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ABSTRACT

King Fahd University of Petroleum and Minerals (KFUPM) currently relies on administrative judgment for urban planning,
which may introduce human error and overlook environmental and social factors. This study examines the potential of Artificial
Intelligence (AI) to enhance urban planning decisions by using Autodesk Forma to analyze solar exposure, wind behavior, and
microclimate variations across the proposed building sites. This study utilized an Al-driven site evaluation framework to conduct
multifaceted environmental analyses, including highly predictive wind movement simulations. This approach generated quantifi-
able metrics essential for sustainable urban design optimization, demonstrating their practical value. For example, one design option
achieved 0% uncomfortable pedestrian wind conditions, which is a key measure of success unattainable through conventional eval-
uation methods. The findings highlight the role of Al in improving planning accuracy, reducing reliance on static datasets, and
supporting data-driven decision-making. However, human expertise remains essential for interpreting Al-generated outputs, ensur-
ing alignment with institutional goals, and validating the results. Future research should explore the integration of custom datasets
for enhanced wind analysis, Al-driven site selection automation, and expert-driven refinement into planning strategies, further

advancing a hybrid Al-human decision-making framework.

Keywords: artificial intelligence, urban planning, autodesk forma, campus development, sustainable design, decision-making framework

1. INTRODUCTION

Urban planning is essential for sustainable development and
shaping infrastructure, environmental quality, and resource allo-
cation. At King Fahd University of Petroleum and Minerals
(KFUPM), planning decisions have traditionally relied on expert
judgment and often lack predictive modeling and real-time envi-
ronmental analysis. Artificial intelligence (AI) has emerged as
a transformative tool that enhances efficiency through data-
driven forecasting, land use optimization, and scenario simula-
tions. Prior work in this domain has successfully applied Al and
machine learning to architectural design and the initial stages of
ecosensitive site assessment'. Despite the potential of Al, gaps
remain in its application in site-specific environmental assess-
ments and campus expansion strategies.

To address this, this study investigates Al-driven urban plan-
ning methodologies at KFUPM, focusing on site selection for
new architectural buildings. This study determines how effec-
tively Al tools (e.g,, Autodesk Forma) assess microclimatic fac-
tors to identify optimal construction sites and what quantifiable
differences exist in sustainable performance (e.g, wind com-
fort) between the proposed sites. Predictive modeling was lever-
aged to develop a robust and sustainable development strategy
for KFUPM expansion. Specifically, the aims were to (i) eval-
uate the efficacy of Al-driven environmental analysis tools for

site selection; (ii) quantify the differences in key sustainabil-
ity metrics between the site options; (iii) provide a data-driven
framework to integrate predictive simulation results into the
planning process; and (iv) determine the role of human oversight
when translating Al-generated metrics into decisions.

2. LITERATURE REVIEW

KFUPM is at a pivotal point in urban planning, where tra-
ditional expert-driven approaches lack predictive modeling,
real-time environmental assessment, and scenario simulation.
With Saudi Arabia’s Vision 2030 prioritizing smart city devel-
opment?, integrating Al-driven tools presents an opportu-
nity for sustainable data-informed campus growth. This review
examines Al-assisted urban planning, focusing on its role
in decision making, site analysis, and spatial strategies at
KFUPM.

2.1. Al-Assisted Site Analysis with Neural Networks.
Al enhances urban planning by streamlining site analysis, with
tools such as Autodesk Forma providing automated evaluations
of solar exposure, wind behavior, and terrain conditions to sup-
port data-driven decision-making'. Although Al improves effi-
ciency, it lacks autonomous functionality and requires expert
oversight. Neural networks structure data inputs for interpreta-
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Table 1. Comparative evaluation of Al applications for environmental site analysis

Existing Al application Application description Strength Weaknesses

Urban FootPrint A geospatial intelligent tool offering climate, community, and Supports in decision making Specified to only USA &
built environment data insights across the U.S. above the research

budget

TensorFlow Machine learning framework for building various Al models widely adopted in the AI Requires prior coding
using Python. It enables developers to create dataflow graphs community knowledge
with computational nodes representing mathematical
operations.

CityEngine an advanced 3D modeling software that creates large, realistic =~ Real-time feedback and No efficient data about the
interactive urban environments quickly using GIS. Al in automation capabilities cost of the subscription
CityEngine enhances procedural modeling, boosts efficiency, after the end of the free
analyzes urban data, automates tasks, and provides real-time trial & requires GIS data
feedback for better design.

UrbanSim A virtual training application for mission command in Game-based learning requires huge amount of
counterinsurgency and stability operations. environment CSV data

ENVI-met A microscale 3D software model for simulating urban detailed simulation to requires a substantial
environments, incorporating principles of fluid mechanics environmental amount of data &
and thermodynamics. interaction, great for interface is not very

sustainable urban user-friendly.
planning

UrbanForm Al technology delivering quick zoning information through efficient in zoning discovery has zoning regulations for
maps and analysis tools. the U.S. only

Big Query A fully managed data platform for Al-ready data management ~ Supports machine learning ~ Requires prior coding
and analysis, supporting languages like SQL and Python. knowledge

Autodesk Forma cloud-based Al software for architects, urban planners, and User-friendly and fits the None

developers to create 3D massing models, test site proposals,
and analyze factors like noise, wind, sun, and microclimate,

streamlining early-stage design with intuitive, generative tools.

research aim and
objectives

tion, while tools such as ChatGPT assist with cultural context
assessments, and MidJourney enhances spatial visualization. Al
applications in transportation modeling, infrastructure forecast-
ing, and environmental analysis accelerate timeline planning and
optimize land use®. However, concerns about algorithmic bias,
explainability, and ethical transparency remain, emphasizing the
need for hybrid Al-human frameworks *. Al also supports sustain-
able urban design and evaluates environmental impacts such as
waste, energy use, carbon emissions, and water needs, although
human oversight remains essential for cultural, ecological, and

accessibility considerations®.

2.2. Al Applications for Environmental and Site Anal-
ysis.

2.2.1. Evaluation of Al tools for site analysis. A compar-
ative evaluation was conducted to identify the most suitable Al
platform for environmental analyses on campuses. The criteria
included

Functionality and Scope: Types of analyses supported

Data Accuracy & Output Format: Visual vs. numerical data
Ease of Use: Accessibility for non-specialist users

Built-in Data Availability: The platform should offer ready-
to-use datasets (e.g, terrain, climate, solar exposure) without
requiring custom data uploads.

PPN

n

Platform Accessibility: Software/hardware requirements
6. Source Reliability: Documentation and developer support

Table 1 shows a comparative evaluation of Al applications. Based
on this assessment, Autodesk Forma was selected as the most
balanced platform because of its predictive features, real-time
environmental modeling, and user-friendly interface. Its built-in
datasets eliminate manual data uploads, making it well suited for
Al-driven site analysis at KFUPM.

2.2.2. Autodesk Forma in sustainable site design.
Autodesk Forma is categorized as an Analytical Al, offering
machine-learning-powered tools for terrain analysis, solar expo-
sure modeling, and wind behavior prediction '. These capabilities
are particularly useful for sustainable infrastructure planning and
layout optimization. However, Forma relies heavily on visual
(rather than numerical) outputs and requires planners to validate
insights using supplementary tools®.

3. METHODOLOGY

To evaluate potential locations for the new Architecture and City
Design Department building, Autodesk Forma was employed
to conduct environmental analyses of sun exposure, wind con-
ditions, and microclimate. The resulting data were processed
and visualized using Microsoft Excel to support comparative site
selection. Figure 1 illustrates a methodology flowchart outlining
the sequential steps undertaken in this study.

3.1. Site Selection and Building Parameters. Four

locations within the KFUPM campus were analyzed: the current

https://doi.org/10.64589/juri/214394
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results

Figure 1. Methodology flowchart

department site, parking lot 19 (proposed for the new building),
and parking lot 18 and 11 as alternative sites owing to their prox-
imity. Each site was assessed within a 150-m radius to ensure
consistent environmental conditions.

The proposed building design features three aboveground
floors (15 m) and an underground parking level (2.5 m), total-
ing a structural height of 17.5 m. Owing to the absence of specific
width and length data, the Bioengineering Department’s rectan-
gular footprint was used as a reference to ensure comparability
across site analyses.

The Al capabilities of Autodesk Forma facilitate real-time pre-
dictive analyses of wind, noise, and operational energy, thereby
enhancing the efficiency and accuracy of environmental assess-
ments. By automating complex calculations and providing instant
feedback, these tools improve data-driven decision-making for
evaluating site suitability’. Figure 2 presents the 3D model rep-
resentations of each site, illustrating the spatial characteristics of
Autodesk Forma.

3.2. Analytical Tools and Procedures.

3.2.1. Sun hours analysis. The total annual sun exposure
on building rooftops was assessed. Analyses were conducted on
the first day of each month in 2023 to capture seasonal variations.

This method aligns with the standard practices for evaluating
solar exposure over time.

3.2.2. Wind analysis.

1. Pedestrian Wind Comfort: Comfort levels were evaluated
using the default Lawson LDDC comfort scale, which cat-
egorizes conditions as uncomfortable, strolling/walking, or
sitting/standing.

2. Wind Speed Classification: Wind conditions were classified
into low, intermediate, and high wind categories.

Wind data were sourced from the Global Wind Atlas 3.0, using
a roughness length of 0.1 and a measurement height of 1.75 m
above ground level. Owing to software constraints, the analyses
were conducted in real time between 6:00 PM and 7:00 PM on
the 9 of May 2025.

3.2.3. Microclimate analysis.

1. Temperature exceedance: The rate at which temperatures
exceeded 40°C during the hottest months (June, July, and
August) at 3:00, 4:00, and 5:00 PM.

2. Air Temperature: Recorded ambient air temperatures during
the same periods.

https://doi.org/10.64589/juri/214394
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Figure 2. Autodesk Forma 3D models of analyzed sites: (a) model of Current Campus; (b) model of parking 19 (proposed site); (c) model of parking

18; and (d) model of parking 11

Analyses for colder months were not feasible because of soft-
ware limitations restricting data collection to 8:00 AM-8:00 PM,
thereby excluding pre-sunrise periods, when minimum tempera-
tures typically occur.

3.3. Exclusions and Limitations. Several analyses avail-
able in Autodesk Forma were excluded from this study:

1. Noise Analysis: All sites were presumed to have minimal noise
variation.

. Daylight potential: All buildings were expected to receive

adequate sunlight, rendering the analysis redundant.

. Solar Energy Analysis: All sites yielded identical results of

2171 kWh/m?, offering no differentiation.

. Embodied Carbon Analysis: Technical issues encountered

during execution.

. Shadow Study: Primarily illustrates shadow movement

throughout the day without providing additional insights.
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Figure 3. Annual sun exposure comparison across proposed sites
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Figure 4. Pedestrian wind comfort levels at each site

4. RESULTS 11, suggesting that it benefits from the shading provided by the
existing Architecture and City Design Department building. This

4.1. Sun Hours Analysis. Figure 3 shows the annual sun
y & reduced exposure contributes to improved thermal comfort and

exposure data for each site. Parking area 18 consistently exhib-

energy efficiency.
ited the lowest or equal sun exposure compared with Parking area & gé

Current —
0% 10% 20% 30% 40% 50% 60% 70%

W high wind B intermediate wind B Low wind

Figure 5. Wind speed classification distribution by location
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Figure 6. Wind temperature exceedance rates above 40°C in extremely hot weather
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Parking 11

4.2. Wind Analysis.

4.2.1. Pedestrian wind comfort. As shown in Figure 4,
parking lot 11 experienced the lowest percentage (0%) of uncom-
fortable wind conditions. The current campus and parking lot 18
demonstrated the highest percentages of strolling/walking com-
fort. However, an anomaly was observed across all the location
data except parking lot 18, where the total comfort percentages
did not sum to 100%. This discrepancy suggests potential data
inconsistencies.

4.2.2. Wind speed classification. Figure S illustrates that
all sites recorded 0% for high wind conditions, which is favorable.
The current location had the highest percentage of intermediate

wind speeds, followed by parking lot 19. Unlike the comfort anal-
ysis, the wind speed classification data for all sites totaled 100%,
suggesting more reliable data for this aspect.

Overall, the predominant wind direction was from the north
with a consistent extreme wind speed of 4.5 m/s across all sites.

4.3. Microclimate Analysis.

4.3.1. Temperature exceedance. Figure 6 displays the
percentage of time that temperatures exceeded 40°C during June,
July, and August from 3 PM to 5 PM. In June, the current cam-
pus location showed an outlier with a 92% exceedance at 4:00
PM, dropping to 24% at 5 PM, suggesting possible data incon-
sistencies in Autodesk Forma’s real-time temperature modeling.
Parking lot 19 had the next lowest exceedance in June and had
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the lowest exceedance in July. In August, parking lot 11 had the
lowest exceedance.

4.3.2. Air temperature. As depicted in Figure 7, the June
temperatures were slightly lower at parking lots 19 and 11 com-
pared to the other sites. In July, all sites exhibited similar tem-
peratures. In August, parking lot 11 recorded the lowest air
temperature, followed by parking lot 19.

5. DISCUSSION

This study strongly confirms the utility of Al-driven tools, such
as Autodesk Forma, in providing quantifiable metrics for opti-
mal site selection, thereby significantly moving beyond tra-
ditional expert judgment. The successful generation of com-
parative environmental metrics across the proposed sites val-
idated the predictive capability of the AI model for complex
microclimatic analyses. This successful application aligns directly
with the framework proposed in Figure 8 by Othengrafen®,
demonstrating the value of Analytical Al in the early assess-
ment phase. This approach allows KFUPM planning cycles
to support the resource-conscious goals of Vision 2030. Fur-
thermore, the efficacy is enhanced by the necessity of import-
ing custom datasets and assigning specific weight thresholds,
which allows the tailoring of Al outputs to specific institutional
priorities.

Despite its demonstrated utility, the investigation revealed
critical constraints that reinforced the need for expert consul-
tation. Autodesk Forma’s wind analysis, which is limited to
real-time data, restricts its ability to capture long-term trends;
therefore, future research must incorporate historical meteoro-
logical data. Crucially, observed data inconsistencies, such as
wind comfort percentages not totaling 100% and AI’s inability to
independently select the optimal site, emphasize the necessity of
human oversight. Expert interpretation is essential for validating
Al outputs, interpreting anomalies, and aligning development
initiatives with strategic goals. While Al streamlines processes,
the final strategic decision must be made by human experts to
ensure that the predictions are balanced with practical knowl-
edge. Future studies should focus on validating simulations using
onsite sensor data and enhancing data integration for a truly

hybrid planning mode.

6. CONCLUSIONS

This study confirms the potential of Al-driven tools, specifi-
cally Autodesk Forma, in enhancing sustainable urban planning
at KFUPM by providing real-time, quantifiable environmental
insights (solar exposure, wind, and microclimate). Al-powered
analysis improved planning accuracy and adaptability, particu-
larly through the use of custom datasets and the ability to assign
weight thresholds. However, critical constraints were identified.
Autodesk Forma’s wind analysis was limited to real-time data,
hindering long-term trend capture. In addition, Al currently
lacks the capability to suggest optimal locations independently.

Ultimately, although AI streamlines processes and optimizes
resource allocation, expert interpretation is essential for validat-
ing outputs and aligning development initiatives with strategic
goals. Future work must focus on enhanced data integration,
including historical weather data and expert-driven refinement
processes, to further improve the Al-assisted campus planning at
KFUPM.
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ABSTRACT

Coal remains a primary energy source for fuel and electricity generation; however, it is a major contributor to global carbon emis-
sions. Therefore, researchers are exploring strategies to reduce coal usage in fuel briquettes. A promising alternative is biomass-based
briquettes, which offer similar performance to traditional charcoal while being more sustainable. This study investigated the ther-
mal and mechanical properties of briquettes made from rice husk (RH) and coffee husk (CH), focusing on how the particle sizes of
the raw materials affect the heating value. RH and CH are rich in lignin, cellulose, and hemicellulose, which are crucial for briquette
structure, whereas tapioca flour, used as a binder, provides amylose and amylopectin to enhance bonding. Carbonization was per-
formed at 400 °C for 60 min. A 25:75 (wt/wt%) CH: RH blend was used and three mesh sizes (60, 80, and 100) were evaluated by
thermal and mechanical characterizations. The briquettes were assessed on the basis of their calorific value, moisture content, shat-
ter index, volatile matter, fixed carbon content, density, ash content, and combustion rate. The 149 im (100 mesh) sample had the
highest density (662.81 kg/m?), moisture content (6.7%), volatile-matter content (7.07%), and burning rate (0.39 gr/min). In con-
trast, the 250 im (60 mesh) sample had the highest ash content (5.01%) and the lowest fixed carbon content (82.04%) and shatter
index (4.36%). These findings indicate that controlling the particle size of rice husk and coffee husk can improve the performance
of biomass composite briquettes, highlighting their potential as a sustainable alternative to coal for domestic use and small-scale

energy applications.

Keywords: rice husk, carbonization, briquettes, coffee husk, mesh

1. INTRODUCTION

Coal remains a primary energy source and is commonly utilized
for fuel and electricity production'. The combustion of fuel coal
emits substantial quantities of CO, and other pollutants, result-
ing in local air pollution and contributing to global atmospheric
CO, >, To reduce these environmental impacts, researchers are
exploring ways to minimize coal usage in briquettes by develop-
ing biomass-based briquettes offer comparable quality to tradi-
tional charcoal briquettes *%.

The quality, i.e., strength and durability, of briquettes is deter-
mined by the raw materials, material composition, particle size,
level of compaction, and binder used during briquette mold-
ing”!?. Another method for improving briquette quality is to
use additives to improve their physical, mechanical, and thermal
properties ''. The addition of biomass can enhance the calorific
value per unit volume, improve particle size consistency, and
boost overall quality®.

Coffee husk (CH) and rice husk (RH) are currently under-
utilized biomass resources with the significant potential. CH is
the dry outer shell of coffee cherries discarded during processing,
while RH is the hard-protective layer removed from rice grains
during milling. In particular, one hectare of coffee plantation can

generate approximately 1.8 tons of CH waste. Currently, this
byproduct is primarily used as an organic fertilizer without further
processing to maximize its potential. CH is advantageous because
of its high calorific value, substantial moisture content (75-80%),
and low sulfur content. In their raw form, CH typically contains
2.2% moisture, 0.73% ash, 74.20% volatile matter, 25.07% fixed
carbon, and is composed of 10.78% crude protein, 33.13% crude
fiber, 24.67% lignin, and 20.22% cellulose®.

RH is the outer shell of rice grains that is separated during the
milling process. The West Java region of Indonesia has a har-
vested rice area of 1,587 hectares, yielding approximately 9.017
million tons of dry milled grain (GKG). After milling, approxi-
mately 20-30% of the rice weight (1.8-2.7 million tons) remains
as waste RH '%. The advantages of RH include its good biochem-
ical and physicochemical properties, making it a suitable carbon
source for fabricating activated carbon, adsorbents, supercapac-
itors, and electrodes '*. RH typically contains 18-29% ash, 6.0—
10.0% moisture, and 35.0-42.0% fixed carbon. It also comprises
approximately 40% lignocellulose, 40% cellulose, and approx-
imately 5% hemicellulose; the remaining components include
mineral carbon in the form of silica and alkali elements'*. RH is
typically used as an organic fertilizer, animal feed, and substrate in
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a Fenton catalyst applications '>~17. Hence, there is broad poten-
tial for using CH and RH wastes as alternative fuel sources. These
materials are rich in cellulose and lignin, both of which are crucial
components for briquettes*’.

Several studies have investigated the effects of adjusting cer-
tain parameters on briquette quality. Nagarajan and Prakash
reported a composite briquette made of sugarcane bagasse, RH,
and corncobs, with the highest calorific value (27.07 MJ/kg)
obtained for the 1:1:2 mixture*'. Setters et al. characterized the
solid and liquid fractions of CH briquettes and the effect of par-
ticle size using the pyrolysis method, but no improvement in
the volatile-matter content??. Lubwama and Yiga examined the
effect of the binder concentration on the quality of CH/RH
composite briquettes; they showed that adding cassava flour as
a binder results in high heating values?’. Similarly, Saeed et al.
studied the moisture content of RH briquettes and reported the
highest calorific value (17.688 MJ/kg) at 14% water content'*.
Although several studies have focused on improving briquette
quality by modifying factors such as the raw material ratio, binder
type, and moisture content, there is a lack of research on the
influence of the particle size on the performance of composite bri-
quettes made from a mixture of multiple biomass types. Although
Setters et al. analyzed the effects of particle size of a single biomass
in a pyrolysis study??, no studies have specifically examined the
impact of variations in particle size on the properties of composite
briquettes.

To address the aforementioned gap in the existing literature,
this study investigated the effect of the particle sizes of Arabica
CH and RH waste on the physical and thermal properties of
composite briquettes. Three types of briquettes were prepared
with CH and RH raw materials with different sieve sizes. A prox-
imate analysis based on ASTM standards, physical properties,
and burning capability was performed. The characteristics of
the briquettes were compared to the standard quality of usable
briquettes.

2. RESEARCH METHODOLOGY

2.1. Briquetting. Briquettes were prepared from CH
waste and RH obtained from Pangalengan Bandung and Pebayu-
ran Kab. Bekasi, West Java, Indonesia. Tapioca flour was used as
the binder for the briquettes. CH and RH were sieved to obtain
100 mesh (<149 jum), 80 mesh (<177 wm), and 60 mesh (<250
pm) fractions. The composite briquettes contained 25% CH and
75% RH fractions (by weight).

The husk materials for the briquettes were dried using an oven
at 100 °C for 60 min under air atmosphere operation. Then, the
material was carbonized in a furnace at 400 °C for 60 min, with
both heating and cooling rate set at 20°C/min. The carbonized
samples were ground and sieved through 60, 80, and 100 mesh
sieves. The sifted material was mixed with a binder derived from
tapioca flour. The binder was made by mixing the tapioca flour
and water. The mixture between the carbonized material and
binder were then molded at a pressure of 4.4 tons using manual
pressure for five minutes to form a briquette measuring 6 cm X
6,5 cm. The resulting briquette samples were dried in an oven at
100 °C for 60 min. The procedure for fabricating the composite
briquettes is shown in Figure 1.

2.2. Characterization Methods.

2.2.1. Proximate testing. The moisture content was deter-
mined according to the ASTM 1959 standard. Density measure-
ments were conducted according to the ASTM D 2395 standard
by calculating the mass and volume of the briquettes using the
tube method. The ash content was determined according to the
ASTM 1959 standard by heating the samples in a furnace at 900
°C for 6 min. The fixed carbon content was defined as the car-
bon content of the briquettes after excluding volatile matter, ash,
and moisture. The shatter index test was performed according
to ASTM D 440, which involved measuring the initial mass of
the briquettes and then dropping them from a height of 1.8 m to
evaluate their durability.

2.2.2. Burning rate. The burning rate was examined by
measuring the change in briquette mass during combustion. The
initial briquette mass before burning was recorded as m,. To
maintain the burning process, a portable fan was used to blow
air over the briquettes from a distance of approximately 15-20
cm. An observation period of t = 5 min was used, after which
the remaining mass m; was recorded. The burning rate was then
calculated using Equation 1:

mo — m

Burning Rate = — (1)

3. RESULTS AND DISCUSSION

The density of briquette is influenced by the size and distribution
of charcoal particles within the briquette and plays a crucial role
in determining how long briquettes burn and how fast they com-
bust. Generally, briquettes with a higher density exhibit a higher
combustion rate, whereas those with a lower density burn less
vigorously**. Figure 2 (a) shows the densities of briquettes made
with different particle sizes of CH and RH. The particle size sig-
nificantly influences briquette density, with the highest density of
662.81 kg/m? obtained for the smallest particle size (<149 jum)
and the lowest density of 570.44 kg/ m?> obtained for the largest
particle size (<250 jLm). The briquette density increases with
decreasing particle size because finer particles enable the forma-
tion of a more compact structure during molding, which reduces
the number of internal voids and limits oxygen diffusion.

The moisture content of the composite CH:RH briquettes
meets the quality standards set for briquettes. According to SNI
01-6235-2000, the acceptable moisture content for briquette pro-
duction is less than 8%. Lower moisture levels help reducing
energy consumption, and moisture plays a crucial role in combus-
tion because a high moisture content decreases the calorific value
of the briquette. Figure 2 (b) shows that the moisture content
tends to increase as the particle size decreases, because larger par-
ticles absorb less water than smaller particles for the same mass of
material **.

The volatile-matter content characterizes the mass lost dur-
ing combustion. Lower volatile-matter levels are preferable for
high-quality briquettes to avoid excessive smoke production®.
Figure 2 (c) shows similar volatile-matter contents for all bri-
quettes produced using different particle sizes. The content is
6.58% for the 250 pm sample, which decreases to 6.12% for the
180 pm sample, and then increases to 7.07% for the 149 pm
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Figure 1. Schematic of the process for fabricating CH:RH composite briquettes

sample. Elevated volatile matter levels are often linked to ineffi-
cient carbonization resulting from an insufficient carbonization
temperature and/or time. Specifically, higher temperatures and
longer carbonization times typically remove more volatile mat-
ter, reducing the residual content in the briquettes>>*°. Smaller
particle sizes tend to exhibit enhanced reactivity due to their
higher surface area, promoting faster reactions, but they can also
intensify secondary reactions and alter volatile components, par-
ticularly in composite briquettes®’. These effects may explain
the lower volatile-matter content measured for the 177 pwm
sample.

Ash in solid fuel refers to the mineral residue that remains
after combustion and cannot be burned*®. Ash primarily consists
of minerals containing silicon, calcium, magnesium, and phos-
phorus. Among these, the silica content has the most significant
impact on the ash value and negatively affects the calorific value of
briquettes, thereby reducing their quality. Figure 2 (d) shows
that the ash content in the briquettes decreases slightly with
decreasing particle size. These findings are consistent with those
reported by Bhattarai et al.>’; they showed that larger particles
were more difficult to compact and had weaker bonds, enhanc-
ing oxygen flow, leading to more complete combustion and a
lower ash content. In addition, the ash content depends on the
silica content of the raw materials. The addition of tapioca flour

t3! because the binder con-

binder can also affect the ash conten
tains inorganic components that increase the ash content of the
briquettes.

Figure 2 (e) shows the fixed carbon contents for the briquette
prepared with different particle sizes of CH and RH. The highest

fixed carbon percentage (82.57%) was observed at a particle size

of 177 pm. Briquettes with lower volatile matter, ash, and mois-
ture contents tend to have a higher fixed carbon content as low
levels of the former components indicate efficient carbonization,
resulting in a greater proportion of stable carbon remaining in the
briquette. A higher fixed carbon content generally enhances the
energy density and combustion efficiency of briquettes, making
them more effective fuel sources. Thus, controlling these param-
eters during briquette production is essential for optimizing the
fixed carbon content and overall fuel quality**.

The shatter index is used to assess the mechanical strength
and robustness of briquettes by examining their ability to with-
stand impacts. In this test, the briquettes were dropped from a
height of 1.8 m, and the extent of fragmentation or the num-
ber of fragments resulting from the drop was measured to gauge
their durability. Figure 2 (f) presents the shatter indexes for the
briquettes prepared with different particle sizes of CH and RH.
The sample prepared with 250 pm particles has the lowest shat-
ter index, with fewer particles lost during the test. These results
suggest that the 250 pm briquette has better durability (higher
quality) than the other samples.

The burning rate describes the amount of briquette mass con-
sumed over a specific period during combustion. Burning rate
tests were conducted using the briquettes prepared with different
feedstock particle sizes to assess the efficiency of the briquettes
as a fuel source, and the results are shown in Figure 2 (g). The
sample with the smallest particle size (149 jLm) shows the high-
est burning rate of 0.39 g/min. This is because increasing the
particle size decreases the rate of briquette burning and ash for-
mation. Similarly, when the briquette particle size is small, the
combustion rate increases.
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4. CONCLUSIONS

This study demonstrated the potential of utilizing CH and RH
biomass to produce sustainable and eco-friendly charcoal bri-
quettes as a viable alternative fuel to coal. A comprehensive eval-
uation of briquettes prepared with different biomass particle sizes
showed that the particle size significantly influences the physical
and thermal properties of the briquettes. The briquette prepared
with the smallest particles (149 im) yielded the highest density
(662.81 kg/m?) and burning rate (0.39 g/min), while meeting
moisture content standards (<8%). The highest fixed carbon
content (82.57%) was observed for the 180 im briquettes, indi-
cating a good balance between compaction and carbonization.
Although smaller particles enhanced the density and burning
rate, they slightly increased the moisture and volatile matter con-
tent. Conversely, the ash content decreased with smaller particle
sizes, indicating higher fuel quality. Overall, the composite bri-
quettes made from 149 pm CH and RH showed the highest
density, moisture content, volatile matter content, and burning
rate. In contrast, the 250 pm sample had the highest ash con-
tent, along with the lowest fixed carbon content and shatter
index. Future studies incorporating visual analyses, such as SEM,
element analysis, and rheological testing, are recommended to
further verify the influence of the particle size on the composition
and rheological properties of briquettes.
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ABSTRACT

Carbon steel suffers from rapid corrosion in acidic environments such as those encountered during acid cleaning and petroleum-
well acidification, leading to significant economic losses and environmental challenges. Conventional corrosion inhibitors are often
toxic, nonbiodegradable, and expensive, motivating the search for sustainable biomass-derived alternatives. In this study, carbon

dots (CDs) synthesized from pomegranate peel waste (PPCDs) and their nitrogen-doped analogs (N-PPCDs) were evaluated

as ecofriendly corrosion inhibitors for carbon steel in S wt.% HCI. The structural, morphological, and chemical properties of the

materials were characterized using UV-Vis, Fourier-transform infrared, transmission electron microscopy, and energy-dispersive X-
ray analyses. Electrochemical impedance spectroscopy and potentiodynamic polarization measurements demonstrated that both
PPCDs and N-PPCDs acted as mixed-type inhibitors, effectively inhibiting both anodic and cathodic corrosion reactions. Nitro-
gen doping enhanced inhibition efficiency from 70% to 80% at CD concentration of 200 ppm owing to enhanced adsorption and

chemisorption through N- and O-donor functional groups, as confirmed by surface analysis. These findings establish the nitrogen-

doped pomegranate peel CDs as promising and sustainable alternatives to conventional synthetic inhibitors for corrosion control

in acidic media.

Keywords: carbon dots, pomegranate peel, carbon steel, acid corrosion, corrosion inhibition

1. INTRODUCTION

Corrosion has been a significant and long-standing challenge,
as it affects a wide spectrum of sectors, such as transportation,
construction, and energy sectors, leading to structural failures,
operational inefficiencies, and high maintenance costs'. Carbon
steel (CS), despite its widespread use, is particularly vulnerable to
corrosion in acidic environments, for example, when exposed to
acidic cleaning agents or harsh environments 2, necessitating the
development of effective corrosion inhibitors. While many cor-
rosion inhibitors have been shown to be effective, they are often
toxic and expensive®. This has intensified research into greener
alternatives capable of offering comparable or superior inhibi-
tion performance while minimizing ecological impact®. Hence,
there is a demand for robust and environmentally friendly cor-
rosion inhibitors that can perform in extreme environments.
In meeting this demand, green corrosion inhibitors offer sev-
eral advantages, such as a lack of toxicity and the utilization of
inexpensive waste resources>. Recently, carbon dots (CDs) syn-
thesized from agricultural waste have attracted significant atten-
tion®. These CDs are nanosized and may be derived from a
variety of low-cost materials, such as carbohydrates and organic
solvents’. CDs synthesized from renewable biomass and agri-
cultural waste precursors, such as fruits, vegetables, and dairy
byproducts, offer advantages over traditional inhibitors, because

these precursors are non-toxic, cost-effective, and environmen-
tally friendly®. Reports have shown that CDs can effectively sup-
press corrosion in acidic media by blocking metal’s active sites,
hindering electron transfer, and establishing barrier films that
restrict the ingress of aggressive species’. In addition, CDs can
serve as electron donors and acceptors, enhancing its corrosion-
inhibition properties '°. Incorporation of nitrogen into CDs, in
particular, has been found to enhance their inhibition capabil-
ity due to improved electron-donor characteristics and stronger
metal-inhibitor interactions*, improving their ability to donate
electrons, suppress electrochemical reactions, and provide cor-
rosion protection. Several studies have demonstrated that N-
doped CDs can reduce the corrosion rate of CS in hydrochloric
acid, with the nitrogenated functional groups strengthening the
adsorption process . For instance, carbon-dot-based complexes
modified with sulfosalicylic acid served as corrosion inhibitors for
CS in an HCl solution, markedly decreasing the corrosion rate 2.
Biomass-derived CDs were employed as corrosion inhibitors for
Q235 steel in a 1 M HCl solution, mitigating corrosion by self-
aggregation and adsorption onto the metal surface'>. Addition-
ally, the efficacy of CDs as corrosion inhibitors for CS has been
evidenced in various acidic solutions, with the diminished corro-
sion rate ascribed to the development of a protective coating on

14-

the metal surface '*'%. While CDs derived from various natural

and synthetic sources have demonstrated considerable potential
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as corrosion inhibitors for various metals under diverse environ-
mental conditions **, the use of CDs derived from pomegranate
peels for corrosion protection of CS has not been reported to
date. Furthermore, nitrogen-doped CDs are an emerging class
of functional nanomaterials that have received limited attention
in the context of corrosion inhibition. This study addresses this
gap by investigating CDs synthesized from pomegranate peel
waste (PPCDs) and their nitrogen-doped analogs (N-PPCDs)
obtained via hydrothermal carbonization of pomegranate peel
waste using glycine for N doping. The inhibition of CS in
HCI was evaluated through electrochemical and surface analy-
ses, highlighting their potential as sustainable high-performance
corrosion inhibitors.

2. EXPERIMENTAL

2.1. Materials and Materials Preparation. Pomegran-
ates were purchased from a local market and glycine was obtained
from Sigma-Aldrich. X60 CS was used as the metal substrate, and
its chemical composition matched that previously documented in
the literature '”. The corrosive medium used in the research work
was 5% solution of hydrochloric acid (HCI). It was prepared
by diluting analytical-grade concentrated HCl (Merck) with dis-
tilled water. The CS samples were polished by wet mechanical
abrasion using sandpapers of different grades (#120, #320, #600,
#800, and #1000). Prior to each experimental run, the polished
samples were thoroughly rinsed with distilled water, followed by
ethanol, and subsequently dried using warm air to ensure a clean,
uniform surface.

2.2. Synthesis of Undoped and N-doped PPCDs. The
pomegranate peel waste was sun-dried, and the dried biomass
was ground into a fine powder that served as the carbon source.
Glycine was used as the nitrogen source. The pomegranate peel
(1.5 g) and glycine (0.5 g) precursors were mixed with distilled
water (100 mL) and placed in a Teflon-lined stainless-steel auto-
clave. To facilitate the hydrothermal process, the autoclave was
kept in a drying oven at 200 °C for a full day. Once the reac-
tion finished, the autoclave was cooled to room temperature, and
the mixture was filtered using Whatman #1 filter paper. To purify
the CDs, the supernatant was filtered. The dialyzed filtrate was
then dried in an oven (70 °)C to produce the solid-state prod-
uct (N-PPCDs). A solid product obtained from the powdered
pomegranate peel waste material without blending with glycine
is referred to as the undoped pomegranate peel CDs (PPCDs).

2.3. Characterization of Synthesized PPCDs. The
optical properties of PPCDs and N-PPCDs were examined using
a JASCO 770 UV-vis spectrophotometer (Tokyo, Japan) oper-
ated at a scanning speed of 200 nm min ™' and a spectral resolu-
tion of 1 nm. Distilled water served as the reference for baseline
correction. Fourier-transform infrared (FTIR) spectra were col-
lected with an ATR-FTIR system (Nicolet iSS, Thermo Scien-
tific, Waltham, MA, USA) over the wavenumber range of 4000~
400 cm™'. Morphological observations were performed using
a JEOL JSM-6610LV scanning electron microscope (JEOL,
Japan). For SEM analysis, a drop of the ethanolic dispersion
of PPCDs or N-PPCDs was deposited onto an aluminum stub,
allowed to dry at ambient conditions to form a thin film, and

subsequently coated with a thin layer of gold. Imaging was con-
ducted at an accelerating voltage of 20 kV. Elemental composi-
tion was evaluated using an energy-dispersive X-ray spectroscopy
(EDAX) detector integrated with the SEM system. Transmis-
sion electron microscopy (TEM) was used to determine particle
size and morphology. Samples were prepared by placing a small
amount of the colloidal PPCD or N-PPCD suspension onto a
carbon-coated copper grid, followed by drying at room temper-
ature. TEM images were obtained using a JEOL JEM-2100F
microscope (Tokyo, Japan) operated at 200 kV '3,

2.4. Corrosion Inhibition Evaluation. The inhibitory
effectiveness of PPCDs and N-PPCDs on CS in 5§ wt.% HCl was
evaluated using weight loss and electrochemical measurements.
The equations (1 and 2) and a detail description of the experi-
mental procedures used for weight loss evaluation are provided
in Section S5 and Table S2 of the Supplementary Materials. A
Gamry 1010E system was employed to conduct the electrochem-
ical tests in accordance with the protocol detailed in Section S6.
Linear polarization resistance (LPR) quantities were estimated
by scanning 10 mV around the corrosion potential (Ecoy) at
a rate of 0.167 mV/s, whereas potentiodynamic polarization
(PDP) measurements were conducted over a range of £250 mV
using a scan rate of 0.5 mV/s. Data analysis was conducted by
Echem Analyst v6.2 software. The inhibition efficiencies (IE)
were calculated using Equations (3) and (4) in Table S2, corre-
sponding to the PDP, EIS, and LPR methods.

2.5. Surface Analysis. The surface morphology of the
carbon steel samples was examined using a scanning electron
microscope (SEM; JEOL JSM-6610LV, Japan) equipped with
an energy-dispersive X-ray spectroscopy (EDAX) system. This
combination enabled both imaging and elemental analysis of
the sample surfaces after exposure to the corrosive environment,
with and without the presence of inhibitors. The method for
the preparation of the sample for SEM analysis is described in
Section S7 of the Supplementary Materials. In addition, a 3D
optical profiler (Profilm 3D, Filmetrics, USA) was used to eval-
uate alterations in the surface topography of the steel specimens.
This analysis was performed on samples exposed to 5% HCI
under inhibited and uninhibited conditions to assess changes in
roughness and damage features. AFM measurements were con-
ducted using an MFP-3D Infinity Oxford Instruments (UK),
operated under ambient conditions, to provide nanoscale insight
into surface modifications resulting from corrosion and inhibitor
adsorption.

3. RESULTS AND DISCUSSION

3.1. Characterization of PPCDs and N-PPCDs. Prior to
the examination of the corrosion inhibition by the CDs, charac-
terization techniques were used to verify the successful synthesis
of PPCDs and N-PPCDs. TEM analysis (Figure 1a) revealed that
PPCDs exhibit an amorphous spherical morphology, with parti-
cle sizes ranging from S to 10 nm. The UV-vis spectrum (Figure
1b) of PPCDs exhibited two absorption peaks at approximately
256 and 367 nm, corresponding to the 7 —7 * transitions in con-
jugated systems and the n—z * transitions associated with the sur-
face C=0 and C-O functionalities>'®. The inset shows that the
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Figure 1. Results of (a) TEM, (b) UV-vis, (c) SEM, (d) EDAX and (e) elemental mapping characterizations of undoped PPCDs

PPCD solution appeared orange under visible light and emitted the C=0 and C-O groups. After nitrogen doping (Figure 2b),

deep-blue fluorescence under UV light, confirming its fluorescent the 7 — 7 * transition became less distinct and merged with the
nature. The peaks at 1000-1275 cm™! correspond to the C-H in- n— 7 * band to yield a single broad absorption feature centered
plane bending vibration and C-O stretching vibration, and the at approximately 325 nm. This apparent disappearance of the
peaks at 1000-650 cm ™! correspond to the C-H out-of-plane 7 — 7 *band is attributed to the perturbation of the 7 -electron
bending vibration '*. These results confirm that PPCDs include system caused by nitrogen incorporation®”S. Nitrogen atoms
abundant C and O functional groups and unsaturated bonds introduce new electronic states (C-N, C=N, pyridinic N) within
which enhance their potential for use as corrosion inhibitors. the carbon framework, disrupting the planarity and delocaliza-
SEM imaging and EDAX mapping (Figures 1(c-e)) further con- tion of 7 orbitals and enhancing charge-transfer interactions.
firmed that carbon and oxygen were the primary elements in The resulting hybridization between 7 and n orbitals gives rise
the PPCDs. Elemental analysis (Figure 1(c-e)) confirmed the to a blue-shifted, broadened absorption band characteristic of
absence of nitrogen in the undoped PPCDs, indicating that the N-doped carbon materials. This observation confirms success-
observed n-m* transitions originated solely from oxygenated ful nitrogen doping and its effect on the optical and electronic
groups rather than from N-containing moieties. properties of the CDs.

For N-PPCDs, TEM analysis (Figure 2a) revealed an amor- FTIR analysis of PPCDs (Figure 3(a)) revealed the presence
phous spherical morphology similar to that observed for PPCDs, of several functional groups; for example a broad peak at 3333
but with reduced particle sizes in the range of 2-5 nm due to cm™! can be attributed to intramolecular hydrogen bonds such
nitrogen doping. The UV-vis spectrum (Figure 2b) presented a as O-H'?, while the absorption peaks at 2940 and 2065 cm ™! can
single peak at approximately 325 nm which is attributed to the n— be attributed to the methyl or methylene groups'’, and the peak
7 * transitions involving heterocyclic structures'®?, and the solu- at 1574 cm ™! is attributed to the C=C vibration of the benzene
tion displayed the same orange color and blue fluorescence under ring skeleton'®. The absorption peak at 1208 cm™! corresponds
UV illumination, indicating that the fluorescence properties were to the C-O stretching vibration of carboxylic acid. The spectrum
retained upon N doping. Figure 2(c—e) displays the results of of N-PPCDs presented in Figure 3(b) reveals the presence of
the SEM analysis and EDAX mapping, confirming that N, C, C=C, C-N, and C=N bonds, indicating the successful transfor-

and O are the main components of the N-PPCDs. As described mation of the precursors into N-PPCDs. The peak at 1597 cm ™
above, the UV-Vis spectrum of undoped PPCDs (Figure 1b) is assigned to the C—N stretching vibration '. The edges of the

exhibits two distinct absorption bands: a strong 7 — 7 transi- CDs are formed by chemical structures such as ~-CONR, which
tion near 274 nm, assigned to the aromatic C=C bonds within shows an absorption peak at 1651 cm™!, confirming the doping
the conjugated carbon core, and a weaker n— 7 * transition at process®. The N-PPCD shows the absorption peak of conju-
approximately 367 nm corresponding to the transitions involving gated double bonds (N=C=0 and C=C=N) at 2353 cm !,
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Figure 2. Results of (a) TEM, (b) UV-vis, (c) SEM, (d) EDAX and (e) elemental mapping characterizations of doped N- PPCDs

distinguishing it from its PPCD precursor®. The peaks centered
at 1385 and 1302 cm ™! indicate the presence of C-N-C bonds®.
Hence, the findings indicate that the PPCDs were successfully
modified through nitrogen doping,

3.2. Corrosion Inhibition Performance.

3.2.1. Weight loss measurements. The corrosion rate
and corresponding IE obtained from weight loss tests for PPCDs
and N-PPCDs at two different temperatures are illustrated in
Figure 4. Both the corrosion rate and IE show a clear dependence
on the PPCD and N-PPCD concentrations, with increasing
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Figure 3. ATR-FTIR spectra of (a) undoped PPCDs and (b) doped
N-PPCDs

inhibitor concentration leading to higher IE and a corresponding
decrease in the corrosion rate. This trend was attributed to the
greater surface coverage of CS by the inhibitor molecules which
hindered metal dissolution?!. However, for PPCD, IE declined
as the temperature was increased from 30 to 60 °C, as shown
in Figure 4(a, b), likely due to the desorption of the inhibitor
molecules from the CS surface and the increased molecular
mobility; both of these effects reduce surface protection at ele-
vated temperatures. The N-PPCDs showed better performance
at 60 °C than at 30 °C in terms of IE. These results demonstrate
the thermal stability of N-PPCDs and their ability to function at
higher temperatures.

3.2.2. Electrochemical measurements. PDP measure-
ments were used to investigate the effect of the CDs on the anodic
and cathodic redox reactions of CS in a 5% HCI solution. The
polarization curves obtained for the CS with and without differ-
ent concentrations of PPCDs and N-PPCD are shown in Figure
S. Figure 5(a-b) shows the concentration-dependent behavior of
steel at a temperature of 25 °C, evaluated across the PPCD and
N-PPCD concentration range of 25-200 ppm. The IE, corrosion
potential (Ecor), corrosion current density (Ieor ), and the anodic
and cathodic slopes (B, and B.) were calculated by extrapolation
of the anodic and cathodic current to the corrosion potentials,
and the obtained results are presented in Table 1. These results
indicate that the addition of CDs resulted in a noticeable decrease
in both B, and P, accompanied by a significant reduction in
the I and E,, values. These findings strongly suggest that
PPCDs and N-PPCDs act as mixed-type inhibitors, effectively
blocking both the cathodic and anodic reactions. The E,,, value
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Figure 4. Corrosion rate and IE obtained by weight loss measurements for CS in $% HCl solution at different concentrations of (a, b) undoped PPCDs

and (¢, d) doped N-PPCDs at 30 and 60 °C

became more positive after the addition of CDs, indicating that
the inhibitors adsorbed onto the steel surface and blocked the
active sites for corrosion.

Examination of the results presented in Table 1 shows that
incorporation of PPCDs and N-PPCDs at higher concentrations
increased the IE values as observed using both the PDP and LPR
techniques. The highest IE values were 70.09% for PPCD and
79.58% for N-PPCD at 200 ppm obtained using the PDP tech-
nique, and 65.17% for PPCD and 75.88% for N-PPCD obtained
with the LPR technique. These results showed that 200 ppm was
the optimum concentration for further testing. At this concentra-
tion, the corrosion rate was 0.97 mm/y of N-PPCD, compared
to 1.41 mm/y for PPCD. The higher IE and lower corrosion rate
observed for N-PPCD suggested that the nitrogen-containing
functional groups served as active adsorption sites, forming a
protective film on the metal surface that inhibited corrosion.

The open-circuit potential (OCP) measurements at room
temperature are described in the Supplementary Material, Figure
S1, and section S1. The results show that the potential values

shifted toward more positive potentials with increasing concen-
trations of PPCDs and N-PPCDs, with the most significant shift
observed at 200 ppm. All inhibition curves stabilized over time,
indicating the development of a protective layer on the metal
surface.

To investigate the electrochemical behavior, Nyquist and
Bode plots were recorded for CS in 5% HCI with varying
concentrations (25-200 ppm) of PPCDs and N-PPCDs at
25 °C. Figures 6(a) and 6(c) show the Nyquist plots, and
Figures 6(b) and 6(d) display the corresponding Bode plots.
The Nyquist plots revealed a notable increase in the semicir-
cle diameter upon inhibitor addition, indicating enhanced charge
transfer resistance. The diameter further increased at higher
inhibitor concentrations, with 200 ppm exhibiting the most
significant surface coverage. N-PPCD exhibited larger diame-
ters than PPCD at all concentrations, confirming its superior
inhibition efficiency.

