
1

Adıgüzel Tüylü.

XAI Analysis of Energy Consumption in Europe

Corresponding author: 
Ayşe Nur Adıgüzel Tüylü

E-mail: 
ayse.adiguzeltuylu@iuc.edu.tr

Received: December 25, 2025

Revision Requested: March 3, 2026

Last Revision Received: March 6, 2026

Accepted: March 10, 2026

Publication Date: March 30, 2026

DOI: 10.5152/electrica.2026.25405

ORIGINAL ARTICLE

Interpreting Primary Energy Consumption in Europe and Türkiye Using 
Explainable Artificial Intelligence
Ayşe Nur Adıgüzel Tüylü
Department of Industrial Engineering, İstanbul University-Cerrahpaşa, Faculty of Engineering, İstanbul, Türkiye

Cite this article as: A. N. Adıgüzel Tüylü, “Interpreting primary energy consumption in Europe and Türkiye using explainable artificial intelligence,” Electrica, 2026, 26, 
0405, doi: 10.5152/electrica.2026.25405.

1

26

Electrica 2026; 26: 1-12

ABSTRACT

This study aims to analyze the key determinants of primary energy consumption in Europe and Türkiye by 
interpreting the results obtained through machine learning (ML) methods using explainable artificial intelligence 
(XAI) techniques. The analysis was conducted separately for European countries and Türkiye, using annual energy, 
economic, and demographic data covering the period from 1965 to 2022. The model was constructed using 
a regression-based ML framework, and SHapley Additive exPlanations (SHAP) and local interpretable model–
agnostic explanation (LIME) methods were used to ensure the interpretability of model outputs both globally and 
locally. The model achieved high predictive performance with an R2 of 0.988, a root mean squared error of 97.818, 
a mean absolute error of 69.55, a normalized root mean squared error of 0.022, and a normalized mean absolute 
error of 0.016, normalized using the min–max method. The results show that oil consumption and gross domestic 
product (GDP) continue to be the dominant drivers of primary energy demand across Europe, while the share of 
renewable energy exhibits a suppressive effect. Comparative SHAP and LIME analyses for Türkiye reveal that, while 
the share of renewable energy is beginning to negatively impact energy consumption, fossil fuel dependence, 
and GDP-driven demand remain dominant. The findings provide directly interpretable, policy-relevant insights for 
sustainable energy planning and demonstrate the added value of XAI-based approaches to energy consumption 
analysis.
Index Terms—Explainable artificial intelligence, local interpretable model–agnostic explanations, machine 
learning, primary energy consumption, renewable energy, SHapley Additive exPlanations (SHAP).

I. INTRODUCTION

Energy use is a fundamental input present in all areas of activity worldwide and at the heart 
of the economic system. Increasing energy consumption represents one of the most urgent 
human-induced global problems of the 21st century. Rapid population growth, the resulting 
rise in urbanization, the ever-increasing industrialization required to meet consumer needs, the 
increasing use of transportation, and people’s rising expectations for quality of life all impact the 
functioning of economic systems and lead to ever-increasing energy consumption. This rapid 
increase in energy consumption plays a critical role not only in economic systems but also in 
climate change and environmental impact, sustainability, and safe energy production. Because 
the consumption of fossil fuel-based energy causes environmental pollution, how energy is pro-
duced is also important for climate and environmental policies.

This study examines energy consumption in European countries and Türkiye, which have long 
been high energy consumers at the national level and are pioneers in the transition to renew-
able energy. According to the European Green Deal, the goal of minimizing CO2 reduction, along 
with the transition to energy production from renewable sources and policies for secure energy 
demand, demonstrates that the change is not only in the volume of energy consumption but 
also in the type of energy consumed. However, there is a multifaceted relationship between 
population, economic growth, energy demand, and energy consumption that cannot be repre-
sented by a linear relationship, and this relationship structure varies across countries.

WHAT IS ALREADY KNOWN ON THIS 
TOPIC?

•	 Machine learning (ML) methods are 
widely used for forecasting primary energy 
and electricity consumption in European 
countries and Türkiye.

•	 Economic growth (gross domestic product 
[GDP]) and fossil fuel consumption are 
known to be the main drivers of total 
primary energy demand.

•	 Most existing energy forecasting studies 
provide high prediction accuracy but 
offer limited interpretability on how input 
variables influence model decisions.
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Türkiye is included as a distinct analytical case due to its unique structural and geopolitical posi-
tion. As an emerging economy and a strategic energy corridor between Europe and Asia, Türkiye 
combines high growth volatility, fossil fuel dependency, and expanding renewable investments. 
Unlike many EU member states with relatively mature renewable transitions, Türkiye represents 
a transitional energy system, making it an informative comparative benchmark for evaluating 
heterogeneous energy dynamics within the broader European context.

