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PREFACE
It is with great pleasure that we present the Book of Abstracts for the 17th International Exergy, Energy
and Environment Symposium (IEEES-2026), a multidisciplinary and interdisciplinary conference that
brings together scientists, engineers, industrialists, and researchers from around the world. This
symposium provides a dynamic platform for sharing ideas, research findings, and practical expertise

on issues related to sustainable energy and the environment.

Since its inception in 2003, the IEEES conference series has evolved into a well-established and
recurring scientific meeting, covering a wide spectrum of topics including renewable energy, energy
efficiency, smart grids, green transportation, and climate change technologies. Founded by Prof.
Ibrahim Dincer, the symposium reflects a strong vision of advancing knowledge and fostering
innovation in the fields of energy and environment. Through keynote lectures, technical sessions, and
workshops, IEEES continues to promote the exchange of ideas and the development of forward-

looking, cleaner technologies.

The 17th edition of the symposium is hosted in Nicosia and is organized by the Energy Research
Center (ERC) of Eastern Mediterranean University in collaboration with the Association of Energy
Engineers (AEE) Cyprus Chapter. The abstracts compiled in this volume represent the breadth and
depth of current research, highlighting both emerging challenges and innovative solutions in the global

transition toward sustainability.

The successful realization of IEEES-2026 would not have been possible without the dedication and
hard work of many individuals and institutions. \We would like to express our sincere appreciation to
the organizing committee for their commitment and professionalism in bringing this event together.
We also gratefully acknowledge the valuable support of our sponsors, whose contributions have been

instrumental in making this conference possible.

Finally, we extend our heartfelt thanks to all contributors and participants for their valuable input and
for making IEEES-2026 a meaningful and impactful gathering. We hope that this Book of Abstracts

will serve as a source of inspiration and a catalyst for further collaboration and innovation.

Prof. Dr. Ugur Atikol
Conference Chair
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~~ TWO DECADES OF RESEARCH ON ENERGY EFFICIENCY IN BUILDINGS: A
BIBLIOMETRIC AND KEYWORD CO-OCCURRENCE ANALYSIS (2005-2025)

Manta Marcelinus Dakyen®", Murat Ozdenefe* 23, Mustafa Dagbagr*
1Girne American University, Faculty of Engineering, Energy Systems Engineering Department, Kyrenia, Turkey
2 Eastern Mediterranean University, Faculty of Engineering, Mechanical Engineering Department, Gazimagusa, Turkey
3 Eastern Mediterranean University, Energy Research Centre, Gazimagusa, Turkey
4 Cyprus International University, Faculty of Engineering, Energy Systems Engineering Department, Nicosia, Turkey
*Corresponding author e-mail: mantadakyen@gau.edu.tr
Ref # BES-01

ABSTRACT

This study conducts a bibliometric and keyword co-occurrence analysis of research on energy efficiency in buildings
published between 2005 and 2025. Data retrieved from the Web of Science Core Collection were analyzed using
VOSviewer to examine publication trends, collaboration networks, citation patterns, and research themes. The results
indicate a steady increase in publications over the past two decades, reflecting growing global interest in improving
building energy performance in response to climate change and sustainability goals. Co-authorship analysis identifies
China, the United States, and Italy as leading contributors. Keyword co-occurrence analysis highlights major research
themes such as energy efficiency, sustainability, thermal comfort, performance, and optimization. Overall, the findings
provide a concise overview of the intellectual structure and evolving research trends in energy efficiency in buildings,
offering a foundation for future research and collaboration toward sustainable building development.

Keywords: Building design, Energy efficiency, Research collaboration, Sustainability, VOSviewer
INTRODUCTION

The building sector has served as one of the most fundamental needs in our daily lives, contributing to facilitating
social and economic development. However, it is also one of the largest consumers of energy and contributors to
greenhouse gas (GHG) emissions worldwide. In the European Union (EU), buildings account for approximately 40%
of total energy consumption and 36% of GHG emissions [1]. Globally, there is a growing tendency of energy use in
the building sector, with estimates suggesting an 88% rise between 2003 and 2050 if no substantial efficiency
measures are implemented [2]. This trend has intensified environmental concerns and underscores the need for
improved energy performance in buildings. Consequently, increasing public awareness and policy initiatives have
propelled research on energy efficiency in buildings — particularly strategies such as adaptive thermal comfort and
sustainable building design — to the forefront of efforts at achieving sustainable development. This intensified focus
is clearly reflected in the existing body of literature, and the evolving intellectual landscape can be systematically
mapped out by utilizing bibliometric and keyword co-occurrence analyses, which help reveal publication trends,
thematic evolution and collaborative networks, thereby elucidating key research interests and emergent topics.