The Bode plots show the impedance modulus and phase angle
over a frequency range between 10° and 10~% Hz. Both PPCD
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and N-PPCD increased the impedance modulus, with higher
values obtained with increasing concentration, suggesting effec-
tive barrier film formation on the CS surface. Additionally, the
increasing peak heights in the phase angle plots with higher
inhibitor concentrations indicate enhanced capacitive behavior
at the metal-solution interface, which is attributed to the greater
adsorption of inhibitor molecules**.

The electrical equivalent circuit shown in the Supplemen-
tary Materials, Figure S2, and Section S2 was used to fit the
experimental EIS data, and the obtained parameters are listed
in Table 2. The results presented in Table 2 indicate that com-
pared to the blank solution, the R;, values in the acidic solu-
tions containing PPCDs and N-PPCDs increased. Specifically
the R, value increased from 51.91 Q-cm? (uninhibited solu-
tion) to 151.09 Q-cm?* for the solution including 200 ppm
PPCD, while it increased to 217.38 Q-cm? for the solution
with 200 ppm N-PPCD. This demonstrates that the PPCDs
and N-PCDs formed a dense adsorbed layer, minimizing the
number of active corrosion sites. The decrease in Y,q sug-
gests a reduced double-layer capacitance owing to the adsorbed
inhibitor molecules forming a less permeable film. N-doped
PPCDs consistently showed better performance than undoped
PPCDs at the same concentrations, most likely due to their

enhanced electron-donating capability, improved surface affinity,
and denser film formation attributed to the nitrogen functional
groups. At 200 ppm, the N-PPCDs provide R and R;, of 168.3
Q-cm? and 217.38 Q-cm?, respectively, with TE = 76.12%, out-
performing undoped PPCDs. The sharp improvement in the
inhibition efficiency, even at 25 ppm, of N-PPCDs emphasizes
their potential as highly efficient green inhibitors at low dosages.

3.3. Surface Analysis. SEM-EDS analysis was carried out
on the CS samples immersed in 5% HCI for 24 h, both with and
without the addition of 100 ppm CDs, to assess surface mor-
phology and elemental composition. The steel surface exposed
to HCl without CDs exhibited significant damage owing to metal
dissolution and degradation (Figure 7(a)). Exposure to HCIl
resulted in notable deformation and deep pits on the surface.
Conversely, the micrographs of the steel surface treated with 200
ppm PPCD (Figure 7(c)) and N-PPCD (Figure 7(e)) display
less surface damage with fewer imperfections compared to the
untreated sample. EDS analysis of the CS sample (Figure 7(b))
revealed peaks consistent with the chemical composition of the
corroded steel. In the EDS spectrum of the untreated sample, the
chloride peaks indicated the adsorption of chloride ions on the
steel surface, which can accelerate corrosion '°. The reduction of
the chlorine peak in the EDAX results for the PPCD-inhibited

Table 1. PDP and LPR parameters for CS in 5% HCl without and with different concentrations of undoped PPCDs and doped N-PPCDs at 30 °C

PDP Technique LPR Technique
Conc. Ecorr Teorr Ba Be Corrosion IE R, Corrosion IE
CDs  (ppm) (mVwsAg/AgC) (nA/em?) (mV/dec) (mV/dec) rmate(mm/yr) (%) (Qom?) rate (mmfyr) (%)
Blank —463.0 408.0 178.4 114.4 4.74 — 52.46 5.76 —
100 —458.0 301.0 137.5 102.1 3.49 26.23 67.59 4.47 22.38
PPCDs 150 —462.0 199.0 137.3 105.9 231 51.23 102.3 2.96 48.72
200 —459.0 122.0 120.9 106.2 1.41 70.09 150.6 2.01 65.17
25 —472.0 156.0 128.5 112.3 1.81 61.76 145.4 2.08 63.92
N-PPCDs 100 —462.0 99.0 98.1 96.3 1.18 75.74 152.5 1.98 65.60
150 —461.0 90.1 97.5 100.7 1.0 77.92 202.1 1.49 74.04
200 —463.0 83.3 108.2 92.7 0.97 79.58 217.5 1.39 75.88
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Table 2. Impedance parameters for CS in 5% HCl without and with different concentrations of undoped PPCDs and N-PPCDs at 25 °C

Conc. R Yor R¢ Yodl Rt Rp 1IE
CDs  (ppm) (Qem?) (mFem~2s"1) ne  (Qem?) (WFem ") ng (Qemd) (RebR) (Qem?) 72 x 1074 (%)
Blank 0.81 1.28 0.78 1443 433.7 097 3748 5191 423 -
100 0.84 0.51 1.0 29.45 810.9 0.78  45.72 75.17 8.76 30.94
PPCDs 150 0.65 0.23 099  30.11 523.7 0.79  78.74 108.85 8.54 52.31
200 0.67 0.18 097  25.29 664.9 0.79  125.8 151.09 7.41 65.64
25 0.76 1.16 0.87 3.03 321.6 083 1412 144.23 1.86 64.01
N-PPCDs 100 0.74 0.76 0.76  26.29 252.4 098 1276 153.89 7.31 66.27
150 0.76 0.87 0.76  18.29 229.3 092 1779 196.19 5.84 73.54
200 0.67 0.77 0.75  49.08 365.2 092 1683 217.38 1.10 76.12

and N-PPCD-inhibited CS samples indicates that the inhibitor
molecules effectively blocked the adsorption of chloride ions on
the surface (Figures 7(d),(f)). Additionally, the nitrogen peak in
the EDS spectrum of the N-PPCD-inhibited CS sample suggests
that N-PPCD was adsorbed onto the steel surface (Figure 7(f)).

AFM surface analysis was used to examine the changes in the
CS surface topography after immersion in 5% HCl solution, both
with and without the inhibitor. Figure $4(a-d) show 2D and
3D micrographs of the CS submerged in the corrosive medium
with and without CDs. The polished sample surface shows no
visible damage (Figure S4(a)). By contrast, the sample immersed
in the corrosive media exhibited clear pits and fissures, with the

surface roughness increasing dramatically from 0.5166 to 68.468
nm, indicating significant corrosion. Conversely, the surface of
the sample in the inhibitor-containing solution displayed mini-
mal imperfections (Figure S4(c, d) in Supplementary Materials),
with a roughness of only 2.433 nm for the PPCD-inhibited CS
sample and of 1.121 nm for the N-PPCD-inhibited CS sample,
which is much lower than the 68.468 nm observed for the sam-
ple without the inhibitor. These findings implied that PPCDs
and N-PPCDs effectively protected steel from corrosion in harsh
HCl environments. The N-doped PPCDs demonstrated superior
inhibition performance, creating a more effective barrier layer
that reduces metal dissolution and pitting.

Uiy —=— Blank

140_—0—100 ppm (@)
—4— 150 ppm

1204 —v— 200 ppm

& 1001
£
o
g 804
g 60
N 60
40
20
0
0 20 40 60 80 100 120 140 160
Z,. (Q cm?)
240 4—=— Blank
—e— 25 ppm (c)
—a— 100 ppm
200 §—v— 150 ppm
—o— 200 ppm
& 1604
£
o
S 1204
g
N
T 80
40
0 X
0 40 80 120 160 200 240
Z,, (Q cm?)

24 80
(b) —a— Blank
2.1 —o— 100 ppm £ 70
: —a— 150 ppm
1.84 —v— 200 ppm 60
&g 1.59 L 50 §>
G 1.24 SN
N 30 ©
~ o
o 0.6 9
o 20 &
0.34 o
10
0.04
0
-0.3
t T " T T v - -+-10
0.01 0.1 1 10 100 1000 10000 100000
Frequency (Hz)
80
25 70
201 60
= L50 &
E 151 ke
o
c —s— 25 ppm F402
S 1.0J—=— 100 ppm 20 s
= —=— 150 ppm [0}
()] (2]
o —=— 200 ppm oo @
0.5 £
F10
0.04
0
-0.5+ v - T T T T +-10
0.01 01 1 10 100 1000 10000 100000
Frequency (Hz)

Figure 6. Impedance plots for CS in $% HClI solution in the absence and presence of different concentrations of (a, b) undoped PPCDs and (¢, d)

doped N-PPCDs at 25 °C in Nyquist and Bode representations
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Optical profilometry was performed to further validate the
microscale surface protection behavior and Figure S3 in the
Supplementary Materials, Section S3 shows the 2D and 3D pro-
filometer images obtained under identical test conditions. Table
S1 summarizes the surface roughness parameters obtained from
optical profilometry for CS samples exposed to 5% HCl solution,
both in the absence and presence of 200 ppm of undoped PPCDs
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Figure 8. Proposed mechanism of corrosion inhibition of carbon steel
in 5% HCI by undoped (PPCDs) and nitrogen-doped (N-PPCDs)
pomegranate-peel-derived carbon dot

and N-doped PPCDs at 30 °C. As discussed in Section S4 of
the Supplementary Materials, the sample treated with N-doped
PPCDs demonstrated markedly improved surface protection.
These roughness values were significantly lower than those of the
blank and undoped PPCD-treated samples.

3.4. Possible Mechanism and Comparison to Previ-
ous Studies. Taken together, the electrochemical and surface
characterization results indicate that both PPCDs and, N-PPCDs
inhibit CS corrosion in 5% HCl via competitive adsorption and
compact film formation at the metal/electrolyte interface with a
more pronounced effect obtained for N-PPCDs. In 5% HCI, the
steel surface rapidly accumulates specifically adsorbed CI~, while
the oxygen- and nitrogen-bearing groups (carboxylates, hydrox-
yls; and for N-PPCDs: amines/amide/pyridinic N) on the CDs
in the solution are partially protonated. The protonated func-
tional groups in the CDs are attracted to the Cl™-decorated
surface regions, displacing water and anions and binding to Fe
through O-donor (PPCDs) and additional N-donor (N-PPCDs)
sites via electrostatic attraction and van der Waals/z -7 inter-
actions. The adsorbed CD layer functions as a barrier to charge
transfer (raising Ri) and as a diffusion barrier for H" and CI™.
For the cathodic reaction (H, evolution), the inhibitor film
reduces access of H' to catalytic sites. For the anodic reaction
(Fe — Fe?* + 2e7), coverage of active Fe sites and partial
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Table 3. Comparison of corrosion inhibition performance of biomass-derived CDs for carbon steel in an acid medium

CD inhibitor Metal Corrosive Inhibition

S/N types substrate medium Concentration efficiency (%) Ref.

1 Acerola seed-derived CDs Mild steel 1MHCI 200 ppm 94.1 23

2 Pumpkin seed-derived CDs carbon steel 1 MHCI 10 ppm 94.6 24

3 Sugarcane bagasse-derived CDs carbon steel 1 MHCI 100 ppm 94.0 25

4 Lichi leaves derived CDs Q235 steel 1MHCI 200 ppm 86.1 26

S Peanut shell-derived CDs Cold-rolled steel 1 MHCI 50 mg/L 92.4 27

6 Grapefruit-derived CDs Q235 steel 1MHCI 200 ppm 94.1 13

7 Z. bungeanum leaves-derived CDs Q235 steel 1MHCI 200 ppm 95.9 28

8 Lupine seed-derived CDs Carbon steel 1 MHCI 175 ppm 89.3 =

9 Pomegranate peel-derived CDs Carbon steel 5% HCl 200 ppm 70.0 This study
10 N-doped-pomegranate peel-derived CDs Carbon steel 5% HCI 200 ppm 80.0 This study

complexation of Fe>™ by O/N groups at the interface reduce
effective dissolution. The organic layer formed by the CDs
blocks both anodic dissolution and cathodic hydrogen evolution,
consistent with the mixed-type behavior observed in the PDP
experiments (simultaneous reductions in B, and B, with mod-
est B, shifts), the increased R;/R and decreased double-
layer admittance found by EIS measurements, and the markedly
reduced roughness and suppressed chloride signals observed by
AFM/SEM-EDAX. The enhanced performance of the N-PPCDs
was attributed to stronger chemisorption and tighter packing
due to the nitrogen functional groups, yielding a denser and
less permeable film. The observed retention or improvement of
IE at 60 °C for N-PPCDs suggests a chemisorption-dominated
component for which the binding is less strongly affected by tem-
perature, whereas PPCD protection shows greater decreases with
higher temperature, suggesting a stronger physisorption contri-
bution to the binding.

Hence, overall the data show (i) mixed-type inhibition (PDP:
simultaneous decreases in 3, and B, with modest, <85 mV, E .,
shifts), (i) substantial increases in R,/R¢; with rising inhibitor
dose (EIS), (iii) marked decreases in double-layer admit-
tance/capacitance (CPEg/Yoq1), and (iv) dramatically smoother
surfaces with suppressed Cl signals (AFM/SEM-EDAX). This
mechanism is schematically depicted in Figure 8. Together,
these features support an adsorption/film formation mechanism
enhanced by the nitrogen functionalities in the N-PPCDs for the
inhibition of corrosion.

Table 3 compares the corrosion inhibition efficiencies of vari-
ous biomass-derived CDs tested on mild or carbon steels in acidic
HCl environments. The inhibition efficiencies reported in previ-
ous studies range from 86% to 96% and were typically achieved at
concentrations between 10 and 200 ppm in 1 M HCI (~3.65%).
Notably, all previous studies used milder acid strengths and
similar or higher doses of inhibitors. Although most reported
CDs achieved 86-96% efficiency in 1 M HC], the present study
N-doped CDs exhibited 80% inhibition even in the substantially
more aggressive 5% HCl medium. The 10% improvement of
inhibition upon nitrogen doping confirmed the beneficial role of
N-donor functionalities in enhancing chemisorption and com-
pact film formation on the steel surface. Considering the higher
acid strength and carbon steel substrate used in this study, the

observed performance was comparable to or better than that of
the previously reported multi-heteroatom-doped CDs, highlight-
ing the chemical economy and green synthetic advantages of the
present formulation. Additionally, the present study is the first
report on the use of nitrogen-doped pomegranate peels CDs for
corrosion inhibition.

4. CONCLUSIONS

This study demonstrates that CDs synthesized from
pomegranate peel waste, and particularly nitrogen-doped PPCDs
(N-PPCDs), can serve as effective green corrosion inhibitors
of CS in acidic environments. N-PPCDs achieved superior
inhibition efficiency (up to 79.58%) owing to enhanced surface
interactions and film formation. Electrochemical and surface
analyses confirmed the reduced corrosion rates and smoother
steel surfaces in the presence of these inhibitors. Overall, N-
PPCDs offer a sustainable and high-performance alternative to
conventional inhibitors, supporting the use of biomass-derived
nanomaterials for corrosion protection.
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ABSTRACT

Ultra-high-performance concrete (UHPC) represents a modern class of cementitious materials characterized by superior strength
and durability. However, the high embodied carbon and energy of UHPC relative to those of normal concrete (NC) pose major
sustainability challenges. This study presents a comprehensive evaluation of 40 UHPC mixes through an integrated life cycle assess-
ment that incorporated embodied carbon, embodied energy, and compressive strength. The assessment focused on the raw material
product, transportation, and maintenance stages and examined both local and global material-sourcing scenarios. The findings
showed that UHPC produced locally in Saudi Arabia exhibited 3.28% to 8.21% higher embodied carbon and 1.33% to 4.34%
higher embodied energy than its global equivalents, highlighting the need to optimize regional production practices. To evaluate
sustainability from a performance-based perspective, an eco-strength index (ESI) was employed to capture the tradeoff between
embodied carbon and compressive strength. The ESI values ranged from 7.3 to 14.9 kg-CO, /MPa. A case study involving a single-
girder bridge constructed with both UHPC and NC revealed that although UHPC exhibited a higher impact per cubic meter,
its superior mechanical performance enabled material reduction, thereby lowering the total emissions per meter of bridge length.
These results emphasize that when structural efficiency is considered, UHPC represents a sustainable solution for high-performance

infrastructure applications.

Keywords: ultra-high-performance concrete, life-cycle impact assessment, embodied carbon, embodied energy, sustainable performance index,

sustainability goals

1. INTRODUCTION

Construction industry growth in recent years has greatly
increased the need for concrete with superior performance for
various construction projects. Ultra-high-performance concrete
(UHPC) is a novel class of concrete that exhibits high mechani-
cal strength and durability and thus represents a promising option
to meet this need'. UHPC is characterized by compressive and
tensile strengths exceeding 120 MPa and 6.9 MPa, respectively,
along with resistance to chloride attack and freeze—thaw cycles,
compared to conventional concrete 24 These superior proper-
ties are achieved via high amounts of binders and fine aggregates
that increase the packing density, alow water-to-binder ratio, and
the inclusion of specialized chemical admixtures and steel fibers>.

Despite its superior mechanical properties, concerns regard-
ing the environmental impact of UHPC have increased because
of its high cement content compared with that of normal con-
crete (NC). Cement accounts for approximately 8% of all green-
house gas emissions worldwide because of the exorbitant energy
required to heat the raw materials used to produce cement®.
Therefore, numerous researchers have investigated various mix

designs to reduce the embodied carbon of UHPC. These designs
include substituting cement with other binders such as fly ash, sil-
ica fume, and ground-granulated blast furnace slag to reduce the
carbon footprint without compromising the mechanical proper-
ties”.

The existing literature has primarily focused on optimizing the
strength and enhancing the durability of UHPC blends, with few
studies having investigated comprehensive sustainability assess-
ment frameworks that account for environmental burdens along-
side mechanical performance. Moreover, most life cycle assess-
ment (LCA) studies on UHPC are confined to cradle-to-gate
analyses and often overlook critical phases, such as transporta-
tion, maintenance, and structural efficiency. In addition, the influ-
ence of regional variability in material sourcing, particularly the
environmental implications of locally manufactured materials,
has rarely been addressed.

Therefore, in this study, we performed a multicriteria sustain-
ability evaluation of 40 UHPC mixes that integrates embodied
carbon, embodied energy, and compressive strength into a uni-
fied framework. The environmental sustainability of the UHPC
formulations was evaluated by analyzing their embodied carbon
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and energy using the LCA method. A selection of UHPC mix
designs from the existing literature was used to estimate their
environmental footprints relative to that of NC to identify more
sustainable alternatives. In addition, an eco-strength index (ESI)
of the UHPC and NC mixes was used to assess both the environ-
mental and mechanical performance, thus providing a balanced
sustainability perspective that integrates structural efficiency and
carbon footprint. To further capture the combined effects of
environmental impact and structural efficiency, we propose a sus-
tainable performance index. This index enables a more holistic
comparison of UHPC mixes and supports the classification of
their sustainability profiles based on performance trade-offs.

The remainder of this paper is structured as follows. Section
2 presents the research methodology adopted in this study;
describes the UHPC criteria, life cycle inventory (LCI) anal-
ysis development and assumptions, life cycle impact assess-
ment (LCIA) categories and methods, and ESI calculations; and
presents a case study comparing UHPC and NC bridges. Section
3 presents a comparative analysis of the UHPC mixes that show-
case the trends and influence of the raw materials, a comparison
of the mixes with NC, a detailed analysis of the key contributors
to environmental impact, a comparison of the eco-strength eval-
uation of UHPC and its tradeoffs, and a comparison of the envi-
ronmental impact and long-term sustainability of both UHPC
and NC bridges as part of the case study. Finally, Section 4 con-
cludes the paper by summarizing the key findings, showcasing the
implications and recommendations, and establishing a path for
future research.

2. RESEARCH METHODOLOGY

2.1. Ultra-High-Performance Concrete Mixes. Crite-
ria for source selection were used to ensure a fair and consistent
comparison of the UHPC mixes. First, there were no restrictions
on the year of publication. Although some sources were older,
they contain mixed designs comparable to those in more recent
literature. Second, only mixes composed of the following materi-
als were used: Ordinary Portland Cement (OPC) as the primary
cementitious material and silica fume (SF), natural pozzolan
(NP), fly ash (FA), and ground granulated blast-furnace slag
(GGBFS) as secondary cementitious materials. Quartz powder
(QP) and fine aggregates were considered as filler materials, and
superplasticizer (SP), steel fibers, and water were also included.
These criteria ensured a fair and consistent application of envi-
ronmental impact comparisons using the available EPDs. Finally,
all selected UHPC mixes were required to have a minimum 28-
day compressive strength of 120 MPa, as specified by ASTM
C1856%, which is commonly used to define UHPC***.

Based on the above conditions, 40 UHPC and 3 NC mix
designs were collected from the literature, as presented in Table 1
and Table 2. The selected mixes were established in various geo-
graphic regions, including North America, Europe, and Asia, and
captured a broad spectrum of UHPC compositions. Each mix
included detailed information on the raw material proportions
facilitate consistent analysis of the environmental effects based
on the raw material quantities. All mixes incorporated one or
more supplementary cementitious materials (SCMs) and vary-
ing steel fiber and SP contents. The compressive strengths at 28

days ranged from 120 MPa to over 160 MPa, supporting broad
high-stress structural applications. This dataset forms the basis
for the LCA and ESI comparisons in the subsequent sections.

To evaluate the impact of material sourcing, this study distin-
guished between locally produced materials within the Kingdom
of Saudi Arabia and imported materials that were sourced inter-
nationally. Internationally sourced materials generally exhibit
lower environmental impacts at the raw material product stage
(A1-A3) due to more efficient manufacturing practices (Figure
1). However, these benefits are partially offset by the additional
environmental burden associated with long-distance transporta-
tion (A4). In contrast, local materials offer advantages in terms
of logistics, availability, and supply chain resilience, particularly
in responding to site-level demands or shortages. Of all the raw
materials, only two had local EPDs: OPC and NP. Although
some materials may have local manufacturing facilities, such
as fine aggregate, local materials were considered the average
of global materials and assigned zero transportation emissions.
Therefore, in the comparisons of local and global UHPC mixes,
the only factors that impacted the outcome of the LCA were
OPC, NP, and transportation.

2.2, Life Cycle Assessment Framework. To evaluate
the environmental performance of the proposed materials and
mix designs, a structured LCA approach was developed. The fol-
lowing framework outlines the overall structure and boundaries
adopted in this study’s LCA, describing the stages, inclusions,
and exclusions considered throughout the analysis. The LCA pri-
marily followed a cradle-to-gate system boundary (raw material
product stage, A1-A3), although downstream modules were also
included, namely, the transportation of raw materials (A4) and
maintenance-related activities (B2-BS) during the service life of
the structure. Other life cycle phases, such as construction and
installation (AS), use-phase operations (B1, B6, and B7), and
end-of-life stages (C1-C4), were explicitly excluded from the
analysis because their contributions were considered irrelevant or

negligible.

2.3. Life Cycle Inventory Analysis. LCA measures envi-
ronmental impact via a standardized framework through various
steps of an item’s life cycle, starting with the extraction of raw
materials and ending with the demolition of structures. The LCA
process includes several key phases according to ISO 140403
defining the assessment’s goals and scope, conducting a compre-
hensive LCI to gather data on resource use and emissions, per-
forming an LCIA to evaluate the environmental consequences of
these activities, and interpreting the results to reach meaningful
conclusions”’. Applying these standardized methods will help to
estimate the emissions associated with UHPCs, thereby enabling
the discovery of more viable options for enhancing sustainability.

LClI involves collecting data on all material inputs, specifically
the associated carbon emissions and energy use of these inputs,
and the outputs for the defined product system. This study’s LCI
focused exclusively on the constituent materials of the UHPC
mixtures. The scope included raw material extraction and manu-
facturing as well as transportation to Dammam Port, Saudi Arabia
for imported materials. Downstream processes such as mixing,
placement, and end-of-life treatment were excluded. EPDs were
used to obtain standardized, third-party verified environmental
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Table 1. UHPC mix designs, including their various proportions, 28-day compressive strength, and flow

Quantity (kg/m?) Compressive
Ref. MixNo. OPC SF NP FA GGBFS FineAgg. QP SP Water Steelfiber strength (MPa) Flow (mm)
Lietal.! 1 856.5 2141 - - - 11775 - 197 184 120 157.0 n/a
Haetal® 2 625 250 - - 375 1100 - 70 170 156 151.3 n/a
3 1000 250 - - - 1100 - 70 170 - 159.3 n/a
Regalla and Kumar 1 4 712 231 - - - 1020 211 24.92 178 - 144.0 240
Huangetal.!! 5 4888 1352 - 416 1114 - 26 1872 - 125.0 225
Duetal.'? 6 4707 - - 1083 4333 990 - 42 2324 156 120.0 n/a
Abdolpour etal. 7 697 190 - 150 - 1068 - 25 182 79 153.6 220
8 820 190 - 150 - 1068 - 25 182 168.7 290
Nassar et al. 1+ 9 780 95 - - 35 1185 - 182 195 2275 143.2 219
Shafieifar et al. 1 10 712 231 - - - 1020 211 307 109 156 138.0 n/a
Alsalman et al. ' 11 1044 261 - - - 1212 - 1137 261 - 158.0 200
Dinggiang et al. !’ 12 900 125 - - - 1060 - 36 180 - 130.0 212
13 991 70 - - - 1174 - 136 216 156 143.0 244
Hasnat and Ghafoori '®
14 881 31 - 122 - 1174 - 183 205 234 136.0 248
15 660 47 - 8l 120 1174 - 137 184 156 131.0 245
Shi et al. 19 16 744 159 - 159 1169 - 191 181 120 124.0 240
17 641 160 - - 267 1175 - 143 182 120 138.0 240
Lietal.?° 18 872 261 - - 131 1046 - 51 240 156 158.6 n/a
Ahmad et al.2! 19 900 165 55 - - 1021 - 40 163 157 154.8 198
20 810 220 90 - - 1002 - 40 163 157 157.2 201
Al-Osta et al. ?? 21 900 220 - - - 1005 - 40 163 157 149.5 200
Ahmad et al. 23 22 1000 250 - - - 818 - 44 188 157 137.0 200
23 1000 250 - - - 784 - 25 219 157 135.0 200
24 900 220 - - - 1005 - 40 162 157 161.0 230
Ahmad et al. >
25 900 88 132 - - 1042 - 40 162 157 150.0 195
26 900 88 - 132 - 1005 - 40 162 157 158.0 210
Wu etal.?® 27 792 264 - - - 1056 - 211 173 156 158.8 n/a
Mousavinezhad et al.2 28 839 104 - 83 21 920 - 623 147 119 134.5 370
29 839 104 - 62 42 921 - 653 147 119 132.5 370
30 401 124 - - 328 833 211 30 170 155 139.4 285
Randl et al. 2 31 401 124 - 328 - 833 397 30 170 155 124.7 290
32 729 124 - - - 833 397 30 170 155 166.1 280
Wu et al.?’ 33 863 216 - - - 923 - 9279 194 156 153.6 240-250
34 472 262 - - 315 1049 - 21 178 157 125.8 227
35 792 264 - - - 1056 - 211 173 156 149.8 n/a
Wuetal .28
36 475 264 - - 317 1056 - 211 173 156 144 n/a
37 317 264 - 475 - 1056 - 211 173 156 142.5 n/a

(Continued)
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Table 1. Continued

- 3
Quantity (kg/m) Compressive
Ref. MixNo. OPC SF NP FA GGBFS FineAgg. QP SP Water Steelfiber strength (MPa) Flow (mm)
Feng et al.?? 38 8333 2083 - - - 1041.6 - 313 1937 1529 127.61 200
Tafraoui et al. 3° 39 691 172 - - - 276 22 1873 138 155 n/a
Guo etal.?® 40 565.1 - - 780.4 780.4 - 40.5 22S.1 117 134.2 280
Table 2. NC mix designs
Quantity (kg/m>)
Ref. Class OoPC SF Fine aggregates Gravel SP Water
C40 400 0 700 1125 0.116 152
Han etal.3!
C60 400 0 700 1125 0.166 120
C80 600 67 550 800 0.266 173.42

data for each material. These documents were sourced from rec-
ognized platforms, including the International EPD System, EPD
Hub, and manufacturer websites depending on the material type
and regional availability*®. Transport distances were treated as
a key assumption in this analysis. For locally sourced materials,
transport distances were assumed to be negligible. For globally
sourced materials, only port-to-port maritime shipping was con-
sidered. Saudi Arabia was selected as the case study location
because of its prominent position in the Middle East and ambi-
tious Vision 2030 development agenda. The Kingdom is under-
taking numerous giga-projects that demand high-performance
concrete solutions, including UHPC, making it a strategically
relevant context for environmental assessment.

The analysis included both local and global sources to repre-
sent real-world sourcing scenarios. Internationally sourced mate-
rials frequently offer greater consistency and purity, whereas
locally sourced materials support regional supply chains and
exhibit lower transportation-related emissions. Evaluating both
options allows for a more thorough understanding of the envi-
ronmental tradeoffs in the UHPC formulations. Table 3 lists the
average embodied carbon and energy of the materials collected

Table 3. Average embodied carbon and energy of the materials collected
from respective EPDs (A1-A3 scope)

Material GWP (Kg-COy/kg) Total energy™ (MJ/kg)
OPC 0.8983 5.272
SE 0.343S S.773
NP 0.208 3.097
FA 0.0348 0.415
GGBFS 0.2045 2.549
Fine aggregate 0.00201 0.043
QP 0.0232 0.817
SP 0.8045 17.773
Steel fibers 2.275 27.308

*Total energy is the sum of renewable primary, renewable secondary,
non-renewable primary, and non-renewable secondary.

from the respective EPDs (A1-A3 scope). Figure 1 presents a
comparative analysis of the average environmental impacts of
OPC production from local and global sources. The results indi-
cate that local OPC production in Saudi Arabia exhibits a higher
global warming potential (GWP) (approximately 900 kg-CO,/t)
and total energy use (1600 MJ/t) than its global counterparts,
which include factories from the USA, UK, and Europe. Although
global factories also have considerable environmental loads, their
mean GWP and energy use are lower, suggesting more efficient
production technologies or cleaner energy inputs. This highlights
the need for targeted improvements in regional cement man-
ufacturing to align with the global sustainability benchmarks.
Furthermore, this disparity in the impact of OPC production
plays a critical role in the LCA of UHPC mixes, as OPC is a
primary contributor to the overall embodied carbon and energy.
This influence is discussed further in the subsequent sections of
this study.

2.4. Life Cycle Impact Assessment. A typical LCIA
includes a range of environmental indicators such as GWP,
energy use, ozone depletion potential, acidification potential,
and water deprivation potential. In this study, GWP and energy
use were selected as the primary LCIA indicators and deter-
mined across the entire life cycle of the UHPC mixes, thereby

EGWP (A1-A3) |
1000 m Total energy (A1-A3) ol
_ 800 5000 o
o 4000 =
O 600 2
> o
2 - 3000 £
S 400 5
o] L 2000 3
- N~ =
200 1 q ] L 1000
0 M~ 0 ™
O N 2]
0 0 <
0 0

Local-Factory Global-Factory

Figure 1. Comparison of average GWP and total energy consumption
(A1-A3 scope) for OPC produced by local and global factories
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Figure 2. UHPC bridge: (a) Cross-section; (b) Configuration of pre-stressed tendons; (c) Details on the reinforcement bars; and (c) Cross-sectional
areas of materials used in the bridge design (Adopted from Dong ** with modification)

encompassing the manufacturing, transportation, and mainte-
nance phases. A functional unit of 1 m? of concrete was adopted
for all LCIA calculations. The results were subsequently com-
pared to identify the concrete mix with the lowest environmental
footprint based on the ESI.

The GWP and embodied energy of the manufacturing phase
were determined by calculating the infrastructure’s cumulative
CO, emissions and energy use for each mix. The embodied car-
bon (kg-CO,/m?) and embodied energy (MJ/m?) associated
with concrete (EC nany and EE,p,, respectively) were calculated
as follows **:

n
Ecmanu = Zmi : ":f; (1)
i=1

n
EEmanu = Zmi : efi (2)
i=1

where m; is the amount of constituent materials in the concrete
mix (kg/m?); ¢f; and ef; are the CO, emissions and energy use
factors associated with the manufacturing of constituent mate-
rial I, respectively (Table 3); and n is the number of constituent
materials within the concrete. For a typical UHPC mix, the total
CO, emissions and energy expenditure associated with the pro-
duction phase of the concrete can be calculated as long as the
CO, emissions and energy expenditure factors are known.

The CO, emissions of the transportation phase were deter-
mined based on the assumptions that all global materials are
shipped by large container vessels from nearby ports and emis-
sions within a country are negligible. The CO, emissions asso-
ciated with transportation were calculated using the following
formula:

ECians = Z m; - di-T (3)
i=1

where m; is the amount of constituent materials in the concrete
mix (kg/m?); d; is the average distance from ports close to multi-
ple manufacturing facilities for material i (km) to Dammam Port
in Saudi Arabia; and T is the CO, emissions factor associated
with very large container vessels, which is equivalent to 0.003
kg~C02/ton-km35.

Over time, all buildings deteriorate and corrode and thus
require maintenance to prevent their structural performance
from deteriorating. This type of maintenance can be minor or
major. Minor maintenance can halt or slow down a structure’s
degeneration, whereas major maintenance is performed when the
structure’s corrosion reaches a certain threshold at which perfor-
mance is compromised and requires immediate attention *. For
example, if a bridge’s corrosion reaches the point at which the
structural performance is affected, then essential maintenance is
applied to reverse this process. The embodied carbon linked to
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Figure 3. NC bridge: (a) Cross-section; (b) Details of pre-stressed tendons and reinforcement bars; and (c) Cross-sectional areas of materials used in

bridge design (Adopted from Dong>* with modification)

maintenance was expressed using the following formula **:

n

Ecmain = ZECini * Vi (4)
i=1
n

EEmain = ZEEini * Vi (5)
i=1

where EC;,; is the initial embodied carbon associated with manu-
facturing and transport and r,,; is the ratio between the embodied
carbon of maintenance action i and the embodied carbon of EC;,,;.
In this study, the maintenance period was 80 years, which is
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Figure 4. LCA plot of UHPC mixes (each point is labeled by the mix
number)

considered the average life expectancy of an NC bridge*’. The
maintenance interval was set at 20 years for UHPC bridges and
10 years for NC bridges, based on previous studies**. The main-
tenance ratio r,,;, is defined as 0.1 for minor maintenance and
0.5 for major maintenance activities **. Given the superior dura-
bility and longer service life of UHPC, these structures were
assumed to require only minor maintenance throughout the anal-
ysis period. In contrast, NC bridges are expected to undergo
major maintenance every fourth cycle***, thus reflecting their
higher vulnerability to deterioration over time.

2.5. Eco-Strength Index Calculation. Another metric
used in this study to compare the UHPC mixes was the ESI,
which measures the total embodied carbon over the strength in
MPa at 28 days. The ESI is calculated as follows**:

EC
ESI = — 6

S 7 (6)
where EC is the total embodied carbon over the concrete’s life-
cycle and f] is the 28-day compressive strength of the concrete,
expressed in MPa. This index offers a combined perspective on
environmental and mechanical performance. A higher ESI indi-
cates that a mix emits a larger amount of CO, per unit strength,
suggesting lower environmental efficiency. Conversely, a lower
ESI reflects a more sustainable mix that achieves higher strength
with a smaller carbon footprint. When comparing concrete mixes,
a lower ESI is preferred because it signifies the potential to
construct high-strength environmentally efficient structures with
reduced carbon emissions. In addition to the ESI, this study ana-
lyzed the relative contributions of embodied carbon, embodied
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energy, and compressive strength to provide a comprehensive
perspective on the sustainability of UHPC mixes.

2.6. Case Study: Ultra-High-Performance Concrete
vs. Conventional Bridge. The case study examined the
UHPC and NC bridges reported by Dong?®*. The previously
described LCA techniques were applied to both bridges to evalu-
ate and compare their environmental performance. The UHPC
bridge was designed as a single-girder structure with a cross-
sectional width of 6.6 m (Fig. 2), and its prestressed tendons and
reinforcement layout are detailed in Fig. 2(b-c). In contrast, the
NC bridge features a different cross-sectional geometry and rein-
forcement configuration (Fig. 3). Owing to the lower mechanical
performance of NC compared to UHPC, the NC bridge required
a larger cross-sectional area to carry equivalent loads.

Using the previously defined equations, the embodied carbon
and energy of both the UHPC and NC bridges can be calculated.
The cross-sectional areas of the materials, including concrete,

prestressed tendons, and reinforcement, in each bridge are shown
in Fig. 2(d) and 3(b). These areas were multiplied by the cor-
responding unit LCA values for UHPC and NC to compute
the total environmental impact per unit length of the bridge.
This method enables a direct comparison of the two materials
and facilitates the assessment of the environmental performance
across any bridge length.

3. RESULTS AND DISCUSSION

3.1. Comparative Analysis of the Ultra-High-
Performance Concrete Mixes. The indices presented
in Section 2 were calculated, and the results were analyzed to
identify key trends. Figure 4 shows the outcomes of the embod-
ied carbon and energy of all 40 UHPC mixes considered in this
study. The marginal distributions along the axes represent the
density of the mixes in terms of their respective embodied envi-
ronmental burdens. A notable observation was the variation in
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Figure 6. Total embodied carbon and energy for NC mixes at different strength classes
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Figure 7. Proportional contribution of each material to the environmental impact of UHPC Mix-37: (a) Embodied carbon and (b) Embodied energy

embodied carbon among the UHPC mix designs, which ranged
from 947.5 to 2032.2 kg CO2/ m?3. Moreover, the embodied
energy values ranged from 12,120.5 to 38,185.9 MJ/ m?. Mixes 4,
S, and 37 exhibited the lowest embodied carbon values, whereas
Mixes 14, 22, and 23 exhibited the highest. Mixes 5, 6, and 9
(located in the lower-left quadrant) presented the lowest embod-
ied energy values, whereas Mixes 2, 11, and 33 (located in the
upper-right quadrant) presented the highest values.

The LCA conducted on the UHPC mixes revealed that OPC
and steel fibers had the highest impact on embodied carbon.
Mixes that contained high amounts of OPC and steel fibers exhib-
ited the highest carbon emissions. Meanwhile, mixes produced
with a lower OPC content but higher SCM content achieved
significant results, even outperforming some mixes with higher
embodied carbon.

A comparison of the local and global UHPC mixes showed that
only OPC and NP were locally available; therefore, only these

materials affected the LCA results. Although local fine aggregate
was available, local EPDs were not found; consequently, global
EPDs were used to estimate its embodied carbon and energy.
Thus, both local and global fine aggregate were comparable. A
comparative analysis of the local and global UHPC mixes indi-
cated that local mixes exhibited 3.28-8.51% higher embodied
carbon and 1.33-4.34% higher embodied energy throughout the
LCA (Fig. 5). These differences in embodied carbon and energy
are substantial but may not represent the best option when con-
sidering costs or material availability. As such, improving the
carbon efficiency of OPC factories within the Kingdom is the
best course of action for creating readily available carbon-efficient
UHPC mixes.

To identify the most environmentally friendly concrete, the
LCAs of both UHPC and NC were compared. The C40 and
C60 grades of NC exhibited nearly identical LCA results, with
values of approximately 981.0 kg-CO,/m? for embodied carbon

Mix 22 (a)
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0.12%

mOPC mSF mFine Aggr mSP mSteel Fiber

Mix 22 (b)

0.19%

.
\

EOPC mSF mFine Aggr mSP m Steel Fiber

Figure 8. Proportional contribution of each material to the environmental impact of UHPC Mix-22: (a) Embodied carbon and (b) Embodied energy
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Figure 9. Proportional contribution of each material to the environmental impact of UHPC Mix-22: (a) Embodied carbon and (b) Embodied energy

and 5780 MJ/m? for embodied energy (Figure 6). In contrast,
the C80 mix showed a significantly higher environmental impact,
with 1590.9 kg-COz/m3 and 9452.8 MJ/m?>. In terms of embod-
ied energy, all three NC grades exhibited lower values than the
UHPC mixes. In terms of embodied carbon, both C40 and C60
exhibited lower emissions than most of the UHPC mixes, with
the exception of Mix S. The C80 mix fell within the range of
UHPC values, outperforming some UHPC mixes while being
outperformed by others. Of note, this comparison was based on
equal volumes of concrete. However, in practice, a UHPC struc-
ture requires less material than an equivalent NC structure owing
to its superior strength. Therefore, these results provide only an
initial comparison, while the case study offers a more accurate
evaluation of the relative environmental efficiencies of UHPC
and NC.

3.2. Key Contributors to Environmental Impact.
Identifying the materials that contribute most significantly to the

embodied carbon and energy of the UHPC mixtures is critical
for improving environmental performance without compromis-
ing strength. The targeted reduction of high-impact components
and use of alternative materials are essential steps toward achiev-
ing more sustainable UHPC mix designs. A major contributor
to the material’s environmental impact is the production stage
within the A1-A3 scope.

Among the UHPC components, OPC exhibited the high-
est carbon emissions at 0.8983 kg:CO, /kg. Owing to the large
demand for OPC and its substantial carbon footprint, OPC
accounts for 5-7% of global CO, emissions*°. The produc-
tion of OPC is energy-intensive and requires kiln temperatures
exceeding 1300 °C, typically achieved by burning fossil fuels*'.
In contrast, SCMs, including SF, NP, FA, and GGBFS, exhibit
considerably lower embodied carbon, making them suitable sub-
stitutes for OPC. In contrast, filler materials such as fine aggregate
and QP have very low emissions and thus do not require substi-
tution. Superplasticizers have relatively high embodied carbon.
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Figure 10. Analysis of the eco-strength index values of the UHPC mixes: (a) Median of the index values and (b) Histogram representing the frequency

distribution of the index values
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UHPC mixes

However, given the small dosage required for UHPC and the
limited availability of alternatives, the replacement of superplasti-
cizer is not a priority. Steel fibers are the most environmentally
intensive components in terms of both embodied carbon and
energy because their manufacture requires high thermal energy
to form and shape the material, typically through fossil fuel com-
bustion *.

Based on these data, the most effective strategy for reduc-
ing the environmental impact of UHPC is to minimize the use
of OPC and steel fibers. This aligns with current UHPC mix
design research trends that focus on substituting OPC with low-
carbon alternatives. A representative example is Mix 37, which
uses 317 kg/m3 of OPC, 264 kg/m3 of SF, and 475 kg/m3 of
FA, yielding an OPC-to-SCM ratio of approximately 3:7 (Table
1). Despite its high SCM content, Mix 37 achieved a compressive
strength of 142.5 MPa. This mix achieved one of the lowest pro-
portions of CO, and energy attributed to OPC among all the col-
lected mixes, making it a strong candidate for eco-efficient design
(Figure 7). Although the SCMs investigated in this study are lim-
ited, other viable options include limestone powder, rice husk
ash, metakaolin, and recycled glass powder”*%*=52. Similarly,
steel fibers can be replaced with more sustainable alternatives,
such recycled tire-based materials, to further reduce the environ-
mental impact #”°3, With the environmental contributions of the
individual materials identified, the next step was to assess which
components most strongly influenced the overall footprint of the
UHPC mixes. Figure 8 illustrates a high-impact UHPC mix (Mix
22), where OPC contributes the most to embodied carbon, fol-
lowed by steel fibers. In terms of embodied energy, SP was the
leading contributor, followed by OPC and steel fibers. Figure 9
presents a different UHPC mixture for comparison. The figures
reveal that OPC and steel fibers are the dominant contributors to
embodied carbon while SP, OPC, and steel fibers are the dom-
inant contributors to embodied energy. These insights further
support the strategy of material substitution and optimization in
UHPC mix design.

3.3. Sustainability Evaluation of the Ultra-High-
Performance Concrete Mixes. This section compares the
UHPC mixes based on their ESI to understand their overall
performance in terms of environmental and engineering aspects.
As a lower value indicates better eco-efficiency, the mixes can be
ranked based on their ESI to identify the mixes that offer the best
balance between strength and environmental impacts. Figure 10
presents an analysis of the calculated ESI values, which range
from 7.3 to 14.9 kg-CO,/MPa, with a median of 11.5 and an
interquartile range between 10.1 and 12.4. The histogram shown
in Fig. 10(b) further reveals that most mixes fall within the range
of 10-13 kg-CO,/MPa. Only a few mixes exhibited considerably
higher or lower index values, which reflected exceptional or poor
eco-efficiency. These insights can guide the identification of
candidate mixes for optimization or substitution strategies based
on their environmental-to-strength performance ratios.

Of the 40 mixes, Mix 8 had the lowest index value of 7.3, mak-
ing it the most eco-efficient, and it was followed by Mixes 6 (7.6),
4 (8.0) and 37 (8.3). Although these latter mixes were not nec-
essarily the weakest or strongest in performance, they had a low
environmental impact relative to their strength. Thus, they can
be considered ideal options for sustainable construction, where
reducing carbon emissions is a priority. In contrast, several mixes
displayed high ESI values, indicating a lower eco-efficiency. For
example, Mix 23 and Mix 24 have index values of 14.9 and 14.7,
respectively, which are the highest in the dataset. Despite their
moderate strengths (135 MPa and 141 MPa), the emissions asso-
ciated with each strength unit were relatively high. Mixes 13
(13.3) and 28 (12.9) also fell into this category.

Notably, some mixes with high compressive strengths were
also relatively eco-efficient, whereas others were not. For exam-
ple, Mix 3 had one of the highest compressive strengths (159.3
MPa) and a good ESI (9.6), indicating that it delivers substantial
performance with reasonable environmental efficiency. In con-
trast, Mix 2 had a slightly lower strength (151.3 MPa) but a
worse ESI (11.5), indicating that it was less efficient in terms
of emissions per unit of strength. Meanwhile, Mix 6 and Mix 8
had lower compressive strengths (125.3 MPa and 120.6 MPa,
respectively) and the lowest ESI values (7.6 and 7.3, respec-
tively). Therefore, these mixes represent the most sustainable
option overall, although they would not necessarily be ideal when
strength is also required. These comparisons revealed that the
most sustainable UHPC mixtures were not always the strongest.
Instead, the best performers achieved a balance, offering rea-
sonable compressive strength while minimizing environmental
impact.

To enable a comprehensive assessment of the sustainability
performance of UHPC mixes, this study proposes a sustain-
able performance index (SPI), which serves as a tool to classify
and compare different formulations. A ternary plot was pro-
duced using the normalized contributions of embodied carbon,
embodied energy, and compressive strength for the 40 mixes ana-
lyzed (Fig. 11). Each data point in the plot represents a mix,
with its position reflecting the relative balance of environmen-
tal impact and mechanical performance, which was constrained
such that the sum of the three variables equals unity. This visu-
alization enables a simultaneous comparison of trade-offs and
supports the classification of mixes into three distinct zones:
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Figure 12. LCA results in terms of embodied carbon and embodied energy across different stages for the two bridge types per meter of span: (a) UHPC

and (b) NC

Zone-I: optimized mixes (characterized by high strength and low
environmental impact); Zone-II: balanced trade-offs (includ-
ing mixes with either high strength and high environmental
cost or moderate performance across all metrics); and Zone-III:
environmentally intensive mixes (marked by low strength and/or
high environmental burden).

The distribution of data points shows a concentration of mixes
near the center of the ternary diagram, suggesting that many
formulations achieved a balance among strength, carbon, and
energy metrics. Exceptions were observed in the lower-impact
region of the ternary plot, where Mixes 4, S, and 8 demon-
strate moderate to high compressive strength combined with
comparatively low embodied carbon and energy. These mixes
reflect a favorable trade-off, thus offering environmentally effi-
cient performance without a significant compromise in strength.
As such, they align with the criteria for Zone-I, which reflects
balanced sustainability, and illustrate how well-optimized UHPC
formulations can achieve both reduced environmental impact
and adequate structural capacity. In contrast, Mix 6 was situ-
ated closer to the embodied carbon vertex, indicating a high

carbon footprint relative to its strength. This mix also recorded
the lowest compressive strength among all the formulations,
which indicates inefficiencies in material utilization and rein-
forces its classification within Zone-III. Among the most promis-
ing formulations was Mix 37, which was located toward the
compressive strength-dominant region but also maintained mod-
erate embodied carbon and embodied emission values. Although
this mix contained the lowest OPC content (317 kg/m?), it
achieved impressive compressive strength (142.5 MPa). This
demonstrates the potential of the optimized binder systems to
deliver environmentally efficient and structurally robust UHPC.
Accordingly, Mix 37 is representative of the Zone-I category and
exemplifies a well-balanced and sustainable concrete mix.

