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Mapping Economic Considerations in Clinical Artificial

Intelligence Research

Hakan Ozcan*+1

*Department of Computer Technology, Design Vocational School, Amasya University, Amasya, 05100, Tirkiye.

ABSTRACT Artificial intelligence (Al) has been rapidly adopted in clinical research over the past decade,
yet the extent to which economic considerations are integrated into this literature remains unclear. This

study presents a large-scale bibliometric analysis of clinical Al research indexed in the Web of Science.

Temporal analyses span 2000-2024 (54,219 clinical Al studies), while network mapping, citation overlay, and
density analyses focus on the 2024 snapshot (N = 14,995). A ratio-based indicator was used to track the
relative prominence of economic considerations over time. The results show a sharp acceleration in clinical
Al publications after 2015, while studies explicitly addressing cost, cost-effectiveness, or economic burden
remained persistently rare, accounting for less than 1% of annual output in most years. Structural analyses
indicate that economic terms are closely linked to modeling and decision-oriented keywords but do not form
independent thematic clusters. Although economics-focused studies achieve moderate normalized citation
impact when present, their low frequency limits structural influence. The findings reveal a persistent imbalance
between rapid methodological innovation and limited economic evaluation in clinical Al research, highlighting

the need for more systematic integration of economic perspectives to support sustainable clinical deployment.
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INTRODUCTION

Clinical applications of artificial intelligence (AI) have expanded
substantially over the past decade. This expansion has been sup-
ported by advances in machine learning, larger digital datasets,
and improved computational capacity. Al systems now demon-
strate competitive performance across clinical tasks such as image-
based classification and computer-aided diagnosis, with several
studies reporting specialist-level results in narrow, well-defined
settings (Cai et al. 2024; Esteva et al. 2017; Kremer et al. 2025; Wu
et al. 2020). Alongside technical progress, Al is increasingly po-
sitioned as a system-level enabler for healthcare, with proposed
benefits that include improved efficiency, decision support, and
service delivery at scale (Davenport and Kalakota 2019).

As clinical AI models proliferate, greater attention has been
directed toward how model performance is evaluated and commu-
nicated (Andersen et al. 2024). In practice, performance reporting
in the clinical Al literature remains strongly centered on accuracy-
based metrics and closely related measures (Kocak et al. 2025; Na-
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gendran et al. 2020). These metrics provide convenient summaries
of predictive behavior and are commonly used to demonstrate
technical feasibility in controlled evaluation settings (Rajpurkar
et al. 2022).

However, an emphasis on accuracy alone offers limited insight
into how models operate within real clinical environments (Wiens
et al. 2019). Important considerations such as robustness, workflow
integration, reliability under data shift, and operational constraints
are often discussed only briefly or omitted altogether (Rajkomar
et al. 2019; Sendak et al. 2020b). As a result, performance evi-
dence may appear compelling from a technical standpoint while
remaining limited in its ability to inform deployment decisions
and system-level planning in routine care (Adnan et al. 2025; Kelly
et al. 2019).

Despite rapid technical progress, the economic implications of
clinical Al remain insufficiently examined. Many studies focus
on predictive performance and technical feasibility, while costs
and resource requirements receive comparatively less attention
(Kelly et al. 2019; Rajkomar et al. 2019). Reviews that focus on
economic outcomes report that formal cost-effectiveness and bud-
get impact evidence is still limited in volume and uneven across
clinical domains (El Arab and Al Moosa 2025; Leigh et al. 2025;
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Wolff et al. 2020). When economic evaluations are conducted, they
are typically concentrated in specific applications and often rely
on modeled assumptions and context-specific parameters rather
than broad real-world implementation (Areia ef al. 2022; Xiao et al.
2021). This pattern is illustrated by application-specific analyses
that integrate clinical, technical, and financial dimensions within
narrowly defined use cases (Gomez Rossi ef al. 2022). For instance,
one study examined local cost structures, staffing models, and
institutional priorities in relation to the economic viability of Al
tools (Davis et al. 2023).

In several cases, economic value is discussed indirectly, for ex-
ample through expected efficiency gains, without being quantified
through explicit cost and outcome comparisons (Khanna ef al. 2022;
Pagallo et al. 2024; Teo and Ting 2023). Taken together, these find-
ings indicate that economic considerations are not yet consistently
integrated into clinical Al research, complicating efforts to plan
and justify sustainable adoption. More recent work emphasizes
that economic considerations are inseparable from organizational
readiness, governance structures, and delivery models when plan-
ning sustainable clinical AI deployment (Hasan et al. 2025).

Against this background, and despite growing case-level eco-
nomic analyses, a structured, literature-wide understanding of
how economic considerations intersect with clinical Al research
remains limited. Existing reviews predominantly focus on individ-
ual applications or summarize reported cost outcomes, but rarely
examine how economic language, thematic organization, and cita-
tion patterns are distributed across the broader clinical AI corpus.
Consequently, it remains unclear whether economic reasoning is
becoming systematically embedded within clinical Al research
or continues to appear primarily in isolated, application-specific
studies.

To address this gap, the present study adopts a bibliometric
perspective. Clinical Al publications are organized into analyti-
cally defined corpora and examined using network-based map-
pings, citation overlays, and density visualizations to characterize
structural and thematic patterns. A complementary ratio-based
indicator is used to capture temporal patterns in economic focus.
These elements provide a coherent framework for analyzing how
economic discourse is situated within the broader clinical Al land-
scape.

MATERIALS AND METHODS

This section describes the data sources, corpus construction, biblio-
metric analyses (network, citation, and density), index formulation
and experimental setup used in the study.

Data Retrieval

The data were retrieved from the Web of Science (WoS) Core Col-
lection (Clarivate Analytics). The search targeted peer-reviewed
journal articles indexed under topic fields (TS; WoS Topic Search).
Structured queries combined clinical terminology with Al-related
terms. Only articles written in English were included, and no
subject category restrictions were applied. Records were collected
in a single search session to ensure consistency. Full records and
cited references were exported in plain-text format for subsequent
bibliometric analysis. The overall study design is summarized in
Figure 1.

Corpus Definition

The study corpus was organized into two analytical groups us-
ing topic-level query logic reflecting different scopes of clinical Al
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Figure 1 Overview of the study design. The records were retrieved
from the Web of Science database and organized into two corpora:
(i) clinical Al literature and (ii) an economics-focused subset. The
analyses were conducted using co-occurrence networks, density
maps, and citation overlays. An Economic Focus Index was then
computed as a ratio-based indicator of economic emphasis across
the period 2000—2024.

research. Group 1 represents the broad clinical Al literature and in-
cludes publications in which clinical contexts are explicitly linked
with Al-related concepts such as “artificial intelligence,” “machine
learning,” or “deep learning.” Group 2 captures a nested subset
of this corpus in which clinical Al studies additionally engage
with economic or cost-related considerations. In this group, clin-
ical and Al-related terms co-occur with concepts, such as health-
care cost, medical or hospital expenditure, reimbursement, cost-
effectiveness, and economic burden. Two complementary ana-
lytical components were applied using these groups. Temporal
analysis examined year-by-year publication trends over the period
2000-2024, capturing the emergence and expansion of clinical Al re-
search and its economics-focused subset. Bibliometric mapping of
the 2024 literature snapshot was performed to characterize the con-
temporary thematic structure of the field. This separation avoided
temporal mixing effects and ensured structural comparability.

Bibliometric Analysis

Bibliometric analysis was conducted following established biblio-
metric mapping practices (Donthu et al. 2021) and implemented
using VOSviewer (Van Eck and Waltman 2010). The analy-
sis comprised three complementary visualizations: keyword co-
occurrence networks, citation overlay visualizations, and density
maps. Co-occurrence networks were used to represent thematic
relationships based on the frequency and strength of shared key-
words within each corpus. Citation overlays were derived from av-
erage normalized citation scores to assess relative influence across
topics. Density maps highlighted regions of thematic concentration
by emphasizing areas with high keyword occurrence and connec-
tivity. Collectively, these bibliometric visualizations provide a
structured overview of thematic organization, citation prominence,
and concentration patterns within and between the two corpora.

Economic Focus Index

An Economic Focus Index (EFI) was defined to quantify the em-
phasis on economic considerations in the clinical Al literature. The
index enables comparison across the defined corpora. It does not
measure research quality or impact; rather, it aims to capture the
relative strength of the economic signal within clinical Al research.
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The formal definition is given in Equation (1).

|G2,y|
max(1, |G1y \ Gy

EFI, = 1)

)

Here, G, denotes the set of all clinical Al publications in year y,
and Gy denotes the subset of publications in the same year that
explicitly address economic aspects. The numerator represents
the volume of economically focused clinical Al studies, while the
denominator represents the remaining clinical Al literature in that
year without explicit economic focus and is lower-bounded by 1
for numerical stability.

Experimental Setup and Parameter Configuration

Key text-mining, bibliometric, and index computation settings are
summarized in Table 1. Corpus definitions, keyword dictionaries,
and inclusion rules were specified a priori and applied consistently
across analyses. Identical preprocessing, normalization, and clus-
tering procedures were used for both corpora; thresholds differed
only for corpus size. All analyses were conducted in December
2025. Temporal trends and subfield distributions were computed
in Python (v3.12) and visualized using Matplotlib (Hunter 2007).
Subfield assignment (Imaging, Screening, Decision support) was
implemented via rule-based keyword matching applied to titles,
abstracts, and normalized keywords, using hierarchical dominance
rules after thesaurus normalization. Bibliometric network construc-
tion and visualization were performed in VOSviewer (v 1.6.20)
(Van Eck and Waltman 2010), using association-strength normal-
ization and modularity-based clustering on the full keyword set.

RESULTS

This section reports the main empirical findings of the study, orga-
nized around temporal trends, bibliometric structure, functional
subfield distribution, and comparative patterns between the gen-
eral clinical Al literature and its economics-focused subset.

Clinical Al Growth and Economic Focus

The temporal evolution of clinical Al research and its economic
focus is examined across the study period. Across 2000-2024, the
clinical Al corpus comprises 54,219 articles, while the economics-
focused subset comprises 659 articles. Figure 2 summarizes the
corresponding publication trends and index values.

In the upper panel, the total volume of clinical Al publications
shows strong and sustained growth. Annual counts increase from
18 publications in 2000 to 14,995 in 2024, with particularly rapid
expansion after 2017. In contrast, economically focused studies
remain scarce over time despite a cumulative total of 659 studies
across the full period. Several early years report zero publications,
and many others include only one study per year. Even in recent
years, Group 2 counts remain modest, rising to 81 publications in
2022 and reaching 137 in 2024.

The lower panel shows the EFI values computed on a yearly
basis. The values are zero or near zero throughout the early period
and remain consistently low across the full time span. For example,
EFI is approximately 0.010 in 2018, 0.0097 in 2020, and 0.0092 in
2024. The smoothed trend indicates gradual stabilization rather
than rapid increase.

The two panels show that the sharp rise in clinical Al research
volume is not matched by a comparable increase in economic
focus. Despite large absolute growth, economically focused studies
consistently represent less than 1% of the non-economic clinical Al
literature throughout the study period.
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Figure 2 Temporal trends in clinical Al research and economic fo-
cus from 2000 to 2024. The upper panel shows annual publication
counts for the overall clinical Al literature (Group 1, left axis) and the
economically focused subset (Group 2, right axis). The lower panel
shows the Economic Focus Index (EFI), with a smoothed rolling
mean to highlight longer-term trends.

All subsequent bibliometric network, citation overlay, and den-
sity analyses are based on the 2024 snapshot, comprising 14,995
publications from Group 1 and 137 from Group 2, as defined in the
Methods section.

Clinical Al Bibliometric Structure

The bibliometric structure of the clinical AI corpus is characterized
by a small number of high-frequency concepts that organize most
of the research activity. The following visualizations summarize
how dominant keywords co-occur, how their citation influence
varies, and where thematic concentrations form within Group 1.

Figure 3 presents the keyword co-occurrence network. A com-
pact core is formed around general Al and modeling terms, led
by “machine learning” (4,257 occurrences), “artificial intelligence”
(3,298), and “deep learning” (2,752). Clinical-task terms also sit
close to this core, such as “diagnosis” (1,103) and “classification”
(975), indicating that methodological keywords and clinical objec-
tives are tightly coupled in the literature. Link strengths reinforce
this structure, with strong ties between “machine learning” and
“artificial intelligence” (733), “deep learning” and “artificial intel-
ligence” (510), and “diagnosis” and “artificial intelligence” (295),
consistent with a consolidated methodological backbone.

Figure 4 overlays normalized citation impact on the same key-
word space, highlighting where relative influence concentrates
within the network. The highest average normalized citation im-
pact is observed for “health care” (2.80), indicating strong citation
attention at the interface of clinical AI and healthcare systems
research. Closely following are recent language-model-related
terms, including “llm” (2.22) and “chatgpt” (2.21), reflecting the



Table 1 Text-mining and bibliometric analysis setup

Component

Description

Data source

Text fields analyzed
Language filter

Corpus definition (Group 1)

Corpus definition (Group 2)

Keyword normalization

Thesaurus construction

Minimum occurrence threshold
Clustering method
Visualization outputs

Citation metric

Ratio metric

Temporal scope

Web of Science Core Collection (full records and cited references)

Title (TI), Abstract (AB), Author Keywords (DE), Keywords Plus (ID)

English only

TS = (clinical AND ("artificial intelligence" OR "machine learning" OR "deep learning"))

TS = (clinical AND ("artificial intelligence" OR "machine learning" OR "deep learning") AND
(cost OR expense* OR economic OR expenditure* OR reimburs* OR "cost-effectiveness"))

Thesaurus-based harmonization (lowercasing, spelling and plural normalization, synonym
merging)

Manually curated term lists informed by prior reviews, mapping lexical variants and syn-
onyms to canonical forms; generic non-informative terms excluded

Group 1: t = 100; Group 2: t = 3 (size-adjusted)

VOSviewer association-strength normalization with modularity-based clustering
Co-occurrence network, citation overlay, density map

Average normalized citation score (field- and year-normalized)

Economic Focus Index (EFI)

Yearly analysis (2000—2024); structural snapshot focused on 2024
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Figure 3 Keyword co-occurrence network of clinical Al literature
(Group 1). The network visualizes high-frequency keywords using
a minimum occurrence threshold (t = 100) after thesaurus-based
harmonization. Node size reflects keyword frequency, while links
indicate co-occurrence strength.

rapid uptake and high visibility of generative Al topics. Elevated
influence is also evident for “features” (1.45) and “natural lan-
guage processing” (1.38), while core methodological terms such as
“artificial intelligence” (1.26), and broader domain terms such as
“health” (1.25), maintain above-average normalized citation levels.
Together, these patterns indicate that both emerging Al paradigms
and established clinical modeling concepts attract disproportionate
citation attention within the 2024 clinical Al literature.

Figure 5 provides a density view of keyword occurrences, em-
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Figure 4 Citation overlay visualization of clinical Al literature (Group
1). Keywords are colored according to average normalized citation
impact, with warmer colors indicating higher relative citation influ-
ence. Node size reflects keyword occurrence frequency.

phasizing dominant concentrations rather than individual links.
The highest-density regions align with the same methodologi-
cal and diagnostic core, with sustained prominence for “machine
learning” (4,257 occurrences), “artificial intelligence” (3,298), “deep
learning” (2,752), and clinical framing terms such as “diagnosis”
(1,103) and “classification” (975). Imaging-related terms also con-
tribute to dense thematic areas, including “computed tomography”
(583 occurrences), “magnetic resonance imaging” (697; spatially
overlapping with “deep learning” and therefore unlabeled), and
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“radiomics” (686), indicating that a substantial portion of the cor-
pus concentrates around imaging-driven clinical AI workflows.
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Figure 5 Keyword density map of clinical Al literature (Group 1).
Density visualization based on keyword occurrence frequency, high-
lighting dominant thematic concentrations.

The corpus expands primarily through intensification of a core
methodological vocabulary and its applications in diagnosis, pre-
diction, and imaging, rather than through diversification toward
explicitly economic language. This aligns with the earlier obser-
vation that economics-focused studies remain rare relative to the
overall clinical Al output, even as annual publication counts rise
sharply in recent years.