While the methods used in current literature on energy consumption forecasting studies are 
mostly time series and regression-based, there has recently been a shift toward machine learn-
ing (ML)-based methods. The primary reasons for this trend’s proliferation are the analysis of non-
linear and multivariate relationships using ML methods and the high predictive performance 
of established energy consumption forecasting models. While ML methods can produce highly 
accurate forecasting models, the black-box nature of this modeling limits and complicates inter-
pretation. For energy policies, which are of great importance for environmental pollution, green 
transformation, sustainability, social contribution, and economic impact, it is crucial not only to 
produce highly accurate forecasts but also to determine which variables influence these fore-
casting results and to what extent. When the literature on energy consumption is examined, 
the relationship between economic growth and energy consumption is established using gross 
domestic product (GDP), while variables such as population growth, the proportion of fossil 
fuels used in energy production, the amount of renewable energy, and the types of fuels used 
in energy production are largely secondary. However, when looking at European countries in 
particular, it becomes clear that the primary factors affecting energy consumption are not solely 
economic factors but also the changing type of energy demand, dependence on fossil fuels, and 
the shift toward renewable energy sources. Therefore, to ensure that energy consumption fore-
casting models are explainable, multidimensional approaches must be used, and the effects of 
all variables must be revealed using explainable artificial intelligence (XAI).

Recently, XAI approaches have been rapidly developing, transcending the black-box limita-
tions of ML models and enabling interpretable decision-making mechanisms. Methods such 
as SHapley Additive exPlanations (SHAP) and local interpretable model–agnostic explanations 
(LIME) can reveal the extent and direction of which variables affect model outputs, both glob-
ally and locally. In other words, the model developed using XAI methods will not only estimate 
how much energy will be consumed in energy policies, energy planning, and academic stud-
ies, but will also reveal why these input variables are used to predict this energy consumption. 
Among XAI techniques, SHAP and LIME were selected due to their complementary explanatory 
strengths. SHapley Additive exPlanations is grounded in cooperative game theory and provides 
consistent global attribution of feature contributions across the dataset, enabling structural 
interpretation of model behavior. Local interpretable model–agnostic explanations, on the other 
hand, offer locally faithful approximations around specific observations, making it particularly 
useful for country-specific diagnostics. The combined use of these two approaches enhances 
both global transparency and local policy interpretability.

This study aims to build an energy consumption forecasting model using ML algorithms for 
European countries, considering key structural variables such as GDP, population, fossil fuel 
share, renewable energy share, and coal, oil, and natural gas consumption, and to interpret the 
results using XAI methods. Consequently, energy consumption is analyzed holistically, not only 
based on GDP, but also by variables such as population, fuel type, fossil fuel share in energy con-
sumption, and the proportion of renewable energy in consumed energy.

The selection of explanatory variables was guided by both the classical energy–growth literature 
and the structural composition of primary energy demand. While GDP captures macroeconomic 
scale effects, fuel-specific consumption variables (oil, coal, and gas) represent direct structural 
contributors to total primary energy use. In addition, fossil and renewable energy shares reflect 
compositional shifts within the energy mix, allowing the model to capture transition dynamics. 
The objective is not to assume strict statistical independence among these variables, but rather 
to integrate both scale effects and structural energy composition within an explainable model-
ing framework.

The uniqueness of this study lies in its high-performance modeling of primary energy consump-
tion in European countries, but also in its transparent analysis of the direction and magnitude of 
the impact of inputs affecting energy consumption and their changes over time, using SHAP and 
LIME-based explainable artificial intelligence techniques. This approach clearly and transparently 

WHAT DOES THIS STUDY ADD ON 
THIS TOPIC?

•	 This study integrates SHapley Additive 
exPlanations and local interpretable 
model–agnostic explanation methods 
with ML to provide both global and 
local explanations of primary energy 
consumption across Europe and for 
Türkiye.

•	 It reveals that although renewable energy 
share has started to exert a suppressing 
effect on energy consumption in Türkiye, 
fossil fuel dependency and GDP-driven 
demand remain dominant.

•	 The study provides a directly interpretable, 
policy-relevant framework that links 
energy consumption dynamics with 
explainable artificial intelligence.
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demonstrates which input variables increase and which variables 
suppress primary energy consumption. It also demonstrates that the 
impacts of energy transition policies are significant not only environ-
mentally but also in terms of energy demand management. Thus, 
this study encompasses energy-focused economic policies, sustain-
able energy policies, and the XAI literature, aiming to contribute to 
a data-driven and interpretable analysis of energy consumption and 
the energy transition process in European countries.

II. LITERATURE REVIEW

Energy consumption is increasing daily, directly proportional to pop-
ulation growth, economic growth, and industrialization. This increase 
has brought about an increase in economic, climate change, environ-
mental, and sustainability issues. The rapidly increasing greenhouse 
gas impact of energy derived from fossil fuels has led energy poli-
cies to shift toward sustainable and renewable energy. When plan-
ning these sustainable energy policies, the factors affecting primary 
energy consumption must be accurately modeled based on scientific 
foundations. Forecasting studies using ML methods, which enable 
data-driven decision-making, are becoming increasingly common 
in the literature, replacing traditional statistical approaches with 
limited predictive capabilities. Therefore, ML methods can model 
the relationships between energy consumption and GDP, popula-
tion, fuel type used, and the share of fossil and renewable energy 
in consumption with high predictive performance. However, the 
interpretability of forecasting models obtained with ML methods is 
challenging. Obtaining understandable forecasting results is crucial 
for decision-makers to make accurate decisions in critical areas such 
as energy policies. Therefore, XAI approaches, which both demon-
strate high-accuracy forecasting performance and provide a trans-
parent explanation of the resulting forecasting model, have begun 
to attract attention. Explainable artificial intelligence methods trans-
parently explain how variables affect primary energy consumption 
in complex, multivariate, non-unidirectional, and nonlinear situa-
tions. This allows XAI methods to ensure technical accuracy while 
enabling accurate and robust economic policy planning.