3.4. Case Study Insights: Ultra-High-Performance
Concrete vs. Normal Concrete Bridge. The case study
compared the environmental impacts of UHPC and NC bridges
across different life cycle stages. The UHPC bridge demonstrated
an average impact of 2541.5 kg-CO,/m and 32,615.3 MJ/m for
the A1-A3 phase (material production), 186.3 kg:CO,/m for
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Figure 13. Performance-based comparison of UHPC and NC across six sustainability and structural metrics. Values are normalized relative to the

best-performing value in each category
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Table 4. Performance-based indicators for UHPC vs. NC bridges

Indicator UHPC bridge

NC bridge Interpretation

Initial embodied carbon (A1-A3)  High (~2,500 kg-CO3/m)

Lower (~2,200 kg-CO3/m)

NC has lower production emissions

Total embodied carbon (A1-B6)  Lower (~3,724 kg-CO/m)

Higher (~5,320 kg:CO3/m)

UHPC is better over full life cycle

Total embodied energy Higher (~45,500 MJ/m)

Lower (~30000 MJ/m)

UHPC more energy-intensive upfront

Compressive strength High (120-170 MPa)

Moderate (40-80 MPa)

UHPC structurally superior

Eco-strength index Low-favorable (11.3 kg-CO,/MPa)

Moderate (20.3 kg-:CO,/MPa)

UHPC is more carbon-efficient per MPa

Service life Excellent (100+ years)

Moderate (80 years max)

UHPC expected to last longer

A4 (transportation), and 996.3 kg-:CO,/m and 3,794.7 MJ/m
for B2-B6 (use and maintenance) (Fig. 12). This resulted in a
total life cycle impact of 3,724.1 kg-CO,/m and 45,528.1 MJ/m.
In contrast, the NC bridge exhibited lower initial values during
production, with 2,197.8 kg-CO,/mand 11,914.1 MJ/m for A1-
A3 and 100.6 kg-CO,/m for A4. However, due to more frequent
maintenance requirements, it accumulated 3,021.3 kg-CO,/m
and 17,861.4 MJ/m during B2-B6, leading to a total impact of
5,319.8 kg:CO,/m and 29,776.1 MJ/m. Although UHPC had a
higher environmental impact during the initial stages (A1-A4),
it outperformed NC over the entire life cycle, as shown in Fig. 12.

Based on this analysis, the UHPC bridge is considered more
environmentally friendly than its NC counterpart for several
key reasons. First, UHPC requires considerably less mainte-
nance over its lifespan, which translates to lower long-term
environmental impacts associated with its repair activities. Sec-
ond, owing to its superior strength, UHPC enables a reduced
structural cross-section, which means that less material is needed
for the UHPC bridge compared to the NC bridge to achieve
an equivalent load-bearing capacity. Third, UHPC generally
has a longer service life. Although this LCA assumed an 80-
year lifespan, which is aligned with the average for NC bridges,
UHPC structures typically exceed this duration. Consequently,
NC bridges may require reconstruction or extensive strength-
ening over extended periods, further increasing their cumulative
environmental footprint.

To facilitate a comparative evaluation of UHPC and NC
across multiple sustainability and performance metrics, a multi-
criteria analysis was included in the sustainability assessment.
Different aspects were considered, including the initial and total
embodied carbon, total embodied energy, compressive strength,
ESI, and service life. Table 4 lists the performance-based indica-
tors for the UHPC and NC bridges. Based on this, the relative
performance ratio (RPR) method was employed to normalize
each metric to a unitless scale based on its best-performing value.
The direction of preference was first determined for each met-
ric, namely, whether lower is better (e.g, embodied carbon,
embodied energy, and ESI) or higher is better (e.g,, compres-
sive strength and service life). For “lower is better” indicators,
the RPR was calculated as the ratio of the best (lowest) value to
the current value. For “higher is better” indicators, the RPR was
calculated as the ratio of the current value to the best (highest)
value. An RPR of 1.0 represented the best performance for a given
metric, whereas values closer to zero indicated lower relative per-
formance. To ensure a fair comparison, the RPR calculations
were based on the average values of each metric for UHPC
and NC. For example, the metric for compressive strength was

calculated using average values of 150 MPa for UHPC and 60
MPa for NC, as reported in Section 2.1. Thus, the RPR for com-
pressive strength was calculated as follows: RPRyc = 60/150 =
0.40 and RPRyppc = 150/150 = 1.0.

Figure 13 illustrates the performance-based comparison of
UHPC and NC across six sustainability and structural metrics.
The data indicated that NC exhibited superior performance in
terms of initial embodied carbon (1.0) and embodied energy
(1.0), reflecting its lower material intensity and simpler mix
composition. However, its performance declined significantly in
terms of structural and service life-related criteria. For instance,
its compressive strength (0.4), ESI (0.6), and service life (0.8)
indicated substantial trade-offs when strength and longevity are
prioritized. In contrast, UHPC performed strongly in all struc-
tural and durability metrics, achieving perfect scores (1.0) in
compressive strength, ESI, service life, and total embodied car-
bon. These results highlight the efficiency of UHPC in delivering
high mechanical performance with lower long-term environmen-
tal burden. While its initial embodied carbon and energy use were
relatively higher (normalized scores of 0.9 and 0.7, respectively),
they were offset by gains in lifecycle performance.

4. CONCLUSIONS AND RECOMMENDATIONS

This study presents a comprehensive sustainability evaluation
of 40 UHPC mixes by integrating embodied carbon, embodied
energy, and compressive strength within a multicriteria assess-
ment framework. Based on the analysis and discussion, the key
findings, applications, and recommendations are further high-

lighted.

4.1. Key Findings. By analyzing the UHPC mix designs, a
deeper understanding of their environmental and structural per-
formance, such as embodied carbon and energy use, is provided.
UHPC mixes generally exhibit higher embodied emissions than
NC due to the intensive use of materials such as cement and
steel fibers. However, their superior strength enables material
efficiency at the structural level, thereby reducing the total life
cycle impact.

The ESI (range of 7.3-14.9 kg-CO,/MPa) effectively cap-
tured the balance between carbon emissions and mechanical
performance; thus, it represents a practical tool for evaluating
the sustainability of UHPC formulations. In addition, the pro-
posed sustainable performance index facilitates classification into
optimized, balanced, and environmentally intensive zones by
integrating embodied carbon, embodied energy, and compres-
sive strength. Mixes 3, 4, S, 7, 8, 9, and 37 demonstrated strong
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sustainability profiles, thus combining high strength with low
environmental burdens through the strategic use of low-carbon
materials.

A comparative analysis of bridge applications shows that
although UHPC had higher initial embodied carbon (2,500
kg-CO,/m) and energy (45,500 MJ/m) than NC, its total life
cycle carbon was lower (3,724 vs. 5,320 kg-CO,/m) due to its
reduced maintenance and longer service life (>100 years vs. 80
years). It also achieved a more favorable ESI (11.3 vs. 20.3 kg
CO,/MPa), which confirmed its efficiency in delivering struc-
tural performance with a reduced carbon footprint.

In conclusion, the optimization of UHPC through mix design
and material sourcing produces a highly sustainable material for
long-lasting, high-performance infrastructure. Its use is especially
justified when durability, strength, and long-term environmen-
tal performance are critical, whereas NC may remain suitable for
applications with lower structural demands and shorter service
lives.

4.2. Implementation and Future Recommendations.
To support the wider adoption of UHPC in sustainable infras-
tructure, a strategic shift in material design, sourcing, and assess-
ment methodologies is essential. Despite its high initial environ-
mental footprint, UHPC’s superior mechanical performance and
extended service life position it as a promising material when
optimally designed and implemented.

One of the most pressing challenges is the carbon and energy
intensity of locally produced OPC, which are higher than those
of its international counterparts. This underscores the urgency
of regional process improvements, such as cleaner production
technologies, clinker substitution, and alternative fuels. These
efforts would not only reduce emissions but also create a clearer
understanding of how local environmental conditions, produc-
tion practices, and material compositions influence overall sus-
tainability performance.

To enhance the sustainability profile of UHPC, mix designs
should increasingly incorporate low-carbon materials that can
effectively lower the embodied carbon and energy without com-
promising the mechanical strength. Equally important is the need
to address the environmental burden of other key components,
particularly steel fibers and chemical admixtures. Thus, future
research should explore low-carbon alternatives, such as indus-
trial waste/byproducts and recycled steel fibers, to further reduce
the environmental intensity of UHPC mixes.

From a performance standpoint, tools such as the ESI and
SPI framework proposed in this study offer practical means of
evaluating and selecting UHPC mixes that balance structural
and environmental priorities. Their adoption, alongside region-
specific environmental databases and verified EPDs, will support
more localized and informed sustainability assessments, thereby
leading to better decision-making in future infrastructure devel-
opment.

Future research should also incorporate life cycle cost analyses
along with environmental assessments to support more robust
decision-making. Simultaneously, evaluating the cost and envi-
ronmental trade-offs will enable the identification of UHPC for-
mulations that not only offer lower emissions but also deliver
long-term economic value. This integrated approach can guide

both the broader adoption of UHPC and the selection of spe-
cific blends with the most favorable life cycle performance, both
environmentally and economically.

It is worth mentioning that this study has certain limita-
tions that may influence the interpretation of its LCA results.
The system boundary excludes domestic transportation within
Saudi Arabia and on-site construction emissions, potentially
underestimating the total environmental burden. Addition-
ally, a fixed maintenance schedule and a minimum strength
threshold of 120 MPa were used for all UHPC mixes, which
may not fully capture real-world variability in durability and
performance.
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ABSTRACT

One of the most prevalent complications of diabetes and a leading cause of preventable blindness worldwide is diabetic retinopathy
(DR). Although several approaches have been employed in the existing literature for DR detection and classification, several critical
limitations remain owing to the use of small or single-center datasets and a lack of cross-model benchmarking. These have resulted
inreduced generalizability, poor sensitivity, and unquantified performance advantages. This study examines the history of DR detec-
tion methods and transition of conventional image-processing algorithms to state-of-the-art deep learning and ensemble models.
This study employed the MESSIDOR dataset, which includes retinal fundus images with labels indicating DR severity. Images were
enhanced and preprocessed, and deep learning-based features were extracted using several pretrained architectures (e.g., ResNetS50,
InceptionV3, DenseNet variants, VGG16, Xception) and a custom deep neural network (DNN). Additionally, ensemble methods
were developed by integrating CNN-based feature extractors with machine learning classifiers, such as random forest (RF), support
vector machine (SVM), XGBoost, and Light GBM, to improve the generalization and classification accuracy. Experimental results
revealed that Xception achieved the highest performance, with a testing accuracy of 95%. Furthermore, EfficientNetB3 integrated
with XGBoost achieved the highest testing accuracy (86.83%). This study highlights the possibility of deploying deep learning and
ensemble Al in DR screening devices, particularly in telemedicine. Such an integration can significantly improve early detection

rates, reduce the burden on healthcare providers, and make diabetic eye care more accessible in underserved regions.

Keywords: diabetic retinopathy, ensemble method, deep learning, machine learning, MESSIDOR, telemedicine

1. INTRODUCTION

DR is a major cause of blindness, resulting from long-term ele-
vated blood sugar levels that damage the retinal blood vessels.
DR is divided into two major categories; one is proliferative DR
(PDR) and non-proliferative DR (NPDR). In diabetes patients,
NPDR affects the retinal blood vessels. The condition is further
divided into mild, moderate, and severe and NPDR is the initial
phase of the condition. These stages are very crucial to detect
early enough and apply medical intervention before the disease
advances to other more serious stages and loss of vision'. Our
study leverages methodological and experimental advancements
to improve DR detection. Figure 1 illustrates retinal conditions
during different stages of DR.

2. RELATED WORK

There are many algorithms, strategies, and methodologies which
have been used to detect and classify DR. Great progress has
been achieved in applying machine and deep learning methods,
but there are still a number of major limitations. Most exist-
ing models were developed using small or single-center datasets
(e.g, DIARETDBI and EyePACS subsets), which often lack

sufficient representation across various severity grades of DR.
This limitation leads to inefficient sensitivity to detect mild or
non-proliferative cases and diminishes external validity in other
populations and imaging equipment. Other models are based
on individual CNN architectures or classical machine learning
algorithms and not on cross-model benchmarking so the perfor-
mance benefits remained undetermined. Moreover, the ensem-
ble and hybrid methods are either under-explored or not opti-
mized or computational inefficiencies tend to impede the ability
to apply them in real-time. Table 1 (in the supplementary section
S1) presents a summary of some past work and their contribu-
tions.

In this work, to mitigate these drawbacks of previous studies,
we diversify the dataset and analyze the state-of-the-art models
in a comparative manner, as well as optimize hybrid/ensemble
methods to achieve better generalizability and computational
efficiency. In this direction, we apply the publicly available
MESSIDOR database and expand it to 12,000 images through
data augmentation that improves model generalization when
applied to various imaging conditions. After that, we perform
a comprehensive comparative analysis of seven deep learning
models (ResNetS0, InceptionV3, DenseNet121, DenseNet169,
VGGL16, Xception, and our custom DNN) and four ensemble
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Figure 1. DR stages: (a) Normal retina; (b) mild DR; (c) moderate DR; (d) severe DR; and (e) proliferative DR

models (EfficientNetB3 + XGBoost, DenseNet121 + Light-
GBM, ResNet50 + SVM, and ResNet50 + RF) to determine
a definite hierarchy of the performance. Lastly, the hybrid and
ensemble models are further optimized by using CNN-based
feature extraction and advanced machine learning classifiers.
Lightweight models like Xception and EfficientNetB3 are used,
which are computationally efficient and clinically applicable.

3. METHODOLOGY

This study implements a systematic approach to DR detec-
tion. It employs both deep learning and ensemble models. The
approach emphasizes dataset preparation, preprocessing, model
selection, and training pipelines. The overall workflow of the
applied methodology is illustrated in Figure 2.

3.1. Dataset Preparation. In thisstudy, the publicly avail-
able MESSIDOR" dataset was used and it contained fully
anonymized retinal images acquired with the ethical consent of
the original providers. None of the patient information can be
identified, and the data can be used in academic research. The
data set has retinal fundus pictures with Grade 0 (546 pictures),
Grade 1 (153 pictures), Grade 2 (247 pictures) and Grade 3
(254 pictures). We used data augmentation to increase the size of
the data to 12,000 images. Augmentation techniques comprised
random flips, rotations (up to 30°), color jitter, resizing to 224
x 224 pixels and affine transformations. The augmented images
were saved in structured, class-wise folders while preserving the
original class proportions to enhance model robustness. Table 2.
summarizes the number of original and augmented images per
class.

In the second step of model training, we implemented real-
time preprocessing using the ImageDataGenerator by Keras.

Table 1. Grade-wise image counts before and after augmentation

DR Original Augmented Final
grade count count count
Grade 0 546 4914 5460
Grade 1 153 1377 1530
Grade 2 247 2223 2470
Grade 3 254 2286 2540
Total 1200 10800 12000

New images were not saved under this technique, but transfor-
mations were made dynamically when loading a batch. They
consisted of shear transformations, zooming, horizontal flipping,
rotation (up to 20°) and changes in brightness (between 0.8 and
1.2°), width and height changes. Moreover, a preprocessing input
function was also used to normalize the input images according
to the model architecture that is being trained.

3.2. Overview and Rationale of Implemented Mod-
els. Our study utilized seven deep learning models and four
ensemble models. The deep learning models include ResNet50,
InceptionV3, DenseNet121, DenseNet169, Xception, VGG16,
and DNN. These models were selected because they represent
diverse and well-established CNN architectures. ResNet and
DenseNet address gradient flow through residual and dense con-
nections, InceptionV3 and Xception provide efficient multi-scale
and depthwise-separable feature extraction, and VGG16 offers
a strong convolutional baseline. A custom DNN is included as
a lightweight benchmark. Together, they allow a comprehen-
sive evaluation of different feature-learning mechanisms for DR
classification.

The ensemble models include EfficientNetB3 + XGBoost,
ResNet50 4 RF, ResNet50 + SVM, and DenseNet121 + Light-
GBM. The primary variations among the ensemble models lie in
the choice of deep feature extractor and machine learning classi-
fier. The EfficientNetB3 4+ XGBoost model combines a compact
yet efficient CNN with gradient boosting to achieve high accu-
racy and interpretability. The ResNet50 4+ RF model combines
the residual training of ResNet and the resiliency of decision-
tree ensembles to enhance generalization. The ResNet50 + SVM
model integrates deep residual features with a linear kernel SVM,
which is particularly suitable for high-dimensional feature spaces.
Finally, the DenseNet121 4 LightGBM model leverages the
densely connected CNN layers to generate rich features and uses
them in a LightGBM model that is constrained to multiclass
classification based on the log loss. These architectural varia-
tions influence how each model captures fine-grained features
and balances the bias—variance trade-off, thereby affecting clas-
sification performance and error behavior. An overview of the
implemented models is included in the supplementary section
S2.

3.2.1. Deep learning model configuration. In this study,
we applied transfer learning employing the pretrained CNN
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architectures of the implemented models. These models, orig-
inally trained on ImageNet, provide strong feature-extraction
capabilities. We tailored the models for our task by selectively
unfreezing 4-20 of the final layers depending on the model.
These layers were fine-tuned to learn high-level retinal features,
whereas low-level features from pretraining were retained.

We replaced the original classifier with a fully connected cus-
tom head, starting with a global average pooling layer to reduce
the dimensions, followed by dense layers (1024 and 512 units)
with rectified linear unit activation. We included dropout (rate
of 0.3) and L2 regularization (0.001) to prevent overfitting. The
final layer used softmax activation for multiclass classification.
Training was performed using the Adam optimizer (learning rate
=0.0001) and categorical cross-entropy loss.

3.2.2. Ensemble model configuration. In our study, all
four ensemble models follow a similar ensemble pipeline that
combines deep learning-based feature extraction with classical
machine learning classifiers. A pretrained CNN, EfficientNetB3,

ResNet50, or DenseNet121, is loaded without including its final
layers and treated as a feature extractor. These extracted features
are then fed into a classic machine learning model (e.g.,, XGBoost,
SVM, RF, or LightGBM), which is trained as a multiclass classi-
fier. After training, all models are assessed using accuracy mea-
sures, and classification reports, which provide quantitative and
visual measures of the predictive capacity of each model at each
DR severity level.

3.2.3. Hardware and software environment. All experi-
ments were conducted in a Windows-based system using Jupyter
Notebook (Anaconda Navigator). The models were imple-
mented in Python. The same hardware and software environ-
ment was used across all models to ensure consistency, fairness,

and reproducibility.

4. RESULTS AND DISCUSSION

This section summarizes the results obtained from implementing
the deep learning and ensemble models on the MESSIDOR
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dataset. The analysis is organized into four parts: Section 4.1
presents the results of the deep learning models, and Section 4.2
discusses the performance of the ensemble models. Section 4.3
provides a comparative analysis of existing studies, and Section
4.4 offers a detailed discussion of the key findings.

4.1. Deep Learning Model Results. In this study, we
evaluated seven deep learning models for DR detection. The
training, validation, and testing accuracies are presented in
Table 3 (provided in the supplementary section S3), and
Figure 3.

Xception demonstrated the highest performance, with train-
ing, validation, and testing accuracies of 99%, 96%, and 95%,
respectively, showing excellent generalization. ResNetS0 trained
with 95% accuracy but only 82% on validation and testing, indi-
cating a marginal overfitting. Smaller overfitting (91% training,
80% testing, 89% training, and 78% testing) in DenseNet121 and
DenseNet169 also indicated the successful extraction of features,
as well as the memorization of training features. The custom
DNN scored 87% training and 76% testing, indicating moder-
ate overfitting, as the model fit some non-generalizable patterns.
InceptionV3 scored worse in validation and testing (71%), likely
owing to underfitting or architectural incompatibility. VGG16
achieved the lowest accuracy (46%) due to its shallow, uniform
architecture and lack of residual connections, which limit gradi-
ent flow and the ability to capture fine-grained retinal features.

Table 2. Class-wise precision, recall, and F1-scores across DR grades

Consequently, it struggles to distinguish subtle lesions across DR
severity levels. Table 4 outlines the accuracy, recall, and F1-scores
of the models for the four DR grades in the MESSIDOR dataset.

A comparative analysis of the models on the MESSIDOR
dataset reveals that Xception was the most successful, with the
highest precision, recall, and F1-scores across all DR grades. This
excellent performance can be explained by its depthwise sepa-
rable convolutions and residual connections that enable highly
efficient feature extraction by decoupling channels and spatial
learning. Consequently, Xception can capture fine retinal lesions
while remaining computationally efficient.

ResNetS0 and DenseNet169 also exhibited robust perfor-
mance owing to their deep residual and dense connections,
which are more effective in learning hierarchical lesion patterns.
Conversely, although both InceptionV3 and VGG16 are stable
and interpretable, they achieved relatively lower performance
because they are both shallow and less optimized for complex
feature hierarchies. Custom DNN performed poorly due to pure
dense structures that do not possess the spatial feature extrac-
tion. Generally, models with an effective convolutional design
and feature reusability were highly effective in differentiating DR
severity levels.

4.2. Ensemble Model Results. This section summarizes
the performances of the four ensemble models. A comprehensive

Model Precision across grades Recall across grades F1-score across grades
0 1 2 3 0 1 2 3 0 1 2 3

Xception 0.94 0.93 0.95 0.99 0.98 0.89 0.92 0.96 0.96 091 0.93 0.97
ResNet50 0.87 0.60 0.77 0.92 0.85 0.76 0.74 0.87 0.86 0.67 0.75 0.89
DenseNet121 0.76 0.61 0.76 0.90 0.91 0.56 0.61 0.73 0.83 0.58 0.68 0.81
DenseNet169 0.80 0.68 0.67 0.94 0.90 0.45 0.77 0.75 0.85 0.54 0.72 0.84
Custom DNN 0.46 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.63 0.00 0.00 0.00
InceptionV3 0.70 0.68 0.64 0.84 0.90 0.39 0.51 0.70 0.79 0.49 0.57 0.76
VGG16 0.77 0.61 0.66 0.94 091 0.49 0.64 0.70 0.83 0.54 0.65 0.80
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summary of the experimental results is presented in Table S (pro-
vided in supplementary section S4) and illustrated in Figure 4.
EfficientNetB3 + XGBoost achieved training, validation, and
test accuracies of 100%, 87.50%, and 86.83%, respectively. The
gap between training and validation/testing indicates overfitting.
The ensemble memorized the training patterns but was still ade-
quately generalized to unseen data. The highest test accuracy
can be attributed to the strong feature extraction capability of
EfficientNetB3. The model is able to capture the finer retinal
details. The enhanced robustness and classification capability
were caused by XGBoost capacity to capture the complicated
relationship between these features. The DenseNet121 4 Light-
GBM also had 100% training and lower validation (74.67%)
and testing (75.88%) performances due to overfitting caused
by memorization of training features. ResNet50 + SVM and
ResNetS0 4 RF had good training accuracy (96-100%) and poor
test accuracy (67.75% and 64.62%, respectively), which were
characteristics of overfitting and ineffective feature integration.

4.3. Comparison with Existing Works. Compared with
previous studies, our study on the MESSIDOR dataset demon-
strates competitive and, in several cases, superior performance.
Earlier research using MESSIDOR achieved notable results, such
as VGG16 (94.57%), DenseNet121 (79.75%)8, IoTDL-DRD
(99.08%)?, and ResNetGB (98.88%) ', often relying on com-
plex ensemble models or optimization-based techniques. By con-
trast, our implementation of the Xception model achieved a
test accuracy of 95%, demonstrating strong performance with-
out heavy reliance on metaheuristic algorithms. In addition, our
ensemble model, EfficientNetB3 4+ XGBoost, outperformed sev-
eral ensemble models from previous studies, such as the ensem-
ble of ResNet50, InceptionV3, Xception, DenseNetl21, and
DenseNet169, which reached only 80.08%", and the VGG16 +
XGBoost model, which reached 79.5%'" by achieving 86.83%
test accuracy. Although some studies on other datasets, such
as EyePACS and DIARETDBI, have reported better results
(ResNetGB: 99.73%, Modified U-Net: 98.68%), these datasets
are typically larger or more diverse. Despite the moderate

size and limited variability of MESSIDOR, our models (e.g.,
DenseNet121: 80%; ResNetS0: 82%) showed strong learning
capabilities. This highlights that with effective data augmenta-
tion, model fine-tuning, and thoughtful ensemble combinations,
a high performance in DR detection is achievable, even on more
constrained medical imaging datasets.

4.4. Discussion of the Findings. Early training revealed
diverse behaviors across architectures. DenseNet121 + Light-
GBM and EfficientNetB3 + XGBoost both showed 100%
training accuracy with lower validation/testing (74.67%-
87.5%), indicating overfitting but reasonable generalization.
VGG16 underfit with 46% accuracy, while InceptionV3 and
ResNetS0 showed moderate training (>70%) but reduced vali-
dation/testing performance. These results suggest that although
advanced deep learning architectures effectively capture com-
plex retinal features, the performance of the ensemble models
can be further improved by combining the strengths of mod-
els. Nevertheless, the findings also suggest that the success of
ensemble-based methods is highly dependent on the combina-
tion of the best models and the tuning of hyperparameters to
make the ensemble approach robust and generalizable.

This study has some limitations. It uses only the MESSIDOR
dataset, which may limit how well the results apply to other popu-
lations or imaging conditions. Only a few ensemble combinations
were tested, and important validation measures like AUC and
cross-validation were not fully included. Future research should
include larger and more diverse datasets and explore additional
ensemble strategies. It should also focus on optimizing model
architectures and incorporating supplementary validation met-
rics to improve robustness and diagnostic accuracy.

5. CONCLUSIONS

This study evaluated deep learning and ensemble models for DR
detection using the MESSIDOR dataset. Xception achieved the
highest test accuracy (95%), followed by ResNetS0 (82%) and
DenseNet121 (80%), confirming the strong feature-extraction
capability of advanced CNN architectures. The EfficientNetB3
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+ XGBoost ensemble reached a notable test accuracy of 86.83%,
outperforming some standalone models and demonstrating the
value of well-designed ensemble strategies. However, not all
ensembles were effective; combinations such as ResNet50 +
SVM and ResNet50 + RF performed poorly, underscoring
the importance of selecting compatible feature extractors and
classifiers. Clinically, the findings have important implications.
High-performing models such as Xception and EfficientNetB3
+ XGBoost could support early detection of DR, assist in
telemedicine-based screening programs, and improve real-world
clinical workflows by reducing the burden on ophthalmologists
and expanding diagnostic services to underserved populations.
Incorporating these Al models into routine practice has the
potential to enhance patient outcomes and facilitate large-scale
DR screening. Overall, the results align with previous findings
and highlight the need for careful architectural and hyperparam-
eter choices to maximize DR classification performance.
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ABSTRACT

Concept drift undermines the reliability of unsupervised anomaly detection in safety-critical systems, in which sensor distribu-
tions evolve over time. Using a modified version of NASA’s C-MAPSS FDO001 turbofan dataset, this study benchmarks the drift
robustness of two widely used detectors (Isolation Forest and One-Class SVM) alongside a streaming change detector (ADWIN).
To emulate gradual system degradation, we injected 5% synthetic anomalies across sensors 1-5 and applied a multiplicative drift

(1.0—~1.5) from cycles 80 to 120. All models were trained on pre-drift data (<cycle 80) using min-max normalization and evalu-
ated across the pre-, mid-, and post-drift phases. The isolation forest achieved an F1 score of 0.857 pre-drift but degraded to 0.140
mid-drift and 0.080 post-drift; retraining at cycle 120 failed to recover the performance. One-Class SVM exhibited weak detection
throughout (pre-drift F1 = 0.364; post-drift = 0.080). Meanwhile ADWIN, used naively as an anomaly signal on aggregate sensor

values, returned F1 = 0 throughout. These findings illustrate that static detectors collapse under moderate drift, simple retraining

is ineffective when drift co-occurs with anomalies, and drift signals alone do not reliably flag anomalies. We released our simulation

protocol and codebase to support future work on drift-resilient anomaly detection for streaming safety-critical environments.

Keywords: concept drift, anomaly detection, streaming data, turbofan engines, predictive maintenance

1. INTRODUCTION

Industrial cyber-physical systems (CPS), including aerospace
turbofans, power-generation turbines, and manufacturing lines,
increasingly rely on continuous sensor monitoring for predic-
tive maintenance '. Unsupervised anomaly detectors are widely
adopted because they require no labelled failure data and can the-
oretically identify novel fault signatures. However, these meth-
ods typically assume a stationary data distribution. In prac-
tical deployments, sensor readings evolve over time because of
component ageing, environmental conditions, or maintenance
actions: a phenomenon known as concept drift>*. When static
detection boundaries are applied to drifting data, reliability plum-
mets, resulting in missed fault signals or a proliferation of false
alarms. Thus ensuring robust anomaly detection during drift is
critical for maintaining system integrity and safety .

Although concept drift has been studied extensively in the con-
text of classification tasks, there exists a marked paucity of system-
atic benchmarks for evaluating unsupervised anomaly detectors
under realistic drift scenarios. Prior work often relies on synthetic
benchmarks or focuses exclusively on classification accuracy. In
the domain of anomaly detection for CPS, few studies examine
the interplay between drift and rare fault occurrences, particu-
larly in continuous, streaming settings. As a result, there is limited

guidance on whether static detectors suffice, how quickly adap-
tive schemes respond, or how retraining strategies should be
orchestrated %717,

This study presents a reproducible pipeline to simulate grad-
ual drift and evaluates three approaches: (i) use of static unsu-
pervised detectors (Isolation Forest!! and One-Class SVM '?)
trained solely on pre-drift data, (ii) the utilisation of stream-
ing drift detector ADWIN '* as a naive anomaly proxy, and (iii)
scheduled retraining of static detectors post-drift. By employ-
ing NASA’s C-MAPSS FD001 turbofan dataset'*, the aim is to
quantify the robustness of each method under drifting sensor dis-
tributions in a safety-critical streaming context and provide a full
codebase and drift protocol to facilitate replication and extension.

The remainder of this paper is organized as follows:

Section 2 reviews related work on concept drift and unsuper-
vised anomaly detection.

Section 3 describes on the dataset, drift simulation, anomaly
injection, and model configurations.

Section 4 presents experimental results, including F1 scores
and recovery analyses.

Section 5 discusses implications, limitations, and potential
future directions.

Section 6 concludes the paper.
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2. RELATED WORK

2.1. Concept Drift in Streaming Environments. Con-
cept drift refers to changes in the statistical properties of data
streams over time, which can degrade model performance if
unaddressed. Prior work has catagorized drift as abrupt, gradual,
incremental, or recurring, each requiring distinct detection and
adaptation strategies’. Early detectors such as DDM focused on
classification error rates’, while EDDM targeted slower, gradual
changes'*. ADWIN monitors distributional change via an adap-
tive window and adjusts its size using a statistical test to avoid
manual window parameters'S. Stream-based classification with
drift detectors has been well-studied; however, analogous evalua-
tions for unsupervised anomaly detection remain scarce ®'5-17.

2.2. Unsupervised Anomaly Detection Techniques.
Isolation Forest identified anomalies by recursively partitioning
data; outliers require fewer partitions. It scales well to high-
dimensional data and is commonly used in industrial CPS. One-
Class SVM constructs a boundary around normal data by max-
imising the margin from the origin in feature space; its perfor-
mance is sensitive to kernel choice and parameters (e.g., v, ).
Other techniques such as local outlier factor and clustering-based
methods have been applied in static scenarios, but their drift
resilience is under-explored 162022,

2.3. Drift-Aware Anomaly Detection. Recent efforts
have embedded drift awareness into anomaly detection using
three recurring ideas. First, windowed retraining or accuracy-
updated ensembles aim to recover quickly by refreshing mod-
els on short post-drift windows, at the cost of instability if the
window is contaminated * Second, change-detector-gated poli-
cies use signals such as ADWIN to trigger adaptation; these
signals indicate when to adapt rather than what is anomalous,
so naive use as labels risks systematic errors'>'”. Third, hybrid
or physics-informed scoring uses residuals from simple physical
expectations as inputs to data-driven detectors, thereby improv-
ing the identifiability of genuine faults under shift'. Our con-
tribution is a minimally controlled benchmark that isolates drift
and anomaly factors and systematically compares (i) static detec-
tors, (ii) the drift-signaled use of ADWIN, and (iii) scheduled
retraining under the same streaming protocol. A summary of

2.4. Turbofan Engine Prognostics and Anomaly
Detection. NASA’s C-MAPSS dataset'? is a canonical bench-
mark for prognostic health management (PHM) and anomaly
detection in aerospace engines. Several studies have focused on
remaining useful life (RUL) estimation using supervised or semi-
supervised deep learning. Anomaly detection work on C-MAPSS
often uses autoencoders or probabilistic approaches but typically
assumes a stationary distribution. To the best of our knowl-
edge, no prior work has robustly simulated concept drift within
C-MAPSS for unsupervised anomaly detector benchmark-
ing. Therefore, we adopted a minimal, reproducible protocol
that isolates drift and anomaly factors for a fair comparison in
Sections 4-S.

3. METHODOLOGY

3.1. Dataset Description. We used NASA’s C-MAPSS
FDO0O1 subset'® containing multivariate time-series sensor data
from 100 simulated turbofan engines. Each engine unit produces
a sequence of observation cycles until failure. Per cycle, there
are 21 sensor measurements and three operational settings. For
simplicity, we focused the main analysis of Unit 1 and repli-
cated the protocol in Units 2-3 (Section 4.5). We excluded three
operational settings and used only the 21 sensor features.

3.2. Anomaly Injection. To emulate rare fault events, we
injected synthetic anomalies into 5% of the data points. Let N be
the total number of cycles in unit 1. We sampled indices with-
out replacement to select anomalies of approximately N x 0.05
anomalies. We distributed the anomalies evenly: one-third of
the anomalies in cycles <80 (pre-drift), one-third in cycles 80-
120 (drift window), and one-third in cycles >120 (post-drift).
At each selected index, we added Gaussian noise with a mean of
0.5 and standard deviation of 0.1 to sensors 1-5. These rows are
markedwith anis_anomaly flag (1) leaving the remainder at zero.
Figures 1-3 illustrate the sensor distributions in the pre-, mid-,
and post-drift phases.

3.3. Concept Drift Simulation. We simulated gradual
drift in sensors 1-5 over cycles 80-120 by applying a multiplica-
tive factor.

these adaptive strategies is provided in Table 1. m(c) = 1.0+ 0.0125 - (c — 80), 80 <c¢ <120 (1)
Table 1. Summary of adaptive strategies for non-stationary streams (from Related Work)
Approach Adaptation trigger Labels needed Typical pros Typical cons/risks Example references
Windowed Time/window No (unsupervised) Fast recovery after Unstable if the [7,8-10]
schedule or drift; simple to window is
accuracy decay implement contaminated;
window size
sensitive
Drift-gated policies Change detector fires ~ No (uses change Adapts only when Flags indicate when [14,15,17]
(e.g, ADWIN) flag) needed; avoids to adapt, not
constant anomalies;
retraining misalignment risk
Hybrid / physics- Residual vs simple No (unsupervised) Better fault Requires a domain [1,5,6,22]
informed residuals physical model identifiability model; residual
under shift drift is still
possible
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Figure 1. Normalized sensor distributions during the pre-drift phase
(cycles <80); x-axis fixed to 0-1.5
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Figure 3. Normalized sensor distributions during the post-drift phase
(cycles >120); x-axis fixed to 0-1.5

Here, m(80) = 1.0, m(120) = 1.5, and m(c) = 1.0 for ¢ <80 and
m(c) = 1.5 for ¢ >120; the multiplier is applied only to sensors 1-
S.Eachvalue s;(c) fori=1...5 is replaced by s;(c)-m(c); sensors
6-21 remain unchanged.

3.4. Data Normalization. In real-world streaming
pipelines, the normalization parameters are often fixed during
deployment to avoid leakage of future information. We fitted
a MinMaxScaler to all 21 sensor features using only the pre-
drift data (cycles <80). The scaler maps each feature to [0, 1]
based on its minimum and maximum values in the pre-drift win-
dow. We then applied the same scaler to transform every cycle
(including drift and anomalies), ensuring that no future statis-
tics influence the model decisions. After normalization, data at
cycles >120 (drifted sensors 1-5) often exceed the [0, 1] range
in raw terms, but are represented relative to the original pre-drift
bounds. Figures 1-3 show the histograms of the normalized
sensor distributions across the three segments.

3.5. Model Configurations.

3.5.1. Isolation Forest (IF). We used the PyOD implemen-
tation of Isolation Forest ' with 100 estimators and contamina-
tion = 0.05 (matching the evaluated anomaly rate). The model

was trained solely on the pre-drift normalized data (cycles <80).

Normalised Sensor Distributions (Mid-Drift)
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Figure 2. Normalized sensor distributions during the mid-drift phase
(cycles 80-120); x-axis fixed to 0-1.5

3.5.2. One-Class SVM (OCSVM). We employ PyOD’s
OCSVM '* with an RBF kernel, v = 0.05 (matching contamina-
tion), and Yy = ’scale’. Similar to the IF, we trained the OCSVM
on the pre-drift normalized data. This creates a hypersphere (or
hyper-surface) enclosing normal points, where the points outside
are flagged as anomalies.

3.5.3. ADWIN. ADWIN is a streaming drift detector that
adaptively maintains a sliding window whose size adjusts to
detect distribution changes with confidence J. We instantiated
ADWIN with J = 0.002. As we streamed each new cycle, we
computed the sum of sensors 1-5 and input it into the ADWIN
update() method. If ADWIN reported a change in cycle c, we
flagged that single cycle as an anomaly proxy (binary 1); other-
wise, we flagged it at 0. This is a deliberately naive usage: ADWIN
is not designed to detect individual point anomalies but rather
to drift in the aggregated statistic. We included this to evaluate
whether raw change flags correlated with the anomaly events.

3.6. Streaming Experiment Protocol. We simulated
the streaming by iterating through the cycles in order. The
pipeline is as follows:

1. Training (cycles <80): IF and OCSVM were fit to pre-drift
normalized data (cycles <80).

2. Drift simulation (cycles 80-120): m(c) was gradually
appllied to sensors 1-5 and then normalized using the pre-
drift scaler.

3. Anomalyinjection (all cycles): At pre-selected cycles, Gaus-
sian noise was added to sensors 1-5.

4. Inference: At each cycle c, the 21-dimensional normalized
feature vector x(c) was extracted, static detector predictions
va(c) (IF or OCSVM, both trained on cycles <80). Were
obtained, and >_(i=1)? xi(c) was fed into ADWIN to obtain
drift flag d(c)

S. Evaluation segments:

o Pre-drift: c <80
o Mid-drift: 80 <c <120
e Post-drift: c >120

6. Metrics: For each model and segment, Precision, Recall, and
F1 were computed between the predicted labels and ground
truth asis_anomaly.
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Table 2. Isolation Forest performance by drift phase (retraining at cycle
120)

Phase Precision Recall F1

Pre-drift 0.857 0.857 0.857
Mid-drift 0.117 0.208 0.140
Post-drift 0.080 0.080 0.080
Post-retrain 0.080 0.080 0.080

Note:. The model trained on cycles of <80. Retraining was performed at
cycle 120 using the mixed post-drift data.

7. Retraining (cycle 120): At ¢ = 120, all data up to c = 120
(drifted normal + anomalies)were collected, IF was retrained
on this mixture, and the post-drift (c >120) was evaluated to
measure recovery.

8. Recovery latency: For ADWIN, the earliest post-drift cycle
where a 10-cycle rolling F1 > 0.9 X pre-drift F1 was com-
puted; for IF with retraining, recovery is immediate at cycle
120 if F1 post-retrain > 0.9 X pre-drift F1.

3.7. Reproducibility and Availability. Implementation
uses scikit-learn?’, Matplotlib®*, and PyOD**. The codes and
ready-to-run Google Colab are available (repository branch:
feat/multi- unit-juri-revision). The artifacts for this revision
are as sollows: results/juri_revision/ (cross_unit _summary .csv;
unit_{1,2,3} metricsjson; figS unit {1,2,3} adwin_v._sano
malies.png). In Google Colab, the data path /content/cmapss
_data/CMaps/.

4. EXPERIMENTAL RESULTS

Across Units 1-3, the same pattern holds (Table 4): the Isolation
Forest degrades sharply after drift, the One-Class SVM remains
weak throughout, and ADWIN’s change flags do not coincide
with the anomaly timestamps.

4.1. Isolation Forest Performance. Table 2 shows that
Isolation Forest performs well under stationary conditions (F1
= 0.857), but fails under drift, with performance collapsing to F1
= 0.140 mid-drift and further degrading post-drift. Retraining at
cycle 120 does not help, due to overlap between drifted normal
and anomalous patterns.

4.2, One-Class SVM Performance. Asshownin Table 3,
the OC-SVM performed worse than thelF across all phases, start-
ing at a low (F1 = 0.364) and collapsing entirely under drift. Its
sensitivity to boundary noise and overfitting from the RBF kernel
prevents recovery even with retraining.

4.3. ADWIN as Anomaly Proxy. ADWIN failed to detect
anomalies in any drift phase (Table 4, F1 = 0). although it
flags some distributional changes mid-drift, these do not align

Table 3. One-Class SVM performance by drift phase

Phase Precision Recall F1

Pre-drift 0.444 0.308 0.364
Mid-drift 0.143 0.130 0.136
Post-drift 0.080 0.080 0.080

55 Detector Performance Across Drift Phases
' I [solation Forest

mmm One-Class SVM
m ADWIN

F1 Score

i

Post-drift

Post-retrain

Pre-drift

Figure 4. Detector performance across drift phases, reported as F1
score. Isolation Forest collapses after drift, One-Class SVM performs
poorly throughout, and ADWIN fails to align change flags with
anomalies

with anomaly timestamps. This mismatch indicates that change
detection does not equate to anomaly detection.

4.4. Recovery Latency Analysis. The phase-wise detec-

tor performance is summarized in Figure 4 (introduced in
Section 4.3); we used it to analyze the recovery latency. We
define recovery latency as the earliest cycle t > 120 where a 10-
cycle rolling F1 > 0.9 X pre-drift F1. For ADWIN, pre-drift F1
= 0, so any non-zero F1 could be counted; however, ADWIN
never scored above zero, so no recovery was observed. For IF
with scheduled retraining at cycle 120, post-retraining F1 =
0.080, whereas 0.9 x pre-drift F1 = 0.771. IF did not meet this
threshold, indicating no meaningful recovery. In effect, neither
streaming drift detection nor fixed retraining restores acceptable
anomaly detection performance.
To provide a consolidated view of detector performance across
all phases, Figure 4 reports the F1 scores for the Isolation For-
est, One-Class SVM, and ADWIN. The comparison confirms
three key findings: (i) static detectors collapse once drift sets in,
(i) simple retraining fails to restore performance, and (iii) drift
detectors such as ADWIN, which aresensitive to distributional
changes, do not align with anomaly incidence.

4.5. Cross-Unit Robustness. To gauge whether the
observed failure was idiosyncratic to an individual engine or a
universal phenomenon, we applied our protocol to other FD001
units. Table 4 presents the results for Units 2 and 3. The out-
come closely resembles Unit 1: The Isolation Forest attains fair
pre-drift accuracy but fails once drift begins, the One-Class SVM
consistently performs below par across periods, and ADWIN
generates change flags irrelevant to anomalies, resulting in zero
F1 across the board. These reproducible tendencies across mul-
tiple engines verify that the failure modes we observed are not
isolated artifacts but inherent weaknesses of stationary detectors
and naive drift signals under non-stationary conditions.

5. DISCUSSION

5.1. Limitations of Static Detectors. Static detectors
trained only on pre-drift data degrade sharply once a moderate
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Figure S. ADWIN change flags versus injected anomalies on FDO001 (sensors 1-5); drift window shaded for cycles 80~120.Sub-subsection 1

Table 4. Detector performance across multiple FDOOI units

Pre-drift Mid-drift Post-drift

Unit Detector F1 F1 F1

1 Isolation Forest 0.857 0.140 0.080
1 One-Class SVM 0.364 0.136 0.080
1 ADWIN 0.000 0.000 0.000
2 Isolation Forest 0.750 0.182 0.069
2 One-Class SVM 0.167 0.178 0.069
2 ADWIN 0.000 0.000 0.000
3 Isolation Forest 0.667 0.095 0.127
3 One-Class SVM 0.400 0.093 0.127
3 ADWIN 0.000 0.000 0.000

Note: Units 1-3 of the FDOO1 dataset. Anomalies were injected at 5%
across sensors 1-5. Drift window = 80-120 cycles. The results are con-
sistent with those of Unit 1: The Isolation Forest collapses under drift,
One-Class SVM performs poorly throughout, and ADWIN fails to align
drift flags with the anomalies.

drift hits the key sensor channels. Isolation Forest performs well
in static settings, but its F1 drops to 0.140 mid-drift; the One-
Class SVM performs weakly before drift and collapses thereafter.
Scheduled retraining at cycle 120 is ineffective because the drifted
normal data and injected anomalies are confounded; therefore,
retraining does not separate the evolving normal range from the
actual faults.

Mechanistically, the failure modes are different. Isolation For-
est’s training-time partitions approximate pre-drift quantiles, and
when the means shift for sensors 1-5, large regions of now-
normal readings fall into sparse partitions and are flagged as
outliers. One-class SVM, a margin-based method, shifts its deci-
sion function toward the new mean, and with increased variance
after drift, nominal and anomalous scores overlap, driving both
false positives and false negatives >3!112,

Sensor-wise effects mirror this story: mid-drift right-shifts are
concentrated on sensors 1-S by design (Figures 1-3), whereas
sensors 6-21 remain comparatively stable and contribute less to
errors. In other words, IF falters because its partitions no longer
fit the data, while OCSVM falters because its boundary adapts
poorly when the variance itself is non-stationary.