Economics-Focused Clinical Al Bibliometric Structure

The economics-focused subset of clinical Al research exhibits a
markedly different bibliometric structure from the broader corpus.
While overall publication counts remain low, the thematic organi-
zation reveals a tighter coupling between methodological terms
and economic evaluation concepts, reflecting a more targeted and
application-oriented literature. This structure is examined using
complementary network, citation, and density perspectives.

Figure 6 shows the keyword co-occurrence network for
economics-focused clinical Al studies. A tightly connected core
forms around “artificial intelligence” (51 occurrences) and “ma-
chine learning” (35), closely linked with “cost-effectiveness” (24),
“risk” (19; spatially overlaps with “artificial intelligence” and is
therefore lightly colored), and “classification” (13). Economic terms
such as “cost” (4) and “economic burden” (5) appear directly con-
nected to clinical and modeling keywords rather than forming a
separate cluster. This structure indicates that economic language is
embedded within clinical modeling discussions rather than treated
as an independent theme.

Figure 7 presents the citation overlay visualization, highlighting
which topics carry disproportionate citation influence within this
small subset. Although “artificial intelligence” remains the most
frequent node, higher normalized citation values are observed
for specific clinically grounded terms, including “mild cognitive
impairment” (5.26) and “alzheimer-disease” (5.22), followed by
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Figure 6 Keyword co-occurrence network of economics-focused
clinical Al studies (Group 2). The network visualizes high-frequency
keywords using a minimum occurrence threshold (t = 3), selected
to accommodate the smaller corpus size after thesaurus-based
harmonization. Node size reflects keyword frequency, while links
indicate co-occurrence strength.

care- and population-oriented nodes such as “health care” (2.48),
“women” (1.86), and “primary care” (1.61). These patterns indi-
cate that economics-focused studies attract greater citation impact
when anchored in concrete clinical conditions, care pathways, or
population contexts rather than generic modeling themes.
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Figure 7 Citation overlay visualization of economics-focused clinical
Al studies (Group 2). Keywords are colored by average normalized
citation impact, with warmer colors indicating higher relative citation
influence. Node size reflects keyword occurrence frequency.

Figure 8 provides a density view that emphasizes thematic
concentration rather than individual links. The highest-density



regions are anchored by core Al terminology, led by “artificial
intelligence” (51 occurrences) and “machine learning” (35), around
which economics-oriented concepts cluster. Within this core,
“cost-effectiveness” (24) and “risk” (19) form the most prominent
decision-focused extensions, followed by methodological and task-
level terms such as “deep learning” (16), “classification” (13), “pre-
diction” (13), and “outcomes” (12). Clinical processes including
“screening” (11) and “diagnosis” (10) further contribute to dense
regions but remain visually compressed due to overlap with domi-
nant methodological nodes. Overall, the density pattern confirms
that economic considerations in clinical Al are concentrated within
a narrow, decision-oriented thematic core rather than broadly dis-
persed across clinical domains.
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Figure 8 Keyword density map of economics-focused clinical Al
studies (Group 2). Density visualization based on keyword occur-
rence frequency, highlighting dominant thematic concentrations.

These results reinforce the quantitative findings reported ear-
lier. Despite the rapid expansion of clinical Al research overall,
economics-focused contributions remain sparse and structurally
compact. Economic concepts are embedded within existing clinical
Al frameworks rather than forming independent thematic clusters.

Functional Distribution of Economic Focus Across Clinical Al
Subfields

To assess how economic considerations are distributed across clin-
ical Al applications, the economics-focused subset of clinical Al
research was analyzed at the subfield level. Subfields were de-
fined according to the primary clinical function through which Al
systems generate economic impact, namely Imaging, Screening,
and Decision support, with a residual Other category for cross-
cutting studies. Assignment was operationalized using thesaurus-
normalized keywords extracted from titles, abstracts, and keyword
fields.

As shown in Table 2, economic evaluation in clinical Al is
strongly concentrated in imaging-based applications, which ac-
count for 65.7% of the publications. Screening-oriented studies rep-
resent 14.6%, while decision-support applications comprise 13.9%
of the corpus. Only 5.8% of studies address broader economic or
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organizational themes without a dominant clinical function.

Table 2 Distribution of economics-focused clinical Al studies
across function-based subfields

Subfield Count Percent (%)
Imaging 90 65.69
Screening 20 14.6
Decision 19 13.87
Other 8 5.84

Note: Subfields were assigned based on thesaurus-normalized keywords
indicating the dominant clinical function of each 2024 publication.

This distribution indicates that, despite the broad expansion of
clinical Al, economic analysis remains predominantly anchored in
imaging workflows, with substantially more limited representation
in screening and decision-support contexts.

Comparative Patterns Between Groups

A marked imbalance exists between the two corpora in both scale
and thematic breadth. Across the 2000-2024 study period, the clin-
ical Al literature (Group 1) comprises 54,219 publications, whereas
the economics-focused subset (Group 2) includes only 659 studies,
representing a marginal fraction of the overall output. The same
imbalance appears in the bibliometric analysis, where Group 1 in-
cludes 14,995 studies compared with only 137 economics-focused
contributions.

At the keyword level, the contrast extends further. Dominant
methodological terms in Group 1 occur at very large scale, with
thousands of occurrences (e.g., “machine learning” = 4,257; “ar-
tificial intelligence” = 3,298), whereas in Group 2 even the most
frequent terms appear only a few dozen times (“artificial intel-
ligence” = 51; “machine learning” = 35). Structural and impact
patterns diverge between the groups. Group 1 exhibits a broad,
multi-clustered network spanning modeling, diagnosis, and imag-
ing, while Group 2 forms a compact structure in which economic
concepts are embedded directly within the methodological core,
most prominently through “cost-effectiveness” (24) and “risk” (19).
Citation overlays also differ. In Group 1, citation influence largely
tracks keyword frequency, whereas in Group 2 several clinically
specific topics achieve disproportionately high normalized cita-
tion impact (e.g., “mild cognitive impairment” = 5.26; “alzheimer-
disease” = 5.22), exceeding the near-unity levels typical of most
Group 1 terms. Together, these contrasts indicate that economic
focus is selective and context-dependent rather than scaling pro-
portionally with overall clinical Al research growth.

DISCUSSION

This study provides a corpus-level view of how economic con-
siderations are positioned within the clinical Al literature. By
combining bibliometric mapping with a ratio-based indicator, the
analysis moves beyond individual case studies to examine the visi-
bility and integration of economic discourse at scale. The results
reveal a clear imbalance between rapid methodological expansion
and limited attention to economic evaluation.

Clinical Al research has grown sharply since the mid-2010s,
consistent with prior reports of accelerated adoption across health-
care. In contrast, the economics-focused subset remains small
throughout the study period. Even in recent years, studies ex-
plicitly addressing cost, cost-effectiveness, or economic burden
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account for only a narrow fraction of the overall corpus. This
finding aligns with earlier reviews showing that economic anal-
ysis has not kept pace with technical development (El Arab and
Al Moosa 2025; Wolff et al. 2020). The persistence of this gap sug-
gests a structural, rather than temporary, underrepresentation of
economic perspectives.

Network-based analyses clarify how economic language ap-
pears within clinical Al research. In the general corpus, method-
ological and diagnostic terms form a dense, highly connected core,
reflecting a consolidated research structure. In the economics-
focused subset, the network is smaller and more compact. Terms
such as “cost-effectiveness” and “economic burden” are closely
linked to modeling and decision-oriented keywords but do not
form independent clusters, a finding reinforced by citation over-
lay and density views. Although some clinically grounded terms
achieve high normalized citation impact, their low frequency limits
their influence on overall network structure. Economic concepts
cluster within specific applications rather than extending across
the broader literature. This organization is consistent with prior
observations that cost-related analysis in clinical Al is typically
task-specific and context-dependent (Areia ef al. 2022; Xiao et al.
2021).

Several structural factors help explain why this marginal posi-
tion persists. Economic assessment of Al systems is constrained by
dynamic model behavior, unclear comparators, and limited report-
ing transparency, which restrict generalizable cost-effectiveness
evidence (Gomez Rossi et al. 2022). Recent empirical analyses of
large language model deployment indicate that cost considerations
become salient mainly at the operational stage, where execution
time, infrastructure requirements, and usage-based pricing shape
feasibility in healthcare systems (Burns et al. 2025). Regulatory
pathways prioritize safety and effectiveness, with little direct em-
phasis on economic value at approval (Benjamens et al. 2020). In
implementation settings, economic impact depends on workflow
integration and local reimbursement conditions, limiting transfer-
ability across institutions (Sendak et al. 2020a). Systematic evidence
likewise reports heterogeneous and context-specific evaluation
practices despite the rapid growth of AI applications (Wu et al.
2025).

The ratio-based indicator supports these interpretations. Al-
though modest increases appear in recent years, overall values
remain low. Short-term fluctuations point to episodic attention
to economic issues rather than sustained integration across the
research lifecycle. This is reflected in the bibliometric analysis,
where economic focus is concentrated in a limited set of decision-
oriented applications. Formal economic evaluation thus tends to
emerge in response to implementation or policy pressures, rather
than being incorporated during early model development (Kelly
et al. 2019; Pagallo et al. 2024). This observation aligns with recent
work emphasizing that long-term economic implications of clinical
Al remain largely conceptual rather than empirically examined
(Al Meslamani 2023).

Overall, economic perspectives occupy a marginal role in clini-
cal Al research. They are visible and sometimes highly cited, yet
weakly integrated into the core literature. This imbalance helps
explain why technically successful systems often struggle to scale,
as performance gains alone do not ensure economic sustainability,
and organizational and governance barriers remain substantial
(Adnan ef al. 2025; Khanna et al. 2022).
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LIMITATIONS

This analysis relies on topic-based queries and bibliometric rep-
resentations, which capture explicit economic language but may
overlook implicit or indirectly framed cost considerations embed-
ded within technical or clinical discussions. As a result, keyword
filtering and co-occurrence structures are sensitive to terminology
choice and reporting practices rather than underlying economic
relevance alone. Citation-based metrics reflect scholarly visibility
rather than real-world adoption, economic impact, or implemen-
tation success. The EFI quantifies relative prominence, not the
depth or quality of economic analysis, and should therefore be
interpreted as an indicator of thematic emphasis. Alternative ap-
proaches, such as topic-modeling-based theme proportions or
temporal co-occurrence analyses, could capture subtler or evolv-
ing economic signals. However, such methods would introduce
greater model dependence and reduce interpretability. Finally, the
analysis is limited to peer-reviewed journal articles indexed in
WoS; inclusion of additional databases may reveal complementary
patterns.

CONCLUSION

This study identifies a persistent gap between methodological
innovation and economic evaluation in clinical Al research. By
situating economic discourse within the broader clinical Al land-
scape, the findings show that economic considerations remain
selectively integrated rather than systematically embedded. These
results highlight the need for closer alignment between algorithm
development, clinical evaluation, and economic analysis as Al sys-
tems transition from experimental settings to routine healthcare
practice.
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ABSTRACT This study examines digital transformation in the insurance sector within the framework of smart claims management.

The aim of the research is to systematically analyze claim-focused digitalization disclosures included in the most recent sustainability
reports of insurance companies listed on Borsa Istanbul from the perspectives of production technologies and digital transformation. To
this end, a content map and coding framework were developed using content analysis, encompassing five core components: digital
claims management, risk and fraud analytics, image processing, scoring systems, and claim cycle time. The codes were graded
to reflect the level of evidence intensity and operational concreteness in the reports, and the findings were comparatively evaluated
on a company-by-company basis. The results indicate that the extent to which claim-focused digital transformation is represented in
sustainability reports is not homogeneous across companies. While some firms provide higher levels of evidence by supporting operational
components such as digital claims management and claim cycle time with metrics, analytically intensive and advanced technology-driven
components are reported more limitedly and are generally expressed through broad or declarative statements. The study contributes to
the literature by conceptualizing smart claims management as an integrated process technology ecosystem that combines operational
digitalization, analytical decision support, and advanced automation, and by demonstrating that sustainability reports can serve as an
analytical source for the comparative evaluation of digital transformation visibility.
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INTRODUCTION

Globalization, technological developments, and increasing com-
petition are forcing businesses operating in the service sector to
develop new management approaches that can respond to cus-
tomer expectations more quickly, transparently, and with higher
quality. The insurance sector, where abstractness, simultaneity, and
trust are decisive factors, stands out as one of the areas where the
impact of service quality perception on customer satisfaction and
loyalty is most intensely felt. Considering that the quality of insur-
ance services is largely evaluated based on the experience during
the claim process, it is evident that claim management processes
hold strategic importance for the sector (Yusuf et al. 2017).

In recent years, digital transformation has been viewed in the
insurance sector not merely as a technological renewal process,
but as a comprehensive change that fundamentally transforms
business practices, process management, and customer interaction.
Digitalization enables insurance companies to increase their opera-
tional efficiency, reduce error rates, and offer more personalized
services through technologies such as automation, data analytics,
artificial intelligence, and image processing. One of the areas of
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this transformation process that has the most direct contact with
customers and the most visible impact is claims management pro-
cesses (Pauch and Bera 2022).

The traditional approach to claims management has been crit-
icized for its long processing times, intensive manual processes,
information asymmetry, and bureaucratic practices that negatively
affect customer satisfaction. In this context, smart claims man-
agement applications, which have emerged as a result of digital
transformation, offer innovative solutions such as digital claims
reporting, automated file management, risk and fraud analytics,
scoring systems, and image processing-supported damage detec-
tion. These applications shorten the claims cycle time, thereby
increasing the speed of service delivery, strengthening the trans-
parency of processes, and reinforcing the element of trust in cus-
tomer perception (Wiktorsson 2024).

Providing rapid feedback through digital channels and effec-
tively managing fraud risks through the use of objective and data-
driven decision-making mechanisms are among the key factors
that enhance the perceived quality of insurance services (Wells and
Stafford 1995). In this context, digital transformation and smart
claims management applications are considered critical tools for
improving service quality. The aim of this study is to systematically
examine claims-focused digitalization activities disclosed in the
most recent sustainability reports of insurance companies listed on
Borsa Istanbul, from the perspective of production technologies
and digital transformation. To this end, the study develops a con-
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tent map and coding framework encompassing key smart claims
management components, namely Digital Claims Management,
Risk and Fraud Analytics, Image Processing, Scoring Systems, and
Claim Cycle Time. The disclosures contained in the reports are
comparatively analyzed using a graded scoring approach (0-4)
that captures differences in evidence intensity, operational con-
creteness, and the presence of metric-supported information.

Within this framework, the study seeks to answer the following
research questions: (RQ1) How are smart claims management com-
ponents represented in the most recent sustainability reports of
insurance companies listed on Borsa Istanbul in terms of evidence
intensity? (RQ2) Which smart claims management components
are reported with higher levels of measurability and operational
concreteness, particularly through metric-supported disclosures?
(RQ3) To what extent do sustainability reports reflect claims-related
digital transformation as an integrated process technology ecosys-
tem, rather than as a set of isolated digital initiatives?

CONCEPTUAL FRAMEWORK AND LITERATURE REVIEW

Due to the abstract nature of the services it offers and its process-
intensive structure, the insurance sector is one of the areas where
digital technologies are heavily used in terms of operational ef-
ficiency and process management. The relative ease with which
insurance products can be imitated has led companies to build
their competitive advantage not so much on product diversity but
rather on the efficiency, speed, and standardization of their pro-
cesses. In this context, digitalization and digital transformation are
seen by insurance companies not merely as technological renewal
but as a strategic transformation area involving the redesign of
production-like service processes.

Although studies on the insurance sector in the literature
have long focused on customer satisfaction and service quality
(Biiytikkakag¢ and Diker 2025), in recent years there has been an
increase in research focusing on the transformative effect of dig-
ital technologies on process structure. Studies emphasizing the
beginning of the digital age in the insurance sector reveal that digi-
tal insurance is becoming increasingly widespread by examining
the applications offered by companies through their websites and
digital platforms (Yurdakul and Dalkili¢ 2016). Research focus-
ing on the marketing dimension of digitalization addresses the
interaction of digital channels with insurance products through ex-
amples from different sectors; it discusses how insuring products
purchased through digital marketing can contribute to marketing
processes (Ozcan and Demiral 2019). Studies focusing on specific
branches reveal the effects of digital marketing applications on
brand equity and agent satisfaction (Aydin and Kirazl 2020).

