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Abstract: This study examines the determinants of greenhouse gas emission levels using machine learning-
based classification methods and annual data from Turkey for the period 1990-2024. Greenhouse gas emission
values were used as the target variable in the study. To ensure a statistically balanced class distribution when
categorizing the target variable, the median of the greenhouse gas emission series was adopted as the threshold
value. Years below this threshold were labeled as low emissions (class 0), while those above were labeled as
high emissions (class 1). In the study, the Gradient Boosting, Random Forest, and Logistic Regression
algorithms were evaluated comparatively. Due to the small sample size, the leave-one-out cross-validation
(LOO-CV) method was used for model evaluation. Model interpretability was ensured through SHAP
(SHapley Additive exPlanations) analysis and causal forest analysis. According to the LOO-CV results,
Random Forest, Logistic Regression, and Gradient Boosting delivered high-performance results. The SHAP
analysis identified GDP as the primary determinant. The share of renewable energy, the share of fossil fuel
consumption, and the trade deficit ranked second, third, and fourth, respectively. According to the results of
the Causal Forest analysis, it can be stated that an increase in the share of renewable energy statistically
significantly reduces emissions, while an increase in GDP statistically significantly increases emissions. The
findings indicate that Turkey has permanently transitioned to a high-emission regime since 2007. This study
makes four original contributions to the Turkish literature by reframing emission determinants as a
classification problem defined around a statistically balanced threshold (median), providing reliable model
evaluation using LOO-CV, offering interpretability through SHAP analysis, and performing causal inference
beyond mere correlation using the Causal Forest method.

Keywords: Quantitative Methods, Greenhouse Gas Emissions, Machine Learning, Classification Analysis,
Environmental Kuznets Curve, SHAP Analysis, Causal Forest.

Oz: Bu galisma, Tiirkiye’nin 1990-2024 dénemine ait yillik verilerini kullanarak sera gazi emisyonu diizeyinin
belirleyicilerini makine grenmesi tabanli siniflandirma yontemleri ile incelemektedir. Calismada sera gazi
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emisyon degerleri hedef degisken olarak kullanilmistir. Hedef degiskenin kategorik hale getirilmesinde
istatistiksel acidan dengeli bir sinif dagilimi saglamak amaciyla sera gazi emisyon serisinin medyani esik deger
olarak benimsenmistir. Bu esigin altindaki yillar diisiik emisyon (siif 0), iizerindekiler yiiksek emisyon (sinif
1) smift olarak etiketlenmistir. Calismada, Gradient Boosting, Random Forest ve Lojistik Regresyon
algoritmalar1 karsilagtirmali olarak degerlendirilmistir. Kiiciik orneklem durumu nedeniyle model
degerlendirmesinde birak-bir-disarida ¢apraz dogrulama (LOO-CV) yontemi kullanilmistir. Model
yorumlanabilirligi SHAP (SHapley Additive exPlanations) analizi ve nedensel orman analizi ile saglanmistir.
LOO-CV sonuglarina gére Random Forest, Lojistik Regresyon ve Gradient Boosting yiiksek performansli
sonuglar sunmuslardir. SHAP analizi GSYIH’y1 birincil belirleyici olarak tespit etmistir. Yenilenebilir enerji
pay1, fosil yakit tiikketimi pay1 ve dis ticaret agikligi ise sirasiyla ikinci, liglincii ve dordiincii sirada yer almustir.
Nedensel Orman analizi sonuglarina gore, yenilenebilir enerji paymdaki artisin istatistiksel olarak anlamli
bigimde emisyonu azalttig1 ve GSYIH’daki artisin emisyonu anlamli bigimde yiikselttigi sdylenebilir. Bulgular
Tiirkiye nin 2007 yilindan itibaren yiiksek emisyon rejimine kalic1 bicimde gectigini gostermektedir. Calisma;
emisyon belirleyicilerini istatistiksel agidan dengeli bir esik (medyan) etrafinda tanimlanmis simiflandirma
problemi olarak yeniden gergevelemesi, LOO-CV ile giivenilir model degerlendirmesi saglamasi, SHAP
analizi ile yorumlanabilirlik sunmasi ve Nedensel Orman yontemiyle korelasyonun 6tesinde nedensel ¢ikarim
gerceklestirmesiyle Tiirkiye yazinina dort 6zgiin katki sunmaktadir.

Anahtar Kelimeler: Nicel Yontemler, Sera Gazi Emisyonu, Makine Ogrenmesi, Simiflandirma Analizi,
Cevresel Kuznets Egrisi, SHAP Analizi, Nedensel Orman.
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Structured Abstract:

Climate change has taken its place in the literature as one of the most comprehensive and critical
global environmental problems of the twenty-first century. At the heart of policy discussions aimed at
combating this global crisis is the systematic reduction of greenhouse gas emissions, primarily carbon dioxide
(€C0,). Environmental pressures, particularly those stemming from fossil fuel consumption, further deepen the
historical tension between economic growth targets and ecological sustainability, making the analysis of
emission determinants both a scientific and political necessity. The Paris Agreement, signed in 2015, has
directed signatory countries to set concrete reduction targets through national contribution declarations and to
develop measurable tools to achieve these targets. Turkey, while under pressure from rapid economic growth,
urbanization, and industrialization, is simultaneously trying to strike a unique balance between increasing its
renewable energy capacity and reducing its dependence on energy imports. Tiirkiye's greenhouse gas
emissions, which were 229 million tons in 1990, have increased significantly to 584 million tons by 2024.
While much of the existing literature treats emissions as a continuous variable, the crucial question for
policymakers is whether emissions exceed defined strategic thresholds. This study aims to fill this gap by
reframing Tiirkiye's emission level as a binary classification problem defined around the median of the
greenhouse gas series (395.9 Mt). The main objective of the study is to examine the factors distinguishing
between high and low emission regimes using machine learning algorithms with data from the 1990-2024
period, and to support the obtained results with SHAP analysis and Causal Forest analysis.

The theoretical basis of this study rests on the Environmental Kuznets Curve (EKC) hypothesis, which
predicts an inverted U-shaped relationship between per capita income and environmental pollution. According
to the hypothesis, economic growth initially increases pollution, but after a certain income threshold, it reduces
emissions thanks to technological transformation. In the Turkish literature, this hypothesis has been tested
using traditional econometric methods by authors such as Halicioglu (2009), Katircioglu (2014), and Pata
(2018). However, most of these studies rely on linear assumptions and do not fully reflect structural
heterogeneity. In terms of the energy mix, the emission-increasing effect of fossil fuels and the mitigating
potential of renewable energy are among the main axes of discussion. In addition, trade openness is considered
within the framework of the pollution haven hypothesis, in the context of the transfer of polluting industries to
countries with lower standards. In recent years, the application of machine learning methods to emission
prediction has provided an advantage, especially in capturing complex nonlinear relationships. A literature
review revealed a lack of studies in Turkish literature that focus on the classification problem, systematically
report model interpretability using SHAP values, and make causal inferences beyond correlation. This study
offers a theoretical and methodological contribution by integrating Causal Forest analysis and shifting the focus
from "what is related?" to "what can be intervened in?".

This study analyzes Turkey's emission dynamics for the period 1990-2024 using Turkish Statistical
Institute (TUIK) and World Bank data within a machine learning framework. To improve the model's
explainability, GDP per capita, fossil fuel share, renewable energy share, and trade deficit were determined as
baseline variables; highly correlated structural variables were excluded to prevent data leakage. Continuous
emission data were converted into two balanced classes with a median threshold value (395.9 Mt), thus framing
the problem within a classification framework. Gradient Boosting, Random Forest, and Logistic Regression
algorithms were applied comparatively in the analysis; hyperparameter optimization was performed using 5-
fold cross-validation. Due to the limited sample size (n=35), the Leave-One-Out Cross-Validation (LOO-CV)
method was preferred to minimize prediction bias. To overcome the "black box" nature of the models, game
theory-based SHAP analysis was used, and causal inferences between variables were conducted via Causal
Forest using the Dual Machine Learning (DML) approach.

This study offers original contributions to the literature by analyzing Turkey's emission dynamics
using machine learning and causal inference methods. In the classification analysis, Random Forest and
Logistic Regression models demonstrated the highest predictive performance, achieving an F1=0.973 score
with the LOO-CV method. These results are methodologically consistent with the studies by Rufaioglu et al.
(2025) and Bakir et al. (2022), which highlight the success of ensemble learning algorithms in modeling
Turkey's emission structure. The SHAP analysis shows that the primary factor determining the emission regime
is GDP, followed by the share of renewable energy. This finding is consistent with the studies by Katircioglu
(2014) and Pata (2018), which support the validity of the Environmental Kuznets Curve hypothesis for Turkey.
Causal Forest analysis has shown that renewable energy reduces emissions by an average of 47,501 Mt, while
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openness to foreign trade has a significant enhancing effect (ATE: 23.623 Mt). The causal significance of
foreign trade indicates that the pollution haven hypothesis operates as a secondary channel in Turkey, adding
a unique perspective to Cole's (2004) literature. The integrated use of SHAP and Causal Forest methods
clarifies both the discriminatory power of the variables and the net results of the interventions, offering a
scientific roadmap against Tiirkiye's high emission regime that has become permanent since 2007.

This study offers a unique contribution to the literature by modeling Turkey's emission dynamics using
advanced data analytics methods. The main policy recommendation developed based on the analysis results is
to prioritize renewable energy capacity, whose emission-reducing effects have been scientifically proven. In
this process, removing bureaucratic obstacles to solar and wind investments, phasing out coal power plants,
and implementing market-based mechanisms such as carbon pricing are critically important. The main
limitation of the study is the small sample size (n=35). Therefore, it is recommended that future research delve
deeper into specific sectors and be conducted using deep learning algorithms over longer time series to obtain
a more precise analysis of the impact of energy transition on the emission regime.

Keywords: Quantitative Methods, Greenhouse Gas Emissions, Machine Learning, Classification
Analysis, Environmental Kuznets Curve, SHAP Analysis, Causal Forest
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Résumé Structuré:

Le changement climatique s’est imposé dans la littérature comme 1'un des problémes
environnementaux mondiaux les plus vastes et les plus critiques du XXIe siécle. Au ceeur des débats politiques
visant a lutter contre cette crise mondiale se trouve la réduction systématique des émissions de gaz a effet de
serre, principalement le dioxyde de carbone (). Les pressions environnementales, en particulier celles découlant
de la consommation de combustibles fossiles, accentuent encore la tension historique entre les objectifs de
croissance économique et la durabilité écologique, faisant de I’analyse des déterminants des émissions une
nécessité a la fois scientifique et politique. L’Accord de Paris, signé en 2015, a chargé les pays signataires de
fixer des objectifs de réduction concrets par le biais de déclarations de contributions nationales et de mettre au
point des outils mesurables pour atteindre ces objectifs. La Turquie, bien que soumise a la pression d’une
croissance économique rapide, de I’urbanisation et de 1’industrialisation, s’efforce simultanément de trouver
un équilibre unique entre 1’augmentation de sa capacité en énergies renouvelables et la réduction de sa
dépendance vis-a-vis des importations d’énergie. Les émissions de gaz a effet de serre de la Turquie, qui
s’élevaient a 229 millions de tonnes en 1990, ont considérablement augmenté pour atteindre 584 millions de
tonnes en 2024. Alors qu’une grande partie de la littérature existante traite les émissions comme une variable
continue, la question cruciale pour les décideurs politiques est de savoir si les émissions dépassent des seuils
stratégiques définis. La présente étude vise a combler cette lacune en recadrant le niveau d’émissions de la
Turquie comme un probléme de classification binaire défini autour de la médiane de la série des gaz a effet de
serre (395,9 Mt). L’objectif principal de I’étude est d’examiner les facteurs distinguant les régimes a fortes
émissions de ceux a faibles émissions a ’aide d’algorithmes d’apprentissage automatique sur des données
couvrant la période 1990-2024, et d’étayer les résultats obtenus par une analyse SHAP et une analyse par forét
causale.

Le fondement théorique de cette étude repose sur I’hypothése de la courbe de Kuznets
environnementale (EKC), qui prédit une relation en U inversé entre le revenu par habitant et la pollution
environnementale. Selon cette hypothése, la croissance économique accroit dans un premier temps la pollution,
mais au-dela d’un certain seuil de revenu, elle réduit les émissions grace a la transformation technologique.
Dans la littérature turque, cette hypothése a été testée a 1’aide de méthodes économétriques traditionnelles par
des auteurs tels que Halicioglu (2009), Katircioglu (2014) et Pata (2018). Cependant, la plupart de ces études
reposent sur des hypothéses linéaires et ne reflétent pas pleinement 1’hétérogénéité structurelle. En ce qui
concerne le mix énergétique, 1’effet d’augmentation des émissions lié aux combustibles fossiles et le potentiel
d’atténuation des énergies renouvelables figurent parmi les principaux axes de discussion. De plus, I’ouverture
commerciale est prise en compte dans le cadre de I’hypothése du « refuge de pollution », dans le contexte du
transfert des industries polluantes vers des pays aux normes moins strictes. Ces dernieres années, 1’application
de méthodes d’apprentissage automatique a la prévision des émissions a apporté un avantage, notamment pour
saisir des relations non linéaires complexes. Une revue de la littérature a révélé un manque d’études dans la
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littérature turque qui se concentrent sur le probléme de classification, rendent compte de maniére systématique
de I’interprétabilité des modéeles a 1’aide des valeurs SHAP et établissent des inférences causales allant au-dela
de la simple corrélation. La présente étude apporte une contribution théorique et méthodologique en intégrant
I’analyse « Causal Forest » et en déplacant I’accent de la question « qu’est-ce qui est 1ié¢ ? » vers « sur quoi
peut-on intervenir ? ».

Cette étude analyse la dynamique des émissions de la Turquie pour la période 1990-2024 a I’aide des
données de I’Institut turc de statistique (TUIK) et de la Banque mondiale, dans un cadre d’apprentissage
automatique. Afin d’améliorer 1’explicabilité du modele, le PIB par habitant, la part des combustibles fossiles,
la part des énergies renouvelables et le déficit commercial ont été retenus comme variables de référence ; les
variables structurelles fortement corrélées ont été exclues pour éviter toute fuite de données. Les données
d’émissions continues ont été converties en deux classes équilibrées a I’aide d’une valeur seuil médiane (395,9
Mt), ce qui a permis d’inscrire le probléme dans un cadre de classification. Les algorithmes de « gradient
boosting », de « forét aléatoire » et de régression logistique ont été appliqués de manicére comparative dans
I’analyse ; I’optimisation des hyperparamétres a été réalisée a I’aide d’une validation croisée en 5 plis. En
raison de la taille limitée de 1’échantillon (n = 35), la méthode de validation croisée « Leave-One-Out » (LOO-
CV) a été privilégiée afin de minimiser le biais de prédiction. Pour pallier la nature de « boite noire » des
modeles, une analyse SHAP fondée sur la théorie des jeux a été utilisée, et des inférences causales entre les
variables ont ét¢ menées via Causal Forest a I’aide de 1’approche Dual Machine Learning (DML).

Cette étude apporte des contributions originales a la littérature en analysant la dynamique des
émissions de la Turquie a ’aide de méthodes d’apprentissage automatique et d’inférence causale. Dans
I’analyse de classification, les modéles « Random Forest » et de régression logistique ont démontré les
meilleures performances prédictives, atteignant un score F1 = 0,973 avec la méthode LOO-CV. Ces résultats
sont méthodologiquement cohérents avec les études de Rufaioglu et al. (2025) et de Bakir et al. (2022), qui
soulignent le succeés des algorithmes d’apprentissage en ensemble dans la modélisation de la structure des
émissions de la Turquie. L’analyse SHAP montre que le principal facteur déterminant le régime d’émissions
est le PIB, suivi de la part des énergies renouvelables. Ce constat est cohérent avec les études de Katircioglu
(2014) et de Pata (2018), qui confirment la validité de I’hypothese de la courbe de Kuznets environnementale
pour la Turquie. L analyse par la méthode Causal Forest a montré que les énergies renouvelables réduisent les
émissions de 47 501 Mt en moyenne, tandis que 1’ouverture au commerce extérieur a un effet amplificateur
significatif (ATE : 23,623 Mt). La signification causale du commerce extérieur indique que I’hypothése du «
refuge de pollution » opére comme un canal secondaire en Turquie, apportant ainsi une perspective unique a
la littérature de Cole (2004). L’utilisation intégrée des méthodes SHAP et Causal Forest clarifie a la fois le
pouvoir discriminant des variables et les résultats nets des interventions, offrant ainsi une feuille de route
scientifique pour lutter contre le régime d’émissions élevées de la Turquie, devenu permanent depuis 2007.

Cette étude apporte une contribution unique a la littérature en modélisant la dynamique des émissions
de la Turquie a 1’aide de méthodes avancées d’analyse des données. La principale recommandation politique
formulée sur la base des résultats de 1’analyse consiste a donner la priorité aux capacités en énergies
renouvelables, dont les effets de réduction des émissions ont été scientifiquement prouvés. Dans ce processus,
il est essentiel de lever les obstacles bureaucratiques aux investissements dans le solaire et 1’éolien, de
supprimer progressivement les centrales a charbon et de mettre en ceuvre des mécanismes fondés sur le marché,
tels que la tarification du carbone. La principale limite de cette étude réside dans la petite taille de 1’échantillon
(n=35). 1l est donc recommandé que les recherches futures approfondissent 1’étude de secteurs spécifiques et
soient menées a 1’aide d’algorithmes d’apprentissage profond sur des séries chronologiques plus longues afin
d’obtenir une analyse plus précise de I’impact de la transition énergétique sur le régime d’émissions.

Mots-clés: Méthodes quantitatives, Emissions de gaz a effet de serre, Apprentissage automatique,
Analyse de classification, Courbe de Kuznets environnementale, Analyse SHAP, Forét causale

Resumen Estructurado:

El cambio climatico se ha consolidado en la literatura como uno de los problemas medioambientales
globales mas amplios y criticos del siglo XXI. En el centro de los debates politicos destinados a combatir esta
crisis global se encuentra la reduccion sistematica de las emisiones de gases de efecto invernadero,
principalmente el diéxido de carbono (). Las presiones medioambientales, en particular las derivadas del
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consumo de combustibles fosiles, agravan aun mas la tension histdrica entre los objetivos de crecimiento
econdmico y la sostenibilidad ecologica, lo que convierte el andlisis de los factores determinantes de las
emisiones en una necesidad tanto cientifica como politica. El Acuerdo de Paris, firmado en 2015, ha instado a
los paises signatarios a establecer objetivos concretos de reduccion a través de las declaraciones de
contribuciones nacionales y a desarrollar herramientas cuantificables para alcanzar dichos objetivos. Turquia,
aunque se ve sometida a la presion del rapido crecimiento econémico, la urbanizacion y la industrializacion,
intenta al mismo tiempo lograr un equilibrio tinico entre el aumento de su capacidad de energia renovable y la
reduccion de su dependencia de las importaciones energéticas. Las emisiones de gases de efecto invernadero
de Turquia, que en 1990 ascendian a 229 millones de toneladas, han aumentado significativamente hasta
alcanzar los 584 millones de toneladas en 2024. Si bien gran parte de la bibliografia existente trata las emisiones
como una variable continua, la cuestion crucial para los responsables politicos es si las emisiones superan los
umbrales estratégicos definidos. El presente estudio pretende colmar esta laguna replanteando el nivel de
emisiones de Turquia como un problema de clasificacion binaria definido en torno a la mediana de la serie de
gases de efecto invernadero (395,9 Mt). El objetivo principal del estudio es examinar los factores que
distinguen entre regimenes de altas y bajas emisiones utilizando algoritmos de aprendizaje automatico con
datos del periodo 1990-2024, y respaldar los resultados obtenidos con analisis SHAP y analisis de «Causal
Forest».

La base teorica de este estudio se asienta en la hipotesis de la Curva de Kuznets Ambiental (EKC),
que predice una relacion en forma de U invertida entre la renta per capita y la contaminacién ambiental. Segun
esta hipdtesis, el crecimiento econdmico aumenta inicialmente la contaminacion, pero, tras superar un
determinado umbral de renta, reduce las emisiones gracias a la transformacion tecnoldgica. En la literatura
turca, esta hipdtesis ha sido puesta a prueba mediante métodos econométricos tradicionales por autores como
Halicioglu (2009), Katircioglu (2014) y Pata (2018). Sin embargo, la mayoria de estos estudios se basan en
supuestos lineales y no reflejan plenamente la heterogeneidad estructural. En cuanto a la combinacion
energética, el efecto de aumento de las emisiones de los combustibles fosiles y el potencial mitigador de las
energias renovables se encuentran entre los principales ejes de debate. Ademads, la apertura comercial se
considera en el marco de la hipdtesis del «refugio de la contaminaciony, en el contexto del traslado de industrias
contaminantes a paises con normas menos estrictas. En los ultimos afios, la aplicacion de métodos de
aprendizaje automatico a la prediccion de emisiones ha supuesto una ventaja, especialmente a la hora de captar
relaciones no lineales complejas. Una revision bibliografica revel6 una falta de estudios en la literatura turca
que se centren en el problema de la clasificacion, informen sistematicamente sobre la interpretabilidad de los
modelos utilizando valores SHAP y realicen inferencias causales mas alla de la correlacion. Este estudio ofrece
una contribucion tedrica y metodolodgica al integrar el analisis de «Causal Forest» y desplazar el enfoque de
«gqué esta relacionado?» a «jen qué se puede intervenir?».

Este estudio analiza la dindmica de las emisiones de Turquia para el periodo 1990-2024 utilizando
datos del Instituto Turco de Estadistica (TUIK) y del Banco Mundial dentro de un marco de aprendizaje
automatico. Para mejorar la explicabilidad del modelo, se determinaron como variables de referencia el PIB
per capita, la cuota de combustibles fosiles, la cuota de energias renovables y el déficit comercial; se excluyeron
las variables estructurales altamente correlacionadas para evitar la fuga de datos. Los datos continuos de
emisiones se convirtieron en dos clases equilibradas con un valor umbral mediano (395,9 Mt), enmarcando asi
el problema en un marco de clasificacion. En el andlisis se aplicaron de forma comparativa los algoritmos de
Gradient Boosting, Random Forest y regresion logistica; la optimizacion de los hiperparametros se llevo a cabo
mediante validacion cruzada de 5 pliegues. Debido al tamafio limitado de la muestra (n = 35), se optd por el
método de validacion cruzada «Leave-One-Out» (LOO-CV) para minimizar el sesgo de prediccion. Para
superar la naturaleza de «caja negra» de los modelos, se utilizo el analisis SHAP basado en la teoria de juegos,
y las inferencias causales entre variables se llevaron a cabo mediante Causal Forest utilizando el enfoque de
aprendizaje automatico dual (DML).

Este estudio ofrece aportaciones originales a la literatura al analizar la dinamica de las emisiones de
Turquia mediante métodos de aprendizaje automatico e inferencia causal. En el analisis de clasificacion, los
modelos Random Forest y de regresion logistica demostraron el mayor rendimiento predictivo, alcanzando una
puntuacion F1 = 0,973 con el método LOO-CV. Estos resultados son metodologicamente coherentes con los
estudios de Rufaioglu et al. (2025) y Bakir et al. (2022), que destacan el éxito de los algoritmos de aprendizaje
conjunto a la hora de modelar la estructura de las emisiones de Turquia. El andlisis SHAP muestra que el
principal factor que determina el régimen de emisiones es el PIB, seguido de la cuota de energias renovables.
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Este hallazgo concuerda con los estudios de Katircioglu (2014) y Pata (2018), que respaldan la validez de la
hipotesis de la curva de Kuznets medioambiental para Turquia. El analisis de Causal Forest ha demostrado que
las energias renovables reducen las emisiones en una media de 47 501 Mt, mientras que la apertura al comercio
exterior tiene un efecto potenciador significativo (ATE: 23,623 Mt). La significacion causal del comercio
exterior indica que la hipotesis del «refugio de contaminacién» actua como un canal secundario en Turquia, lo
que aporta una perspectiva tnica a la bibliografia de Cole (2004). El uso integrado de los métodos SHAP y
«Causal Forest» aclara tanto el poder discriminatorio de las variables como los resultados netos de las
intervenciones, ofreciendo una hoja de ruta cientifica contra el régimen de altas emisiones de Turquia, que se
ha consolidado desde 2007.