5.2. Misapplication of Drift Detectors. As configured,
ADWIN is designed to signal significant shifts in aggregated

statistics and not isolate single-cycle anomalies. Its failure (F1
= 0) confirms that the raw change flags should not be used
directly as anomalous flags. As Figure 5 shows, ADWIN produces
change flags around the onset of drift, yet none coincide with the
anomaly timestamps. This mismatch underlines the fact that dis-
tributional change signals, which are useful as adaptation triggers,
do not substitute anomaly labels. ADWIN detects changes in the
mean of a data stream by maintaining adaptive windows; in our
setup, its change points are correctly aligned with the drift interval
(cycles 80-120), but these signals reflect distributional change,
not anomalous behavior. Instead, drift detectors trigger contex-
tual adaptation steps. For example, one might pause anomaly
scoring, collect a clean window of data after a drift for retraining,
or resume detection. Future work may explore pipelines in which
ADWIN change signals automatically initiate a retraining process

on a filtered subset of non-anomalous data !> 1819,

5.3. Implications for Real-World Deployment. Pre-
dictive maintenance systems cannot rely on static unsupervised
detectors in environments subject to slow, predictable degrada-
tion. The lag between the drift onset and retraining, in addition to
the confounding effect of drifted normal points with false anoma-
lies, underscores the need for real-time drift-aware mechanisms.
As Figure 4 shows, no detector maintained a usable performance
after the drift onset (see Figure S for the drift window), highlight-
ing the operational risk of naive deployments. The same collapse
repeats across Units 1-3 (Table 4). Possible approaches include
the following:

e Ensemble detectors: combine multiple anomaly detectors
trained over different time windows and weigh them based on
the drift confidence.

e Drift-gated retraining: uses drift detector signals to tem-
porarily suspend anomaly scoring, gather a verified normal
reference window (e.g., from maintenance cycles), and retrain
detectors on clean data.

o Feature weighting: dynamically adjusts feature importance;
sensors known to drift (such as temperature readings) can be
downweighted in the anomaly score once drift is detected.

e Hybrid physics-Al models: incorporate physics-based mod-
els or digital twins to anchor the expected sensor behavior and
augment them with data-driven detectors to isolate anomalies
above physical thresholds.

5.4. Limitations and Future Directions. This study
focuses on FDOO1 (single operating condition) with additive
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Gaussian anomaly injections of a fixed magnitude across sen-
sors 1-5 and a multiplicative drift from cycles 80 to 120. These
choices stabilize the benchmark but limit generalizability: real
faults often follow multi sensor context-dependent patterns.
Future work should extend the protocol to FD002-FD004 (mul-
tiple operating regimes) and other datasets, incorporate richer
anomaly forms (e.g., engineered fault signatures and correlated
patterns), and evaluate deployment constraints at the edge by
reporting per-cycle latency, memory footprint for sliding win-
dows, and retraining cost, along with detection delay and false-
alarm rate. Benchmarking under resource-limited hardware clar-
ifies the trade-offs between faster recovery and constrained com-
puting.

Beyond static or periodically retrained detectors, future stud-
ies should focus on systems that can adapt as objects change. This
means moving toward hybrid frameworks that react to drift the
moment they appear, rather than after the fact. One promising
approach is drift-triggered ensembles, which update or replace
their models when sensing a shift. The other is online learn-
ing methods that gently reshape decision boundaries as new
data flows. There is also a growing interest in physics-aware
deep networks — for instance, long short-term memory (LSTM)
autoencoders paired with digital twin residuals — that can model
complex behaviors without losing interpretability. Testing these
adaptive ideas on multi regime datasets such as FD002-FD004
under real-time conditions would reveal how well they bal-
ance quick responsiveness with reliability and efficiency at the

edge.

6. CONCLUSION

We presented a comprehensive benchmark of unsupervised
anomaly detectors under concept drift in a streaming tur-
bofan engine scenario. By injecting drift and anomalies into
NASA’s C-MAPSS FDO001 data, we show that static detec-
tors degrade sharply (IF: pre-drift F1 = 0.857 to mid-drift
F1 = 0.140), naive retraining fails, and streaming drift detec-
tors (ADWIN) cannot serve as direct anomaly proxies (F1 =
0). These findings highlight the need for drift-aware anomaly-
detection strategies that separate evolving normal signals from
genuine fault events. We have publicly released our code and
drift simulation protocol to encourage replication, extension, and
innovation.
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ABSTRACT

University canteens serve large student populations within short time windows, necessitating efficient and automated food service
solutions. This study presents KF-2025, the first real-world, tray-based food image dataset collected directly from the King Fahd
University of Petroleum and Minerals (KFUPM) students’ canteen to facilitate automated self-checkout and smart cafeteria appli-

cations. The dataset comprises 3,222 manually annotated images across 26 food classes, derived from over 1,000 tray recordings
under real canteen conditions. Four transfer learning models, i.e., ResNet-50, ResNet-152, MobileNetV2, and EfficientNet-B0 were
trained and evaluated. The best performance was achieved by ResNet-152 using the Adam optimizer, attaining 97.25% accuracy,
97.62% precision, 93.78% recall, and 94.53% F1-score. The high performance across all models confirms the robustness and prac-
tical utility of KF-202S$ for real-world deployment, including on resource-constrained devices. Beyond its immediate application

to canteen automation, KF-202S$ provides a foundation for advancing context-aware food recognition, intelligent campus systems,

and data-driven nutritional monitoring, thereby contributing to the broader development of smart and sustainable institutional

environments.

Keywords: food recognition, deep learning, image classification, ResNet, efficientNet, transfer learning, custom dataset, smart canteen

1. INTRODUCTION

As Artificial Intelligence and deep learning evolve rapidly, sev-
eral domains of daily life are becoming subjects of research. For
example, industrial productivity', transportation?, and banking*
have already undergone transformations due to deep learning.
One promising area for deep learning application is food con-
sumption, which is an essential part of daily human activities.
Accordingly, food classification powered by deep learning mod-
els has become a prominent research area to allow the detection
and classification of food types, offering practical solutions to
improve daily lives. For instance, food classification can help
reduce waiting times in restaurants and canteens by enabling
self-checkout, and can help estimate caloric intake.

However, food classification faces several challenges, including
overlapping food categories *, complex appearance of food items
(where even identical ingredients may vary in shape and color)°,
and differences between the environments in which food images
are captured and those in which they are recognized®. Such fac-
tors can significantly hinder model accuracy and classification
performance.

University canteens are among the most complex and chal-
lenging environments for food recognition, where food appear-
ance in terms of shape, size, and color is inconsistent. The same
dish can contain several ingredients, and identical food classes
may differ significantly from one canteen to another, limiting

the utility of other food datasets. In addition, many food classes
are missing from available datasets. At King Fahd University of
Petroleum and Minerals (KFUPM), thousands of students visit
the canteen daily, particularly during breaks, leading to long wait-
ing times. Therefore, automating the checkout process could
enhance students’ experiences by saving time and improving
convenience.

To address this need, this study aims to construct the first
real-time tray-based food image dataset, KF-2025, collected from
KFUPM'’s student canteen. This dataset covers most of the food
classes presented daily in the cafeteria. Furthermore, this study
provides experimental results when training and testing multiple
Al classification models on this dataset after preprocessing and
annotating, contributing to a complete food recognition pipeline
that can be deployed in the future for automated self-checkout
systems.

2. RELATED WORK

In the field of food recognition, advancing artificial intelligence
(AI) models has garnered attention due to their potential impact
on daily life. A typical pipeline for developing food recognition
systems involves constructing or utilizing existing food datasets,
preprocessing and annotating images, and training models on
those datasets to assess the performance. Food classification is
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Figure 1. Plov from CAFD (left) and Rice from UEC-FoodPix (right). Despite both being rice-based, their appearance differs greatly, illustrating the

domain mismatch across cuisines

highly influenced by the quality of the dataset and the techniques
used to annotate it.

Some well-known food recognition datasets include Food-
1017, which contains 101,000 images across 101 food categories;
UEC-FoodPix Complete®, which contains 10,000 images; and
UNIMIB2016°. These datasets were collected under varying
conditions. Food-101 was captured in a controlled laboratory

Figure 2. Camera setup used to capture tray images

environment, whereas UNIMIB2016 was captured in a real-
world university canteen, reflecting different environmental set-
tings. Additionally, food datasets vary in terms of food classes and
regional cuisine, such as the CAFD dataset ', which focuses on
Central Asian food, and the UEC-FoodPix dataset, which focuses
on Eastern Asian food. Although both datasets represent Asian
food, they are substantially different; they share no common food
classes and similar base classes differ significantly in appearance,
as illustrated in Figure 1. For example, while both “Rice” (from
UEC-FoodPix) and “Plov” (from CAFD) are rice-based dishes,
their presentation, accompaniments, and overall appearance dif-
fer significantly. This highlights that using food datasets from
different cuisines can result in major mismatches when applied to
alocal context.

Two notable image datasets have been proposed for Mid-
dle Eastern food: the MEFood and EMFID platform databases.
MEFood is a large-scale dataset covering 38 categories, with
images collected from search engines, such as Google, and social
media platforms, such as Instagram, to increase representative-
ness''. The EMFID provides a comprehensive collection of food

Figure 3. Sample tray image with multiple food items
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Figure 4. Bounding boxes used via Roboflow to define the boundaries of each food class

samples from Eastern Mediterranean countries for educational
and research purposes '2. While both datasets include a variety of
regional food classes, their images were not captured in real-life
environments such as canteens, which reduces their suitability for
deployment in practical tray-based applications.

In addition to the dataset content, the annotation strategy
plays a crucial role in the performance of food recognition sys-
tems. Several techniques have been adopted to annotate food
images, each offering different levels of detail and computational
requirements. For instance, in Food-101, images are grouped by
class, with each image placed in a folder that corresponds to its
category. Although this method is simple, it limits the granularity
of information in each image. In contrast, semantic segmentation
has been applied in some studies®, where the food content in

an image is isolated by separating it from the background. This
method allows for more detailed labeling but is computation-
ally expensive. In addition, the use of bounding boxes to isolate
individual food items in trays, where food items were marked
within trays using the Roboflow platform '*, enables the recogni-
tion of multiple food items in a single image, an essential feature
of tray-based food classification.

Furthermore, manual annotation has been shown to outper-
form automatic and Al-assisted annotations in terms of accu-
racy. For instance, in the UEC-FoodPix Complete dataset, the
model trained on fully manual annotations achieved higher accu-
racy (0.668) than the model trained with automatic labeling
(0.560) &. This demonstrates the importance of accurate and reli-
able annotations, especially in complex environments, such as

Model Accuracy Comparison (Adam vs SGD)

98

97

Accuracy (%)

94

93 ResNet-50

ResNet-152

Figure S. Model accuracies on KF-2025 using Adam and SGD
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Table 1. Evaluation metrics of the models trained on the KF-202S dataset using SGD and Adam optimizers

Model Optimizer Learning Rate Accuracy Precision Recall Fl-score
ResNet-50 Adam 0.001 96.64% 95.47% 93.74% 93.33%
ResNet-50 SGD 0.001 96.33% 92.35% 91.02% 89.74%
ResNet-152 Adam 0.001 97.25% 97.62% 93.78% 94.53%
ResNet-152 SGD 0.001 95.72% 94.45% 90.05% 89.76%
MobileNetV2 Adam 0.001 96.33% 96.01% 91.20% 92.09%
MobileNetV2 SGD 0.001 96.02% 90.25% 90.16% 89.37%
EfficientNet-B0 Adam 0.001 95.41% 92.40% 91.13% 89.74%
EfficientNet-B0O SGD 0.001 94.80% 95.43% 88.34% 89.08%

university canteens, where food items often overlap and vary in
appearance.

Finally, the choice of models and training techniques signifi-
cantly affects the performance of food recognition systems. For
example, early studies that used the Food-101 dataset achieved
an accuracy of approximately 50.76%’. However, later research
utilizing more advanced models and transfer learning tech-
niques achieved accuracies of 80% '3 and 93.26 %, respectively '.
More recent studies have employed pretrained architectures,
such as Residual Networks (ResNet) and EfficientNet, further
enhancing food recognition accuracy, reaching 97.54%'5. These
improvements highlight the continuous advancements in the
field and the importance of model selection for achieving higher
performance.

Earlier studies contained a greater variety of models reporting
high metric results. For instance, DenseNet-246 achieved a top-1
accuracy on ImageNet '°. ResNeXt-101 achieved an accuracy of
79.6 on the ImageNet further . The vision transformer achieved
88.6% accuracy when pretrained on a JFT-300M '¢. However,
these models are computationally heavy compared to other net-
works such as ResNet and MobileNet, making them less optimal
for online applications when computational ability is constrained.

3. METHODOLOGY

3.1. Data Collection. In the KFUPM student restaurant,
there are four checkout points where students pay for meals. At
one of these points, a phone (Samsung Galaxy $23 Ultra) was
mounted on a stand to capture videos (4K resolution, 30 FPS) of
the trays from a top-down perspective, ensuring that all items on
the tray were visible and clearly detectable. The camera setup is
shown in Figure 2.

Using the FFmpeg tool, the recorded videos were decom-
posed into individual frames. After discarding frames in which
the tray contents were obscured by people or suffered from noise
and motion blur, 1,039 usable images were extracted. Given that
each tray typically includes multiple food components (e.g, rice,
dessert, and beverages), as illustrated in Figure 3, it was essen-
tial to annotate each item individually to enable more precise
downstream processing.

3.2. Annotation. The next step was to upload the selected
images to Roboflow, a platform that provides all the necessary
tools for building and deploying computer vision models, includ-
ing annotation and segmentation. Many KF-2025 images contain

more than one type of food on a single plate, making food classi-
fication based on whole dishes impractical. Therefore, bounding
boxes were used to isolate each food item. In this step, 711 images
were manually annotated into 28 food classes using bounding
boxes, as illustrated in Figure 4.

3.3. Preprocessing. The annotated 711 images were ran-
domly split into 563 training, 74 validation, and 74 test images,
comprising approximately 80% for training, 10% for validation,
and 10% for testing. Subsequently, the annotations were exported
in YOLOVS format. Using the bounding box coordinates, each
food item was cropped based on its class labels. For example, all
cropped regions labeled as “cake” were grouped under the “cake”
class.

Owing to the varying availability of food items in the can-
teen, there was an inherent imbalance in the dataset. Commonly
served items such as beverages, rice, and yoghurt had the most
images, with the beverage class containing the most cropped
images at 458. In contrast, rarely served items had fewer images,
with burgers having the fewest at 6. Due to the extremely low
number of samples in the ‘burger’ and ‘coleslaw’ classes, they
were removed from the dataset. This resulted in a final dataset of
26 classes and 3,222 cropped images, including training, valida-
tion, and test sets.

3.4. Trained Models.
were selected to represent different levels of architectural
complexity: MobileNetV2 and EfficientNet-BO (lightweight),
ResNet-50 (moderate), and ResNet-152 (complex).

Three transfer-learning models

3.4.1. ResNet (50 and 152). ResNets are convolutional
neural networks (CNNs) pretrained on over a million images
and are capable of classifying them into 1,000 object categories.
ResNet-50 contains S0 layers (48 convolutional layers, one max-
imum pooling layer, and one average pooling layer) ' while
ResNet-152 consists of 152 layers?’.

3.4.2. MobileNetV2. A lightweight CNN with 28 layers
introduced by Google in 2017 was designed for mobile and
embedded devices?'. It has significantly fewer parameters than

other CNN's while maintaining competitive accuracy .

3.4.3. EfficientNet-B0. EfficientNet is a CNN developed
using a multi-objective neural architecture search to optimize
both accuracy and computational efficiency (FLOPS). The Effi-
cientNet family consists of eight models (BO-B7), where the
number of parameters increases with the model complexity>.
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Figure 6. Confusion matrix of ResNet-152 with the Adam optimizer (the best-performing model). The majority of test samples were correctly

classified, with some exceptions noted in the Salad and Shawarma classes

3.5. Training Setup. Settingthe learningrate to 0.001 and
batch size to 32, SGD and Adam optimizers were used to train
the models on the KF-2025 dataset. Adam was selected for its fast
convergence and minimal tuning needs 24 which are suitable for
smaller datasets, whereas SGD was included for its strong gener-
alization with sufficient tuning>*. The models were trained using
1S epochs of fine-tuning, and the entire model was trained. The
trained models were then evaluated using accuracy, precision,
recall, and Fl-score to assess both model performance and the
overall quality of the dataset.

Although the accuracy metric reflects the overall accuracy
of the model in recognizing food classes, it can be misleading
in imbalanced datasets, where certain classes dominate. There-
fore, precision and recall were also considered to ensure that the
model was not biased toward the more frequent classes while
neglecting the rare ones. Finally, the F1-score provides a balanced
measure by combining precision and recall, thereby offering

a more inclusive view of the model’s performance across all
classes.

4. RESULTS

The experimental results are shown in Table 1 and Figure 5.

In addition to the test metric results, it was important to
examine the confusion matrices of the experiments to identify
the classes that were more frequently misclassified. The confu-
sion matrices for the three selected experiments representing the
different models and optimizers are provided in Figures 6 to 9.

Given that the KF-2025 dataset was newly introduced, it is
important to compare its results with established food classifica-
tion benchmarks such as Food-101. To ensure fairness, the same
models and optimizers were trained on both datasets for five
epochs, with consistent hyperparameters. Table 2 presents the
best-performing model-optimizer combinations for each dataset
based on accuracy, precision, recall, and F1-score.
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Figure 7. Confusion matrix of MobileNetV2 using the SGD optimizer. The matrix shows notable misclassification of Shawarma as Potatoes multiple
times

5. DISCUSSION However, ResNet models are more computationally intensive
than lightweight architectures such as MobileNetV2 and Effi-

in Table 1, for th imi i-
As shown in Table 1, for the same optimizer type, ResNet archi cientNetB0, which limits their deployment on devices with lim-

tectures consistently outperformed the other models. This can

be attributed to the use of residual blocks with skip connec- ited processing power. Nonetheless, the fact that the lowest

. . accuracy recorded across all models was 94.80% suggests that
tions, which enables deeper networks to learn more complex and 4 &8

abstract features effectively*°. Among the models tested, ResNet-
152 achieved the highest performance when paired with the
Adam optimizer, likely owing to its increased depth and greater
number of trainable parameters compared with ResNet-50.

even lightweight models can achieve a strong performance when
efficiency is a priority.

Regarding the optimizer choice, the models trained with Adam
generally achieved a higher accuracy than those trained with

Table 2. Performance comparison between Food-101 and KF-2025 datasets using their best-performing model and optimizer configurations over five training
epochs

Dataset Model Optimizer LR Accuracy Precision Recall F1-score
Food-101 ResNet-152 SGD 0.001 80.05% 80.50% 80.05% 80.08%
KF-2025 MobileNetV2 Adam 0.001 94.46% 92.03% 92.03% 92.21%
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Figure 8. Confusion matrix of EfficientNet-BO with the Adam optimizer. In addition to misclassification of the Shawarma class, the matrix shows

multiple instances of Macaroni being misclassified as Fajita

SGD. This may be attributed to Adam’s adaptive learning mecha-
nism and hyperparameters, which typically require minimal tun-
ing?*, making it well suited for scenarios involving relatively small
training datasets, as in this study.

Although the precision, recall, and F1-scores were generally
high, their lower values compared with the accuracy suggest that
the models may favor the majority classes, which is expected
given the class imbalance in the dataset. Reducing this imbalance
by ensuring more uniform class distributions could help improve
these metrics and bring them closer to overall accuracy.

As shown in the confusion matrices (Figures 6, 7, 8, and 9),
most classes were correctly identified. However, some misclassi-
fications occurred, likely owing to similarities in ingredients and
the visual appearance of certain food items served in the canteen.
For instance, in Figure 7, the model misclassified the “Shawarma”
class as “Potatoes” three times. This confusion is likely due to the

fact that shawarma is often served with fries in the same dish, lead-
ing to overlapping visual features. Figure 8 illustrates this point,
showing how both classes appear visually similar when served
together.

Additionally, as shown in the confusion matrices, particu-
larly in Figure 9, and in the misclassified samples illustrated
in Figure 11, images labeled as “Macaroni” were frequently
predicted as belonging to other classes. This issue arises
from the notable intra-class variability within the Maca-
roni category, in which plates prepared with different sauces
and ingredients are grouped under the same label. Intro-
ducing more fine-grained class definitions, for example,
by separating macaroni dishes according to sauce type or
main ingredients, could help the model capture distinc-
tive features more effectively and improve the classification
accuracy.
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Figure 9. Confusion matrix of ResNet-50 with the SGD optimizer. The confusion matrix confirms the misclassification problem with the Macaroni and

Table 2 presents a performance comparison between Food-
101 and KF-202S under the same training conditions and mod-
els. The superior performance of KF-2025 can be attributed
to several factors. First, KF-2025 includes fewer classes, which
reduces overall classification complexity. Second, Food-101 con-
tains images collected from diverse internet sources, intro-
ducing high intraclass variability in visual appearance. There-
fore, effective feature extraction for Food-101 requires extensive
training.

Furthermore, the close match between accuracy and F1-score
in Food-101 suggests a relatively balanced class distribution,
whereas the KF-2025 dataset suffers from a class imbalance. This
imbalance likely contributes to the performance gap between the
accuracy and Fl-score in KF-2025. Thus, increasing the num-
ber of samples in underrepresented classes may improve model
fairness and yield more consistent metrics, similar to the results
observed for Food-101.

Despite its small size and imbalance, the strong results of
the KF-202S5 highlight its practical effectiveness for real-world
canteen classification tasks, especially in settings with a limited
number of food categories.

5.1. Limitations and Future Work. Despite the promis-
ing results, the current dataset includes only 26 food classes,
which do not fully represent the complete variety of meals served
in student restaurants. Some food types were excluded due to the
limited number of available samples, which may have affected the
overall inclusiveness of the dataset. Additionally, the dataset suf-
fers from class imbalance, where certain food categories are over-
represented compared to others. This imbalance may have influ-
enced the model’s performance, particularly in underrepresented
classes. Furthermore, techniques that typically improve model
generalization, such as data augmentation, were not applied in
this study. To address these limitations, future work will involve
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Figure 10. Examples showing visual similarity between Shawarma (left) and Potatoes (right), which may contribute to misclassification

collecting additional images across different days of the week to
cover full menu variations, using polygon-based annotations for
more accurate labeling, applying data augmentation techniques
to enhance model robustness, and balancing class distributions
during data collection.

Akey focus of future work should be the deployment of trained
models and associated challenges. While ResNet models can be
deployed on embedded platforms, they typically require compu-
tationally advanced devices, such as Jetson Xavier, to achieve ade-
quate performance”’. In actual canteen settings, deploying mul-
tiple units at different checkout points can significantly increase
costs, and installation may be constrained by limited space. In
contrast, lightweight architectures, such as MobileNetV2 and
EfficientNet-BO, can be deployed on smaller and more cost-
effective devices, such as Raspberry Pi**, although they generally
report slightly lower accuracy. Given the importance of efficient

and real-time recognition processes, high-accuracy heavy models
with powerful hardware versus lightweight models with afford-
able devices should be evaluated to determine the most practical
setup for canteen environments.

6. CONCLUSIONS

This study presented KF-2025, the first real-world, tray-based
food image dataset collected directly from the students’ canteen
at the King Fahd University of Petroleum and Minerals. KF-2025
captures real, context-specific images from the KFUPM student
restaurant, targeting automation use cases such as self-checkout
and nutritional monitoring. The dataset was constructed by
recording high-resolution videos at the checkout points, extract-
ing thousands of frames, and manually annotating food items

T:macaroni
P:Fajita

T:macaroni
P:Potatoes

Figure 11. Examples of Macaroni images misclassified due to high intra-class variability, where items with different shapes, colors, and features are

grouped under the same class
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using bounding boxes in RoboFlow. After preprocessing, 3,222
cropped food images across 26 classes were prepared for training,
validation, and testing.

To evaluate the suitability of the dataset for real-world
deployment, four pre-trained models, ResNet-50, ResNet-152,
MobileNetV2, and EfficientNet-BO0, were trained using both the
Adam and SGD optimizers. The best performance was achieved
by ResNet-152 with Adam, reaching 97.25% accuracy, 97.62%
precision, 93.78% recall, and 94.53% F1-score. Across all the
models, Adam consistently outperformed SGD, highlighting its
robustness for relatively small and imbalanced datasets. The
strong performance across multiple architectures reflects the clar-
ity of the collected images, quality of the annotations, and overall
reliability of KF-202S. Despite its limited size compared with
large-scale public datasets, KF-2025 proved effective for food
classification tasks in a real university environment.

This dataset provides a valuable foundation for future research
and applications, including real-time food recognition, auto-
mated checkout systems, and nutrition monitoring. Further
improvements, such as increasing the sample size to address class
imbalance, applying data augmentation, and testing on resource-
constrained devices, can enhance its practicality and impact for
smart canteen system applications.

7. ETHICAL AND PRIVACY CONSIDERATIONS

Because video recording took place at a sensitive location, namely
the checkout point of the university canteen, specific ethical
and privacy concerns were considered. These included potential
exposure to students’ faces and any visible banking informa-
tion. The following measures were implemented to ensure full
compliance with privacy and ethical standards:

1. The camera was positioned to capture only the food trays
from a top-down angle, ensuring that the students’ faces were not
included in any recordings.

2. All extracted frames used for the dataset were reviewed to
confirm that no credit cards, phones, or personal banking details
appeared in any image.

3. The data collection process was carried out with approval
from the KFUPM Food Services, and the dataset remained pri-
vate and confidential, shared only for academic evaluation pur-
poses, and not publicly released.
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ABSTRACT

Faults are common hazards in electricity distribution networks and should be diagnosed immediately to prevent harm and restore

the power supply. This study proposes a hybrid approach for fault diagnosis that combines deep learning models and advanced
signal-processing approaches. The proposed method creates a standard four-node test distribution grid in MATLAB/Simulink,
extracts features using discrete wavelet transform (DWT) and short-time Fourier transform (STFT), and trains deep learning mod-

els to identify, categorize, and pinpoint faults. The results show that while both STFT and DWT perform well in fault detection,

STFT demonstrates superior robustness in fault localization and categorization under noisy conditions owing to its uniform time—

frequency resolution. The proposed framework uniquely integrates load demand uncertainty, measurement noise, and a hybrid
MATLAB-Python pipeline, providing a more realistic evaluation than previous studies. The proposed models are not affected
by variations in the pre-fault loading conditions, fault inception angle, or fault resistance. The proposed framework is suitable for

deployment in real urban distribution grids with significant electrical interference. The main advantage is the reduced fault location

time, which reduces outages and improves reliability.

Keywords: deep neural networks, fault detection, distribution grids, time frequency analysis, short-time fourier transform, wavelet transform

1. INTRODUCTION

Electricity is a necessity in the modern world, serving as
the basis for power generation, transmission, and distribu-
tion. However, as energy demand increases, the grid becomes
more crowded and thus more prone to malfunctions, such as
short circuits, which can cause power outages'~. These faults
can disrupt daily routines and essential tasks. Therefore, it is
essential to provide steady and seamless electrical transmis-
sion from utilities to consumers. Identifying the location of
a grid breakdown quickly is crucial for minimizing customer
minutes lost and accelerating electricity restoration. Effective
methods are required to accurately identify, categorize, and pin-
point defects to ensure the safety and efficiency of electrical
grids*°.

Grid fault detection techniques are categorized into
knowledge-based, traveling-wave-based, and impedance-based
methods’. The impedance-based approach estimates the fault
distance using voltage and current measurements, offering
simplicity and cost-effectiveness®. However, it suffers from
inaccuracies owing to iterative calculations, dynamic loads,
noise, and laterals’. The traveling wave method analyzes fault-
generated pulses using the arrival time, wave velocity, phase, and
polarity to locate faults from one or both line ends'*'*. Although
effective for long transmission lines, it is unsuitable for short

distribution lines (accuracy: 100-500 m) and requires costly
infrastructure 2.

Knowledge-based approaches, particularly machine learning
(ML), are promising for fault diagnosis. ML techniques adapt
by identifying patterns in the training data without explicit pro-
gramming, thereby proving effective for fault locations in distri-
bution grids '*. They excel in handling fault complexities and can
be integrated with signal processing to obtain hybrid solutions.
For example, Mamuya® combined a wavelet transform (WT)
for feature extraction with artificial neural networks (ANN) to
enhance the fault detection accuracy. The versatility of ML and
data-driven learning make it a robust alternative to traditional
methods.

Wavelet-based approaches: Rizeakos et al.!* combined con-
tinuous wavelets transform (CWT) with CNNs for fault loca-
tion, whereas Naidu et al.*! integrated discrete wavelets trans-
form (DWT) with an ANN optimized via particle swarm opti-
mization for high-impedance fault (HIF) location. Iliyaeifar and
Hadaeghi®” paired DWT with an extreme learning machine
(ELM) for HVDC systems, and Rezaee Ravesh et al.>* used
wavelet packets transform with an ANN for hybrid transmission
lines. While these approaches capture multi-resolution signal fea-
tures effectively, most have been validated only on HVDC or
hybrid systems with limited testing under noisy AC distribution
conditions.
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Fourier-based approaches: Grci¢ et al.>* applied short-time
Fourier transform (STFT) with ML classifiers in DC micro-
grids, but lacked ANN-based classification, whereas Shafiullah et
al.” used S-transform for optimized fault location in distribution
grids. These studies indicate the potential of STFT for fault diag-
nosis but leave open the question of its comparative performance
against wavelet methods under noise and load variations.

Other ML-based approaches: Lan et al.'* used empirical
mode decompositions (EMD) with a 1D-CNN for HVDC gear-
box fault detection, although only in simulations. Yu et al. '* intro-
duced a directed tree-based traveling wave method and Babay-
omi and Oluseyi'® applied an adaptive neuro-fuzzy inference
system, with both studies having limitations in repeated fault han-
dling. Advanced models, such as histogram-based gradient boost-
ing (HGB) '7 and graph convolutional networks (GCNs) **, have
shown promise in specific scenarios, but have not been bench-
marked against hybrid STFT/DWT approaches.

Research gap: Across these studies, there has been limited
validation of realistic and noisy AC distribution systems, insuf-
ficient analysis of repeated faults, and no systematic compari-
son between STFT and DWT integrated with deep learning for
simultaneous detection, classification, and location tasks under-
load demand uncertainty. This study addresses these limitations.

Most knowledge-based methods rely on MATLAB toolboxes,
such as Statistics and Machine Learning®® and Deep Learn-
ing”. While effective, exploring open-source alternatives, such
as Python, could improve the accessibility and comparison of
model efficacy?’. Python offers powerful ML libraries (scikit-
learn, TensorFlow, and Keras)**~** and signal processing tools
with simpler syntax than MATLAB. Combining MATLAB signal
processing with Python ML capabilities may optimize fault detec-
tion in power grids. Future work should leverage Python open-
source libraries to enhance fault identification while maintaining
performance.

Current fault diagnosis methods often overlook key fac-
tors, such as dynamic load variations, measurement noise,
and practical deployment constraints. This study addresses
these limitations by proposing a hybrid fault diagnosis
approach for distribution networks that explicitly incorpo-
rates the load demand uncertainty, multiple noise levels, and
a new set of statistical features. This combination, along with
MATLAB-Python integration, enables a more comprehen-
sive and realistic evaluation than existing studies. This study
employs Python-based deep learning models and makes the
following contributions:

o The uncertainty around the fault information and load demand
is considered when modeling the test distribution feeders.

e From the collected data, features are extracted using DWT and
STFT.

e Deep neural networks with several hidden layers are used to
create smart defect diagnostic models (detection, classifica-
tion, and localization) using Python and its modules.

e For fault location, the train-test split for both the complete
dataset and individual fault types must be varied to determine
the split that yields the best results.

o The sensitivity of the resulting models is evaluated while con-
sidering the network-related uncertainty and measurement
noise.

The remainder of this paper is structured as follows: Section
2 details the deep learning and signal processing methods for
fault detection. Section 3 describes the distribution feeder model.
Section 4 explains the feature extraction and proposed fault
detection approach. Section S compares the model results.
Finally, Section 6 summarizes the study and provides the conclu-
sions.

2. METHODS

2.1. Signal Processing Techniques. Signal processing
transforms signals to reveal key components®’. For grid fault
diagnosis, mathematical transformations (e.g., STFT and DWT)
extract features from the current signals, which are then fed to
the ML algorithms. This study utilizes both STFT and DWT
as feature extraction tools. The following section explains the
theoretical foundations of these transformers.

2.1.1. Short-time Fourier Transform. The Fourier trans-
form decomposes signals into frequency components but loses
temporal information*. STFT overcomes this problem by ana-
lyzing equal-length signal segments and providing time-localized
frequency data**. It multiplies the signal x (¢) by a short-duration
window function w (t) (e.g,, Blackman or Hann). The STFT of
x (t) is expressed as follows:

+00

X (t,f) = /x(t)w(t—r)e—"“ﬁdt (1)

—00

where t is time, f is frequency, and w (¢t — 7) is the window func-
tion centered at 7. This enables joint time-frequency analysis for
fault detection.

Most computer applications, including MATLAB, use a fast
Fourier transform (FFT) to compute STFT features®. The
STFT of a discrete signal x (n) is determined as follows:

+00

X, (f) = Z x (n)w (n — mR) e~ 27 (2)

n=—0oo

The STFT process uses a frame index n, window w (t) centered
at mR, and R sample intervals *. As w (1) slides along the signal
length M, the discrete Fourier transform (DFT) computes each
windowed segment. Overlap L = M — R occurs as adjacent seg-
ments hop R samples, creating overlapping analysis windows for
a continuous time-frequency representation*’.

2.1.2. Wavelet transform. WT overcomes the Fourier
transform limitations by providing a multi-resolution time-
frequency analysis *®. Using variable-width wavelets derived from
a mother wavelet y (t) (e.g, Morlet or Daubechies), it captures
signal components at different scales. Unlike the fixed windows
in STFT, wavelets adapt their widths to be narrow for high fre-
quencies and wide for low frequencies. CWT slides these scalable
wavelets along the signal, multiplying and analyzing them from
high to low frequencies. Mathematically, the CWT of signal f (¢)
is represented as F (7,s), where 7 is translation and s is scale.
This approach enables precise localization of both transient and
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sustained features in fault signals:

B9 = v (S0 a (3)

CWT uses y* (FT’) as the daughter wavelet, where y is

the complex conjugate of the mother wavelet, s controls the
scale/frequency, and 7 determines the position’. For compu-
tational efficiency, DWT discretizes this approach. The DWT
D[a,b] of signal f [t ] analyzes discrete translations (b) and
dyadic scales (a = 2 ), enabling efficient multi-resolution analy-
sis, as follows:

p-1 .
Dlat) == > flnlv | =] @

where a and b are both integers, the scale parameteris s = b, and
the translation parameter is 7 = a*’. To determine the approx-
imation and detail coefficients (low- and high-frequency com-
ponents, respectively) of the input signal, DWT uses a wavelet-
based technique known as multi-level decomposition, in which
the signal is processed through many low- and high-pass filters
[4]. An example of this process is shown in Figure 1.

2.2. Deep Neural Network. ML enables systems to learn
patterns from training data and make predictions. Inspired by
biological neurons, ANNs are fundamental ML models com-
posed of interconnected (input, hidden, and output) layers.
Feed-forward neural networks (FNNs), which are the simplest
ANNSs, process data through weighted connections and biases
between layers (Figure 2) *°. During training, the input data prop-
agates forward by adjusting the weights to minimize errors. Deep
neural networks (DNNs) extend this approach to multiple hid-
den layers for complex pattern recognition. Typically, datasets
are split into training and testing subsets to evaluate their per-
formance. These architectures form the basis of advanced fault
diagnosis systems.

Neural networks apply activation functions (ReLU, sigmoid,
tanh, and softmax) to weighted inputs, thus introducing non-
linearity into complex pattern learning*'. During training, the
output layer errors (predicted versus desired) drive backpropa-
gation, which is an optimization process that adjusts weights and
biases to minimize loss®. This iterative refinement enables the
DNNs to model intricate relationships. After training, the mod-
els are evaluated using unseen test data by comparing predictions
against known outputs and quantifying performance through

—
A
[ Il |
A, H D,
N H_ " 'm *D
: S :
Input Signal n . ! D
f[tm] . D 2 .Lm\v‘PassFillcr
! M High Pass Filter

Figure 1. An example of multi-level decomposition up to four levels.
Before each level, the signal is passed through a high-pass filter, from
which the detailed coefficients (D;) are obtained, and a low-pass filter,
from which the detailed coefficients (A;) are obtained

Hidden
Layer1 "2 Layer2
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Figure 2. DNN model used for fault detection (binary), fault classifi-
cation (seven fault types), and fault location (continuous value between
5-15 km). The input vector contains either 108 STFT-based features or
144 DWT-based features per sample

error metrics. The combination of forward propagation (feature
transformation) and backward error correction (gradient-based
optimization) allows deep networks to progressively improve
their predictive accuracy through exposure to labeled training
samples.

3. DISTRIBUTION NETWORK MODEL UNDER LOAD
DEMAND UNCERTAINTY

Figure 3 shows the 60 Hz test feeder with transformers, a lumped
load, a transmission line, and four nodes. The distribution grid
parameters are listed in Table 1. All data in this study were gen-
erated using MATLAB/Simulink "Simscape Electrical” with dis-
crete power systems blockset (PSB) **. Fault events were labeled
by type, location, resistance, and inception angle directly from
the simulation parameters, ensuring an accurate ground truth for
training and testing. A 20 kHz sampling rate (333 samples/cycle)
and two-block transmission lines enabled fault simulations at
multiple locations. The dataset contained 14,000 samples per sig-
nal processing method (STFT and DWT), evenly distributed
across seven fault types and non-fault cases, with four noise lev-
els (0, 20, 30, and 40 dB). This resulted in a balanced dataset of
64,000 samples (4 noise levels X 8 conditions x 2,000 samples).

4. PROPOSED FAULT DIAGNOSIS METHOD

This section details the steps involved in developing the pro-
posed fault diagnostic approach. It covers the application of flaws;
the parameters of signal processing techniques, including the
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Figure 3. Modeled four-node distribution grid used for simulation. The system consists of transformers, a lumped load, and transmission lines. Faults

are applied at different locations along the distribution line between Nodes B and C

features extracted from them; the preparation of data; and the
construction of deep learning models for fault diagnosis.

4.1. Fault Application. Three-phase fault currents were
recorded from Node B (Figure 3) for various fault types (AG,
BG, CG, ABG, BCG, ACG, and ABCG) applied between nodes
B and C, capturing one pre-fault and one post-fault cycle.
The fault parameters (type, distance, resistance, and inception
angle) and load demands were varied systematically. The non-
fault data were generated by varying only the load. The MAT-
LAB/Simulink "awgn" function created signals with 0, 20, 30, and
40 dB noise levels*. Figure 4 shows a sample fault current wave-
form. This comprehensive dataset enables a robust analysis of
fault characteristics under different system conditions and noise
environments.

4.2. Feature Extraction. This study generated 64,000
samples (16,000 per noise level) using STFT and DWT in MAT-
LAB, covering seven fault types and normal conditions. Each
noise level (0, 20, 30, and 40 dB) contained 2, 000 samples per
fault scenario (8 conditions x 2,000 = 16,000). The subsequent
sections detail the feature extraction parameters for both signal
processing methods.

4.2.1. STFT parameters. The MATLAB "stft" function
processed three-phase current signals using a 128-sample Hann
window with 96-sample overlap and 128-point FFT. This pro-
duced a time-frequency matrix for each phase. From each matrix,
the following statistical features were extracted for each phase:

e The maximum values and energies within each of the 17 fre-
quency columns, resulting in 34 features (17 maxima and 17
energy values).

Table 1. Test four-node distribution grid parameters*

Component Parameter Value
Length 20 km
Positive Sequence Resistance 0.1153 /km
Distribution Line
Positive Sequence Inductance 1.0S mH/km
Positive Sequence Capacitance 11.33 nF/km
Zero Sequence Resistance 0.413 Q2/km
Zero Sequence Inductance 3.32 mH/km
Active P
Lumped Load ctive Power 6 MW
Reactive Power 3 MVar (Inductive)
System Variation Load Demand Uncertainty 5%
Impedance (R~f~) 01-15Q
Fault Parameters
Inception Angle 0-360°
Location 5-15km
Transformer A Voltage Ratio 33/11kV
Transformer B Voltage Ratio 11/4.16 kV
Power Rating 12 MVA

Transformers A and B

Winding 1 (R,L)

0.0434 2, 3.454 mH

Winding 2 (R, L)

68.88 1<, 5.481 WH

Magnetization Branch (R~m~, L~m~)

26042 2, 00 H

Connection

Y~g~-A
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Figure 4. Simulated three-phase current waveform for an ABCG (three-phase-to-ground) fault

e The standard deviation of the maximum values across the time
frames (rows) and frequency bins (columns), yielding two
features.

e The overall mean magnitude of the time-frequency matrix,
adding one final feature.

This resulted in 36 features per phase (174+17+141). Using
three-phase signals, each sample produced 108 features (36x3).
This feature set effectively captured the time-frequency char-
acteristics and statistical properties of fault transients. The fre-
quency range was centered during STFT computation. This
feature extraction method captured both time-frequency charac-
teristics (via STFT matrices) and statistical properties, enabling
comprehensive fault representation. This approach systemati-
cally transformed raw current signals into a discriminative feature
set suitable for ML classification while maintaining physical inter-
pretability through energy and deviation metrics.

4.2.2. DWT parameters. MATLAB wavedec, appcoef,
and detcoef functions performed seven-level DWT decomposi-
tion using ‘db4’ wavelet, extracting one approximate and seven
detailed coefficients. Six statistical measures (std, mean, entropy,
energy, kurtosis, and skewness) were computed for each coef-
ficient, yielding 144 features. The implementation details are
provided in Shafiullah et al. *.

4.3. Input/Output Features and Data Preparation.
The extracted features were stored as .mat files and imported
into Python using the SciPy loadmat function®, and converted
to Pandas DataFrames®>'. Each dataset included (1) binary fault
indicators (1/0), (2) fault type labels (1 — 7), and (3) fault dis-
tances from Node B. For each noise level (0, 20, 30, and40 dB),
separate datasets were created by combining all fault scenar-
ios (seventypes + normal), resulting in eight datasets per signal

processing method (STFT/DWT). Data were shuffled to pre-
vent pattern memorization. Feature normalization (0-1 range)
was performed using the scikit-learn MinMaxScaler*°, which is
particularly critical for regression tasks, such as fault distance
prediction. This preprocessing pipeline ensured compatibility
with Python deep learning frameworks while maintaining the
physical meaning of the fault characteristics. The structured
datasets enabled both classification (fault detection/typing) and
regression (location estimation) tasks, with normalized features
improving the model convergence during training. The input
to the deep learning models consisted of statistical features
extracted from STFT or DWT, whereas the outputs varied by
task: binary labels (1 = fault, 0 = no fault) for detection, multi-
class labels (1-7) for fault types, and continuous values (5-15
km) for fault location. No manual feature engineering was per-
formed and the features were fully derived from the raw current
signals.

4.4. Deep Learning Models. The Keras library®’ was
used to build three ML models per signal processing method:
fault detection, classification, and localization. The classifica-
tion/localization models used DNNs with two optimized hid-
den layers (to balance complexity and performance). The
hyperparameters were systematically tuned via trial-and-error
to achieve optimal results. Deep learning architectures were
selected because of their enhanced pattern-recognition capabil-
ities in complex fault-diagnosis tasks.

4.5. Performance Evaluation Metrics. Model perfor-
mance was evaluated using task-specific metrics: accuracy for
fault detection/classification (correct predictions/total samples)
and regression metrics (R?, mean absolute error (MAE), and root
mean square error (RMSE)) for fault location*. Location pre-
dictions were denormalized to the 5-15 km range before metric
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Table 2. Detailed feature extraction pipeline from three-phase current signals

Step Description STFT-Based Features DWT-Based Features
1. Input Raw three-phase current sig- Identical Input Identical Input
nals (Ia, Ib, and Ic), sam-
pled for one pre-fault and one
post-fault cycle.
2. Signal Apply the signal processing STEFT DWT
Transform technique. eCreates a time-frequency matrix for eDecomposes the signal of each
each phase. phase into coefficients.
eParameters: Hann window (128 eParameters: ‘db4’ wavelet, seven
samples), 96-sample overlap, levels of decomposition.
128-point FFT.
3. Raw Output The direct result of the trans- A complex-valued matrix X(f, t) for A set of eight coefficient vectors for
form. each phase, showing the signal each phase:
strength at different frequencies (f) eA7: Approximation coefficients
and times (t). (low-frequency trend).
oD1-D7: Detailed coefficients
(high-frequency details, D1 is the
highest frequency).
4. Feature Conversion of the raw output For the time-frequency matrix of each For the set of coefficients of each
Calculation into a set of numbers (fea- phase: phase:
(the key tures) for the artificial intelli- 1. Maxima: Find the maximum value eTake all eight coefficient vectors
difference) gence (AI) model. in each of the 17 frequency columns (A7,D1,D2,D3,D4, D5, D6, and

—> 17 features.

2. Energy: Calculate the energy in
each of the 17 frequency columns —
17 features.

3. Standard Deviations:
-std(max_values_across_time) — 1
feature

- std(max_values_across_frequency)
—> One feature

— Subtotal per phase:

17 4+ 17 + 1 4 1 = 36 features.

D7).

eFor each vector, calculate six
statistical measures:

Standard Deviation, Mean, Entropy,
Energy, Kurtosis, and Skewness.

—> Subtotal per phase:

8 vectors X6 statistics = 48 features.

S. Total Features
per Sample

Combine features from all
three phases.

3 phases x36 features = 108 features.

3 phases x48 features = 144 features.

6. Final Step

Prepare the final dataset for
the AT model.

All features from all samples are
normalized to a [0, 1] range.

All features from all samples are
normalized to a [0, 1] range.

calculation. To ensure reproducibility despite Keras stochastic
weight initialization, a fixed random seed (42) was used for all
the experiments. The optimal models were selected after multi-
ple trials to confirm their stable performance, and the reported
results were obtained from these finalized models. The opti-
mal models were selected after multiple trials when the per-
formance stabilized, thereby ensuring consistent metrics. This
approach accounted for the inherent variability of neural net-
works, while identifying the most reliable configurations. The
evaluation framework provided a comprehensive assessment of
both classification precision (accuracy) and regression fidelity
(R?, MAE, and RMSE) for a complete fault diagnosis.

4.6. Deep Learning Models Development. The mod-
els were optimized using systematic hyperparameter tuning. The
neuron counts in the hidden layers followed heuristic rules*’,
with STFT-based models using 108 neurons (matching input
features) in layer 1 and SS neurons (half input count) in layer
2. The DWT models employed different input fractions (96,
144, and 72 - two-thirds ratios). The fault location models used

similar proportional schemes. Table 2 lists the tested neuron
combinations. The selection process evaluated the performance
across these configurations, adhering to established neural net-
work design principles*°. Optimal architectures balanced com-
plexity and generalization, with neuron counts systematically
derived from the input dimensionality rather than from arbitrary
choices.

For fault classification, optimal neuron configurations were
determined through performance comparisons. The STFT
model achieved the peak accuracy with 108 (layer 1) and 60
(layer 2) neurons, showing minimal loss (Figure 5). Compara-
ble results were obtained for the 140/60, 140/70, and 120/55
combinations. The DWT model performed best with 130 and
80 neurons (Figure 6). The regression models followed the same
optimization process but used R* and RMSE metrics instead
of accuracy/loss. Table 3 lists the neuron counts selected for
the STFT/DWT regression models. This systematic approach
balanced model complexity and predictive performance while
avoiding overfitting, with architectural decisions guided by
empirical results rather than arbitrary selection.
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Table 3. Iterations of hidden layer neuron counts for the fault location and classification models

Signal Processing Technique

Fault Classification (Multi-class Classification)

Fault Location (Regression)

STFT DWT STFT DWT
Number of Layer 1 90,100, 111, 120,130, 120, 130, 144, 150, 90, 100, 111, 120, 130, 100, 110, 120, 130,
140 160 140 144,150
hidden neurons Layer 2 30, 40, 55, 60, 70 50, 60,72, 80, 96 30, 40, 55, 60, 74, 80 50, 60, 72, 80, 96

This study systematically evaluated the activation functions
and found that ReLU and tanh were the most effective for hidden
layers across models. The output layers used the following task-
specific functions: sigmoid (binary detection), softmax (multi-
class classification), and linear (regression for fault location). The
Adam optimizer was employed universally, except for the DWT
classification model, in which RMSprop yielded better results.