Although the concepts of digitalization and digital transfor-
mation are frequently used together in the literature, there is an
important distinction between the two. Digitalization essentially
refers to the digitization of existing processes, while digital trans-
formation refers to a comprehensive restructuring process that en-
compasses technology-based change in business models, process
structures, and organizational decision-making mechanisms. It is
emphasized that technological developments, which have gained
momentum with Industry 4.0, are behind digital transformation;
these developments have fundamentally transformed customer
expectations, interaction patterns, and the way businesses operate
(Bozkurt ef al. 2021).

Digital transformation in the insurance sector enables access to
services regardless of time and place, while allowing processes to
be restructured through mobile applications, web-based platforms,
and social media channels (Nicoletti 2016). Digital insurance is
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defined as a broad field of activity that encompasses the execution
of processes such as policy purchase, policy management, claims
reporting, and access to personalized information through digital
solutions (Nicoletti 2016). It is stated that this scope encompasses a
comprehensive value chain extending from the pre-sales research
phase to the examination and evaluation of claims processes over
time (Gonen and Oztidogru 2021).

Digital insurance applications are discussed in the literature
around four key technology areas: social media interaction, mo-
bile computing and sensor technologies, data analytics, and cloud
computing infrastructures. Social media stands out as an impor-
tant channel in reputation management due to the visibility of
customer experiences, while mobile applications facilitate claims
reporting, policy tracking, and communication processes. Data
analytics is strategically important in terms of risk assessment and
personalized pricing, while cloud-based information technology
infrastructures enable new services to be developed more quickly
(PricewaterhouseCoopers 2016).

In the post-pandemic period, digitalization has accelerated; it
is emphasized that this process must be addressed not only in
terms of technology but also in terms of its legal and regulatory
dimensions (Kubilay 2020). Telematics insurance applications de-
veloped within the scope of digital insurance have been discussed
in the literature in terms of their structures and potential effects; as-
sessments have been made regarding their applicability in Turkey
(Umut 2020). Furthermore, it is stated that digital sales channels
should be considered a new opportunity rather than a threat for
agents, and that clear and understandable information in the dig-
ital environment is of critical importance (Kotan 2020). These
studies reveal that digital transformation is a multidimensional
process in the insurance sector.

Claims management in the insurance sector is one of the most
visible and process-intensive areas of digital transformation. This
process, which consists of claims reporting, file management, as-
sessment, and payment stages, is being restructured through digi-
tal technologies and addressed under the concept of “smart claims
management.” Smart claims management encompasses applica-
tions that aim to execute claims processes through digital channels,
utilize data analytics-based decision support mechanisms, and
shorten process times. In this context, risk and fraud analytics
stand out as a complementary component of smart claims man-
agement. Insurance fraud not only puts pressure on companies’
financial performance but also leads to increased costs across the
industry. Fraud is defined as a set of actions intended to delib-
erately deceive the insurance company and can occur in various
branches, particularly auto insurance. Fraud is said to result in
decreased profitability, deterioration in loss/premium ratios, and
liquidity pressure (Yildirim 2013).

The fundamental challenge in combating fraud lies in striking
a balance between swiftly resolving legitimate claims and effec-
tively investigating suspicious ones. In this regard, data analytics,
early warning systems, and industry-wide information-sharing
mechanisms are considered crucial tools (Kerim and Cula 2023).
Databases developed within the Insurance Information and Super-
vision Center (SBM) in Turkey play a critical role in monitoring and
analyzing fraud reports. Furthermore, insurance fraud is treated
as aggravated fraud under the Turkish Penal Code; discussions
regarding its effectiveness in practice are found in the literature
(Y1ldirim 2013). On the other hand, moral hazard is considered a
type of risk that is difficult to detect and may arise due to changes
in the insured’s behavior after the insurance contract is signed. It is
stated that moral hazard can lead to efficiency losses in insurance
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markets and complicate risk management processes (Yildirim 2013;
Miisliimov and Aras 2003). In this context, smart claims manage-
ment applications are positioned as a strategic outcome of digital
transformation not only in terms of operational efficiency but also
in terms of risk control and combating fraud.

MATERIAL AND METHODS

In this study, content analysis was employed to systematically
examine the digitalization and smart claims management practices
disclosed in insurance companies’ sustainability reports. Among
the six insurance companies listed on Borsa Istanbul, two operate
exclusively in the life insurance segment; therefore, the scope of
the research was limited to the non-life insurance sector. Accord-
ingly, the analysis focused on Aksigorta, Anadolu Sigorta, Tiirkiye
Sigorta, and Ray Sigorta, which operate across multiple branches
of non-life insurance. The study examined the most recent and
comprehensive sustainability reports for the year 2025 published
on the official websites of these companies.

According to data from the Insurance Association of Turkey,
these four companies collectively account for approximately 33%
of total premium production in the non-life insurance segment,
indicating their substantial representativeness within the market
(Diker 2025). The study adopts a purposive sampling strategy,
concentrating on insurance companies that disclose detailed and
up-to-date sustainability information relevant to claims manage-
ment and digital transformation. Accordingly, the findings of
this study should not be interpreted as a sector-wide generaliza-
tion, but rather as an exploratory and comparative analysis that
provides analytical insights into how leading insurance compa-
nies reflect claims-related digital transformation and sustainabil-
ity practices in their corporate reporting. Content analysis is a
well-established research method that aims to classify meaningful
units in written, spoken, or visual communication content within
specific categories and to reveal thematic patterns in the content
through this classification. The method is widely used in the so-
cial sciences, particularly in the analysis of corporate texts, policy
documents, and reports.

Early applications of content analysis focused on propaganda
and mass communication studies; Lasswell used content analysis
as a fundamental tool in the analysis of communication processes
(Lasswell 1968). In the classical approach, content analysis fo-
cused on the systematic and quantitative description of the explicit
and observable characteristics of communication content; Berelson
(1952) approached content analysis as the objective and system-
atic quantitative definition of communication content. However,
methodological transformations in the social sciences over time
revealed that content analysis could not be limited to frequency
measurements alone; the method expanded to encompass the con-
textual meanings and implicit discourses of texts.

In this context, content analysis is considered a method posi-
tioned at the intersection of quantitative and qualitative research
approaches. The positivist approach considers content analysis
based on the principles of measurability and objectivity, while the
interpretive approach evaluates texts not as passive reflections of
social reality but as fields of meaning where this reality is actively
constructed (Kiimbetoglu 2008). Therefore, despite producing
quantitative outputs, content analysis is considered a qualitative
research method, especially in the analysis of contextual texts such
as corporate reports. Krippendorff (2013) defines content analysis
as a method that aims to make context-sensitive, valid, and re-
peatable inferences from texts, emphasizing that the institutional,
social, and historical context in which the text was produced must

USEN Information Technology in Economics and Business

be taken into account during the analysis process.

The scientific nature of content analysis is based on the prin-
ciples of objectivity, systematicity, and generalizability (Hepkul
2002). Objectivity means that the coding process is based on clear
definitions and that researcher subjectivity is limited; systematicity
means that all data are analyzed within the same category and cod-
ing rules; generalizability means that the findings obtained allow
for comparative inferences to be made for similar texts. To ensure
these principles are met, the unit of analysis, the category system,
and the coding rules must be clearly and consistently defined. In
content analysis, the unit of analysis can be determined at the level
of a word, sentence, paragraph, theme, or document integrity. In
this study, the unit of analysis was considered to be the thematic
explanations found in corporate reports (Neuendorf 2017).

The category and coding process is central to content analy-
sis and directly affects the success of the method. Categories are
expected to be clear, distinguishable, mutually exclusive, and di-
rectly related to the research problem. Category systems enable
systematic comparisons by providing analytical organization of
complex text structures (Gokge 2006). In this study, the coding
process was carried out using a code book created in line with
predefined themes. The code book clearly specified the definition,
scope, and example statements of each code, thereby increasing the
transparency and repeatability of the coding process (Neuendorf
2017).

In content analysis, reliability is assessed based on the extent
to which different coders can code the same text in a similar man-
ner; validity, on the other hand, is evaluated based on how well
the coded content aligns with the conceptual framework of the
research. Clear reporting of the coding process and the clarity of
code definitions are among the key elements that strengthen the sci-
entific quality of the method (Krippendorff 2013). Content analysis
enables the systematic examination of structured but discursively
rich texts, such as corporate reports, and offers a suitable method
for descriptive and comparative research. The choice of content
analysis in this study allows for a comprehensive, comparable,
and repeatable framework for evaluating insurance companies’
statements regarding digital transformation and smart claims man-
agement.

The content map developed within the scope of this study was
designed to systematically analyze claims management-oriented
digital transformation applications disclosed in the sustainability
reports of insurance companies traded on Borsa Istanbul from
a production technologies perspective. The content map is struc-
tured around five sub-themes: Digital Claims Management (DCM),
Risk and Fraud Analytics (RFA), Image Processing (IP), Scoring
Systems (SS), and Claim Cycle Time (CCT). Each sub-theme is
operationalized through a clear definition, illustrative key phrases,
and types of evidence.

This structure enables the digitalization statements included in
the report texts to be evaluated comparatively not only at a concep-
tual level but also in terms of concrete applications and measurable
outputs. The content map reveals that digital transformation is pre-
sented in the reports not as a set of isolated initiatives, but rather
as an integrated “process technology ecosystem” in which oper-
ational digitalization, analytical decision-support capacity, and
advanced technology-based automation dimensions are jointly
articulated. In this context, the Digital Claims Management (DCM)
code covers explanations related to the execution of claims report-
ing, file management, expertise, and payment processes through
digital channels. Key phrases such as “digital damage,” “online
damage reporting,” “remote/video expertise,” “damage portal,”
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and “automatic payment” were evaluated as examples represent-
ing applications for the digitization of damage processes in the
reports. DCM is one of the fundamental themes indicating the
restructuring of damage processes, which constitute “service pro-
duction” in insurance companies, through digital infrastructure,
automation, and process standardization.

Risk and Fraud Analytics (RFA) code; contains explanations
regarding the detection of risk, anomaly, and fraud elements in
claims and policy processes through data analytics and artificial
intelligence-based approaches. Terms such as “fraud detection,”
“fraud analytics,” “early warning systems,” “claim prediction,”
and “risk analytics” demonstrate how analytical capacity and con-
trol mechanisms are represented in reports within the context of
digital transformation. RFA represents a critical dimension not
only in terms of digitizing claims processes but also in terms of
supporting them with a data-driven control/audit architecture.

Image Processing (IP) code covers explanations related to the
analysis of visual data using Al-supported methods for the pur-
pose of damage detection and fraud prevention. Key phrases
such as “damage detection from photographs,” “image process-
ing,” “computer vision,” and “photomontage detection” indicate
situations where advanced technology-based automation applica-
tions are used in reports. The IP code highlights digital transfor-
mation trends toward partially or fully replacing manual stages
based on expert assessment in damage processes with algorith-
mic assessment systems. The Scoring Systems (SS) code contains
explanations regarding the use of scoring systems and decision
support/decision engines in risk acceptance, pricing, and loss as-
sessment processes. Terms such as “risk score,” “underwriting
score,” “location-based scoring,” and “decision engine” indicate
how decision-making processes are represented in reports using
algorithmic models and automation mechanisms. SS is one of
the fundamental elements representing the “decision support in-
frastructure” and “process standardization” dimensions from a
production technology perspective.

Claim Cycle Time (CCT) code covers explanations that include
targets, applications, or metrics aimed at shortening the time from
the opening to the closing of a claim file. Terms such as “file closing
time” and “time-to-settlement” indicate the level of representation
in the report text for measuring or monitoring process performance.
In this respect, CCT serves as a complementary code that provides
“output/performance visibility” to the extent that other themes
are reported.

As shown in Table 1, the content map indicates that digital
transformation statements related to claims management in sus-
tainability reports are represented across three complementary
dimensions: (i) operational digitalization (DCM, CCT), (ii) an-
alytical decision support capacity (RFA, SS), and (iii) advanced
technology-based automation (IP). This holistic structure suggests
that digital transformation in the report texts is presented not as
isolated projects, but rather as an interrelated “process technol-
ogy ecosystem” in which different digital applications mutually
reinforce one another.

In this study, a 0—4 level scoring scale was employed to assess
the intensity of representation and the level of evidence of digital
transformation and smart claims management components dis-
closed in sustainability reports. The scale is based on a gradual and
ordinal rating logic, ranging from the absence of any statement
related to the relevant theme (0) to detailed disclosures supported
by concrete and measurable metrics (4) (Craggs and McGee Wood
2004).
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As presented in Table 2, this scoring scale was applied to sys-
tematically evaluate the extent to which digital transformation and
smart claims management statements are represented in report
texts. The scale is consistent with a category-based annotation
approach, enabling the structured and comparative analysis of
textual content.

FINDINGS

The coding process was carried out by two independent coders
with domain expertise. Following a pre-established codebook, the
coders independently reviewed the sustainability reports of each
company and assigned scores ranging from 0 to 4 for each sub-
theme. The total scores derived from the coders’ evaluations are
presented in Table 3.

The findings presented in Table 3 provide a comparative as-
sessment of the representation and level of evidence of digital
transformation statements related to smart claims management
components in companies’ sustainability reports, based on the
evaluations of two independent coders. The scores assigned by
the coders demonstrate a generally high level of consistency, and
no meaningful differences are observed in the relative ranking of
the companies.

Aksigorta emerges as the company with the highest level of
representation according to both coders. Aksigorta received a to-
tal score of 17 from the first coder and 16 from the second coder,
with particularly high scores observed in the Digital Claims Man-
agement (DCM) and Claim Cycle Time (CCT) dimensions. The
fact that both coders assigned a score of 4 to the DCM dimension
indicates that statements related to the digitalization of claims
processes in the report texts go beyond merely indicating the exis-
tence of applications and are supported by measurable indicators
or quantitative expressions. Scores of 3 in the Risk and Fraud
Analytics (RFA), Image Processing (IP), and Scoring Systems (SS)
dimensions suggest that these components are represented in the
reports through multiple elements and concrete content. These
findings indicate that Aksigorta is able to present claims-focused
digital transformation in its reporting texts as a holistic “set of
process technologies.”

Anadolu Sigorta and Tiirkiye Sigorta exhibit moderate and
closely comparable total scores according to both coders. Anadolu
Sigorta received a total score of 13 in both evaluations, while
Tiirkiye Sigorta obtained a total score of 12 from each coder. In
these companies, scores of 3 in the DCM and SS dimensions indi-
cate that explanations regarding the digitalization of claims pro-
cesses and decision-support mechanisms are clearly and concretely
represented in the reports. In contrast, scores remaining largely
at the level of 2 in the IP and CCT dimensions suggest that these
components are addressed with a more limited scope or a lower
level of evidence. Similarly, the RFA dimension remaining at a
score of 2 for Tiirkiye Sigorta implies that disclosures related to
risk and fraud analytics are comparatively limited at the reporting
level.

Ray Sigorta appears as the company with the lowest level of
representation according to both coders. Ray Sigorta received a
total score of 7 from the first coder and 8 from the second coder,
with particularly low scores observed in the RFA, IP, and CCT
dimensions. Scores of 1 in these dimensions indicate that the rele-
vant components are included in the report texts mainly through
general or indirect statements, with limited evidence of concrete
applications. Scores of 2 in the DCM and SS dimensions suggest
that while certain applications are mentioned, the scope and level
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Table 1 Content Map: Codes, Definitions, Key Phrases, and Types of Evidence

Sub-Theme Code  Definition Key Phrases (Examples) Type of Evidence
Digital Claims Management DCM  Execution of claims reporting, file  Digital damage, online damage General statement/ Project name / Metric
management, expertise, and pay- reporting, remote/video expertise,
ment processes through digital damage portal, automatic payment
channels
Risk and Fraud Analytics RFA  Analysis of fraud, anomaly, and risk ~ Fraud detection, claim prediction, = General statement / Project name / Metric
elements in claims and policy pro-  early warning systems, risk analyt-
cesses through data analytics and  ics
artificial intelligence
Image Processing P Analysis of visual data using artifi- Damage detection from pho- General statement/ Project name / Metric
cial intelligence for damage detec- tographs, image processing,
tion and fraud prevention computer vision (CV), photomon-
tage detection
Scoring Systems SS Use of scoring systems and deci- Risk score, underwriting score, General statement/ Project name / Metric
sion engines for risk acceptance, location-based scoring, decision
pricing, and claims assessment engine
Claim Cycle Time CCT  Applications aimed at reducing the  File closing time, time-to- General statement/ Project name / Metric
time from claim file opening to clo-  settlement
sure
Table 2 Scoring Scale
Score  Meaning Description
0 Absent No statement related to the relevant theme/code is found in the text
1 Indirect A general statement exists; implementation or project details are unclear

2 Present (Limited)
3 Strong

4 Very Strong

An application or project is mentioned; the scope is narrow or at a pilot level
Multiple applications or components are indicated; the content is concrete

Metrics or measurable indicators are provided (time, rate, quantity, monetary value, etc.)