Este estudio ofrece una contribucion tnica a la literatura al modelar la dindmica de las emisiones de
Turquia utilizando métodos avanzados de analisis de datos. La principal recomendacion de politica
desarrollada a partir de los resultados del analisis es dar prioridad a la capacidad de energia renovable, cuyos
efectos de reduccion de emisiones han sido demostrados cientificamente. En este proceso, resulta de vital
importancia eliminar los obstaculos burocraticos a las inversiones en energia solar y eolica, retirar
progresivamente las centrales térmicas de carbon e implementar mecanismos basados en el mercado, como la
fijacion de precios del carbono. La principal limitacion del estudio es el reducido tamafio de la muestra (n =
35). Por lo tanto, se recomienda que las investigaciones futuras profundicen en sectores especificos y se lleven
a cabo utilizando algoritmos de aprendizaje profundo sobre series temporales mas largas, con el fin de obtener
un analisis mas preciso del impacto de la transicion energética en el régimen de emisiones.

Palabras clave: Métodos cuantitativos, Emisiones de gases de efecto invernadero, Aprendizaje
automatico, Analisis de clasificacion, Curva de Kuznets medioambiental, Analisis SHAP, Bosque causal
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CrpykrypupoBanHoe Pe3iome:

V3meHeHne kiaMMara 3aHsUI0 B HAYYHOW JIMTepaType MECTO OJHOH M3 Hanbosee BCEOOBEMITIONINX U
OCTPBIX TJHOOANBHBIX 3KoJormdeckux mpobimemM XXI Beka. B IeHTpe HONMMTHYECKHMX JHUCKyCCHi,
HarpaBJIeHHBIX Ha OOpHOy C ATUM TJIOOANBHBIM KPHU3HUCOM, HAXOAWTCS CHUCTEMATHYECKOE COKpAIICHHE
BBIOPOCOB MAapHHUKOBBIX I'a30B, B IEPBYIO OUepe/ib YIIeKUCIIoro rasa (). Dkojioruyeckasl Harpys3ka, 0COOeHHO
CBsI3aHHAs C MOTPEOICHUEM MCKOIIaeMOro TOIUIMBA, elle Ooblie ycyryoisieT HCTOpHIecKoe MPOTUBOpEUHe
MEXIYy HeISIMH SKOHOMHYECKOTO POCTa M IKOJOTHYECKOH yCTOWYMBOCTHIO, UTO JA€TaeT aHAIN3 (aKTOpPOB,
OTIPENIeNAIONINX BBIOPOCH], HEOOXOIMMOCTBIO KaK C HAy4YHOW, TaK M C IOJMTUYECKOH TOUYKH 3PEHUS.
ITapmxckoe cormamenue, moamucanHoe B 2015 romy, oOs3pIBaeT CTpaHBI-YYACTHHUIIBI yCTAHABIUBATH
KOHKPETHBIE IEJI 10 COKPAIICHUIO BHIOPOCOB IIOCPEICTBOM 3asBIEHHH O HAIMOHAIBHBIX BKJIAJaX H
pa3pabaThIBaTh U3MEPUMBIE HHCTPYMEHTBI JJISl TOCTIDKEHUS 3TUX Henel. Typiws, Haxoasch MO JaBlIeHUEM
OBICTPOTrO0 SKOHOMHYECKOTO POCTa, YypOaHW3alMM M WHAYCTpUATU3alWH, OJXHOBPEMEHHO IBITACTCS HAWUTH
YHUKQJIBHBIM OallaHC MEXAy YBEJIMYEHHEM MOIIHOCTEH BO30OHOBISEMBIX WCTOYHMKOB O3HEPIUH H
COKpalleHHeM 3aBHCUMOCTH OT UMIIOpTa SHEpPropecypcoB. BrIOpockl mapHUKOBBIX Ta30B B Typiun, KOTOpbIe
B 1990 roay cocraBmsmu 229 mnH ToHH, k 2024 romy 3Ha4MTENBHO BbIpocHd 10 584 MuH TOHH. XOTS B
GopIIel YacTH CyMIECTBYIOIIEH JTUTEPaTyphl BEIOPOCHI pacCMaTpPUBAIOTCS KaK HEMpPEpHIBHAS IepeMeHHas,
KIIFOYEBBIM BOMPOCOM JJISI TIONWTHUKOB SIBJIIETCS TO, MPEBBINAIOT JIK BBIOPOCH yCTAHOBJICHHBIE
CTpaTeTHUeCcCKue MOPOTOBhIe 3HaUeHUs. J[aHHOEe HCClIeoBaHHE MPU3BAHO BOCIOJHHUTEH 3TOT MPOOEN IMyTeM
nepegopmMyaupoBaHus ypoBHs BeIOpocoB Typruu B BUIE 3a1a4u OWHAPHOHN Kiaccu(PUKAIIIH, ONIPEesIeMOi
OTHOCHUTEIILHO MEWAHbI Psijia TAaHHBIX 10 MapHUKOBBIM Tazam (395,9 miuH T). OCHOBHAs 1I€Th UCCIICTOBAHS
3aKJIFOYAETCSl B M3YYCHHU (PAKTOPOB, OTIMYAIONIUX PEXKHUMBI C BRICOKUM M HU3KHM YPOBHEM BBIOPOCOB, C
WCIIOJIb30BAaHUEM AJITOPUTMOB MAIIMHHOTO OOydYeHMs Ha AaHHBIX 3a nepuox 1990-2024 rr., a Takxke B
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MOATBEPKICHUN TIONYYCHHBIX PE3yJIbTaTOB ¢ moMomipio aHanu3a SHAP u aHanu3a «IpUYMHHOTO Jiecay
(Causal Forest).

Teoperuueckas OCHOBa AAHHOTO HCCIIENOBAHMs ONMPAETCS HAa TUIOTE3Y 3KOJIOIMUECKOM KPHUBOM
Kyzrena (EKC), xotopas mpeznckassiBaeT obpatHO-U-00pa3HyI0 3aBUCHMOCTD MEXIY JOXOIOM Ha IYIIY
HACeJICHUS U 3arpsi3HEHHEM OKpy»Karomiel cpenpl. COrlacHO 3TOH TMIOTe3e, SKOHOMHUYECKHH POCT CHadaa
NPUBOAWT K YBEIWYCHHUIO 3arps3HEHHS, HO IMOCJIE NOCTHXXKEHHUS OIIPEAEICHHOTO MOpora J0X0oAa OH
CIOCOOCTBYET COKpAIIEHHIO BBIOpPOCOB Oyarofapst TexHoloruyeckoil TpaHcdopmauuu. B Typenkoit
JUTEepaType 3Ta TUIOTE3a MPOBEpsAIach C HCIOJIb30BAaHMEM TPATUIMOHHBIX SKOHOMETPUUYECKHX METOAOB
TaKUMHU aBTOpami, kak Xammuoriy (2009), Kateipuoriy (2014) u Ilata (2018). OgHako OOIBIIMHCTBO 3THX
UCCIICIOBAaHUH OCHOBAHO Ha JMHEHHBIX JOMYLIEHUAX M HE B IOJHOM Mepe OTpakaeT CTPYKTYpHYIO
reTepOreHHOCTh. YTO KacaeTcsi CTPYKTypbl JHeprobajaHca, TO CpeId OCHOBHBIX TeM OOCYXICHUs
¢urypupytoT kak 3pdexT yBelnueHNs1 BHIOPOCOB, CBA3aHHBIN C UCTIOIB30BAaHHEM HCKOIIAeMOTO TOIUIMBA, TaK
¥ TOTEHIMal BO300HOBJISIEMBIX HMCTOYHHMKOB PHEPIMH IO CHIDKEHHIO BbIOpocoB. Kpome Toro, B pamkax
THIIOTE3Bl «YOEXKHIIA OT 3arpsA3HEHHSD PacCMaTPUBACTCA OTKPBITOCTH TOPTOBIHM B KOHTEKCTE MEPEMEIICHHS
3arpsA3HSIONINX OTPACIIeH B CTpaHBbI ¢ 00jIee HU3KHMH CTaHAapTaMH. B mocneanue roas! MpuMeHEHHE METOI0B
MAaIIMHHOTO O00ydYeHMs AJIsI IPOrHO3MPOBAHUS BHIOPOCOB AA0O ONpE/eNICHHBIE MPEUMYIIECTBA, OCOOCHHO B
IUTaHE Y4eTa CJIOXKHBIX HETMHEHHBIX B3auMocBsi3eld. O030p IUTEpaTyphl BBIIBIII HEIOCTATOK UCCIIEIOBaHNH B
TYPELKOH Hay4HOH JIUTEpaType, KOTOpble OBl (POKYyCHPOBAIMCH Ha 33/1a4€ KIaCCH(DUKAIINN, CHCTEMAaTHIECKH
OTpaxalld WHTEPIPETHPYEMOCTh MoOJele ¢ wucmoyib3oBanueM 3HaueHud SHAP w jgenanu mpudauHHO-
CIIEJICTBEHHBIC BBIBOJBI, BBIXOJAINIME 3a paMKud Koppensanuu. HacTosmiee wuccieoBaHHe BHOCUT
TEOPETHYECKUI M METOJI0JIOTHYECKUH BKJIaJ 3a cueT mHTerpauuu ananu3a «Causal Forest» u mepenoca
aKIIEHTa C BOIPOCA «YTO CBS3aHO?» Ha BOIPOC «HA YTO MOXKHO HOBIIHATE?).

B nanHOM nccnenoBaHUM aHAM3UPYETCs TUHAMUKA BEIOpocoB B Typuuu 3a nepuon 1990-2024 rr.
C UCIIONIb30BaHUeM JaHHBIX Typerkoro craructadeckoro uHctuTyTa (TUIK) 1 BeemupHoro 6anka B pamkax
MAaIIMHHOTO 00ydeHus. [y MOBBIICHHUST OOBSCHIEMOCTH MOJIEIH B Ka4eCTBE 0a30BBIX NEPEMEHHBIX OBLIH
onpeznenensl BBII Ha mynty HaceneHHs, KON MCKOMAEMOI'O TOIUIMBA, JOJIST BO3OOHOBISIEMBIX MCTOYHHKOB
SHEPTUH M TOPTOBBIH Je(PUINT; CHIBHO KOPPEIUPYIOMINE CTPYKTYPHBIE IEPEMEHHBIE OBUIN UCKITIOUEHBI IS
NPENOTBPAICHU YTCUKN JaHHBIX. HempepblBHBIE AaHHBIE O BBIOpocax ObUTH IIpeoOpa3oBaHBI B JBa
cOaNaHCHPOBAaHHBIX KJacca C MEIUAaHHBIM IOPOTOBBIM 3HadeHHeM (395,9 MiH T), YTO MO3BOJHIO
chopMyIMpoBaTh 3a7ady B paMKax KJIacCH(HKAIMOHHOI Monenu. B Xozie aHanm3a ObLIM CpaBHUTEIBHO
MPUMEHEHBl aJNTOPUTMBI TPAJUEHTHOrO OYCTHHTa, CIy9alHOro Jieca M JIOTHCTHYECKOW perpeccuw;
ONTUMU3AIMS THIIEPIIapaMeTPOB NMPOBOAMIACE C UCHOIB30BAHUEM S-KpaTHOW NepeKpecTHON Banupanuu. B
CBSI3U C OTPAHUYEHHBIM pa3MepoM BBIOOPKH (n = 35) U1 MUHUMM3aIMK CMENCHHS IPOTHO30B ObLT BEIOpaH
MeTon mepekpectHor Bamupanmu «Leave-One-Outy (LOO-CV). st mpeoioyieHus: «4epHOKOPOOOUHOTO)
xapaktepa Mojeneil Obul ucnonb3oBaH SHAP-aHanus, OCHOBaHHBIM Ha TEOPHM WIpP, a HPUYUHHO-
CJIC/ICTBEHHBIE CBSI3H MEXIY IIEpeMEHHBIMH ObIIM BBISABIIEHBI ¢ oMolnbio Causal Forest Ha ocHOBe moaxozaa
Dual Machine Learning (DML).

JlanHOe mccie0BaHNe BHOCHT OPHTHHAIBHBIN BKJIAJl B HAyYHYIO JINTEpaTypy Onaronmaps aHanuzy
JUHAMHMKHA BBIOPOCOB B Typumuu C HCIHOJNB30BAaHHEM METOJOB MAIIMHHOTO OOYYeHHS W IPUYNHHO-
CIIEZICTBEHHBIX BBIBOJIOB. B kiaccuduranmonnom anammse mojenu «Ciydaitaeri sec» (Random Forest) u
JIOTHCTUYECKOM perpeccud MpOJeMOHCTPUPOBAIM HAUBBICIIYIO IPOTHOCTHYECKYIO 3()(HEKTUBHOCTD,
nJocturHys nokasarens F1 = 0,973 npu ucnonszoBannu meroa LOO-CV. O1u pe3yabTaThl METOA0JIOTHIECKU
COTJIaCyIOTCH ¢ HccnenoBanusamMu Pydaiiorny u np. (2025) u baxkupa u ap. (2022), B KOTOPBIX HOIYEPKUBACTCS
YCIENTHOCTh aJTOPUTMOB aHCaMOIEBOTO OOYYEHHS MPH MOJEIMPOBAHUH CTPYKTYPHI BEIOpocoB B Typrmm.
Amnamn3 SHAP nokassIBaeT, 9T0 OCHOBHBIM (haKTOPOM, OTIPEIEISIONINM PEXUM BEIOpOCoB, sisieTcst BBII, 3a
KOTOPBIM CIIEAYET A0S BO3OOHOBIIIEMBIX HCTOYHHKOB YHEPTHU. DTOT BBIBOJI COTIACYETCS C HCCIETOBAHNUIMMI
Kapipokoriy (2014) u ITata (2018), xoTopble NOATBEPKIAIOT 0OOCHOBAHHOCTD THIOTE3BI «IKOJIOTHYECKOM
kpuBoil Kysnemna» s Typumu. Ananus ¢ ucmnonb3oBanreMm Causal Forest mokaszan, 4to BO30OHOBISIEMBIC
MCTOYHMKH SHEPTHH COKPALIAIOT BEIOPOCH B cpesHeM Ha 47 501 MT, B To BpeMs Kak OTKPBITOCTB JIJIsl BHEIIHEH
TOPTOBIIM OKa3bIBaeT 3HAYMTENbHBIN ycunuBaromuii a¢dext (ATE: 23,623 Mr). [IpuunHHas 3HAYMMOCTD
BHEITHEH TOProBJIM YKa3blBaeT Ha TO, YTO T'MIIOTE3a «yOeXHIa OT 3arpsi3HeHus» JeicTByer B Typrmn B
Ka4yecTBe BTOPUYHOTO KaHaJIa, YTO JOOABIAET YHUKAIBHYIO TIEPCIEKTHBY K uccienoBanusm Koyma (2004).
KommiekcHoe ncnosip3oBanue MetooB SHAP U «IIpHYUHHOTO J1ecay MPOSCHSET KaK JUCKPUMHHAITHOHHYIO
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CIIOCOOHOCTH IIEPEMEHHBIX, TAK M YHUCTHIEC PE3yIbTAThl BMEIIATENBCTB, IPeUIaras HayqHyo JOPOKHYIO KapTy
UL OOPBOBI C PEKUMOM BBICOKHX BBIOPOCOB B TypITiu, KOTOPEIHA cTal moctossHHEBM ¢ 2007 rofna.

JlaHHOE MCCITeIOBaHNE BHOCUT YHHKAJIBHBIN BKIAJ B HAYYHYIO JUTEPATypPy, MOACIUPYS AUHAMUKY
BEIOpocOoB B TypuuH ¢ HCIOJIB30BaHHEM IIEPEIOBBIX METOIOB aHaNW3a JaHHBIX. OCHOBHAs IOJUTHYECKAs
pEeKOMeHIausl, pa3padoTaHHast Ha OCHOBE PE3yJbTaTOB aHAJIN3a, 3aKII0YASTCs B MPUOPUTETHOM Pa3BUTHH
MOIITHOCTEH BO300OHOBIISIEMBIX WCTOYHHUKOB SHEpPrud, 3((eKT CHIKCHUS BBHIOPOCOB OT KOTOPHIX HAYYHO
J0Ka3aH. B 3ToM mpolecce KpUTHUECKH BaXKHO YCTPaHUTh OIOPOKPATHYECKUE TPETSTCTBUS ISl HHBECTHLIUH
B COJIHEUHYIO M BETPOBYIO SHEPIETHKY, TOCTEIICHHO BBIBOJUTH U3 HKCIUIyaTallMH YIOJNBHBIE 3JIEKTPOCTAHIIUH
U BHEJPATH PHIHOYHBIE MEXaHHM3MBI, TaKHe Kak 1leHooOpa3oBaHue Ha yriepos. OCHOBHBIM OrpaHHYCHUEM
UCCIIeIOBaHUs SBIsieTCs HeOOoMbIIOoi pazmep BeIOOpKU (n=35). IloaToMy pekomeHayeTcsl, 4ToObl OyamyuIve
uccie0BaHus Oosee TIIy00KO N3ydyail KOHKPETHBIE CEKTOPHI M TIPOBOJIMIINCE C UCTIOJIb30BaHHEM AJITOPUTMOB
riryookoro oOydeHHs Ha Oosee JUIMTEIbHBIX BPEMEHHBIX psjax Uil MOJy4eHHs Ooyiee TOYHOTO aHajiu3a
BIIMSIHUSL DHEPTETHYESCKOTO IIePeXoja Ha PEXKHM BEIOPOCOB.

KiroueBble cJI0Ba: KOIMYECTBEHHBIE METOIBI, BEIOPOCH MTAPHUKOBHIX ra30B, MAIIMHHOE 00yUYeHHe,
KIaccu(pUKAITMOHHBIN aHaJH3, SKoIorndeckas kpuas Ky3nemna, SHAP-ananms, npiauHHO-CIICICTBESHHBIH JieC
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Yapilandirilmis Ozet:

Iklim degisikligi, yirmi birinci yiizyilin en kapsamli ve kritik kiiresel ¢cevre sorunlarindan biri olarak
literatiirde yerini almistir. Bu kiiresel krizle miicadeleyi amaglayan politika tartigmalarinin merkezinde, basta
karbondioksit (C0O,) olmak tlizere sera gazi emisyonlarmin sistematik olarak azaltilmasi yer almaktadir.
Cevresel baskilar, 6zellikle de fosil yakit tiiketiminden kaynaklananlar, ekonomik biiylime hedefleri ile
ekolojik siirdiiriilebilirlik arasindaki tarihsel gerilimi daha da derinlestirerek, emisyon belirleyicilerinin
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analizini hem bilimsel hem de siyasi bir zorunluluk haline getirmektedir. 2015 yilinda imzalanan Paris
Anlasmasi, imzaci iilkeleri ulusal katki beyanlart yoluyla somut azaltim hedefleri belirlemeye ve bu hedeflere
ulagsmak icin 6lgiilebilir araglar gelistirmeye yoneltmigtir. Tirkiye, hizli ekonomik biiylime, kentlesme ve
sanayilesmenin yarattig1 baski altinda olmakla birlikte, ayn1 zamanda yenilenebilir enerji kapasitesini artirmak
ile enerji ithalatina bagimliligini azaltmak arasinda kendine 6zgii bir denge kurmaya calismaktadir. 1990
yilinda 229 milyon ton olan Tiirkiye’nin sera gazi emisyonlari, 2024 yilina kadar 584 milyon tona 6nemli
6lglide artmistir. Mevcut literatiiriin biiyiik bir kismi emisyonlari siirekli bir degisken olarak ele alirken, politika
yapicilar i¢in asil dnemli soru, emisyonlarin tanimlanmis stratejik esik degerleri asip asmadigidir. Bu ¢aligma,
Tiirkiye’nin emisyon seviyesini sera gazi serisinin medyan degeri (395,9 Mt) etrafinda tanimlanan ikili bir
smiflandirma problemi olarak yeniden ¢er¢evelendirerek bu boslugu doldurmay1 amaglamaktadir. Caligmanin
temel amaci, 1990-2024 dénemine ait verilerle makine 6grenimi algoritmalar: kullanarak yiiksek ve diisiik
emisyon rejimlerini birbirinden ayiran faktorleri incelemek ve elde edilen sonuglar1 SHAP analizi ve Nedensel
Orman analizi ile desteklemektir.

Bu calismanin teorik temeli, kisi basina gelir ile ¢evre kirliligi arasinda ters U seklinde bir iligki
ongoren Cevresel Kuznets Egrisi (EKC) hipotezine dayanmaktadir. Hipoteze gore, ekonomik biiyiime
baslangicta kirliligi artirir, ancak belirli bir gelir esiginin asilmasindan sonra teknolojik doniisiim sayesinde
emisyonlar1 azaltir. Tiirk literatiiriinde bu hipotez, Halicioglu (2009), Katircioglu (2014) ve Pata (2018) gibi
yazarlar tarafindan geleneksel ekonometrik yontemler kullanilarak test edilmistir. Ancak bu ¢aligmalarin cogu
dogrusal varsayimlara dayanmakta ve yapisal heterojenligi tam olarak yansitmamaktadir. Enerji karigimi
acisindan, fosil yakitlarin emisyon artirici etkisi ve yenilenebilir enerjinin azaltict potansiyeli tartismanin ana
eksenleri arasindadir. Ayrica, kirlilik cenneti hipotezi ¢ergevesinde, kirletici sanayilerin standartlar1 daha diigitk
tilkelere tasinmasi baglaminda ticaretin agikligi da ele alinmaktadir. Son yillarda, emisyon tahminine makine
6grenimi yontemlerinin uygulanmasi, ozellikle karmasik dogrusal olmayan iliskilerin yakalanmasinda bir
avantaj saglamistir. Literatiir taramast, Tiirk literatiiriinde siniflandirma sorununa odaklanan, SHAP degerlerini
kullanarak modelin yorumlanabilirligini sistematik olarak raporlayan ve korelasyonun o6tesinde nedensel
¢ikarimlarda bulunan galigmalarin eksikligini ortaya koymustur. Bu ¢alisma, Nedensel Orman (Causal Forest)
analizini entegre ederek ve odak noktasini “neler birbiriyle iligkili?”” sorusundan “nereye miidahale edilebilir?”
sorusuna kaydirarak teorik ve metodolojik bir katki sunmaktadir.

Bu calisma, makine 6grenimi gergevesi icinde Tiirkiye Istatistik Kurumu (TUIK) ve Diinya Bankas1
verilerini kullanarak 1990-2024 donemi i¢in Tiirkiye nin emisyon dinamiklerini analiz etmektedir. Modelin
aciklanabilirligini artirmak amaciyla kisi basina GSYIH, fosil yakit pay1, yenilenebilir enerji pay1 ve ticaret
ac1g1 temel degiskenler olarak belirlenmis; veri sizintisim1 onlemek igin yiiksek korelasyonlu yapisal
degiskenler hari¢ tutulmustur. Siirekli emisyon verileri, medyan esik degeri (395,9 Mt) kullanilarak iki dengeli
simifa doniistiiriilmiis ve bdylece sorun bir siniflandirma gergevesi i¢inde ele alinmistir. Analizde Gradient
Boosting, Random Forest ve Lojistik Regresyon algoritmalari kargilagtirmali olarak uygulanmis;
hiperparametre optimizasyonu ise 5 katli ¢apraz dogrulama kullanilarak gergeklestirilmistir. Sinirli 6rneklem
biiylikliigii (n=35) nedeniyle, tahmin Onyargisint en aza indirmek i¢in Leave-One-Out Capraz Dogrulama
(LOO-CV) yontemi tercih edilmistir. Modellerin “kara kutu” niteligini asmak i¢in oyun teorisine dayalt SHAP
analizi kullanilmistir ve degiskenler arasindaki nedensel ¢ikarimlar, Dual Machine Learning (DML) yaklasimi
kullanilarak Causal Forest araciligiyla gerceklestirilmistir.