For fault location, identified as the most critical challenge,
additional optimization was performed on the following: (1)
training sample size and (2) train-test splits. The complete
dataset contained 14,000 samples (2,000 per fault type), of which
9,800 samples (70%) were initially allocated for training. Exper-
imental increments (10% steps) revealed optimal training sizes:
7,840 samples (80%) for the STFT models (noting a perfor-
mance dip at 90%) versus the full 9,800 samples for the DWT
models.

Figure 7 shows how model performance (measured by R*)
varied with the quantity of training data. The 70/30% train-
test split provided sufficient validation data while maximizing
learning. This rigorous optimization process, particularly for fault

location tasks, ensured a robust model performance by balancing
data utilization against overfitting risks. The results demonstrate
that the optimal training set sizes can vary significantly between
different signal processing approaches in fault diagnosis systems.

This study evaluated train-test splits in 10% increments to
optimize model performance. For STFT models, a 70/30% train-
test split proved optimal, whereas the DWT models performed
best with an 80/20% split. This analysis was conducted for each
fault type using the previously determined ideal training sample
sizes. Figure 8 shows the performance of the DWT model for one
fault type, revealing the 80/20% split yielded the lowest RMSE,
with the 70/30% and 90/10% splits showing comparable results.
A systematic evaluation confirmed that these splits maximized
generalization across both signal processing methods while pre-
venting overfitting. Similar patterns emerged for the other fault
types, although their plots were excluded for brevity.

A binary classification problem, “fault equivalent to 1”7 or
“no-fault equivalent to 0,” was the outcome of fault detection.
The fault type, denoted by a number between one and seven,
was the outcome of the multi-class classification problem. It is
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Figure 5. Model accuracy and loss for various neuron counts in the (a) STFT-based and (b) DWT-based fault classification models
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Figure 6. Training curve of the optimum DWT classification model

worth noting that non-faulty samples from the dataset were elim-
inated prior to fault classification. A decimal value that should
fall between S-15 (the range in kilometers where the faults are
placed) was produced by the regression issue of fault placement.
This number may exceed this range depending on the accuracy of
the model. The selected parameters of the deep learning models
are presented in the Table 4.

The fault detection and classification models used relatively
few epochs because additional iterations provided diminishing
returns in accuracy while increasing the computation time. The

Table 4. Fault detection model parameters

optimal epoch count was determined when the training curve
plateaued. For these models, the training data were further split
(70/30%), with 33% allocated for validation, to plot the learn-
ing curves. The 70/30% train-test split followed the conven-
tional practice. Figure 9 shows a flowchart of the complete fault
diagnosis methodology, summarizing the systematic approach
from data processing to model evaluation. This balanced design
ensured efficient training without overfitting while maintain-
ing robust performance validation using dedicated validation
datasets.

Task Model Hidden Activation Loss Function Optimizer Learning Rate BatchSize Epochs
Layers Functions
& Neu-
rons
Fault Detection STFT-based 10 Hidden: ReLU Binary Adam 0.001 32 20
Output: Sigmoid Cross-Entropy
DWT-based 10 Hidden: ReLU Binary Adam 0.001 32 20
Output: Sigmoid Cross-Entropy
Fault Classification ~STFT-based [111,60] Hidden 1: Tanh Categorical Adam 0.001 64 S0
Hidden 2: ReLU Cross-Entropy
Output: Softmax
DWT-based [130, 80] Hidden 1: Tanh  Categorical RMSprop 0.0005 64 450
Hidden 2: ReLU Cross-Entropy
Output: Softmax
Fault Location STFT-based [120, 55] Hidden 1: Tanh ~ Mean Squared Adam 0.001 128 1000
Hidden 2: ReLU Error
Output: Linear
DWT-based [110,60] Hidden 1: Tanh Mean Squared Adam 0.001 128 1000
Hidden 2: ReLU Error

Output: Linear
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Figure 7. R? values and RMSEs of both regression models for various numbers of training samples

5. RESULTS AND DISCUSSION

This section presents the outcomes of the developed deep learn-
ing method combined with advanced signal processing tech-
niques for fault diagnosis in the distribution grid. First, Table 5
shows that both the STFT and DWT models accurately detected
faults under both noisy and noise-free measurements. In all
cases, they were able to distinguish between faulty and non-faulty
cases. Given the ease of discovering faults, this was anticipated.
The human eye can easily distinguish between defective and
non-faulty current signals. As shown in Figure 4, the current

surges sharply at a fault, resulting in a significant increase in the
amplitude in the current plot versus time.

Both the STFT and DWT models achieved a high accu-
racy (99.66% and 98.11%, respectively) across noise lev-
els (0-40 dB). STFT delivered flawless classification (100%)
under noise-free conditions and near-perfect accuracy (>99.6%)
with noise, excelling for multi-phase faults. This advantage
arises from the uniform time-frequency resolution of STFT,
which better preserves the transient signatures of faults under
noise, making it more resilient for localization tasks than the
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scale-dependent resolution of DWT. Minor dips occurred in
the BG (20/40 dB) and ABCG (20 dB) faults. DWT also
performed robustly, with perfect results in noise-free and 40
dB cases but slight inaccuracies in the CG, ACG, and BCG
classifications. Both models maintained consistent accuracy
(STFT: 99-100%, DWT: 98-100%), demonstrating strong
noise immunity. The superior performance of STFT suggests
that its time-frequency analysis better captures fault features,

although both methods are reliable (<2% error) for real-world
applications.

In addition to the accuracy, the precision, recall, and F1-score
were computed for each fault type to evaluate the classifica-
tion performance more rigorously. The STFT model achieved a
macro-average precision of 0.997, recall of 0.996, and F1-score of
0.996 at a noise level of 30 dB. The confusion matrix (Figure 10)
confirmed the high separability between classes, particularly for

Confusion Matrix (STFT Model at 30 dB Noise Level)

AG No-Fault

True
CG BG

ABG

BCG

- 0 2 1
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No-Fault  AG BG CG
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140
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BCG ACG  ABCG

Figure 10. Confusion matrix for fault classification using the STFT model under 30 dB noise. The model achieved strong separability across all fault

types, with minimal misclassification
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Table S. Precision of the models for fault classification and detection

Fault type 0dB 20dB 30dB 40 dB
STFT DWT STFT DWT STFT DWT STFT DWT
No-Fault 100% 100% 100% 100% 100% 100% 100% 100%
AG 100% 100% 100% 100% 100% 100% 100% 100%
BG 100% 100% 99.66% 100% 100% 100% 99.82% 100%
CG 100% 99.84% 100% 99.67% 100% 100% 100% 100%
ABG 100% 100% 100% 100% 100% 100% 100% 100%
BCG 100% 100% 100% 98.78% 99.83% 100% 100% 100%
ACG 100% 100% 100% 99.67% 100% 98.11% 100% 100%
ABCG 100% 100% 99.82% 100% 100% 100% 100% 100%

the three-phase and ground faults. The high classification accu-
racy, along with a low R* value for fault location, reflects the dif-
ference in task complexity; classification is a discrete labeling task
that is less sensitive to noise, whereas regression-based location
estimation is highly sensitive to signal distortion. In particular,
DWT loses location accuracy in noisy environments owing to
its scale-frequency trade-off, whereas STFT maintains its perfor-
mance by retaining more uniform time—frequency details.

The fault location analysis revealed distinct performance dif-
terences between the STFT- and DWT-based models. Although
both achieved excellent results under noise-free conditions
(DWT: R? = 0.995, STFT: R? = 0.973), their noise robustness
varied significantly. The STFT model maintained a consistently
high accuracy across all noise levels (R* > 0.89, RMSE < 0.93),
demonstrating superior stability. In contrast, the DWT perfor-
mance degraded sharply with noise, with R* dropping to 0.203
and RMSE >2.5 at higher noise levels.

The R* metric (range: 0 — 1) indicated that STFT predictions
closely matched actual values (>89% variance explained), while
DWT became unreliable in noisy conditions. RMSE measure-
ments (lower=better) showed that the average location error of
STFT remained below 0.93 regardless of noise, whereas DWT
errors tripled in noisy scenarios. This suggests that the time-
frequency localization of STFT better preserves the fault distance
information under signal degradation.

Notably, DWT outperformed STFT under ideal (noise-free)
conditions, achieving a near-perfect R?(0.995). However, this
advantage disappeared even with moderate noise. The robust
performance of the STFT model across all test conditions makes
it suitable for practical implementations where noise is inevitable.
These results highlight the critical importance of testing fault
location algorithms under realistic and noisy conditions rather
than ideal scenarios.

Table 6. Fault location model results

The severe performance degradation of the DWT-based
model at 20 dB noise (R* = 0.2029) can be attributed to the
fundamental properties of the wavelet transform. DWT provides
multi-resolution analysis, offering a high time resolution but poor
frequency resolution at high frequencies, and vice-versa. Under
significant noise, the high-frequency noise components can cor-
rupt the detail coefficients (D1-D4) that are crucial for pinpoint-
ing the precise transients caused by a fault. Unlike STFT, which
maintains a uniform time-frequency resolution across the spec-
trum, the adaptive windowing of DWT may amplify the influence
of noise in specific sub-bands, effectively drowning out the salient
features needed for accurate distance regression. This inherent
sensitivity makes the DWT model vulnerable to noisy conditions,
whereas the consistent windowing approach of STFT is far more
robust for the fault location task.

Both models exhibited unexpected performance variations
across noise levels. Surprisingly, 40 dB noise yielded better results
than 30 dB; STFT achieved higher R* (0.97 versus 0.96) and
lower RMSE (0.52 versus 0.60), with similar trends for DWT.
However, increasing the noise from 0-40 dB degraded the over-
all performance. The R* value of the STFT model decreased from
0.973 (noise-free) to 0.968 (40 dB), whereas its RMSE remained
stable (<0.93). The DWT model suffered more severe degrada-
tion: R? decreased sharply from 0.995 (0 dB) to 0.903 (40 dB),
and the RMSE increased from 0.202 to 0.902.

Table 6 shows that higher noise (20 dB) caused greater per-
formance loss than moderate levels (30/40 dB). STFT demon-
strated resilience (R*>0.89 at 40 dB), while DWT became unsta-
ble (R* as low as 0.203), suggesting the time-frequency analysis
of STFT better preserves the fault location accuracy under dis-
tortion. The non-linear noise impact (inverse trend at 30/40 dB)
warrants further study. The consistency of STFT favors noisy
environments, though real-world validation is needed. Computa-
tional costs from STFT-deep learning integration may challenge

STFT DWT
Performance Metrics 0dB 20dB 30dB 40dB 0dB 20dB 30dB 40dB
R? 0.9733 0.8966 0.9561 0.9675 0.9951 0.2029 0.7069 0.9032
RMSE 0.4701 0.9213 0.6070 0.5221 0.2015 2.5703 1.5842 0.9018
MAE 0.3351 0.6611 0.4259 0.3719 0.1296 1.7758 1.0648 0.6145
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real-time use; solutions such as model pruning or edge optimiza-
tion could be useful. Future work should enhance interpretabil-
ity via tools such as SHapley Additive exPlanations (SHAP)
and Local Interpretable Model Agnostic Explanation (LIME) to
build trust in critical infrastructure applications.

Practical implications: For deployment in real distribution
grids, the proposed models can be integrated with phasor-
measurement units (PMUs) or feeder-mounted sensors to pro-
vide near-real-time fault detection, classification, and localization.
The strong noise resilience of the system, particularly with the
STFT-based features, suggests its viability in urban environments
with significant electrical interference. The main operational ben-
efit is the reduced fault location time, which directly shortens
outage durations and improves service reliability. The challenges
include ensuring computational efficiency for edge devices and
validating the performance using field data, which will be the
focus of future work.

6. CONCLUSIONS

In this study, an intelligent fault diagnosis system that combines
STFT/DWT signal processing with deep learning was devel-
oped for distribution grids. The MATLAB/Simulink test feeder
simulated diverse faults under varying loads and noise levels (0-
40 dB). STFT extracted 108 time-frequency features, whereas
DWT derived 144 wavelet-based features per sample. These fea-
tures trained deep learning models for fault detection, classifica-
tion, and location. The evaluation showed that both techniques
achieved high accuracy; fault detection was near-perfect, whereas
classification favored STFT (99.66% versus 98.11% for DWT).
For location, the STFT demonstrated superior noise robustness
(R* >0.89 across all noise levels) compared to DWT, whose per-
formance degraded sharply (R* : 0.995-0.203) under noise. The
consistent RMSE of STFT (<0.93) confirmed its reliability in
practical noisy environments. Future work should explore (1)
validation using larger real-world grids with distributed renew-
able generation, (2) optimization of STFT parameters (window
type/length) for enhanced feature extraction, and (3) alternative
transforms such as Stockwell for comparative analysis. The adapt-
ability of the framework to evolving grid complexities, includ-
ing the high penetration of inverter-based resources, can further
strengthen its diagnostic utility.
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ABSTRACT

Ensuring high code quality is essential for the reliability and sustainability of widely used open-source software, yet empirical, multi-
metric assessments of popular Python libraries remain scarce. This study presents a systematic static analysis of code quality in
two prominent open-source Python projects, Requests and BeautifulSoup4. We employed a suite of static analysis tools—Radon,
Pylint, and Flake8—to measure metrics including lines of code (LOC), cyclomatic complexity, maintainability index, Pylint scores,
and PEP8 violations across all project modules. Automated Python scripts were developed to ensure a reproducible and compre-
hensive data collection process. Our analysis reveals a nuanced picture of code quality: while both projects exhibit good overall
maintainability, we identified specific modules with high cyclomatic complexity and a significant number of style violations. For
instance, dammit.py in BeautifulSoup4 recorded 318 PEP8 violations and a maintainability index of 40.08. The results underscore
the practical value of static analysis for pinpointing refactoring candidates and enforcing coding standards.

We recommend that open-source projects integrate these tools into continuous integration pipelines to proactively manage tech-
nical debt and enhance long-term maintainability. All code and data for replicating this study are publicly available. This work
provides a novel, reproducible, and multi-tool assessment that delivers actionable, module-level insights for maintainers, addressing

a gap in empirical Python code quality research.

Keywords: code quality, static analysis, open-source, Python, Python Enhancement Proposal-8, maintainability

1. INTRODUCTION

Software quality is a critical determinant of a software system’s
reliability, maintainability, and long-term sustainability. High-
quality code reduces maintenance costs, minimizes defects, and
improves developer productivity. Python, as one of the most
popular programming languages, powers a vast ecosystem in
web development, automation, data science, and machine learn-
ing. Consequently, the code quality of foundational open-source
Python projects is of paramount practical importance, as they
underpin countless academic and commercial applications .

Despite the existence of coding standards like PEPS, code
quality in open-source projects can vary significantly due to fac-
tors such as diverse contributor expertise and evolving project
requirements. Poor quality often manifests as high cyclomatic
complexity, low maintainability, and style inconsistencies, which
collectively increase maintenance effort and risk?. Static anal-
ysis tools offer an automated, non-execution-based method to
evaluate code quality. Tools like Radon, Pylint, and Flake8 can
measure key metrics related to complexity, maintainability, and
style compliance >,

While previous research has extensively evaluated static anal-
ysis for languages like Java and C++ 97, and some studies have
focused on the capabilities of individual Python tools®, there is
a scarcity of empirical, multi-metric studies that systematically
assess code quality across popular, real-world Python libraries.

This gap limits our understanding of the actual state of code qual-
ity in the Python open-source ecosystem. Recent surveys high-
light the growing need for such empirical validations in modern
software engineering contexts”.

This study aims to address this gap by conducting a repro-
ducible static analysis of two widely used Python libraries: Beauti-
fulSoup4 and Requests. To guide our investigation, we formulate
the following research questions:

e RQI: How do code quality metrics, such as cyclomatic com-
plexity and maintainability index, vary across different modules
within BeautifulSoup4 and Requests?

e RQ2: What are the differences in overall code quality and
adherence to PEP8 standards between these two projects?

e RQ3: Which specific modules are the most critical candidates
for refactoring based on the aggregated metrics?

The novelty and contribution of this work are threefold. First,
it provides a detailed, empirical snapshot of code quality in two
critical Python libraries, moving beyond tool capability stud-
ies to deliver actionable, module-level insights for maintainers.
Second, it employs a transparent and fully reproducible method-
ology, with all scripts and data publicly available, addressing
a key shortcoming in many existing studies. Third, it synthe-
sizes findings from multiple complementary tools (Radon, Pylint,
Flake8) to present a holistic view of quality through a fully
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reproducible methodology—addressing a key gap in replicable
Python research where prior work often focuses on a single tool
or metric.

2. RELATED WORK

The critical role of software quality and the utility of static analy-
sis are well-established in software engineering literature. Recent
surveys, such as that by Iftikhar et.al’, provide a comprehensive
overview of code quality metrics and their impact on software
maintainability, underscoring their continued relevance.

In the domain of open-source software, many foundational
studies focused on languages like Java and C++4-. For example,
research has analyzed trends in code smells and defect prediction
across multiple Java projects ®. However, the findings from these
studies are not directly transferable to Python due to its dynamic
typing and different idiomatic patterns.

Research specifically targeting Python code quality is grow-
ing. Siddik and Bezemer et al. ' explored the correlation between
code style and code quality, finding that consistent style often
accompanies higher quality, which justifies the inclusion of PEP8
analysis in our study. Other works have evaluated the effective-
ness of specific tools. Scalabrino et al.!' conducted a compre-
hensive study on automatically assessing code understandability,
a key aspect of maintainability. Recent empirical studies have
applied these tools in specific contexts, such as comparing code
quality in Python Jupyter notebooks and scripts for data sci-
ence'” or detecting code smells in Python software *.

Furthermore, the detection of complex issues in Python has
been a focus of recent research. Studies have adapted traditional
metrics and definitions for Python’s unique characteristics '*'3.
Our work directly builds on this by applying established com-
plexity and maintainability metrics (via Radon) and code quality
scoring (via Pylint) to large-scale, real-world projects, providing
a validation of these concepts in practice.

This study synthesizes these strands of research by conducting
a systematic, multi-faceted assessment of two large, community-
driven Python projects using a suite of complementary tools.
Unlike studies that focus on a single aspect of quality or a specific
domain, we provide a holistic view of complexity, maintainabil-
ity, and style in general-purpose libraries, identifying specific,
actionable refactoring targets.

3. METHODOLOGY

This study employs a systematic and reproducible methodol-
ogy to evaluate the code quality of the selected open-source
Python projects. The process encompasses project selection, tool
selection and configuration, metric extraction, data aggregation,
visualization, and analysis.

3.1. Project Selection. We selected two high-profile
Python projects based on their popularity, active maintenance,
and significance within the Python ecosystem:

e Requests' — A simple, yet powerful HTTP library for
Python.

e BeautifulSoup4'’— A library for pulling data out of HTML
and XML files.

These projects were chosen because their widespread use makes
their code quality a concern for a large community, and their
manageable size allows for a comprehensive module-by-module
analysis.

3.2. Tool Selection and Configuration. To ensure a
comprehensive assessment, we used a suite of established static
analysis tools. The exact commands and configurations are pro-
vided in the supplementary materials to ensure reproducibility.

e Radon (v6.0.1): Used to compute raw metrics. We used the
radon cc -a command for the average cyclomatic complexity
per module and radon mi -s for the maintainability index.

e Pylint (v3.1.0): Used for general code quality analysis and
scoring. We used a default configuration.

e Flake8 (v7.0.0): Used to detect PEPS style violations. We
used the default rule set without modifications.

3.2.1. Justification for tool selection. Radon, Pylint,
and Flake8 were selected for their complementary strengths,
widespread adoption in the Python community, and ability to
measure distinct aspects of code quality. Radon provides raw
complexity and maintainability metrics, Pylint offers a holis-
tic quality score, and Flake8 is the de facto standard for PEP8
compliance. Using their default configurations ensures repro-
ducibility and aligns with common practitioner usage, allowing
our results to be directly comparable to typical developer
workflows.

3.3. Metric Selection. We focused on the following met-
rics to provide a multi-dimensional view of code quality:

e Lines of Code (LOC): Measures module size.

e Cyclomatic Complexity (CC): Measures the structural com-
plexity of functions and methods.

e Maintainability Index (MI): A composite metric (scale of 0-
100) where higher values indicate better maintainability.

e Pylint Score: A normalized score (typically 0-10) for overall
code quality.

e PEPS8 Violations: A count of style guide deviations.

These metrics directly address our RQs: CC and MI (RQ1),
PEPS violations (RQ2), and their aggregation (RQ3).

3.4. Data Collection and Reproduction. The entire
data collection process was automated with Python scripts to
ensure accuracy and reproducibility. The steps were:

o Repository Cloning: The latest code was cloned from the
official GitHub repositories.

e Static Analysis Execution: Scripts sequentially executed
Radon, Pylint, and Flake8 on every Py file.

e Metric Extraction: Outputs were parsed to extract numerical
values for each metric.

e Data Aggregation: Results were compiled into structured
CSV files.

3.5. Visualization. We used Matplotlib and Seaborn to
generate visualizations for intuitive analysis. All figures are placed
after their first textual reference, have clear axis labels and cap-
tions, and exclude the "SUMMARY" row from module-level
charts.
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Table 1. Static analysis metrics for BeautifulSoup4

Module/File LOC CC (avg) Maintainability Index Pylint Score PEPS Violations
dammit.py 829 3.85 40.08 7.39 318
test_tree.py 1829 3.59 6.87 7.13 69
testing.py 592 3.72 45.19 0.0 39
__init__.py 406 3.17 100.0 N/A 34
element.py 1611 0 0 N/A 26
SUMMARY 7758 3.40 74.78 3.98 656

*Note: A Maintainability Index (MI) of 0.0, as seen in element.py, occurs when the calculated index is non-positive due to very high complexity and/or
size overwhelming the effect of comments, and is reported as 0 by the Radon tool.*

e Bar charts of average cyclomatic complexity per module.
e Histograms of Pylint score distribution.
e Scatter plots of LOC vs. Cyclomatic Complexity.

4. RESULTS

The results of the static analysis for BeautifulSoup4 and Requests
are presented below.

4.1. BeautifulSoup4. The analysis of BeautifulSoup4 cov-
ered 19 modules with a total of 7,755 LOC. The project-level
averages are a cyclomatic complexity of 3.4, a maintainability
index of 74.78, a Pylint score of 3.98, and 656 total PEP8 viola-
tions (Table 1). Figure 1 illustrates the average cyclomatic com-
plexity per module, highlighting dammit.py and test_tree.py as
particularly complex. The distribution of Pylint scores (Figure 2)
shows a bimodal pattern, indicating variability in code qual-
ity across modules. A scatter plot of LOC versus cyclomatic
complexity (Figure 3) reveals a moderate positive correlation,
suggesting that larger modules tend to be more complex.

4.2. Requests. The Requests project is larger, with 34
modules and 11,248 LOC. It shows better average metrics: a

lower cyclomatic complexity (2.87), a similar MI (73.26), a
higher Pylint score (5.96), and fewer total PEP8 violations (533)
(Table 2). Figure 4 displays the average cyclomatic complexity
per module, with test-related modules showing the highest val-
ues. The distribution of Pylint scores (Figure 5) is skewed toward
higher values, reflecting better overall code quality. Figure 6
shows the relationship between LOC and cyclomatic complexity,
with a moderate positive correlation (r = 0.41).

5. DISCUSSION

This study provides empirical insights into the code quality
of two foundational Python libraries, directly addressing our
research questions.

5.1. RQ1: Variation of Metrics within Projects. The
analysis reveals significant internal variation, identifying clear
refactoring candidates. In BeautifulSoup4, dammit.py is a clear
outlier with high complexity (3.85), low maintainability (40.08),
and a high density of PEP8 violations. Similarly, test_tree.py
is very large and complex with a critically low MI of 6.87. In
Requests, test_requests.py is the primary concern, being the
largest and one of the most complex modules, with an MI floored

BeautifulSoup4: Cyclomatic Complexity per Module
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Figure 1. Average cyclomatic complexity per module in BeautifulSoup4; higher bars indicate greater structural complexity
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BeautifulSoup4: Distribution of Pylint Scores
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Figure 2. Distribution of Pylint scores, showing a bimodal spread across modules

at 0. This answers RQI by pinpointing the most complex and
least maintainable modules within each project.

5.2. RQ2: Differences between Projects. Comparing
the two projects, Requests demonstrates higher average code
quality. It has a lower overall cyclomatic complexity (2.87 vs.
3.40) and a higher average Pylint score (5.96 vs. 3.98). While
both projects have a similar number of total PEP8 violations, the

distribution is different; BeautifulSoup4’s violations are concen-
trated in a few key modules, whereas Requests’ are more spread
out. This suggests that Requests may have more consistent cod-
ing practices and a more mature quality assurance process, likely
due to its larger and more structured contributor base.

5.3. RQ3: Refactoring Candidates. Based on the aggre-
gated metrics, we can clearly identify the most critical refactoring
candidates:

BeautifulSoup4: LOC vs Cyclomatic Complexity
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Figure 3. Relationship between lines of code (LOC) and cyclomatic complexity in BeautifulSoup4
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Requests: Cyclomatic Complexity per Module
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Figure 4. Average cyclomatic complexity per module in Requests; test-related modules (test_requests.py, test_testserver.py) show the highest values

e BeautifulSoup4: dammit.py is the highest priority, requiring
immediate refactoring to simplify logic and fix style issues.
test_tree.py and testing.py are also important targets.

o Requests: test requests.py should be broken down into
smaller, less complex test suites. models.py also shows high
complexity and low maintainability, warranting investiga-
tion.This concentration of violations in complex modules
aligns with literature linking style and quality[10].

5.4. Analytical Depth and Broader Implications. A
correlational analysis reveals a moderate negative relationship
between cyclomatic complexity and maintainability index across
all modules (r = -0.58, p <0.001). This statistically significant
correlation underscores that as code becomes more complex, its
maintainability decreases, validating the interconnected nature of
these metrics.

The findings have several practical implications for software

sustainability:

e Readability and Collaboration: A high density of PEP8 vio-
lations, as seen in dammit.py, directly impairs readability. This
creates a barrier to entry for new contributors and slows down

Table 2. Static Analysis Metrics for Requests

collaborative development, ultimately threatening the long-
term health of open-source projects.

e Technical Debt Management: The identified high-
complexity, low-MI modules represent significant technical
debt. Prioritizing their refactoring is an investment in long-
term sustainability, reducing the future cost of changes and
bug fixes.

e Quality Assurance Automation: Integrating static analysis
tools into CI/CD pipelines can prevent the accumulation of
technical debt by enforcing quality gates for new contributions,
ensuring consistent quality across distributed teams.

6. LIMITATIONS AND ETHICAL CONSIDERATIONS

This study has several limitations. The analysis is restricted to
two Python projects, which, while influential, limit the generaliz-
ability of the findings. Future work should expand to a larger and
more diverse set of projects. Furthermore, static analysis provides
a snapshot of code quality and does not capture runtime behavior

or developer intent.

Module/File LOC CC (avg) Maintainability Index Pylint Score PEPS Violations
test_requests.py 3040 3.72 0.0 7.66 61
models.py 1039 3.58 21.69 7.83 28
adapters.py 696 345 47.4S 6.49 36
test_testserver.py 165 3.67 49.21 8.58 S
internal_utils.py S0 0.0 100.0 10.0 2
SUMMARY 11248 2.87 73.26 5.96 533

*Note: A Maintainability Index (MI) of 0.0, as seen in test_requests.py, occurs when the calculated index is non-positive due to very high complexity

and size overwhelming the effect of comments, and is reported as 0 by the Radon tool.*
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Figure S. Distribution of Pylint scores across Requests modules; higher scores reflect better overall code quality

Requests: LOC vs Cyclomatic Complexity
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Figure 6. Relationship between lines of code (LOC) and cyclomatic complexity in Requests; moderate positive correlation (r = 0.41)

Regarding ethical considerations, this study exclusively used
publicly available source code from open-source repositories.
No private or proprietary software was analyzed. The research
respects the licenses of the projects studied and aims to con-
tribute back to the open-source community by providing insights
that can help improve their code quality.

7. CONCLUSION

This study presented a reproducible static analysis of code qual-
ity in the Requests and BeautifulSoup4 projects. While generally
maintainable, certain modules exhibited high complexity and
numerous style violations, identifying them as prime refactoring

candidates. Requests demonstrated more consistent code quality
overall compared to BeautifulSoup4.

The primary contribution of this work is the detailed, empiri-
cal, and reproducible snapshot of code quality in these essential
libraries, providing actionable insights for their maintainers. The
significant negative correlation between complexity and main-
tainability reinforces the importance of monitoring these metrics.
Furthermore, we contribute a transparent methodology and a full
replication package for the community.

Beyond immediate maintainer benefits, this work has broader
societal and educational implications. By improving code qual-
ity in foundational open-source libraries, we contribute to
more reliable and sustainable software ecosystems that support
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education, research, and industry. The reproducible method-
ology and public dataset also serve as a valuable resource for
students and educators teaching software engineering best prac-
tices, promoting transparency and rigor in empirical software
research.

For future work, we plan to expand this analysis to a larger
set of projects from different domains, including historical anal-
ysis to track quality evolution, and incorporate machine learning
techniques to predict defect-prone modules based on these static
metrics.

8. SUPPLEMENTARY INFORMATION

All code, raw data, and detailed instructions for reproduc-
ing the results, including the exact shell commands and envi-
ronment setup, are available in our supplementary repository:
https://github.com/BashirAdam/Static-Analysis-of-Code-Qual
ity-in-Open-Source-Python- Projects. A single script (run_analy
sis.py) is provided to regenerate all tables and figures.
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ABSTRACT

Given the ongoing energy crisis, researchers plus policymakers worldwide are pursuing alternative energy solutions. Thermoelec-
tric generators (TEGs) are an attractive approach offering a sustainable and efficient means to address current energy demands.
Despite the numerous TEG designs, their efficiency remains poor, posing a challenge to their widespread adoption. In this study,

we introduce a leg-division method designed to enhance the efficiency of TEGs. To establish its superiority, the design was sim-

ulated using COMSOL Multiphysics S.5, and its performance was benchmarked against a conventional rectangular leg geometry.

Across the two designs, a temperature gradient of 280 K (T, = 573 K, T, = 293 K) was maintained, and the material volume was
held constant to ensure a fair comparison. The results show that the new model achieves an open-circuit voltage of 64.3 mV, which
is 1.2 times higher than that of the baseline geometry. The maximum power output reaches 49.22 mW, 2.8 times greater than the

conventional model, and the maximum efficiency is 6.69%, indicating 2.1ximprovement over the prior geometry. The enhanced

performance of the new TEG design has the potential to redefine deployment in renewable energy generation by improving waste

heat harvesting, thereby advancing sustainable power generation.

Keywords: thermoelectric generators, divided leg, geometry, energy, COMSOL

1. INTRODUCTION

In recent decades, the world has faced an escalating energy
crisis driven by rising demand from urbanization, industrializa-
tion, economic growth, and rapid technological development .
At the same time, primary energy sources such as hydrocarbon
resources are being depleted”. Furthermore, the combustion of
fossil fuels markedly elevates CO, output, contributing to sea-
level rise, natural disasters, and global warming®. In this con-
text, renewable energy sources provide robust means for tackling
these pressing challenges*. Thermoelectric generators (TEGs)
contribute to solving the energy crisis and mitigating environ-
mental impacts by converting waste heat into electricity and
reducing the reliance on fossil fuels, thereby supporting the shift
toward renewable and sustainable energy sources®. However,
their application is limited by their bulk size, low energy con-
version efficiency, material costs, and the complexity of thermal
management in practical systems 67,

Several studies have been conducted to enhance the efficiency
of TEGs, which fall into three main approaches. First, improv-
ing the thermoelectric material properties® to achieve a higher
figure of merit (ZT) substantially boosts the performance. Sec-
ond, segmentation” techniques offer higher output power and
conversion efficiency than conventional designs. Third, design-
ing novel geometries ' for the device further enhances the heat
transfer and overall efficiency.

Khalil et al. evaluated different geometrical shapes (five
shapes: rectangular, I-leg, X-leg, trap-leg, and Y-leg) of the same
volume using the finite element method. The study found that
a rectangular leg model in a thermoelectric generator with a
6 mm leg length achieved the highest efficiency (5.482%) and
output power, outperforming other shapes despite identical vol-
umes''. Quan et al.'* designed a TEG system with a polygo-
nal heat exchanger and sickle-shaped fins to increase waste-heat
reclamation. Transient CFD analysis under CLTC conditions
showed improved performance, with power rising from 24.48
W to 34.48 W and confirmed fidelity, aiding TEG optimiza-
tion for automotive use. Luo et al.'? proposed a novel Y-type
TEG configuration that increased the output power and con-
version efficiency by 87.5% and 42.62% respectively, at the
exhaust temperature of 450 K and velocity of 20 m/s when
applying the Y-type design (AL = 0 mm) instead of the con-
ventional Tt-type (or rectangle-shaped) TEG. Ibeagwu et al.'*
studied geometries such as rect-leg, trap-leg, Y-leg, I-leg, and
X-leg with varied leg forms and found that the X-leg offers
the highest power density. Siddique et al. found that under a
constant temperature boundary condition (VT = 10 °C), the
rectangular TEG produced 1.4 times more power than the trape-
zoid configuration. However, the power density of the rectangu-
lar configuration remains comparable to that of the trapezoidal

one 15.
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In this study, we investigated the divided-leg geometry within
the device to improve its output performance. This innovative
design effectively reduces the internal resistance, resulting in
an elevated open-circuit voltage, enhanced power generation,
and superior energy-conversion efficiency. The notable perfor-
mance improvements in this structure demonstrate its substan-
tial potential for renewable energy applications, enabling path-
ways to optimize TEGs in sustainable energy systems. These
findings highlight the importance of geometric modifications
in advancing thermoelectric technology for practical energy
solutions.

Following the general background, the introduction should
summarize prior work relevant to the present study'. This
includes citing earlier results and highlighting the current state of
knowledge. Authors should subsequently identify gaps, inconsis-
tencies, or limitations in the literature that justify the need for the
present research. For example, while traditional steel dowels have
been widely studied, research on small-diameter FRP dowels in
real-world applications remains limited>*. Such gaps motivate
further investigation and emphasize the originality of the cur-
rent work. Alvaro et al.* found that the bond strength of three
different GFRP rebar types—sand-coated, helically grooved, and
lugged—varied based on surface enhancement, but was not sig-
nificantly affected by exposure time or temperature in seawater
environments.

Next, the purpose and objectives of the present study should
be clearly stated. Authors should define what their research aims
to investigate or demonstrate and succinctly outline methods.
This creates a coherent bridge from the literature background
to the specific contribution of the current paper. A well-defined
research objective helps audiences understand the scope and
importance of the study.

In some cases, authors may opt to add a final paragraph
outlining the structure of the paper, briefly describing what
each subsequent section will address. To ensure proper cita-
tion and referencing throughout the manuscript, it is strongly
advised that authors use reference management software such
as Mendeley, Zotero, or EndNote.>®. Zotero was the reference
manager employed to manage citations in this document. These
tools support the Nature citation style required by the Journal
of Undergraduate Research International and streamline the

process of formatting in-text citations and the reference list. This
section should be focused and concise, typically not exceeding
10% of the total word count of the paper.

2. DIVIDED LEG STRUCTURE

In the leg division method, each TEG leg is divided into two
parts—upper and lower—with a metallic conductor incorpo-
rated between them, as illustrated in Figure 1a. These segments
comprise alternating thermoelectric semiconductors that gener-
ate opposite thermoelectric potentials. Specifically, in the left leg
of the proposed divided-leg geometry, the upper section con-
tains a p-type semiconductor. Conversely, the lower section is
composed of an n-type semiconductor. In p-type semiconduc-
tors, holes act as the majority charge carriers; they absorb thermal
energy from the hot side and diffuse it toward the central con-
ductor. In contrast, n-type semiconductors have electrons as the
majority charge carriers, which diffuse toward the cold side. This
movement results in effective hole diffusion toward the central
conductor, establishing a thermoelectric potential across the leg.
Thus, a positive potential develops at the central conductor of the
left leg owing to the directional movement of the charge carriers.
Similarly, the right leg of Figure la comprises an n-type semi-
conductor in the upper part and a p-type semiconductor in the
lower part, resulting in the development of a negative potential
at the central conductor. These two central conductors function
as the electrical terminals of the divided-leg geometry, enabling
connection to the external circuit.

Moreover, the conductor at the center serves dual roles: it
acts as both an electrical junction and a thermal interface. This
structure limits Joule heating and enables more efficient thermo-
electric conversion by allowing localized charge separation and
shorter diffusion paths for charge carriers. This design strategy
is especially beneficial for microscale or densely packed TEG
systems, where resistive losses can significantly affect overall per-
formance.

The equivalent circuit diagrams for the divided-leg geometry
and the rectangular leg are shown in Figure 2 a and b, respectively.

Each semiconductor (p or n), conductor, and soldering junc-
tion has its own internal resistance, denoted as Rp or Ry, Rc,
and Rgy,. The total internal resistance of the system is obtained by

B N
Bi3Te3 Bi3Te3
(+) ve () ve
N P
Bi3Te3 Bi3Te3
Heat Sink '
(@)

P N
Bi3Te3 Bi3Te3
() ve (-) ve
Heat Sink
(b)

Figure 1. Schematic diagram of (a) divided-leg geometry, (b) rectangular leg geometry
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summing component values. Equivalent circuit diagrams for the
divided-leg and rectangular-leg geometries appear in Figure 2 (a)
and (b), respectively.

The basic relationship of electrical resistance is given by the
following equation:

R=— o
cA
where R is the resistance, [ is the length of the conductor, o is
the electrical conductivity, and A is the cross-sectional area. Con-
sidering that the copper conductor resistance (Rc) and soldering
resistance (Rgy) are negligible, the equivalent internal resistance
of the rectangular TEG is:

Rrec = Rp + Ry (2)

where Rp and Ry denote the resistances of the p- and n-type legs,
respectively.

In a divided-leg geometry, shortening the effective electrical
path within each material segment by splitting them into equal
upper and lower halves reduces the resistive losses, enhances the
current flow, and improves the voltage output. Each leg forms two
branches (p- and n-type) and two parallel branches, each consist-
ing of Rp/2 and Ry /2 in series. Because the electrical resistance
in parallel pathways combines inversely, this geometry effectively
reduces the total internal resistance of the TEG to approximately
one-fourth of that in a conventional series-connected rectangular
leg design. Thus, a reduction in the internal resistance occurs in
the leg division geometry owing to the parallel configuration.

Thus, the total internal resistance in this configuration can be
written as:

Rasc = 2 ©)

4
Although the equivalent circuit diagrams in Figure 2 explicitly
include R¢ and Rgy, these components are considered negligible
in the analytical simplification to streamline the resistance calcu-
lations. While this is a common assumption because of their typi-
cally low values relative to the semiconductor resistance, notably,

Re

RSh RSh

Rp Ry Re

2 2

RSh R.

RSh RSh =
Rg, External Circuit g R Rp Ry

Ry & RSI\ RSh

2 2
R, R, R, External Circuit

(@) (b)

Figure 2. Circuit diagram of (a) divided-leg geometry, (b) rectangular
leg geometry

neglecting R¢ and Rgy, may introduce minor deviations in pre-
cise modeling, especially in high-precision or miniaturized TEG
systems.

This reduction in the internal resistance reduces dissipation,
allowing higher current flow and improving the voltage output,
thereby enhancing the overall power generation efficiency of the
thermoelectric generator.

3. SIMULATION

Both TEG models were simulated using COMSOL Multiphysics
5.5 by integrating the Heat Transfer and AC/DC modules to
resolve their thermal and electrical characteristics. The Heat
Transfer module modeled the temperature distribution and heat
flow, whereas the AC/DC module solved the electrical potential
and current flow. This coupled approach is critical for evaluating
thermoelectric performance under realistic operating conditions.
In these simulations, the heat source temperature was fixed at 573
K, and the heat sink temperature was set to 293 K.

3.1. Necessary Equations of Simulation. Energy flows
as heat from the hot side and is absorbed by thermoelectric
materials, as governed by conservation of energy:

pCouVT 4+ Vq = Q+ Qe (4)

where Vq would represent the divergence of the heat flux vector,
and Heat flux, = —k.VT

This equation describes the conductive heat transfer and
includes thermoelectric heat sources, including the Joule and
Peltier effects.

The electric current interface models current conservation
based on Ohm’s law, using the scalar electric potential as the
primary variable. This enables the computation of the electric
potential, current density, and electric field within the conductive

materials.
vi=qQ s)
J =oE +Je (6)
E=-VV (7)

These equations capture the response of electrical currents to
electric fields and external sources within the material. This multi-
physics interface combines electric currents and heat transfer in
solid modules, enabling the simulation of the interrelated Peltier,
Seebeck, and Thomson effects in thermoelectric devices.

Q="P] (8)
P=ST 9)
Jo = —oSVT (10)
Nomenclature:

C, — Heat capacity (J/kg.K)

J - Induced current density

p — Material density (kg/m?®)

Je — External current density

T - Temperature (K)

Qy — Current source

Q - Volumetric heat generation from internal sources (W/m?)
k - Thermal conductivity
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Qtea — Thermoelectric heat source or sink associated with the
Thomson and Peltier effects (W/m?)

0 — Electrical conductivity

P - Peltier Coefficient

h — Convective heat transfer coefficient

o — Seebeck coefficient

AT - Temperature difference

E — Electric field

V - Electric potential

ZT - Dimensionless figure of merit

3.2. Materials. Tocompare the performance of both mod-
els, Bismuth Telluride (Bi,Te;) was used as the thermoelectric
material. The Seebeck coefficient, electrical conductivity, and
thermal conductivity were the primary thermoelectric properties
evaluated. The properties of Bi; Te; appear in Table 1.

Ceramic (Al,O3) was used as the hot- and cold-side mate-
rial because of its excellent thermal stability, high-temperature
resistance, and low thermal expansion, which make it ideal for
maintaining structural integrity during thermal cycling. Copper
was chosen as the conductor because of its high electrical and
thermal conductivities, which ensure minimal resistive losses and
efficient heat transfer. For both models, the cross-sectional area
was set to 1 mm?” and the total length to 2.5 mm.

4. RESULTS AND DISCUSSION

The performance of the TEG was evaluated using key metrics:
the open-circuit voltage, load terminal voltage, load current, out-
put power, and energy conversion efficiency. The geometrical
structure of the TEG strongly affects these parameters. A compar-
ison of these parameters between the two models demonstrates
the validity of the proposed design.

4.1. Thermal and Voltage Distribution. Figure 3 aand
b show the simulated thermal distributions for the proposed
divided-leg geometry and conventional rectangular leg geome-
try, respectively. In both models, a temperature gradient of 280
K was imposed, with the hot side maintained at 573 K and the
cold side maintained at 293 K. However, the divided-leg geome-
try ensures slightly improved thermal utilization by reducing the
localized thermal resistance at the conductor junction, facilitat-
ing efficient heat transfer through the thermoelectric materials.
Although the overall thermal profiles appear similar, the per-
formance enhancement in the divided-leg design mainly arises
from its lower internal resistance and optimized electrical config-
uration rather than from a significant difference in temperature
distribution.

Table 1. Temperature-Dependent Material Properties 1 of Biy Tes

Seebeck Thermal Electrical

Temperature Coefficient Conductiviy Conductivity
(K) (R V/K) (W/mK) (8/m)

200 168 24 1.4286 x 10°
250 192 1.9 1.1111 x 10°
300 210 1.6 0.86957 x 10°
350 225 1.6 0.71429 x 10°
400 237 1.75 0.58824 x 10°

The potential developed at the terminal of the divided-leg
geometry is 64.3 mV, as shown in Figure 3 (c), while the conven-
tional rectangular-shaped geometry generates a terminal poten-
tial of 54 V, as shown in Figure 3 (d). The COMSOL simulation
confirms that the divided-leg geometry not only improved heat
distribution but also enhanced voltage development, demon-
strating superior performance for thermoelectric energy conver-
sion.

4.2. Load Current and Terminal Voltage. When aload
is connected between the two terminals of the TEG, current
flows through the load. The magnitude of the current can be
determined via Ohm’s law.

\4

= —
RL +Rint

(11)
Additionally, the internal resistance of the device causes a volt-
age drop that reduces the available terminal voltage at the load.
The load-end TEG voltage is given by
Ry X VOC

V= 12
RL + Rint ( )

Figure 4 (a) shows that the divided-leg geometry consistently
yields a higher current than the rectangular geometry, particu-
larly at lower resistances. Additionally, the divided-leg geometry
again outperforms, maintaining a higher voltage across the range,
with the gap most noticeable at lower resistances, as shown in
Figure 4 (b). Both graphs highlight the greater electrical effi-
ciency of the divided-leg geometry. Elevated current enhances
the power output and improves the energy delivery to low-
resistance loads, making the TEG more suitable for practical
applications. A higher terminal voltage reduces the transmission
losses, enhances interfacing to commercial electronics, and facil-
itates their integration into external circuits. Together, the high
current and voltage optimize the power efficiency, increase the
system flexibility, and expand the operational range of the TEG,
making it more effective for energy harvesting and remote power
generation.

4.3. Power. This current flow generates power at the load
terminals, representing the usable output power. This power is
computed using the following equation:

P=TIR, (13)

The graph in Figure 5 shows the power developed for both the
divided-leg geometry and the rectangular TEG. The divided-leg
geometry achieves a maximum power output of 49.22 mW, sig-
nificantly outperforming the rectangular leg shape, which yields
17.36 mW under identical conditions.

Rectangular leg geometry is commonly used owing to its struc-
tural simplicity and reliability''S. Several recent studies have
demonstrated that modified geometries can significantly improve
the performance of TEGs. Siddique et al. ' found that for a given
restricted volume envelope, the trapezoidal-shaped TE prototype
generates 1.24 times more voltage and 1.5 times more power
when compared to the rectangular-shaped prototype at 30 °C
hot side temperature when the cold side is exposed to the sur-
roundings. Okirigiti et al. !’ reported that the trapezoidal-shaped

legs-TEG with a top surface area of 2.5 x 2.5 mm? converts the
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Figure 3. Thermal Distribution of divided-leg geometry, (b) Thermal Distribution of rectangular leg geometry, (c) Voltage Distribution of divided-leg

geometry, (d) Voltage Distribution of rectangular leg geometry

output power of 0.60 mW from a temperature gradient (AT)
of 200 K, which represents a two-fold increase compared to
the cuboid-shaped legs (5 x 5 mm?*)-based TEG. Yin et al.'5,
conducted a comparison-based study between the developed T-
shaped and the conventional m-shaped TEGs, and reported that
the specific output power was significantly increased by 90.1%
under the same given thermal conditions.

Compared with existing geometric configurations, the pro-
posed divided-leg design yields a 2.8-fold increase in the power
output, outperforming all previously reported modifications.
This significant enhancement underscores the superior efficacy
of divided-leg geometry. Elevated power output in TEGs is

critical because it directly improves the energy conversion effi-
ciency, thereby facilitating more effective utilization of waste heat
in sustainable power generation applications, including industrial
processes and renewable energy systems.