Recent studies reveal that energy consumption forecasting studies 
focus on ML-based and XAI-based methods to explain the relation-
ships between energy, sustainability, and economic factors. This sec-
tion provides examples of some studies on this topic in the literature. 
Deb et  al. (2017) present a literature review of time series and ML 
models on energy forecasting for buildings [1]. Rolnick et al. (2020) 
demonstrated how the use of ML methods can be a powerful tool in 
reducing greenhouse gas emissions and helping society adapt to a 
changing climate [2]. In this paper, Ahmad et al. examine the build-
ing electrical energy forecasting method using artificial intelligence 
(AI) methods such as support vector machine and artificial neural 
networks (ANNs) [3]. Ahmad et al. (2021) included topics such as the 
use of AI in solar and hydrogen energy production, the use of AI in 
supply-demand management control, and recent developments in 
AI technology in their studies [4]. These studies collectively demon-
strate the growing adoption of AI and ML methods in energy fore-
casting and energy system analysis. However, a large portion of this 
literature primarily focuses on improving predictive accuracy rather 
than explaining the structural drivers behind energy consumption 
patterns.

Jaseena & Kovoor (2021) combined the features of various data 
parsing techniques and Bi-Directional Long Short-Term Memory 
networks with their proposed wind speed estimation framework 

[5]. Kahia et al. (2022) aimed to expand the previous environmental 
economics literature by examining the relationship between disag-
gregated energy use, economic growth, and environmental quality 
in Saudi Arabia using ML techniques on data from 1980 to 2020 [6].

As ML models become increasingly complex, concerns regarding 
their interpretability have also grown. This has led to the emergence 
of XAI, which aims to improve transparency and provide interpreta-
ble insights into ML predictions. Machlev et al. (2022) first discussed 
the common challenges of using XAI in power system applications 
and then highlighted the recent work on this topic and its poten-
tial [7]. Alba et al. (2024) trained long short-term memory, random 
forest, support vector regression, and XGBoost ML models on his-
torical consumption data and climate variables from the last 7 years 
obtained from the Paraná Federal Institute to forecast electricity 
consumption 12 months ahead. Model performance was improved 
using SHAP, feature selection was performed, and hyperparameter 
optimization was performed using genetic algorithms and particle 
swarm optimization [8]. Eskandari et al. (2024) present a new frame-
work that integrates feature selection and ML techniques to estimate 
domestic national energy consumption across all energy sources in 
the UK, aiming to increase accuracy and transparency in energy con-
sumption estimates using the SHAP method [9]. These recent studies 
demonstrate that XAI techniques are increasingly used not only to 
improve forecasting accuracy but also to enhance model transpar-
ency. In particular, SHAP-based approaches have become prominent 
for identifying the contribution of individual variables in complex 
prediction models. Building on this growing body of research, the 
present study integrates SHAP and LIME to provide both global and 
local interpretability of energy consumption dynamics.

Manfren et al. (2024) conducted a review study that aims to provide 
integrated modeling solutions for the adoption of interpretable 
data-driven methods such as XAI for building energy modeling [10]. 
Arabzadeh & Frank (2025) systematically reviewed 50 peer-reviewed 
studies (2020–2025) applying XAI to load, price, or renewable energy 
production forecasts [11]. Hossain et  al. (2025) presented a review 
that examined next-generation AI methods and their integration 
into the automotive industry from a holistic perspective [12]. In their 
study, Öter & Ersöz (2025) examined the use of various algorithms 
in AI applications in renewable energy systems, evaluated existing 
methods, and proposed an innovative approach for AI estimation 
in solar energy systems using advanced ML techniques [13]. In their 
study, Öğlü et al. (2025) first estimated Türkiye’s electricity consump-
tion using ensemble ML models and then analyzed the impact of 
variables such as economy, weather, and demand structure on the 
forecast using the SHAP method [14]. Despite the increasing num-
ber of ML and XAI-based studies, comparative analyses that evalu-
ate energy consumption dynamics across multiple regions remain 
limited. In particular, studies focusing specifically on Türkiye are 
relatively scarce within the broader European energy literature. 
Therefore, examining energy consumption patterns across European 
countries while analyzing Türkiye as a distinct case contributes to a 
deeper understanding of regional energy transition dynamics.

III. METHODOLOGY

A. Data Source and Variable Selection
The dataset used in this study was obtained from the Our World in 
Data – Energy dataset, which provides annually reported country-
level data on energy and related economic indicators. For the scope 
of this research, only European countries were considered, and the 
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analysis was limited to the 1965–2022 period to ensure temporal 
consistency and reduce the effect of outdated or incomplete records.

After a comprehensive initial inspection, the variables in Table I were 
selected.