Bu ¢alisma, makine 6grenimi ve nedensel ¢ikarim yontemlerini kullanarak Tiirkiye’nin emisyon
dinamiklerini analiz ederek literatiire 6zgiin katkilar sunmaktadir. Smiflandirma analizinde, Random Forest ve
Lojistik Regresyon modelleri en yiiksek tahmin performansini sergilemis ve LOO-CV yontemi ile F1=0,973
puani elde etmigtir. Bu sonuglar, metodolojik ag¢idan Rufaioglu ve ark. (2025) ile Bakir ve ark. (2022)
tarafindan yapilan ¢alismalarla tutarlidir; s6z konusu c¢aligmalar, Tiirkiye’nin emisyon yapisinin
modellenmesinde toplu 6grenme algoritmalarinin bagarisini vurgulamaktadir. SHAP analizi, emisyon rejimini
belirleyen birincil faktériin GSYIH oldugunu, bunu yenilenebilir enerjinin payinin izledigini gostermektedir.
Bu bulgu, Tiirkiye ig¢in Cevresel Kuznets Egrisi hipotezinin gegerliligini destekleyen Katircioglu (2014) ve
Pata (2018) tarafindan yapilan ¢aligmalarla tutarhidir. Nedensel Orman analizi, yenilenebilir enerjinin
emisyonlar1 ortalama 47.501 Mt azalttigini, dis ticarete agikligin ise dnemli bir artirict etkiye (ATE: 23.623
Mt) sahip oldugunu gostermistir. D1 ticaretin nedensel 6nemi, kirlilik sigmag1 hipotezinin Tiirkiye’de ikincil
bir kanal olarak isledigini gostermekte ve bu da Cole’un (2004) literatiiriine benzersiz bir bakis agisi
katmaktadir. SHAP ve Nedensel Orman yontemlerinin entegre kullanimi, hem degiskenlerin ayirt edici giiciinii
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hem de miidahalelerin net sonuglarini netlestirerek, 2007 yilindan bu yana kalici hale gelen Tiirkiye’nin yiiksek
emisyon rejimine karsi bilimsel bir yol haritas1 sunmaktadir.

Bu calisma, gelismis veri analitigi yontemlerini kullanarak Tiirkiye’nin emisyon dinamiklerini
modelleyerek literatiire benzersiz bir katki sunmaktadir. Analiz sonuglarina dayanilarak gelistirilen temel
politika onerisi, emisyon azaltici etkileri bilimsel olarak kanitlanmis yenilenebilir enerji kapasitesine dncelik
verilmesidir. Bu siirecte, giines ve riizgar enerjisi yatirimlarmin dniindeki biirokratik engellerin kaldirilmasi,
komiir santrallerinin agsamali olarak devreden c¢ikarilmas: ve karbon fiyatlandirmasi gibi piyasa temelli
mekanizmalarin uygulanmasi kritik 6neme sahiptir. Caligmanin temel sinirlamasi, érneklem biiyiikligiiniin
kiigiik olmasidir (n=35). Bu nedenle, enerji doniisiimiiniin emisyon rejimi iizerindeki etkisinin daha kesin bir
sekilde analiz edilebilmesi i¢in, gelecekteki arastirmalarin belirli sektorleri daha derinlemesine incelemesi ve
daha uzun zaman serileri lizerinde derin 6grenme algoritmalar1 kullanilarak yiiriitiilmesi dnerilmektedir.

Anahtar Kelimeler: Nicel Yontemler, Sera Gazi Emisyonlar;, Makine Ogrenimi, Siiflandirma
Analizi, Cevresel Kuznets Egrisi, SHAP Analizi, Nedensel Orman
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Introduction

Climate change stands out as one of the most comprehensive global environmental problems
of the twenty-first century. Reducing greenhouse gas emissions, particularly carbon dioxide (CO2),
is at the center of policy debates on this problem (Jin & Sharifi, 2025). The environmental pressure
created by fossil fuel consumption is deepening the tension between economic growth and ecological
sustainability. This situation necessitates a systematic analysis of emission determinants from both
scientific and policy perspectives (Grossman & Krueger, 1991; Halicioglu, 2009). Signed in 2015,
the Paris Agreement obliges the Parties to set concrete emission reduction targets through national
contribution declarations (NDCs) and develop measurable policy instruments to achieve these targets
(UNFCCC, 2015). Aydin and Ar1 (2019) highlight the structural challenges faced by major fossil
fuel producers in meeting their Paris Agreement commitments and demonstrate that the gap between
declared emission reduction targets and actual policy measures is particularly pronounced in
economies with high dependence on fossil fuels. This structural tension can also be directly observed
in Turkey’s emissions trajectory. In this process, accurately modeling emission dynamics is critical
for the effectiveness of policy recommendations.

Turkey is in a unique position in this context. On the one hand, rapid economic growth,
urbanization and industrialization put upward pressure on emission levels, while on the other hand,
policy objectives to increase renewable energy capacity and reduce energy import dependency
become decisive factors shaping the emission trajectory. Turkey's GHG emissions, which were
approximately 229 Mt in 1990, reached 584 Mt in 2024 (TurkStat, 2026). Ozen et al. (2024)
corroborate this trend, finding that human development, urbanization, and industrial and agricultural
development are significantly linked to carbon emissions in Turkey -- a multidimensional picture
consistent with the rapid socioeconomic transformation underpinning Turkey's rising emission
trajectory.

Rufaioglu et al. (2025) analyzed Turkey's GHG data for the period 2012-2021 and revealed
that more than 90% of total emissions are from energy sources. This finding confirms the structural
fossil fuel dependence in Turkey's energy mix. Beken et al. (2019) analyzed Turkey's energy
efficiency profile in comparison with European countries using the k-Means Clustering algorithm.
They show that as the country increases its renewable energy capacity, it approaches more advanced
clusters, but the structural transformation is not yet complete.

The use of machine learning methods in modeling emission determinants has become
widespread in recent years. In a systematic review of 75 studies published between 2003 and 2023,
Jin & Sharifi (2025) showed that hybrid models for estimating urban GHG emissions outperformed
single models in terms of both MAPE and MAPE measures. Han & Lin (2025) analyzed long-term
emission models with the Environmental Kuznets Curve (EKC) hypothesis using interpretable
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machine learning methods, especially through SHAP values, and found that the unique structural
characteristics of each country play a critical role in forecasting models. This finding confirms the
scientific necessity of approaches that use country-specific data and interpretable algorithms rather
than a universal model. This provides a direct theoretical basis for the methodological choice of this
study.

However, the majority of Turkey-focused machine learning studies focus on regression-
based continuous forecasting problems. Agbulut (2022) predicted transportation emissions with deep
learning and SVM. Ayaz (2024) compared ARIMA and LSTM models with 158 years of historical
data. Ene Yalgin (2024) applied linear regression models in a multi-sectoral framework. All of these
studies treat the level of emissions as a continuous dependent variable. They leave unanswered the
question of whether emissions exceed a policy-relevant threshold, in other words, whether the
country has moved to a high or low emission regime. However, the critical question for policymakers
is not the exact numerical size of emissions, but whether they exceed the specified threshold.

To address this gap, this study makes four original contributions. The first is to reframe
Turkey's GHG emission level as a binary classification problem defined around the median of the
GHG series (395.9 Mt CO: equivalent). The purpose of choosing the median value is to achieve
approximately 1:1 balance between the classes, strengthening both methodological robustness and
policy implications based on the findings. Second, we adopt leave-one-out cross-validation (LOO-
CV) to overcome the problem of high variance produced by standard k-fold cross-validation under
small sample conditions with n=35. This will minimize the estimation bias (Arlot & Celisse, 2010).
Third, it overcomes the black box nature of ensemble algorithms with the SHAP (SHapley Additive
exPlanations) framework, measuring the marginal contribution of each variable to the emissions
regime in both magnitude and direction and presenting the findings in a transferable form to
policymakers (Lundberg & Lee, 2017). Fourth, CausalForestDML analysis is applied to go beyond
the correlation and pattern detection-based structure of SHAP analysis. Thus, the causal effect of
each variable on emissions was estimated within the Average Treatment Effect (ATE) framework.
In this way, the findings answer the question “what can be intervened?” rather than “what is
correlated?”. Moreover, policymakers are provided with causally valid tools (Athey & Imbens, 2016;
Chernozhukov et al., 2018). In line with these contributions, the study aims to answer the following
research questions: Gradient Boosting, Random Forest and Logistic Regression algorithms are
applied comparatively using Turkey's annual data for the period 1990-2024. Only four independent
variables with strong theoretical justification are included in the model by systematically eliminating
variables at risk of indirect data leakage due to high correlation: GDP, share of fossil fuel
consumption, share of renewable energy consumption and trade openness. The rest of the paper is
organized as follows: Section 2 reviews the related literature, Section 3 presents the dataset and
methodology, Section 4 discusses the findings, and Section 5 presents the conclusions, policy
implications and limitations of the study.

1. Can machine learning algorithms meaningfully classify Turkey's GHG emission regime (low
and high emissions)?

2. Which macroeconomic and energy variables most strongly determine the emission regime?

3. Can the impact of key variables such as renewable energy share and GDP on emissions be
verified by causal inference methods?

Literature Review

The empirical literature on the determinants of greenhouse gas emissions is largely based on
the Environmental Kuznets Curve (EKC) hypothesis. This hypothesis, put forward by Grossman and
Krueger (1991) in the context of the environmental effects of trade, predicts the existence of an
inverted-U-shaped relationship between per capita income and environmental pollution. It argues
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that economic growth accelerates environmental degradation until a certain threshold income level
is reached, and reduces emissions through technological transformation and structural change after
this threshold is exceeded. Among the first comprehensive studies to test this hypothesis for Turkey,
Halicioglu (2009) stands out. Halicioglu applied error correction model and Granger causality tests
to annual data for the period 1960-2005 and found that energy consumption is the primary
determinant of emissions. However, the study assumes a linear cointegration relationship and does
not consider structural breaks. Govdeli (2019) empirically tested the EKC hypothesis for Turkey
while explicitly accounting for structural breaks, confirming a long-run relationship between income
and environmental degradation and underscoring that the income threshold beyond which emissions
begin to decline has not yet been reached in the Turkish case. At the regional level, Ravanoglu (2020)
tested the validity of the EKC hypothesis for the Eurasian Economic Union using panel data analysis,
providing comparative evidence that the income-emissions nexus exhibits institutional and structural
variation across country groupings -- a finding that reinforces the importance of country-specific
analytical frameworks such as the one adopted in the present study. Kubar and Kil (2022) tested the
validity of the EKC hypothesis for the Fragile Eight -- a country group that includes Turkey -- and
G7 economies, demonstrating that the income-environment relationship differs substantially across
these two clusters and that structural characteristics of each economy play a decisive role in
determining the emissions trajectory. Katircioglu (2014) analyzed the long-run emission effects of
tourism revenues and energy consumption using ARDL bounds testing approach. This study also
failed to overcome the limitations of the linear model setup. Pata (2018) statistically confirmed the
emission-reducing effect of renewable energy consumption with FMOLS and DOLS estimators.
However, linear modeling is far from reflecting structural heterogeneity. Han and Lin (2025) revisit
this theoretical framework with interpretable machine learning methods and show that the unique
circumstances of each country should be taken into account. This finding directly supports the
theoretical underpinning of country-specific classification frameworks.

Studies focusing on the impact of energy mix variables on emissions constitute the second
important axis of the literature. Apergis and Payne (2009) find a negative long-run relationship
between renewable energy consumption and emissions for 16 emerging economies using panel data
and show that this relationship is weak in the short run. Shafiei and Salim (2014), in their panel
analysis for OECD countries, find that fossil fuel consumption increases emissions while renewable
energy produces a significant decreasing effect. The effect of trade openness on emissions is
discussed within the framework of the pollution refuge hypothesis. In a related vein, Yilmaz (2020)
analyzed the nexus between CO2 emissions and foreign direct investment, the human development
index, and technology, finding that technological improvement and human development contribute
to emission reduction while the role of FDI remains context-dependent -- a finding that provides
theoretical grounding for the multivariable framework of the present study. In the Turkish context
specifically, Ozen et al. (2024) examined the relationships among human development, urbanization,
industrial development, agricultural development, and carbon emissions, confirming that the multi-
dimensional structural drivers of emissions cannot be reduced to a single variable -- a finding directly
consistent with the multivariable design of the present study. Focusing on the same N-11 country
group as the present study, Acikgéz and Oncel (2024) conducted a country-based investigation of
the effects of economic growth, fossil fuel consumption, and globalization on environmental
degradation and found significant cross-country heterogeneity in these effects -- a result that
motivates the country-specific classification design adopted here. Cole (2004) has shown that the
relatively low environmental standards in developing countries pave the way for dirty industries to
move to these countries and create an emission transfer effect. Cosgun (2024) and Cinarer et al.
(2024) emphasized that economic variables such as GDP and population are highly correlated with
emissions in the range of 0.92-0.98 in Turkey. This finding provides direct theoretical support for
the inclusion of GDP as an independent variable in the current study.
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Although the application of machine learning methods to emission forecasting is relatively
recent, it has become a rapidly expanding field in recent years. Breiman (2001) introduced the
random forest algorithm and Friedman (2001) introduced the gradient boosting method and
demonstrated the superior performance of these algorithms in nonlinear relationships both
theoretically and empirically. When Turkey-focused machine learning studies are examined, Agbulut
(2022) modeled transportation-related energy demand and emissions with deep learning, SVM and
artificial neural networks. This study is the first comprehensive research using these algorithms for
Turkey's transportation sector. Ayaz (2024) compared ARIMA (R? = 94.3% ) and LSTM (R? =
90.4% ) models with a large data set covering the years 1865-2023. The study showed that traditional
time series models perform competitively in long-run dependencies. Rufaioglu et al. (2025) found
that Gradient Boosting (R? = 0.995) and XGBoost (R* = 0.994) algorithms achieved the highest
accuracy with greenhouse gas data for the period 2012-2021. Ene Yal¢in (2024) applied the linear
regression model in a multi-sectoral framework covering energy, industrial processes, agriculture
and waste sectors. Beken et al. (2019) compared Turkey's energy efficiency with European countries
using k-Means Clustering algorithm. In the international literature, Bakir et al. (2022) India;
Javanmard & Ghaderi (2022) Iran; Bhatt et al. (2023) USA; and Hasan et al. (2025) Bangladesh have
shown that hybrid optimization and ensemble models produce more stable results in small data sets.

In the dimension of model evaluation and interpretability, Leerbeck et al. (2020) modeled
the emission intensity in power grids with machine learning and emphasized that this field has
significant potential with the increase in data quality and quantity. Jin and Sharifi (2025) showed that
the increasing adoption of interpretability tools, especially SHAP values, in emission modeling is
critical for policy recommendation. The SHAP framework developed by Lundberg and Lee (2017)
adapts the Shapley values derived from cooperation theory to machine learning models to measure
the individual contribution of each variable at a consistent, local and global level. Strobl et al. (2007)
and Lundberg et al. (2020) have shown that the Gini impurity reduction-based variable importance
measure tends to overestimate variables that are correlated with other variables. This finding justifies
the methodological choice to present the variable importance analysis together with SHAP values in
the present study.

The application of causal inference methods to emissions research is a relatively new field.
Pearl (2009) introduced the causal modeling framework as a theoretical basis for the transition from
statistical dependence to causal relationships. He showed how to estimate the intervention effect from
observational data through structural causal models. Athey and Imbens (2016) proved that
heterogeneous “treatment” effects can be estimated unbiasedly with the Causal Forest method they
developed by adapting the random forest algorithm to the causal context. Wager and Athey (2018)
take this method further and theoretically prove its consistency and asymptotic normality properties.
The application of this method to emission research provides an opportunity to directly address the
question “in which variable does a policy intervention reduce emissions?”’, which SHAP analysis
cannot answer. The lack of such causal inference approaches in Turkey-focused machine learning
studies makes the current study's integration of this method unique in the literature.

The literature reviewed above points to four main methodological gaps. First, almost all of
the Turkey-focused machine learning studies focus on regression-based continuous prediction
problems. The issue has not been addressed as a classification problem. Second, model
interpretability is not systematically reported in existing studies. This makes it difficult to transfer
the findings to policy processes. Third, validation methods specific to small sample conditions,
especially LOO-CV studies, are not found in the Turkish literature. Fourth, none of the existing
studies systematically combine SHAP analysis with causal inference. The question of whether a
variable with high correlation and predictive power will actually respond to a policy intervention
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remains unanswered. This paper aims to address this fourth gap by integrating Causal Forest
analysis'.

Methodology

In this study, a modern and objective method is followed in order to overcome the limitations
of traditional econometric methods. To this end, machine learning algorithms and explainable
artificial intelligence (XAI) techniques are systematically applied together. The modeling process is
not restricted to a single theoretical framework or a limited set of variables. A more unbiased and
data-driven approach is adopted by building the theoretical rationale on a multidimensional structure
of strong variables. Ensemble learning algorithms are used to overcome the limitations of traditional
regression-based methods such as model assumption violations, endogeneity and inability to capture
nonlinear interactions. The hybrid structure adopted in the study both improves forecasting accuracy
and makes the model results explainable in a way that is transferable to policymakers. This
methodological combination, collective learning, explainable artificial intelligence, and causal
forest, was also used in a study by Sert (2026). The author applied this integrated framework to
examine the determinants of global income inequality and demonstrated that combining ensemble
algorithms, SHAP-based explainability, and causal forest provides much richer policy insights than
any single method applied on its own. This last feature is achieved by interpreting black-box
ensemble algorithms such as Gradient Boosting and Random Forest with the SHAP (SHapley
Additive exPlanations) and Causal Forest framework (Lundberg & Lee, 2017; Athey & Imbens,
2016). In this section, the dataset is comprehensively introduced and the methodological steps are
explained in detail. The methodology followed in the study is presented in Figure 1.

! For studies addressing the environmental, economic, social, and cultural dimensions of climate change, either directly or
through related themes—including lake levels, meteorological and hydrometeorological disasters, bioclimatic comfort, air
quality, agricultural productivity, and land cover changes; carbon emissions, fossil fuel consumption, climate negotiations,
carbon credits, and national climate protection performance; renewable energy education, energy efficiency in buildings
and places of worship, ecological architecture, resilient urban mobility, and zero waste management; civil society’s
contribution to environmental awareness, globalisation, ecological art, sustainable ceramic and textile practices, human—
nature relations in literature, representations of environmental sustainability in popular media, and sustainable development
in the context of religious values-see also: Bahadir, 2012; Erdogan & Ganiev, 2016; igel, 2014; Karatas, 2014; Pmarcioglu,
2018; Ulusoy & Atay, 2018; Altintas, 2021; Aytepe Serinsu, 2022; Mentese & Koca, 2025; Akdag & Parlak Biger, 2025;
Kayaalp & Giirbiiz, 2025; Sagir & Cakir, 2026; Dogru & Demirbas, 2020; irdem, 2022; Kazel, 2022; Korkmazyiirek et al.,
2022; Aytekin & Ates, 2019; Demir & Siislii, 2022; Siiar Oral, 2021; Gokee & Gokee, 2020; Aldoori & Benchalel, 2026.

2 In conjunction with this body of literature, artificial intelligence applications have become both a subject of study in the
social sciences and a significant element of research methodology. For an example, see: Denizci et al. 2018, Baran 2022,
Keles & Keles, 2018; Karadag, 2025; Coskun, 2025; Ahmed & Hamod, 2026; Arict & Karaci, 2013; Keles & Keles, 2017;
Keles et al., 2017; Bekil, 2018; Keles, 2018; Sercemeli, 2018; Akyildiz & Akyildiz, 2020; Isik & Dari, 2023;
Abdulrazagova et al., 2025; Argin 2025; Tetik Kiigiikelgi, 2025; Cakmak, 2025; Yildirim Altun, 2025; Zan & Zan, 2025;
Mazlum & Mazlum, 2025; Yildiz, 2025; Basar, 2025; Tugcu, 2025; Ozdemir, 2026; Cora et al., 2026; Biiyiikboyac1 &
Yozcu, 2026; Ardaturk, 2026; Ardug Kara, 2026; Ertan, 2026; Ahmed & Hamod, 2026; Efendioglu, 2023; Celik et al.,
2025; Dogru & Hacimiiftiioglu, 2025; Kogakoglu & Kogakoglu, 2025; Ekinci, 2025; Sakin & Tiirk, 2025; Askun, 2024;
Yener & Kose, 2023; Romya Bilgin & Kiigiiksabanoglu, 2023; Cark, 2020; Kanat, 2020; Altindis, 2020; Zenginaloglu,
2026; Dalmus, 2026; Olger, 2025; Saribas, 2025; Karakus et al., 2025; Giizel, 2024; Kizildag, 2023; Odacioglu, 2022,
Erdem-Demiryakan 2025, Civelek 2025, Giinay 2025, Onen 2025, Ozdemir 2025; Sandikc1 & Soy 2026; Ardug Kara 2026;
Ertan 2026; Uygun 2026; Y1lmaz 2025; Kan Celik 2026; Bayat Arslan & Cuma 2026; Koksal & Zorlu Kale 2025; Varol
2025; Ahmed & Hamod 2026; Efendioglu 2023; Sert 2026; Giigliiten 2026

www.turkishstudies.net/economy



1830

Burcu Kartal

Data Collection
* TUIK, World Bank
+ 1990-2024
+ 35 Observations
« 7 Variables

Dataset

Data Preprocessing Scaling
Data Cleaning

+ Digitization + Z-Score Standardization

= Missing Data (Interpolation)

+ Data Type Conversion
« Missing Value Check

+ Pipeline (Leakage Control)
= Class Balance Test

« High Comelation

Variable Selection

+ Correlation Analysis
« Theoretical Rationale

= 4 Final Variables

Baseline Models (Ensemble Learning)

Gradient
Boosting

Random
Forest

Logistic
Regression (Baseline)

Hyperparameter Optimization
GridSearchCV + Stratified 5-Fold CV

Model Evaluation

LOO-CV (n—1 = 34 training, 1 test)

Performance Evaluation

Accuracy - Precision - Recall - F1

Explainable Artificial Intelligence (XAl)
SHAP Analysis

Causal Forest

Figure 1: Methodology
Source: Developed by the authors.

The study utilizes 35 years of data for Turkey for the period 1990-2024. The dependent
variable, total greenhouse gas emissions, is compiled from TurkStat Greenhouse Gas Emission
Statistics, while the independent variables are compiled from the World Bank Database. The
variables used in the analysis are presented in Table 1.

Table 1: Variables, Definitions, and Sources

Variables Definition Source
Greenhouse Gases Total greenhouse gas emissions (Mt CO: eq.) TUIK
GDP Gross domestic product per capita (current USD) World Bank
Fossil Fuels Share of fossil fuels in total energy consumption (%) World Bank
Renewable Energy Share of renewable energy in total final energy consumption (%) World Bank
Trade Balance Ratio of trade volume to GDP (%) World Bank

GDP is included in the model as the main explanatory variable of the ESD hypothesis
(Grossman & Krueger, 1991). Fossil fuel share and renewable energy share represent the structural
effect of energy mix on emissions (Shafiei & Salim, 2014). Trade openness is added to the model
within the framework of the pollution refuge hypothesis (Cole, 2004).