Table 3 Representation of Smart Damage Management Components in Companies’ Sustainability Reports (0—4)

Coder Company DCM RFA IP SS CCT Total
Aksigorta 4 3 3 3 4 17
1. Coder Anadolu Sigorta 3 3 2 3 2 13
Turkiye Sigorta 3 2 2 3 2 12
Ray Sigorta 2 1 1 2 1 7
Aksigorta 4 3 3 3 3 16
5 Coder Anadolu Sigorta 3 3 2 3 2 13
Turkiye Sigorta 3 2 2 3 2 12
Ray Sigorta 2 2 1 2 1 8

of detail remain limited, resulting in a relatively weak representa-
tion profile.

Inter-coder reliability in the content analysis was tested using
the quadratic weighted Cohen’s Kappa coefficient, taking into
account the ordinal nature of the 0—4 scoring scale. The analysis
yielded a kappa value of 0.92, which, according to classifications
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commonly accepted in the literature, indicates an almost perfect
level of agreement between coders. This result demonstrates that
the coding process is objective, consistent, and replicable, and it
supports the methodological reliability of the content map and
scoring approach developed in this study.

The findings indicate that the degree to which sustainability
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reports represent digital transformation with a focus on claims
management is not homogeneous across companies. While some
companies present digital transformation practices through con-
crete disclosures supported by metrics, others rely more heavily on
general statements with limited substantiation. In this respect, the
content map and the 04 graded scoring approach developed in
this study provide a functional and reliable analytical framework
for comparatively revealing the visibility and evidence intensity of
digital transformation components in corporate reporting texts.

CONCLUSION

This study examined how claims-related digital transformation
is reflected in the most recent sustainability reports of insurance
companies listed on Borsa Istanbul, using a production technolo-
gies perspective. By classifying smart claims management into
five components Digital Claims Management, Risk and Fraud
Analytics, Image Processing, Scoring Systems, and Claim Cycle
Time the study developed a content map and applied a 04 graded
scoring approach to assess the level of representation and eviden-
tial strength of corporate disclosures. The findings reveal that
sustainability reports differ substantially in how concretely and
measurably they represent claims-focused digital transformation.
While some companies support disclosures on digital claims man-
agement and claim cycle time with metrics and performance indi-
cators, others rely primarily on general or declarative statements,
particularly regarding analytics- and technology-intensive compo-
nents such as fraud analytics and image processing. This indicates
that digital transformation is not reported homogeneously across
firms and that sustainability reports vary considerably in terms of
evidence intensity and performance visibility.

The study makes three main contributions. First, it provides a
holistic conceptual framework that structures smart claims man-
agement as an integrated process technology ecosystem spanning
operational, analytical, and advanced automation dimensions. Sec-
ond, it introduces a replicable content analysis and grading mech-
anism that moves beyond presence/absence evaluations and en-
ables comparative assessment based on concreteness and measura-
bility. Third, it demonstrates that sustainability reporting can serve
as a meaningful analytical source for evaluating claims-related
digital transformation when disclosures are supported by appli-
cations and metrics. Despite these contributions, the findings are
inherently limited by the scope and transparency of the reports
analyzed; therefore, lower scores may reflect reporting limitations
rather than the absence of underlying practices. Future research
should extend this approach by triangulating report-based analy-
ses with in-depth interviews, expert evaluations, or process-level
performance data, and by applying the framework to larger sam-
ples or cross-country contexts to enhance generalizability.
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ABSTRACT The stochastic, non-linear, and dynamic nature of financial markets significantly diminishes the effectiveness of traditional
trading stratsgies relying on fixed parameters over extended periods. While the Efficient Market Hypothesis (EMH) suggests that asset
prices reflect all available information, rendering systematic profit generation impossible, the field of algorithmic trading operates on
the premise that temporary market inefficiencies and behavioral anomalies can be exploited. This study presents a comprehensive
Genetic Algorithm (GA) framework designed to develop and optimize an adaptive trading strategy for multi-asset portfolios consisting
of high-liquidity technology stocks (Apple, Microsoft, Google). Unlike traditional optimization methods that focus solely on parameter
tuning for a single indicator, the proposed system introduces a novel "genetic switch" mechanism. This mechanism allows the algorithm
to simultaneously optimize the structural components of the strategy determining which combination of indicators (EMA, MACD, RSI,
Momentum) yields the best performance and their respective parameters. The model’s fitness function prioritizes risk-adjusted returns by
utilizing a Calmar-like ratio, explicitly penalizing excessive drawdowns. To ensure robustness and mitigate the prevalent risk of overfitting
(data snooping bias), a rigorous Walk-Forward Optimization (WFO) technique was applied to daily data spanning the 2020-2024 period.
The findings demonstrate that the proposed GA framework generates a robust trading system that statistically outperforms the passive
"buy-and-hold" strategy, achieving a higher Sortino Ratio (1.98 vs 1.21) and significantly lower maximum drawdown (-18.5% vs -35.1%).
The outperformance over the buy-and-hold benchmark is statistically validated across all walk-forward windows, indicating robustness
rather than data snooping effects.

INTRODUCTION

Financial markets are complex adaptive systems characterized
by high volatility, noise, and non-stationarity. The challenge of
predicting price movements has intrigued academics and prac-
titioners for decades. The Efficient Market Hypothesis (EMH),
formulated by Fama (1970), posits that asset prices fully reflect all
available information, implying that it is impossible to consistently
"beat the market" on a risk-adjusted basis. However, the emer-
gence of Behavioral Finance, championed by Shiller (2003), and
the Adaptive Markets Hypothesis (AMH) proposed by Lo (2004),
suggest that markets are not always efficient. Instead, they evolve,
and inefficiencies driven by human psychology and institutional
constraints create windows of opportunity for profit.

Algorithmic trading has emerged as a dominant force in mod-
ern finance to exploit these transient inefficiencies. By utilizing
computational power, algorithms can process vast amounts of data
and execute trades with speed and precision beyond human capa-
bility (Bodek 2013). Technical analysis, which relies on historical
price and volume data to forecast future price movements, forms
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the backbone of many such strategies (Murphy 1999). However,
the effectiveness of technical indicators such as Moving Averages,
Oscillators, and Momentum indicators is heavily dependent on the
selection of optimal parameters. A parameter set that is profitable
in a trending market (e.g., a bull run) may lead to catastrophic
losses in a ranging or mean-reverting market. Furthermore, manu-
ally tuning these parameters is not only time-consuming but also
prone to cognitive biases. A more critical issue is "data snooping
bias" or overfitting, where a strategy is tailored so precisely to his-
torical data that it captures noise rather than the underlying signal,
leading to poor performance on unseen future data (De Prado 2018;

To address these challenges, evolutionary computation
paradigms, particularly Genetic Algorithms (GA), offer a robust
alternative. Inspired by Darwinian natural selection, GAs are
stochastic search heuristics that evolve a population of candidate
solutions over generations (Goldberg 1989). They are particularly
well-suited for financial optimization problems because they do
not require gradient information and can navigate large, multi-
modal, and non-differentiable search spaces (Chen et al. 2022).
Previous studies have successfully applied GAs to optimize pa-

rameters for single indicators (Singh and Kumar 2021; Lohpetch
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and Corne 2010) or neural network weights (Li and Zhao 2022).
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However, there remains a significant gap in the literature regard-
ing integrated frameworks that simultaneously optimize both the
parameters and the structure (selection of indicators) of a strategy
for a multi-asset portfolio.

Unlike Genetic Programming (GP) approaches that evolve com-
plex tree structures often resulting in excessive complexity (bloat),
or standard feature selection methods that merely select a subset
of inputs, the proposed "Genetic Switch" mechanism employs a
fixed-length chromosome structure with dynamic activation bits.
This hybrid encoding maintains structural interpretability while al-
lowing the algorithm to reduce model complexity by deactivating
ineffective indicators based on market regimes.

This study addresses this gap by proposing a GA framework
with a novel "genetic switch" mechanism. The contributions of this
research are threefold: (1) An integrated optimization approach
that selects both active indicators and their parameters dynami-
cally; (2) A portfolio-based fitness evaluation that prioritizes risk-
adjusted returns (Calmar Ratio) over simple profit maximization;
and (3) A rigorous Walk-Forward Analysis (WFO) to validate the
strategy’s robustness against overfitting and its adaptability to
different market regimes (e.g., the post-COVID recovery and sub-
sequent volatility).

MATERIALS AND METHODS

Data Acquisition and Preprocessing

The study utilizes daily historical stock market data spanning from
January 1, 2020, to December 31, 2024. The dataset was acquired
from Yahoo Finance using the ‘yfinance’ library. The selected
portfolio consists of three high-liquidity technology stocks: Apple
Inc. (AAPL), Microsoft Corp. (MSFT), and Alphabet Inc. (GOOGL).
These assets were chosen due to their significant impact on global
market indices (S&P 500, Nasdaq) and their sufficient liquidity,
which minimizes slippage risks and transaction costs in real-world
trading scenarios.

The primary data point used for analysis is the "Adjusted Close"
price, which accounts for corporate actions such as dividends and
stock splits, providing a more accurate reflection of the asset’s
economic value compared to the raw closing price. The dataset
was subjected to a cleaning process where it was inspected for
missing values (NaN) and outliers. No significant data gaps were
found, ensuring data integrity before the optimization process.
The daily returns were calculated using logarithmic differences to
ensure time-additivity and stationarity.

Technical Indicators and Mathematical Formulation

The trading strategy is built upon a diverse set of four fundamental
technical indicators, representing both trend-following and mean-
reversion logics. The GA optimizes the parameters (P) for these
indicators:

1) Exponential Moving Average (EMA): A trend-following indi-
cator that places greater weight on the most recent data points,
making it more responsive to new information than a simple mov-
ing average. The strategy utilizes a "crossover" logic between a
short-period EMA (EMAgjo,t) and a long-period EMA (EMAg,).
Abuy signal is generated when EMAgppp > EMA 4.

2) Relative Strength Index (RSI): A momentum oscillator devel-
oped by Wilder (1978) that measures the speed and change of price
movements. It oscillates between 0 and 100. Traditionally, values
above 70 indicate overbought conditions (sell signal), and values
below 30 indicate oversold conditions (buy signal).

3) Moving Average Convergence Divergence (MACD): A trend-
following momentum indicator that shows the relationship be-
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tween two moving averages of a security’s price. The MACD
triggers technical signals when it crosses above (to buy) or below
(to sell) its signal line.

4) Momentum: A leading indicator measuring the rate of change
of the asset’s price over a specified period ().

Momentum = Py — Py, @)

Genetic Algorithm Framework

The core of this study is the Genetic Algorithm designed to evolve
the trading strategy. The evolutionary process follows the stan-
dard flow: Initialization, Evaluation, Selection, Crossover, and
Mutation.

Chromosome Representation Each individual (strategy) in the
population is encoded as a chromosome with 9 distinct genes,
utilizing a mixed-integer representation:

* Parameter Genes (5): Integers defining the lookback periods
(e.g., Short EMA window [5-50], Long EMA window [50-200],
RSI period [10-30]).

* Switch Genes (4): Binary values (0 or 1) acting as "genetic
switches." If a switch gene is 1, the corresponding indicator’s
signal is included in the final voting mechanism; if 0, it is
ignored. This allows the GA to structurally adapt the strategy
by disabling indicators that do not perform well in the current
market environment.

Fitness Function Defining an appropriate fitness function is crucial
for the success of the GA. Maximizing total return often leads to
strategies that take excessive risks. Therefore, this study employs
a risk-adjusted metric derived from the Calmar Ratio. The fitness
function is defined as:

Fitness — Cumulative Return o)
"~ Maximum Drawdown

Here, Maximum Drawdown (MDD) measures the largest peak-
to-trough decline in the portfolio’s equity curve. By penalizing
MDD in the denominator, the algorithm favors strategies that
provide stable returns and capital preservation (Jansen 2020).

Genetic Operators To drive the evolution, specific operators were
configured:

¢ Selection: Tournament selection (size=3) is used. This method
randomly selects three individuals and passes the best one
to the mating pool, maintaining selection pressure while pre-
serving diversity (Goldberg 1989).

¢ Crossover: Two-point crossover with a probability of P, = 0.5.
The population size was set to 100 individuals to ensure suffi-
cient genetic diversity. A tournament selection size of 3 was
chosen to balance selection pressure with population diversity.
The crossover probability (P = 0.5) was selected to facilitate
the recombination of trading rules without disrupting high-
performing schemas too rapidly.

* Mutation: Gaussian mutation with a probability of P, = 0.2.
A relatively high mutation probability (P, = 0.2) was ex-
plicitly employed to introduce significant random variations.
This higher mutation rate acts as a diversity preservation
mechanism, preventing premature convergence to local op-
tima a common issue in multimodal financial optimization
landscapes.
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Walk-Forward Analysis (WFO)

To rigorously test robustness and simulate real-world trading,
a Walk-Forward Analysis (WFO) was implemented, as recom-
mended by Pardo (2008). WFO eliminates the look-ahead bias
inherent in static optimization. As illustrated in Figure 1, the data
is divided into sliding windows:

¢ In-Sample (Training): 504 trading days (= 2 years). The in-
sample training window of 504 trading days was selected
to encompass multiple short-term market regimes (e.g., bull,
bear, and sideways trends), ensuring the strategy learns robust
patterns rather than transient noise.

¢ Out-of-Sample (Testing): 252 trading days (= 1 year). The
out-of-sample testing window of 252 days provides a sta-
tistically significant sample size for performance evaluation,
aligning with standard annual reporting periods.

This window slides forward by 126 days (6 months) iteratively.
This method ensures that the performance metrics reflect the strat-
egy’s ability to adapt to unknown future market conditions rather
than memorizing past data.

Walk-Forward A

— |

lysis (Rolling O f-

73

4 5 6 7 8

Time Steps

o
~
w

Figure 1 Schematic Representation of the Walk-Forward Opti-
mization Process

RESULTS

Optimization Convergence

The evolutionary process was monitored over 20 generations for
each Walk-Forward window. As illustrated in the convergence
analysis in Figure 2, the fitness of the best individual typically
improved rapidly in the initial generations (1-10) and reached
a plateau in the later stages (15-20). This plateau indicates that
the algorithm successfully converged to a robust local optimum
within the search space. The concurrent steady rise in the average
population fitness suggests that the genetic operators effectively
transmitted beneficial traits (profitable parameters and indicator
combinations) to subsequent generations without losing popula-
tion diversity too quickly.

Optimal Strategy Configuration

The GA identified a specific configuration that maximized the
risk-adjusted return for the aggregated 2020-2024 period. The op-
timal parameters are detailed in Table 1. A significant finding
is the deactivation of the RSI indicator (use_r = 0). The RSI is
typically a mean-reversion indicator. Its exclusion suggests that
for the technology sector during this volatile and strongly trend-
ing period (post-COVID bull run), trend-following components
(EMA, MACD) and pure Momentum were more effective. Mean-
reversion signals likely produced premature exit signals during
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Figure 2 Evolution of Best and Average Fitness Values Across
Generations

strong upward trends, which the GA correctly identified as detri-
mental to overall fitness.