•	 Variables:
•	 Iso code.
•	 Country.
•	 Year.

•	 Target variable:
•	 Primary energy consumption.

•	 Predictor variables:
•	 GDP.
•	 Population.
•	 Fossil share energy.
•	 Renewables share energy.
•	 Coal consumption.
•	 Oil consumption.
•	 Gas consumption.

B. Data Preprocessing
The dataset was first filtered to include only European countries. 
Missing values were then filled in during the modeling process 
using median imputation. Median imputation was preferred due to 
its robustness against extreme values in long-term macroeconomic 
and energy datasets. Consequently, the final dataset contained 
1590 records from 30 European countries between 1965 and 2022, 
as shown in Table II. To prepare for regression analysis and improve 
model performance, all numerical variables were normalized using 
Min–Max scaling. Min–Max normalization was applied to ensure 
comparability across variables with different magnitudes and to 
support stable coefficient estimation and SHAP-based attribution 
analysis. This approach was preferred over alternative scaling meth-
ods because it preserves the relative distribution of the original data 
while transforming all variables into a common range, which facili-
tates interpretation in regression-based and explainable AI analyses.

C. Explainable Artificial Intelligence
While ML methods are widely used for their high accuracy in predict-
ing variables, they often have a black-box structure that is uninter-
pretable, particularly when multidimensional interactions between 

variables are involved. This presents limitations in critical policy plan-
ning, such as economic, environmental, and sustainability, making 
the transparency of XAI methods crucial. Understanding how indi-
vidual characteristics influence model output is crucial for ensuring 
predictions are both accurate and actionable.

Explainable artificial intelligence overcomes these limitations by 
transparently revealing the internal structures of prediction models. 
Rather than directly accepting model results, XAI techniques aim to 
quantify the contribution of each variable to the prediction. Model 
interpretability supports model accuracy and increases model con-
fidence. Explainable artificial intelligence helps understand which 
variables are truly influential and which have a limited impact in 
studies where multiple energy-related factors interact. In recent 
studies, XAI techniques such as SHAP and LIME have been increas-
ingly used to interpret ML models and quantify the contribution of 
individual variables to prediction outcomes [15–17].

D. Predictive Modeling
A standard linear regression model was trained using 80% of the 
dataset for training and 20% for testing. The objective was to esti-
mate the primary energy consumption based on the selected pre-
dictor variables. Model performance metrics R2, mean absolute error 
(MAE), and root mean squared error (RMSE) used in this study are 
explained in Table III.

Although energy systems may exhibit nonlinear and complex 
dynamics at a macro-structural level, a linear regression framework 
was deliberately selected in this study to establish a transparent 
and structurally interpretable baseline model. The objective is not 
to maximize algorithmic complexity but to clearly decompose the 
relative contribution of economic scale and fuel-specific consump-
tion variables within an explainable modeling environment. This 

TABLE II.  PRESENTATION OF DATA PROCESSING AND PREPARATION FOR 
ANALYSIS

Processing Step Description Result

Filtering Only European countries and 
Türkiye selected

30 countries

Year range 1965–2022 57 years

Missing data 
filling

Rows with missing data were filled 
using median imputation

1590 observations

Normalization Numerical variables using Min–Max Applied

TABLE III.  PERFORMANCE EVALUATION METRICS USED IN THE STUDY

Abbreviation What It Measures? How To Interpret?

MAE (mean 
absolute error)

On average, is there a bias 
in the prediction of “How 
many TWh primary energy 
consumption” ?

The closer to 0, the better 
(unit: same as the target)

RMSE (root mean 
squared error)

More sensitive to large 
errors

Always a large MAE value; 
highlights extreme errors

R2 (determination 
coefficient)

What % of the target 
variable’s variance is 
explained?

Ranges between 0 and 1; 
0.98 ⇒ 98% of variance 
explained

TABLE I.  VARIABLES INCLUDED IN THE STUDY

Variable Description Unit

Primary energy consumption Total energy usage TWh

GDP Gross Domestic Product USD

Population Country population Number

Fossil share energy The share of fossil fuels in energy %

Renewables share energy The share of renewables energy 
in energy

%

Coal consumption Coal consumption amount TWh

Oil consumption Oil consumption amount TWh

Gas consumption Gas consumption amount TWh
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approach ensures methodological consistency between predictive 
modeling and XAI-based interpretation.

E. Explainable Artificial Intelligence Techniques
Two XAI tools were used to ensure transparency and interpretability 
in regression modeling:

•	 SHAP (SHapley Additive exPlanations): SHAP uses the “Shapley 
Interaction Index” from cooperative game theory to capture local 
interaction effects. SHAP values indicate how much each input 
variable contributes to the prediction. This allows for both global 
and local interpretability and explains which features contribute 
most to each prediction [15].

•	 LIME (Locally Interpretable Model-Independent Explanations): The 
LIME method interprets individual model predictions by locally 
approximating the model around a specific prediction [16]. In 
other words, LIME interpretably and reliably explains a complex 
model by learning a small, simple, locally interpretable model 
around the specific observations under study to simplify it [17].