This study conducts a comprehensive bibliometric and keyword co-occurrence analysis of research on energy
efficiency in buildings published between 2005 and 2025. Specifically, the study aims to examine publication trends,
citation patterns, and collaborative networks in order to map the intellectual landscape of the field and identify
emerging research directions. To achieve this objective, the study addresses the following research questions: (1)
What are the dominant research themes and evolving trends in energy efficiency in buildings from 2005 to 2025? (2)
How have international collaborations evolved over the past two decades? (3) Which authors, institutions, and
countries have been the most prolific and influential in this field? (4) What key keywords and emerging topics are
shaping the future trajectory of energy efficiency research in buildings?

METHODOLOGY

Bibliometrics applies statistical techniques to evaluate the structure, techniques and development of scientific research
within a given field [3]. Its main objective is to provide a systematic and visual overview of existing publications, enabling
the identification of research trends, influential studies, and knowledge structures. By integrating computational and
visual analytical techniques, bibliometric analysis enhances the accessibility, transparency, and reproducibility of
literature-based research [4].

In this study, the visualization tool, VOSviewer, is used to construct and analyze bibliometric networks. VOSviewer
enables the visualization of relationships such as citations, bibliographic coupling, co-citation, or co-author relationships
[5]. Using this tool, three bibliometric approaches — general publication analysis, collaboration network analysis and
keyword analysis — are applied to examine the research status and development trends of energy efficiency in buildings.
The bibliometric analysis began with the identification of an appropriate database for retrieving publications in the
research field. Commonly used databases for bibliometric studies include Scopus, Web of Science and ScienceDirect
[6]. In this study, the Web of Science Core Collection (WoSCC) was selected due to its rigorous indexing standards,
extensive historical coverage, and high-quality bibliographic data [7,8]. WoSCC includes the Science Citation Index
Expanded, which ensures the inclusion of high-impact, peer-reviewed research relevant to energy efficiency in
buildings published between 2005 and 2025. In addition, its standardized indexing system facilitates reliable citation
analysis and compatibility with bibliometric visualization tools [9]. The retrieval strategies was defined as follows:
Topic search = building design* energy efficiency*; Timespan = 2005 — 2025; Document type = articles or reviews;
Language = English.
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RESULTS
Trend in annual publication

The analysis of annual publication volume illustrates the evolution and intensity of research on energy efficiency in
buildings over the past two decades. Publications increased steadily from 118 in 2005 to 3991 in 2025, reflecting an
intensification of scholarly activity and research productivity. This sustained growth underscores the rising global focus
on energy efficiency in buildings, driven by climate change mitigation, decarbonization policies and sustainable
development goals. Overall, the continuous expansion of research output confirms that energy efficiency in buildings
remains a dynamic and highly active area of scientific exploration (See Fig 1).
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Fig. 1. Annual publication Count (2005 — 2005)
Co-authorship analysis

A co-authorship analysis was conducted to examine international research collaborations, focusing on countries with
at least 398 published documents. This criterion reduced the dataset from 151 to 21 collaborating countries. The
results indicated that the People's Republic of China is the most productive and influential contributor, with 8699
publications, the highest total citations (220964), and the strongest collaboration link strength. Other major
contributors include the United States (4134 documents, 132368 citations) and Italy (1942 documents, 50714
citations). These findings suggest that while Chile plays a central role in driving research output, substantial high-
impact collaborations exist among leading research nations. The country collaboration network generated using
VOSviewer is illustrated in Fig. 2.
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Fig. 2. Country collaboration network
Co-occurrence analysis

Keyword co-occurrence network visualization was used to examine the relationships among frequently used
terms and reveal the conceptual structure of the research field.

A co-occurrence analysis of all keywords was conducted to capture the thematic development of energy efficiency
in building research. Applying a minimum occurrence threshold of 438 reduced the dataset from 71163 keywords to
30 significant terms, forming a network of three clusters with 48279 total links. The term design recorded the highest
occurrence (5407) and link strength (10914); its prominence is largely attributed to its use as a broad search term
during literature retrieval. Followed by performance, energy efficiency, efficiency, and optimization. The network
visualization generated from VOSviewer is presented in Fig. 3.