Table 1 Optimal Strategy Parameters Found by GA

Parameter Description Value
short Short EMA Period 18
long Long EMA Period 112
macd_s MACD Signal Period 14
mom_p Momentum Period 10
use_e Switch: EMA Crossover | 1 (Yes)
use_m Switch: MACD 1 (Yes)
use_o Switch: Momentum 1 (Yes)
use_r Switch: RSI 0 (No)

Performance Comparison

The adaptive strategy was benchmarked against a passive "Buy-
and-Hold" strategy, which assumes buying the portfolio at the
start date and holding until the end. The comparative results,
summarized in Table 2, indicate superior risk management by the
GA-optimized model.

While the total return of the GA strategy (145.8%) was slightly
lower than Buy-and-Hold (160.2%), the Maximum Drawdown
was reduced by approximately 47% (-18.5% vs -35.1%). In pro-
fessional portfolio management, avoiding large drawdowns is
often prioritized over absolute return maximization to ensure fund
longevity. This massive reduction in risk resulted in significantly
higher Sharpe (1.15 vs 0.85) and Sortino (1.98 vs 1.21) ratios, in-
dicating that the GA strategy generated better returns per unit of
risk taken. The equity curve comparison is presented in Figure 3,
visually demonstrating the smoother trajectory of the GA strategy
during market corrections.

DISCUSSION

The results of this study provide empirical evidence challenging
the strict interpretation of the Efficient Market Hypothesis. By
demonstrating that an adaptive algorithmic approach can generate
superior risk-adjusted returns compared to a passive strategy, we
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Table 2 Performance Metrics Comparison

Metric GA Strategy | Buy & Hold
Total Return 145.8% 160.2%
Annualized Return 25.2% 27.0%
Max Drawdown -18.5% -35.1%
Sharpe Ratio 1.15 0.85
Sortino Ratio 1.98 1.21
Calmar Ratio 1.36 0.77

Performance  Trades analysis  Risk/performance ratios  List of trades

Profitable trades Profit factor
176,463.88 usn 14.47% 95 49.47% 47/95 3.252

Total P&L. Max equity drawdown Total trades
+1,083,037.80 usp +1,020.45%

Mar 2016 2017 2018 2020 2021 2022 2023 Apr 2025

Figure 3 Cumulative Return Comparison: GA Strategy vs. Buy-
and-Hold

support the Adaptive Markets Hypothesis (Lo 2004). The key
to this success lies in the strategy’s ability to remain out of the
market or take defensive positions during periods of high volatility,
thereby preserving capital.

The success of the "genetic switch" mechanism in excluding
the RSI indicator highlights the importance of structural optimiza-
tion. Traditional optimization often fixes the model structure and
only tunes parameters, potentially forcing the use of ineffective
indicators. Our approach allows the data to dictate the struc-
ture. In strong bull markets (driven by large-cap tech stocks in the
post-pandemic era), oscillators like RSI often give premature "over-
bought" signals that cause traders to exit profitable trends too early.
The GA successfully "learned" to ignore this noise, prioritizing
trend-following signals instead.

The Walk-Forward Analysis confirms that the strategy is not
merely a result of overfitting. The consistency of positive re-
sults across sliding out-of-sample windows implies that the model
adapts well to shifting market regimes. However, it is worth noting
that the equity curve reveals the strategy performs best in trending
markets and may experience stagnation during sideways (choppy)
markets, a common characteristic of trend-following systems.

CONCLUSION

This research successfully developed a robust, adaptive trading
strategy for multi-asset portfolios using a Genetic Algorithm. By
optimizing both the parameters and the selection of technical in-
dicators simultaneously, the system achieved a high Sortino Ratio
of 1.98, significantly outperforming the risk profile of a passive
investment strategy. The study validates the utility of evolution-
ary computation in financial domains, particularly in its ability to

USEN Information Technology in Economics and Business

automate the complex process of strategy design and validation.

Despite the promising results, this study has limitations. First,
transaction costs (commissions and slippage) were not explicitly
factored into the simulation loop, although the choice of high-
liquidity assets mitigates this. In a high-frequency environment,
these costs could dampen net returns. Second, the dataset is lim-
ited to large-cap technology stocks; the strategy’s performance on
small-cap or crypto assets remains untested. Finally, the period
(2020-2024) contains specific macro-economic anomalies (COVID-
19 recovery, inflation surge) that may not repeat in the exact same
pattern. Third, the study relies on the current constituents of the
selected technology indices, which introduces a potential survivor-
ship bias; companies that were delisted or went bankrupt during
the analysis period were not included. Fourth, the fitness func-
tion’s reliance on the Calmar Ratio makes the optimization sensi-
tive to maximum drawdown events; a single anomalous market
crash could disproportionately penalize the fitness score, poten-
tially discarding otherwise profitable strategies.

Future research will focus on incorporating realistic slippage
and commission models directly into the fitness function to penal-
ize excessive trading, using the genetic algorithm to dynamically
optimize Stop-Loss and Take-Profit levels based on market volatil-
ity (ATR), and integrating deep learning models such as LSTM
or Transformers to predict market regimes (bull, bear, or side-
ways) and use this information as a state filter within the genetic
algorithm to automatically switch between trend-following and
mean-reversion strategies.
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ABSTRACT This paper focuses on the of factors influencing calorific consumption of a vertical roller mill
(VRM) and solution proposals to reduce it at a cement factory called X cement factory (for confidentiality
reasons). The research aims to identify the main operational, mechanical, and material factors contributing
to elevated specific calorific consumption (SCC) and to propose corrective measures for improving energy
performance. Data covering a five-month production period are collected from the company’s production
reports and analyzes using key performance indicators such as feed rate, moisture content, stoppage
frequency, and fuel consumption. Results reveal that increased raw material moisture, frequent operational
stoppages, and unstable feed rates are the dominant factors leading to higher SCC. The study concludes by
proposing technical and organizational measures such as feed rate stabilization, moisture control, preventive
maintenance, and improved combustion management. Implementing these measures can significantly reduce

KEYWORDS
Cement factory
Calorific con-
sumption

Vertical roller mill
Hot gas genera-
tor

Process amelio-
ration

Energy efficiency

calorific consumption, enhance energy efficiency, and promote sustainable cement production.

INTRODUCTION

Energy is one of the basic primary requirements for the existence
and growth of any industrial sector (Arto et al. 2016; Hammond
2007; Stern 2011). Generally, industrial energy consumption di-
rectly affects a country’s economic growth (Abbasi et al. 2021;
Zheng and Walsh 2019; Kiimmel 1982). The cement industry is one
of the energy-intensive industries which utilizes a sizeable amount
of energy (Madlool et al. 2013; Sahoo and Kumar 2022). This sector
consumes 54% of the World’s total delivered energy which is very
high compared to other industries (Khan and McNally 2023). In the
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cement industry, the total energy consumption accounts for 50-60%
of the overall manufacturing cost, while thermal energy accounts
for 20-25%. At X cement factory thermal energy is mainly required
in the drying of the raw material during milling by a VRM (Altun
et al. 2017a,b). The main processes that occur at X cement factory
are mostly grinding, drying, separation and homogenization of
raw material (clinker, pozzolana and gypsum) and milling.

Clinker and gypsum are imported from abroad, while Poz-
zolana is obtained from quarries located within the Cameroonian
territory (Achaw and Danso-Boateng 2021; Nkouathio et al. 2021;
Bayiha et al. 2018). However, the locally sourced pozzolana is gen-
erally wet and could impact negatively on the production process
and quality of the finished product (McCarthy and Dyer 2019; Mo-
hammed 2017; Hossain et al. 2021). The VRM is associated with a
hot gas generator that produces hot gas used for drying raw materi-
als during milling. Nevertheless, X cement factory has experienced
over the years, challenges in the consumption of thermal energy in
the milling unit. This is observed by a continuous increase in the
calorific consumption of the vertical roller mill which is one of the
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plant’s key performance indicators. This has led to instability in
the production process and an increase in cost of production.

Over the past years, X cement factory has recorded increasing
and fluctuating calorific consumption in the VRM unit, despite rela-
tively stable production rates. This trend implies that more natural
gas is being consumed per ton of cement produced. The excessive
energy use not only raises production costs but also increases the
company’s carbon footprint (Bocken and Allwood 2012; Fang et al.
2011; Hoffman 2007). A detailed analysis of production data re-
veals that several factors may contribute to this situation, including
fluctuations in feed rate, high moisture content of raw materials,
frequent stoppages, and suboptimal combustion conditions in the
hot gas generator (HGG). However, the relative impact of each of
these parameters on calorific performance remains unclear.

The central problem of this research therefore lies in determin-
ing the key operational and process parameters responsible for
the increase in calorific consumption and proposing effective mea-
sures to ameliorate it. This challenge defines the core problematic
of this study: How can the calorific consumption of the VRM at
X cement factory be optimized to achieve better energy efficiency
and reduced fuel costs? The present study carried out at X cement
factory aims to analyze the factors influencing calorific consump-
tion and possible causes of this increase in calorific consumption
at the milling unit, then responds by proposing solutions that can
reduce it at this unit. The main purpose of this paper is to study
the factors influencing the calorific consumption of the vertical
roller mill and propose solutions to reduce it, thereby reducing
fuel consumption, enhancing drying efficiency and maintaining
desired cement quality while keeping cost of production fairly low.
The specific objectives are:

¢ Collect and analyze operational data related to production,
gas consumption, and process parameters.

® Determine correlations between SCC and key process vari-
ables such as feed rate, moisture content, and stoppages.

* Propose actionable technical and managerial solutions for
improving the energy performance of the VRM.

This research is of both technical and economic significance.

¢ From a technical standpoint, it contributes to improving the
understanding of the parameters that govern energy efficiency
in cement grinding systems. It provides a methodological
framework for diagnosing and optimizing calorific perfor-
mance using quantitative and quality control tools.

¢ Economically, the study assists X cement factory in identifying
areas where fuel consumption can be minimized, leading to
significant cost savings and increased production efficiency.
Environmentally, the reduction of energy consumption di-
rectly contributes to lowering CO, emissions, thereby align-
ing with the company’s sustainability goals and Cameroon’s
national energy transition strategy.

* Academically, the research serves as a reference for future
studies on energy optimization in cement production and
related process industries.

This paper is organized into two sections, preceded by an intro-
duction section: Material and methods: and Results. This paper
concludes with a conclusion section summarizing the major find-
ings and suggesting future directions for research and industrial
improvement.

MATERIALS AND METHODS

The materials are used to carry out this paper: Pen, pencil, note
book, personal protective equipment (overall, safety boots and
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gloves), phone, laptop, Microsoft word and Microsoft Excel. Data
collection consists of the procedures of acquisition of data needed
for this paper. Data required mainly involves gathering both op-
erational and technical information necessary for analyzing the
calorific consumption of the VRM system. This was done at the
level of the Production department from the cement plant’s control
room records, daily and monthly production report sheets, and
field observations. This procedure consisted of extracting the var-
ious key performance indicators that helped in establishing the
correlations between the specific calorific consumption and factors
that can influence the calorific consumption, presenting these re-
lationships on graphs and tables, and finally drawing insightful
conclusions which will later be used to really pinpoint areas of
fault and propose actionable solutions. The data extracted from
the daily production reports include:

¢ Mill running hours and stoppage durations.

¢ Gas Consumption in m”.

¢ Cement production of 3X cement (42.5R) and Falcon (32.5R)
cement grades in MT.

¢ Raw material consumption (clinker, gypsum and pozzolana)
in MT.

¢ Mill feed rate in Tons per hour (TPH).

A sample of a daily production report sheet from which the main
data needed was extracted is shown on Figure 1.

In Figure 1, it was as well necessary to gather numerical data
from the company’s production department from which the data
needed to carry out a quantitative analysis of the trends in SCC
as well as finding correlations between key performance indica-
tors such as Feed Rate, Total production and grade of the cement
produced, mill running hours and raw material consumption with
SCC. The data collected is for a period of five months from the
month of April 1st to August 31st 2025, showing details of pro-
duction of 32.5R cement grade and 42.5R cement grade commonly
called Falcon and 3X respectively with natural gas as fuel. The key
calculations are: Average SCC and average feed rate.

* Average SCC: From the daily production reports, the specific
gas consumptions (SGC) in m® /MT for the production of both
3X cement and Falcon were extracted and the SCC for each
month were evaluated in kJ/MT. This then allowed the calcu-
lation of the SCC and average specific calorific consumptions
(Avg. SCC) for each cement grade for each month using the
formulae:

SCC = SGC - LHV - pg )

where SCC = specific calorific consumption in kJ/MT, SGC =
specific gas consumption m3/MT, LHV = Lower heating value of
natural gas (50000k]/kg) and pg = Density of Natural gas (0.712
kg/m3 according to (Gaz du cameroun, 2016)

Y. 5CC
Days of consumption

Avg.SCC = @
* Average feed rate: The feed rate was evaluated for each day of
the months from the daily production report sheets using the
total material consumed (Qm) divided by the actual running

hours a day (Rhr). The average value was then calculated for
each month in TPH.

Qm

Feed rate =
eed rate = -~

®)
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Figure 1 Image of a daily production report sheet from the production department of X cement factory

where Qm = Material Consumed in MT and Rhr = Running
hours in Hours

Feed rate 4

Days of consumption @)

For a proper analysis and understanding of the factors that
come into play concerning the high calorific consumption of the
VRM and at the level of the HGG, it is necessary for certain rela-
tionships between some parameters of production and SCC to be
understood in order to be able to draw insightful conclusions that
will aid in proposing actionable solutions towards ameliorating
the calorific consumption of this unit. The key correlations are:

Avg.Feed rate =

¢ Feed rate versus specific calorific consumption.
* Moisture content versus SCC.
* Stoppages versus SCC.

The monthly fuel cost per ton was determined using the rela-
tion:

Cost = SGC (m3/MT) x Price (FCFA/m?) x production (MT) (5)

where the price at which X cement factory purchases gas is 330.9
FCFA per m3 (1 MMBTU = 16 USD and 1 MMBTU = 27.3192 m3.
Hence 27.3192 m3 = 9040FCFA implies 1m? = 330.9 FCFA).

RESULTS

This section presents and discusses the results obtained from the
analysis of specific calorific consumption trends at X cement fac-
tory. It examines the correlations between SCC and operational
parameters such as feed rate, moisture content, and stoppages,
providing insights into how each factor impacts energy efficiency.

Information Technology in Economics and Business

Results of analysis of SCC

To evaluate the energy performance of the VRM, an analysis of the
variation in specific calorific consumption was conducted over a
five-month period, from April to August 2025. The study utilized
daily production data and the corresponding specific gas consump-
tion values obtained from plant operation records. These daily
gas consumption data were first converted into their equivalent
specific calorific consumption values (in k] /MT of cement) using
the known calorific value of the fuel gas. Table 1 presents the total
specific gas consumptions (in m3/MT of cement) for the various
days in the months of April 2025 to August 2025 when the gas
generator used Natural gas as fuel.

For each month, the average specific gas consumption and spe-
cific calorific consumption are calculated to determine the monthly
energy performance trend. Table 2 shows the average values of the
SGC and corresponding average SCC.

These monthly averages were then plotted against time to vi-
sualize the evolution of energy use during the study period. The
resulting graphs reveal a general upward trend in specific calorific
consumption from April 2025 to August 2025, indicating a grad-
ual deterioration in the thermal efficiency of the grinding process.
Figures 2 and 3 show the graphs of average SGC and SCC, respec-
tively with time.

This increase suggests that the system required progressively
more energy to produce fairly the same quantity of finished prod-
uct (about 4500 MT daily set point) over time. Such a pattern
may be attributed to several operational and process-related fac-
tors, including variations in feed moisture content, raw material
grindability, equipment wearing, suboptimal process control, or
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Table 1 Total SCC (in m3/MT of cement) from April 2025 to Au-
gust 2025

APRIL 2025 MAY 2025 JUNE 2025 JULY 2025 AUGUST 2025
2.79 1.91 2.05 3.44 3.32
1.64 2.72 4.33 3.39 411
2.27 1.98 1.85 2.54 3.49
2.35 2.75 2.66 2.91 /
2.84 2.79 2.22 3.40 /
2.06 2.72 2.74 4.80 /
2.74 2.91 2.67 4.29 /

/ 2.95 3.31 2.30 /
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Figure 2 Graph of Avg. SGC with time.

frequent stoppages affecting thermal stability. The observed trend
emphasizes the need for continuous monitoring and optimiza-
tion of operating parameters to maintain stable and efficient VRM
performance.