4.4. Efficiency. Electrical power is the transduction of
heat energy absorbed from a heat source. The amount of
absorbed heat energy is calculated using the following equation:

Qy = T4l — 0.5("Riny) + K(Ty, — To) (14)

kA,
L,’

kA . .
where, o = o, —a,, K= ’L—p” + Ry, = internal resis-

tance, I = current flow.
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The efficiency of this energy conversion process is given as the
ratio of the output electrical power to the absorbed heat energy.

=9 (15)

High efficiency in TEGs is vital because it maximizes the
energy conversion from heat to electricity, enhancing practical-
ity, material efficiency, and overall performance. Figure 6 shows
the efficiency variations of the proposed TEG unit under different
operating conditions. The graph demonstrates that the rectan-
gular leg geometry achieves a maximum efficiency of 3.18%,
whereas that of the proposed divided-leg geometry reached
6.69%.

Several recent studies have highlighted the influence of leg
geometry on device performance. Khalil et al.'' found that
among five geometries of equal volume, the rectangular leg
attained the highest efficiency (5.482%). Chen et al."? intro-
duced a cylindrical TEG incorporating hot-side shunts and an
optimized heat exchanger with segmented fin-hollow channels.
By adjusting the blocking plate location and fin-to-hollow height
ratio, they obtained a 108.8% increase in power and a 72.8%
efficiency gain with optimal performance at moderate exhaust
velocities, thereby guiding future TEG designs.

However, the present work demonstrates that the proposed
divided-leg geometry achieves over a two-fold improvement in
maximum efficiency. This substantial improvement highlights
the advantages of the divided-leg geometry, including reduced
internal resistance, enhanced current flow, and improved thermal
gradient utilization. Higher efficiency not only boosts the elec-
trical output of TEGs but also improves practicality for energy
harvesting applications, particularly in waste heat recovery and
remote power generation.

5. CONCLUSION

The newly proposed divided-leg geometry exhibited greater ther-
moelectric efficacy. For a temperature gradient of AT = 280
K (Th = §73 K, Tc = 293 K), the traditional rectangular
leg structure yielded an open-circuit voltage of 54 mV, while
the divided-leg geometry achieved 64.3 mV. Additionally, this
divided-leg design produced a maximum power output of 49.22
mW, compared to just 17.36 mW for the rectangular geometry.
Consequently, the energy conversion efficiency of the divided-
leg geometry reached approximately 6.69%, significantly outper-
forming the 3.18% efficiency of the traditional design. These
results highlight the high potential and practical viability of the
divided-leg geometry, offering a promising solution for improv-
ing TEG performance. These improvements make the divided-
leg geometry a promising candidate for applications in wearable
electronics, vehicle exhaust heat recovery, and remote power
sources.
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ABSTRACT

This paper presents the design and simulation of a broadband blade antenna for aeronautical and astronautical communication
systems, including the Traffic Collision Avoidance System (TCAS), Automatic Dependent Surveillance-Broadcast (ADS-B), and
UHEF satellite communications (SATCOM). Using CST Studio Suite, a compact blade-type antenna was modeled to operate from
400 MHz to 1.1 GHz, covering both SATCOM (approximately 400-500 MHz) and ADS-B/TCAS (1030-1090 MHz). Perfor-
mance parameters, such as reflection coefficient, surface current distribution, far-field radiation pattern, gain, and efficiency, were
analyzed at multiple frequencies. The results indicate broadband impedance matching, as evidenced by an S;; value below —10
dBi, along with consistent gain ranging from 7.363 dBi to 8.282 dBi throughout the operational frequency band. Compared to con-
ventional aircraft platforms with multiple narrowband antennas, a single wideband blade antenna offers distinct benefits such as
reduced aerodynamic drag, lower weight and cabling, simplified certification and maintenance, and improved system integration
with reduced electromagnetic interference. By combining multiple services into one compact structure, the proposed design pro-
vides an integrated, cost-effective, and aerodynamically efficient solution for modern aircraft and UAV platforms, enhancing the
reliability and communication performance across critical missions. We expect the proposed preliminary design blade antenna can

contribute to future aircraft technologies.

Keywords: blade antenna, automatic dependent surveillance broadcast, traffic collision avoidance system, ultra-high frequency satellite communi-

cation, aeronautical communications, airborne systems

1. INTRODUCTION

The aviation and aerospace industries continue to demand
high-performance antenna systems capable of supporting var-
ious communication and navigation functions within compact
and aerodynamically efficient form factors. Among these, the
Traffic Collision Avoidance System (TCAS), Automatic Depen-
dent Surveillance-Broadcast (ADS-B), and UHF Satellite Com-
munications (SATCOM) are essential for maintaining flight
safety, aircraft coordination, and reliable long-range communica-
tions 2. Figure 1 shows the distribution of multiple communi-
cation and navigation antennas on a Boeing 787 aircraft, where
each antenna serves a specific function such as TCAS, ADS-B,
and other systems, illustrating the complexity and aerodynamic
impact of using multiple narrowband antennas and suggesting
the advantages of one wideband antenna for reducing drag,
weight, and system-integration challenges.

Conventional aircraft platforms often rely on multiple nar-
rowband antennas to cover specific frequency ranges. While
effective, this approach, increases system complexity, weight,
and cost while reducing aerodynamic performance. By con-
trast, blade antennas, a subclass of monopole structures, bal-
ance mechanical robustness, aerodynamic integration, and reli-

able electrical performance across operational bands>~>. Recent
research emphasizes their potential for integration into aircraft-
fuselage conformal surfaces ®’.

Various blade-antenna configurations have been proposed for
specific communication applications. Pascawatia et al.® devel-
oped a blade antenna for 2.4 GHz rocket telemetry; Belen et al.”
explored UHF-oriented blade antennas for vehicular and aero-
nautical systems; Sairam et al.' introduced broadband blade
antennas for airborne platforms; and Saaquib et al.!! incorpo-
rated air-core coils and horizontal notches to improve impedance

1.'> embedded blade antennas

bandwidth and matching. Silva et a
in low-cost dielectric substrates to reduce costs while maintaining

performance stability.

Figure 2 shows the communication architecture of a remotely
piloted aircraft. The uplink commands and downlink status
updates are transmitted through direct ground links or via a
SATCOM relay, alongside. An ATC communication link facil-
itates flight coordination. This illustrates the objective of this
study: to design a wideband blade antenna that operates across
the range of UHF SATCOM and ADS-B/TCAS frequencies,
integrating these critical links into a single-antenna structure.
By consolidating multiple communication services into one
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Figure 1. Communication, navigation, and surveillance antennas on the Boeing 787 aircraft

antenna, the design reduces reliance on separate narrowband
antennas, improving aerodynamic efficiency and simplifying sys-
tem integration for both manned/unmanned aircraft platforms.

However, designing a single compact-blade antenna that
seamlessly covers 400 MHz to 1.1 GHz (crucial for UHF SAT-
COM and ADS-B/TCAS) remains challenging. Therefore, this
study aims to design and analyze wideband blade antenna using
CST Studio Suite, and emphasizes on impedance stability, gain
consistency, radiation efficiency, and directional behavior across
the targeted spectrum '*'5.

2. ANTENNA DESIGN

This section details the antenna design and choice of substrate
material. The proposed blade-type antenna structure is mounted
on a rectangular ground plane optimized to achieve wideband
coverage suitable for aeronautical and astronautical communi-
cation applications. Figure 3 shows the geometries of the pre-
liminary and proposed designs. The ground plane is 400 x
850 x10 mm in size, providing a stable platform for the radiat-

ing element and acting as a reflector to enhance performance.
The blade radiator has a total height of approximately 490 mm
and thickness of 10 mm, and it is tilted 45° relative to the
ground plane. This tilt improves radiation efficiency and reduces
impedance mismatch, which is common challenge in wideband
monopole configurations. An SMA feed pin excites the radia-
tor, ensuring proper coupling with the ground plane to sup-
port broadband operation across the targeted frequency range of
0.4-1.1 GHz.

The blade antenna was modeled using a perfect electric con-
ductor (PEC) material for the metallic structure, which is used
in aerospace antenna design owing to its excellent electrical
and mechanical characteristics. The PEC plate with a thick-
ness of 10-mm ensures robust structural integrity under aerody-
namic loading while minimizing ohmic losses. The initial shape
and dimensions of the preliminary blade antenna were selected
based on insights from previous studies on broadband monopole

and blade antennas®'?

, which revealed that radiator geometry
and feed positioning are crucial for achieving multiband opera-
tion. Building on this foundation, the design was further refined

and optimized to meet the research objectives. The selected
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Figure 2. Communication links of a remotely piloted aircraft using a SAT COM relay, ground station, and air-traffic control
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Figure 3. Configuration of blade antenna design: (a) preliminary design and (b) optimized blade antenna design: (left) clean version and (right) with

dimensions

configuration enables the antenna to cover the UHF SATCOM
(400-500 MHz) and ADS-B/TCAS (1030-1090 MHz) bands.

2.1. Optimization Method. The preliminary antenna
geometry, which was designed manually based on a detailed
review of existing broadband blade antenna designs reported
in the literature 37!2, To further enhance the antenna’s perfor-
mance, a parametric sweep optimization performed using CST
Studio Suite. The optimization process began with the basic
geometry shown in Figure 3 (a). Successive refinements were
then introduced based on the observed electromagnetic behav-
ior. First, a horizontal slit was added near the upper part of the
blade at the back to broaden the impedance bandwidth. Next, the
slit position and length were adjusted toward the blade’s upper
back corner to improve matching across the target frequency
bands. To enhance the multiband performance, a two-stage para-
metric sweep was executed in which the slit length was varied
from 20 to 80 mm in 5 mm increments, while the slit width was
adjusted between 2 and 6 mm. Performance was evaluated using
the reflection coefficient (S;;) <-10 dB, voltage standing wave
ratio (VSWR) <2, and gain stability at 0.43, 0.5, 1.03, and 1.09
GHz.

To better understand the effect of each modification on the
affected performance, the surface current distributions were ana-
lyzed at every iteration. These current maps revealed regions of
strong current concentration around the feed and ground-plane
junctions. Based on these observations, an additional ground-
plane cutout surrounding the SMA connector region was intro-
duced to reduce local current crowding and improve the overall
impedance characteristics.

Finally, a second slit was added and optimized in the lower
front section of the blade, to complete the design evolution.
This final configuration Figure 3 (b) provides the most favorable
combination of wideband impedance matching, stable radiation
behavior, and peak gain performance. The optimization of the
blade antenna geometry was through a structured parametric
sweep analysis using CST Studio Suite. The optimized geome-
try provided the widest impedance bandwidth and maintained a
peak gain exceeding 7.3 dBi across all required frequency bands.

2.2. Material, Feed Selection, and Simulation Setup
Considerations. The antenna is installed using an SMA/N-
type connector and bonded to the fuselage ground plane,
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Figure 4. Reflection coefficient (S;1) versus frequency of the proposed blade antenna: (a) preliminary blade antenna and (b) optimized blade antenna

following the same concept used in®'2. In future simula-
tions, a thin dielectric radome may be included to protect
the antenna assembly from environmental factors such as rain,
lightning, and aerodynamic forces that could impact structural

integrity.

3. PERFORMANCE EVALUATION

Simulations were performed in CST Studio Suite using open
boundary conditions to replicate the free-space performance.
Key metrics such as S;j, surface current distribution, far-field
radiation patterns, gain, and VSWR were evaluated. Representa-
tive frequencies at 0.43 GHz, 0.50 GHz, 1.03 GHz, and 1.09 GHz
were selected for detailed analysis, corresponding to the opera-
tional ranges of SATCOM and ADS-B/TCAS. This systematic
approach ensures that the antenna meets the broadband perfor-
mance requirements while maintaining stable gain and radiation
efficiency across multiple bands.

Figure 4 compares the reflection coefficient and frequency.
Figure 4 (a) shows that the preliminary blade antenna exhibits
alimited operational bandwidth, and its reflection coefficient val-
ues (S1;) are not consistently below the —10 dBi threshold across
the desired frequency range. This indicates poor impedance
matching and reduced efficiency at several frequencies. By con-
trast, Figure 4 (b) shows the results for the optimized blade
antenna design, where the S;; curve demonstrates a much wider
impedance bandwidth with values well below —10 dBi over a
broad frequency range. This confirms that the optimization suc-
cessfully improved the matching characteristics and enabled the
antenna to support wideband operation. This improvement is
primarily attributed to the introduction of slits on both the front
and back of the blade radiator. These slits act as perturbations to
the surface current paths, effectively generating additional reso-
nances and enhancing multiband and broadband performance.

Figure S shows the current distributions for the preliminary
and proposed blade antenna designs. Figure 5 (a) illustrates the
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Figure 5. Surface current distribution at 1.03 GHz: (a) preliminary blade antenna and (b) optimized blade antenna

current distribution for the preliminary blade antenna design,
where strong surface currents are concentrated near the feed
region, with a relatively less effective distribution across the entire
radiator. This limits the ability of the antenna to radiate efficiently
at multiple frequency bands. In contrast, Figure 5 (b) demon-
strates the optimized blade antenna, where the surface current
is more evenly distributed across the blade structure, including
regions around the introduced slits. The slits force the current
to flow along multiple longer paths, creating additional resonant
modes. This directly extends the bandwidth and improves the
impedance matching.

Figure 6 shows the VSWR response of the optimized blade
antenna over the frequency range of 0.4-1.1 GHz. The VSWR
curve stays below the standard threshold of 2.0 for most of
the operating band, which indicates good impedance matching
between the antenna and the feed line. This ensures that minimal
power is reflected toward the source, thereby improving radi-
ation efficiency. At approximately 0.6 GHz and 0.9 GHz, the
VSWR approaches its lowest points, demonstrating strong res-
onance and excellent matching at these frequencies. Although
the curve slightly exceeds 2.0 in some regions, the majority
of the band of interest remains within acceptable limits, con-
firming that the antenna is capable of supporting wideband
operation.

The improved VSWR performance results from the optimized
blade geometry, particularly the slit modifications, which
introduce multiple current paths and resonant modes. This effec-
tively broadens the bandwidth and enhances the suitability of
the antenna for applications such as UHF SATCOM (400-500
MHz), TCAS/ADS-B (1030-1090 MHz), and UAV communi-
cation links.

Figure 7 illustrates the simulated 1D (E-plane cut) and 3D
radiation patterns of the optimized blade antenna at the four
frequency points. At the lower frequencies 0.43 and 0.50 GHz,
the antenna demonstrates wide coverage with a more toroidal
radiation pattern at the elevation plane, which is characteristic
of monopole-like behavior, and is omnidirectional primarily in
the azimuth plane. While at higher frequencies 1.03 and 1.09
GHz, the radiation becomes slightly more directive in some
side directions with stronger main lobes. At these two frequen-
cies, the peak gain is not located along the boresight (6 = 0°)

Table 1. Overall performance of the optimized blade antenna design

Frequency point (GHz) 0.43 0.50 1.03 1.09
Peak gain (dBi) 7.753 7.363 8.282 8.197
VSWR 1.75 1.42 1.55 1.74

Reflection coefficient (S1;) —11.26 —15.14 —13.38 —11.41
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but is slightly shifted (~25°-30° off-axis). This does not affect
the ADS-B/TCAS performance, because these systems require
toroidal or hemispherical coverage and do not focus on zenith
gain. For the UHF SATCOM (400-500 MHz), the radiation
remains closer to the boresight, ensuring reliable satellite link
connectivity.

Table 1 summarizes the performance of the proposed blade
antenna at the four frequency points: 0.43, 0.50, 1.03, and 1.09
GHz. The gain varies between 7.363 dBi and 8.282 dBi, with the
highest values recorded at 1.03 GHz and 1.09 GHz. However,
the radiation patterns in Figure 7 show that at these higher fre-
quencies, the peak gain does not occur along the boresight, but
instead shifts toward the side lobes, indicating that the antenna
radiates more strongly in the off-axis directions. This is consistent
with the slight asymmetry observed in the 3D radiation plots. The
VSWR values remain below 2 across all frequencies, with the best
impedance matching at 0.50 GHz (1.42), while the reflection

Table 2. Key performance metrics of comparison methods

coefficients are better than —10 dBi in all cases, reaching -15.14
dBiat 0.50 GHz.

Table 2 compares the proposed blade antenna with several
representative designs reported in the literature. The existing

designs by Belen et al.”, Sairam et al. ' LM

,and Saaquib etal. " gen-
erally prioritize either wideband behavior or specific aerospace
applications, but they also exhibit notable limitations in gain,
size, or functional coverage. For example, Sairam et al. '* reported
a compact fiber-reinforced polymer radome operating between
0.5-2.0 GHz, but the measured gain remains relatively low (3-
S dBi), making it more suitable for air-core EW and broad-
band systems than long-range UHF SATCOM. Similarly, the
composite trapezoidal design by Belen et al.” covers 600-900
MHz with moderate gain (4.5-6.2 dBi) but lacks the operational
bandwidth needed for simultaneous UHF SATCOM and ADS-
B/TCAS support. The notched aluminum blade by Saaquib
etal.'" achieves good performance in the 835-962 MHz region;

however, its gain (4.73-6.05 dBi) remains lower than that of the

Reference Frequency range Gain (dBi) Bandwidth Physical size Applications
Belen etal, 2018 600-3000 MHz 4.5-6.2 dBi Ultra-wide (~150%) Printed trapezoidal Very wideband UHF
(measured) blade, multi-slot blade antenna
geometry
Sairam et al,, 2018 0.5-2.0 GHz 3-6 dBi (measured) Very wide (~150%) ~60 X60 X35 mm Air-core coil,
radiator (on 1.2 m fiber-reinforced
ground plane) polymer radome,
airborne
electronic warfare
applications
Saaquib etal,, 2017 835-962 MHz 4.73 dBi (simulated) ~14% (928 MHz 0.4 mm aluminum Notched blade with
/ 6.0S dBi when center) sheet blade parasitic element
aircraft-mounted (SolidWorks +
CST design)
This study 400-1100 MHz 7.36-8.28 dBi >60% 400 x850 mm Covers both UHF
ground plane; 490 SATCOM
mm height (400-500 MHz)
+ ADS-B/TCAS
(1030-1090
MHz)
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Figure 7. Radiation pattern as a (left) 1D E-plane cut and (right) 3D view of the optimized blade antenna at (a) 0.43 GHz; (b) 0.50 GHz; (c) 1.03
GHz; and (d) 1.09 GHz
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optimized design, and its effective bandwidth is still limited to a
single communication service.

By contrast, the optimized blade antenna developed in this
study demonstrates a substantially broader operational range
(400-1100 MHz) while simultaneously providing higher peak
gain values (7.36-8.28 dBi) across the operational band. This
represents a significant improvement in both radiation efficiency
and multiservice compatibility. Within a single compact struc-
ture (400 x850 mm ground plane and 490 mm height), the
antenna successfully covers two critical aviation communica-
tion bands: the UHF SATCOM band (400-500 MHz), which
requires robust hemispherical coverage for satellite connectivity,
and the ADS-B/TCAS band (1030-1090 MHz), which requires
reliable broadcast and surveillance performance. The achieved
bandwidth, which exceeds 60%, further highlights the capabil-
ity of the antenna to support diverse airborne systems without
requiring multiple antennas or a larger fuselage volume. Overall,
the results in Table 2 show that the proposed design outperforms
previous state-of-the-art antennas in terms of gain, bandwidth,
and dual-band coverage, thereby offering a more efficient and
integrated solution for modern aviation platforms.

4. CONCLUSIONS AND FUTURE WORK

This study demonstrated the feasibility of a compact wideband
blade antenna designed to support essential aeronautical com-
munication functions. Using CST Studio Suite 2024, the antenna
was simulated to evaluate the gain, surface current, and efficiency
performance over the full 400 MHz to 1.1 GHz range. The results
showed that the peak gain ranges from 7.363 to 8.282 dBi across
the operational band, indicating stable efficiency and strong cur-
rent distribution, making this design a strong candidate for future
aerospace communication systems.

As mentioned above, the simulation model assumes a PEC.
However, the real-world implementation of the antenna relies on
aerospace-grade materials whose electromagnetic behavior dif-
fers from that of an ideal PEC. Real metallic structures, such
as aluminum alloys or copper-plated composites, exhibit finite
conductivity and surface resistance, which introduce small but
measurable ohmic losses. Ramos et al. ¢ provide a detailed elec-
tromagnetic characterization of aerospace materials, showing
that factors such as surface finish, conductivity, composite lay-up,
resin type, and bonding interfaces influence the overall electro-
magnetic performance of real structures. Their results demon-
strated that even highly conductive aerospace materials can expe-
rience variations in shielding effectiveness, surface currents, and
EM depending on the material composition and assembly condi-
tions. These findings highlight the importance of considering real
material conductivity rather than relying solely on PEC assump-
tions.

Therefore, the PEC-based simulations reported in this work
represent an upper bound on antenna performance. When prac-
tical aerospace-grade conductors are used, the realized gain is
expected to decrease by only an approximate of 0.2-0.4 dBi,
which remains well within typical modelling and fabrication tol-
erances. This small deviation confirms that the PEC-based simu-
lation results are accurate and reliable for the design assessment
presented in this study. By addressing the need for a unified

antenna across multiple aviation bands, this study contributes
a practical solution for reducing onboard component load and
improving aerodynamic efficiency. The simplicity of the design,
combined with its robust broadband characteristics, paves the
way for real-world implementation on both civil and military
aircraft platforms.

This antenna type is suitable for a wide range of airborne
applications. For TCAS/ADS-B (1030-1090 MHz), its high gain
and directional performance support long-range aircraft identifi-
cation and avoidance systems. For UHF SATCOM (~400-500
MHz), the antenna offers sufficient bandwidth and toroidal radi-
ation patterns, making it a viable choice for satellite uplinks
and emergency beacons. Furthermore, for unmanned aerial vehi-
cles and remotely piloted aircraft, the compact profile allows
seamless integration into unmanned platforms without compro-
mising stealth or aerodynamic efficiency. Further research can
explore dual-port or tunable versions for dynamic frequency allo-
cation, as well as integration with conformal fuselage structures
for enhanced stealth in defense applications.
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ABSTRACT

Solar energy offers a sustainable pathway to meet residential demands for hot water and electricity. However, comparative
community-scale assessments of solar thermal and photovoltaic (PV) systems remain limited. This study presents a techno-
economic comparison of solar water heaters and PV systems to meet the combined hot water and electricity needs of a 2000-
home residential community in Dhahran, Saudi Arabia. Using Renewable Energy and Energy Efficiency Technology Screening
(RETScreen) software, the annual hot water load for a five-occupant household was modeled and a detailed energy audit was con-
ducted to estimate the annual electricity demand. Community-scale requirements were then derived by scaling the results for an
individual home by 2000. Two solar water heaters (ThuSolar and SunEarth) and three PV modules (LONGi Solar, Jinko Solar,
and REC Solar) were compared in fixed-tilt and one-axis tracking configurations across five metrics: annual energy output, capital
expenditure, CO, reduction, payback period, and land use. SunEarth water heaters achieved the highest thermal yield of 6.19 mil-
lion kWh, offsetting 3.44 million kg of CO,, with a land footprint of 7400 m* of land and payback period of 14.6 years. Jinko Solar
with one-axis tracking generated the highest electricity output of 63.37 million kWh, offsetting 35.22 million kg of CO,, with aland
footprint of 142568 m* and payback period of 12.3 years. These findings highlight that optimized solar thermal and PV technologies

can play complementary roles in delivering cost-effective and sustainable energy solutions for large residential communities.
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1. INTRODUCTION

Global energy consumption has increased significantly in recent
decades, accompanied by a marked increase in fossil fuel con-
sumption. In 2023, the global energy requirements reached
approximately 180,000 TWh, an almost six-fold increase from
thatin 1950 (approximately 30,000 TWh) in Figure 1", with fos-
sil fuels remaining the predominant energy source. This heavy
reliance on fossil fuels has detrimental consequences, includ-
ing oil spills, water and air pollution, resource depletion, and,
most critically, climate change. Thus, an urgent global impe-
tus has emerged to transition toward a more sustainable energy
paradigm. These challenges are directly linked to the United
Nations” Sustainable Development Goals (SDGs), particularly
SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action).
In alignment with these global imperatives, Saudi Arabia has
boldly committed to achieving net-zero greenhouse gas emis-
sions by 20607, This strategic vision includes the deployment
of carbon capture technologies in both existing and forthcom-
ing gas turbines and the extensive use of combined cycle power
plants, which will enhance energy efficiency to curtail fuel con-
sumption, as well as large-scale investments in renewable energy
infrastructure. One focal area of this national strategy is the

decarbonization of the residential sector. Residential appliances,
particularly air conditioners and water heaters, contribute signif-
icantly to household energy consumption as shown in Figure 2.
To address this demand sustainably, Saudi Arabia is pursuing a
multifaceted approach that incorporates solar photovoltaic (PV)
systems, solar thermal water heating technologies, wind energy,
and improved building insulation along with the optimization of
existing thermal processes and energy cycles. Collectively, these
measures will contribute to the Kingdom’s long-term objective of
an energy-resilient and low-carbon future.

A pivotal strategy for decarbonizing residential communities
involves replacing conventional electric water heaters with solar
thermal water heating systems. These systems are broadly cate-
gorized into two primary types: active and passive solar heating.
Active solar heating systems, while more complex and costlier,
offer superior efficiency owing to the incorporation of pumps
and electronic controls that actively circulate the heat-transfer
fluids. In contrast, passive systems rely on natural convection and
gravity-driven flow, which make them simpler and less expensive
as well as less efficient*. The residential market offers three pri-
mary configurations of solar water heaters: flat-plate collectors,
integrated collector storage (ICS) systems, and evacuated-tube
solar collectors. These configurations vary considerably in terms
of efficiency, cost, and suitability depending on the climate and
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Figure 1. Global primary energy consumption by source
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operational conditions®. Flat plate collectors are among the most
commonly available solar water heaters and were modeled in this
study.

Similarly, solar PV technology has emerged as a cornerstone of
global energy transition and continues to experience exponential
growth driven by decreasing costs and improved efficiency. Solar
PV systems are composed of interconnected semiconductor cells,

each capable of generating approximately 1-2 watts of electri-
cal power. Solar PV technologies include monocrystalline silicon,
polycrystalline silicon, and thin-film modules, each of which dif-
fers in terms of efficiency, cost, and application. Monocrystalline
silicon PV modules are among the most efficient and thus were
modeled in this study®.
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Figure 2. Average weekly operating hours of electrical appliances in the kingdom in 2023
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The cost of solar PV technology has drastically declined in
recent decades, while its efficiency and scalability have con-
tinuously advanced. As illustrated in Figure 3, the average
price of solar PV panels in 2023 dropped to approximately
$0.31/watt, which is only 4.8% of the cost in 2000—which stood
at $6.41/watt. This substantial cost reduction underscores the
growing economic viability of solar PV systems and strength-
ens the case for accelerating the transition toward solar energy.
However, declining cost alone is not sufficient for nationwide
deployment. Comprehensive feasibility studies guided by rigor-
ous data and statistical analyses are essential for governments to
assess the reliability and long-term cost-effectiveness of solar PV
infrastructure.

A considerable body of research has addressed the technical
and economic performance of solar PV and solar thermal tech-
nologies. Previous studies have provided critical insights into
the optimal deployment of solar technologies in Saudi Arabia.
Abd-ur-Rehman and Al-Sulaiman®, conducted a comprehensive
techno-economic evaluation of evacuated tube and glazed flat-
plate solar water heater systems across 10 Saudi cities and found
significant regional variations in solar viability and economic
feasibility. Almohammadia and Allouhi® proposed optimal grid-
connected PV installations for residential buildings in 19 Saudi
cities and highlighted the key trade-offs between renewable frac-
tions and net present costs. Their findings emphasized the need
to balance economic viability and renewable energy utilization to
achieve sustainable energy transitions. Alanazi'’ explored hybrid
renewable energy systems consisting of wind turbines, PV pan-
els, batteries, and diesel generators in rural Saudi Arabia and
concluded that despite considerable solar and wind potential,
stand-alone renewable systems require supplementary storage or
backup generators to ensure a reliable electricity supply. Recent

advances in hybrid systems include developing solar PV-powered
thermoelectric solar air conditioning and modeling their perfor-
mance using multiple artificial intelligence models . Other inno-
vative studies have coupled solar PV/thermal collector systems
with electrolytic hydrogen production units, and they reported
hydrogen production yields as high as 4.41 kg/day'>'3. Further-
more, the use of solar dish-Stirling systems has also been explored
in detail, with reported efficiencies approaching 32% in arid cli-
mates; thus, these systems may play a key role in distributed
energy systems ",

While these studies have highlighted the performance poten-
tial of solar thermal, PV, and hybrid solar approaches, most
of them focused on component-level demonstrations. Thus,
community-scale comparative techno-economic assessments of
solar thermal and PV systems for meeting heating and electrical
loads in regions with high solar insolation such as Saudi Arabia
are still limited in scope.

Therefore, this study provides a detailed techno-economic
assessment of solar water heaters and PV systems specifically tai-
lored for a 2000-home residential community in Dhahran, Saudi
Arabia. The objectives of this study were as follows:

e Comprehensively compare the techno-economic perfor-
mances of two commercial solar water heaters (ThuSolar and
SunEarth) and three widely used PV modules (LONGi Solar,
Jinko Solar, and REC Solar).

e Evaluate the influence of fixed-tilt and one-axis tracking con-
figurations across key metrics, including annual energy output,
capital investment, CO, emission reductions, payback time,
and land requirements.

o Identify optimal solar energy solutions capable of sustain-
ably and economically meeting both hot water and electrical
energy demands, thus supporting Saudi Arabia’s long-term
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decarbonization goals and contributing toward achieving the
relevant SDGs (7 and 13).

The findings highlight how optimized solar thermal and PV
technologies can play complementary roles in delivering cost-
effective and sustainable energy solutions for large residential
communities

2. RESEARCH METHODOLOGY

The research methodology used in this study consists of two pri-
mary stages. In the first stage, detailed energy demand data were
collected from a representative household sample to quantify
the hot water and electricity requirements that could be sup-
plied by solar water heater and PV systems. In the second stage,

Renewable Energy and Energy Efficiency Technology Screening
(RETScreen) software was utilized to identify suitable technolo-
gies and conduct comprehensive cost, emission, and financial
analyses for the selected location in Dhahran, Saudi Arabia.
The overall methodological framework is illustrated in detail in
Figures 4 and S.

Figure 6 shows a simplified 2D schematic of the system. The
diagram illustrates the major components, beginning with the
solar PV farm located at distance from the community. The
PV farm is connected to a direct current (DC) combiner box
and inverter, which conditions and converts the generated elec-
tricity into alternating current (AC) power. Transmission lines
carry electricity to the community, where service disconnects
are installed to ensure safety during maintenance and emergency
operations.
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The schematic highlights the solar water heating system within
the community. This includes a solar water heater collector, cir-
culation pump, water storage tank, valves, and piping, all of which
are integrated to provide hot water to residents.

2.1. Total Energy Demand. A representative household
of five individuals was selected as the basis for estimating the
annual energy consumption. The most frequently used appli-
ances were identified, along with their power ratings (in W) and
average daily operating hours in both winter and summer. To
simplify the analysis, a single representative day from each sea-
son was used to represent the overall seasonal demand. The daily
energy consumption for each summer and winter day was then
calculated using Eq. (1):

Consumption per day (kWh) = Usage Hours x Quantity
X Rating = 1000 (1)

Annual energy demand was determined by averaging the cal-
culated daily consumption for summer and winter days and
multiplying it by 365.

Table 1 presents detailed energy consumption data calcu-
lated for a single representative household. These data served
as the basis for determining the required heating and electric-
ity generation from the solar water heating and PV systems.
Based on the above data, the total annual energy consumption
of the representative households was 45,008 kWh. Assuming that
all households consume the same amount of energy, the total
annual energy consumption for 2,000 households was calculated
as 9,00, 16,000 kWh.

As solar water heaters are assigned to meet hot water demand,
the energy consumption of water heaters, estimated to be 20,805
kWh per household, was subtracted from the total household
load to determine the net energy demand to be met by the solar
PV system. The PV system was then sized to generate electricity
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Figure 6. 2D schematic of coupled solar PV water heating system

for this reduced demand of 48, 406, 000 kWh, as calculated using
Eq. (2).

Reduced Energy Demand
= Annual Energy Consumption for 2,000 Houses
— Annual Consumption by Solar Heater X 2,000 (2)

2.2. RETScreen Software. In this study, the RETScreen
software was employed to model, analyze, and design both solar
water heating systems and solar PV systems. RET Screen is a com-
prehensive software platform designed to evaluate the technical
performance, economic feasibility, and greenhouse gas (GHG)
emissions of a wide range of clean energy projects. It has been
extensively validated as a reliable tool for predicting the energy
yields of solar PV and solar water heating systems. Gonzélez-Pena
et al.'®, evaluated RETScreen, SAM, PVGIS, and other PV soft-
ware using 12 years of operational data from three PV plants in
Castile and Ledn, Spain, and reported that RET Screen’s predic-
tions for fixed-, single-axis-, and dual-axis systems showed good
agreement with the measured data, with discrepancies remain-
ing below 10%. Similarly, the solar water heater model was
validated against both theoretical predictions and experimental
data from ten solar water heater systems in Ontario, Canada.
For medium to heavy loads approaching 380 L/day, RETScreen
overestimated the collector performance by less than 15%, which
remained within the acceptable range for feasibility studies '°. In
this study, RETScreen was applied to design and assess the per-
formance, environmental benefits, and financial payback periods
of solar water heating and PV systems under the climatic and
economic conditions of Dhahran, Saudi Arabia. This approach
ensures that the proposed solutions are technically viable and

environmentally sustainable, and it offers practical insights into
their long-term economic returns.

2.3. Solar Heater System.

2.3.1. Solar water heater theory. In this study, a flat-plate
collector in Figure 7 was employed to satisfy the water heating
requirements. In this type of system, potable water flows through
a network of pipes embedded within a dark-colored absorber
plate enclosed in insulated and glazed housing. The absorber
plate captures both direct and diffuse solar radiation and converts
it into thermal energy, which is transferred to the water circulat-
ing through the embedded tubes. The heated water is then stored
in a dedicated storage tank for domestic use. Flat-plate collectors
are designed to operate efficiently across a wide range of solar
conditions; however, their thermal performance is influenced by
ambient factors, such as air temperature, wind speed, and cloud
cover. This type of solar water heater was selected for this study
owing to its wide commercial availability, proven reliability, and
compatibility with standard residential water heating systems.

2.3.2. Solar water heater components. A typical solar
water heating system consists of several integral components that
work together to ensure efficient thermal capture and utiliza-
tion. The solar collector absorbs solar energy and transfers it to
the water, thereby increasing the water temperature. The heated
water is stored in a storage tank until it is required for domestic
use. A pump circulates the water through the system, maintain-
ing a consistent flow to maximize heat absorption. Controls and
sensors are used to activate, deactivate, and monitor the system
based on the water temperature and demand. Usually, a heat
exchanger is included to transfer heat to the domestic water via
a secondary fluid, thereby preventing freezing in colder climates.
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Table 1. Electricity consumption baseline data

Summer Winter Summer Winter Annual Energy
Usage Usage Rating Consumption/ Consumption/ Consumption
Appliances (h) (hours) Quantity w) day (kWh) day (kWh) (kwh)
Refrigerator 6 6 1 425 2.55 2.55 930.8
Dishwasher 2 2 1 NA - - 265.0
Air conditioner 12 2 S NA 0.00 0.00 11705.0
Electric water pump 2 2 1 1100 2.20 2.20 803.0
Electric heater 0 4 2 2000 0.00 16.00 2920.0
TV 4 3 1 210 0.84 0.63 268.3
Laptop 6 6 2 200 2.40 2.40 876.0
Clothes washer 0.571 0.571 1 NA 0.00 0.00 442.0
Dryer 0.2857 0.2857 1 NA 0.00 0.00 560.0
LED lights 6 8 133 6 4.79 6.38 2038.9
Microwave 1 1 1 900 0.90 0.90 328.5
Electric kettle 1 1 1 2200 2.20 2.20 803.0
Mist fan 12 0 1 100 1.20 0.00 219.0
Oven 2 2 1 2800 5.60 5.60 2044.0
Water heater 1 18 S 1200 6.0 108 20805
Total 45,008

However, the system used in this study did not use antifreeze
fluids or heat exchangers, making it well-suited for regions such
as Dhahran, where freezing temperatures are rare. Pipes and fit-
tings facilitate water flow and complete the closed-loop system,

thereby enabling continuous operation '*.

2.4. Solar Water Heater Methodology.

2.4.1. Location. The city selected for this project was
Dhahran, which is located in the Eastern Province of Saudi Ara-
bia, at 26.3° N a latitude and 50.2° E longitude. Monthly weather
data for Dhahran are shown in Figure 8.

The facility type selected in RETScreen software is “individ-
ual measure,” and the type is “solar water heater.” All subsequent
inputs provided by the software are presented in detail below.

2.4.2. Energy model. The next step involved entering the
data for the conventional electric water heater, which served as

Flat-Plate Collector
Glazing frame

Glazing

Enclosure
Flow tubes
Absorber plate

Insulation

Figure 7. Flat-plate collector !’

the baseline system. As this system operates solely on electricity,
no fuel cost is involved, and only electricity expenses are con-
sidered. In Saudi Arabia, the electricity tariff is 0.18 SAR/kWh,
which is 0.048 $/kWh after converting to US dollars using a con-
version rate of 3.75. Therefore, the base technology for water
heating was an electric heater using electricity as the fuel type,
with a tariff of 0.048 $/kWh, and a seasonal efficiency of 100%.

Next, the hot water demand was defined to represent a typical
household with five occupants, an occupancy rate of 90%, and a
water temperature of 70 °C. These inputs were used to estimate
the thermal load that the solar water heater would need to meet.

For the solar water heater configuration, a fixed solar track-
ing system was selected, with a collector slope of 22° (angle
between the tracking axis and the horizontal axis) and an azimuth
of 0° (horizontal angle at which the collector is facing, measured
clockwise from true north). Glazed flat-plate solar collectors
manufactured by ThuSolar and SunEarth were selected and the
specifications are shown in Figures 9-11. Miscellaneous losses
of 2% were assumed, and the storage capacity was designed to
meet a daily demand of 270 L. No heat exchanger or pump power
was included because these components are not required under
Dhahran’s climatic conditions. The thermal efficiency of the solar
water heating system was calculated using Eq. (3).

Tw,in - Tair
— (3)

Ne=Fr X Kyq X T Xa—FpxUX G

where 7, is the collector efficiency, Fg is the heat removal fac-
tor, K, is the incident angle modifier, 7 is the transmittance of
the cover, a is the absorptance of the absorber plate, U is the
overall heat transfer coefficient, T, is the inlet temperature of
the water, T, is the ambient air temperature, and G is the solar
irradiance.
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Daily solar Heating Cooling
radiation - Atmospheric degree-days degree-days

Month Air temperature  Relative humidity  Precipitation horizontal pressure Wind speed  Earth temperature 18°C 10°C

5G v % mm v| KWh/m¥d ~v| kPa v| m/s v °C v| *C-d v| *C-d v

January 153 67.5% \ 1209 357 1 101.8 42 178 i 84 \ 164
February 168 643% \ 8.12 442 | 101.5 46 182 | 34 \ 190
March 203 58.0% \ 1209 513 | 1013 47 208 | 0 \ 319
April 258 474% \ 270 6.03 | 1009 46 253 | 0 \ 474
May 316 36.7% | 062 703 | 1005 49 30.1 \ 0 \ 670
June 347 31.6% | 0.00 773 | 999 54 328 \ 0 \ 741
July 359 35.6% \ 000 726 | 996 47 349 \ 0 \ 803
August 353 442% \ 062 697 | 9938 42 356 | 0 | 784
September 324 50.6% | 000 645 | 1004 39 37 \ 0 \ 672
October 285 58.2% \ 031 533 | 101.0 37 302 \ 0 \ 574
November 217 62.5% \ 930 400 | 1015 41 252 w 0 \ 381
December 175 682% | 11.78 328 | 101.7 42 203 | 16 | 233
Annual 265 52.0% 57.63 5.60 100.8 44 271 133 6,005
Source Ground Ground NASA NASA NASA Ground NASA Ground Ground
Measured at mY| 10 0

Figure 8. Dhahran monthly weather report

2.5. Solar Photovoltaic. The analysis of the solar PV
system followed a workflow similar to that of the solar water heat-
ing system; however, the facility type was defined as a power
plant with a photovoltaic configuration. The photovoltaic spec-
ifications were selected to maximize efficiency, and PV modules
from three different manufacturers-LONGi Solar, REC Solar,
and Jinko Solar-were used for comparison, as presented in
Section 3.2.

2.5.1. Solar photovoltaic theory. This study employed
monocrystalline silicon PV modules, which were chosen for their
high efficiency and suitability in applications where space is lim-
ited. The cells absorb photons from sunlight with energy equal
to or greater than the silicon bandgap, whereas photons with
lower energies are either transmitted or reflected. The monocrys-
talline structure was formed from a single, highly purified silicon
crystal doped to produce an n-type layer (phosphorus-doped)

~Hot water Method Options
Description Hot water (1) =| =] =| ‘g. =
Note Method 1 Method 2 Swimming elearning RETScreen
pool Connect
~Hot water - Method 1
Base case Proposed case Energy saved
V] Load type - calculator House -
Number of units Occupant 5
Occupancy rate % 90%
Daily hot water use - estimated wd v 270
Hot water use wvd v 270 | 270
Temperature C v 70 \ 70
Supply temperature method Formula i
Water temperature - minimum °C 22.5
Water temperature - maximum «C 29.8
Operating hours h/d v 24 | 24
Heat recovery efficiency % |
["] Percent of month used
Incremental initial costs $
Incremental initial costs - other $
Incremental initial costs - total $ 0
Incremental O&M savings $
Heating system Electric Water heater v Electric Water heater v
Heating kWh v 5,007 5,007 0
0%

Figure 9. Hot water data
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RETScreen - Energy Model

Subscriber: KFUPM - Educational Use Only

Individual measure - House - Solar water heater
~/ Fuels & schedules ~Solar water heater Options
D —
S ElictricRy snd fuets ¢ Description Solar water heater - house ® @ ]
@ Schedules -, »
Note elearning RETScreen
~  Equipment Connect
4 A Heating
Heating system  Solar water heater
Load characteristics
~ End-use
4 & Hot water Hot water Hot water v
Hot water
Temperature bG v 70
R e
Optere D Heating KWh v 5,007
4 Ay Heating Resource assessment
Solar water heater - house Solar tracking mode Fixed >/
A Summary Slope L 20
y Azimuth
El Include measure? - 0
& Comparison (%) show data
Solar water heater
Type Glazed -
Manufacturer Thasolar
Model Thuesol 2.0
Gross area per solar collector m? v 2.12 a8 (&
Aperture area per solar collector m* L 1.862 &
Fr (tau alpha) coefficient 0.654 ‘
Fr UL coefficient W/mirc v 4141 8
Temperature coefficient for Fr UL w/mirc: -~ 0 8

Figure 10. ThuSolar water heater data part 1

and a p-type layer (boron-doped), thereby creating a p—n junc-
tion. When photons strike the cell, the electrons in the n-type
layer are excited and migrate toward the p-type layer, establish-
ing an electric field across the junction. This process generates
DC power, which is then converted into AC power through an
inverter for household use or grid integration. With typical effi-
ciencies ranging from 20% to 22%, monocrystalline PV modules

deliver excellent performance; however, they also have higher
manufacturing costs 9,

2.5.2. Solar photovoltaic components. A standard solar
PV system consists of several key components that work together
to enable efficient solar power generation and utilization. At the
core of the system are solar PV cells, which capture solar energy

Number of collectors - suggested
Number of collectors

Solar collector area

Capacity

Miscellaneous losses

Balance of system & miscellancous
Storage
Storage capacity / solar collector area
Storage capacity
Heat exchanger
Miscellaneous losses
Pump power / solar collector area
Electricity rate
Initial costs
Incremental initial costs - total
O&M costs (savings)

Summary
Electricity - pump
Energy saved
Solar fraction

2
2
m? 42
kw 26
% 2%
yes/no Yes v
um? v 73
L 272
yes/no No %
% 1%
W/m? v | 0
$/kWh 0.048
$/m?-aperture v | 650 51 @
$ 2,421
$
kWh \ 0
kWh \/ 3,092
% 61.8%

Figure 11. ThuSolar water heater data part 2
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Time (Years)

and convert it to DC electricity. The cells are secured within
a mounting structure to ensure stability and optimal orienta-
tion. The generated DC is then converted into AC power by an
inverter, making it suitable for residential and commercial use.

A small battery is also typically included to store excess energy
for use during periods of low solar power generation. Miscella-
neous components, such as cables and connectors, ensure elec-
trical connectivity among all the parts of the system. DC and AC
disconnects are incorporated to allow for the safe isolation of
the inverter during maintenance. A solar charge controller reg-
ulates the current and voltage to prevent battery overcharging,
whereas a combiner box aggregates the electrical output from
multiple solar panels connected in parallel, simplifying the wiring
and improving the overall system efficiency *°.

2.5.3. Solar photovoltaic methodology. A key factor in
the solar PV system analysis is the efficiency equation, which
relates the power output to the maximum available solar radia-
tion, as expressed in Eq. (4).

p

Heell = Ive 4)

where P is the power capacity of the cell, A is the area of the solar
collector, and G is the incident solar irradiation.

The methodology for the solar PV system followed steps simi-
lar to those outlined in Section 2.4, including the selection of the
location, electricity prices, and number of PV panels to meet the
required electrical load.

3. RESULTS & DISCUSSION

3.1. Solar Water Heater. Figure 9 presents the hot
water demand calculations for a single household of five occu-
pants with an occupancy rate of 90%, which translates to a

daily requirement of 270 L of hot water. The water tempera-
ture was set to 70 °C, and the water heater was assumed to
operate for 24 h per day during winter. With these inputs,
the total power required for heating was calculated to be
5,007 kWh.

The device specifications were selected as shown in Figures 10
and 11. The solar tracking type was set to fixed because it is the
most cost-effective option. The tilt angle (slope) of the collector
was determined based on the latitude of the selected location. For
Dhahran, which has a latitude of 26.3°, the acceptable range for
optimal efficiency is between 20° and 27°. An initial slope of 22°
was used and subsequently optimized based on the resulting solar
fraction and heating output. The azimuth was set to 0°to ensure
an optimal orientation.

The type of solar water heater was glazed because it offers
higher efficiency than unglazed types and is less expensive than
evacuated-tube solar heaters. The selected model was the Thu-
Solar 2.0, with the specifications shown in Figures 10 and 11.
The air temperature and solar irradiation were assumed to have
average values of 25.8 °C and 6.03 kWh/m? /day, respectively,
as obtained from Figure 8. These values resulted in a thermal
efficiency of 35% for the ThuSolar 2.0 solar water heater using
Eq. (3). Based on the system parameters, two collectors were
suggested, which provided a total collector area of 4.2 m?. For
efficient operation, the miscellaneous losses were assumed to be
2% and the storage capacity was assumed to be 73 L/ m?, result-
ing in a total of 272 L/day, which closely matched the calculated
requirement of 270 L/day.

No heat exchangers were included because Dhahran’s cli-
mate does not present freezing risks. Similarly, no pump power
was required. The initial cost was set at $650/m? (aperture
area) for a solar water heater with storage, resulting in a
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total incremental initial cost of $2,421. Under these condi-
tions, the system achieved an output of 3,088 kWh with a
solar fraction of 61.7%. The final step involved selecting the
optimal slope to maximize the solar fraction and energy sav-
ings. After several trials, the optimal slope was determined
to be 25°.