A co-occurrence analysis of authors’ keywords was also performed to identify key research themes. With a minimum
occurrence threshold of 222, 20 keywords were retained. The most frequent terms were energy efficiency (3721
occurrences), sustainability (704), and thermal comfort (681), which evidently validate the search strategy, which
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was set as the premise of this research.
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Fig. 3. All keywords co-occurrence map
Citation-analysis

Citation analysis was conducted using the author and citation fields. A minimum publication threshold of 30
documents per author was applied, resulting in 25 authors meeting the criterion. The network analysis produced 4
clusters with 23 links. The most cited authors include Tianzhen Hong (3844 citations), Hongxing Yang (2567
citations), Xin Wang (2505 citations), and Fabrizio Ascione (2181 citations). Several other authors also recorded
substantial citation counts. The visualization map of the most cited authors generated from VOSviewer is presented
in Fig. 4.
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Fig. 4. Network visualization of the Top 25 most cited authors (Citation analysis)
Most cited institution

To identify the most cited organizations, the citation and organization fields were selected. A minimum citation
threshold of 184 documents was applied, resulting in 15 organizations meeting the criterion and forming 3 clusters.
The results indicate that Chinese Academy of Sciences (24058 citations), Tsinghua University (14596 citations), and
Hong Kong Polytechnic University (13530 citations) are the most cited institutions in this research field. Other
institutions with notable citation impact include Tianjin University of China and City University of Hong Kong. The
citation network of the most cited organizations is presented in Fig. 5.
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Fig. 5. Network visualization of the Top 15 most cited institutions (Citation analysis)
DISSCUSSION

The bibliometric analysis reveals a substantial and sustained growth in research on energy efficiency in buildings
between 2005 and 2025. The increasing publication trend indicates heightened global attention to reducing energy
consumption in the building sector, largely driven by climate change mitigation policies, decarbonization targets, and

13



~ ) 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
s Cyprus, 1 -3 June 2026

sustainable development initiatives. The co-authorship analysis highlights strong international collaboration patterns,
with China emerging as the most productive and influential contributor, followed by the United States and Italy. This
suggests that while certain countries dominate research output, the field is increasingly characterized by global
collaboration networks that facilitate knowledge exchange and innovation. Keyword co-occurrence analysis further
reveals that core research themes revolve around energy efficiency, sustainability, thermal comfort, performance,
and optimization. These themes indicate a growing interdisciplinary focus on integrating energy-efficient design
strategies with occupant comfort and sustainable building performance. Additionally, citation analysis identifies
influential authors and institutions that play central roles in shaping the knowledge structure and research direction
of the field.

CONCLUSION AND IMPLICATIONS

This study provides a bibliometric and keyword co-occurrence analysis of research on energy efficiency in buildings
published between 2005 and 2025, using data from the Web of Science Core Collection and visualization through
VOSviewer. The findings reveal a steady growth in research output over the past two decades, reflecting increasing
global interest in improving building energy performance in response to climate change and sustainability objectives.
The analysis also identifies China, the United States, and Italy as key contributors to the field, while major research
themes include energy efficiency, sustainability, thermal comfort, performance, and optimization.

Building on these findings, future research may focus on expanding bibliometric analyses by integrating multiple
databases, such as Scopus, to enhance dataset coverage and improve the robustness of results. Further studies
could also employ advanced scientometric and data-driven approaches, including machine learning and topic
evolution analysis, to identify emerging research fronts and technological innovations in building energy efficiency.
Additionally, greater emphasis on interdisciplinary collaboration, smart building technologies, and climate-responsive
design strategies may help advance sustainable building development and support global decarbonization goals.
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THE IMPACT OF MATERIAL USE ON THERMAL COMFORT: A CASE STUDY OF HOUSING
RENOVATION IN GHARDAIA, ALGERIA

Younes Boukhari!, Harun Seving®*
1 Eastern Mediterranean University, Faculty of Architecture, Department of Interior Architecture, Mimar Sinan Street, 99628
Gazimagusa, North Cyprus via Mersin 10, Turkiye
2 Eastern Mediterranean University, Faculty of Architecture, Department of Architecture, Mimar Sinan Street, 99628
Gazimagusa, North Cyprus via Mersin 10, Turkiye
*Corresponding author e-mail: harun.sevinc@emu.edu.tr