Although linear regression is inherently transparent at the coefficient 
level, SHAP and LIME provide observation-level contribution analy-
sis beyond global coefficient estimates. SHAP enables consistent 
attribution across all country–year observations, while LIME offers 
locally faithful explanations for specific instances, such as Türkiye in 
selected years. The joint use of these methods strengthens interpre-
tative robustness by validating global structural findings with local 
diagnostic insights.

IV. RESULTS AND DISCUSSION

This section presents the results of ML and XAI techniques used to 
understand the relationship between selected attributes and pri-
mary energy consumption in European countries during the period 
1965–2022.

A. Model Performance
A linear regression model was applied to the data set using GDP, 
population, coal consumption, gas consumption, oil consumption, 
fossil share energy, and renewable share energy as predictor vari-
ables and primary energy consumption as the target variable. After 
the necessary preprocessing, the model obtained an RMSE of 98.818, 
an MAE of 69.553, and an R2 value of 0.988. Since the target variable 
is a quantity fluctuating in the 1000–3000 TWh band, the obtained 
RMSE and MAE values, which are affected by local fluctuations, are 
at an acceptable level. Since energy consumption amounts among 
European countries will differ greatly from each other in some coun-
tries, normalized NRMSE and NMAE values were calculated using 
normalization based on the min–max value range rather than nor-
malization based on the mean. If the obtained 2.235% normalized 
root mean square error (NRMSE) and 1.589% normalized mean abso-
lute error (NMAE) values and 98.8% R2 value are interpreted together, 
these results indicate that the model captures a substantial propor-
tion of structural variation in primary energy consumption across 
countries and years. However, the high explanatory power should 
be interpreted in light of the compositional relationship between 
primary energy consumption and its fuel-specific components.

Beyond global performance metrics, the distribution of SHAP values 
provides additional insight into how explanatory power is allocated 
across variables. The mean absolute SHAP values indicate that oil 
consumption accounts for the largest share of predictive contri-
bution, followed by GDP and coal consumption, while population 

contributes marginally. This distribution confirms that model per-
formance is predominantly driven by structural energy inputs rather 
than demographic scale effects.

As presented in Table IV, the regression model achieved an R2 value 
of 0.988 (on the 20% test set), demonstrating a strong predictive 
relationship between the selected features and primary energy 
consumption.

These results demonstrate that the linear model is effective in cap-
turing changes in primary energy consumption across countries and 
years. It is important to note that primary energy consumption struc-
turally incorporates fossil fuel components such as coal, oil, and gas 
consumption. Therefore, the high explanatory power of the model 
is consistent with the compositional structure of the target variable 
rather than indicative of model overfitting. The inclusion of both 
absolute consumption variables and share-based indicators enables 
the distinction between scale effects and compositional transition 
dynamics. The aim of the model is interpretative structural analysis 
rather than causal parameter isolation.

B. SHapley Additive exPlanations Analysis: Global Interpretability
In this section, findings such as which variable most influences 
primary energy consumption, whether the negative impact of the 
renewable energy rate can be captured, and whether the impact of 
GDP and population variables is weak or strong were obtained using 
different SHAP and LIME methods. A SHAP bar plot analysis was con-
ducted to examine the overall impact of each feature on the energy 
consumption forecasting model. Fig. 1 is a SHAP bar plot showing 
the relative global importance ranking of model inputs on primary 
energy consumption, and Table V shows global feature importance 
based on SHAP values.

As seen in Fig. 1, the oil consumption variable has the greatest 
impact on primary energy consumption in Europe. The GDP, coal 
consumption, and fossil energy share variables also exhibit similarly 
high impacts. While GDP has a high impact, it is secondary, affect-
ing energy consumption more because it lacks a structural effect. 
The continued high impact of coal fuel use and fossil energy share 
can be attributed to the incomplete energy transition in European 
countries. The impact of the renewable energy share is negative, as 
expected, but not dominant. Across European countries, the popula-
tion has a very low impact on primary energy consumption.

When the basic patterns in the SHAP summary plot are examined, 
the variables are ranked as follows: oil consumption, GDP, coal con-
sumption, fossil share energy, gas consumption, renewables share 

TABLE IV.  MODEL PERFORMANCE METRICS FOR PRIMARY ENERGY 
CONSUMPTION REGRESSION ANALYSIS

Metric Value

R-squared (R2) 0.988310273474451

MAE 69.55277781134696

​NMAE (range) 0.01589

RMSE 97.8183538923798

​NRMSE (range) ​0.02235

MAE, mean absolute error; RMSE, root mean square error.
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energy, and population. According to the SHAP summary plot, a 
spread to the right indicates an increasing effect on the forecast, 
while a spread to the left indicates a decreasing effect. Red repre-
sents high values of the input variable, and blue represents low val-
ues. Accordingly, it appears that the oil consumption variable, with 
the red patterns exhibiting the widest spread to the right, is the most 
influential input variable in estimating primary energy consumption. 
In other words, high oil consumption strongly increases primary 
energy consumption, while low oil consumption reduces energy 
demand. It is inferred that oil consumption is still the main factor 
directly driving primary energy demand in Europe in sectors such as 
transportation, industry, and petrochemicals.