The system saved 3,092 kWh out of the 5,007 kWh required,
with an initial cost of $2,421. Based on the energy savings of
3,092 kWh for a single home, the total power savings for 2000
homes was 6, 184, 000 kWh. The financial parameters considered
for both this module and the SunEarth module included a fuel
escalation rate of 3% and an inflation rate of 2.5%. A discount rate
of 12% and reinforcement rate of 9% were applied to the analysis.
The project life was assumed to be 20 years, with a debt ratio of
85% and a debt term of S years. This results in a simple payback
period of 13.6 years shown in Figure 12, and an equity payback
period of 12.9 years.

The use of the ThuSolar water heating system resulted in a
reduction in carbon emissions of 1719.15 kg CO, per household,
based on a grid emission factor of 0.556 kg CO,/kWh in Saudi

Arabia, and energy savings of 3,092 kWh, as calculated using
Eq. (5):

Reduction in CO, = Emissions factor X Heating Load Reduction

()

For 2,000 houses, the total reduction in CO, emissions was
calculated as 3,438, 304 kg CO,.

An additional performance assessment was conducted using
a SunEarth solar water heater module featuring different design
properties, which achieved a solar fraction of 61.8%. Using the
appropriate parameters for the SunEarth module in Eq. (3), the
thermal efficiency was calculated as 41%.

To satisfy the hot water demand, the storage capacity per solar
collector area was adjusted to 85 L/m? as in Figure 13.

The SunEarth module was marginally superior to the ThuSo-
lar module based on its higher thermal efficiency, heating value
0f 3,096 kWh, initial cost of $2,089, and simple payback period of
12.7 years as shown in Figure 14. The equity payback period was
12.2 years. Following a similar methodology, the CO, emissions

Solar water heater

Type Glazed v
Manufacturer SunEarth
Model Empire EC-20
Gross area per solar collector m? v 1.831 s’; &
Aperture area per solar collector m? 1.607 5';
Fr (tau alpha) coefficient 0.714 5
Fr UL coefficient (W/m)/°C v 4.128 s
Temperature coefficient for Fr UL W/md/ect v 0 S
Number of collectors - suggested 2
Number of collectors 2
Solar collector area m? 37
Capacity kW 22
Miscellaneous losses % 2%

Balance of system & miscellaneous
Storage yes/no Yes ¥
Storage capacity / solar collector area L/m? v 85
Storage capacity L 273
Heat exchanger yes/no No N
Miscellaneous losses % 1%
Pump power / solar collector area W/m? v 0
Initial costs $/m*-aperture 650 s Qj
Incremental initial costs - total $ 2,089
O&M costs (savings) $

Summary
Electricity - pump kWh Y 0
Energy saved kWh s 3,096
Solar fraction % 61.8%

Figure 13. Data for the solar water heater by SunEarth
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Figure 14. SunEarth cumulative cash flow graph
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reduced by this module were calculated as 1,721.376 kg CO,
per household. For a residential community of 2,000 houses, the
use of the SunEarth water heating system resulted in an esti-
mated total heating energy savings of 6,192,000 kWh. Therefore,
the total reduction in CO, emissions was estimated as 3,442,752
kg CO,, based on the emission factor and energy savings deter-
mined for a single household.

Based on the above comparative analysis, the SunEarth mod-
ule is more suitable for this community because it offers higher
power generation, lower costs, and a shorter payback period.

3.2. Solar Photovoltaic Power Plant. This section
presents a comparative performance analysis of the three differ-
ent solar panels. Figure 15 shows the details of the first solar panel
used in this study. A fixed tracking mode was initially selected for

the panels, with a slope of 22°and an azimuth of 0°, which pro-
vided maximum power generation. The first module was manu-
factured by LONGi Solar (mono-Si-LRS-72HBD-550M), with a
rated power output of 550 W and an efficiency of 21.5%.

The number of units required to generate 484,060,000 kWh
was 56,250, which had a total capacity of 30,937.5 kW and a
capacity factor of 17.9%. The total area occupied by the panels
was 143,895 m?. The nominal operating cell temperature was
45 °C, which is an appropriate value for a city with hot summer
weather such as Dhahran.

The initial cost of a solar PV power plant with a capacity
between 10,000 kWh and 100,000 kWh was $1,100. With these
parameters, the total power exported to the grid was calculated
as 48,643,447 kWh, which generates revenue of $ 2,334,885
as Figure 16 shows. This power plant produces an additional

Photovoltaic
Type
Power capacity | kW i
Manufacturer
Model
Number of units
Efficiency %
Nominal operating cell temperature °C
Temperature coefficient %/ °C
Solar collector area m?
Bifacial cell adjustment factor %
Miscellaneous losses %
Inverter
Efficiency %
Capacity kW
Miscellaneous losses %

Figure 15. LONGi solar panels specification’s part 1

mono-Si v|

309375 8@

LONGi Solar

mono-Si - LR5-72HBD-550M

56,250 ’\

21.5% 8

45
0.4%
143,895
0%

10%

10.8
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Summary

Capacity factor %
Initial costs $/kW

$
O&M costs (savings) $/kW-year

$
Electricity export rate

$/kWh

Electricity exported to grid kWh
Electricity export revenue $

Figure 16. LONGi solar panels specification’s part 2

17.9%

1,100 88

34,031,250

Electricity export rate - annual N/
0.048
48,643,447
2,334,885

237,447 kWh to compensate for the decrease in power output
under poor weather conditions and efficiency degradation over
time. The financial parameters for all panels used here included a
fuel escalation rate of 2%, an inflation rate of 2%, and a reinvest-
ment ratio of 9%. The project life was assumed to be 25 years,
resulting in a net annual cash flow of $2,334,885. Based on the
selected financial parameters, the simple payback period for this
system was 14.6 years, Figure 17, whereas the equity payback
period was 12.7 years. The reduction in CO, emissions was
calculated using the same methodology as used previously for
solar water heaters and based on energy savings of 48,643,447
kWh, which produced a value of 27,045,756.53 kg CO,.
If one-axis tracking is used for the same number of pan-
els, then the generated electricity would increase to
63,122,098 kWh.

Two additional panels were analyzed in comparison with the
panel from LONGi. The second panel was manufactured by
REC Solar (mono-Si-REC350NP2 Black 350W), which has a
rated power output of 350 W and an efficiency of 19.1%, which
were lower than those of the LONGi solar panels. The number
of units required to generate the required electrical demand of
484,060,000 kWh was 88,500, with a total capacity of 30,937.5
kW and a capacity factor of 17.9%. The total area occupied by

the solar panels was estimated at 162,173 m* Figure 18. The total
electricity exported to the grid was 48,702,409 kWh, generating a
revenue of $2,337,718. This system also produced an additional
296,409 kWh of power.

Based on the same financial parameters applied for the LONGi
solar panels, the payback period for the REC PV panel was calcu-
lated as 14.6 years as in Figure 19, with an equity payback period
of 12.7 years. This was expected because both the cost and rev-
enue were lower than those of LONGi Solar. The net annual cash
flow was $2,337,716, and the total reduction in CO, emissions
for these panels for 48,702,409 kWh of electrical energy was cal-
culated to be 27,078, 539.4 kg CO,. If one-axis tracking is used
for the same number of panels, the generated electricity would
increase to 63,198,609 kWh.

The last module analyzed in this study was manufactured
by Jinko Solar (mono-Si-JKM615SN-78HL4-V 615SW), which
has a rated power output of 615 W and an efficiency of 22%,
making it the most efficient panel among the three consid-
ered here. Owing to the larger power output per unit, only
50,500 units were needed to generate the required electrical
demand of 484,060,000 kWh with a total capacity of 31,057.5
kW and a capacity factor of 17.9%. These panels also occu-
pied the smallest total area of 141,170 m* Figure 20. They

50,000,000 —

Cumulative cash flows ($)

I I
0 5 10

Figure 17. LONGi solar financial analysis
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Photovoltaic
Type ( mono-Si v \
Power capacity \ kW ~ | 30,975 i]
Manufacturer l REC Solar
Model | mono-Si - REC350NP2 Black 350W |
Number of units [ 88,500 _]
Efficiency % ( 19.1% =Y
Nominal operating cell temperature 2C 45
Temperature coefficient % [ °C 0.4%
Solar collector area m? 162,173
Bifacial cell adjustment factor % [l 0% W
Miscellaneous losses % ( 10% ]
Inverter
Efficiency % ( 90% ]
Capacity KW ( 10.8 ]
Miscellaneous losses % ( 0% ]
Summary
Capacity factor % 17.9%
Initial costs Coskw v 1,100 &)
$ 34,072,500
O&M costs (savings) C $kW-year ~| ]
$
Electricity export rate { Electricity export rate - annual N l
$/KWh 0.048
Electricity exported to grid { MWh ~ ] 48,702
Electricity export revenue $ 2,337,716

Figure 18. REC solar panels specifications

generated 48,832,125 kWh of electrical energy, with a total cost
of $34,163,250 and exported electricity revenue of $2,343,942.
The panels also produced an additional electrical energy of
426,125 kWh.

Using the same financial parameters as in the previous panels,
the simple payback period for the Jinko solar system was calcu-
lated as 14.6 years as in Figure 21, with an equity payback period

of 12.7 years and simple payback of 14.6 years, which are con-
sistent with the previous models. The net yearly cash flow was
calculated as $2,367,149. The reduced CO, emissions for these
panels based on their electricity generation of 48,832,125 kWh
equaled 27,150,661.5 kg CO,. If one-axis tracking is used for the
same number of panels, the generated electricity would increase
to 63,366,935 kWh.

50,000,000 —

Cumulative cash flows ($)

0 5

Figure 19. REC solar cumulative cash flows graph
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Photovoltaic
Type
Power capacity kw
Manufacturer
Model
Number of units
Efficiency %
Nominal operating cell temperature b &
Temperature coefficient % /°C
Solar collector area m?
Bifacial cell adjustment factor %
Miscellaneous losses %
Inverter
Efficiency %
Capacity kwW
Miscellaneous losses %
Summary
Capacity factor %
Initial costs $/kW
$
O&M costs (savings) $/kW-year
S
Electricity export rate
$/kWh
Electricity exported to grid kWh
Electricity export revenue $

Figure 20. Jinko solar panels specifications

mono-Si N

31,057.5 LY

Jinko Solar

mono-Si - JAM615N-78HL4-V 615W

50,500

22%
45
0.4%
141,170
0%

10%

10.8

R

17.9%
1,100
34,163,250

LE)

Electricity export rate - annual v
0.048
48,832,125
2,343,942

Finally, the performance of all three PV panels was evalu-
ated under both fixed-axis and one-axis tracking configurations,
and the results are summarized in Table 2. Although one-axis
tracking increases the initial investment, it also enhances energy
generation across all modules. The additional output more than
offset the higher capital cost, thereby reducing the simple pay-
back period from 14.6 years (fixed-axis) to 12.3 years. More-
over, the higher electrical output from the same number of
units resulted in approximately a 30% greater reduction in GHG

emissions and 30% increase in electricity export for all panels,
with Jinko Solar demonstrating the best performance in both
categories.

Based on the above results, Jinko solar panels emerged as
the most suitable option for decarbonizing a 2000-home res-
idential community because they offer the highest efficiency
and greatest power generation and require the lowest num-
ber of panels (51,000 units). Its smaller land footprint and
reduced panel requirements also minimize end-of-life waste

50,000,000 —

Cumulative cash flows ($)

0 5 10

Figure 21. Jinko solar financial analysis
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Table 2. Module tracking mode comparison

Module Payback period (years)  Electricity exported (kWh)  Land areaneeded (m?)  GHG reduction (kg CO,)
LONGi Solar (Fixed) 14.6 48,643,447 143,895 27,045,756.5
LONGi Solar (One-axis) 12.3 63,122,098 143,895 35,095,886.5

REC Solar (Fixed) 14.6 48,702,409 162,173 27,078,539.4

REC Solar (One-axis) 12.3 63,198,609 162,173 35,138.427.2

Jinko Solar (Fixed) 14.6 48,832,125 142,568 27,150,661.5
Jinko Solar (One-axis) 12.3 63,366,935 142,568 35,215,336

streams, which align strongly with long-term sustainability
goals.

Although the detailed comparative analysis conducted using
RETSCREEN provides valuable insights, it is important to
acknowledge several limitations inherent to the modelling
approach. RETSCREEN relies on monthly average climate
data and, while it predicts annual energy generation reli-
ably, it may not fully capture hourly solar variability or
temperature-dependent performance effects specific to Dhahran.
Additionally, community-scale results were derived by scal-
ing a single household model to 2,000 homes, which inher-
ently overlooks variations in household behavior, load diver-
sity, and installation conditions. Financial metrics such as pay-
back period and CO; reduction are also based on simplified
economic assumptions that do not reflect potential market
fluctuations or future policy changes. These limitations sug-
gest that while the present findings are robust at a screen-
ing level, more detailed simulations and field-based valida-
tion would enhance confidence in the long-term performance
projections.

4. CONCLUSIONS

This study presents a comprehensive techno-economic evalua-
tion of solar thermal water heating and solar photovoltaic (PV)
systems designed to meet the hot water and electrical energy
needs of a 2,000-home residential community in Dhahran, Saudi
Arabia. Detailed simulations using RETScreen showed that the
SunEarth solar water heater achieved an annual thermal yield of
6.19 million kWh with a land footprint of only 7,400 m?, cor-
responding to 836.5 kWh/m? /year. In contrast, the Jinko Solar
single-axis tracking PV system delivered 63.37 million kWh of
electrical energy annually over a land footprint of 142,568 m?,
corresponding to 444.5 kWh/ m? / year. While 100% conversion
of PV electricity to heat would produce a comparable thermal
energy supply, the solar thermal water heaters demonstrated
approximately 88% higher land-use efficiency for water heating
applications, which is consistent with their higher conversion
efficiencies compared to solar panels. This highlights the comple-
mentary roles of these technologies in meeting heating and elec-
trical energy needs and emphasizes the value of dedicated solar
water heaters in communities with limited land availability. An
optimized hybrid strategy in which land is allocated to each sys-
tem according to the specific heating or electrical demands could
maximize total renewable energy yields and CO, mitigation per
unit area.

From a carbon abatement perspective, SunEarth’s system
reduced CO, emissions by 3.44 million kg annually, whereas
Jinko Solar’s PV modules reduced CO, emissions by 35.22 mil-
lion kg annually due to their larger absolute energy output.
The payback periods for the SunEarth and Jinko systems were
14.6 years and 12.3 years, respectively, indicating that PV sys-
tems retain a marginally faster return on investment. The use of
high-performance solar PV panels reduced the total panel count,
thereby lowering the end-of-life waste streams. Specifically, Jinko
Solar achieved an electrical energy yield of approximately 63 mil-
lion kWh with 5,250 fewer panels than LONGi Solar and 37,500
fewer panels than REC Solar, reducing both waste and recy-
cling costs at the end of their lifetimes. This aligns well with the
United Nations’ SDG 12 as well as the broader national goals of
minimizing resource consumption and waste generation.

Future work can expand the present analysis across multiple
climatic zones in the Kingdom to evaluate performance variations
under different solar resource profiles, ambient temperatures,
and seasonal demand patterns. Additionally, integrating ther-
mal storage and implementing hybrid PV-thermal technologies
could further enhance the practical applicability of these systems.
Finally, detailed life cycle assessments, including embodied car-
bon and end-of-life recycling, should be conducted to strengthen
sustainability metrics.
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ABSTRACT

This study processed and analyzed data describing tool holder force and acceleration during the high-accuracy turning of high-

strength alloy steel (42CrMo4+QT) workpieces under different cutting conditions to identify the features most strongly correlated
with surface quality, which was defined as the machined surface roughness Ra in this study. The time-domain force signals were
filtered to remove noise before extracting their average, maximum, minimum, and standard deviation features, and the frequency-

domain acceleration signals were filtered and analyzed to obtain spectral features reflecting dynamic vibrations during cutting. The

correlations between the extracted features and Ra were evaluated using the Pearson and Spearman rank coefficients; the results

indicated that the tool corner radius, feed rate, and depth of cut exerted critical influences on Ra. Furthermore, the combined average

cutting force features in all directions exhibited better correlation with Ra the acceleration features. Indeed, the corner radius, feed
rate, depth of cut, and combined average multidirectional cutting force predicted Ra with adequate accuracy and significance. It
can serve as reliable indicators for predicting workpiece surface quality as a result. This conclusion can inform the development of

efficient methods for real-time monitoring and quality control during the turning of high-strength alloy steel-workpieces.

Keywords: machining, turning, cutting force, vibration, surface roughness

1. INTRODUCTION

Surface quality is a critical consideration during workpiece turn-
ing operations, particularly when machining high-strength alloy
steel parts commonly used in the aerospace, automotive, energy,
and defense industries that must provide high dimensional accu-
racy, functional reliability, and fatigue resistance. Notably, the
surface roughness of a part has been found to influence its wear,
fatigue life, and tribological function ! This has motivated inves-
tigations into which manufacturing parameters exert the most
influence on surface roughness.

Although the performance of high-strength steel materials has
long been considered sufficient, the process used to machine
parts from such materials must be improved to ensure that the
full benefits of the material properties are realized. This is espe-
cially true when conducting high accuracy turning operations
using smaller work engagement than applied in general turning
operations. Critically, the optimal cutting parameters must be
employed during the turning process to ensure efficient man-
ufacturing and satisfy quality requirements. However, the non-
linear mechanical behaviors, work hardening, and elevated cut-
ting parameters associated with machining high-strength alloys
can affect the wear and surface finish of the resulting parts.
These conditions can be characterized by process parameters
such as cutting force, vibration, and heat”. Therefore, determina-
tion of which parameters should be used to characterize turning

operations is a critical subject of research, particularly for pro-
cesses employing small cutting depths and high-strength alloys
with relatively low surface roughness ranges.

This study accordingly analyzed the raw signal dataset pro-
vided by Diaz et al.’ to investigate the effects of cutting
parameters, forces, and vibrations on surface quality because
the authors of this dataset have not considered vibration
data in their published research*®. The Pearson and Spear-
man rank correlation analysis were used to identify the crit-
ical features in this study as they have been widely applied
to similar numerical datasets®’. The results of this study are
expected to provide a basis for the selection of critical fea-
tures when developing machine learning models to predict sur-
face quality. Indeed, appropriate feature selection can reduce
the complexity of a prediction model without sacrificing its
performance while simplifying data management and storage
requirements.

This remainder of this paper is organized as follows: Section 2
describes the methods employed by Diaz et al.? to collect the data
used in this study; Section 3 details the methodology used for
signal processing and feature extraction; Section 4 presents the
applied analysis methods and resulting correlations between the
surface roughness and cutting parameter, force, and vibration fea-
tures; finally, Section S summarizes the conclusions of this study
and their contributions to future research.
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Table 1. Chemical composition of 42CrMo4 steel®

C Mn Si P S Cu Cr

Ni Al Mo \ Ti Sn

0.42 0.64 0.21 0.013 0.009 0.02 1.04

0.06 0.026 0.185 0.006 0.0013 0.003

2. DATA COLLECTION

This section describes the methods employed by Diaz et al.* to
collect the data used in this study. Although this information does
not represent the present work, it provides critical details describ-
ing how the data were obtained and informs the signal processing
methods applied in this study.

2.1. Material Properties. The workpieces were made of
42CrMo4+QT steel, which possesses high impact and fatigue
resistance *®. The chemical composition and mechanical proper-
ties of this material are listed in Table 1% and Table 2, respec-
tively.

2.2. Experimental Scheme. The turning process (cut-
ting) parameters defined in Figure 1 comprise the insert radius
(r), cutting depth (a), feed (f), and cutting speed (v), which was

determined based on the spindle rotational speed (1) as follows:
v = nxD (1)

where D is the workpiece diameter.

The forces and vibrations acting on the tool holder were
measured using sensors to obtain the cutting forces in all three
directions (Fx, Fy, and Fz) and tool vibrations in the x- and
y-directions (as acceleration ax and ay), as shown in Figure 1.

2.3. Machine and Equipment. The specifications of the
computer numerical control (CNC) lathe used by Diaz et al. for
the turning operations are described in Table 3, and the specifica-
tions of the cutting inserts used to perform the turning operations
are listed in Table 4>>'°. A confocal microscope was used with
the settings detailed in Table 5° to measure the surface pro-
file after each workpiece was machined and thereby determine
its surface roughness Ra, as depicted in Figure 1. The turning
process parameters (cutting force and vibration signals) were
recorded using the data acquisition system specified in Table 6°.
Finally, the LabView software was used to collect the measured
cutting parameter data from the data acquisition system.

2.4. Design of Experiment. Diaz et al.® varied the cut-
ting parameters applied during the turning process using the
combinations shown in Table 7. The final dataset contained 68
records comprising 34 combinations of f, v, and a values with 2
different rvalues.

Table 2. Mechanical properties of 42CrMo4 steel

3. DATASET SIGNAL PROCESSING

3.1. Cutting Force Signals. Savitzky-Golay filtering'""'>
was performed to cancel out the noise present in the raw sig-
nals. A typical result of applying this filtering process is shown
in Figure 2, indicating that the third filtering pass adequately
eliminated the influence of noise.

The raw signals in each record comprised several components
corresponding to different steps in the turning process, as shown
in Figure 3. The correlation analysis conducted in this study
focused on the data collected during the finishing operations by
applying time-interval windows to isolate the desired raw signal
from each operation. This segmentation strategy excluded the
first- and last-contact signals of each operation from the analy-
sis because sudden peaks that may produce outlier data are often
observed in these regions.

The mean (Avg), maximum (Max), minimum (Min), and
standard deviation (Std) metrics of the Fx, Fy, and Fz data in
each window were extracted, and the average value of each metric
from all four windows was considered to represent each feature
that record. In addition, the combined average forces in all three
directions, defined as AvgFc, was determined follows:

AvgFc = /AvgFx* + AvgFy* + AvgFy? (2)

3.2. Vibration Signals. For the same time interval (win-
dow), the acceleration signal is segmented and passed to the
Fast-Fourier Transform (FFT) and the subsequent vibration
analysis '3 These signals were decomposed into multiple com-
ponents with frequencies ranging from zero to half of the sam-
pling frequency. The FFT output consists of complex values; the
absolute value (magnitude) of these complex numbers represents
the amplitude of the signal at each specific frequency. This allows
for the identification of dominant frequencies within the tool
holder’s vibration signal.

Figure 4 shows that the dominant frequency was identified
at 3124 and 9375 Hz, representing the natural frequencies of
the cutting tool which are critical factors in exciting chatter and
thereby increase surface roughness. The frequencies with the
highest amplitudes in the x- and y-directions—9375 Hz for both
in this case—were defined as wnx and cny and passed to the
dataset for correlation analysis.

The values of the different features extracted by the signal pro-
cessing methods detailed in this section are listed in Table 8; the
Ra values were obtained directly from the dataset®.

Table 3. Specifications of the CNC lathe used in the experiments>

Mechanical properties Value Model JATOR TAJ-42
Yield stress (MPa) Stainless-steel Machine software Fagor 8055 T
Tensile stress (MPa) 1097 Main speed engine power 11/15kw
Hardness (HV10) 310-370 Maximum spindle speed 3000 rpm
Impact toughness (KV) 83.5at20°C Spindle nose DIN 55,026 (AS)
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Figure 1. Cutting parameters, cutting forces, and surface roughness profile associated with the applied turning process
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Table 4. Specifications of the cutting inserts used in the experiments>%10

Insert manufacturer Sandvik Coromant Sandvik Coromant
Model DCMX 11 T3 04-WF 4325 DCMX 11 T3 08-WF 4425
Tip radius (mm) 0.4 0.8

Main cutting-edge angle (°) 93 93
Recommended a (mm) 1 1.5
Recommended v (m/min) 345-475 305-420
Recommended f (mm/rev) 0.07-0.30 0.12-0.4

4. FEATURE CORRELATION ANALYSIS

A correlation analysis was performed to investigate the influences
of the obtained features on Ra. First, the Pearson correlation coef-
ficient (Rp,,) 67 for each pair of features was obtained as follows:

ko = T (=) i)
I -0 -5

where ; is the value of i-th record for feature x, x is the average
of all feature x values, y; is the value of i-th record for feature y, y

©)

Table 5. Leica DCM3 confocal microscope settings>

is the average of all feature y values, and m is the total number of
features.

The Pearson correlation coefficient ranges from —1 to 1; a
positive coefficient indicates that an increase in feature x results

0.53

Raw
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Measured parameter Ra
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Evaluation length (mm) 5.60
Evaluation width (mm) 0.95
Evaluation area (mm?) 5.32
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Figure 2. Results of Savitzky—Golay filtering on an example cutting
force signal
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Table 6. Data acquisition system details>

Procurement module NI 9269/N19234
Acquisition chassis NIcDAQ-9174
Parameter Register units SI units Conversion
Acceleration X, Y Gravity (g) m/s? 9.8 (m/s%)/ g
Force X A% N 100N/V
ForceY A\ N 100N/V
ForceZ A\ N 100N/V

in an increase in feature y, whereas a negative coefficient indi-
cates that an increase in feature x results in a decrease in feature
¥, and the magnitude of the coefficient reflects the strength of the
correlation. Note that the Pearson correlation assumes that the
relationship between the two considered features is linear and
reflects only the closeness, not the slope of that relationship.

Therefore, the Spearman rank correlation coefficient (Rs,,) '*
was also evaluated to determine whether a nonlinear (mono-
tonic) relationship existed between features. Notably, Spearman
rank correlation can compare abnormally distributed or outlier
features. First, the numerical feature data were ranked (sorted)
and the possibility of ties between records was considered and
addressed ', then the Spearman rank correlation was determined
as follows:

3 (Re ) (R~ Ry)
(R - B2, (R - By

Rs (4)

where Rx; and Ry; are the values of i-th ranked features x and y,
respectively, and Rx and Ry are the mean ranks for all records of
features x and y, respectively.

The Spearman rank correlation coefficient varies within the
same range as the Pearson correlation coefficient, and its sign
indicates the same relationships. Evaluating the correlations
between features using both the Pearson and Spearman rank
coefficients can provide insight into the relationships between
features, as shown in the example in Figure S. The features that
have low Pearson and Spearman rank coefficients (third quad-
rant) should be flagged as features that might cause noise on the
prediction models. However, if at least one coefficient gives high
value, the relationship between the two features can be estimated
as shown.

The Pearson and Spearman rank correlation coefficients
between all features were calculated using Equations (3) and (4),
respectively, and are shown in the heat maps in Figure 6 and 7,
respectively. The diagonal values in both figures are all equal to 1,
confirming perfect correlation between identical features. Note
that these heat maps show not only the correlations between the
features and Ra, but also those among the features themselves.

Therefore, the heat map values in the row and column cor-
responding to correlations with Ra were used to generate the

250 — — T T T
...Roughing. . .. ... ... .: '
200 |
'_.150_..._.“..__. | | _ _ | - | ]
Z Finishing 1 ;Finishin'g 2 Finishing 3 Finishing 4 :
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Figure 3. Signal segmentation strategy
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Table 7. Cutting parameters applied during the turning experiments>
Parameter Units Values
Feed rate f mm/rev 0.05 0.1 0.15 0.2 0.25
Cutting speed v m/min 76 107 138 169 200
Depth of cut a mm 0.05 0.1 0.15 0.2 0.25
Insert radius r mm 0.4 0.8 - - -
Run r a v f Run r a v f
1 0.4 0.0S 138 0.15 35 0.8 0.0 138 0.15
2 0.4 0.0 138 0.15 36 0.8 0.0 138 0.15
3 0.4 0.10 107 0.10 37 0.8 0.10 107 0.10
4 0.4 0.10 107 0.10 38 0.8 0.10 107 0.10
S 0.4 0.10 107 0.20 39 0.8 0.10 107 0.20
6 0.4 0.10 107 0.20 40 0.8 0.10 107 0.20
7 0.4 0.10 169 0.20 41 0.8 0.10 169 0.20
8 0.4 0.10 169 0.20 42 0.8 0.10 169 0.20
9 0.4 0.10 169 0.10 43 0.8 0.10 169 0.10
10 0.4 0.10 169 0.10 44 0.8 0.10 169 0.10
11 0.4 0.15 76 0.15 45 0.8 0.15 76 0.15
12 0.4 0.15 76 0.15 46 0.8 0.15 76 0.15
13 0.4 0.15 138 0.05 47 0.8 0.15 138 0.05
14 0.4 0.15 138 0.05 48 0.8 0.15 138 0.05
15 0.4 0.1S5 138 0.15 49 0.8 0.15 138 0.15
16 0.4 0.15 138 0.15 S0 0.8 0.15 138 0.15
17 0.4 0.15 138 0.15 S1 0.8 0.15 138 0.15
18 0.4 0.15 138 0.15 52 0.8 0.15 138 0.15
19 0.4 0.15 138 0.15 S3 0.8 0.15 138 0.15
20 0.4 0.15 138 0.15 54 0.8 0.15 138 0.15
21 0.4 0.15 138 0.25 SS 0.8 0.15 138 0.25
22 0.4 0.15 138 0.25 56 0.8 0.15 138 0.25
23 0.4 0.15 200 0.15 57 0.8 0.15 200 0.15
24 0.4 0.15 200 0.15 S8 0.8 0.15 200 0.15
2§ 0.4 0.20 107 0.10 59 0.8 0.20 107 0.10
26 0.4 0.20 107 0.10 60 0.8 0.20 107 0.10
27 0.4 0.20 107 0.20 61 0.8 0.20 107 0.20
28 0.4 0.20 107 0.20 62 0.8 0.20 107 0.20
29 0.4 0.20 169 0.20 63 0.8 0.20 169 0.20
30 0.4 0.20 169 0.20 64 0.8 0.20 169 0.20
31 0.4 0.20 169 0.10 65 0.8 0.20 169 0.10
32 0.4 0.20 169 0.10 66 0.8 0.20 169 0.10
33 0.4 0.25 138 0.15 67 0.8 0.25 138 0.15
34 0.4 0.25 138 0.15 68 0.8 0.25 138 0.15

bar plot shown in Figure 8(a). The cutting force features clearly
exhibited greater correlations with Ra than the vibration features.
As a result, AvgFc can be used as the sole feature to differenti-
ate and characterize the effects of various process parameters on
Ra in the considered dataset. A bar plot showing the correlations
between all features and AvgFc is accordingly provided in Figure
8(b). This result agrees with the conclusions of many previous
studies that cutting forces can be used to characterize surface
roughness 7.

In terms of the correlations between the key features and Ra, f
clearly exerted the most influence on Ra, with Pearson and Spear-
man rank correlation coefficients of 0.71 and 0.68, respectively,
followed by r, with coefficients of -0.41 and -0.44, respectively.
Furthermore, most of the Pearson and Spearman rank correla-
tion coefficients for the features were nearly identical, except for
those corresponding to StdFx, StdFy, and StdFz. Together, these

results suggest that the relationship between fand Ra is likely lin-
ear, whereas the relationships between the other features and Ra
are nonlinear, complex, or reflect no correlation at all.

Interestingly, nearly all features, including AvgFc, were pos-
itively correlated with Ra, whereas r,a,ando were negatively
(although weakly) correlated with Ra. The reasons for these
correlations can be observed in the empirical equations for esti-
mating Ra, given by

0.0032f*
a= 2003 (5)
r
and F, given by
Fc=kA (6)
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Table 8. Features extracted by signal processing and analysis

Run r a v f AvgFx MaxFx MinFx StdFx AvgFy MaxFy MinFy StdFy AvgFz MaxFz MinFz StdFz AvgFc wnx wny Ra
1 0.4 0.05 138 0.15 41.09 4837 33.80 137 6213 7128 5460 316 -929 -027 -16.63 393 7506 8759 9375 0.858
2 04 005 138 0.15 40.84 46.79 3420 119 5410 60.18 4997 094 -037 334 -452 090 67.79 8820 3125 1.078
3 04 01 107 0.1 3905 46.50 32.82 134 43.55 4777 3923 091 -596 -1.52 -10.11 1.26 58.80 9375 9375 0.409
4 04 0.1 107 0.1 4491 S2.77 3839 1.57 63.82 6022 5928 091 223 625 -185 122 78.07 8758 9375 0.558
S 04 01 107 02 S1.70 10837 -3.18 2349 7629 14884 11.33 29.23 -11.48 20.10 -43.67 9.77 92.87 8809 9375 1.133
6 04 0.1 107 02 63.63 70.58 57.05 151 9277 9724 88.63 100 1327 1851 823 1.50 113.28 8809 9375 1.185
7 04 0.1 169 02 6722 7312 6094 137 8750 92.16 8328 113 13.66 17.89 9.39 1.07 111.18 8720 3125 1.156
8 04 01 169 02 6644 7378 60.50 144 92.51 9846 8694 156 3.14 817 -225 1.81 113.94 8770 3125 1.140
9 04 0.1 169 0.1 4949 59.04 43.14 168 359.81 6625 5416 162 319 7.74 -1.01 141 77.69 8723 9375 0.640
10 04 0.1 169 0.1 4934 S533 4385 137 6226 6695 S57.66 132 007 493 -425 156 79.44 9375 9375 0.561
11 04 015 76 0.15 61.69 7096 5239 193 97.96 103.86 92.30 1.46 -29.28 -18.98 -38.67 3.49 119.41 3125 3125 0.759
12 04 0.15 76 0.15 65.17 9417 29.72 3.60 105.29 128.53 90.90 4.02 -31.50 -18.11 -43.99 241 127.77 3125 3125 0.806
13 04 0.15 138 0.05 3721 54.37 2295 212 3843 49.83 3177 207 3568 5172 1635 7.72 6429 3125 9375 0.306
14 0.4 0.15 138 0.05 63.88 83.64 44.55 3.34 171.72 188.87 158.84 345 S5991 7882 46.75 391 192.76 9375 9375 0.657
15 04 0.15 138 0.15 5871 6546 5232 143 91.16 96.03 8598 1.13 -32.37 -25.75 -39.21 2.1 113.16 3125 9375 0.796
16 04 0.15 138 0.15 S1.18 147.87 -7.28 31.68 120.23 34649 -9.80 117.57 342 12224 -62.01 59.57 130.72 9375 9375 0.849
17 04 0.15 138 0.15 65.63 7324 59.50 144 9503 99.79 9090 1.01 -3.68 3.12 -10.90 2.79 115.55 9375 9375 0.67S
18 04 0.15 138 0.15 63.68 70.57 57.57 142 9090 96.58 86.12 1.17 -33.96 -2622 -40.67 2.76 116.07 3125 9375 0.690
19 04 0.15 138 0.15 63.71 7491 4827 1.65 94.61 103.15 89.15 133 -34.99 -2520 -44.66 4.20 119.31 9375 9375 0.888
20 0.4 0.15 138 0.15 56.98 63.96 50.27 1.52 7421 79.09 69.54 106 1331 1992 6.75 246 94.51 9375 9375 0.870
21 04 0.15 138 0.25 8331 95.09 7227 212 12999 142.76 123.11 197 -9.09 -126 -1629 248 154.66 3125 9375 1.623
22 0.4 0.15 138 0.25 80.92 90.75 7095 198 127.29 133.22 121.72 1.51 -9.01 -1.59 -1626 2.50 151.10 3125 3125 1.682
23 0.4 0.15 200 0.15 73.31 8141 6547 1.85 9408 100.61 86.99 1.66 -226 698 -11.00 391 119.29 3125 3125 0.587
24 04 0.15 200 0.15 73.31 82.14 63.39 184 9682 10482 8930 1.80 -3.19 717 -13.11 423 121.49 9375 9375 0.596
25 04 02 107 0.1 S53.74 6221 46.11 175 9043 9705 83.74 1.53 -22.54 -9.76 -35.70 6.01 107.58 9375 9375 0.478
26 04 02 107 0.1 5274 6130 4332 180 8921 9615 83.68 149 -21.21 -10.44 -31.07 4.45 105.78 3125 3125 0.574
27 04 02 107 02 8694 9885 71.76 2.53 120.73 127.90 11322 1.85 -4596 -31.12 -60.84 6.34 155.71 9375 9375 1.002
28 04 02 107 02 7686 9247 6194 2.58 112.03 119.04 105.06 2.10 -28.67 -19.26 -38.84 3.79 138.85 9375 9375 1.074
29 04 02 169 02 92.08 104.52 78.6S5 291 125.64 13340 117.50 2.18 1894 30.00 723 3.89 15692 3125 312§ 1.111
30 04 02 169 02 8729 97.80 7556 242 11832 125.01 111.60 1.65 10.89 22.89 -1.41 473 147.44 3125 3125 1.091
31 04 02 169 0.1 57.59 6744 5039 188 8838 9599 8193 1.87 -19.57 -9.53 -28.89 3.85 10729 3125 3125 0.432
32 04 02 169 0.1 5844 6798 50.69 193 89.01 9643 8282 178 1621 28.04 479 522 107.71 9375 9375 0.460
33 0.4 025 138 0.15 69.60 79.22 60.12 198 109.35 114.92 102.75 134 -28.30 -16.64 -39.89 4.86 132.67 3125 3125 0.735
34 04 025 138 0.15 7461 8413 64.62 202 12873 134.83 121.81 1.55 -33.15 -16.58 -49.74 7.56 152.43 8770 9375 0.783
35 0.8 0.05 138 0.15 37.93 4845 3025 145 60.89 6590 56.58 103 -27.03 -2348 -30.44 1.07 76.66 3125 3125 0.800
36 0.8 0.05 138 0.15 36.83 36.83 2790 205 57.01 S57.01 5701 159 -3504 -28.89 -38.63 0.86 76.39 3125 3125 1.069
37 08 0.1 107 0.1 32.50 44.55 2237 173 4449 5123 31.06 1.58 -42.25 -1.92 -50.33 4.00 69.43 9375 9375 0.477
38 0.8 0.1 107 0.1 37.66 49.11 27.67 2.17 6514 7242 5987 1.58 -42.77 -3541 -49.87 3.00 86.55 9375 9375 0.551
39 0.8 0.1 107 02 5220 6196 43.69 174 7344 7771 6923 098 -31.16 -2521 -36.92 2.03 95.34 9375 9375 0.735
40 0.8 0.1 107 0.2 59.03 68.67 4858 203 9341 100.11 87.86 127 -27.99 1834 -1834 4.04 113.98 9375 9375 0.777
41 08 0.1 169 02 6214 7049 5420 176 8346 9025 78.1S 1.62 -30.00 -26.34 -33.56 0.96 108.29 9375 9375 0.730

(Continued)
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Table 8. Continued

Run r a v f AvgFx MaxFx MinFx StdFx AvgFy MaxFy MinFy StdFy AvgFz MaxFz MinFz StdFz AvgFc wnx wny Ra
42 08 0.1 169 02 62.58 69.53 5620 1.66 8643 9221 8137 160 470 1081 -0.99 202 106.81 3125 3125 0.727
43 0.8 0.1 169 0.1 43.02 5141 37.59 147 6552 7228 60.84 125 1872 -12.24 -2539 2.64 80.58 3125 3125 0.544
44 0.8 0.1 169 0.1 4298 5344 3699 1.68 6404 71.05 5890 138 -1648 -10.11 -22.65 2.54 78.86 3125 3125 0.468
45 0.8 0.15 76 0.15 50.89 63.73 4121 203 7792 86.18 70.68 222 -47.64 -35.96 -58.82 5.06 104.55 9375 9375 3.235
46 08 0.1S 76 0.1S 5791 69.28 4437 2.18 100.64 108.43 92.94 191 -46.69 -33.65 -58.50 §.33 125.14 3125 3125 0.624
47 0.8 0.15 138 0.05 39.77 5447 3170 262 6210 71.59 56.15 202 -37.94 -28.54 -46.71 3.93 8293 3125 3125 0.307
48 0.8 0.15 138 0.05 44.13 67.65 2480 349 6577 8231 5815 222 -37.38 -23.87 -48.52 436 87.59 3125 3125 0.275
49 0.8 0.15 138 0.15 62.25 7470 S52.81 1.82 95.63 107.55 89.61 1.81 -42.18 -32.16 -53.09 4.02 121.65 9375 9375 0.488
50 0.8 0.15 138 0.15 64.79 89.57 37.63 3.10 102.95 115.56 9121 279 -12.47 108 -26.37 4.95 122.28 3125 3125 0.555
S1 0.8 0.15 138 0.15 63.14 7031 5573 1.61 9741 10336 93.10 1.12 -1427 -2.53 -2531 546 116.96 3125 3125 0.406
52 0.8 0.15 138 0.15 61.60 70.53 53.82 1.60 96.76 102.02 91.54 124 -13.84 -1.89 -25.71 5.67 115.53 3125 3125 0.410
53 0.8 0.15 138 0.15 6023 6728 53.60 148 9419 9873 89.64 1.06 -12.23 -149 -23.16 4.83 112.47 9375 9375 0.475
54 0.8 0.15 138 0.15 62.93 129.83 -15.83 4.28 112.73 164.98 83.24 10.70 -34.60 40.88 -56.83 17.33 133.66 3125 3125 0.565
5SS 0.8 0.15 138 0.25 81.74 9022 73.09 1.89 133.78 139.31 12813 1.37 -1639 -5.02 -28.12 5.08 157.63 9375 9375 0.854
56 0.8 0.15 138 0.25 80.76 90.10 72.32 1.88 131.60 136.53 126.34 128 -16.23 -4.55 -26.89 4.83 15525 9375 9375 0.902
57 0.8 0.15 200 0.15 65.17 7394 S57.81 188 97.11 10431 89.67 196 -11.55 -2.27 -20.85 4.27 117.52 3125 3125 0.711
58 0.8 0.15 200 0.15 62.87 71.32 5562 176 92.69 100.49 85.99 1.94 -17.47 -10.84 -24.15 2.73 113.35 9375 9375 0.600
59 08 02 107 0.1 S57.01 118.66 -35.10 427 99.76 174.81 7395 541 -22.23 33.87 -46.99 14.22 117.03 9375 9375 0.385
60 0.8 02 107 0.1 58.00 7290 44.56 235 9247 10429 8543 2.02 -54.09 -36.53 -71.44 8.44 121.82 3125 3125 0.461
61 0.8 02 107 0.2 8093 9411 9411 250 13592 141.84 128.63 144 17.35 42.85 -6.75 12.44 159.14 9375 9375 1.259
62 08 02 107 02 81.82 94.04 71.52 247 141.14 14846 133.72 1.67 2570 4548 6.56 9.28 165.15 9375 9375 0.693
63 08 02 169 02 8632 96.63 7534 220 139.36 147.34 131.26 1.95 1427 2630 3.09 4.83 164.55 3125 3125 0.445
64 08 02 169 0.2 82.17 9478 9478 294 136.27 13627 125.52 2.88 -26.09 -13.74 -38.48 4.81 161.25 3125 3125 0.466
65 08 02 169 0.1 6749 12063 1326 3.64 90.99 159.87 70.17 4.60 534 39.61 -12.22 821 113.41 3125 3125 0.540
66 0.8 02 169 0.1 67.55 8171 5868 245 89.63 9876 83.08 201 12.98 2683 0.60 585 112.98 3125 3125 0.372
67 0.8 0.25 138 0.15 78.03 137.61 19.05 421 136.51 186.05 11829 4.50 -42.20 -15.38 -62.96 6.13 162.80 3125 9375 0.367
68 0.8 0.25 138 0.15 7023 79.17 61.1S 199 11506 121.22 108.68 1.48 21.92 40.01 347 872 136.57 3125 3125 0.535

where k. is the specific cutting constant (in N/mm?) and A is the
cutting cross-section. They can also be observed in the theoret-
ical surface roughness model shown in Figure 9, in which Z is
the peak-to-valley distance, and a, is to the cutting depth recom-
mended by the tool provider (shown for comparison). Note that
Equations (S) and (6), as well as the models in Figure 9, have all
been widely used in previous work #2122,

Both the models in Figure 9 and results given by Equations
(5) and (6) agree with the results of the correlation analysis
conducted in this study: a and f exhibited strong correlations
with AvgFc because high values for these parameters result in a
higher A, increasing Fc. Furthermore, f andrrespectively exhib-
ited positive and negative correlations with Ra. The theoretical
models illustrated in Figure 9 demonstrate the effects of these
two parameters on Z, which significantly influences Ra. Note that
the complex interactions between the tool and workpiece, as well
as chip breakage, material defects, and other uncertainties will
inevitably result in minor deviations from the models shown in

the figure *. Finally, although the applied v directly affects the
scale of the horizontal surface profile, this change only slightly
influences Ra, explaining the low correlation between these two
features.

Notably, although the analysis results indicated that a smaller
a yielded a higher Rg, this has not typically been observed dur-
ing general turning processes. This unconventional trend may
be caused by the low range of aconsidered in the dataset (0.05—
0.25 mm) compared with the a values applied in typical turning
operations or even the a, values recommended by tool provider
(1 and 1.5 mm in Table 4)>>'°, This can be observed in Figure
9, which shows that small cutting depths cause the tool to only
“scratch” the workpiece surface without fully engaging it, such
that little cutting actually occurs; these size effects have been
reported to correlate with reduced cutting stability **'. Note that
these relatively shallow a values are only used to achieve close tol-
erance and tight Ra requirements during high-accuracy turning
operations, while avoiding workpiece undersizing that can lead
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Figure 4. Frequency domain of the segmented acceleration signal

to workpiece rejection??. It is also known that v scales the sur-
face profile horizontally such that it might give only slight changes
to the Ra value. That is the reason for the low correlation value
between v and Ra.

The results of the Pearson and Spearman rank correlation anal-
yses were complemented by evaluations of the R*and p—values
for the relationships between features, as shown in Figures 10
and 11, respectively. The R* values reflect the variance in the
dependent variable (i, Ra or AvgFc) when predicted using
the independent variable (i.e., each of the remaining features).
Note that the R* analysis was based only on the Pearson corre-
lation because R? is only applicable to linear relationships. The
p—values reflect the statistical significance of the observed cor-
relations, with a lower p—value indicating that the correlation is
unlikely to occur by random chance.
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Figure 6. Pearson correlations among all features and Ra

Figure 10 indicates that the correlation between fand Ra
exhibited the highest R* value of only approximately 0.5. How-
ever, relying solely on f to predict Ra will be insufficient, and the
addition of other features, such as r and AvgFc, to Ra prediction
models is recommended accordingly. Furthermore, the correla-
tions between the various features and AvgFc, which is calculated
by combining the average cutting forces in all directions, indicate
that aand f exhibited relatively higher R*values than the other
features. Therefore, f, r, a, and AvgFc were determined to exert
the most influence on Ra. Indeed, Figure 11 shows that these
four features are within the ideal p-value limit of 0.05, whereas
the remaining features exhibit p-values above this limit for corre-
lations with either Ra or AvgFc. Furthermore, note that features
such as the Max, Min, and Std values of the forces in each direc-
tion were not reliable because the analysis indicated that they
likely exhibited randomness during the turning process, affecting
the integrity of their correlations with Ra and AvgFc.

These insights into the features exerting the greatest influence
on Ra can inform efforts to increase the efficiency of turning pro-
cess monitoring and data storage, which are critical concerns in
the pursuit of intelligent machining”*. Indeed, predictive mod-
els constructed to consider only a few highly correlated features
can achieve superior performance and efficiency over models that
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Figure 7. Spearman correlations among all features and Ra
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attempt to consider all measured data. Furthermore, the size of
the dataset used for prediction can be significantly reduced by
storing only relevant features.