Ref # BES-02

ABSTRACT

Indoor thermal comfort represents a critical challenge in hot—arid climates such as Algerian desert, notably within
heritage protected dwellings where external modifications are restricted. This study investigates thermal comfort
improvement strategies for a vernacular Ksar house located in Ghardaia, part of the M'zab Valley World Heritage site.
A mixed-method was used, combining real-time indoor temperature and relative humidity measurements, field
observations, direct questionnaires covering 73 participants, and dynamic thermal simulations using DesignBuilder
software. Hence, results reveal that summer overheating, with indoor temperatures reaching 39°C in July with low
relative humidity (HR) registered (=11%). Furthermore, passive cooling strategies, including evaporative cooling, natural
ventilation enhancement, and the application of insulation materials, were evaluated according to ASHRAE Standard
55 (2023) adaptive and PMV models. Evaporative cooling combined with increased air velocity reduced operative
temperature by up to 1.6°C, achieving thermal comfort compliance in June, while July and August remain out of comfort
zone. Although external insulation materials prove effective, they conflict with heritage conservation regulations.
Findings demonstrate that passive measures alone are insufficient under extreme heat conditions. A hybrid cooling
system combining evaporative cooling and assisted mechanical air movement such as fans can help perceive comfort,
while air-conditioning is still effective to cope with summer overheat. The study proposes a renovation framework
balancing thermal comfort, cultural continuity, and energy efficiency using solar panel in Saharan heritage dwellings.

Keywords: Thermal comfort, passive cooling strategies, heritage conservation, hybrid cooling system, renovation
framework.

INTRODUCTION

Algeria embraces different climatic regions, ranging from Mediterranean in the north to hot-arid desert climate in the
south. The Sahara Desert covers nearly 80% of the national territory area, making Saharan settlements critical areas
for architectural and environmental research. However, in recent decades, global warming has profoundly affected
thermal comfort, occupant well-being and increasing reliance on air-conditioning systems in Algerian desert [1]. This
environmental phenomenon is evident in the M'zab Valley and Ghardaia region, where traditional Ksour (vernacular
settlements) is established. The heritage houses within Ksar, designed with adaptive passive systems, are now
struggling to cope with climate changes [2]. The growing installation of air-conditioning units on building facades has
disrupted the visual coherence of the Ksar fabric and altered its microclimatic balance. While several studies have
compared the thermal performance of traditional and contemporary buildings materials [3][4]. Few studies have
explored how the application of insulation materials with passive renovation strategies can improve indoor thermal
comfort while preserving architectural identity. Addressing this gap, the present study investigates whether thermal
comfort in M’zab Ksar houses can be achieved through sustainable material used during renovation. The research
aims to develop a responsive interior intervention framework that improves spatial quality and occupants’ well-being
through passive strategies and locally appropriate materials. By aligning environmental performance with heritage
conservation principles. Hence, the study suggests a holistic renovation approach capable of reducing dependence
on mechanical cooling while respecting the socio-cultural values of the M'’zab community.

METHODS

This study adopted a mixed-methods combining quantitative measurements, dynamic simulation, and qualitative
assessment to evaluate indoor thermal comfort in M’zab Ksar houses.

Quantitative Method

Field Measurements

Indoor air temperature and relative humidity were recorded using a calibrated thermohygrometer during the summer
months (June—August). Measurements were taken at representative locations within selected dwellings in two Ksour;
Ksar Ghardaia and Ksar Beni Isguen in order to understand daily thermal variations under extreme climatic
conditions.

Simulation and Experimental Design

A dynamic thermal simulation was conducted using DesignBuilder software to model existing building conditions and
proposed renovation scenarios for one building. The simulation was calibrated based on local climatic data, building
geometry, interior space layout, material characteristics, ventilation patterns and occupancy schedules. An
experimental scenario examined the installation of mycelium bio-based material for insulation during renovation
process. Comparative analysis between existing mechanical cooling practices and proposed passive techniques was
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conducted to evaluate their impact on indoor thermal comfort. Thermal comfort assessment was conducted according
to the adaptive comfort model defined by ASHRAE Standard 55. The Occupancy Residential profile occupancy and
activity schedules has been chosen in DesignBuilder for 25 m?/per person (Table 1). A fraction of 1.00 corresponds
to the maximum occupancy density of 25 m?/person. Total surface wall area was 44.2 m2, total window surface area
1.25 m2 and windows to wall ratio ws 2.83%. The thermal conductivity, specific heat and density of bio-based Thermal
Insulation Material Mycelium (Thickness: 5 cm) from DesignBuilder Simulation (ASHRAE 90.1 Standards) are given
as 0.0500 W/mK, 900 J/kgK and 1000 kg/m3 respectively.