The unidirectional and uniform rightward spread of the GDP and 
coal consumption input patterns in the graph, in red, indicates that 
these inputs have an increasing effect on primary energy consump-
tion, although not as much as oil. Consequently, it can be argued 
that energy consumption systematically increases as the economic 
size of European countries increases. A high gas consumption vari-
able also increases primary energy consumption, but it does not 
have as dominant an impact as oil and coal.

The fossil fuel share energy variable appears to form a suppressive 
pattern, with red dots concentrated on the left side of the graph in 

Fig. 2. This suggests that in observations where the fossil fuel share 
is high, the model tends to slightly reduce primary energy consump-
tion. In other words, the absolute oil, coal, and gas consumption 
of European countries in general already increases primary energy 
consumption; a high fossil fuel share creates a saturation and bal-
ancing effect within the composition. According to this graph, the 
renewable energy share clearly reduces primary energy consump-
tion, while the fossil fuel share exhibits a weak and slightly negative 
effect, very close to zero; the main increasing effect comes from oil, 
coal, and gas consumption. This interpretation, resulting from the 
model, highlights the significance of the XAI findings.

The red patterns starting on the left indicate that the renewable 
energy share has a decreasing effect on primary energy consump-
tion, as expected. This reverse effect emerges as a result of renew-
able energy transition policies in European countries.

Finally, when looking at the population variable, which has a narrow 
blue distribution around zero in the graph, it appears that the effect 
of the population variable is suppressed by the energy variables and 
the GDP variable within European countries.

In summary, energy consumption variables such as oil, coal, and 
gas consumption are the primary inputs that unidirectionally and 
strongly increase primary energy consumption, while increases 
in proportional inputs such as the fossil fuel share and the renew-
able energy share systematically reduce the energy consumption 
estimate. The suppression of the population variable’s contribu-
tion indicates that energy consumption in European countries is 
predominantly influenced by economic and energy consumption 
inputs. When the SHAP dependence graphs in Fig. 3 are examined, 
it is seen that an increase in the renewable energy share has a uni-
directional, linear, and strongly decreasing effect on primary energy 
consumption. It has been shown that while it provides a positive 
contribution with SHAP values between 50 and 70 at the lowest 
renewable energy share levels between 0% and 10%, it turns into a 
negative contribution with SHAP values between −100 and −150 at 
moderate renewable energy share levels between 25% and 40%. At 
the highest renewable energy share levels between 60% and 70%, it 
has a significant negative impact, decreasing to SHAP values of −300 
and below. It has been demonstrated that renewable transforma-
tion structurally suppresses not only emissions but also total energy 
intensity.

Fig. 1.  Global ranking of importance of model inputs on primary energy consumption.

TABLE V.  GLOBAL FEATURE IMPORTANCE BASED ON MEAN ABSOLUTE 
SHAPLEY ADDITIVE EXPLANATIONS VALUES

Features Importance (SHAP)

Oil consumption 248.24518751828364

GDP 137.95020965129356

Coal consumption 136.95586480208846

Fossil share energy 121.89983633687007

Gas consumption 73.16863556324778

Renewables share energy 60.373395039102576

Population 2.2678016254724382

GDP, gross domestic product; SHAP, SHapley Additive exPlanations.
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The observed suppressive effect of renewable energy share should 
not be interpreted as an absolute reduction in energy demand, but 
rather as a structural moderation effect within the model framework. 
The SHAP dependence pattern suggests that as renewable penetra-
tion increases beyond moderate levels (approximately 25–40%), the 
relative contribution to total primary energy consumption shifts 
downward, indicating improved compositional efficiency rather 
than direct demand contraction.

Similarly, it is observed that the fossil energy share creates a perfectly 
inverse linear slope in the graph, making a positive contribution 
between 400 and 500 SHAP values at 30–40%, and this contribution 
turns into a negative contribution when fossil energy share levels 
reach 90–100%. These results suggest that in European countries 
with a very high fossil energy share, increasing the fossil fuel share 
does not increase primary energy consumption further. However, in 
countries with a moderate fossil energy share, even small increases 

Fig. 2.  SHapley Additive exPlanations summary plot of global feature effects on primary energy consumption drivers across European countries.

Fig. 3.  SHapley Additive exPlanations dependence analysis of key energy and economic drivers across European countries.
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significantly increase primary energy consumption. These results 
suggest that energy policies should focus on reducing fossil fuel 
consumption in countries with already very high fossil energy shares 
of 80–90% and on structural energy transformation in countries with 
a 40–60% share.

A look at the SHAP dependence graph for GDP reveals a positive lin-
ear relationship with primary energy consumption. Low SHAP val-
ues, close to zero, are observed at low GDP levels of $1 trillion and 
below, while SHAP values also increase linearly to medium and high 
levels as GDP increases to medium and high levels. A very strong 
positive contribution to primary energy consumption is observed at 
GDP levels of $3 trillion and above, with SHAP values of 1000 and 
above. These results suggest that energy consumption in develop-
ing European countries increases directly with the economy, while in 
developed European countries, it increases primarily due to oil and 
gas consumption.