In the initial stage of the study, industrial production index, number of motor vehicles and
urbanization rate were also included in the variable pool. However, the Pearson correlation
coefficients of these variables with GHG emissions were found to be 0.981, 0.985 and 0.981,
respectively, and the correlation between the industrial production index and the number of vehicles
reached 0.993. This situation creates a multicollinearity problem (Gujarati & Porter, 2009; Hair et
al., 2010) and manipulates the ML algorithm. In other words, it reveals that these variables do not
contain independent information explaining greenhouse gas emissions, but rather they are proxy

Turkish Studies — Economics, Finance, Politics 21(O1)



Classification of Greenhouse Gas Emission Levels in Turkey: An Integ... 1831

variables that directly represent emissions. The use of proxy variables with almost deterministic
relationships with the target variable in machine learning models leads the model to memorize this
relationship instead of learning the true determinants. This situation is called surrogate leakage in the
literature (Kaufman et al., 2012). Therefore, these three variables are excluded from the analysis.
Only four relatively independent explanatory variables with strong theoretical justification are used
in the model.

Descriptive Statistics and Correlation Analysis

During the analysis period, Turkey's annual GHG emissions were between 228.9 Mt (1990)
and 584.5 Mt (2024). In this thirty-five-year period, an increase of approximately 2.55 times was
observed (Figure 2).
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Figure 2. Greenhouse Gas Emission Values (1990-2024)

Figure 2 shows the low and high emission periods according to the threshold value indicating
the transition to the high emission regime. Descriptive statistics of the variables used in the analysis
are presented in Table 2.

Table 2: Descriptive Statistics (1990-2024)

Variables Mean Std. Deviation Min Max
Greenhouse Gases 389.7 116.4 228.9 584.5
GDP 7708 3876 2176 15893
Fossil Fuels 86.88 2.54 82.2 91.4
Renewable Energy 16.28 4.44 11.4 244
Trade Balance 49.0 11.09 30.5 79.9

The standard deviation of the emission series (116.4 Mt) corresponds to about 30% of the
average. This value indicates a high variability of the emission trajectory over the period. The high
average fossil fuel share (86.88%) with a relatively low standard deviation (2.54 points) reflects the
structural rigidity of Turkey's energy mix. The standard deviation of the share of renewable energy
(4.44 points), on the other hand, indicates that this variable underwent a significant transformation
over the period and thus has explanatory potential for the model.

The correlation structure between the variables used in the analysis is presented in Figure 3.
It is observed that the correlation coefficients between the four variables are significantly below the
|| = 0.90 threshold (Gujarati & Porter, 2009; Hair et al., 2010), which is considered as the critical
threshold for multicollinearity. The highest correlation is observed between GDP and renewable
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energy share, which is negative (r = —0.90). This relationship reflects a structural pattern in which
energy demand increases during economic growth and the share of renewable energy relatively
declines. The negative correlation between fossil fuel share and renewable energy share (r =
—0.88) confirms the expected theoretical direction of the substitution relationship in the energy mix.
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Figure 3. Pearson Correlation Coefficients for the Variables
Missing Values

Two main gaps were identified in the raw dataset. Fossil fuel consumption data is not
reported in the World Bank database for six observations covering the period 2016-2021. It is
assessed that this deficiency is due to the delay in the data reporting process. Renewable energy share
data is not yet finalized for 2022-2024. Both gaps have been eliminated by linear interpolation.
Backfill and forward fill methods were applied for the missing data at the endpoints of the dataset.
After the completion process, there were no missing observations in the data set.

Creating the Target Variable

In order to apply machine learning-based classification analysis, the continuous greenhouse
gas emission variable needs to be transformed into a categorical target variable. For this reason, the
dependent variable, greenhouse gas emissions (Mt), was transformed into two classes based on the
median value (395.9 Mt). Observations below the median are coded as low emissions (class 0), while
observations above the median are coded as high emissions (class 1). The main rationale for this
operationalization decision is statistical. While a mean-based threshold is sensitive to outlier
observations in right-skewed variables such as GHG emissions, a median-based threshold provides
a split point that is distribution-independent and robust to outliers (Terzioglu et al., 2026). This choice
produces a balanced class distribution of 17 low emission and 18 high emission observations with a
ratio of approximately 1:1, well below the 4:1 ratio defined by He and Garcia (2009) as the threshold
for severe imbalance. This balance structurally eliminates the risk of bias due to class imbalance in
small samples (n = 35) and reinforces the reliability of the cross-validation process through F1 score
optimization. The median threshold represents relative in-sample performance, not a normative
emission target, and provides a sector-independent, interpretable benchmark (Terzioglu et al., 2026).

Turkish Studies — Economics, Finance, Politics 21(O1)



Classification of Greenhouse Gas Emission Levels in Turkey: An Integ... 1833

Machine Learning Algorithms

In this study, three classification algorithms were applied comparatively. The choice of
algorithm was driven by two main criteria: stable performance under small sample conditions and
favorable model interpretability.

Gradient Boosting (GB) is an ensemble learning method developed by Friedman (2001).
The algorithm is based on assembling sequentially trained weak learners (decision trees). Each new
tree minimizes the residual error of the previous one. At step ¢, the model is updated with Formula
1:

Fe(x) = Fi_1(x) + - he(x) (D

Where F;_;(x) is the prediction function of the previous step, h;(x) is the contribution of
the new weak learner and 7 is the learning rate. This update in the direction of the gradient of the
loss function provides the capacity to model nonlinear relationships between variables and high-
order interactions.

Random Forest (RF) is a bootstrap aggregating ensemble proposed by Breiman (2001).
each decision tree is trained on subsets that are iteratively sampled (bootstrap) from the original data
set. Each tree uses a randomly selected feature subset. The classification decision is obtained by
majority voting (Formula 2):

B
9 = argmax > 1[hy(x) = k] )
b=1

Training each tree on a random subset of features breaks the correlation between individual
trees, reducing the variance of the ensemble and increasing its generalization power. Thanks to its
tree-based structure, the Random Forest algorithm is able to model non-linear relationships and high-
order interactions between variables. The bagging strategy based on bootstrap sampling and
randomly selected feature subsets in each bin breaks the correlation between individual trees,
reducing the variance of the ensemble and providing the model with a structural resistance to
overfitting (Breiman, 2001).

Logistic Regression (LR) is a parametric classifier based on the assumption of a linear
decision boundary. For binary classification, the class probability is modeled by means of the logistic
(sigmoid) function as follows (Formula 3):

1

PO=110) = o Gt o)

3)
In this study, LR is included in the model both as a linear baseline and to quantify the
additional value offered by non-linear methods.
Preprocessing and Data Leakage Control
All numerical features were subjected to Z-score standardization (Formula 4):
X—H

7=— (4)

The standardization parameters (¢ and o) are computed only on the training data; they are
applied externally to the test data. This practice structurally prevents information leakage from the
test set to the training set. All preprocessing and modeling steps were chained within the scikit-learn
pipeline structure and re-implemented independently for each validation layer.
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Hyperparameter Optimization

The hyperparameters of each algorithm are optimized by the grid search (GridSearchCV)
method. Stratified 5-fold cross-validation was used as an internal validation mechanism during the
optimization process. This ensures proportional representation of both classes in each layer. The F1
score, which is sensitive to class imbalance, is adopted as the score criterion. Learning rate (1), tree
depth and number of trees for Gradient Boosting; number of trees, maximum depth and minimum
branch splitting threshold for Random Forest; regularization parameter C and solver selection for
Logistic Regression were optimized.

Model Evaluation: Leave-One-Out Cross-Validation

In this study, Leave-One-Out Cross-Validation (LOO-CV) is used as the primary model
evaluation method. For a dataset of n observations, LOO-CV retains only one observation as a test
set at each iteration and retrains the model on the remaining n — 1 observations.

This process is repeated for all n observations. The LOO-CV prediction error is calculated
by Formula 5:

1% oy
LOO-CV Error = ;2 L(y, fCD(x) ®)
i=1

Where f (9 is the model trained by excluding the i-th observation and L is the loss function.
In this study, n = 35 and each test set contains only 7 observations in the standard 5-fold CV. This
increases the evaluation variance and makes the performance estimates unstable. LOO-CV, on the
other hand, minimizes prediction bias by working with a training set of n — 1 = 34 observations in
each iteration. Arlot and Celisse (2010) theoretically demonstrated that LOO-CV produces
predictions with lower bias compared to standard k-fold methods at small sample sizes.

Model performance was evaluated using accuracy, precision, recall and F1 score.
Considering the class imbalance, the harmonic mean F1 score was adopted as the primary measure
(Formula 6):

Precision X Recall

F1=2 (6)

Precision + Recall

Model Interpretability: SHAP Analysis

Although machine learning models have high predictive power, they are generally black
boxes. This makes it difficult to understand which variables contribute to the model in which
direction and to what extent. In order to overcome this constraint, Explainable Artificial Intelligence
(XAI) techniques are used in the economics and policy literature (Gunning & Aha, 2019). In this
study, SHAP (SHapley Additive exPlanations) method, one of the XAl techniques, was used.

Based on Shapley values, one of the basic concepts of game theory, SHAP calculates the
marginal contribution of each variable to the prediction output of the model over all possible
combinations of variables (Lundberg & Lee, 2017). The SHAP value of the i-th attribute for the j-th
observation is defined by Formula 7:

ISITAF1=1S]-1)
| F|!

;) =

SSF\{j}

[f5u{j}(xi) - fs(xi)] 7
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Where F denotes the set of all features, S denotes any subset other than the feature, and
fs(x;) denotes the model estimated with only the features in the set S. The total predicted value of
the model is obtained by summing the marginal contributions of all variables. SHAP values satisfy

the efficiency (Z ¢; = f(x) — E[f(x)]), symmetry and dummy variable axioms. In this way, it
J

measures the contribution of variables at a consistent, local and global level.

However, SHAP, like other XAl techniques, only measures the contribution of variables to
the forecast. It cannot guarantee whether this contribution corresponds to a causal relationship (Adadi
& Berrada, 2018; Molnar, 2022). As possible ordering differences between variable importance
analysis and SHAP may be due to the tendency of the Gini impurity reduction measure to
overestimate correlated variables (Strobl et al., 2007; Lundberg et al., 2020), this study takes SHAP
findings as the primary interpretation reference.

Causal Forest Analysis

Given that SHAP analysis does not guarantee causality, causal inference methods have been
used to estimate the actual causal effects of variables on GHG emissions (Neuberg, 2003). The main
purpose of causal inference is to isolate the effect of a change in one variable by one unit on the
dependent variable. For this purpose, we used the Causal Forest method developed by Athey and
Imbens (2016), which adapts the classical random forest algorithm to the causal context.

The main feature of the Causal Forest is that the branching criteria of the tree structure are
not based on minimizing the prediction error, but on maximizing the differences in the conditional
mean “treatment” effect of the variable. In addition, its data separation strategy (honesty) structurally
reduces the risk of overlearning by using one subset for determining tree splitting rules and the other
subset for estimating effects (Wager & Athey, 2018). In this way, complex and non-linear causal
relationships can be modeled without the need for linear assumptions.

In this study, causal forest analysis is implemented with the CausalForestDML algorithm of
the Microsoft EconML library. Based on the Double Machine Learning (DML) framework, this
approach utilizes Gradient Boosting estimators for both the output and treatment models,
systematically removing the effect of observable confounders (Chernozhukov et al., 2018). As a
result of the SHAP analysis, the variables that were determined to have a high contribution value
were defined as “treatment” variables in turn. Each time, the marginal causal effect of the relevant
variable was estimated by keeping the remaining variables conditional. The method is interpreted
under the assumptions of conditional independence and sufficient overlap, where observable
confounders are included in the model. In this study, the average treatment effect (ATE) is calculated.

Findings

This section presents the findings of machine learning-based classification analysis applied
to Turkey's greenhouse gas emissions data for the period 1990-2024. The results of hyperparameter
optimization, LOO-CV model performance, confusion matrix, variable importance analysis, SHAP
analysis and Causal Forest analysis are discussed respectively. The findings reveal both the
predictive success of the models and the direction and magnitude of emission determinants.

The optimal hyperparameters of all three algorithms are determined by grid search and
stratified 5-fold cross-validation. The optimization results are shown in Table 3.

Table 3. Hyperparameter Optimization Results

Model Optimum Parameters CV5F1 CVS5 Std
Gradient Boosting 1=0.05, depth=2, n=100 1.000 0.000
Random Forest depth=None, split=2, n=100 0.971 0.057
Logistic Regression C=1, solver=Ibfgs 0.971 0.057
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When Table 3 is analyzed, it is seen that Random Forest and Logistic Regression exhibit the
same CVS5 F1 profiles, while Gradient Boosting algorithm exhibits higher CV5 F1 profiles. Gradient
Boosting achieved CV5 F1 = 1.000 with the optimal parameters of learning rate 0.05, maximum tree
depth 2 and number of trees 100. The standard deviation is zero, indicating that perfect classification
is achieved at each level of the five-fold cross-validation. This result is due to the ~1:1 class balance
provided by the median threshold and the low-depth tree structure (depth=2) working together on the
small dataset. However, it should be noted that the CV5 evaluation was performed on test sets of 7
observations and therefore may produce an optimistic performance estimate. Indeed, in the LOO-CV
evaluation, GB F1 = 0.971, which clearly demonstrates the over-optimism of CV5. Random Forest
and Logistic Regression equal CV5 F1 score (0.9714). The standard deviation of both models
remains at 0.0571, indicating a consistent but imperfect learning behavior across different training
subsets. This pattern is methodologically indicative of a more reliable generalization capacity. When
the optimal parameters are examined, it is seen that unlimited tree depth (depth=None) and branch
splitting with a minimum of 2 observations were chosen for Random Forest, and C=1 regularization
coefficient was chosen for Logistic Regression. These parameters are the result of GridSearchCV's
systematic grid search with stratified 5-fold cross-validation and F1 score criterion, ensuring
proportional representation of both classes in each stratum.

LOO-CV Model Performance

LOO-CV evaluation results are presented in Table 4 and Figure 4.
Table 4. LOO-CV Model Performance Metrics

Model Accuracy Precision Recall F1

Gradient Boosting 0.971 1.000 0.944 0.971
Logistic Regression 0.971 0.947 1.000 0.973
Random Forest 0.971 0.947 1.000 0.973

According to Table 4, Random Forest and Logistic Regression achieved equal F1 scores
(0.973) in the LOO-CV evaluation. Gradient Boosting performed very close with F1 = 0.971. The
fact that the three models produce similar LOO-F1s suggests that the four available variables contain
enough information to reliably distinguish the transition to a high emission regime. Figure 4 presents
a comparative view of the three models in terms of four different performance metrics (accuracy,
precision, recall, F1).

Accuracy Precision

-0.971 Logistic Reg.

0.971 Random Forest

Recall F1l Score

Logistic Req. 0.947 Logistic Reg. 1.000 Logistic Reg.

Random Forest 0.947 Random Forest 1.000 Random Forest

Gradient Boosting 0.971 Gradient Boosting 1.000 Gradient Boosting

0.0 0.5 1.0 0.0 05 1.0 00 05 1.0 0.0

Figure 4. Comparison of Model Performance Metrics

It is particularly noteworthy that the precision value of the Gradient Boosting model is 1.000.
This finding shows that the model does not produce false positives in observations labeled as high
emission class and exhibits a highly reliable discriminative structure in the detection of the high
emission regime. In the context of climate policy, this feature has a critical practical value: it implies
that policymakers benefit from a tool that accurately detects the high emission regime, rather than
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triggering unnecessary alarms. A year-by-year view of the LOO-CV classification results is
presented in Figure 5. It can be seen that the misclassified observations correspond to years in the
transition period close to the median threshold (range 2006-2008). This reflects a methodologically
expected pattern. It reveals that the model misclassifies uncertain observations near the threshold,
while correctly labeling observations far from the threshold with confidence.
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Figure 5. LOO-CV Classification Results

Confusion Matrix

The LOO-CV confusion matrix of the Gradient Boosting model is presented in Figure 6. 34
out of 35 observations are correctly classified; only 1 observation is misclassified. 16 out of 17
observations of the low emission class are correctly labeled, and all 18 observations of the high
emission class are correctly classified. Only 1 observation was mislabeled. This result confirms that
the balanced class structure with median threshold improves model stability.
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Figure 6. Confusion Matrix

Variable Importance Analysis

Figure 7 shows the variable importance hierarchy of the factors affecting Turkey's GHG
emissions for the period 1990-2024 analyzed by three different methods. In all analyses based on
Gini Impurity Reduction, Permutation Importance and SHAP values, GDP variable is found to be
the most dominant determinant of emissions. Especially in the Permutation analysis, GDP has the
highest share with a score of 0.4925, confirming that economic size is the main driving force shaping
the volume of emissions in Turkey.
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GDP (USD) 0.4925

Renewable En. (%) 0.3012

Fossil Fuel (%) 0.1648
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Figure 7. Variable Importance Levels

In terms of the energy mix, the share of Renewable Energy use ranks second in both Gini
and SHAP analyses and plays a more critical role in explaining emissions variance than Fossil Fuel
use. In the marginal contribution hierarchy presented by SHAP values, Renewable Energy (0.3012)
outperforms Fossil Fuel (0.1648) by almost two times, proving that the transition to clean energy is
of strategic importance in estimating emissions. On the other hand, the Trade Openness variable has
the lowest importance score in all three methods, suggesting that the impact of trade liberalization
on emissions in Turkey lags behind endogenous dynamics such as the volume of economic
production and energy resource structure. The results demonstrate with methodological consistency
that the relationship between economic growth and energy transition is central to emission control
strategies.

SHAP Analysis

The SHAP summary plot of the Random Forest model created to estimate GHG emission
levels (Class 0: Low, Class 1: High) is presented in Figure 8. This figure explains the decision
mechanism of the model by detailing both the direction and magnitude of the effect of independent
variables on model outputs on a sample basis.
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Figure 8. SHAP Analysis
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Figure 8 shows that the strongest discriminating factor determining the emission class is
GDP (USD). For Class 1 (High Emission), the clustering of high values of the GDP variable (red
dots) in the region of positive SHAP values indicates that an increase in economic size directly and
strongly increases the probability of being included in the high emission class. In contrast, low GDP
values (blue dots) have a negative effect, pushing emissions into the low class.

In terms of energy sources, the use of Renewable Energy (%) is found to have a
suppressive effect on the high emission class. The fact that the increase in the share of renewable
energy (red dots) has negative SHAP values for Class 1 output proves that switching to green energy
reduces the risk of being in the high emission group. On the contrary, an increase in the use of Fossil
Fuel (%) has a tendency to increase emissions, but this effect does not have as large an impact area
(SHAP distribution width) as GDP. The trade openness variable, on the other hand, exhibits a
narrower distribution around the zero point of the SHAP axis, suggesting a much more limited and
uncertain marginal contribution to Turkey's emissions classification compared to other variables. In
sum, the analysis confirms that the volume of economic growth is the main driver of high emissions
in Turkey and that renewable energy is positioned as the most strategic tool to break this negative
impact.

Causal Forest Analysis

SHAP and variable importance analyses reveal the strength and direction of statistical
relationships between variables. However, these methods are not designed for causal inference.
Measuring the marginal contribution of a variable to model output is different from estimating the
causal effect of a policy intervention on emissions. To explicitly address this distinction, Causal
Forest analysis is included in the study. The average causal effect values (Average Treatment Effect
- ATE) for the analysis were calculated for the whole sample. The ATE results are shown in Figure
9.
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Figure 9. Average Treatment Effect (ATE) of Variables on Greenhouse Gases

When the ATE findings (Figure 9) are analyzed, it is seen that an increase in the share of
renewable energy reduces GHG emissions by -47.501 Mt on average. This effect is statistically
significant as the 95% confidence interval does not include zero. An increase in the GDP variable
increases emissions by 46.507 Mt on average. Under certain assumptions, this finding supports the
SHAP finding that the turning point of the CCE hypothesis has not yet been exceeded in the case of
Turkey, also on the causal level. The incremental effect of trade openness on emissions (ATE:
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+23.623 Mt), which appeared to be of low significance in previous analyses, was statistically
significant in the causal model, indicating that the pollution refuge mechanism has left a causal
imprint in Turkey.

The effect of fossil fuel share on emissions is estimated as -31.607 Mt, but this effect is
statistically insignificant as the confidence interval contains zero. This suggests that although fossil
fuel use is strongly correlated in determining the emission regime, its effect as a causal intervention
variable is highly uncertain (wide confidence interval) at this sample size. This finding suggests that
with a limited sample size of n=35, the Causal Forest algorithm may struggle to produce reliable
forecasts for some variables and that larger data sets are needed for the full effectiveness of the
method.

At this point, it should be emphasized that SHAP and Causal Forest findings complement
each other but answer different questions. While SHAP analysis answers the question ‘which
variable is the strongest discriminant in emission estimation?’, Causal Forest focuses on the question
'which variable does an intervention change emissions in the most reliable way? In this framework,
in terms of statistical significance and effect size, the share of renewable energy (-47.501 Mt) stands
out as the most effective policy instrument for emission reduction. The hierarchical differences
presented by the two methods are not a contradiction, but rather provide methodological depth for
policymakers: While economic growth and the current energy structure are the main determinants of
emissions, the causal analysis suggests that under the conditional independence assumption
controlling for observable confounders, increasing renewable energy capacity is associated with a
more predictable emissions reduction.

Conclusions

This study examines the determinants of Turkey's greenhouse gas emission level with annual
data for the period 1990-2024 using machine learning-based classification method. Gradient
Boosting, Random Forest and Logistic Regression algorithms are comparatively evaluated in the
binary classification framework based on the 395.9 Mt CO: equivalent threshold, which is the median
of the greenhouse gas series; the performance of the models is measured by LOO-CV and
interpretability is deepened by SHAP analysis and Causal Forest method.

According to the LOO-CV results, Random Forest and Logistic Regression performed F1 =
0.973 and Gradient Boosting performed F1 = 0.971. The fact that the precision value of Gradient
Boosting and Logistic Regression models reaches 1.000 reveals that zero false positives are
generated in the detection of high emission regime and the model exhibits a reliable discriminative
structure for policy applications. The SHAP analysis identified GDP as the primary variable
determining the emission regime. Other determinants are renewable energy share, fossil fuel share
and trade openness, respectively. The Causal Forest analysis complemented the SHAP findings from
a causal perspective by emphasizing the share of renewable energy (ATE: -47.501 Mt) and GDP
(ATE: 46.507 Mt) in terms of statistical significance. The findings also reveal that Turkey has
permanently shifted to a high emission regime since 2007.

The study makes four main contributions to the literature. First, its reconstruction of the GHG
emission variable as a classification problem instead of a regression problem makes it possible to
directly transfer the findings to climate policy processes. Second, reliable model evaluation is
provided with LOO-CV under small sample conditions. Thus, data leakage and overlearning risks
are structurally eliminated. Third, the integration of the SHAP framework transforms ensemble
algorithms into an interpretable analysis tool. Fourth, with the addition of Causal Forest analysis, the
methodological distinction between correlation and causality is made explicit, providing policy
makers with an answer to the question “what can be intervened?”, not just “what is correlated?”.
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Regarding the first question, LOO-CV results show that machine learning algorithms can
classify Turkey's GHG emission regime with high accuracy. Regarding the second question, SHAP
analysis identified GDP as the primary determinant, followed by renewable energy share, fossil fuel
share and trade openness. Regarding the third question, Causal Forest analysis finds the causal effect
of renewable energy share and GDP on emissions to be statistically significant, while the effect of
fossil fuel share fails to reach significance due to small sample size.

Discussion

The findings of this study are largely in line with the existing literature on the determinants
of GHG emissions in Turkey, but differ in a few important points and offer original contributions to
the literature.

When the performance of the classification models is evaluated, it is seen that Random Forest
and Logistic Regression algorithms exhibit a strong and stable predictive power with LOO-CV F1 =
0.973. Gradient Boosting also performed very close with F1 =0.971. Rufaioglu et al. (2025) showed
that Gradient Boosting achieved the highest accuracy with R* = 0.995 in Turkey's greenhouse gas
data. At the methodological level, the integrated use of ensemble algorithms, SHAP analysis, and
causal forest inference in the present study parallels the approach validated by Sert (2026), where the
same methodological triplet was shown to produce causally grounded, policy-transferable insights
in a socioeconomic context distinct from emissions modeling. These parallel findings in different
problem frameworks such as regression and classification consistently confirm the superiority of
ensemble learning algorithms in modeling Turkey's emission dynamics.