To quantify the economic impact of the variations in energy
performance observed during the study period, a cost analysis was
conducted based on the monthly SGC values. The month of April
was used as the baseline because it recorded the lowest specific
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Table 2 Average values of SGC and SCC

Months Average SGC (m3/MT) Average SCC (kJ/MT)
APRIL 2025 2.38 84728
MAY 2025 2.52 89712
JUNE 2025 2.68 95408
JULY 2025 2.77 98612
AUGUST 2025 3.64 129584
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Figure 3 Graph of Avg. SCC with time.

gas consumption (2.38 m3/MT). All subsequent months were com-
pared to April to estimate the additional fuel cost incurred due to
higher consumption rates. Table 3 shows the values of the cost of
the different quantities of natural gas used up during the studied
months.

Table 3 Monthly cost of fuel consumed

MONTH AVG. SGC (m*>/MT) PRODUCTION (MT) TOTAL COST (FCFA)
APRIL 2025 2.38 4682 3687271.644
MAY 2025 2.52 4791 3995061.588
JUNE 2025 2.68 3867 3429302.004
JULY 2025 2.77 3932 3604043.676
AUGUST 2025 3.64 4603 5544203.028

The analysis of the SGC and its associated costs over the months
from April to August reveals a clear trend in energy usage and
expenditure for the production process. In April 2025, the aver-
age SGC was 2.38 m3/t, corresponding to a production volume of
4,682 tons and a total gas cost of 3,687,271.644 FCFA. This month
serves as the baseline for comparative analysis. In May 2025, the
average SGC slightly increased to 2.52 m3/t while production rose
to 4,791 tons, resulting in a total cost of 3,995,061.588 FCFA. This
indicates that despite higher production, the increase in gas con-
sumption per ton contributed to a proportional rise in total fuel
cost. For June 2025, the average SGC further increased to 2.68 m3/t;
however, production decreased to 3,867 tons. Consequently, the
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total gas cost was 3,429,302.004 FCFA. Although the production
was lower, the increase in SGC demonstrates a reduction in en-
ergy efficiency, suggesting that the process consumed more gas
per ton of product. In July 2025, the average SGC continued to
rise to 2.77 m3/t with a production of 3,932 tons, leading to a total
cost of 3,604,043.676 FCFA. The trend indicates a steady increase
in specific gas consumption over time, which negatively impacts
operational efficiency even when production volumes remain rel-
atively stable. A significant increase is observed in August 2025,
where the average SGC reached 3.64 m3/t, with production at
4,603 tons. This resulted in a total cost of 5,544,203.028 FCFA, rep-
resenting the highest gas expenditure within the analyzed period.
The sharp rise in SGC reflects an intensified loss in energy effi-
ciency, highlighting the need for corrective measures to optimize
fuel consumption and reduce operational costs.

5700000 5544203,028
5200000

4700000

4200000 3995061,588

COST IN FCFA

3687271,644 3604044676
3700000 !

3200000

2700000
4682 4791 3867 3932 4603

PRODUCTION IN MT

e total cost
Figure 4 Graph of cost versus production.

Overall, these results of Figure 4 clearly show that higher SGC
values directly translate into increased production costs with an
extra difference of 1856931.384 FCFA when comparing April’s 2025
fuel cost and that of August 2025. Thus, emphasizing the impor-
tance of monitoring and controlling specific gas consumption to
ensure energy-efficient operation.

Results of feed rate versus SGC and SCC

To further understand the energy performance of the VRM, the
relationship between the average feed rate and the specific energy
consumption indicators namely; the SGC and the SCC is analyzed.
Table 4 shows a record of daily feed rate values for each month
extracted from the daily production reports from the production
department.

The monthly average feed rate, calculated from daily produc-
tion data, is plotted against the corresponding average SGC and
SCC values for the period from April 2025 to August 2025. Table 5
shows the average feed rates of each month with the corresponding
values of SGC and SCC.

Figures 5 and 6 show the graphs of average feed rates in TPH
plotted against average SGC and average SCC, respectively.

The resulting trend shows an inverse correlation between the
feed rate and both SGC and SCC. During months when the feed
rate was relatively high (such as April with 208.9 TPH), the SGC
and SCC values were comparatively low (2.38 m3/MT and 84,728
kJ/MT, respectively). Conversely, as the feed rate decreased be-
tween May and June, the energy consumption values increased
noticeably. This relationship indicates that a lower feed rate tends
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Table 4 Daily feed rates for each month

APRIL 2025 MAY 2025 JUNE 2025 JULY 2025 AUGUST 2025
211.6 218.7 173.8 201.0 1941
206.2 208.9 196.3 199.9 197.5
209.5 215.4 188.9 209.6 188.8
211.3 206.8 191.3 198.8 192.9
208.9 209.7 189.0 183.1 /
208.0 208.8 184.4 176.5 /
206.8 190.7 189.0 196.3 /

/ 180.6 188.3 199.8 /
/ 212.6 192.7 205.9 /
/ 207.4 208.3 191.6 /
/ 183.9 207.7 200.3 /
/ 199.5 205.7 193.5 /
/ 204.0 / / /
/ 197.5 / / /
/ 175.5 / / /
/ 173.1 / / /
/ 200.0 / / /
/ 188.0 / / /
/ 196.0 / / /
/ 192.0 / / /

to reduce the mill’s energy efficiency, as more fuel energy is re-
quired to maintain the necessary drying and grinding conditions
for smaller throughputs. However, very high values of feed rates
will lead to poor quality finished products.

The observed trend can be attributed to the operational prin-
ciple of the VRM, where stable material flow and optimal bed
thickness are essential for efficient grinding and heat transfer. At
lower feed rates, the system experiences higher heat losses and
reduced utilization of hot gases, leading to higher specific calorific
consumption. Therefore, maintaining an optimal feed rate (be-
tween 200-215 TPH) is crucial to achieving lower energy con-
sumption and improved thermal performance of the system. This
correlation confirms that feed rate is a significant operational pa-
rameter influencing the thermal efficiency of the VRM and should
be continuously monitored and controlled as part of the energy
optimization strategy.

Results of the correlation between moisture content and SCC

The influence of raw material moisture on energy performance
was also analysed by comparing the SGC and SCC for the two
cement grades produced at X cement factory namely 3X cement
(42.5R) and Falcon (32.5R). Although both products are derived
from the same raw materials, their compositions differ mainly in
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Table 5 Average feed rate values for each month

MONTHS AVERAGE FEED RATE (TPH)  AVG. SGC (m3/MT)  AVG. SCC (kJ/MT)
APRIL 2025 208.9 2.38 84728
MAY 2025 187.0 2.52 89712
JUNE 2025 191.0 2.68 95408
JULY 2025 193.0 2.77 98612
AUGUST 2025 195.3 3.64 129584
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AVG. SGC IN M3/MT

Avg Feed rate

Figure 5 Graph of Average feed rate against AVG. SGC.

the proportion of pozzolana. The Falcon grade typically contains a
higher percentage of pozzolana (ranging between 35% and 55%)
while the percentage in 3X cement is relatively lower (21-35%),
which is generally wet when coming from the quarry, particularly
during the rainy season. Table 6 presents the average values of
SGC and SCC of 3X cement and Falcon and their corresponding
average production.

The comparative analysis of the average SGC and SCC values
for the two cement grades shows that, for nearly equivalent lev-
els of production, the Falcon cement consistently exhibits higher
energy consumption than the 3X cement. This difference can be
attributed primarily to the higher moisture content of the raw
materials used in Falcon production since more pozzolana which
contributes more to the moisture content of the raw material is
more in Falcon than in 3X cement. Increased moisture requires
additional thermal energy to achieve effective drying within the
VRM, thereby increasing both the gas demand and the specific
calorific consumption of the process. Figures 7 and 8 are graphs
that show how the average values of SGV and SCC for Falcon are
generally always higher than that of 3X cement.

The results clearly demonstrate that raw material moisture con-
tent is directly proportional to specific energy consumption. A rise
in moisture necessitates more heat input for drying, which elevates
the SCC and consequently reduces the overall thermal efficiency of
the system. This finding highlights the importance of raw material
pre-drying or moisture control strategies, especially during the
rainy season, to optimize fuel usage and minimize calorific losses
during grinding operations.

Results of the correlation between stoppages and SCC

Another important parameter investigated in this study is the ef-
fect of operational stoppages on energy performance, particularly
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Figure 7 Graph of average SGC of 3X versus falcon.

their relationship with the SGC and SCC. Using the daily pro-
duction reports from April to August, the number of significant
stoppages recorded each month was extracted and plotted against
the corresponding monthly average SGC and SCC values. Table 7
that follows presents the values of monthly stoppages correlated
with the average values SGC and SCC of each month.

The resulting analysis revealed a positive correlation between
the frequency of stoppages and both SGC and SCC. Months char-
acterized by a higher number of stoppages also exhibited higher
values of specific energy consumption. This pattern indicates that
frequent interruptions in operation negatively affect the thermal
stability and efficiency of the VRM system. On Figures 9 and 10
are illustrated the graphs of stoppages against averages SGC and
SCC, respectively.

When stoppages occur, the mill and auxiliary systems (such
as the hot gas generator and fan units) undergo repeated heating
and cooling cycles. Each restart requires additional energy input
to restore the desired process temperature and system pressure
balance. Moreover, material accumulation and inconsistent feed
flow following stoppages lead to unstable grinding conditions and
incomplete heat recovery, which further increase gas consumption.
Consequently, minimizing unscheduled stoppages is crucial for
maintaining consistent energy performance. Stable operation en-
sures steady-state conditions within the mill, better utilization of
the supplied thermal energy, and reduced specific calorific con-
sumption. This correlation confirms that operational reliability
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Table 6 Average values of SGC and SCC of cement 3X and Falcon

APRIL 2025 MAY 2025 JUNE 2025 JULY 2025 AUGUST 2025

3X Cement (42.5R) Falcon (32.5R) 3X Cement (42.5R) Falcon (32.5R) 3X Cement (42.5R) Falcon (32.5R) 3X Cement (42.5R) Falcon (32.5R) 3X Cement (42.5R) Falcon (32.5R)

AVG. SGC (m%/MT) 1.18 2,67 1.74 3.74 1.22 3.69 1.67 4.04 257 436
AVG. SCC (kJ/MT) 42008 95052 42008 133144 42008 131364 42008 143824 42008 155216
Avg. Production (MT) 2106 2576 2215 2576 2169 1698 2036 1900 2057 2546
180000
155216
160000 143824
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90
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Figure 8 Graph of average SGC of 3X versus Falcon. AVG SGCIN M3/MT

Stoppages

Table 7 Values of monthly stoppages

Figure 9 Graph of stoppages versus average SGC.
APRIL 2025 MAY 2025 JUNE 2025 JULY 2025 AUGUST 2025

Stoppages 26 73 68 69 80

Avg. SGC (m/MT) 238 252 268 277 364 which increases fuel demand and decreases overall thermal
efficiency.

Avg. SCC (kJ/MT) 84728 89712 95408 98612 129584

¢ To mitigate this, it is recommended to adopt proper
raw material handling and storage techniques. During
the rainy season, pozzolana stockpiles should be cov-
ered with waterproof tarpaulins, and drainage systems
should be improved to prevent water accumulation. Ma-
terials should be stored on raised platforms or concrete
pads to avoid direct contact with wet ground.

is a critical factor in energy optimization and should be closely
monitored in the overall performance improvement strategy of the
cement grinding unit.

Actionable solutions to reduce calorific consumption

Based on the analyses performed through trend evaluations and ¢ Additionally, segregation of high-moisture batches and
correlation studies, several actionable solutions have been iden- pre-drying them using waste hot gases from hot gas
tified to address the main causes of high SCC in the VRM. The generator before feeding the mill can significantly reduce
results showed that the principal contributors to high SCC include drying energy requirements.

high moisture content of pozzolana, frequent operational stop- ¢ Implementing a routine moisture monitoring program
pages, fluctuating feed rate, and low calorific value of the fuel. with portable moisture meters will help maintain consis-
Other secondary factors such as heat losses to the surroundings, tent material quality.

incorrect fuel-air ratio in combustion, inaccurate measurement ¢ In the long term, investing in a dedicated pre-drying unit
and energy balance, and ambient humidity variations were also or installing a covered pozzolana storage facility would
found to contribute to a lesser extent. The following points present stabilize raw material conditions throughout the year,
detailed, practical, and technically justified solutions aimed at thereby ensuring steady energy consumption.
minimizing these inefficiencies and improving the overall thermal

performance of the VRM. Arranged in order of priority, the first 2. Minimization of operational stoppages

t}}ree so.lutions should be looked upon first since they have the Operational stoppages were found to have a direct posi-
highest impact.

tive correlation with SCC, as frequent interruptions result
in repeated reheating cycles, unsteady mill operation, and

1. R ion of moi i ial . .
eduction of moisture content in raw materials fuel wastage during restarts. Reducing stoppages therefore

High moisture content, especially in pozzolana used for the presents a major opportunity for energy savings.
production of Falcon cement, was identified as the most sig-

nificant cause of increased calorific consumption. Moist poz- ¢ To achieve this, X cement factory should implement a
zolana requires additional energy for drying inside the mill, preventive maintenance program focusing on critical
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Figure 10 Graph of stoppages versus average SCC.

equipment such as the mill feed system, hot gas gener-
ator, and burner assembly. Maintenance teams should
carry out pre-shift inspections to detect potential faults
early.

¢ Furthermore, introducing a stoppage log system to cate-
gorize stoppages as “avoidable” or “unavoidable” will
make it easier to identify recurring mechanical or opera-
tional failures.

* Availability of essential spare parts and improved coordi-
nation between production and maintenance teams will
reduce repair times.

¢ Training operators on quick fault response and perform-
ing root-cause analysis after major stoppages will also
help minimize downtime. Overall, reducing stoppages
will lead to smoother operation, higher throughput, and
more efficient fuel utilization.

3. Stabilization of feed rate

The correlation results revealed that fluctuations in feed rate
significantly affect calorific consumption. When the feed rate
is unstable or lower than the design capacity, the energy sup-
plied by the hot gases is not efficiently utilized, leading to an
increase in SCC.

¢ To stabilize the feed rate, operators should adhere to
standard operating procedures with clearly defined tar-
get feed setpoints. The use of automated feeders with
feedback control can help maintain steady feeding, while
interlocks and alarms can alert operators of deviations
from the target. Regular calibration of feed control equip-
ment should also be ensured.

¢ In the medium term, installation of a surge bin or buffer
hopper before the mill could help smoothen feed varia-
tions due to upstream fluctuations.

¢ Training operators on the importance of consistent feed
rate and monitoring performance indicators such as feed
rate variance (coefficient of variation) will also promote
operational stability. Stable feed rate operation ensures
optimal use of supplied heat, reducing the SCC and
improving product quality consistency.

Low calorific value fuel was another major cause of high SCC.
When the fuel used is of lower calorific value, a higher volume
is required to generate the same thermal output, increasing
overall energy costs.

¢ To mitigate this, a fuel quality control procedure should
be established. Fuel suppliers should provide certificates
of calorific value, and random fuel sampling and lab-
oratory testing should be done periodically to ensure
consistency.

¢ Additionally, burner tuning and combustion control
should be improved. The correct fuel-air ratio must be
maintained to ensure complete combustion and prevent
energy losses.

¢ Installing or optimizing oxygen (O,) and carbon monox-
ide (CO) monitoring systems can help operators main-
tain combustion efficiency within target limits. These
measures will enhance fuel utilization, lower specific gas
consumption, and consequently reduce SCC.

. Reduction of heat losses and improvement of system insula-

tion

Although heat losses were not among the top four causes,
they contribute to cumulative inefficiencies that raise calorific
consumption. Uninsulated ducts, leaks in hot gas lines, and
radiation losses from high-temperature surfaces can signifi-
cantly affect thermal performance.

¢ Regular thermal audits using infrared thermography can
identify high heat loss zones.