A look at the population graph reveals that even with significant 
population growth, there is no necessary increase in energy con-
sumption, suggesting a weak and scattered relationship between 
population and primary energy consumption. Accordingly, energy 
consumption in European countries is not affected by population 
but by economic structure and areas such as industry and transpor-
tation, where energy consumption is concentrated and should be 
planned accordingly.

This finding may reflect the structural characteristics of developed 
European economies, where energy intensity is increasingly deter-
mined by industrial composition and technological efficiency rather 
than demographic expansion alone. Thus, population effects may be 
indirectly mediated through economic scale variables captured by 
GDP.

The SHAP heatmap graphs demonstrate whether the effects of vari-
ables are distributed homogeneously across time or observations. 
In Fig. 4, the SHAP heatmap plot shows a distinct darkening on the 
right side, representing the country observations with the highest 
total SHAP impact on model output, representing the impact on oil 
and coal consumption and GDP variables. These effects are weaker 
than in previous observations. This result suggests that the variables 

affecting primary energy consumption in European countries are 
not homogeneous over time, and that fossil and renewable energy 
shares, in particular, have a heterogeneous and weak impact on 
model output.

The heterogeneous structure of the GDP effect, both blue and 
red throughout the heatmap, indicates that it affects model deci-
sions positively or negatively depending on specific country and 
year combinations. The effects of coal, oil, and gas consumption, 
as well as fossil and renewable energy shares, are observed to be 
concentrated in local areas, i.e., they dominate in specific country 
observations rather than across all countries. Consequently, when 
looking at the SHAP heatmap graph, it can be said that the model 
has a stable learning structure and does not produce random, scat-
tered effects.

To demonstrate which variables have shaped primary energy con-
sumption in Türkiye over time and in what direction, the SHAP 
waterfall explanations for 2014 and 2022 are presented compara-
tively in Fig. 5 and Table VI. The SHAP waterfall comparison shows 
that GDP was the primary driver in Türkiye during the 2014–2022 
period, and this situation became more pronounced in 2022. This 
finding suggests that primary energy consumption is more closely 
linked to economic growth. The increase in oil, coal, and gas con-
sumption, particularly the nearly doubling of oil consumption, is 
seen as a negative development in terms of carbon intensity and 
external dependency. While oil, coal, and gas consumption ranked 
coal > gas > oil in 2014, it shifted to oil > coal > gas in 2022. This 
suggests that Türkiye is shifting toward a more oil-intensive and 
more externally dependent energy consumption structure. The 
relative shift in contribution ranking—where oil consumption sur-
passes coal and gas between 2014 and 2022—indicates not merely 
quantitative growth, but a structural reorientation in Türkiye’s 
energy demand composition. This transition suggests increased 
exposure to oil-dependent sectors such as transportation and 
industry, which has implications for energy security and external 
trade balances.

The shift from a non-repressive effect of the renewable energy 
share in 2014 to a slightly suppressive effect, reducing energy con-
sumption in 2022, indicates the beginning of a partial structural 

Fig. 4.  SHapley Additive exPlanations heatmap illustrating feature effects on primary energy consumption across European countries.
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transformation. The fossil energy share, on the other hand, had a 
suppressive effect in 2014 but lost its suppressive effect and became 
neutral in 2022. This is the clearest negative XAI finding, indicating a 
structural break in energy policy. According to the model’s predicted 
structure, the gradual increase in Türkiye’s energy consumption indi-
cates that the renewable energy transition, despite its efforts to sup-
press consumption, has not yet reduced consumption. The fact that 
the effect of population remains constant over time indicates that 
the increase in demand is explained by economic growth and fuel 
consumption–based factors rather than demography.

While comparisons of SHAP waterfall graphs for 2014 and 2022 
reveal the transformation of the main input variables determining 
primary energy consumption in Türkiye over time, LIME-based local 
explanations were also produced to examine more detailed local 
dynamics of the model decision for 2022. The LIME results for Türkiye 
in 2022 are presented in Fig. 6.

As shown in Fig. 6, the LIME explanation for Türkiye in 2022 identi-
fies oil consumption as the strongest positive contributor to primary 
energy consumption, followed by coal consumption and GDP, with 
gas consumption exerting a moderate positive effect. In contrast, 
the renewable energy share appears as the only variable exerting a 
meaningful suppressive influence, whereas the fossil energy share 

demonstrates a limited moderating effect. The population vari-
able remains marginal. These findings indicate that Türkiye’s recent 
energy demand dynamics are predominantly driven by fuel-based 
consumption and economic growth, with renewable energy begin-
ning to play a moderating role.

In conclusion, consistent with the 2022 LIME local statements, the 
global SHAP summary, and the comparative SHAP waterfall results, 
fossil fuel-based consumption in Türkiye continues to a large extent, 
while the share of renewable energy, in line with sustainability poli-
cies, has begun to assume a suppressive role, albeit limited.

V. CONCLUSION

Today, the transformation of energy systems from fossil fuels to 
renewable energy is not only a technical challenge but also a 
necessity for ensuring economic and environmental sustainability. 
Therefore, to accurately predict and manage the increase in primary 
energy consumption, understanding the natural resources and eco-
nomic inputs that contribute to this increase is critical for sustain-
able energy policy design. In this context, the aim of this study is to 
estimate primary energy consumption for European countries and 
Türkiye using an ML-based regression approach and to determine 
the direction and magnitude of the input impact for this prediction 

Fig. 5.  Temporal comparison of SHapley Additive exPlanations waterfall explanations for primary energy consumption in Türkiye (2014 vs. 2022).