The fact that GDP emerges as the primary determinant in the SHAP analysis supports the
conditional validity of the EKC hypothesis for Turkey and is consistent with the long-term findings
of Katircioglu (2014), Pata (2018), and Govdeli (2019). These researchers have confirmed that, in
the context of structural breaks, Turkey has not yet passed its income inflexion point. This finding is
also confirmed by A¢ikgdz and Oncel (2024) at the N-11 level. These researchers have demonstrated
that the impact of economic growth on environmental degradation is significantly heterogeneous
across N-11 economies. This finding is consistent with Turkey’s classification as a high-emission
regime. The fact that the share of renewable energy exhibits a significant second-order emission-
reducing effect supports the findings of Pata (2018) and Beken et al. (2019), who show that Turkey
moves closer to the cluster of countries with a lower emission profile as renewable energy capacity
increases.

The bidirectional SHAP distribution of GDP provides a valuable finding in terms of the ESD
hypothesis. The fact that lower GDP values increase the likelihood of higher emissions is in line with
the literature (Katircioglu, 2014; Pata, 2018) that discusses whether Turkey has reached the turning
point yet.

Han & Lin (2025) show that country-specific threshold conditions emerge when the CCE
hypothesis is treated with interpretable machine learning. This finding supports the nonlinear SHAP
distribution of GDP at the theoretical level.

The fact that trade openness ranks last in the SHAP analysis partially contradicts Cole’s
(2004) findings, which strongly support the pollution haven hypothesis. However, the Causal Forest
analysis reveals that the ATE value for this variable is 23,623 Mt and that the confidence interval
does not include zero. This finding indicates that, although trade openness has limited predictive
power, it has a significant positive effect on emissions at the causal level. This suggests that, in the
case of Turkey, the pollution haven mechanism operates as a secondary and conditional channel
rather than a primary one. This finding is generally consistent with Y1ilmaz (2020), who shows that
the relationship between trade-related variables and CO2 emissions is mediated by institutional and
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technological factors. This suggests that the pollution haven mechanism operates not as a uniform
channel, but rather as a conditional channel shaped by country-specific structural characteristics.

The Causal Forest analysis produced results that complement the SHAP findings but from a
different perspective. The ATE of the fossil fuel share, which ranks third in the SHAP, is not
statistically significant (ATE: -31.607 Mt, Confidence Interval: [-67, +13]). On the other hand, the
share of renewable energy (ATE: -47.501 Mt, Confidence Interval: [-63, -32]) and GDP (ATE:
+46.507 Mt, Confidence Interval: [+30, +63]) reached statistical significance on the causal plane.
This result is also confirmed by Ayvaz Giiven (2026). Using panel estimates for G20 countries, the
author demonstrated that renewable energy consumption significantly reduces the carbon ecological
footprint. The fact that the causal forest estimation for Turkey is consistent with the panel-based
estimation for the G20 strengthens the external validity of this finding. Trade openness also has a
positive and significant causal effect on emissions (ATE: +23.623 Mt). This decomposition makes it
clear that SHAP and Causal Forest methods answer different questions: SHAP answers the question
“which variable decomposes the emission class most strongly?”, while Causal Forest answers the
question “which variable intervention reduces emissions most reliably?”. The combination of the
two methods produces much richer and more policy-relevant findings than either method alone. The
failure of the fossil fuel share to reach statistical significance is largely due to the inability of the
Causal Forest algorithm to adequately handle the narrow variation in the “treatment” variable (fossil
fuel share ranges between 82-91%) in a small sample size of n = 35.

At the methodological level, the performance achieved with LOO-CV F1 = 0.973 is
comparable to the findings of Bakir et al. (2022) and Hasan et al. (2025), which show that ensemble
models produce more stable results in small data sets. A precision of 1,000 is particularly valuable
for policy applications. This provides a tool that accurately detects the high emission regime without
generating unnecessary alarms. Leerbeck et al.'s (2020) emphasis on the significant potential of the
field with improved data quality remains a concrete guideline for future research in the context of
the limitations of this study with n = 35 observations.

Policy Recommendations

The findings of the study lead to concrete interlinked recommendations for Turkey's climate
policy design.

Prioritization of renewable energy capacity. Causal Forest analysis revealed that an increase
in the share of renewable energy statistically significantly reduces GHG emissions (ATE: -47.501
Mt). This finding suggests that expanding renewable energy capacity can be a primary policy lever
not only for energy supply security but also for direct climate policy objectives. Reducing
bureaucratic and financial barriers to solar and wind energy investments, developing energy storage
capacity and promoting distributed generation models can be presented as instruments that can be
considered in this direction.

Reducing fossil fuel dependency. SHAP analysis identified fossil fuel share as the third
variable determining the emission regime. However, the fact that it comes after GDP and renewable
energy share does not diminish the importance of this variable in terms of policy. Although the ATE
value of this variable did not reach statistical significance in the Causal Forest analysis, this result
does not reflect ineffectiveness but rather measurement difficulties due to sample size constraints.
Phasing out coal power plants, reducing natural gas dependence and removing obstacles to energy
efficiency investments can be considered as components of structural transformation that should be
prioritized.

Managing the growth-emissions relationship. Both the non-linear distribution of GDP in the
SHAP analysis and its significant increasing effect in the Causal Forest (ATE: 46,507 Mt) indicate
that the economic growth strategy should be designed in integration with climate policy. Considering
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that environmental policy budgets come under pressure and energy-intensive sectors gain relative
weight, especially in times of economic contraction, it is crucial that market-based instruments such
as carbon pricing and green tax reform are embedded in a stable policy framework that operates
independently of the economic cycle.

Limitations of the Study and Suggestions for Future Research
This study has some limitations.

First, the analysis is based on a relatively small sample of n = 35 annual observations. While
LOO-CV methodologically minimizes this limitation, the reliability of both classification and causal
inference estimates would naturally increase with larger samples. This limitation is particularly
pronounced in the Causal Forest analysis: the confidence interval for the fossil fuel share contains
zero, largely due to the small sample and the narrow variation in the “treatment” variable. More than
a hundred observations are required for the algorithm to capture significant effect differences (Wager
& Athey, 2018).

The second limitation is the adoption of a single statistical reference point (395.9 Mt-median)
as the classification threshold. How the model behavior differs under alternative thresholds was not
examined in this study. Robustness testing using different thresholds instead of the median threshold
can be suggested for future studies.

Third, the study works with national aggregated data and does not consider the sectoral
breakdown of GHG emission dynamics (energy, transportation, industry, agriculture and waste, etc.)
separately. Machine learning-based analyses at the sectoral level can significantly improve the
effectiveness of both classification models and causal inference methods.

Several directions for future research stand out. Adopting a multi-class classification design
could allow for finer disaggregation of emission regimes. The use of quarterly data could quadruple
the sample size, increasing the reliability of both classification and Causal Forest analyses. The
application of deep learning architectures, such as long short-term memory networks (LSTM) or
temporal convolutional networks (TCN), when longer time series data are available would offer a
comparative methodological perspective. However, these architectures usually require more than a
hundred observations to work effectively (Goodfellow et al., 2016). Finally, comparative panel
analyses covering economies at a similar development level as Turkey can reveal how the impact of
the energy transition on the emissions regime differs across countries.
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Tiirkiye’nin Sera Gazi Emisyon Diizeyinin Simiflandirilmasi: LOO-CV ve Nedensel Orman
Analizi ile Biitiinlesik Bir Degerlendirme

Giris

Iklim degisikligi, yirmi birinci yiizyilin en kapsamli kiiresel gevre sorunlarindan biri olarak
one ¢ikmaktadir. Bu soruna iligkin politika tartigmalarinin merkezinde karbon dioksit (CO-) basta
olmak iizere sera gazi emisyonlarinin azaltilmasi yer almaktadir (Jin & Sharifi, 2025). Fosil yakit
tilketiminin yarattig1 ¢evresel baski, ekonomik biiyiime ile ekolojik siirdiiriilebilirlik arasindaki
gerilimi giderek derinlestirmektedir. Bu durum emisyon belirleyicilerinin sistematik bigimde analiz
edilmesini hem bilimsel hem de politika agisindan zorunlu kilmaktadir (Grossman & Krueger, 1991;
Halicioglu, 2009). 2015 yilinda imzalanan Paris Anlagmasi, taraf iilkeleri ulusal katki beyanlar
(NDC) araciligiyla somut emisyon azaltim hedefleri belirlemeye ve bu hedeflere ulagsmak igin
Olciilebilir politika araclar1 gelistirmeye zorlamaktadir (UNFCCC, 2015). Aydin ve Ar1 (2019),
biiyiik fosil yakat {ireticilerinin Paris Anlagsmasi taahhiitlerini yerine getirirken karsilastiklar1 yapisal
zorluklar1 ortaya koymakta ve beyan edilen emisyon azaltma hedefleri ile fiili politika 6nlemleri
arasindaki ugurumun, fosil yakita bagimliligi yiiksek ekonomilerde 6zellikle belirgin oldugunu
gostermektedir. Bu yapisal gerilim, Tiirkiye’'nin emisyon seyrinde de dogrudan
gozlemlenebilmektedir. Bu siirecte emisyon dinamiklerini dogru bicimde modelleyebilmek, politika
oOnerilerinin etkinligi agisindan kritik bir dneme sahiptir.

Tiirkiye, bu baglamda kendine 6zgii bir konumda bulunmaktadir. Bir yandan hizli ekonomik
biiylime, kentlesme ve sanayilesme siireci emisyon diizeylerini yukar1 yonde baskilarken, 6te yandan
yenilenebilir enerji kapasitesini artirma ve enerji ithalat bagimliligin1 azaltma yoniindeki politika
hedefleri emisyon ydriingesini sekillendiren belirleyici unsurlar haline gelmektedir. Tiirkiye'nin 1990
yilinda yaklasik 229 Mt olan sera gaz1 emisyonu 2024 yilinda 584 Mt diizeyine ulasmustir (TUIK,
2026). Ozen ve ark. (2024), bu egilimi dogrulayarak, Tiirkiye’de insani gelisme, kentlesme ile sanayi
ve tarimsal gelisimin karbon emisyonlariyla 6nemli 6l¢lide baglantili oldugunu ortaya koymustur.
Bu ¢ok boyutlu durum, Tiirkiye’nin artan emisyon egrisinin temelini olusturan hizli sosyoekonomik
dontistimlerle tutarlidir.

Rufaioglu vd. (2025), Tiirkiye'nin 2012-2021 donemine ait sera gazi verilerini inceleyerek
toplam emisyonlarin %90'indan fazlasinin €O, kaynakli oldugunu ortaya koymustur. Bu bulgu
Tiirkiye'nin enerji karmasindaki yapisal fosil yakit bagimliligini teyit etmektedir. Beken vd. (2019)
ise k-Ortalamalar Kiimeleme algoritmasiyla Tiirkiye'nin Avrupa {ilkeleriyle karsilastirmali enerji
verimliligi profilini analiz etmistir. Ulkenin yenilenebilir enerji kapasitesini artirdik¢a daha gelismis
kiimelere yaklastigini, ancak yapisal doniisiimiin heniiz tamamlanmadigini gostermistir.

Emisyon belirleyicilerinin modellenmesinde makine 6grenmesi yontemlerinin kullanim1 son
yillarda hizla yaygimlagmistir. Jin & Sharifi (2025), 2003-2023 yillar1 arasinda yayimlanan 75
calismay1 kapsayan sistematik derleme caligmalarinda kentsel sera gazi emisyonlarinin tahminine
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yonelik hibrit modellerin, tekil modellere kiyasla hem R? hem de MAPE 6lgiitleri agisindan daha
istiin performans sergiledigini gostermistir. Han & Lin (2025) ise uzun vadeli CO, emisyon
modellerini Cevresel Kuznets Egrisi (CKE) hipoteziyle birlikte yorumlanabilir makine grenmesi
yontemleriyle, 6zellikle SHAP degerleri araciligiyla, analiz ederek her iilkenin kendine 6zgii yapisal
ozelliklerinin tahmin modellerinde kritik bir rol oynadigini ortaya koymustur. Bu bulgu, evrensel bir
model yerine iilkeye 6zgii veriler ve yorumlanabilir algoritmalar kullanan yaklagimlarin bilimsel
gerekliligini dogrulamaktadir. Bu durum, ¢alismanin metodolojik tercihine dogrudan teorik zemin
olusturmaktadir.

Bununla birlikte Tiirkiye odakli makine 6grenmesi ¢alismalarinin biiyiik boliimii regresyon
tabanli siirekli tahmin problemlerine odaklanmaktadir. Agbulut (2022), ulastirma kaynakli €O,
emisyonlarimi derin 6grenme ve SVM ile tahmin etmistir. Ayaz (2024), 158 yillik tarihi veriyle
ARIMA ve LSTM modellerini karsilastirmistir. Ene Yalcin (2024) ise ¢ok sektorlii bir ¢ergevede
dogrusal regresyon modellerini uygulamistir. Bu ¢alismalarin tamami emisyon diizeyini siirekli bir
bagimli degisken olarak ele almaktadir. Emisyonun politika agisindan anlamli bir esigi asip asmadigi
sorusuna bir bagka ifadeyle iilkenin yiiksek ya da diisiik emisyon rejimine gecip gegmedigini yanitsiz
birakmaktadir. Oysa politika yapicilar agisindan asil kritik soru, emisyonun tam sayisal
biiyiikliigiinden ¢ok belirlenen esik degerini asip asmadigidir.

Bu ¢alisma s6z konusu boslugu gidermek amaciyla dort 6zgiin katki sunmaktadir. Birincisi,
Tiirkiye'nin sera gaz1 emisyon diizeyini sera gazi serisinin medyani (395,9 Mt CO- esdegeri) etrafinda
tanimlanmis ikili siniflandirma problemi olarak yeniden cercevelemektir. Medyan degerinin
secilmesinin amaci siiflar arasinda yaklasik 1:1 denge saglayarak hem metodolojik saglamligi hem
de bulgulara dayali politika ¢ikarimlarim giiclendirmektedir. ikincisi, n=35 olan kiigiik érneklem
kosullarinda standart k-katli capraz dogrulamanin iirettigi yiiksek varyans sorununu agsmak amactyla
birak-bir-disarida ¢apraz dogrulama (LOO-CV) yontemini benimsemesidir. Bu sayede tahmin
yanlilig1 minimize edilecektir (Arlot & Celisse, 2010). Ugiinciisii, topluluk algoritmalarinin kara kutu
niteligini SHAP (SHapley Additive exPlanations) cercevesiyle asarak her bir degiskenin emisyon
rejimine olan marjinal katkisini hem biiyiikliik hem yon boyutunda 6l¢mekte ve bulgulari politika
yapicilara aktarilabilir bigimde sunmaktadir (Lundberg & Lee, 2017). Dordiinciisii, SHAP analizinin
korelasyon ve Oriintii tespitine dayali yapisinin Gtesine gegmek amaciyla Nedensel Orman
(CausalForestDML) analizi uygulanmistir. Boylece her degiskenin emisyon lizerindeki nedensel
etkisi Ortalama Treatment Etkisi (ATE) gergevesinde tahmin edilmistir. Bu sayede bulgular, “ne
iligkili?” sorusundan “ne miidahale edilebilir?” sorusuna cevap vermektedir. Ayrica, politika
yapicilara nedensel gecerliligi olan araglar sunulmaktadir (Athey & Imbens, 2016; Chernozhukov
vd., 2018). Bu katkilar dogrultusunda ¢aligma su arastirma sorularin1 yanitlamay1 hedeflemektedir:

1. Makine 6grenmesi algoritmalar1 Tiirkiye'nin sera gazi emisyon rejimini (diisiik ve yiiksek
emisyon) anlaml bicimde siniflandirabilir mi?

2. Hangi makroekonomik ve enerji degiskenleri emisyon rejimini en giliglii bigimde
belirlemektedir?

3. Yenilenebilir enerji payr ve GSYIH gibi kilit degiskenlerin emisyon iizerindeki etkisi
nedensel ¢ikarim yontemleriyle dogrulanabilir mi?

Tiirkiye'nin 1990-2024 donemine ait yillik verileri kullanilarak Gradient Boosting, Random
Forest ve Lojistik Regresyon algoritmalar: karsilastirmali olarak uygulanmistir. Yiiksek korelasyon
nedeniyle dolayli veri sizintisi riski tagiyan degiskenler sistematik bigimde elenerek modele yalnizca
teorik gerekgesi giiclii dort bagimsiz degisken dahil edilmistir: GSYIH, fosil yakit tiiketimi pay1,
yenilenebilir enerji tiiketimi pay1 ve dis ticaret agikligl. Calismanin geri kalan boliimleri su sekilde
diizenlenmistir: Ikinci boliimde ilgili yazin degerlendirilmekte, {igiincii boliimde veri seti ve
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metodoloji sunulmakta, dordiincli bdliimde bulgular tartisilmakta, besinci boliimde ise sonuglar,
politika 6nerileri ve ¢alismanin sinirliliklar: ele alinmaktadir.

Literatiir Taramasi

Sera gazi emisyonlarmin belirleyicilerine yonelik ampirik yazin, teorik temelleri bakimindan
biiylik olgiide Cevresel Kuznets Egrisi (CKE) hipotezine dayanmaktadir. Grossman ve Krueger
(1991) tarafindan ticaretin ¢evresel etkileri baglaminda ortaya konan bu hipotez, kisi bas1 gelir ile
cevre kirliligi arasinda ters-U bigimli bir iliskinin varligini 6éngérmektedir. Ekonomik biiyiimenin
belirli bir esik gelir diizeyine ulasana kadar ¢evresel bozulmay1 hizlandirdigini, bu esigin agilmasinin
ardindan ise teknolojik doniisiim ve yapisal degisim kanaliyla emisyonu azalttigini ileri siirmektedir.
Tiirkiye 6zelinde bu hipotezi sinayan ilk kapsamli calismalar arasinda Halicioglu (2009) 6ne
cikmaktadir. Halicioglu, 1960-2005 donemine ait yillik verilerle hata diizeltme modeli ve Granger
nedensellik testlerini uygulayarak enerji tiikketiminin emisyonun birincil belirleyicisi oldugunu ortaya
koymustur. Ancak ¢alisma dogrusal esbiitiinlesme iliskisini varsaymakta ve yapisal kirilmalari
dikkate almamistir. Govdeli (2019), yapisal kirilmalar1 agik¢a dikkate alarak Tiirkiye icin EKC
hipotezini ampirik olarak test etmis, gelir ile ¢evresel bozulma arasinda uzun vadeli bir iligki
oldugunu dogrulamig ve Tiirkiye 6rneginde emisyonlarin azalmaya basladig1 gelir esigine heniiz
ulagtlmadigini vurgulamistir. Bolgesel diizeyde ise Ravanoglu (2020), panel veri analizi kullanarak
Avrasya Ekonomik Birligi i¢in EKC hipotezinin gegerliligini test etmis ve gelir-emisyon iligkisinin
iilke gruplar1 arasinda kurumsal ve yapisal farkliliklar sergiledigine dair karsilagtirmali kanitlar
sunmustur. Bu bulgu, mevcut ¢alismada benimsenen gibi iilkeye 6zgii analitik ¢ercevelerin 6nemini
pekistirmektedir. Kubar ve Kil (2022), Tiirkiye’nin de dahil oldugu “Kirilgan Sekiz” iilke grubu ile
G7 ekonomileri i¢in EKC hipotezinin gecerliligini test etmis ve gelir-¢evre iliskisinin bu iki grup
arasinda 6nemli Olciide farklilik gdsterdigini ve her bir ekonominin yapisal 6zelliklerinin emisyon
seyrini belirlemede belirleyici bir rol oynadigini ortaya koymustur. Katircioglu (2014), ARDL sinir
testi yaklagimiyla turizm gelirleri ve enerji tiiketiminin uzun déonemli emisyon etkilerini incelemistir.
Bu c¢alisma da dogrusal model kurgusunun sinirliliklarindan kurtulamamistir. Pata (2018), FMOLS
ve DOLS tahmin edicileriyle yenilenebilir enerji tiikketiminin emisyon azaltict etkisini istatistiksel
olarak dogrulamistir. Bununla birlikte dogrusal modelleme yapisal heterojenligi yansitmaktan uzak
kalmigtir. Han ve Lin (2025), bu teorik ¢er¢eveyi yorumlanabilir makine 6grenmesi yontemleriyle
yeniden ele alarak her {ilkenin kendine 6zgii kosullarinin dikkate alinmas1 gerektigini géstermistir.
Bu bulgu iilkeye 6zgii siniflandirma gergevelerinin teorik zeminini dogrudan desteklemektedir.

Enerji karmasi degiskenlerinin emisyon iizerindeki etkisine odaklanan g¢alismalar yazinin
ikinci 6nemli eksenini olusturmaktadir. Apergis ve Payne (2009), panel veri yontemiyle 16
gelismekte olan ekonomi i¢in yenilenebilir enerji tilkketimi ile emisyon arasinda uzun dénemli negatif
bir iligki tespit etmistir ve bu iliskinin kisa donemde zayif kaldigin1 gostermistir. Shafiei ve Salim
(2014), OECD iilkelerine yonelik panel analizlerinde fosil yakit tiikketiminin emisyonu artirirken
yenilenebilir enerjinin belirgin bir azaltic1 etki {irettigini ortaya koymustur. D1s ticaret agikliginin
emisyon tzerindeki etkisi ise kirlilik sigimagi hipotezi gercevesinde tartigilmaktadir. Benzer bir
baglamda, Yilmaz (2020) CO: emisyonlari ile dogrudan yabanci yatirimlar, insani gelisme endeksi
ve teknoloji arasindaki iligkiyi analiz etmis ve teknolojik ilerlemenin ve insani
gelismeninemisyonlarin  azaltilmasina katkida bulundugunu, buna karsin dogrudan yabanci
yatirimlarin roliiniin baglama bagli oldugunu ortaya koymustur. Bu bulgu, mevcut ¢alismanin ¢ok
degiskenli gergevesine teorik bir dayanak saglamaktadir. Ozellikle Tiirkiye baglaminda, Ozen ve ark.
(2024), insani gelisme, kentlesme, endiistriyel gelisme, tarimsal gelisme ve karbon emisyonlari
arasindaki iligkileri incelemis ve emisyonlarin ¢ok boyutlu yapisal etkenlerinin tek bir degiskene
indirgenemeyecegini dogrulamistir. Bu bulgu, bu ¢alismanin ¢ok degiskenli tasarimiyla dogrudan
tutarlidir. Bu ¢alismayla aym N-11 iilke grubuna odaklanan A¢ikgoz ve Oncel (2024), ekonomik
biiylime, fosil yakit tiiketimi ve kiiresellesmenin ¢evresel bozulma tizerindeki etkilerini {ilke bazinda
incelemis ve bu etkilerde iilkeler arasinda 6nemli bir heterojenlik tespit etmistir. Bu sonug, burada
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benimsenen iilkeye 6zgii siniflandirma tasarimini desteklemektedir. Cole (2004), gelismekte olan
iilkelerde ¢evre standartlarinin gorece diisiikliigiiniin kirli enddistrilerin bu {ilkelere yonelmesine
zemin hazirladigini ve emisyon transferi etkisi yarattigini gostermistir. Cosgun (2024) ve Cinarer vd.
(2024), Tiirkiye'de GSYIH ve niifus gibi ekonomik degiskenlerin emisyonlarla 0,92-0,98 araliginda
yiiksek korelasyon sergiledigini vurgulamistir. Bu bulgu mevcut calismada GSYIH'nin bagimsiz
degisken olarak dahil edilmesine dogrudan teorik destek saglamaktadir.