¢ Installing or replacing insulation materials on ducts,
pipes, and cyclones, as well as repairing leaks and dam-
aged seals, will help retain more heat within the system.

* Moreover, the use of heat-resistant coatings on exposed
metal surfaces can further minimize radiation losses.

¢ Perjodic inspection and maintenance of insulation sys-
tems should be institutionalized as part of the energy
management plan.

. Enhancement of measurement and process control systems

Accurate measurement and process control are essential for
continuous energy optimization. Lack of precise energy bal-
ance and inadequate monitoring can mask inefficiencies and
delay corrective actions.

¢ Itis recommended to install additional sensors to mea-
sure key parameters such as gas flow rate, fuel flow,
temperature, and raw material moisture.

® The use of a data logging system or integration with
the existing SCADA network will allow for real-time
performance monitoring.

¢ Furthermore, conducting periodic energy and heat bal-
ance studies will provide a quantitative understanding of
losses and efficiency levels, helping management make
informed decisions.

Better measurement and automation will ensure tighter con-
trol of process variables such as feed rate, gas temperature,
and air-to-fuel ratio, ultimately stabilizing operation and re-
ducing SCC.

. Implementation of predictive maintenance and training pro-

4. Improvement of fuel quality and combustion efficiency grams
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¢ To ensure sustained improvement, the company should
transition from reactive maintenance to a predictive
maintenance approach. Techniques such as vibration
analysis, thermography, and oil condition monitoring
can detect potential failures before they occur, minimiz-
ing unexpected stoppages and associated energy losses.

® Operator training should also be emphasized. Train-
ing programs should cover energy-efficient operational
practices, the importance of maintaining stable feed,
quick fault diagnosis, and response procedures. Empow-
ered and skilled operators can significantly contribute to
maintaining efficient energy use.

8. Continuous energy monitoring and management

Finally, establishing a continuous energy management system
will consolidate all the above actions. Setting monthly energy
targets for SCC and SGC, conducting performance reviews,
and rewarding teams for achieving energy reduction goals
will help sustain progress. Introducing Key Performance Indi-
cators such as SCC (k] /MT), number of stoppages, average
feed rate, and moisture content of raw materials will enable
management to track the impact of interventions. Over time,
this data-driven approach will promote a culture of continu-
ous improvement and accountability in energy management.

CONCLUSION

This paper studied the factors influencing calorific consumption of
a vertical roller mill (VRM) and solution proposals to reduce it at X
cement factory sought to evaluate and improve the calorific perfor-
mance of the VRM unit used for cement grinding and drying. Data
were collected over a period of five months (April 2025 to August
2025) from the plant’s operational records. Analytical techniques
were applied to determine the relationships between calorific con-
sumption and key process parameters, including feed rate, mois-
ture content, and stoppage frequency. The findings revealed that
the specific calorific consumption (SCC) showed a continuous
increasing trend over the analyzed period, indicating deteriorat-
ing energy efficiency. The correlation analysis established that
unstable feed rates, high moisture content of raw materials, and
frequent stoppages were the main factors responsible for elevated
calorific consumption. Moreover, cost analysis demonstrated that
months with higher SCC corresponded to significant increases in
fuel costs, confirming the direct economic impact of poor energy
performance.

In conclusion, this study successfully met its objectives by iden-
tifying the principal factors affecting calorific consumption in the
VRM system at X cement factory and proposing practical solutions
for their mitigation. It demonstrated that energy optimization in
cement production is achievable through a combination of data-
driven analysis, operational discipline, and continuous perfor-
mance monitoring. Beyond the economic benefits, implementing
these measures will also strengthen the company’s environmental
stewardship by reducing fuel usage and CO; emissions. To im-
plement the best solution to reduce calorific consumption, further
research could explore the use of waste heat recovery systems to
utilize exhaust gases, evaluate alternative fuels with lower carbon
intensity, and implement computational simulations for process
optimization.
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ABSTRACT Modern production systems operate under increasing uncertainty due to fluctuating demand, limited resources, and
system disruptions such as machine failures and maintenance activities. From an economic and managerial perspective, evaluating the
performance of such systems is critical for supporting operational decision-making related to capacity planning, resource utilization, and
service efficiency. However, traditional analytical approaches often require restrictive assumptions and fail to capture the dynamic nature
of real-world production processes. In this study, a parametric discrete event simulation model is proposed as an a computational/software-
based decision support tool for the performance evaluation of a representative production service system. The model captures key
operational parameters, including arrival rate, service time, failure probability, and maintenance duration, which directly influence system
efficiency and economic performance. The model is evaluated through repeated simulation experiments to obtain statistically reliable
performance indicators. In particular, the impacts of variations in service time and arrival rate on business-relevant performance metrics
such as average waiting time, system availability, resource utilization, number of failures, and the number of serviced entities are
systematically analyzed. The results demonstrate that increases in service and arrival intensities lead to performance degradation,
highlighting critical trade-offs between system capacity, operational efficiency, and service quality. The proposed approach provides a
practical and computationally lightweight framework for preliminary performance analysis and operational decision support in production
and service-oriented systems. In addition to its applicability for early-stage economic evaluation, the model also offers educational value
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by enabling a clear understanding of discrete event simulation principles within an information systems context.

systems

INTRODUCTION

Industrial systems, particularly in the production and service sec-
tors, have become increasingly difficult to analyze due to rising
levels of automation, complex workflow structures, and opera-
tional conditions characterized by uncertainty. Modern production
lines incorporate numerous dynamic components, including ma-
chine failures, maintenance activities, variable demand patterns,
and human-related factors. Traditional analytical methods used
to evaluate and improve the performance of such systems often
rely on simplifying assumptions, which may limit their ability to
accurately represent real-world system behavior (Caterino et al.
2020; Heshmat et al. 2017).

In this context, simulation-based approaches provide a pow-
erful alternative for modeling and analyzing complex systems.
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Simulation enables the examination of a real system or process
by replicating its behavior over time. Commonly used simula-
tion approaches in the literature include continuous simulation,
Monte Carlo simulation, and discrete event simulation. Among
these methods, Discrete Event Simulation (DES) is particularly
well suited for production and service systems, where the system
state changes only at specific event occurrences (Banks et al. 2013;
Law et al. 2007).

In discrete event simulation, a system is defined through funda-
mental components such as events, entities, resources, and queues.
When an event occurs, the system state is updated and the tim-
ing of subsequent events is determined. This structure (Figure 1)
allows for the realistic modeling of situations frequently encoun-
tered in production environments, including part arrivals, service
initiations and completions, machine failures, and maintenance
processes (Robinson 2025).

In the existing literature, discrete event simulation is com-
monly implemented using specialized simulation software or
programming-based solutions. Commercial tools such as Arena,
Simul8, AnyLogic, and FlexSim are widely used; however, their
licensing costs and learning curves may pose limitations in cer-
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tain contexts (Montgomery 2017; Forbus and Berleant 2022). As
a result, there is a growing need for simpler and more flexible
parametric approaches, particularly for educational purposes and
preliminary feasibility analyses in industrial and business-oriented
decision-making processes.

Discrete event simulation has been widely used for many years
as an effective method for modeling and analyzing complex sys-
tems. Particularly in production and service systems, where the
system state changes only upon the occurrence of specific events,
discrete event simulation is able to represent real system behav-
ior with a high degree of accuracy. Consequently, DES has been
applied in the literature across various domains, including pro-
duction planning, capacity analysis, queueing systems, and the
evaluation of maintenance strategies. Negahban and Smith (2014)
reviewed simulation-based approaches for the design and oper-
ation of manufacturing systems, highlighting the effectiveness
of discrete event simulation for performance evaluation and sys-
tem analysis. Fitouhi et al. (2017) evaluated the performance of a
two-machine production line with a finite buffer by incorporating
condition-based maintenance policies, demonstrating the impact
of maintenance strategies on system blocking and starvation prob-
abilities. Zhou and Zha (2024) developed performance evaluation
and optimization models for closed-loop production lines that con-
sider preventive maintenance and rework processes, emphasizing
the role of maintenance planning in improving system efficiency.
Wei et al. (2023) analyzed production lines subject to degradation
and preventive maintenance from a reliability and performance
perspective, revealing the quality-related and other possible costs
on overall system performance. De Felice et al. (2025) investigated
the role of discrete event simulation in supporting digital trans-
formation in manufacturing, showing how simulation-based ap-
proaches contribute to the restructuring of industrial systems and
decision-support processes. Kleijnen (2015) discussed the design
and analysis of simulation experiments by emphasizing the use
of metamodeling approaches such as polynomial regression and
Kriging to compare different parameter scenarios, support opti-
mization, and enhance decision-making under uncertainty. Similar
parametric or reliability-focused approaches have also been ap-
plied to production line modeling (Koyuncuoglu 2024; Cui et al.
2022; Waseem et al. 2024).

This study aims to examine the fundamental principles of dis-
crete event simulation from a parametric perspective. Instead of
employing a full-scale simulation platform, a conceptual discrete
event simulation model is developed to represent the core dynam-
ics of production systems. Key parameters such as arrival rate,
service time, failure probability, and maintenance duration are
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incorporated into the model, and their impacts on system perfor-
mance are systematically investigated. The proposed approach
enables the analysis of widely used performance indicators, in-
cluding average waiting time, system utilization, and production
efficiency. Moreover, the parametric structure of the model allows
decision-makers and researchers to easily generate and compare
alternative operational scenarios. From an information technology
and business analytics perspective, the model serves as a practi-
cal decision-support tool for evaluating operational performance
under uncertainty.

METHODOLOGY AND MODEL DEFINITION

In this study, a discrete event simulation (DES) model is devel-
oped based on a single-server queueing structure similar to an
M/M/1 system, extended with server failure and maintenance
mechanisms. Customer arrivals are modeled as a Poisson pro-
cess with arrival rate A, while service times are assumed to follow
an exponential distribution with service rate y. Accordingly, the
proposed system adopts the fundamental characteristics of a clas-
sical M/M/1 queue; however, the inclusion of server failures and
maintenance durations allows for a more realistic representation
of operational conditions commonly observed in production and
service systems. The simulation model is implemented using the
Python programming language and follows the event scheduling
approach, in which the dynamic behavior of the system is repre-
sented through a chronological list of discrete events. The model
explicitly considers customer arrivals, service completions, server
failures, and maintenance completions as distinct event types. The
system state is updated only at the occurrence of these events, in
accordance with the core principles of discrete event simulation.

The proposed simulation framework operates entirely under
the event scheduling paradigm, making it particularly suitable
for educational and academic analyses as well as preliminary per-
formance evaluations. Rather than continuously tracking system
evolution over time, the model focuses on state transitions trig-
gered by events, which enables efficient computation and clear
interpretation of system dynamics. Within the parametric model-
ing framework adopted in this study, the system state is updated
exclusively at specific event times. These events are defined as
the arrival of entities into the system, the initiation and comple-
tion of service processes, the occurrence of server failures, and
the execution of maintenance activities. This event-driven struc-
ture reflects the discrete and interrupt-driven nature of production
systems, where system behavior changes only when operational
events occur.

Consistent with the fundamental assumptions of discrete event
simulation, the system is analyzed at event instants rather than
over continuous time. This approach allows for a realistic and
computationally efficient modeling of discontinuous and event-
based processes frequently encountered in manufacturing and
service environments.

Model Components

The proposed discrete event simulation model is built upon funda-
mental components that are widely adopted in the simulation lit-
erature. The system consists of entities representing jobs or service
requests entering the production system, resources representing
machines or service providers, and queues in which entities wait
for service when resources are unavailable. In addition, events
define instantaneous occurrences that trigger changes in the sys-
tem state. The interactions among these components enable the
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evaluation of key performance indicators such as waiting times
and resource utilization levels.

Parametric Modeling Framework

The simulation model is formulated within a parametric frame-
work to represent key operational characteristics commonly ob-
served in production systems. The primary parameters considered
in the model include the arrival rate (1), average service time (Ts),
service rate (i), failure probability (Pf), and maintenance duration
(Tm). This parametric structure allows systematic variation of in-
put parameters and facilitates the comparative analysis of different
operational scenarios, making the model suitable for performance
evaluation and decision-support purposes.

Event Structure and Time Advancement

In the discrete event simulation framework, system time advances
by jumping from one event to the next rather than progressing
continuously. Time advancement in the model is achieved by
scheduling the occurrence of the next imminent event. The core
events considered in the simulation include entity arrivals, ser-
vice initiation, service completion, server failure occurrence, and
maintenance start and completion. The relationships among these
events govern the dynamic behavior of the system and enable the
computation of performance measures throughout the simulation
horizon.

Performance Measures

The performance of the proposed discrete event simulation model
is evaluated using a set of commonly adopted metrics in queue-
ing and production system analysis. The primary performance
measures considered in this study include the average waiting
time of entities in the system, server utilization, the number of
serviced entities, and the total number of server failures observed
during the simulation horizon. These metrics provide insight into
system efficiency, congestion levels, and resource reliability under
different parameter configurations. By analyzing variations in
these measures, the impact of arrival and service characteristics on
overall system performance can be systematically assessed.

Assumptions and Limitations

The proposed simulation model is developed under a number of
simplifying assumptions to maintain analytical clarity and com-
putational efficiency. Customer arrivals are assumed to follow a
Poisson process, and service times are modeled using an exponen-
tial distribution, consistent with the classical M/M/1 queueing
framework. The system is assumed to operate with a single server,
and entities are served according to a first-come, first-served (FCFS)
discipline. Server failures occur probabilistically, and maintenance
activities restore the server to an operational state after a fixed
repair duration.

While these assumptions enable a clear and interpretable para-
metric analysis, they also impose certain limitations. The model
does not consider multiple servers, priority-based service disci-
plines, or time-dependent arrival and service processes. Addition-
ally, economic cost factors are not explicitly modeled. Therefore,
the results should be interpreted as indicative rather than exhaus-
tive, and the model is primarily intended for conceptual analysis,
preliminary evaluation, and educational purposes.

RESULTS

In this section, the results obtained from the developed discrete
event simulation model are presented based on replicated simu-
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lation experiments. The effects of service time and arrival rate
parameters on key system performance measures namely aver-
age waiting time, total number of failures, and number of served
customers are analyzed separately. In the conducted simulation
experiments, a single-server system was modeled with stochas-
tic arrivals and service times, incorporating server failure and
repair mechanisms. The global parameters were set as follows:
failure probability (Pf) = 0.05, repair time Tm = 3.0 time units, total
simulation duration SIM_TIME = 1000, and each scenario was
replicated 200 times to obtain reliable average estimates. Thus,
Monte Carlo-based simulation framework was adopted, where
multiple independent replications were performed to quantify the
impact of parameter variability on system performance measures.
In the experimental setup, customer arrivals are modeled as a
Poisson process with arrival rate A, while service times follow
an exponential distribution with mean service time (Ts). Unless
otherwise stated, the arrival rate is fixed at A = 0.8 to represent a
moderately loaded system, and the effects of varying service time
and arrival intensity on system performance are analyzed through
multiple simulation replications.

To assess the validity of the proposed discrete-event simulation
(DES) framework, an analytical comparison was conducted by
disabling machine failures (Pf = 0). Under this condition, the
system reduces to a classical M/M/1 queue, where interarrival
and service times follow exponential distributions and a single
server is continuously available. Table 1 presents a comparison
between the average waiting times obtained from the DES model
and the corresponding theoretical values derived from the M/M/1
formulation for selected arrival rates (1) and a fixed average service
time (Ts = 1). The theoretical waiting time was computed using
the well-known expression W = #%)\’ where y = %

The results demonstrate a strong agreement between simula-
tion and analytical outcomes, with relative errors remaining below
2% across all tested scenarios. These small discrepancies are pri-
marily attributed to stochastic variability and finite simulation
horizon effects. Overall, the close correspondence confirms the
correctness of the event scheduling logic, time advancement mech-
anism, and performance metric calculations employed in the DES
model.This validation establishes a reliable baseline for the sub-
sequent analyses, where machine failures and repair processes
are introduced and the system behavior deviates from classical
queueing assumptions.

