces do not exceed the significance bands, it is not necessary to explain any structural
break or out-of-band phenomenon over time for the variables presented.

According to the Kaya Identity model used as the theoretical reference for the mathematical and
econometric model, population is a variable that explains the increase in CO2 emissions. This is su-
pported by the statistical procedures applied and by evidence from other authors. It is also necessary
to include the destroyed-forests variable as a cause of CO2 emissions in Peru, whose significance
values were determined with scientific rigor.

CONCLUSIONS

»  This research used the ARDL model and determined that the variables in the proposed mo-
del cointegrate in both the short and long run. The population variable explains CO2 emis-
sions in Peru during the study period with the greatest significance. The forest-loss variable
also explains emissions of these polluting gases. Population growth has a major impact on
the environment; countries such as Russia, China, the United States, and India are among
the largest producers of carbon dioxide. Activities generated by the population - including
energy demand, transport, industry, and consumption - as well as the burning of forests for
agriculture and logging for industry, substantially influence the increase in CO2 emissions.

*  The error correction model shows that the CointEq(-1) coefficient meets the required speci-
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fications because it is negative (-0.72) and highly significant (0.000). These results confirm
the existence of a short- and long-run relationship and indicate that the variables cointegrate
at an annual adjustment speed of 72%.

Economic growth, represented by GDP per capita, has a value of 2.52 and a significance le-
vel of 0.02 in the long run. This is explained by the many activities generated in production.
Over time, the growth trend is similar to the trend described by CO2 emissions. However,
technology applied to the economy may eventually enable cleaner emissions in production
processes.

Industrialization in the short and long run has not shown coefficients of sufficient value or
significance to affect CO2 emissions. Nevertheless, the statistical procedures show that in the
long run this variable and the other variables in the econometric model will cointegrate at the
speed indicated by CointEq(-1), since the conditions for its application are satisfied.

Finally, considering the results obtained through the statistical models, the findings and con-
clusions of the reviewed studies, and the theoretical foundations of recognized economists
who developed mathematical models to explain the research problem, it is concluded that the
hypothesis that population growth and forest loss in Peru explain the increase in CO2 emis-
sions cannot be rejected and can be accepted.
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