Makine 6grenmesi yontemlerinin emisyon tahminine uygulanmasi gorece yakin bir tarihe
dayanmakla birlikte son yillarda hizla genisleyen bir alan haline gelmistir. Breiman (2001) rassal
orman algoritmasini, Friedman (2001) gradient boosting yontemini tanitarak bu algoritmalarin
dogrusal olmayan iligkilerdeki {istiin performansini teorik ve ampirik diizlemde ortaya koymustur.
Tiirkiye odakli makine 6grenmesi calismalar1 incelendiginde, Agbulut (2022) ulastirma kaynakli
enerji talebini ve CO, emisyonlarini derin 6grenme, SVM ve yapay sinir aglariyla modellemistir. Bu
calisma, Tirkiye'nin ulastirma sektorii i¢in s6z konusu algoritmalari kullanan ilk kapsamli aragtirma
olma 6zelligi tasimaktadir. Ayaz (2024), 1865-2023 yillarin1 kapsayan genis bir veri setiyle ARIMA
(%94,3 R%) ve LSTM (%90,4 R?) modellerini karsilastirmistir. Calisma, geleneksel zaman serisi
modellerinin uzun donemli bagimliliklarda rekabetci performans sergiledigini gostermistir.
Rufaioglu vd. (2025), 2012-2021 dénemine ait sera gaz1 verileriyle Gradient Boosting (R* = 0,995)
ve XGBoost (R? = 0,994) algoritmalarinin en yiiksek dogruluga ulastigini tespit etmistir. Ene Yalgin
(2024), enerji, endiistriyel siiregler, tarim ve atik sektorlerini kapsayan ¢ok sektorlii bir ¢ercevede
dogrusal regresyon modelini uygulamistir. Beken vd. (2019) ise k-Ortalamalar Kiimeleme
algoritmasiyla Tiirkiye'nin Avrupa iilkeleriyle enerji verimliligi karsilagtirmasini gerceklestirmistir.
Uluslararasi yazinda Bakir vd. (2022) Hindistan; Javanmard & Ghaderi (2022) iran; Bhatt vd. (2023)
ABD ve Hasan vd. (2025) Banglades verileriyle yiirittiikleri ¢alismalarda hibrit optimizasyon ve
topluluk modellerinin kiiciik veri setlerinde daha kararli sonuglar {irettigini ortaya koymustur.

Model degerlendirme ve yorumlanabilirlik boyutunda ise Leerbeck vd. (2020), giic
sebekelerindeki CO, emisyon yogunlugunu makine 6grenmesiyle modelleyerek veri kalitesi ve
miktarinin artmasiyla bu alanin énemli bir potansiyel barmdirdigim vurgulamistir. Jin ve Sharifi
(2025), yorumlanabilirlik araglarimin 6zellikle SHAP degerlerinin, emisyon modellemesinde giderek
daha fazla benimsenmesinin politika oneri agisindan kritik 6nem tagidigini gostermistir. Lundberg
ve Lee (2017) tarafindan gelistirilen SHAP c¢ergevesi, is birligi teorisinden tiiretilen Shapley
degerlerini makine 6grenmesi modellerine uyarlayarak her bir degiskenin bireysel katkisini tutarli,
yerel ve kiiresel diizeyde 6l¢gme imkani sunmaktadir. Strobl vd. (2007) ve Lundberg vd. (2020), Gini
safsizlik azaltmasi tabanl degisken 6nem Olgiitiiniin diger degiskenlerle korelasyonlu degiskenleri
abartma egiliminde oldugunu gostermistir. Bu bulgu mevcut calismada degisken énem analizinin
SHAP degerleriyle birlikte sunulmasina iliskin metodolojik tercihin gerekgesini olusturmaktadir.

Nedensel ¢ikarim ydntemlerinin emisyon arastirmalarina uygulanmasi gorece yeni bir
alandir. Pearl (2009), nedensel modelleme ¢ergevesini istatistiksel bagimliliktan nedensel iligkilere
gecisin teorik zeminini olusturacak bi¢imde ortaya koymustur. Yapisal nedensel modeller
araciligryla gozlemsel veriden miidahale etkisinin nasil tahmin edilecegini gostermistir. Athey ve
Imbens (2016), rassal orman algoritmasini nedensel baglama uyarlayarak gelistirdikleri Nedensel
Orman (Causal Forest) yontemiyle heterojen “treatment” etkilerinin tarafsiz bi¢cimde tahmin
edilebildigini kanitlamigtir. Wager ve Athey (2018), bu yontemi daha ileri gotiirerek tutarlilik ve
asimptotik normallik 6zelliklerini kuramsal olarak ispat etmistir. S6z konusu yontemin emisyon
aragtirmalarina uygulanmasi, SHAP analizinin yanitlayamadig1 “hangi degiskende gerceklestirilecek
bir politika miidahalesi emisyonu azaltir?” sorusunu dogrudan ele alma imkan sunmaktadir. Tiirkiye
odakli makine O6grenmesi ¢alismalarinda bu tiir nedensel ¢ikarim yaklasimlarina rastlanmamig
olmasi, mevcut ¢aligmanin bu yontemi entegre etmesini yazin agisindan 6zgiin kilmaktadir.
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Yukarida derlenen yazin dort temel metodolojik bosluga isaret etmektedir. Birincisi, Tiirkiye
odakli makine Ogrenmesi g¢alismalarimin tamamina yakimi regresyon tabanli siirekli tahmin
problemlerine odaklanmaktadir. Konu, simiflandirma problemi olarak ele alinmamustir. Ikincisi,
mevcut ¢aligmalarda model yorumlanabilirligi sistematik bicimde raporlanmamaktadir. Bu durum
bulgularin politika siireclerine aktarimini giiclestirmektedir. Uciinciisii, kiiciik érneklem kosullarina
0zgli dogrulama yontemlerine 6zellikle LOO-CV c¢aligsmalarina Tiirkiye yazininda rastlanmamustir.
Dordiinciisii, mevcut calismalarin higbirinde SHAP analizinin nedensel c¢ikarim yontemiyle
sistematik bi¢imde birlestirilmedigi goriilmektedir. Korelasyon ve tahmin giicii yiliksek bir
degiskenin politika miidahalesine ger¢ekten yanit verip vermeyecegi sorusu yanitsiz kalmaktadir. Bu
calisma Nedensel Orman analizini entegre ederek bu dordiincii boslugu da gidermeyi
hedeflemektedir®.

Metodoloji

Bu calismada geleneksel ekonometrik yontemlerin simirlarimi agsmak amaciyla modern ve
nesnel bir ydontem izlenmistir. Bu amagla makine 6grenmesi algoritmalari ve agiklanabilir yapay zeka
(XAI) teknikleri sistematik bicimde bir arada uygulanmistir. Modelleme siireci tek bir teorik gerceve
ya da kisith bir degisken setiyle sinirlandirilmamistir. Teorik gerekgesi giiclii degiskenlerden olusan
cok boyutlu bir yapi iizerine insa edilerek daha yansiz ve veri odakli bir yaklasim benimsenmistir.
Geleneksel regresyon tabanli yontemlerde siklikla karsilagilan model varsayimi ihlalleri, endojenlik
ve dogrusal olmayan etkilesimleri yakalayamama gibi kisitlar1 agsmak amaciyla topluluk 6grenmesi
(ensemble learning) algoritmalar1 kullanilmistir. Calismada benimsenen hibrit yapt hem tahmin
dogrulugunu artirmakta hem de model sonuglarini politika yapicilara aktarilabilir bigimde
agiklanabilir kilmaktadir. Bu metodolojik birlesim, kolektif 6grenme, agiklanabilir yapay zeka ve
nedensel orman, Sert (2026) tarafindan da yapilan ¢aligmada kullanilmistir. Yazar, kiiresel gelir
esitsizliginin belirleyicilerini incelemek icin bu entegre cerceveyi uygulamis ve ensemble
algoritmalari, SHAP tabanli agiklanabilirlik ile nedensel orman ¢ikariminin bir araya getirilmesinin,
tek basina uygulanan herhangi bir yontemden ¢ok daha zengin politika i¢goriileri sagladigini ortaya
koymustur. Bu son 6zellik, Gradient Boosting ve Random Forest gibi kara kutu niteligindeki
topluluk algoritmalarinin SHAP (SHapley Additive exPlanations) ve nedensel orman (Causal Forest)
gercevesiyle yorumlanmasiyla saglanmistir (Lundberg & Lee, 2017; Athey & Imbens, 2016). Bu
bolimde veri seti kapsamli bicimde tanitilmakta ve metodolojik adimlar ayrintili olarak
agiklanmaktadir. Calismada izlenen metodoloji Sekil 1'de sunulmaktadir.*

3 iklim degisikliginin ¢evresel, ekonomik, toplumsal ve kiiltiirel boyutlarmi dogrudan veya iliskili temalar iizerinden ele
alan; gol seviyeleri, meteorolojik ve hidrometeorolojik afetler, biyoklimatik konfor, hava kalitesi, tarimsal verimlilik ve
arazi Ortiisii degisimleri; karbon emisyonlari, fosil yakit tiiketimi, iklim miizakereleri, karbon sertifikalari ve iilkelerin iklim
koruma performanslari; yenilenebilir enerji egitimi, binalarda ve ibadet mekanlarinda enerji verimliligi, ekolojik mimarlik,
direngli kentsel hareketlilik ve sifir atik yonetimi; sivil toplumun g¢evre bilincine katkisi, kiiresellesme, ekolojik sanat,
siirdiiriilebilir seramik ve tekstil uygulamalari, edebiyatta doga-insan iliskisi, popiiler medyada ¢evresel siirdiiriilebilirlik
temsilleri ve dini degerler baglaminda siirdiiriilebilir kalkinma iizerine yapilan ¢aligmalar i¢in ayrica bk. Bahadir, 2012;
Erdogan & Ganiev, 2016; Igel, 2014; Karatas, 2014; Pmarcioglu, 2018; Ulusoy & Atay, 2018; Altintas, 2021; Aytepe
Serinsu, 2022; Mentese & Koca, 2025; Akdag & Parlak Biger, 2025; Kayaalp & Giirbiiz, 2025; Sagir & Cakir, 2026; Dogru
& Demirbasg, 2020; Irdem, 2022; Kazel, 2022; Korkmazyiirek et al., 2022; Aytekin & Ates, 2019; Demir & Siislii, 2022;
Stiar Oral, 2021; Gokge & Gokee, 2020; Aldoori & Benchalel, 2026.

4 Bu litaratiirle birlikte yapay zeka uygulamalari sosyal bilimlerde hem inceleme alani olmus hem de arastirma
metodolojinde 6nemli bir konuma gelmistir. Ornek olmas1 bakimindan bk. Denizci et al. 2018, Baran 2022, Keles & Keles,
2018; Karadag, 2025; Coskun, 2025; Ahmed & Hamod, 2026; Aric1 & Karaci, 2013; Keles & Keles, 2017; Keles et al.,
2017; Bekil, 2018; Keles, 2018; Sercemeli, 2018; Akyildiz & Akyildiz, 2020; Isik & Dar1, 2023; Abdulrazagova et al.,
2025; Argin 2025; Tetik Kiigiikelgi, 2025; Cakmak, 2025; Yildirim Altun, 2025; Zan & Zan, 2025; Mazlum & Mazlum,
2025; Yildiz, 2025; Basar, 2025; Tugcu, 2025; Ozdemir, 2026; Cora et al., 2026; Biiyiikboyaci & Yozcu, 2026; Ardaturk,
2026; Ardug¢ Kara, 2026; Ertan, 2026; Ahmed & Hamod, 2026; Efendioglu, 2023; Celik et al., 2025; Dogru &
Hacimiiftiioglu, 2025; Kocakoglu & Kogakoglu, 2025; Ekinci, 2025; Sakin & Tiirk, 2025; Askun, 2024; Yener & Kose,
2023; Romya Bilgin & Kiigliksabanoglu, 2023; Cark, 2020; Kanat, 2020; Altindis, 2020; Zenginaloglu, 2026; Dalmus,
2026; Olger, 2025; Saribas, 2025; Karakus et al., 2025; Giizel, 2024; Kizildag, 2023; Odacioglu, 2022, Erdem-Demiryakan
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_ - Veri On isleme Veri Temizieme Olgekleme Degisken Secimi
JENG DIk Do + Sayisallastma « Eksik Veeri (Enterpolasyon) o Z.Skorts Standanizasyon o Korelasyon Avalzi

 Tar Donusuma  Yaksek Korelasyon - Pipeline (Szinti Kontrola)  Teorik Gerekge

+ Eksik Kontrol - Sinif Dengesi Testi « 4 Final Degisken

Temel Modeller (Topluluk Ogrenmesi)

Random Lojistik
Forest Regresyon (Baseline)

Hiperparametre Optimizasyonu
GridSearchCV + Tabakali 5-Kath CV

LOO-CV (n-1 = 34 egitim, 1 test)

Performans Degerlendirme
Dogruluk - Kesinlik - Duyarhiik - F1

Agiklanabilir Yapay Zeka (XAl)
SHAP Analizi
Nedensel Orman

Sekil 1: Calisma Metodolojisi
Kaynak: Yazarlar tarafindan hazirlanmistir.

Veri seti

Calismada, Tiirkiye’nin 1990-2024 doénemine ait 35 yillik veriler kullanilmistir. Bagimli
degisken olan toplam sera gazi emisyonu TUIK Sera Gazi Emisyon Istatistiklerinden, bagimsiz
degiskenler ise Diinya Bankasi A¢ik Veri Tabanindan derlenmistir. Analizde kullanilan degiskenler
Tablo 1’de sunulmaktadir.

Tablo 1: Degiskenler, Tanimlar ve Kaynaklar

Degisken Tanim Kaynak

Sera Gazi Toplam sera gaz1 emisyonu (Mt CO: esd.) TUIK

GSYIH Kisi bag1 gayrisafi yurt i¢i hasila (cari USD) Diinya Bankas1
Fosil Yakit Toplam enerji tiikketiminde fosil yakit pay1 (%) Diinya Bankas1
Yenilenebilir Enerji Toplam nihai enerji tiikketiminde yenilenebilir enerji pay1 (%) Diinya Bankasi
Dis Ticaret Acikligt Dis ticaret hacminin GSYTH ya oran1 (%) Diinya Bankasi

GSYIH, CKE hipotezinin temel aciklayict degiskeni olarak modele dahil edilmistir
(Grossman & Krueger, 1991). Fosil yakit pay1 ve yenilenebilir enerji pay1, enerji karmasinin emisyon
iizerindeki yapisal etkisini temsil etmektedir (Shafiei & Salim, 2014). Dis ticaret aciklig ise kirlilik
siginagi hipotezi ¢ergevesinde modele eklenmistir (Cole, 2004).

Caligmanin baglangi¢ asamasinda degisken havuzuna sanayi {iretim endeksi, motorlu kara
tasit1 sayis1 ve kentlesme orani da dahil edilmistir. Ancak bu degiskenlerin sera gazi emisyonuyla
Pearson korelasyon katsayilarinin sirasiyla 0,981, 0,985 ve 0,981 oldugu; ayrica sanayi iiretim
endeksi ile ara¢ sayis1 arasindaki korelasyonun 0,993 diizeyine ulastigi tespit edilmistir. Bu durum
coklu dogrusal baglanti problemi yaratmakta (Gujarati & Porter, 2009; Hair vd., 2010) ve ML
algoritmasint manipiile etmektedir. Bagka bir ifade ile s6z konusu degiskenlerin sera gazi
emisyonunu agiklayan bagimsiz bir bilgi igermedigini, aksine emisyonu dogrudan temsil eden vekil

2025, Civelek 2025, Giinay 2025, Onen 2025, Ozdemir 2025; Sandikc1 & Soy 2026; Ardug Kara 2026; Ertan 2026; Uygun
2026; Yilmaz 2025; Kan Celik 2026; Bayat Arslan & Cuma 2026; Koksal & Zorlu Kale 2025; Varol 2025; Ahmed &
Hamod 2026; Efendioglu 2023; Sert 2026; Giicliiten 2026.
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degiskenler niteligi tasidigini ortaya koymaktadir. Makine 6grenmesi modellerinde hedef degiskenle
neredeyse deterministik iliski igindeki vekil degiskenlerin kullanilmasi, modelin gergek
belirleyicileri 6grenmek yerine bu iliskiyi ezberlemesine yol agmaktadir. Bu durum, literatiirde vekil
sizintist (surrogate leakage) olarak adlandirilmaktadir (Kaufman vd., 2012). Bu nedenle s6z konusu
iic degisken analizden ¢ikarilmigtir. Modelde yalnizca teorik gerekgesi giiclii ve birbirinden gorece
bagimsiz dort agiklayict degisken kullanilmistir.

Tammlayic Istatistikler ve Korelasyon Analizi

Analiz doneminde Tiirkiye’nin yillik sera gazi emisyonu 228,9 Mt (1990) ile 584,5 Mt
(2024) arasinda seyretmistir. Bu otuz bes yillik siiregte yaklasik 2,55 katlik bir artisin oldugu
gozlenmistir (Sekil 2).
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Sekil 2. Sera Gaz1 Emisyon Degerleri (1990-2024)

Sekil 2’de yiiksek emisyon rejimine gegisi belirten esik degerine gore diisiik ve yliksek
emisyon donemleri gosterilmistir. Analizde kullanilan degiskenlere iliskin tanimlayici istatistikler
Tablo 2’de sunulmaktadir.

Tablo 2: Tamimlayici Istatistikler (1990-2024)

Degisken Ortalama Std. Sapma Min Maks
Sera Gazi (Mt) 389,7 116,4 2289 584,5
GSYIH (USD) 7708 3876 2176 15893
Fosil Yakit (%) 86,88 2,54 82,2 91,4
Yenilenebilir En. (%) 16,28 4,44 11,4 24.4
Dis Ticaret Agiklig (%) 49,0 11,09 30,5 79,9

Emisyon serisinin standart sapmasi (116,4 Mt) ortalamanin yaklasik %30'una karsilik
gelmektedir. Bu deger donem iginde emisyon ydriingesinin yiiksek bir degiskenlik sergiledigini
gostermektedir. Fosil yakit payinin yiiksek ortalama (%86,88) ve gorece diisiik standart sapma (2,54
puan) ile seyretmesi, Tiirkiye'nin enerji karmasindaki yapisal katilig1 yansitmaktadir. Yenilenebilir
enerji payindaki standart sapma (4,44 puan) ise bu degiskenin dénem iginde anlamli bir déniisiim
gecirdigine, dolayisiyla model agisindan agiklayici potansiyel tasidigina isaret etmektedir.

Analizde kullanilan degiskenler arasindaki korelasyon yapis1 Sekil 3’te sunulmaktadir. Dort
degisken arasindaki korelasyon katsayilarinin, ¢oklu dogrusallik icin kritik esik deger olarak kabul
edilen |r| = 0,90 smirmin (Gujarati & Porter, 2009; Hair vd., 2010) biiyiik 6l¢iide altinda kaldig1
goriilmektedir. En yiiksek korelasyon, GSYIH ile yenilenebilir enerji pay1 arasinda negatif yonde
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(r = —0,90) gozlemlenmistir. Bu iliski, ekonomik biiyiime siirecinde enerji talebinin arttig1 ve
yenilenebilir enerji payinin gorece geriledigi yapisal bir oriintiiyii yansitmaktadir. Fosil yakit payi ile
yenilenebilir enerji pay1 arasindaki negatif korelasyon (r = —0,88) ise enerji karmasindaki ikame
iligkisinin beklenen teorik yoniinii dogrulamaktadir.
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Sekil 3. Degiskenlere iliskin Pearson Korelasyon Katsayilari
Eksik Veri Yonetimi

Ham veri setinde iki temel eksiklik tespit edilmistir. Fosil yakit tiikketimi verisi 2016 - 2021
donemini kapsayan alt1 gézlem i¢in Diinya Bankas1 veri tabaninda raporlanmamistir. Bu eksikligin
veri raporlama siirecindeki gecikmeden kaynaklandigi degerlendirilmektedir. Yenilenebilir enerji
pay1 verisi ise 2022-2024 yillari i¢in heniiz kesinlesmemistir. Her iki eksiklik de dogrusal
enterpolasyon (linear interpolation) yontemiyle giderilmistir. Veri setinin ug¢ noktalarindaki
eksiklikler i¢in geri doldurma (backfill) ve ileri tasima (forward fill) yontemleri uygulanmistir.
Tamamlama iglemi sonrasinda veri setinde eksik gézlem kalmamustir.

Hedef Degiskenin Olusturulmasi

Makine 6grenmesi tabanli siiflandirma analizinin uygulanabilmesi i¢in siirekli yapidaki
sera gaz1 emisyonu degiskeninin kategorik bir hedef degiskene doniistiiriilmesi gerekmektedir. Bu
sebeple bagimli degisken olan sera gazi emisyonlar1 (Mt), medyan degeri (395,9 Mt) esas alinarak
ikili sinifa doniistiiriilmistiir. Medyanin altinda kalan gézlemler diisiik emisyon (sinif 0), medyan ve
iizerindeki gozlemler ise yliksek emisyon (sinif 1) olarak kodlanmistir. Bu operasyonellestirme
kararinin temel gerekgesi istatistikseldir. Sera gaz1 emisyonlar1 gibi saga carpik dagilim sergileyen
degiskenlerde ortalama tabanli bir esik aykir1 gézlemlere karsi duyarliyken, medyan tabanli esik
dagilimdan bagimsiz ve aykir1 degerlere karst dayanikli bir boliinme noktasi sunmaktadir (Terzioglu
vd., 2026). S6z konusu tercih 17 diisiik emisyon ve 18 yiiksek emisyon gozleminden olugsan yaklasik
1:1 oraninda dengeli bir sinif dagilimi iiretmekte; He ve Garcia'nin (2009) ciddi dengesizlik esigi
olarak tanimladigi 4:1 oraninin ¢ok altinda kalmaktadir. Bu denge, kiiglik 6rneklemlerde (n = 35)
stmif dengesizligine bagli Onyargi riskini yapisal olarak ortadan kaldirmakta ve F1 skoru
optimizasyonu ile c¢apraz dogrulama siirecinin giivenilirligini pekistirmektedir. Medyan esigi
normatif bir emisyon hedefini degil, 6rneklem i¢i goreli performansi temsil etmekte olup sektérden
bagimsiz, yorumlanabilir bir kiyaslama noktas1 saglamaktadir (Terzioglu vd., 2026).
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Makine Ogrenmesi Algoritmalar

Bu ¢alismada ii¢ siniflandirma algoritmasi karsilastirmali olarak uygulanmigtir. Algoritma
seciminde iki temel dlgiit belirleyici olmustur: kiiciik 6rneklem kosullarinda kararli performans ve
model yorumlanabilirligine elverislilik.

Gradient Boosting (GB), Friedman (2001) tarafindan gelistirilen bir topluluk 6grenmesi
yontemidir. Algoritma, ardigik olarak egitilen zayif Ogrenicilerin (karar agaclarimin) bir araya
getirilmesine dayanmaktadir. Her yeni agag, bir Oncekinin artik hatasini (residual) minimize
etmektedir. #-inci adimda model Formiil 1 ile giincellenir:

Fe(x) = Fi_1(x) + 1 - he(x) (D

Burada F;_; (x)0nceki adimin tahmin fonksiyonunu, h,(x)yeni zayif 6grenicinin katkisini
ve 1 6grenme hizin1 (learning rate) ifade etmektedir. Kayip fonksiyonunun gradyani yoniinde
gergeklestirilen bu glincelleme, degiskenler arasindaki dogrusal olmayan iligkileri ve yiiksek dereceli
etkilesimleri modelleyebilme kapasitesi saglamaktadir.