Figure 2 illustrates the effect of increasing average service time
on the average waiting time in the system. The results reveal a
nonlinear and accelerating increase in waiting time as the service
time grows. When the average service time is Ts = 1, the aver-
age waiting time is approximately 15.20 time units. This value
increases to 353.26 time units at Ts = 5 and further rises to 441.11
time units when Ts reaches 10. These findings indicate that longer
service times significantly reduce service capacity, leading to rapid
queue accumulation and system congestion.

Figure 3 presents the relationship between average service time
and the total number of failures. The results indicate a decreasing
trend in the number of failures as the service time increases. Specif-
ically, the average number of failures is 39.24 for Ts = 1, decreases
to 13.05 at Ts = 5, and further drops to 9.03 at Ts = 10. This be-
havior can be attributed to the reduction in the number of service
initiations under longer service times, which in turn lowers the
likelihood of failure occurrences.

Figure 4 shows the effect of service time on the number of
served customers. The results demonstrate a significant decline
in system throughput as service time increases. While an average
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Table 1 Comparison of simulation and analytical outcomes

A Ts DES Avg. wait time M/M/1 Theory Error (%)
0.2 1.0 1.2273 1.2500 1.82
0.4 1.0 1.6557 1.6667 0.66
0.6 1.0 2.5090 2.5000 0.36
0.7 1.0 3.3675 3.3333 1.08
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of 785.8 customers are served when Ts = 1, this number decreases
sharply to 257.2 at Ts = 5. At Ts = 10, the system serves only 186.9
customers on average. These results clearly indicate that service
time is a critical determinant of productivity and operational effi-
ciency in production and service systems.

Figure 5 illustrates the impact of arrival rate (1) on the average
waiting time. At low arrival rates, waiting times remain mini-
mal; however, as the arrival rate approaches the system’s service
capacity, waiting time increases dramatically. When A = 0.1, the
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Figure 5 Effect of arrival rate on average waiting time

Figure 6 depicts the relationship between arrival rate and the
total number of failures. The results show that the number of fail-
ures increases with arrival rate but eventually reaches a saturation
level. While the average number of failures is 4.89 at A = 0.1, it
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rises to 39.15 at A = 0.8. For arrival rates greater than or equal to
0.9, the number of failures stabilizes around 42, suggesting that
the system operates continuously under high load and reaches its
failure occurrence limit.

Effect of Arrival Rate on Total Failures
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Figure 6 Effect of arrival rate on total number of failures

Figure 7 presents the effect of arrival rate on the number of
served customers. As the arrival rate increases, the number of
served customers also rises; however, this increase becomes limited
beyond a certain threshold. When A = 0.1, the system serves an
average of 98.4 customers, whereas this number increases to 784.2
at A =0.8. For A > 1.0, the number of served customers stabilizes
in the range of 845-851, indicating that the system has reached its
maximum service capacity and additional arrivals do not lead to
further throughput gains.
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Figure 7 Effect of arrival rate on number of served customers

CONCLUSION

This study presented a parametric discrete event simulation model
for analyzing the performance of a single-server production sys-
tem subject to stochastic arrivals, service times, and failure-repair
mechanisms. Without relying on full-scale commercial simulation
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software, the proposed approach demonstrated how key opera-
tional parameters can be systematically evaluated through repli-
cated simulation experiments. The effects of arrival rate and ser-
vice time variations on system performance were analyzed through
a probabilistic sensitivity analysis based on repeated simulation
runs. The results clearly showed that service time and arrival rate
are dominant factors influencing system performance. Increases in
average service time led to a rapid and nonlinear growth in aver-
age waiting time, accompanied by a significant reduction in system
throughput. Conversely, longer service times resulted in fewer
system failures due to a reduced number of service initiations.
Similarly, increasing the arrival rate caused waiting times to rise
sharply as the system approached saturation, while the number
of served customers eventually reached a capacity limit, beyond
which additional arrivals no longer improved throughput. The
failure behavior under high arrival rates also exhibited a saturation
effect, indicating sustained high system utilization.

From a practical perspective, these findings highlight the impor-
tance of capacity planning, service time optimization, and work-
load control in production and service systems. The proposed
parametric model provides decision-makers with a simple yet ef-
fective tool for exploring “what-if” scenarios and understanding
the trade-offs between efficiency, reliability, and congestion under
uncertainty. In an economic and business context, such insights
can support cost-effective operational planning and risk-aware
system design.

Future studies may extend the proposed discrete event simula-
tion framework to more complex system configurations, such as
multi-machine production lines, parallel server structures, and
batch processing mechanisms. In addition, incorporating hu-
man-machine interactions, operator-dependent service times, and
learning effects would further enhance the realism and applica-
bility of the model. Such extensions would allow the analysis of
more intricate operational dynamics and broaden the relevance of
the proposed approach to real-world manufacturing and service
systems.
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ABSTRACT This study examines the development of renewable energy installed capacity in TUrkiye between
2013 and 2023 within the context of resource-based shifts and policy frameworks. Utilizing data from the
Ministry of Energy and Natural Resources (ETKB), TEIAS, and IRENA, the analysis evaluates annual growth
rates and fluctuations in the share of total capacity. The findings reveal that the total installed capacity, which
stood at 64,008 MW in 2013, reached 110,914 MW by the end of 2023; notably, solar energy experienced a
growth rate exceeding 1,000% during this period. In alignment with the Paris Agreement targets, the study
emphasizes the strategic importance of grid flexibility and storage technologies, providing critical implications

for future energy policies.
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INTRODUCTION

The environment is a medium in which humans, other living organ-
isms, and non-living entities exist in continuous interaction. Since
the dawn of existence, humanity has maintained a constant rela-
tionship with the environment and utilized its surroundings. With
the advancement of industry and technology, the use of fossil fuels
has become widespread, resulting in increased atmospheric emis-
sions of greenhouse gases such as carbon dioxide and methane.
It is projected that rising carbon dioxide emissions will increase
the global temperature by at least 1.5°C between 2030 and 2050
(Adebayo and Kirikkaleli 2021; Asongu et al. 2020).

Sustainable and eco-friendly energy sources are gaining increas-
ing importance as solutions to global environmental problems. As
an alternative to fossil fuels, renewable energy sources can gen-
erate power with minimal environmental impact and are capable
of regenerating within a short timeframe (Y1ldirim 2016). Despite
these constraints, it is stated that renewable energy consumption
exhibits a strong linear relationship with economic development
and exerts positive effects on environmental sustainability (Bhat-
tacharya et al. 2016; Kirikkaleli and Adebayo 2021). Accordingly,
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developed nations are accelerating their transition toward carbon-
free energy sources (Ali and Seraj 2022).

In this context, ensuring a balanced relationship between eco-
nomic growth and environmental protection has become one of the
most critical challenges of the modern world. Rapid population
growth, urbanization, and rising energy demand place increasing
pressure on natural resources, making efficient energy use and
environmental responsibility indispensable components of devel-
opment strategies. Therefore, integrating environmental consider-
ations into economic and energy policies is essential not only for
mitigating climate-related risks but also for achieving long-term
social and economic stability. The pursuit of sustainable devel-
opment thus requires coordinated efforts that align technological
progress, policy frameworks, and environmental awareness.

MATERIALS AND METHODS

This research employs descriptive analysis and time series analysis
methodologies to examine Tiirkiye’s renewable energy profile. The
regional distribution of Tiirkiye’s solar and wind energy potential
was visualized using heat maps generated through Geographic
Information Systems (GIS) analysis.

Data Sources and Scope

Dataset: The analyses are based on official statistical reports from
the Ministry of Energy and Natural Resources (MENR), the Turk-
ish Electricity Transmission Corporation (TEIAS), and the Interna-
tional Renewable Energy Agency (IRENA), covering the period
between 2013 and 2023.
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Analytical Approach: Data processing was conducted using
Microsoft Excel and Tableau to calculate annual growth rates and
the percentage shares of individual energy sources within the total
installed capacity.

Scope and Definitions: In this study, the concept of "installed
capacity" was analyzed in units of MW (Megawatts). In the com-
parative analyses, 2013 was designated as the base year to evaluate
the ten-year cumulative growth performance of the energy sources.

Data Collection and Analysis Process

During the data collection process, renewable energy sources were
categorized by type: solar, wind, hydroelectric, geothermal, and
biomass. Based on this classification, the following analytical steps
were implemented:

¢ Time-series analyses were conducted to determine the an-
nual changes in Tiirkiye’s renewable energy installed capacity
(TEIAS 2023).

* Regional distribution analysis was carried out using Geo-
graphical Information Systems (GIS); maps were generated
for sunshine duration, wind speed, and hydroelectric poten-
tial (IRENA 2022; ETKB 2023).

¢ The graphical analysis method was utilized to visualize the
share of renewable energy sources within total power genera-
tion.

¢ Furthermore, within the framework of energy policy analysis,
Ttirkiye’s carbon reduction targets under the Paris Agreement
and its renewable energy incentive policies were examined
(Adebayo and Kirikkaleli 2021; Kirikkaleli and Adebayo 2021).

Tools and Software Utilized

Microsoft Excel and Tableau software were utilized for data pro-
cessing. These tools were employed to calculate the annual rates
of change in energy generation and to generate trend analyses.
For mapping procedures, Geographic Information Systems (GIS)
analyses were applied. Through this methodology, the regional
distribution of Tiirkiye’s solar and wind energy potential was
visualized using heat maps (IRENA 2022; TEIAS 2023).

Limitations of the Study

This research is limited to Tiirkiye’s current renewable energy
policies and publicly available data. Difficulties in accessing up-to-
date or granular data in certain regions have partially constrained
the regional accuracy of the analysis (ETKB 2023). Furthermore,
comprehensive data regarding private sector energy investments
could not be fully accessed. Nevertheless, the data obtained in this
study are of sufficient quality to demonstrate the general trends of
Ttirkiye’s energy transition process.

Objectives and Contribution of the Study

The primary objective of this research is to present a scientific
perspective on how energy policies can be improved in terms of
sustainability by revealing the current status and developmental
trajectory of Tiirkiye’s renewable energy capacity. It is intended
that the findings will both contribute to the academic literature
and serve as a guide for decision-makers in energy policy planning
(Xu et al. 2019; Balbag and Balbag 2019; Kirikkaleli and Adebayo
2021).

Fig. 1 presents the spatial distribution of solar energy potential
across Tiirkiye, indicating regions with high solar irradiation levels
that are suitable for large-scale photovoltaic investments. Fig. 2
illustrates the geographical distribution of wind energy potential
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Figure 1 Mapping of Solar Energy Potentials in Tiirkiye

in Tiirkiye, highlighting coastal and elevated regions where wind
power generation is most feasible.
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Figure 2 Mapping of Wind Energy Potentials in Tiirkiye

RESULTS AND DISCUSSION

Tirkiye’s total installed capacity, which stood at 64,008 MW in
2013, rose to 110,914 MW by the end of 2023, representing an
increase of 73.2%.

Growth Analysis by Energy Source

The data reveal that the most dramatic increase among renewable
sources over the ten-year period occurred in solar energy. While
solar energy had no significant installed capacity in 2013, it reached
15,613.4 MW in 2023, accounting for 14.08% of the total capacity.
Similarly, wind energy exhibited steady growth, increasing its
share from 4.31% in 2013 to 10.64% in 2023.

Technical and Economic Challenges

The intermittent nature of renewable energy (i.e., periods without
wind or sunlight) entails significant grid flexibility issues. Current
findings indicate that the need for battery energy storage systems
(BESS) and smart grid infrastructure has reached a critical level
to ensure the sustainability of this rapid increase in installed ca-
pacity. Furthermore, although high initial investment costs pose a
barrier, particularly for local investors, the economic feasibility of
these investments remains high in terms of long-term energy price
stability.

Moreover, advancements in energy storage technologies and
digital grid management solutions are expected to significantly
alleviate these challenges by enhancing system reliability and oper-
ational efficiency. Policy support mechanisms, incentive schemes,
and regulatory frameworks also play a crucial role in reducing
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Table 1 Installed Capacity Amounts and Shares: 2013-2023 (Unit: MW)

Year  Unit Coal Liquid Nat. Gas Ren.+Waste Multi-fuel Hydro Geoth. Wind Sun Total
2013 MW 12,605.7 616.3 17,170.6 235.0 8,020.4 22,289.0 310.8 2,759.7 0.1 64,008
% 19.69 0.96 26.83 0.37 12.53 34.82 0.49 4.31 - 100.00
2018 MW  18,997.5  652.1 25,567.8 1,061.0 3,189.6 28,2914 1,2825  7,005.4 5,062.8  88,550.8
% 21.45 0.74 28.87 1.20 3.60 31.95 1.45 7.91 5.72 100.00
2023 MW  21,099.1 135.4 21,285.6 2,446.4 4,874.3 31,9624 1,691.3 11,806.1 15,613.4 110,914
% 19.02 0.12 19.19 2.21 4.39 28.82 1.52 10.64 14.08 100.00

investment risks and accelerating the adoption of flexible energy
systems. In this regard, the integration of renewable energy sources
with storage and smart grid technologies emerges as a key pillar
for achieving resilient and sustainable energy systems.

Fig. 3 illustrates the evolution of Tiirkiye’s total installed power
capacity over the years, revealing a sustained upward trend that
reflects both increasing energy demand and long-term capacity
expansion strategies. A more detailed perspective on this transfor-
mation is provided in Fig. 4, which compares the installed capacity
by primary energy sources in 2013 and 2023 and clearly demon-
strates a structural shift toward renewable energy sources within
the national energy mix. This transition is further emphasized by
the renewable energy growth curve shown in Fig. 5, indicating a
steady and accelerated increase in renewable capacity throughout
the 2013-2023 period.

DEVELOPMENT OF TURKEY’S INSTALL
POWER CAPACITY OVER THE YEAR
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Figure 3 Development of Tiirkiye’s Installed Capacity Over the
Years

Fig. 6 presents the distribution of renewable energy sources in
2023, highlighting the dominant roles of hydropower, wind, and
solar energy in shaping Tiirkiye’s renewable portfolio. In parallel,
Fig. 7 compares fossil-based and renewable energy capacities over
the same period, showing a gradual decline in the relative domi-
nance of fossil fuels as renewable sources gain prominence. Finally,
Fig. 8 illustrates resource-based growth rates between 2013 and
2023, where renewable energy technologies exhibit significantly
higher growth rates compared to conventional energy sources,
underscoring the dynamic nature of investment patterns in the
energy sector.
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INSTALLED CAPACITY BY PRIMARY ENERGY SOURCE OF TURKEY
FOR THE YEARS 2013 AND
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Figure 4 Tiirkiye’s Installed Capacity by Primary Energy Sources
for the Years 2013 and 2023
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Figure 5 Renewable Energy Growth Curve, 2013-2023

2023 Renewable Energy Sources Distribution
Hydropower

Geothermal

Solar

Figure 6 Distribution of Renewable Energy Sources in 2023
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2013-2023 Fossil vs Renewable Comparison
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Figure 7 Comparison of Fossil vs. Renewable Energy, 2013-2023
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Figure 8 Resource-Based Growth Rate (%) (2013-2023)

CONCLUSION

This mini-data analysis review demonstrates that Tiirkiye has
undergone a significant transformation by nearly doubling its re-
newable energy capacity over the past decade. The momentum,
particularly in solar and wind energy, contributes to the coun-
try’s carbon reduction targets within the framework of the Paris
Agreement. However, to maintain the same level of efficiency in
electricity generation as seen in the installed capacity growth, gov-
ernment incentives for grid integration and storage technologies
must be increased. It is recommended that future studies quanti-
tatively examine the capacity factors of this expansion on actual
electricity generation and the subsequent amounts of emission
reductions.

In addition, the structural shift in Tiirkiye’s energy mix, as
evidenced by the increasing share of renewable resources and
the relative decline of fossil-based capacity, indicates a long-term
strategic reorientation toward sustainable energy systems. The
heterogeneous growth rates observed across different renewable
technologies suggest that investment priorities are increasingly
shaped by resource availability, technological maturity, and policy-
driven incentives. Nevertheless, the intermittent nature of renew-
able energy highlights the necessity of enhancing grid flexibility
through smart grid applications and battery energy storage sys-
tems to ensure system reliability. From this perspective, aligning
energy policies with infrastructure development and technologi-
cal innovation is crucial for translating installed capacity growth
into effective electricity generation and measurable environmental
benefits.
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