Table 1. Occupancy Schedule from DesignBuilder Simulation (ASHRAE 90.1 Standards)

Time Period Weekdays (Fraction) Saturdays / Sundays / Holidays (Fraction)
00:00 — 05:00 1.00 1.00
05:00 - 06:00 0.80 1.00
06:00 — 07:00 0.75 1.00
07:00 — 08:00 0.75 0.80
08:00 — 09:00 0.50 0.75
09:00 - 10:00 0.43 0.50
10:00 - 15:00 0.43 0.43
15:00 — 18:00 0.50 0.50
18:00 - 21:00 0.75 0.75
21:00 — 24:00 0.80 0.80

Table 2. Thermophysical Properties of Building Elements from DesignBuilder Simulation (ASHRAE 90.1 Standards)

External Wall Configuration

Roof / Floor

Windows

Material Properties

Existing external
Stone wall
(Uninsulated)

Insulated external wall
(Internal layer:
Mycelium 5 cm +
Stone)

Trink palm 30 cm+
lime stone 10 cm+
ceramic tile 10 cm

Windows (50 cm x 50
cm), single-pane 5 mm
clear glass and wooden
frame

Total Thickness (cm)

55

60

50

/

0.64

0.35

4.9

U-Value (W/m2-k) 1.80
Qualitative Method

The qualitative component aimed to assess occupants’ perceptions of indoor thermal comfort and spatial organization
during summer. Data were collected through structured questionnaires and semi-structured interviews administered
face-to-face and electronically to residents of the Ksar. The survey examined:

* Perceived indoor thermal comfort during summer

« Satisfaction with spatial functionality and well-being

» Experience with traditional passive cooling systems

* Attitudes toward renovation materials and mechanical cooling use

Given the architectural homogeneity of Ksar houses, randomized questionnaires and systematic observations were
considered appropriate to ensure reliable and valid findings.

Data Analysis

Quantitative data were statistically analyzed to identify temperature trends, averages, and thermal performance
patterns. Questionnaire responses were processed using Excel to generate visual descriptive statistics. Secondary
climatic data were obtained from publicly available meteorological records (meteostat.com) to contextualize
measured results. The findings were interpreted through the adaptive thermal comfort framework as the most
adequate model to evaluate the effectiveness of passive buildings.

RESULTS AND DISCUSSIONS

The key survey results of the questionnaires and semi-structured interviews with 73 participants from different gender
and age-groups are presented In Table 3. Between June and August 2025, average outdoor temperatures ranged
from 32.4°C to 36.6°C, peaking in July. The lowest indoor temperatures were recorded in the early morning at
approximately 32°C. The registered relative humidity remained below 30%, reflecting a notably dry climate.

Field measurements confirmed persistent summer overheating, particularly on upper floors, where indoor air
temperatures reached 39°C in July and August under very low relative humidity (11-12%). Although, such dry
conditions theoretically favor evaporative cooling, simulation results indicate that its standalone performance remains
limited.

Under the Adaptive Model of ASHRAE 55-2023 [5], the combined scenario integrating evaporative cooling, full
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window opening, and air velocity between 0.9—-1.2 m/s achieved comfort compliance only in June. However, July and
August remained outside the comfort zone. Using the PMV model, increasing air velocity to 2 m/s (mechanically
assisted) with operative temperature set at 32.5°C and Relative Humidity (RH) at 26% showed partial compliance in
June but complete non-compliance during peak summer months (July and August). These findings confirm that
airflow enhancement may improve thermal perception but still away from fully offset extreme outdoor summer heat.
Similarly, simulation results indicate that internal insulation layers can mitigate the beneficial time-lag effect coming
for the existing heavy-thick stone walls by isolating the thermal mass from indoor space. This confirms the critical
role of thermal inertia in hot—arid climates such as that of Ghardaia. These findings align with the existing literature
(6] [7].

Table 3. Key survey results

St
e

Survey Question Age Female Yes No Male Yes No Yes (F/M) | No (F/M)

ndoor temperature | 2050 | 14(18%) | 100% | 0% 19 (27%) | 100% | 0% 100% 0%

1 | increase over the last 10 | 50-60 10 (14%) 100% 0% 13 (18%) 100% 0% 100% 0%

years 60-85 | 7(10%) | 80% | 20% | 10(13%) | 78% | 22% 79% 21%

20-50 | 14 (18%) | 28% | 72% | 19(27%) | 10% | 90% 19% 71%

2 gjg;fef” conditioning in 56 6 1 10 (14%) | 30% | 70% | 13(18%) | 30% | 70% 30% 70%