5. CONCLUSIONS

This study proposed a method for processing signals and extract-
ing relevant features from turning process data to inform a sub-
sequent correlation analysis. First, Savitzky—Golay filtering was
performed on the raw signals, then signal segmentation was
undertaken to eliminate irrelevant information corresponding
to roughing operations and noise from non-cutting movements
while excluding outlier peaks originating from the initiation and
breaking of tool contact. The mean, maximum, minimum, and
standard deviation values of the segmented cutting force sig-
nals were subsequently obtained as features. The same process
was applied to segment the corresponding acceleration signals
are also segmented. The FFT was applied to obtain the signals
in the frequency domain and determine the natural frequen-
cies corresponding to the largest amplitude vibrations in the x-
and y-directions. Finally, Pearson and Spearman rank correlation
analyses were performed to determine the process parameter,
cutting force, and vibration features most influencing the surface
roughness Ra. Several features were determined to exert critical
influences on Ra: the feed (f), corner radius (), depth of cut
(a), and average multidirectional cutting force (AvgFc). Among
these features, only AvgFc directly characterized the current state
of the turning operation, although all of these features give rela-
tively high R* values for correlation with either Ra or AvgFc, and
the p-values for the correlations between these features and either
Ra or AvgFc were within 0.05. These results indicate that only f,
1, a, and AvgFc need to be considered to predict the value of Ra
with relatively high accuracy. Therefore, this study provides valu-
able insights for researchers and engineers constructing models
for predicting Ra during turning operations, especially when con-
ducting high-accuracy turning of high-strength 42CrMo4+QT

workpieces. Table 8 presented in this study provides a convenient
training or testing dataset when considering the recommended
features as model inputs. Finally, the insights obtained by this
study provide a useful basis for determining efficient data storage
and management strategies for intelligent machining applica-
tions.
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ABSTRACT

Aerial flight on Mars introduces major aerodynamic challenges due to its thin atmosphere, resulting in low-Reynolds-number (Re)

conditions where conventional airfoils undergo early flow separation and increased drag. This study evaluates and compares the
performance of three airfoils: bio-inspired OWL, NASA’s CLES60S, and AS6097, at Re = 23000, representative of Martian rotor-
craft operations. Two turbulence models, k—-w SST and SST Transition, were tested using steady RANS CFD in ANSYS Fluent
with dynamic similarity applied for terrestrial conditions. The SST Transition model showed better agreement with experimental

results, particularly in capturing laminar separation bubbles. Among the airfoils, CLES605 achieved the best aerodynamic efficiency,
the OWL airfoil exhibited smooth aerodynamic trends and close validation agreement, and AS6097 produced the highest lift but

inconsistent drag behavior.

Keywords: martian unmanned aerial vehicle, low reynolds number aerodynamics, bio-inspired airfoils, ingenuity helicopter, computational fluid

dynamics simulation

1. INTRODUCTION

In recent years, engineers and scientists have progressively
employed advanced technologies to push the boundaries of plan-
etary exploration techniques, enabling missions that are more
efficient, autonomous, and robust in extraterrestrial environ-
ments. Historically, these missions have been conducted using
telescopes, rovers, and satellite technologies'. However, using
rovers to explore Mars has presented difficulties owing to the
rugged and rocky terrain, as well as limited mobility, prompting
researchers to explore aerial exploration as a means to improve
maneuverability and range of examination. Aerial flight under
Martian conditions presents a significant aerodynamic challenge
due to the planet’s atmospheric composition, which is primarily
carbon dioxide and has densities as low as 1% of those on Earth.
These conditions result in a markedly reduced speed of sound,
confining the airfoils and rotors to operate at low Reynolds num-
ber regimes, typically ranging between 10,000 and 25,000 L2 In
this work, low Reynolds number’ refers to the Re = 10,000—
100,000 range relevant to small-scale rotorcraft and Martian
flight conditions.

The low density of Mars reduces the lift generated by the rotor,
necessitating higher RPMs to account for the decreased lift per
blade area. Low Reynolds numbers increase the drag coefficient
because of early flow separation and turbulent reattachment, cre-
ating a laminar separation bubble (LSB). Computational studies
have shown that conventional airfoils have higher drag values due
to early flow separation without reattachment, causing up to a

46% decrease in the maximum lift coefficient at low Reynolds
numbers?, whereas thin, highly cambered, and unconventional
airfoils exhibit superior aerodynamic performance compared to
thick symmetric airfoils *. In 2021, NASA’s Ingenuity Mars Heli-
copter marked the first controlled extraterrestrial flight. This
achievement was facilitated by its special airfoil design, which
used thin, highly cambered airfoils to improve the lift at low
Reynolds numbers and rounded leading edges to delay the sepa-
ration of bubbles and enhance performance in laminar regimes°.

Efforts to develop Martian aerial vehicles began with NASA’s
Mini-Sniffer program in 1977, followed by more agile UAV con-
cepts such as the YATR in the 2010s°. These developments
highlight the growing need for enhanced maneuverability and set
the stage for adopting bio-inspired rotor designs, as birds and
insects operate under low-Reynolds-number conditions in the
Earth’s atmosphere, allowing for higher lift-generating capabil-
ities on Mars. Early experimental work’ compared the aerody-
namic performance of corrugated bio-inspired airfoils to conven-
tional airfoils at Re = 34,000 using low-speed wind tunnels and
high-resolution particle image velocimetry (PIV). The results
indicated that bio-inspired airfoils exhibited no apparent flow
separation up to high angles of attack compared to conventional
airfoils and therefore achieved better aerodynamic coefficient val-
ues. The PIV analysis revealed that the improvement stemmed
from delayed laminar separation bubble (LSB) formation and
sustained attached flow at higher angles of attack, attributed to
the thinner, highly cambered profile of the owl airfoil, which
reduced the severity of adverse pressure gradients.
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Figure 1. Airfoil geometries investigated at Martian low Reynolds numbers: (a) OWL airfoil; (b) AS6097; (c) CLFS60S; and (d) comparison of the

three profiles

Furthermore, multiple experiments®’ tested owl-inspired air-
foils in a low-speed wind tunnel using force balance measure-
ments across Reynolds numbers from 23,000 to 160,000, report-
ing up to a 6.7% improvement in the maximum lift compared to
the NACAO0012 airfoil. Several computational investigations '~
using both two-dimensional laminar computational fluid dynam-
ics (CFD) and three-dimensional large-eddy simulation (LES)
have consistently shown that owl-like airfoil geometries improve
aerodynamic performance at low-Reynolds-number relative to
canonical and other low-Re airfoils. Together, these studies
demonstrate a common phenomenon: owl geometry produces
strong suction peaks on the suction surface, controls the loca-
tion and size of laminar separation bubbles (LSBs), and pro-
motes pressure recovery, which increases the lift and reduces the
drag over a broad range of angles of attack. When referenced
collectively, these simulations provide robust evidence that tai-
loring camber, leading-edge radius, and upper-surface shape can
deliberately manipulate LSB behavior to delay stall and enhance
lift-to-drag ratio (L/D) for Re ~ 10*.

Given the demonstrated superiority of bio-inspired airfoils at
low Reynolds number flight regimes and the lack of research
on their application in Martian conditions, this study aims to
computationally evaluate the effectiveness of bio-inspired air-
foils for Martian flights and benchmark their performance against
NASA’s Ingenuity airfoil. This research seeks to answer the
following primary question: Can the flow control mechanisms
inherent in bio-inspired airfoils, such as delayed separation, trans-
late effectively to the specific compressibility and density con-
straints of the Martian atmosphere to outperform current state-
of-the-art designs?

2. METHODOLOGY

2.1. Airfoil Selection. Three airfoils were used in this
study, each selected for a specific purpose. NASA’s CLEF5605

airfoil was included as a benchmark to enable a comparison with
the other test airfoils; its geometry was obtained from NASA
documentation®. The Owl airfoil was chosen for its proven
high-lift performance and delayed stall characteristics under low-
Reynolds-number conditions, using the geometry defined by Liu
etal.'’. Finally, the AS6097 airfoil was selected as a bird-inspired
profile featuring a favorable camber and leading-edge geometry
to investigate the computational performance trends. Its geome-
try was sourced from Amanda and Selig'*.

2.2. Dynamic Similarity Setup. To replicate Mar-
tian low-Reynolds-number aerodynamics without introducing
numerical instability, we employed the principle of dynamic
similarity. The Martian operating Reynolds number (Rey) was
taken from the available literature: Rey; = 23,000, correspond-
ing to Ingenuity’s characteristic chord ¢ = 10 cm?. Direct simu-
lation using Martian atmospheric density (py ~ 0.020 kg/m?)
and viscosity (jLy &~ 1.3 x 1075 kg/(m-s)) would result in pro-
hibitively low freestream velocities and solver stiffness. Instead,
all the CFD tests were performed under terrestrial air conditions,
and the freestream velocity (Vi) was calculated as follows:

peVEC
WE

RCE =

ZRCM (1)

Because airfoil aerodynamics at low Mach numbers are pri-
marily governed by the Reynolds number, this approach pre-
serves the relevant dimensionless flow physics while avoiding
the numerical challenge of simulating the Martian atmospheric
conditions. To achieve a Reynolds number of 23,000 on a 10
cm chord airfoil in terrestrial conditions, assuming pg = 1.225
kg/m*® and pg = 1.81 x 107° kg/(m's), using Equation 1, we
obtain Vg &~ 3.4 m/s. Since chord length is preserved and the
Mach number remains well below 0.3 (M~0.01M), compress-
ibility effects are negligible, and Reynolds number governs the
aerodynamic similarity. Consequently, the Earth-based CFD
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simulations accurately reproduce the Martian low-Reynolds-
number flow physics. Importantly, this approach also enables
practical wind tunnel replication under the same velocity and
chord length, allowing direct experimental validation with smoke
visualization or PIV.

2.3. CFD Solver & Domain. To model the aecrodynam-
ics of the airfoils, a steady-state CFD solver was employed in
ANSYS™ Fluent software version 2022 R2; all numerical sim-
ulations were performed on a high-performance workstation
equipped with an Intel Core i7 processor and 32 GB of RAM to
ensure efficient convergence. A second-order upwind discretiza-
tion scheme was used with SIMPLE pressure-velocity coupling,
which is appropriate for steady incompressible flow, to enhance
solver stability. Convergence was assessed by monitoring residu-
als (target 107°) and integrated force coefficients. Additionally,
the lift and drag coefficients (Cy,,Cp, respectively) were continu-
ously monitored during each run to ensure stable convergence.

Turbulence modeling was necessary because flows at
Re=23,000 lie within the laminar-transitional regime. Two
models were tested: the k-w model, selected for its robustness in
predicting near-wall behavior and low-Reynolds-number flows,
and the SST (Shear Stress Transport) four-equation model,
adopted for its improved ability to resolve separation bubbles
and transitional phenomena, which are critical at low Reynolds
numbers.

The governing equations solved were the steady, incompress-
ible Navier—Stokes equations with Reynolds-averaged turbu-
lence closure:

V-u=0 (2)
pGi- V)i = —Vp + uV¥i+ Fon 3)

where Fyyy, is the modeled Reynolds stress contribution from the
turbulence models.

A C-type computational domain was adopted, with Farfield
boundaries sufficiently distant from the airfoil to avoid block-
age. The angle of attack (AoA) was varied from —2" to 12” in
increments of 2°. The inlet conditions were set at Vg =3.4 m/s
(from the dynamic similarity analysis), whereas the outlet was
prescribed with zero static gauge pressure. The airfoil surface was
modelled as a no-slip wall.

An unstructured mesh (Figure 2) with approximately 150,000
cells was generated, with strong refinement near the airfoil wall
to resolve laminar separation bubbles, incorporating at least 30
inflation layers and targeting a near-wall resolution of y© ~107°.
Mesh quality was maintained with skewness <0.25 and orthogo-
nal quality >0.95, ensuring solver robustness. Table 1 summarizes
the CFD setup and settings used in this study. Since this study
relies entirely on computational fluid dynamics simulations of
inanimate airfoil geometries and involves no human or animal
subjects, specific ethical approval or informed consent was not
required.

3. RESULTS AND DISCUSSION
3.1. Results.

3.1.1. Aerodynamic coefficients. Figure 3 compares the
aerodynamic performance of the AS6097, OWL, and CLF5605
airfoils in terms of lift coefficient (Cy), drag coefficient (Cp),
and lift-to-drag ratio (Cr/Cp) as predicted by the k-w SST and
SST Transition turbulence models over a range of angles of attack
(AOA).

For the AS6097 airfoil, both turbulence models showed sig-
nificant overlap in the prediction of the lift coefficient up to an
AOA of 6, after which some differences were observed past that
point. The lift coefficient peaked around an AOA of 10” before
exhibiting stall behavior. The drag calculation coefficient exhib-
ited significant fluctuations in both models, with a sharp decrease
at an AOA of 6. Specifically, the k-w SST model predicted a
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Figure 2. Unstructured triangular mesh with inflation layers around the airfoil surface

https://doi.org/10.64589/juri/214393

JURI 1(2) (2025) 128—134


https://doi.org/10.64589/juri/214393

Journal of Undergraduate Research International

Table 1. CFD setup

Parameter Specification

Solver ANSYS Fluent, pressure-based, steady-state
Governing equations Incompressible URANS (continuity + momentum)
Discretization Second-order upwind for momentum & turbulence equations

Pressure-velocity coupling

SIMPLE algorithm

Convergence criteria

Residuals <1073; stable Cy,, Cp, CL/Cp monitoring

Turbulence models 1. Standard k- (robust near-wall, adverse pressure gradients)

2. Transition SST (for laminar—transitional flows)
Boundary conditions Inlet velocity Vg =3.4 m/s; outlet static pressure = 0 Pa; airfoil = no-slip wall
Angle of Attack range —2°to 12°, step =2°
Meshing strategy Unstructured grid with refinement near airfoil; > 30 inflation layers; y* ~107>
Grid independence 3 progressively refined meshes tested; outputs compared for independence
Validation CLF5605 and OWL vs. published data; AS6097 vs. XFOIL at the same Re

Cp of approximately 0.08, while the SST Transition model pre-
dicted a significantly lower Cp of approximately 0.06 at this
angle of attack. This sharp decrease in drag, followed by a subse-
quent increase, led to a spike in C,/Cp at the same AOA. While
AS6097 achieved the highest maximum lift coefficient (CLmax)
its drag performance was inconsistent, an effect attributed to the
formation of laminar separation bubbles.

For the OWL airfoil, both models exhibited similar aerody-
namic coefficients throughout the AOA range. The lift coefficient
consistently increased up to the highest measured AOA of 127,
when it began to show signs of stall. A small difference in C;,/Cp
was noted between AOA of 6" and 10°. A maximum Cy, of approx-
imately 1.2 is achieved at an AOA of 12”. Overall, the OWL airfoil
showed the smoothest and most predictable trends, making it
suitable for stable applications.

The CLF5605 airfoil also exhibited consistent aerodynamic
coefficients in both models within the range of AOAs, with only
minor differences. Its maximum lift coefficient was slightly lower
than that of the other two airfoils, peaking at approximately 1.1
near AOA of 12°. Both turbulence models showed consistent
flow behavior and aerodynamic coefficient predictions with some
differences in magnitude, most notably in the calculation of the
drag force on AS6097. AS6097 had the highest lift force, peak-
ing at a Cy, of approximately 1.4, whereas CLF5605 had the best
aerodynamic efficiency, reaching a peak Cy,/Cp of >20.

Overall, the SST Transition model provides a more conserva-
tive drag prediction and slightly different stall behavior, while the
k-w SST model predicted higher aerodynamic efficiency. Among
the airfoils tested, CLFS60S consistently exhibited a superior lift-
to-drag performance, highlighting its aerodynamic advantages
under low-Reynolds-number conditions.

3.1.2. Gridindependence study. To validate these results,
a grid convergence study was conducted to ensure that the solver
results were not biased at higher mesh densities. This was done
by selecting a representative case, running the solver at different
inflation layers, and then comparing the resulting aerodynamic
coefficients with different pressure-velocity coupling schemes.
The CLES606 airfoil at an angle of attack of 6° was selected, and

the simulations were performed on inflation layers ranging from
30 to 70. The results are shown in Table 2.

The SIMPLE solver was employed for all simulations to
improve solver stability. The grid-independence study demon-
strated excellent convergence with this solver, as shown in Table
2. For completeness, the coupled solver was also tested and
showed similar convergence behavior, with the final values dif-
tering by less than 0.4% from the SIMPLE solver results at 70
inflation layers, validating the overall approach.

3.1.3. Validation. The comparison of the lift, drag, and
lift-to-drag ratio for the OWL airfoil at Re=23000 in Figure 4
demonstrates that both turbulence models captured the expected
aerodynamic behavior and showed good agreement with the ref-
erence study by Anyoji (2018). The k-w SST model slightly
overpredicted lift at low angles of attack due to its fully turbulent
assumption, while the SST Transition model provides a more
realistic pre-stall slope by accounting for laminar—turbulent tran-
sition. Both models, however, underpredicted the experimentally
observed maximum lift. In drag prediction, both approaches
underestimate the values across the range of angles; however,
the SST Transition model yields slightly higher drag values that
more closely align with the reference data, particularly in the pre-
stall regime, where laminar separation bubbles dominate. Con-
sequently, the computed aerodynamic efficiency (Cp./Cp) was
somewhat higher than that of the reference data; however, the
overall variation with the AOA was well reproduced. It is worth
noting that part of the discrepancy may stem from slight geomet-
ric differences between the Liu et al. owl-like airfoil configuration
used in this study and the test model used by Anyoji et al., as high-
lighted in their study. Nevertheless, the results demonstrate very
good overall agreement, with the SST Transition model show-
ing improved fidelity at this low Reynolds number, while the
standard k—w SST provides a sharper stall prediction.

Figure 5 presents the validation of the CFD predictions
against the experimental data for the CLF5605 airfoil at Re =
23,000 under two-dimensional flow conditions. The experimen-
tal datasets were sourced from wind tunnel campaigns conducted
in Japan and the United States '°. The computational results were

https://doi.org/10.64589/juri/214393

JURI 1(2) (2025) 129—134


https://doi.org/10.64589/juri/214393

Journal of Undergraduate Research International

1.50 A

(a) ie -
1.251 Pia™N
4 o
1.00 A /
|
_, 0751 g~
o
0.50 ¥
1/
l/
0.251
/)
0.00 4 L:/f ~o— k-w SST
—@  SST Transition
T T T T T T T
-2.5 0.0 2.5 5.0 7.5 10.0 12.5
Angle of Attack (°)
1.0 d) A
g g LV\: ~m
0.8 1 y
)
y
///'
S 0.6 /[4//’
/
/
0.4 1 ol
o
/
024 /
/ —o— k-w SST
¢ —@ SST Transition
T T T T T T T
=2.5 0.0 2.5 5.0 7.5 10.0 12.5
Angle of Attack (°)
@ A
1.2 //.7 N ;\\\U
Z ©
1.0 1 P
2
J
p
0.8 1 ¥ 4
o 2
©: %
0.6 - ¥
e
0.4 1 .
/ —o— k-0 SST
0.21 4 —m  SST Transition
T T T T T T T
-2.5 0.0 2.5 5.0 7.5 10.0 12.5

Angle of Attack (°)

Cop

Cp

Co

—o— k-0 SST (b) p
0.16 4 —™ SST Transition /@
R / //
! /
0.14 I s
I N /
e /
0.12 y 1 Nt
> 1/ N/
. /] [
0.10 o’
4
V4
0.084 ", /
ON:, A
NN,
0.06 1 ¢
T T T T T T T
-2.5 0.0 2.5 5.0 7.5 10.0 12.5
Angle of Attack (°)
—o— k-w SST (e) )
0.16 | —= SST Transition ya
4
0.14 4 /]
F/
0.12 A ‘%
/
7/
0.10 A
1/
0.08 5/
/, D
R
0.06 /n;//
Ay e
0.04 4 *3u e
*-—=a
T T T T T T T
-2.5 0.0 2.5 5.0 7.5 10.0 12.5
Angle of Attack (°)
—o— k-w SST (h) 2
0.16 | —= SST Transition /.'U
/
0.14 A /
0.12 Y
y
0.10 A 2 b
74
0.08 A H
'
0.06 - 7
0.04 1 s
S
T T T T T T T
-2.5 0.0 2.5 5.0 7.5 10.0 12.5

Angle of Attack (°)

C/Cp

130
()R —o kwssT
20 / '\ —® SST Transition
15 A
\ ) A
L\ AN
10 NS
RS
p S ¥ -
/
54 /
/
_/,
//
014
T — T T T T T T
=2.5 0.0 2.5 5.0 7.5 10.0 12.5
Angle of Attack (°)
20 - A(F) o kossT
F 7 N\ ~@- SST Transition
5 \\\ﬁ\
/ N
15 1 / Ny
/ U R
S\
u\ \
4 v\
10 i ) \\\
pA\
W
o\
/ N
4 \a
51 i
/
/
¢
T T T T T T
=2.5 0.0 2.5 5.0 7.5 10.0 12.5
Angle of Attack (°)
(i)/{ —0— k-w SST
l-m
20 1 e i
L %%
‘%
7/
//
V4 \
15 S 1%
[ | RSy,
f g
{ “\\‘
N
10 1 \
// Y
y -
5%
T t T T T T T T
-2.5 0.0 2.5 5.0 7.5 10.0 12.5

Angle of Attack (°)

Figure 3. Comparative aerodynamic performance of AS6097, OWL, and CLFS60S airfoils under k-w SST and SST Transition models. (a—c) AS6097:
lift, drag, and lift-to-drag ratio vs. angle of attack.(d-f) OWL: lift, drag, and lift-to-drag ratio vs. angle of attack.(g-i) CLF5605: lift, drag, and lift-to-drag

ratio vs. angle of attack

obtained using steady RANS simulations with both the k- SST
model and the SST four-equation transition model.

The lift curves showed good agreement across all datasets,
with the CFD models reproducing both the slope and stall onset.
The maximum lift coefficient predicted by CFD (Cppay & 1.32—
1.34) fell within the range of the experimental data, though
slightly underpredicting the highest values observed in the
Japanese dataset'®. The minimum drag coefficient from the
simulations is Cppi, & 0.031-0.032, somewhat lower than the

Table 2. Grid Independence Study

experimental drag polars, leading to an optimistic prediction
of aerodynamic efficiency. The maximum lift-to-drag ratios are
CL/Cpmax ~ 22.0 (SST) and 20.4 (SST transition), compared
with lower values in the experiments, which reflects the RANS
tendency to underpredict viscous drag at low Reynolds numbers.

Discrepancies in drag are expected because of the inability
of RANS closures to accurately capture laminar separation bub-
bles, transition onsets, and small-scale unsteadiness, which domi-
nate low-Reynolds airfoil aerodynamics. This effect is especially

Coupled SIMPLE
Inflation layers CL Cp CL/Cp CL Cp CL/Cp
30 1.1000 0.05400 20.3704 1.0708 0.0475 22.5368
40 1.1120 0.05410 20.5545 1.1117 0.0502 22.1665
5SS 1.1266 0.05390 20.9017 1.1257 0.0540 20.8463
60 1.1230 0.05400 20.7963 1.1299 0.0538 21.0173
70 1.1322 0.05320 21.2820 1.3200 0.0532 21.1984
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pronounced in the drag, as even minor errors in modeling
the transition location can significantly alter the boundary-layer
development. Nevertheless, the CFD results reproduced the
main aerodynamic trends and provided credible predictions of
the lift, stall behavior, and overall performance envelope, val-
idating their use for further analysis. The primary objectives
of this study—to computationally benchmark bio-inspired air-
foils (OWL, AS6097) against the Ingenuity airfoil (CLFS605)
and validate the CFD models against experimental data—were
successfully met. The results provide a clear comparison of aero-
dynamic performance and modeling fidelity under the specified
low-Reynolds-number conditions.

3.2. Discussion. This study drew multiple comparisons
between different airfoil designs, turbulence models, and valida-
tion datasets to investigate the aerodynamic behavior under Mar-
tian Reynolds number conditions. Having presented the detailed

results, it is now appropriate to take an overall view to draw
broader conclusions and consolidate our understanding of the
problem.

Two turbulence models were primarily employed to eval-
uate the predictive capability. The k-w SST model per-
formed well in predicting the lift coefficient (Cy) in the pre-
stall regime but consistently overpredicted the drag coeffi-
cient (Cp) and deviated from complementary computational
reference results at higher angles of attack. In contrast, the
SST Transition model produced results more consistent with
the validation datasets and demonstrated better capability in
predicting turbulent reattachment in the pre-stall region. At
low angles of attack, both models produced highly similar
results, but as the angle of attack increased, the k-w SST
predictions began to deviate, reinforcing the SST Transition
model as the more reliable choice at these Reynolds number
conditions.
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Three airfoil configurations were tested: an OWL-like air-
foil, NASA CLF560S, and AS6097. Among them, the CLF5605
exhibited the most aerodynamic efficiency, confirming its suit-
ability and explaining its selection for NASA’s Ingenuity Mars
helicopter. The OWL airfoil also showed a smooth and
predictable aerodynamic response and closely matched the val-
idation datasets, suggesting its potential for stable and effi-
cient low-Reynolds-number applications. AS6097 achieved the
highest maximum lift coefficient (Cimax) among the three but
produced inconsistent drag values, likely due to the formation of
laminar separation bubbles. This behavior suggests the formation
and reattachment of a laminar separation bubble, a phenomenon
that the SST Transition model is specifically designed to capture.
This airfoil could not be validated against literature data, as no
comparable CFD or experimental studies were found, indicating
that its performance requires further investigation.

The grid independence study confirmed that the selected
mesh was sufficiently refined to resolve the aerodynamic fea-
tures without introducing grid-related artifacts, ensuring that the

observed differences stemmed from physical modeling rather
than numerical errors.

For validation, the CLF5605 case provides a detailed com-
parison with wind tunnel experiments conducted in Japan and
the United States. Both turbulence models captured the lift
behavior and stall onset accurately. The simulations predicted
Crmax ~ 1.34 (k-w SST) and 1.32 (SST Transition), values
within the experimental range. The minimum drag coefficients
were predicted as Cpmin ~ 0.031-0.032, slightly lower than
measured experimentally, leading to optimistic lift-to-drag ratios
(CL/Cpmax = 22.0 for SST and 20.4 for SST Transition). The
Japanese and U.S. experimental datasets exhibited minor dif-
terences, reflecting the sensitivity of low-Reynolds-number air-
foil aerodynamics to wind tunnel conditions such as turbulence
intensity, surface roughness, and wall effects. The fact that CFD
predictions fell within this experimental range adds confidence to
the overall results.

Collectively, these findings highlight several important points.
At Martian Reynolds numbers, small discrepancies in drag
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prediction lead to disproportionately large variations in aerody-
namic efficiency (CL/CD), which is critical for vehicle perfor-
mance. Although steady RANS models provide reliable predic-
tions of the lift and stall onset, their drag prediction ability is
limited by the simplified treatment of laminar separation bub-
bles, transition onset, and unsteady vortex dynamics. The SST
Transition model reduces some of these errors by accounting
for transition effects; however, higher-fidelity methods may be
required for more accurate efficiency predictions.

As noted in the results, the numerical behavior of the airfoils
at Re & 23,000 suggests the formation and reattachment of a
laminar separation bubble (LSB). This phenomenon is a critical
point of uncertainty for the present study. The quantitative CD
and CL values derived from the 2D RANS models must be inter-
preted with a clear understanding of the known limitations of
these models in the low-Reynolds-number, transitional regime.
The k-omega SST model, in particular, is known to struggle with
this flow physics.

A recent high-fidelity benchmark study'® directly compared
2D RANS k-omega SST simulations against experimental Parti-
cle Image Velocimetry (PIV) data for an airfoil with complex flow
separation. The findings were stark: the RANS model failed to
capture the true extent of the separation, resulting in a 58% error
in the predicted drag coefficient (CD) and a 78% error in the lift
coefficient (CL). The study diagnosed this failure as the RANS
model’s tendency to overestimate turbulent mixing near the wall,
which artificially energized the boundary layer and prevented the
physical separation that the PIV data clearly measured.

This finding is directly relevant to our Martian airfoil investi-
gation. It implies that our RANS-predicted CD values are likely
under-predicted, and the true size and behavior of the LSBs are
not fully resolved.

For design applications, the results suggest that CLFS605 and
OWL airfoils are the most promising candidates for Martian
low-Reynolds-number flights. CLF5605 stands out for its proven
efficiency and prior successful application, while the OWL con-
figuration shows potential as a stable and predictable alternative.
AS6097, although capable of producing a high lift, requires fur-
ther investigation due to its inconsistent drag behavior.

Finally, this study emphasizes the importance of turbu-
lence modeling accuracy in low-Reynolds-number aerodynamic.
Future work could extend this research by employing large-eddy
simulations (LES) or hybrid RANS/LES methods to better cap-
ture the laminar separation and transition phenomena. Addition-
ally, quasi-2D or 3D wind tunnel tests with transition location
measurements would provide valuable benchmarks for further
validation. The study also assumed a rigid airfoil and did not
model aeroelastic effects, such as the blade flapping or twisting
that could occur under aerodynamic loads on a flexible Martian
rotor. Together, these efforts would strengthen the predictive
capability and support the development of efficient Martian aerial
platforms.

4. CONCLUSIONS

This study explored the aerodynamic performance of the OWL,
CLFS5605, and AS6097 airfoils under Martian conditions using
CFD to compare the performance of the k-w SST and SST

Transition turbulence models. Several key conclusions were
drawn.

1. Modeling Fidelity and Limitations: This work confirms that
selecting a transition-sensitive turbulence model (SST Tran-
sition) is critical for capturing low-Re flow physics. However,
the study also reinforces that even advanced RANS models
underpredict drag. This discrepancy, attributed to RANS lim-
itations in resolving laminar separation bubbles, confirms that
RANS is a reliable tool for predicting lift and stall but not
for final drag and performance-efficiency calculations.Future
work: High-fidelity CFD methods (LES and hybrid RANS-
LES) and quasi-2D or 3D wind tunnel studies with transi-
tion measurements are recommended to refine the predictive
accuracy and support rotorcraft design optimization for Mar-
tian environments.

2. Airfoil Performance Insights: While the benchmark CLF5605
was validated as the most aerodynamically efficient, the bio-
inspired OWL airfoil proved to be a highly stable and reliable
alternative. The AS6097, conversely, demonstrated that high
lift can be negated by LSB-induced drag inconsistencies, prov-
ing that bio-inspired geometry alone is not a guarantee of
superior performance.

Opverall, this study’s primary contribution is twofold. From a prac-
tical standpoint, it provides aerospace engineers with a direct per-
formance comparison, validating the CLEFS60S’s efficiency while
qualifying the OWL airfoil as a viable alternative for future Mar-
tian rotorcraft. From a theoretical standpoint, the findings under-
score that at Martian Reynolds numbers (Re & 2.3 x 10*), the
mitigation of laminar separation bubbles becomes the domi-
nant design driver, often proving more critical for aerodynamic
efficiency than high-lift profiling alone.
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ABSTRACT

CO, injections has emerged as a pivotal technique in the petroleum industry and represent a cost-effective option for enhancing

oil recovery and improving environmental sustainability. The mass transfer of CO, into reservoir fluids is the primary mechanism
responsible for CO, solubility trapping and oil recovery enhancement. The minimum miscibility pressure between CO, and crude
oil determines the performance of CO,-enhanced oil recovery (EOR) and storage projects. This study investigated the influence
of reservoir conditions on the CO,-oil miscibility during CO, injection into oil reservoirs. Pendant drop tests were conducted, and

the CO,-oil interfacial tension (IFT) was measured at different pressures and two temperatures. The minimum miscibility pressure
(MMP) and first contact miscibility pressure (FCM) between CO, and crude oil were estimated from the measured IFT values
using the vanishing interfacial tension technique. The measured MMP increased with the reservoir temperature from 1175 psiat T
=27 °C t0 2007 psi at T = 70 °C. Similarly, the FCM pressure increased significantly with the reservoir temperature. This study
provides valuable guidance for screening the suitability of oil reservoirs for CO, EOR and storage.

Keywords: interfacial tension, minimum miscibility pressure, carbon dioxide, pendant drop, fluid-fluid system, miscibility

1. INTRODUCTION

Carbon capture, utilization, and storage (CCUS) is emerging
as a crucial tool for reducing carbon emissions while maintain-
ing to support global energy production. CCUS offers a path-
way for decarbonizing the oil and industrial sectors. Although
hydrocarbon extraction represents a main source of energy, it
is associated with high CO, emissions?. Hence, carbon storage
is essential for reducing CO, emissions while meeting energy
demand. CO, enhanced oil recovery (EOR) is considered a vital
solution because it aligns with both environmental and economic
priorities by reducing emissions and boosting oil recovery from
mature fields®.

Oil fields typically undergo three main production phases: pri-
mary, secondary, and tertiary recovery, each of which is designed
to maximize the extraction of hydrocarbon as the reservoir condi-
tions change *. In the primary recovery phase, oil naturally flows
into the production well under the influence of initial reservoir
pressure. During hydrocarbon production, the reservoir pressure
declines, which reduces recovery. Thereafter, secondary and ter-
tiary recovery techniques are employed, which usually involve
the injection of fluids such as water or natural gas to repressurize
or maintain the reservoir pressure. These methods can recover
an additional 5-20% of the original oil in place (OOIP)>. CO,-
EOR is considered a promising tertiary recovery method owing

to its ability to improve oil recovery®. A schematic of the CO,
injection process is shown in Fig. 1. During CO, injection into oil
reservoirs, CO, dissolves in crude oil, which reduces oil viscosity,
decreases CO,—oil interfacial tension, and increases oil volume
due to swelling. Supercritical CO, vaporizes light and intermedi-
ate oil components at high pressures.”. This technique can aid in
accessing trapped oil in pore spaces that the conventional method
cannot reach, and further extend the field productivity life span®.

Residual oil saturation is the fraction of oil that remains
trapped in a reservoir and cannot be extracted using conven-
tional recovery methods; however, it can be extracted by applying
methods such as CO, gas injections. This oil is retained in
the reservoir because of the capillary force of the porous for-
mation. During CO, injection, residual oil can be mobilized as
CO, reduces the interfacial tension (IFT) and overcomes the
capillary force, thereby improving the miscibility with crude oil
and enhancing oil recovery'’. The minimum miscibility pres-
sure (MMP) is the minimum pressure at which the reservoir
and injected fluids reach miscibility''. It is considered a critical
parameter in EOR operations. At pressures above the MMP, oil
and CO, gas mix and form a homogeneous phase by reducing
the IFT between the two-phase boundaries ''. Interfacial tension
can be described as the force at the boundary (interface) between
two immiscible fluids (e.g, oil and water or CO, and oil) '*. The
IFT is directly related to the capillary number, which is related to
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Figure 1. Schematic diagram of the CO,-EOR injection process’

the viscous and capillary forces (Eq. 1) () '. The capillary number
is inversely proportional to the IFT (o) and directly propor-
tional to the velocity (v) and viscosity (4). This indicates that
the higher the IFT between the two fluids, the higher the resid-
ual oil saturation. In contrast, when the IFT between fluids is low,
it allows for better miscibility, resulting in efficient hydrocarbon
mobilization”.

Capillary No. = e (1)
o

Cao and Gu'* managed to investigate the effect of tempera-
ture on the phase behavior of a CO,-light oil system through
a series of PVT experiments. They determined the vaporization
pressure of CO,, the onset pressure for asphaltene precipitation
caused by CO,-oil interactions, and the MMP. Their results
showed that the MMP was more significantly influenced by tem-
perature than by the vaporization pressure of CO,. Rezk et al.”
estimated the MMP and FCM pressure for a CO,-light oil sys-
tem by measuring the IFT at various pressures. Their results
demonstrated the effect of system pressure on the properties of
crude oil. Li et al.'> and Huang et al.'® estimated the MMP of
CO,-oil systems using molecular dynamics and machine learn-
ing techniques, respectively. Their models yielded satisfactory
results when validated using experimental data and empirical
models. Although several studies have measured and estimated
the MMP between CO, and crude oil, additional experimental
data are required, particularly for CO, interactions with medium-
and heavy-viscosity crude oils. Furthermore, the contribution of
reservoir temperature to CO, miscibility in crude oil systems has
not been sufficiently explored.

To address these gaps, this study aimed to experimentally
determine the MMP and first-contact miscibility (FCM) pres-
sure of CO, in medium-viscosity crude oil at a variety of reser-
voir temperatures. These findings will contribute to improved
screening and evaluation of oil reservoirs for CO, flooding
applications.

2. METHODOLOGY

2.1. Materials. This study utilized a crude oil sample col-
lected from the Uthmaniyah oil field, which is part of the expan-
sive Ghawar Field in Eastern Saudi Arabia (SA). It is a medium
dead oil sample, and its density, viscosity, and API at atmo-
spheric pressure and room temperature (T = 25 °C) were 0.876
g/cm?, 50 cp, and 30°AP], respectively. CO, gas with high purity
(99.99%), supplied by Air Liquide Company, was also used in
this study.

2.2. Experimental Apparatus. The CO,-oil IFT was
measured using axisymmetric drop shape analysis (ADSA) via
the pendant drop method. The main component of the ADSA
is a temperature-controlled IFT cell, as shown in Figure 2. A
magnifying camera equipped with a light source was used to
integrate high-resolution images that were later analyzed via
Young-Laplace fitting software. The ADSA had a S mm diame-
ter needle that dispensed an oil droplet inside a cell filled with
CO;, The ADSA was attached to a positive displacement pump,
which was connected to a high-pressure accumulator saturated
with oil. CO, was pressurized above the cylinder pressure using a
gas booster, as shown in Figure 2.

The experimental setup included an Anton Parr 4500M den-
sity meter (as shown in Figure 3), which was utilized to appraise
the crude oil density with high accuracy and precision. The meter
was integrated with a temperature control system and automatic
viscosity correction. The automated viscosity correction feature
adjusts the density readings according to the estimated viscosity
to enhance the accuracy of the density measurements. Viscos-
ity correction was performed by combining internal algorithms,
calibration data, and preinstalled estimations based on typical
fluid behavior. In addition, the meter was connected to a manual
pump, which allowed pressurization of the oil specimen to arange
of pressures and enabled the precise measurement of density.

2.3. Density Measurement. To ensure accurate density
readings, the density meter and flow lines were cleaned with
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Figure 2. Schematic diagram of the IFT measurement setup (adapted from Rezk & Foroozesh”)

toluene to dissolve and remove any previous fluid contamina-
tion. The lines were then cleaned with deionized water (DI). The
cleaning process was repeated five times until a clear output of DI
water was obtained and no traces of oil or toluene were observed.
After the cleaning process, the DI water density was measured at
temperature T = 70 °C and pressure varying from 400 psi to 900
psi. This was performed for calibration and to ensure accurate
measurements. Finally, UTHMN crude oil density was measured
at temperatures T = 27 °C and T = 70 °C and pressure ranges
from 150 psi to 2800 psi. The density meter used was a vibrat-
ing U-tube filled with oil. The vibration frequency of the tube
was dependent on the oil density (mass). The CO, density was
obtained from the Peace software'” and checked using the NIST
database '®. The readings were later used as input data for the IFT
measurements.

2.4. IFT Measurements. Before filling the IFT chamber
with CO,, the gas vessel was treated with acetone to eliminate
any contamination or dust traces and then vacuumed for an hour.
CO, was later transferred through the flow lines from the CO,

o

PRESSURIZER i
"MANUAL PUMP” | |

Figure 3. Density meter connected to a manual pump

cylinder to the ADSA to pressurize the system. The temperature
progressively elevated until reaching the intended value and was
maintained for 8 h to ensure thermal equilibrium stability within
the system. This step was followed by loading a volume of oil sam-
ple into the fluid holder with the utmost capacity of 200 ml. The
CO; cell vessel pressure was gradually increased at each step of
measuring the IFT up to 750 psi, which was the maximum pres-
sure of the cylinder. A gas booster connected to the CO, cylinder
was used to perform the experiment at higher pressures.

After setting the desired temperature and pressure, a pendant
drop of oil was created using a needle hanging in the cell. A valve
was used to control the volume of the oil drops. The first 1-3
generated drops of oil were repeated to ensure the generation of
asymmetric drops in the proper form for the IFT measurements.
Once a stable droplet was formed, the camera began capturing
pictures of the oil drops, and software was used to calculate the
IFT between the oil drop and the surrounding CO,.

In this study, the IFT was measured at various pressures within
the range 150 psi to 2800 psi and at 28 °C and 70 °C. The CO,-oil
MMP and first contact miscibility (FCM) pressure were deter-
mined from the IFT vs pressure plot. The FCM is estimated
by extrapolating the final linear trend in IFT, where the IFT is
approaching zero, indicating that the CO, and oil phases are
becoming miscible. The MMP is the lowest pressure at which a
comprehensive miscibility is achieved between CO, and oil after
multiple contacts.

3. RESULTS AND DISCUSSION

3.1. Fluid Density Measurements. CO, density was
obtained using the online correlation software Peace, which esti-
mates CO, density as a function of temperature and pressure '’.
This standardized correlation is widely accepted and provides an
accurate and reasonable density approximation for high-pressure

systems.
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Figure 4. Effect of Pressure on CO; and Oil Densities at T =27 °C
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Figure S. Effect of Pressure on CO; and Oil Densities at T = 70°C

The oil samples density was attained by employing the Anton
density meter. Figure 4 shows the density measurements at T =
27 °C and at various pressures to investigate the impact of pres-
sure on density measurements. Figure S illustrates the density
values corresponding to T = 70 °C, which demonstrates density
dependency on pressure and temperature.

Figures 4 and S show that the oil density tends to decrease
as the temperature increases, which is attributed to the ther-
modynamic behavior of the molecule '°. When the temperature
increases, the molecular kinetic energy increases, which leads
to a larger average intermolecular distance. This causes ther-
mal expansion and weakens the intermolecular forces. However,
increasing the system pressure results in compression of the fluid
(reducing the fluid volume), which is reflected in an increase
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Figure 6. CO, phase diagram highlighting the triple point and critical
point values (after Greenfelder!)
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in fluid density.”. The changes in density for liquids are com-
parably lower than those for gases because liquids tend to be

Table 2. Interfacial tension between COy and the medium oil at various
pressures and 70 °C

incompressible (treated as slightly compressible). Pressure (psi) IFT (mN/m)

150 20.77
3.2. IFT and MMP Measurement. When reaching T = >

30.97 °C and pressure = 1070 psi, which are the critical con- 300 18.94

ditions of CO, (Figure 6), CO, becomes a supercritical fluid, 500 16.77

meaning that it does not behave like a liquid or gas. Rather, its 650 s

density increases and becomes less compressible (like a liquid) S 4

and acts as a gas (low viscosity and high diffusivity). 800 13.66

The results from the pendant drop experiment conducted at 1000 11.62
high pressures and temperatures of 27 °C and 70 °C are shown
in Tables 1 and 2, respectively. The tables summarize the mea- 1200 9-35
surements of IFT at various pressures and demonstrate that IFT 1400 7.33
decreases with pressure, indicating enhanced miscibility behavior 1600 567
between the crude oil and CO, phases.

The IFT vs pressure data were plotted to estimate the MMP 1800 456
and FCM, as illustrated in Figure 7. The CO;-oil IFT values 2000 3.36
Table 1. Interfacial tension between COy and oil medium at different 2200 311
pressures and 27 °C 2400 2.75
Pressure (psi) IFT (mN/m) 2600 2.89
150 22 2800 2.73
300 18.5
500 14.66 decreased as the system pressure increased, which shows that
650 11.3 the system gradually approaches the miscibility conditions. The
300 6.94 MMP was identified from the plot as the point where the initial

near-linear trend of IFT values leveled off to zero IFT (intersec-
1000 3.25 tion with the X-axis), indicating a region where further pressure
1200 2.63 increases produced minimal changes in IFT. This stabilization
1400 1.83 reflects the onset of dynamic miscibility>*. In contrast, FCM was
typically inferred from the extrapolation of a secondary linear
1600 141 trend observed at higher pressures.
1800 1.28 At T = 27 °C, the IFT showed a sharp exponential decline
2000 06 from 22 mN/m at 150 psi to 0.53 mN/m at 2000 psi. Based
: on the extrapolated linear trends, the MMP was estimated to be
2200 No coherent drop 1175 psi, and the FCM was visualized at 2454 psi.
—e— IFT at 27°C
25 N ---- Extrapolate first line (MMP) at 27°C
~~~~~~~ Extrapolate second line (FCM) at 27°C
IFT at 70°C
Extrapolate first line (MMP) at 70°C
20 Extrapolate second line (FCM) at 70°C
E
> 15
E
&
10
MMP = 2007 psi FCM = 2454 psi
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Figure 7. Measured IFT at various pressures at 27 °C and 70 °C
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At T = 70 °C, the IFT decreases more gradually and linearly
from 18.95 mN/m at 300 psi to 2.46 mN/m at 2800 psi, with
no clear stabilization limit observed within the tested pressure
range. Thus, the MMP was estimated to be 2007 psi, whereas the
FCM could not be determined, indicating that pressures beyond
2800 psi may be required to reach the FCM. The FCM was not
obtained at 70 °C due to the difficulty of holding the oil drop at
such high pressures.

3.3. Limitations. There are several limitations that may
have influenced the accuracy of the findings, and identifying these
limitations will aid in strengthening the credibility of the results.
The limitations encountered fall into several categories:

3.3.1. Methodological limitations. The methodological
limitation arises from the approach design of the study. The main
assumption in using the pendant drop, where in practice the
equilibrium may not have been fully attained due to CO, diffu-
sion, which may reflect IFT values from the absolute equilibrium
conditions.

3.3.2. Instrumentation & technical limitations. This
limitation is primarily associated with the operational conditions
of the laboratory equipment used in this study. The difficulty of
holding the oil drop at high pressures limits the IFT data. Addi-
tionally, the experimental work was subjected to environmental
limitations under which measurements were conducted. One
of the limitations is the temperature factor, where small fluctu-
ation occurs that can affect the CO,-crude oil IFT behavior. In
addition, the droplet size, shape stability, and visual clarity were
influenced by minor vibrations near the working area.

4. CONCLUSIONS

In conclusion, the miscibility behavior of CO,-crude oil was
investigated through IFT measurements at 27 °C and 70 °C using
the pendant drop method. The results demonstrated that at 27
°C, the MMP of CO, with oil was relatively low (1175 psi),
whereas at 70°C, the MMP increased to 2007 psi using the same
CO,-oil system. This demonstrates that elevated temperatures
substantially increase the pressure required to achieve CO,-oil
miscibility.

This study also highlighted the significant contribution of
pressure in governing IFT reduction, which is essential for oil
recovery during CO, injection. These findings provide practical
insights for designing CO,-EOR projects in oil reservoirs, par-
ticularly for selecting the optimum reservoir pressures and tem-
peratures. Future research should prioritize the following areas to
better integrate and improve the CO,-EOR method.

It is recommended to use various crude oil samples with differ-
ent compositions to be tested when measuring IFT. Components
such as resins and acids can cause complex IFT behaviors. In
addition, such components can cause asphaltene to precipitate
and deposit, thereby altering the interfacial properties. Future
work should incorporate asphaltene stability to reveal its long-
term impact on interfacial phenomena. Finally, evaluating the
role of chemical agents and formation brine on IFT interaction
between oil components and CO, under reservoir conditions can
be valuable for optimizing CO,-EOR.
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