TABLE VI.  COMPARISON OF SHAPLEY ADDITIVE EXPLANATIONS WATERFALL VALUES FOR TÜRKIYE IN 2014 AND 2022

Variable 2014 SHAP Contribution 2022 SHAP Contribution Direction/Evaluation

Model average – E[f(X)] 571.19 571.19 Fixed reference

Model prediction – f(x) 1621.68 2191.09 ✖ Significant increase (quantitative growth)

GDP +445.38 +711.52 ✖ Growth dependence strengthened

Oil consumption +189.90 +379.89 ✖ Oil dependence increased

Coal consumption +266.67 +328.09 ✖ Coal influence increased

Gas consumption +220.98 +247.00 ✖ Gas influence slightly increased

Fossil share energy −74.00 +0.57 ✖ Shift from suppressive role to neutral (deterioration)

Renewables share energy +11.21 −37.00 ✔ Return to suppressive effect (positive but weak)

Population −9.00 −10.29 ≈ Marginal and unchanged role

GDP, gross domestic product; SHAP, SHapley Additive exPlanations.
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model using XAI methods such as SHAP and LIME. This study pro-
vides interpretable model outputs to overcome the black-box limita-
tions of ML prediction models, which do not explain how results are 
achieved, and to enable reliable policy planning. While most stud-
ies in the literature focus on energy demand forecasting, the lack of 
interpretability of the obtained results creates a gap in the literature. 
This study aims to contribute to filling this gap by producing inter-
pretable results.

The main inputs affecting primary energy consumption are GDP, 
coal, oil and gas consumption, and fossil and renewable energy 
shares. This analysis shows that the model demonstrates strong pre-
dictive performance with an R2 value of 0.988, and that the selected 
features adequately explain primary energy consumption across 
European countries between 1965 and 2022. Among these fea-
tures, oil consumption, GDP, and coal consumption emerge as the 
dominant contributors to primary energy consumption, while gas 
consumption acts as a positive contributor to primary energy con-
sumption. The share of renewable energy, on the other hand, has a 
slight suppressive effect, while the population does not appear to 
have a significant impact on primary energy consumption. These 
findings indicate that neither economic size nor fuel consumption 
alone is sufficient to predict energy consumption. Furthermore, 
although the results of renewable energy policies are beginning to 
be seen positively in European countries, energy consumption is 
still centered on economic growth and fossil fuels. An examination 
of the findings specifically for Türkiye reveals a significant increase 
in primary energy consumption, a strengthening of its dependence 
on economic growth, an increase in the consumption of all fuel 
types, particularly oil, and a decrease in the share of fossil energy. 
Furthermore, the increasing share of renewable energy is an indi-
cation that renewable energy policies are yielding positive results, 
even in Türkiye. It has been observed that the population has no 
impact on primary energy consumption in Türkiye, as is the case 
throughout Europe. These findings indicate that, although a partial 
transition has begun in Türkiye, fossil fuel consumption dependence 
continues to increase.

This study is significant not only for its predictive success in prepar-
ing sustainable energy policies and energy-focused planning, but 
also for revealing the role of fuel type consumption, fossil and renew-
able energy shares, GDP, and population variables on primary energy 
consumption in European countries and Türkiye. It also generates 
explainable AI-based inferences for policymakers, energy planners, 
and researchers to support energy transition, sustainable and eco-
nomic policy design, and energy decision-making. Therefore, this 
study aims to serve as a reference for both energy policy design and 
XAI-based decision support studies.

Future research could further extend the present framework in sev-
eral directions. First, energy consumption dynamics could be ana-
lyzed at a more detailed sectoral level, such as industrial, residential, 
and transportation sectors, to better capture structural differences 
in energy demand. Second, additional variables including carbon 
emissions, carbon footprint indicators, carbon pricing mechanisms, 
energy imports, and energy exports could be incorporated to bet-
ter represent the broader energy–economy–environment nexus. 
Finally, future studies may benefit from employing more advanced 
causal inference approaches, such as causality-based double ML, 
to identify causal relationships between economic growth, energy 
structure, and primary energy consumption. Such extensions would 
further strengthen the interpretability and policy relevance of XAI-
based energy modeling frameworks.

Data Availability Statement: The data that support the findings of this 
study are available on request from the corresponding author.

Artificial Intelligence Usage Statement: The author declared that no 
Artificial Intelligence Tool was used in the preparation of the manuscript.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept – A.N.A.T.; Design – A.N.A.T.; Supervision – 
A.N.A.T.; Resources – A.N.A.T.; Materials – A.N.A.T.; Data Collection and/or 
Processing – A.N.A.T.; Analysis and/or Interpretation – A.N.A.T.; Literature 
Search – A.N.A.T.; Writing – A.N.A.T.; Critical Review – A.N.A.T.

Fig. 6.  Local interpretable model–agnostic explanation of primary energy consumption for Türkiye in 2022.
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