60-85 | 7(10%) | 30% | 70% | 10(13%) | 55% | 45% 42% 58%

- 0, 0, 0, 0, 0, 0, 0, 0,

Grilled door for natural | 2050 | 1418%) | 92% 8% 19 27%) | 92% 8% 92% 8%

3 | ventilation during | 50-60 | 10 (14%) | 91% 9% 13 (18%) | 91% 9% 91% 9%

summer 60-85 | 7(10%) | 90% | 10% | 10(13%) | 90% | 10% 90% 10%

Thermal  Comfort in | 2050 | 14(18%) | 100% | 0% 19 (27%) | 100% | 0% 100% 0%

4 | basement floor in | 50-60 10 (14%) 100% 0% 13 (18%) 100% 0% 100% 0%

summer 60-85 7 (%) 100% | 0% 10 (13%) | 100% | 0% 100% 0%

thermal comfort in | 2950 | 14(18%) | 28% | 72% | 1927%) | 10% | 90% 19% 81%

5 | ground and first floor in | 50-60 | 10(14%) | 20% | 80% | 13(18%) | 30% | 70% 25% 75%

summer 60-85 | 7(10%) | 30% | 70% | 10(13%) | 55% | 45% 42% 58%

20-50 | 14(10%) | 28% | 72% | 19(27%) | 26% | 74% 27% 73%

g | Yse of fans during [oq 0196100 | 70% | 30% | 13(18%) | 70% | 30% 70% 30%
summer for ventilation

60-85 | 7(10%) | 70% | 30% | 10(13%) | 66% | 34% 68% 32%

Hence, renovation interventions should be conceived as multidimensional processes adopting thermal mass
preservation, locally available sustainable materials and perceptual adaptivity of finishing material selection.
Nevertheless, simulation findings reveal that passive measures alone remain insufficient during peak summer
periods, highlighting the requirement for complementary hybrid cooling solutions.

Table 6. Comparison of outdoor and indoor climatic conditions (June — August 2025) in Ghardaia (Case Study of Ksar Beni-
Isguen) (Compiled by the authors based on Meteostat (2025), Wanderlog (2025), and on-site measurements

Month | Exterior Exterior | Time | Ground floor | Ground First  floor | Firstfloor
Average Average Indoor floor Indoor Indoor
Temperature | Relative Temperature | Indoor Temperature | Relative
(°C) Humidity (°C) Relative | (°C) Humidity

(%) Humidity (%)

(%)

June 32.4°C 24 8:00 33.9 13.2 36.5 11.0
17:00 34.3 12.0 37.6 10.2

23:00 34.4 12.0 37.1 10.0

July 36.6°C 18 8:00 34.5 11.4 36.7 10.5
17:00 35.1 10.8 39.1 10.3

23:00 35.2 11.2 38.6 10.3

August | 33.1°C 23 8:00 33.8 10.6 37.3 10.0
17:00 35.5 10.3 38.8 10.7

23:00 35.3 10.1 38.6 10.6
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Fig. 1. Entrance and interior view of the courtyard and upper-floor arcade of the case study (Photos taken by authors)

Table 7. Passive Strategies applied to the Case Study (DesignBuilder Simulation)

Month | Floo | Initial state Windows Mycelium Evaporative Combined
r fully opened | insulation 50mm cooling scenarios
(Internal)
Tem | RH Tem | RH Temp RH (%) | Temp RH Temp RH (%)
p (%) | p(°C) | (%) | (°C) Q) (%) (°C)
(W)
June G.F 340 | 21.0 |33.0 |24.0 |34.1 23.4 325 26.0 32.93 25.35
F.F 350 | 185 |34.2 |21.0 |36.0 20.0 33.4 25.0 33.94 24.27
July G.F 36.1 | 19.0 | 350 |22.0 |36.3 215 35.0 24.0 35.02 23.22
F.F 37.0 | 17.3 |36.4 |19.0 | 37.0 18.5 35.7 23.0 36.16 22.1
Augus | G.F 359 | 201 |350 |24.0 |36.2 235 34.8 26.0 34.83 25.5
t F.F 36.8 | 18.0 |36.0 | 18.0 | 37.0 19.0 35.7 25.0 36.15 24.2

CONCLUSIONS

This research illustrates that vernacular M’zab Ksar houses are experiencing significant indoor thermal discomfort
during extreme summer months due to climatic severity, dense urban fabric, and heritage preservation restrictions.
While passive strategies such as passive evaporative cooling and enhanced air velocity offer measurable
improvements leading to achieve comfort compliance only in June month. The findings confirm the essential role of
thermal mass in such hot-arid climates and caution against internal insulation solution that may alter wall inertia. On
the other hand, renovation approaches should prioritize locally available, breathable, and thermally responsive
materials finishes yielding perceive comfort enhancement.