Rassal Orman (Random Forest - RF), Breiman (2001) tarafindan 6nerilen bir bagging
(bootstrap aggregating) toplulugudur. B adet karar agaci, her seferinde orijinal veri setinden
yinelemeli drneklemeyle (bootstrap) olusturulan alt kiimeler iizerinde egitilmektedir. Her agagta
rastgele secilen bir 6zellik alt kiimesi kullanilmaktadir. Siniflandirma karar1 ¢ogunluk oylamasiyla
elde edilmektedir (Formiil 2):

B
9 = argmax > 1[hy(x) = k] )
b=1

Her agacin rastgele 6zellik alt kiimesi {izerinde egitilmesi, bireysel agaclar arasindaki
korelasyonu kirarak toplulugun varyansii diisiirmekte ve genelleme giiclinii artirmaktadir. Rassal
Orman algoritmasi, agag tabanli yapisi sayesinde degiskenler arasindaki dogrusal olmayan iliskileri
ve yiiksek dereceli etkilesimleri modelleyebilmektedir. Bootstrap 6rneklemesine dayali torbalama
(bagging) stratejisi ve her bolmede rastgele secilen 6zellik alt kiimeleri, bireysel agaclar arasindaki
korelasyonu kirarak toplulugun varyansini diigiirmekte ve modelin asir1 6grenmeye (overfitting)
kars1 yapisal bir direng gelistirmesini saglamaktadir (Breiman, 2001).

Lojistik Regresyon (LR), dogrusal karar smri varsayimina dayanan parametrik bir
siniflandiricidir. Ikili siniflandirma igin lojistik (sigmoid) fonksiyonu araciligiyla sinif olasiligi su
sekilde modellenmektedir (Formiil 3):

1
PO =112 = T Gorfom o) (3)

Bu calismada LR hem dogrusal bir baslangic kiyasi (baseline) olarak hem de dogrusal
olmayan yontemlerin sundugu ek degerin dlciilebilmesi amaciyla modele dahil edilmistir.

On isleme ve Veri Sizintis1 Kontrolii

Tim sayisal 6zellikler Z-skoru standardizasyonuna (Formiil 4) tabi tutulmustur:
X — U
7z =
o

“)

Standardizasyon parametreleri (u ve o) yalnizca egitim verisi lizerinde hesaplanmis; test
verisine bu parametreler disaridan uygulanmistir. Bu uygulama, test setinden egitim setine bilgi
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sizintisin1 yapisal olarak engellemektedir. Tiim ©6n isleme ve modelleme adimlari scikit-learn
Pipeline yapisi i¢inde zincirlenerek her dogrulama kati i¢in bagimsiz bigimde yeniden uygulanmstir.

Hiperparametre Optimizasyonu

Her algoritmanin hiperparametreleri, 1zgara arama (GridSearchCV) yontemiyle optimize
edilmistir. Optimizasyon siirecinde i¢ dogrulama diizenegi olarak tabakali 5-katli capraz dogrulama
(Stratified 5-Fold CV) kullamilmistir. Boylelikle her katta her iki sinifin orantili temsili giivence
altina alinmistir. Skor 6lgiitii olarak sinif dengesizligine duyarli F1 skoru benimsenmistir. Gradient
Boosting icin 6grenme hizi (1), agac derinligi ve agac sayisi; Random Forest i¢in agac sayisi,
maksimum derinlik ve minimum dal bolme esigi; Lojistik Regresyon igin diizenlilestirme
parametresi Cve ¢Oziicii se¢imi optimize edilmistir.

Model Degerlendirme: Birak-Bir-Disarida Capraz Dogrulama

Bu calismada birincil model degerlendirme yontemi olarak birak-bir-disarida capraz
dogrulama (Leave-One-Out Cross-Validation, LOO-CV) kullanilmistir. n gézlemden olusan bir veri
setinde LOO-CV, her tekrarda yalnizca bir gdzlemi test seti olarak ayirip geriye kalan n — 1gézlem
iizerinde modeli yeniden egitmektedir. Bu islem tiim n gozlem igin tekrarlanmaktadir. LOO-CV
tahmin hatas1 Formiil 5 ile hesaplanmaktadir:

1% "y
LOO-CV Hatas1 = ;Z L (yl-, 0 (xi)) ®)
i=1

Burada f ("9, i-inci gdzlem disarida birakilarak egitilen modeli, L ise kayip fonksiyonunu
ifade etmektedir. Bu ¢alismada n = 35 olup standart 5-katli CV'de her test kiimesi yalnizca 7 gozlem
icermektedir. Bu durum degerlendirme varyansini yiikseltmekte ve performans tahminlerini
istikrarsiz kilmaktadir. LOO-CV ise her tekrarda n — 1 = 34 gézlemlik egitim kiimesiyle ¢alisarak
tahmin yanliligin1 en aza indirmektedir. Arlot ve Celisse (2010), kiigiik 6rneklem boyutlarinda LOO-
CV'nin standart k-katli yontemlere kiyasla daha diisiik yanlilikli tahminler iirettigini kuramsal olarak
gostermigtir.

Model performansi; dogruluk (accuracy), kesinlik (precision), duyarlilik (recall) ve F1 skoru
oOlgiitleriyle degerlendirilmistir. Simif dengesizligi gbz oniinde bulunduruldugunda birincil 6lgiit
olarak harmonik ortalama olan F1 skoru benimsenmistir (Formiil 6):

Kesinlik X Duyarlilik

F1=2- 6
Kesinlik + Duyarlilik ©)

Model Yorumlanabilirligi: SHAP Analizi

Makine 6grenmesi modelleri, tahmin giicii yiiksek olmakla birlikte genellikle kara kutu
niteli§i tasimaktadir. Bu durum, hangi degiskenlerin hangi yonde ve ne oOlgiide modele katki
sagladiginin anlasilmasin giiglestirmektedir. S6z konusu kisit1 asmak amaciyla ekonomi ve politika
yazininda agiklanabilir yapay zeka (Explainable Artificial Intelligence - XAI) tekniklerine
basvurulmaktadir (Gunning & Aha, 2019). Bu calismada XAI tekniklerinden SHAP (SHapley
Additive exPlanations) yontemi kullanilmistir.

Oyun teorisinin temel kavramlarindan Shapley degerlerine dayanan SHAP, her bir
degiskenin modelin tahmin ¢iktisina marjinal katkistm tiim olas1 degisken kombinasyonlar
iizerinden hesaplamaktadir (Lundberg & Lee, 2017). i-inci gézlem igin j-inci 6zelligin SHAP degeri
Formiil 7 ile tanimlanmaktadir:
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[SI!(FI—-1S]-1)!
¢; () = Z ( F11 ) [fougy () — fs(xp)] 7)
SCF\{j}

Burada F tiim &zellikler kiimesini, S 6zelligi disindaki herhangi bir alt kiimeyi, fs(x;)ise
yalmzca S kiimesindeki 6zelliklerle tahmin edilen modeli ifade etmektedir. Modelin toplam tahmin
degeri, tiim degiskenlere ait marjinal katkilarin toplamiyla elde edilmektedir. SHAP degerleri

etkinlik (z ¢; = f(x) — E[f(x)]), simetri ve kukla degisken aksiyomlarini saglamaktadir. Bu
J
sayede degiskenlerin katkisini tutarli, yerel ve kiiresel diizeyde dlgmektedir.

Bununla birlikte SHAP, diger XAI teknikleri gibi yalnizca degiskenlerin tahmin iizerindeki
katkistm1  6lgmektedir. Bu katkinin nedensel bir iliskiye karsilik gelip gelmedigini garanti
edememektedir (Adadi & Berrada, 2018; Molnar, 2022). Degisken 6nem analizi ile SHAP arasindaki
olas1 siralama farkliliklar1 ise Gini safsizlik azaltmasi 6l¢iitiiniin korelasyonlu degiskenleri abartma
egiliminden kaynaklanabileceginden (Strobl vd., 2007; Lundberg vd., 2020), bu ¢aligmada SHAP
bulgular1 birincil yorumlama referansi olarak alinmaistir.

Nedensel Orman Analizi

SHAP analizinin nedensellik garantisi vermedigi g6z oOniinde bulunduruldugunda,
degiskenlerin sera gazi emisyonu iizerindeki gercek nedensel etkilerini tahmin etmek amaciyla
nedensel ¢ikarim yontemlerine basvurulmustur (Neuberg, 2003). Nedensel ¢ikarimda asil amag, bir
degisken bir birim degistiginde bunun bagimli degisken iizerinde yarattig1 etkiyi izole etmektir. Bu
dogrultuda Athey ve Imbens (2016) tarafindan gelistirilen ve klasik rassal orman algoritmasini

nedensel baglama uyarlayan Nedensel Orman (Causal Forest) yontemi kullanilmistir.

Nedensel Orman'in temel 6zelligi, aga¢ yapisinin dallanma kriterlerini tahmin hatasini
minimize etmeye degil, degiskenin kosullu ortalama “treatment” etkisindeki farkliliklar1 maksimize
etmeye gore belirlemesidir. Buna ek olarak kullandig1 veri ayirma stratejisi (honesty), agac bdlme
kurallarinin belirlenmesinde bir alt kiime, etkilerin tahmin edilmesinde ise diger alt kiime
kullanilarak asir1 6grenme riskini yapisal bi¢imde azaltmaktadir (Wager & Athey, 2018). Bu sayede
dogrusal varsayimlara gerek kalmadan karmasik ve dogrusal olmayan nedensel iliskiler
modellenebilmektedir.

Bu ¢alismada nedensel orman analizi Microsoft EconML kiitiiphanesinin CausalForestDML
algoritmasiyla uygulanmistir. Cift makine o6grenmesi (Double Machine Learning - DML)
cercevesine dayanan bu yaklasimda hem ¢ikt1 hem de “treatment” modelleri i¢in Gradient Boosting
tahmin edicileri kullanilmis, gézlemlenebilir karistirict degiskenlerin (confounders) etkisi sistematik
bigimde arindirilmigtir (Chernozhukov vd., 2018). SHAP analizi sonucunda yiiksek katki degerine
sahip oldugu belirlenen degiskenler sirayla “treatment” degiskeni olarak tanimlanmistir. Her
seferinde geri kalan degiskenler kosullu tutularak ilgili degiskenin marjinal nedensel etkisi tahmin
edilmistir. Yontem, gozlemlenebilir karistiricilarin modele dahil edildigi kosullu bagimsizlik ve
yeterli ortlisme (overlap) varsayimlari altinda yorumlanmaktadir. Bu ¢alismada ortalama treatment
etkisi (Average Treatment Effect - ATE) hesaplanmistir.

Bulgular

Bu boliimde, Tiirkiye'nin 1990-2024 donemi sera gazi emisyonu verilerine uygulanan
makine 6grenmesi tabanli siniflandirma analizinin bulgulari sunulmaktadir. Sirasiyla hiperparametre
optimizasyonu sonuglari, LOO-CV model performansi, konfiizyon matrisi, degisken 6nem analizi,
SHAP analizi ve Nedensel Orman analizi ele alinmaktadir. Bulgular, hem modellerin tahmin
basarisini hem de emisyon belirleyicilerinin yon ve biiylikliigiinii ortaya koymaktadir.
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Her ii¢ algoritmanin optimal hiperparametreleri 1zgara arama ve tabakali 5-kathi ¢apraz
dogrulama ile belirlenmistir. Optimizasyon sonuglar1 Tablo 3’te gdsterilmektedir.

Tablo 3. Hiperparametre Optimizasyonu Sonuglar1 (Tabakal1 5-Katli CV)

Model Optimal Parametreler CV5SF1 CVS5 Std
Gradient Boosting 1r=0,05, depth=2, n=100 1,000 0,000
Rassal Orman depth=None, split=2, n=100 0,971 0,057
Lojistik Regresyon C=1, solver=lbfgs 0,971 0,057

Tablo 3 incelendiginde Rassal Orman ve Lojistik Regresyonun ayni, Gradient Boosting
algoritmasinin ise daha yiiksek CV5 F1 profilleri sergiledigi goriilmektedir. Gradient Boosting,
o0grenme hizi 0,05, maksimum agac derinligi 2 ve agac sayist 100 olarak belirlenen optimal
parametrelerle CV5 F1 = 1,000 degerine ulasmistir. Standart sapmanin sifir olmasi, bes katli capraz
dogrulamanin her katinda miikemmel siniflandirma elde edildigini gostermektedir. Bu sonug,
medyan esiginin sagladigi ~1:1 sinif dengesi ile diisiik derinlikli aga¢ yapisinin (depth=2) kiigiik veri
setinde birlikte islev gormesinden kaynaklanmaktadir. Bununla birlikte CV5 degerlendirmesinin 7
gozlemlik test kiimeleri iizerinden yapildigi ve dolayisiyla iyimser bir performans tahmini
iiretebilecegi goz oniinde bulundurulmalidir. Nitekim LOO-CV degerlendirmesinde GB F1 =0,971'e
gerilemekte, bu da CV5'in agir1 iyimserligini acik¢a ortaya koymaktadir. Rassal Orman ve Lojistik
Regresyon esit CV5 F1 skoru (0,9714) elde etmistir. Her iki modelin standart sapmasinin 0,0571
diizeyinde kalmasi, farkli egitim alt kiimeleri kargisinda tutarli ama miikemmel olmayan bir 6grenme
davranigina isaret etmektedir. Bu Oriintii metodolojik agidan daha giivenilir bir genelleme
kapasitesinin gostergesidir. Optimal parametreler incelendiginde Random Forest icin sinirsiz agag
derinligi (depth=None) ve minimum 2 gdzlemli dal bélmesinin, Lojistik Regresyon igin ise C=1
diizenlilestirme katsayisinin segildigi goriilmektedir. Bu parametreler GridSearchCV'nin tabakali 5-
katl ¢apraz dogrulama ve F1 skor Ol¢iitiiyle yiiriittiigli sistematik 1zgara aramasinin sonucudur ve
her katta her iki sinifin orantili temsilini giivence altina almaktadir.

LOO-CV Model Performansi
LOO-CV degerlendirme sonuglar1 Tablo 4 ve Sekil 4'te sunulmaktadir.
Tablo 4. LOO-CV Model Performans Metrikleri

Model Dogruluk Kesinlik Duyarhhk F1

Gradient Boosting 0,971 1,000 0,944 0,971
Lojistik Regresyon 0,971 0.947 1,000 0,973
Rassal Orman 0,971 0.947 1,000 0,973

Tablo 4'e gére Random Forest ve Lojistik Regresyon, LOO-CV degerlendirmesinde esit F1
skoru (0,973) elde etmistir. Gradient Boosting ise F1 = 0,971 ile ¢ok yakin bir performans
sergilemistir. Ug modelin birbirine yakin LOO-F1 iiretmesi, mevcut dort degiskenin yiiksek emisyon
rejimine gegisi glivenilir bigimde ayirt etmeye yetecek diizeyde bilgi i¢erdigini ortaya koymaktadir.
Sekil 4'te dort farkli performans metrigi (dogruluk, kesinlik, duyarlilik, F1) agisindan ii¢ modelin
karsilastirmali gériiniimii sunulmaktadir.
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Dogruluk Kesinlik Duyarhilik F1 Skoru

- 0.947 Lojistik Reg. -1-0UU Lojistik Reg.
-0.947 Random Forest 1.000 Random Forest
- 1.000 Gradient Boosting

0.0 05 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0

Lojistik Reg. 0.971 Lojistik Reg. 0.973

Random Forest 0.971 Random Forest 0.973

Gradient Boosting 0.971 Gradient Boosting

0.944  Gradient Boosting 0.971

1.0
Sekil 4. Model Performans Metriklerinin Karsilagtirmasi

Gradient Boosting modelinin kesinlik degerinin 1,000 olmas1 6zellikle dikkat ¢ekicidir. Bu
bulgu modelin yiiksek emisyon sinifi olarak etiketledigi gozlemlerde yanlis pozitif iiretmedigini,
yiiksek emisyon rejiminin tespitinde son derece giivenilir bir ayirt edici yapr sergiledigini
gostermektedir. iklim politikas1 baglaminda bu 6zellik kritik bir pratik deger tasimaktadir: politika
yapicilarin gereksiz alarm tetikleyen degil, yiiksek emisyon rejimini isabetle tespit eden bir aragtan
yararlandigini ifade etmektedir. LOO-CV siniflandirma sonuglarinin yil bazli goriiniimii Sekil 5'te
sunulmaktadir. Hatali siniflandirilan gézlemlerin medyan esigine yakin geg¢is donemindeki yillara
(2006-2008 araligi) karsilik geldigi goriilmektedir. Bu durum metodolojik agidan beklenen bir
Oriintiiyii yansitmaktadir. Modelin esik deger yakinindaki belirsiz gozlemleri hatali siniflandirdigina,
esikten uzak gozlemleri ise giivenle dogru etiketledigini ortaya koymaktadir.
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Sekil 5. LOO-CV Siniflandirma Sonuglari

Konfiizyon Matrisi

Gradient Boosting modelinin LOO-CV konfiizyon matrisi Sekil 6'da sunulmaktadir. 35
gbzlemin 341 dogru simiflandirilmis; yalnizca 1 gozlem yanlis siniflandirilmistir. Diisiik emisyon
siifinin 17 gézleminden 16's1 dogru etiketlenmis, yiiksek emisyon sinifinin 18 gézleminin tamami
ise dogru smiflandirilmistir. Yalnizea 1 gozlem yanhis etiketlenmistir. Bu sonug, medyan esigiyle
olusturulan dengeli sinif yapisinin model kararliligini artirdigini dogrulamaktadir.
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Sekil 6. Konfiizyon Matrisi
Degisken Onem Analizi

Sekil 7 incelendiginde, Tiirkiye’nin 1990-2024 dénemi sera gazi emisyonlarini etkileyen
faktorlerin ii¢ farkli yontemle analiz edilen degisken 6nem hiyerarsisi goriilmektedir. Gini Safsizlik
Azaltmasi, Permiitasyon Onemi ve SHAP degerlerine dayali olarak yapilan analizlerin tamaminda,
GSYIH degiskeninin emisyonlar iizerindeki en baskin belirleyici oldugu tespit edilmistir. Ozellikle
Permiitasyon analizinde GSYIH’nin 0,4925’lik skorla en yiiksek paya sahip olmasi, ekonomik
biiyiikliigiin Tiirkiye’deki emisyon hacmini sekillendiren temel itici gii¢c oldugunu dogrulamaktadir.

Fosil Yakit (%) 0.1648
BN Yiksek (Q75+)
Dis Ticaret Agikligi 1 0.0416 Bl Orta (Q50-Q75)
Dusik (<Q50)
0.0 0.1 0.2 0.3 0.4 0.5

Gini Onem Skoru

Sekil 7. Degisken Onem Diizeyleri

Enerji karmasi agisindan bakildiginda, Yenilenebilir Enerji kullanim payinim hem Gini hem
de SHAP analizlerinde ikinci sirada yer aldig1 ve Fosil Yakit kullanimina oranla emisyon varyansini
aciklamada daha kritik bir rol oynadig1 goriilmektedir. SHAP degerlerinin sundugu marjinal katki
hiyerarsisinde Yenilenebilir Enerji (0,3012), Fosil Yakit (0,1648) degiskenini yaklasik iki kat geride
birakarak, emisyonlarin tahminlenmesinde temiz enerjiye gegisin stratejik bir dneme sahip oldugunu
kanitlamaktadir. Ote yandan, Dis Ticaret Aciklig1 degiskeni her ii¢ yontemde de en diisiik Snem
skoruna sahip olup, Tiirkiye O6zelinde ticari serbestlesmenin emisyonlar iizerindeki etkisinin,
ekonomik iiretim hacmi ve enerji kaynak yapisi gibi igsel dinamiklerin gerisinde kaldig
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anlasilmaktadir. Sonuglar, emisyon kontrol stratejilerinde ekonomik biiyiime ile enerji doniisiimii
arasindaki iligkinin merkezi bir konumda oldugunu yontemsel bir tutarlilikla ortaya koymaktadir.

SHAP Analizi

Sera gazi emisyon seviyelerini (Siif 0: Diisiik, Sinif 1: Yiiksek) tahmin etmek amaciyla
olusturulan Rassal Orman (Random Forest) modeline ait SHAP &zet grafigi (summary plot) Sekil
8’de sunulmaktadir. Bu sekil, bagimsiz degiskenlerin model ¢iktilar1 {izerindeki etkisinin hem
yoniinii hem de biiyiikliiglinii 6rneklem bazinda detaylandirarak modelin karar mekanizmasin
acgiklamaktadir.

Sinif 0 - Dusik Emisyon Sinif 1 - Yiikksek Emisyon

Yiksek
.4 - - I

GSYiH (USD) q

“ue
@
@
one

Yenilenebilir En. (%) q

r Orta

Ozellik Degeri
(standardize)

Fosil Yakit (%) 4

Dig Ticaret Acikligi 4 | 1
L ] L ] I
T Distk

03 -02 -01 00 o1 02 03 -03 -02 -01 00 01 0.2 03
SHAP degderi (model giktisina etki) SHAP dederi (model giktisina etki)

N
e

Sekil 8. SHAP Analizi

Sekil 8 genel olarak incelendiginde, emisyon sinifini belirleyen en giiclii ayirt edici faktoriin
GSYIH (USD) oldugu gériilmektedir. Sinif 1 (Yiiksek Emisyon) icin GSYTH degiskenine ait yiiksek
degerlerin (kirmizi1 noktalar), pozitif SHAP degerleri bolgesinde kiimelenmesi, ekonomik
biiyiikliikteki artisin yiiksek emisyon sinifina dahil olma olasiligini dogrudan ve siddetli bir sekilde
artirdigini gdstermektedir. Buna karsilik, diisiik GSYIH degerlerinin (mavi noktalar) negatif etki
yaratarak emisyonu diisiik sinifa ittigi gézlenmektedir.

Enerji kaynaklar1 agisindan bakildiginda, Yenilenebilir Enerji (%) kullaniminin yiiksek
emisyon sinifi {izerinde baskilayici bir etkisi oldugu saptanmistir. Yenilenebilir enerji oranindaki
artisin (kirmizi noktalar), Smif 1 ¢iktisi icin negatif SHAP degerlerine sahip olmasi, yesil enerjiye
gecisin yiiksek emisyon grubunda yer alma riskini azalttigini kanitlamaktadir. Aksine, Fosil Yakit
(%) kullamimindaki artigin emisyonlar: yiikseltici bir egilim sergiledigi, ancak bu etkinin GSYIH
kadar genis bir etki alanina (SHAP dagilim genisligi) sahip olmadigi saptanmistir. Dis Ticaret
Aciklig1 degiskeni ise SHAP ekseninin sifir noktas: etrafinda daha dar bir dagilim sergileyerek,
Tiirkiye'nin emisyon siniflandirmasi iizerinde diger degiskenlere kiyasla ¢ok daha sinirli ve belirsiz
bir marjinal katki sagladigini ortaya koymaktadir. Ozetle analiz, Tiirkiye’de yiiksek emisyonun temel
sorumlusunun ekonomik biiyiime hacmi oldugunu, yenilenebilir enerjinin ise bu olumsuz etkiyi
kirmada en stratejik arag olarak konumlandigini dogrulamaktadir.

Nedensel Orman Analizi

SHAP ve degisken dnem analizleri degiskenler arasindaki istatistiksel iliskilerin giiciinii ve
yoniinii ortaya koymaktadir. Ancak bu yontemler nedensel ¢ikarim igin tasarlanmamistir. Bir
degiskenin model ¢iktisina olan marjinal katkisini 6lgmek, o degiskende gerceklesecek bir politika
miidahalesinin emisyon lizerindeki nedensel etkisini tahmin etmekten farklidir. Bu ayrimi agikea ele
almak amaciyla c¢alismaya Nedensel Orman (Causal Forest) analizi eklenmistir. Analize iliskin

Turkish Studies — Economics, Finance, Politics 21(O1)



Classification of Greenhouse Gas Emission Levels in Turkey: An Integ... 1859

ortalama nedensel etki degerleri (Average Treatment Effect - ATE) tiim oOrneklem icin
hesaplanmistir. ATE sonuglar1 Sekil 9°da gosterilmektedir.