A holistic intervention package is therefore recommended, balancing aesthetic coherence, thermal performance,
sustainability principles and cultural authenticity. Ultimately, hybrid cooling systems integrating passive evaporative
cooling, mechanical air movement, while air-conditioning associated with solar panels represent the most realistic
thermal comfort compliance scenario during the peak heat period, it also helps control energy consumption.
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ABSTRACT

Rapid urbanization in Yaoundé, Cameroon, has worsened the housing crisis. Conventional “blueprint” social housing
relies on imported, standardized concrete designs that ignore the hot-humid tropical climate. This leads to thermal
discomfort, heavy dependence on mechanical cooling, higher utility costs, and severe energy poverty among low-
income households. This study proposes a shift from inefficient blueprint models to climate-protection settlements
through the Green-Print model. The model integrates affordable housing with climate adaptation by combining
renewable energy (mainly solar), energy-efficient technologies, passive cooling strategies (natural ventilation,
shading), and culturally responsive spatial layouts adapted to Yaoundé’s local conditions, cultural practices, and
economic realities. The core research question is: How can social housing in Yaoundé be reconfigured into energy-
efficient, affordable climate-protection settlements aligned with local tropical, cultural, and economic parameters?
Using a User-Centered Design methodology, the research analyzes existing housing through field observations,
stakeholder interviews, and energy performance simulations. It develops a replicable decision-making framework
with context-specific guidelines for architects, planners, and policymakers. Evaluation of the Green-Print prototype
shows significant reductions in energy consumption, improved indoor thermal comfort, lower operational costs, and
better alignment with Cameroon’s social housing goals and SDGs 7, 11, and 13. The study offers a transferable
approach for sustainable, comfortable, and cost-effective social housing in tropical urban environments.

Keywords: Sustainable Social Housing, Green-Print Model, Climate-Responsive Architecture, Renewable Energy
Integration, Energy Poverty, User-Centered Design, Affordable Housing, Tropical Urbanism.

1. INTRODUCTION

Architecture in Cameroon carries the imprint of successive colonial planning regimes under German, French, and
British administration. Urban housing introduced during these periods relied on standardized "blueprint" models that
prioritized administrative efficiency over climatic adaptation or socio-cultural fit [1], [2]. These typologies privileged
non-porous materials, repetitive layouts, and centralized planning logic, marginalizing local bioclimatic knowledge
shading, cross-ventilation, thermal-mass construction — proven effective in hot-humid tropical conditions [3]. Sub-
Saharan Africa remains the fastest-urbanizing region globally, with Cameroon facing a persistent annual deficit of
150,000 housing units [4]. As of 2026, over 53% of the Cameroonian population lives in urban centres, driven by
annual growth rates of 3.6-5% [5], [6]. The national housing shortfall stands at approximately 2.5 million units, most
acutely felt in Yaoundé and Douala [7], [8]. State institutions such as the Société Immobiliere du Cameroun (SIC)
have perpetuated the same imported typologies, delivering estates primarily for civil servants while leaving low-
income majorities underserved [9]. Climate vulnerability intensifies the crisis. Yaoundé's hot-humid conditions
(Aw/Am classification) expose residents to persistent heat stress and flooding [10]. Thin concrete walls and
corrugated metal roofing act as heat traps, raising indoor temperatures and forcing reliance on mechanical cooling
that low-income households cannot afford [11]. The result is a compound crisis of structural deficit, energy poverty,
climatic vulnerability, and socio-spatial inequality. This paper argues that a transition from the "Blueprint” to a "Green-
Print" framework — integrating passive design, decentralized renewable energy, and participatory planning — is a
structural imperative, not a luxury [12], [13].

1.1 Research Questions and Objectives

The core question is: How can social housing in Yaoundé be reconfigured into energy-efficient, affordable climate-
protection settlements adapted to local tropical, cultural, and economic conditions? Sub-questions address (i) thermal
performance of existing typologies; (ii) socio-economic barriers to energy access; (iii) the potential of passive design
and solar systems to reduce energy poverty; and (iv) the policy framework required to institutionalize such a shift.
Objectives are to analyse existing typologies, develop a Green-Print prototype, evaluate its performance through
simulation, and produce replicable design and policy guidelines.