I Emisyonu artirici
GSYiH (usp) | MM Emisyonu azaltici .
Dis Ticaret Acikligi 4 -qa-saax—1

Fosil Yakit (%) 4 } 31 607

Yeniienebli En- (411 _

—-80 —60 _10 —20 0 20 40 60
Ortalama Nedensel Etki (ATE) — Sera Gazi {Mt)

Sekil 9. Degiskenlerin Sera Gaz1 Uzerindeki Ortalama Nedensel Etkisi (ATE)

ATE bulgular1 (Sekil 9) incelendiginde, yenilenebilir enerji payindaki artisin sera gazi
emisyonunu ortalama -47,501 Mt azalttigi goriillmektedir. Bu etki, %95 giiven araliginin sifirt
icermemesi nedeniyle istatistiksel olarak anlamlidir. GSYIH degiskenindeki artis ise emisyonu
ortalama 46,507 Mt artirmaktadir. Bu bulgu, CKE hipotezinin Tiirkiye 6rneginde donlim noktasinin
heniiz asilmadigina dair SHAP bulgusunu, belirli varsayimlar altinda, nedensel diizlemde de
destekler niteliktedir. Onceki analizlerde diisiik éneme sahip goriinen dis ticaret agikligmin emisyon
iizerindeki artiricr etkisi (ATE: +23,623 Mt) nedensel modelde istatistiksel olarak anlamli ¢ikmus,
kirlilik s1g1inag1 mekanizmasinin Tiirkiye'de nedensel bir iz biraktigina isaret etmistir.

Fosil yakit payinin emisyon izerindeki etkisi ise —31,607 Mt olarak tahmin edilmis olmakla
birlikte, giiven araliginin sifir1 igermesi nedeniyle bu etki istatistiksel olarak anlamsizdir. Bu durum,
fosil yakit kullaniminin emisyon rejimini belirlemede gii¢lii bir korelasyon sergilemesine ragmen,
nedensel bir miidahale degiskeni olarak etkisinin bu 6rneklem biiyiikliigiinde yiiksek belirsizlik
(genis giiven araligi) tasidigini gostermektedir. Bu bulgu, n=35 gibi kisith bir érneklemde Nedensel
Orman algoritmasinin bazi degiskenlerde giivenilir tahminler liretmekte zorlanabilecegini, yontemin
tam etkinligi icin daha genis veri setlerine ihtiya¢ duyuldugunu ortaya koymaktadir.

Bu noktada SHAP ve Nedensel Orman bulgularimin birbirini tamamladigi, ancak farkli
sorular1 yanitladig1 vurgulanmalidir. SHAP analizi 'hangi degisken emisyon tahmininde en giiclii
aynistiricidir?' sorusuna yanit verirken, Nedensel Orman 'hangi degiskende gerceklestirilecek bir
miidahale emisyonu en giivenilir bigimde degistirir?’ sorusuna odaklanmaktadir. Bu ¢ergevede,
istatistiksel anlamlilik ve etki biiyilikliigli bakimindan yenilenebilir enerji pay1 (-47,501 Mt) emisyon
azaltim icin en etkili politika araci olarak 6ne c¢ikmaktadir. iki yontemin sundugu hiyerarsik
farkliliklar bir ¢eligski degil, aksine politika yapicilar i¢in metodolojik bir derinlik sunmaktadir:
Ekonomik biiylime ve mevcut enerji yapisi emisyonun temel belirleyicisi olsa da nedensel analiz,
gdzlemlenebilir kanstiricilarin kontrol edildigi kosullu bagimsizlik varsayim altinda, yenilenebilir
enerji kapasitesinin artirilmasinin daha 6ngériilebilir bir emisyon azalisiyla iliskili olduguna isaret
etmektedir.

Sonuclar

Bu c¢alisma, Tiirkiye'nin 1990-2024 dénemine ait yillik verileriyle sera gazi emisyonu
diizeyinin belirleyicilerini makine 6grenmesi tabanli siniflandirma ydntemiyle incelemistir. Sera gazi
serisinin medyan1 olan 395,9 Mt CO: esdegeri esigi temelinde olusturulan ikili siniflandirma
cergevesinde Gradient Boosting, Random Forest ve Lojistik Regresyon algoritmalar1 karsilastirmal
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olarak degerlendirilmis; modellerin performansi LOO-CV ile dl¢iilmiis, yorumlanabilirlik SHAP
analizi ve Nedensel Orman yontemiyle derinlestirilmistir.

LOO-CV sonuglarina gére Random Forest ve Lojistik Regresyon F1 = 0,973, Gradient
Boosting ise F1 = 0,971 performansi sergilemistir. Gradient Boosting ve Lojistik Regresyon
modellerinin kesinlik degerinin 1,000 diizeyine ulagmasi, yiliksek emisyon rejiminin tespitinde sifir
yanlg pozitif iiretildigini ve modelin politika uygulamalar1 i¢in giivenilir bir ayirt edici yap1
sergiledigini ortaya koymaktadir. SHAP analizi, emisyon rejimini belirleyen birincil degisken olarak
GSYIH’i belirlemistir. Diger belirleyiciler sirastyla yenilenebilir enerji payu, fosil yakit payimi ve dis
ticaret agiklig1 olmustur. Nedensel Orman analizi ise istatistiksel anlamlilik bakimindan yenilenebilir
enerji payin1 (ATE: —47,501 Mt) ve GSYIH'y1 (ATE: 46,507 Mt) 6ne ¢ikararak SHAP bulgularmi
nedensel bir perspektiften tamamlamistir. Bulgular ayrica Tiirkiye'nin 2007 yilindan itibaren yiiksek
emisyon rejimine kalic1 bicimde gectigini ortaya koymaktadir.

Caligma yazina dort temel katki sunmaktadir. Birincisi, sera gazi emisyon degiskenini
regresyon problemini yerine siniflandirma problemi olarak yeniden kurgulamasi, bulgularin iklim
politikas1 siireglerine dogrudan aktarimmi miimkiin kilmaktadir. Ikincisi, kiiciik 6rneklem
kosullarinda LOO-CV ile giivenilir model degerlendirmesi saglanmistir. Boylece veri sizintist ve
asir1 dgrenme riskleri yapisal olarak bertaraf edilmistir. Uciinciisii, SHAP gercevesinin entegrasyonu
topluluk algoritmalarin1 yorumlanabilir bir analiz aracina doniistiirmektedir. Dordiinciisii, Nedensel
Orman analizinin eklenmesiyle korelasyon ve nedensellik arasindaki metodolojik ayrim agik¢a
ortaya konulmus ve politika yapicilara yalnizca "ne iliskili?" degil, "ne miidahale edilebilir?"
sorusuna yanit sunulmustur.

Arastirma sorularina iliskin sonuglar degerlendirildiginde; birinci soruya iliskin olarak,
LOO-CV sonuglar1 makine 0grenmesi algoritmalarmin Tiirkiye'nin sera gazi emisyon rejimini
yiiksek dogrulukla smiflandirabildigini ortaya koymaktadir. Ikinci soruya iliskin olarak, SHAP
analizi GSYIH'y1 birincil belirleyici olarak tespit etmistir ve sirastyla yenilenebilir enerji pay1, fosil
yakit pay1 ve dis ticaret agiklig1 diger belirleyici degiskenler olmuslardir. Uciincii soruya iliskin
olarak, Nedensel Orman analizi yenilenebilir enerji pay1 ve GSYIH'nin emisyon iizerindeki nedensel
etkisini istatistiksel olarak anlamli bulurken fosil yakit payinin etkisi kiiciik 6rneklem kisiti nedeniyle
anlamliliga ulagamamustir.

Tartisma

Bu calismanin bulgulari, Tiirkiye'de sera gazi emisyonu belirleyicilerine iligkin mevcut
yazinla biiyiik dl¢lide ortiismekle birlikte birkag 6nemli noktada ayrismakta ve yazina 6zgiin katkilar
sunmaktadir.

Siniflandirma modellerinin performansi degerlendirildiginde, Random Forest ve Lojistik
Regresyon algoritmalarinin LOO-CV F1 = 0,973 ile gii¢lii ve kararli bir tahmin giicii sergiledigi
goriilmektedir. Gradient Boosting da F1 =0,971 ile ¢ok yakin bir performans sergilemistir. Rufaioglu
vd. (2025), Tiirkiye'nin sera gazi verilerinde Gradient Boosting'in R* = 0,995 ile en yliksek dogruluga
ulagtigim gostermistir. Metodolojik diizeyde, bu ¢alismada toplu algoritmalarin, SHAP analizinin ve
nedensel orman ¢ikarimmin entegre kullanimi, Sert (2026) tarafindan gecerliligi kanitlanan
yaklasima paraleldir. S6z konusu yaklasimda, ayn1 metodolojik iigliiniin, emisyon modellemesinden
farkll bir sosyoekonomik baglamda nedensel temelli ve politika diizeyinde uygulanabilir i¢goriiler
urettigi gosterilmistir. Regresyon ve siniflandirma gibi farkli problem gergevelerinde elde edilen bu
paralel bulgular, topluluk Ogrenmesi algoritmalarinin Tirkiye'nin emisyon dinamiklerini
modellemedeki {istiinliiglinii tutarli bi¢imde teyit etmektedir.

SHAP analizinde GSYIH’nin birincil belirleyici faktdr olarak ortaya ¢ikmasi, EKC
hipotezinin Tirkiye i¢in kosullu gecerliligini desteklemekte ve Katircioglu (2014), Pata (2018) ile
Govdeli (2019) tarafindan ortaya konulan uzun vadeli bulgularla uyumludur. Bu arastirmacilar,
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yapisal kirilmalar baglaminda Tiirkiye’nin heniiz gelir doniim noktasini gegmedigini teyit
etmislerdir. Bu bulgu, A¢ikgdz ve Oncel (2024) tarafindan N-11 diizeyinde de dogrulanmaktadir. Bu
arastirmacilar, ekonomik biiylimenin cevresel bozulma iizerindeki etkisinin N-11 ekonomileri
arasinda onemli dlciide farklilik gosterdigini ortaya koymuslardir. Bu bulgu, Tiirkiye’nin yiiksek
emisyon rejimi olarak smiflandirilmasiyla uyumludur. Yenilenebilir enerji paymin ikinci sirada
anlaml1 bir emisyon azaltici etki sergilemesi, Pata'nin (2018) bulgularin1 ve Beken vd.'nin (2019)
yenilenebilir enerji kapasitesinin artmasiyla Tiirkiye'nin daha diisiikk emisyon profiline sahip iilke
kiimelerine yaklastigin1 gosteren bulgusunu desteklemektedir.

GSYIiH'in ¢ift yonlii SHAP dagilimi CKE hipotezi agisindan degerli bir bulgu sunmaktadir.
Diisik GSYIH degerlerinin yiiksek emisyon olasiligini artirmasi, Tiirkiye'nin heniiz déniim
noktasina ulasip ulasmadigini tartisan yazinla (Katircioglu, 2014; Pata, 2018) ortiismektedir. Han &
Lin (2025), CKE hipotezinin yorumlanabilir makine 6grenmesiyle ele alindiginda iilkeye 6zgii esik
kosullarmin ortaya ¢iktigini géstermistir. Bu bulgu GSYIH'nin dogrusal olmayan SHAP dagilimimi
teorik diizlemde desteklemektedir.

Ticaret agikliginin SHAP analizinde son sirada yer almasi, kirlilik siginagi hipotezini giiglii
bir sekilde destekleyen Cole (2004)’un bulgulariyla kismen ¢elismektedir. Bununla birlikte,
Nedensel Orman analizi, bu degiskenin ATE degerinin 23,623 Mt oldugunu ve giiven araliginin sifir
icermedigini ortaya koymaktadir. Bu bulgu, ticaretin agikliginin 6ngorii giicli agisindan sinirh
olmasina ragmen, nedensel diizeyde emisyonlar iizerinde Onemli bir artis etkisi oldugunu
gostermektedir. Bu durum, kirlilik sigimagi mekanizmasinin Tiirkiye 6rneginde birincil bir kanal
olmaktan ziyade ikincil ve kosullu bir kanal olarak isledigini diisiindiirmektedir. Bu bulgu, ticaretle
baglantili degiskenler ile CO2 emisyonlar1 arasindaki iliskinin kurumsal ve teknolojik faktorler
tarafindan aracilik edildigini gosteren Yilmaz (2020) ile genel olarak tutarlidir. Bu durum, kirlilik
siginagi mekanizmasinin tek tip bir kanal olarak degil, daha ¢ok iilkeye 6zgili yapisal dzellikler
tarafindan sekillendirilen kosullu bir kanal olarak igledigini gostermektedir.

Nedensel Orman analizi, SHAP bulgularim1 tamamlayan ancak farkli bir perspektiften
degerlendiren sonuglar liretmistir. SHAP'ta {iglincii siraya yerlesen fosil yakit payinin ATE degeri
istatistiksel olarak anlamli bulunamamistir (ATE: —31,607 Mt, Giiven Araligi: [-67, +13]). Buna
karsin yenilenebilir enerji payr (ATE: —47,501 Mt, Giiven Aralig1: [-63, —32]) ve GSYIH (ATE:
+46,507 Mt, Gliven Araligi: [+30, +63]) nedensel diizlemde istatistiksel anlamliliga ulagsmistir. Bu
sonug, Ayvaz Giliven (2026) tarafindan da dogrulanmaktadir. Yazar, G20 iilkeleri i¢in panel
tahminlerini kullanarak yenilenebilir enerji tiiketiminin karbon ekolojik ayak izini 6nemli 6lgiide
azalttigini ortaya koymustur. Tiirkiye i¢in yapilan nedensel orman tahmini ile G20 igin yapilan panel
tabanli tahminin birbiriyle uyumlu olmasi, bu bulgunun dis gegerliligini giiglendirmektedir. Dis
ticaret acikliginin da emisyonlar {izerinde pozitif yonlii ve anlamli bir nedensel etkiye sahip oldugu
goriilmektedir (ATE: 423,623 Mt). Bu ayrisma, SHAP ve Nedensel Orman yontemlerinin farkli
sorular1 yanitladigim agikca ortaya koymaktadir: SHAP "hangi degisken emisyon siifini en giiclii
bicimde ayristirtyor?" sorusunu yanitlarken, Nedensel Orman "hangi degiskende gerceklestirilecek
bir miidahale emisyonu en giivenilir bicimde azaltir?" sorusunu yanitlamaktadir. iki yéntemin
birlikte kullanilmasi tek bir yonteme kiyasla ¢ok daha zengin ve politika agisindan islevsel bulgular
iiretmektedir. Fosil yakit payinin istatistiksel anlamliliga ulagamamasi ise biiytik dl¢lide n = 35 gibi
kiigiik bir 6rneklemde Nedensel Orman algoritmasinin "treatment” degiskenindeki dar varyasyonu
(fosil yakit pay1 %82-91 araliginda seyrediyor) yeterince isleyememesinden kaynaklanmaktadir.

Metodolojik diizlemde LOO-CV F1 = 0,973 ile ulasilan performans, Bakir vd.'nin (2022) ve
Hasan vd.'nin (2025) kiiciik veri setlerinde topluluk modellerinin daha kararl sonuglar iirettigini
gosteren bulgulariyla karsilastirilabilir niteliktedir. Kesinlik degerinin 1,000 olmasi, politika
uygulamalar1 agisindan 6zellikle degerlidir. Bu durum, gereksiz alarm iiretmeyen, yiiksek emisyon
rejimini isabetle tespit eden bir arag sunmaktadir. Leerbeck vd.'nin (2020) veri kalitesinin artmasiyla
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alanin 6nemli potansiyel barindirdigina iliskin vurgusu ise n = 35 goézlemlik bu caligmanin kisiti
baglaminda gelecek arastirmalar i¢in somut bir yol gdsterici olmaya devam etmektedir.

Politika Onerileri

Calismanin bulgulari, Tiirkiye'nin iklim politikasi tasarimi agisindan birbiriyle baglantili
somut 6nermeler dogurmaktadir.

Yenilenebilir enerji kapasitesinin 6nceliklendirilmesi. Nedensel Orman analizi, yenilenebilir
enerji payindaki artisin istatistiksel olarak anlamli bigimde sera gazi emisyonunu azalttigini ortaya
koymustur (ATE: -47,501 Mt). Bu bulgu, yenilenebilir enerji kapasitesinin genisletilmesinin
yalnizca enerji arz giivenligi degil, dogrudan iklim politikasi hedefleri bakimindan da birincil bir
politika kaldiraci niteligi tasiyabilecegine isaret etmektedir. Giines ve riizgar enerjisi yatirimlarinin
ontindeki biirokratik ve finansal engellerin azaltilmasi, enerji depolama kapasitesinin gelistirilmesi
ve dagitik iiretim modellerinin tesvik edilmesi bu dogrultuda degerlendirilebilecek araglar olarak
sunulabilir.

Fosil yakit bagimliliginin azaltilmasi. SHAP analizi fosil yakit payini1 emisyon rejimini
belirleyen iigiincii degisken olarak tespit etmistir. Ancak GSYIH ve yenilenebilir enerji payindan
sonra gelmesi bu degiskenin politika agisindan 6nemini azaltmamaktadir. Her ne kadar Nedensel
Orman analizinde bu degiskenin ATE degeri istatistiksel anlamliliga ulasamamais olsa da bu sonug
etkisizligi degil, 6rneklem biiyilikliigii kisitindan kaynaklanan 6l¢iim giicliigiinii yansitmaktadir.
Komiir santrallerinin agamali kapatilmasi, dogalgaz bagimliliginin azaltilmasi ve enerji verimliligi
yatinnmlarinin 6niindeki engellerin kaldirilmasi yapisal doniisiimiin 6nceliklendirilmesi gereken
bilesenleri olarak degerlendirilebilir.

Biiyiime-emisyon iliskisinin yonetimi. GSYIH'nin hem SHAP analizindeki dogrusal
olmayan dagilimi hem de Nedensel Orman'daki anlamli artiric1 etkisi (ATE: 46,507 Mt), ekonomik
biiylime stratejisinin iklim politikasiyla entegre bicimde tasarlanmasi gerektigine isaret etmektedir.
Ozellikle ekonomik daralma donemlerinde gevre politikasi biitgelerinin baski altina girdigi ve enerji
yogun sektorlerin goreli agirlik kazandigi géz 6nilinde bulunduruldugunda, karbon fiyatlandirmasi ve
yesil vergi reformu gibi piyasa tabanli araglarin ekonomik déngiliden bagimsiz isleyen istikrarlt bir
politika cercevesine oturtulmasi biiyiik 6nem tagimaktadir.

Calismanin Simirhliklari ve Gelecek Arastirma Onerileri
Bu calisma bazi1 sinirliliklart biinyesinde barindirmaktadir.

[k olarak analiz, n = 35 yillik gdzlemden olusan gorece kiiciik bir 6rneklem iizerine insa
edilmigtir. LOO-CV bu kisiti metodolojik olarak minimize etmekle birlikte, daha biiyiik
orneklemlerde hem siniflandirma hem de nedensel ¢ikarim tahminlerinin giivenilirligi dogal olarak
artacaktir. Bu sinirlilik 6zellikle Nedensel Orman analizinde belirgin bi¢cimde hissedilmektedir: fosil
yakit paymnin giiven araliginin sifir1 icermesi, biiyiikk 6l¢lide kiiclik 6rneklem ve “treatment”
degiskenindeki dar varyasyondan kaynaklanmaktadir. Algoritmanin anlamli etki farkliliklarini
yakalayabilmesi i¢in yiizii agkin gézlem gerekmektedir (Wager & Athey, 2018).

Ikinci stmirlilik, stmiflandirma esigi olarak tek bir istatistiksel referans noktasinin (395,9 Mt-
medyan) benimsenmesidir. Alternatif esik degerleri altinda model davranisinin nasil farklilastigi bu
calisma kapsaminda incelenmemistir. Medyan esigi yerine farkli esik degerleri kullanilarak
saglamlik testi yapilmasi gelecek ¢aligmalara Onerilebilir.

Ucgiinciisii, calisma ulusal diizey toplulastirilmis verilerle ¢alismaktadir ve sera gazi emisyon
dinamiklerinin sektorel kirilimini (enerji, ulagtirma, sanayi, tarim ve atik...vb) ayri ayri ele
almamaktadir. Sektorel diizeyde makine 6grenmesi tabanli analizler hem siniflandirma modellerinin
hem de nedensel ¢ikarim ydntemlerinin etkinligini 6nemli 6l¢iide artirabilecektir.
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Gelecek arastirmalar icin birka¢ yon one ¢ikmaktadir. Cok sinifli siniflandirma tasariminin
benimsenmesi, emisyon rejimlerinin daha ince bir ayrimla tanimlanmasina olanak taniyabilir.
Ceyreklik verilerin kullanilmasi, 6rneklem biiyiikliigiinii dort katina ¢ikararak hem siniflandirma
hem de Nedensel Orman analizlerinin giivenilirligini artirabilecektir. Uzun kisa siireli bellek aglar
(LSTM) veya zamansal evrisimli aglar (TCN) gibi derin 6grenme mimarilerinin, daha uzun zaman
serisi verileri mevcut oldugunda uygulanmasi karsilagtirmali bir metodolojik perspektif sunacaktir.
Ancak bu mimarilerin etkin ¢alismasi i¢in genellikle yiizii askin gozlem gerekmektedir (Goodfellow
vd., 2016). Son olarak Tiirkiye ile benzer gelisme diizeyindeki ekonomileri kapsayan karsilastirmali
panel analizleri, enerji doniislimiiniin emisyon rejimine etkisinin iilkeler arasinda nasil farklilagtigini
ortaya koyabilecektir.
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ETIK BEYANLAR
Arastirma ve Yayin Etigi
Yazar(lar), bu makalenin 6zgiin bir ¢alisma oldugunu ve bilimsel aragtirma ve yayin etigi
ilkelerine uygun olarak hazirlandigimi beyan eder. Makale daha dnce herhangi bir yerde
yayimlanmamis olup bagka bir dergide degerlendirme siirecinde degildir.
Caligmada kullanilan tiim kaynaklar akademik kurallara uygun bigimde atiflanmistir.
Yazar(lar), caligmanin intihal, veri uydurma, veri tahrifi veya manipiilasyon igermedigini;
arastirma bulgularinin bilimsel diirtistliik ilkelerine uygun sekilde sunuldugunu beyan eder.
Yazar Katkisi
Tim yazarlar ¢alismanin tasarlanmasi, yiirlitiilmesi, analizi ve makalenin hazirlanmasina
onemli Olctide katki saglamistir. Tiim yazarlar makalenin son halini okuyup onaylamis ve
yayimlanmasini kabul etmistir.
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Cikar Catismasi
Yazar(lar), bu makalenin yayimlanmasina iligkin herhangi bir ¢ikar ¢atismasi bulunmadigini
beyan eder.

Finansal Destek
Bu aragtirma herhangi bir kamu kurumu, ticari kurulus veya kar amaci giitmeyen kurulus
tarafindan finansal olarak desteklenmemistir.

Yapay Zeka Kullanim Beyam
Makalenin hazirlanmasi siirecinde yapay zeka araglarindan yalnizca dil diizenleme, ceviri
destegi ve anlatim iyilestirmesi amaciyla simirhi 6lgiide yararlanilmis olabilir. Yapay zeka
araglar tarafindan yapilan ceviri ve dil diizenlemeleri yazar(lar) tarafindan dikkatle kontrol
edilmistir. Yapay zekad araclari calismanin bilimsel igeriginin, arastirma tasariminin,
analizlerinin veya akademik sonuglarinin olusturulmasinda kullanilmamigtir. Makalenin
igerigine iligkin tiim akademik sorumluluk yazar(lar)a aittir.

Telif Haklar1 ve izinler
Yazar(lar), telif hakki gerektiren materyaller kullanilmigsa gerekli izinlerin alindigim ve
caligmanin herhangi bir fikri miilkiyet hakkini ihlal etmedigini beyan eder.

Yazar Onayi

Tiim yazarlar makalenin son halini okuduklarini, onayladiklarini ve yayimlanmasini kabul
ettiklerini beyan eder.
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