1.2 Conceptual Shift: Blueprint to Green-Print

Three structural barriers perpetuate Blueprint dependence: (i) architectural education in Cameroon remains
dominated by Eurocentric curricula offering minimal bioclimatic design training [24]; (i) national building codes do
not mandate thermal comfort or ventilation performance benchmarks for social housing [12]; and (iii) the market
default driven by SIC procurement rewards lowest upfront cost, not lifecycle performance.
The shift can be carried out as follows:
e Institutionally: through Regulatory reform Implementing building codes that mandate minimum shading
coefficients and natural ventilation ratios for social housing.
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e Community-Led Construction: Utilizing User-Centered Design (UCD) to educate residents on maintaining
decentralized energy.

The Green-Print is not an incremental improvement of the Blueprint; it is a holistic systemic redesign across five
dimensions (see Table 1 below)
Table 1. Comparative dimensions of the Blueprint and Green-Print housing models.

Dimension Blueprint Model Green-Print Model

Design Logic Standardized, imported typologies Contextual, climate-responsive design
Energy Role Passive consumer Active producer (solar, biogas)
Community Role End-user recipient Co-designer and stakeholder
Construction Material Concrete-dominant (zinc roofing) Earth blocks, timber, hybrid thermal mass
Lifecycle Thinking Build and hand over Maintain, adapt, and evolve

Design Knowledge Imported expertise Local bioclimatic + professional training

2. LITERATURE REVIEW AND CONTEXTUAL ANALYSIS

In hot-humid tropical climates like Yaoundé's, architecture must function as a passive climate machine rejecting heat
and managing moisture without mechanical assistance [14]. Key strategies include high thermal mass materials such
as compressed earth blocks (CEB) to dampen temperature swings, extended roof overhangs and brise-soleil to block
direct solar gain, and cross-ventilation exploiting the stack effect to address relative humidity levels that frequently
exceed 80% [15], [16]. Energy decentralization through Solar Home Systems (SHS) complements passive design by
enabling household-level independence from an unreliable national grid, though tropical dust and humidity require
dedicated maintenance protocols to prevent PV efficiency losses of up to 15% [17], [18]. Energy poverty is another
issue which in this context is not simply a lack of access it is the high cost-to-income ratio of maintaining basic
domestic functions. Thermally inefficient Blueprint dwellings trap heat, forcing residents to choose between
discomfort and unaffordable mechanical cooling. Passive design therefore functions simultaneously as an
environmental and economic intervention, freeing household income for education and healthcare [11]. Finally,
international frameworks such as LEED and BREEAM are poorly suited to this reality: they reward imported high-
tech systems unavailable or unmaintainable locally. This research instead proposes a localized sustainability matrix
valuing low-carbon local materials, informal construction labour, and indigenous bioclimatic knowledge over high-
cost international benchmarks [21].

3. METHODOLOGY

The study adopts a User-Centered Design (UCD) methodology emphasizing participatory and iterative processes.
Rather than imposing standardized technical solutions, community knowledge is integrated into the design process.
This approach aligns with contemporary sustainable urban frameworks emphasizing resilience, inclusivity, and
environmental performance [11] see figure 2 .

Figure 4.1 — The Green-Print UCD Framework (A) and Methodology Cycle (B)

User-Centered Design (UCD) is essential for aligning sustainable housing with the social realities of Yaoundé's
residents. Housing failures in African contexts often stem from cultural misalignment rather than technical
shortcomings [15). Key considerations include semi-open spaces to accommodate outdoor cooking and biomass
fuel use, and spatial layouts that reflect collective living and informal economic activity. The "Green-Print" framework
embeds UCD to promote long-term user acceptance rather than imposing rigid technical solutions [5].A mixed-
methods approach bridges technical performance and human experience. Quantitative: EnergyPlus simulations to
model indoor temperatures and PV yields. Qualitative: Resident interviews to identify "cultural mismatches" in current
housing. Optimization: Prototype validation via Multi-Objective Optimization (MOO) targeting a 4°C—-8°C reduction in
peak indoor temperatures.

4. LIMITATIONS

While the study develops a replicable model, its immediate application is confined to the climatic, cultural, and socio-
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economic context of Yaoundé. Broader applicability to other tropical cities may require contextual adaptation. The
limitation considered as follows: Geographical Scope: Focused on Yaoundé, Cameroon, with analysis of urban
housing typologies, climatic conditions, and socio-economic realities. Thematic Scope: Sustainable social housing,
renewable energy integration, climate-responsive architecture, and energy-efficient design strategies.
Methodological Scope: Utilizes User-Centered Design, field observations, stakeholder interviews, and energy
performance simulations to develop and evaluate the Green-Print prototype.

5. YAOUNDE'S CONTEXTUAL PROFILE

Yaoundé's Aw/Am transitional climate persistent humidity above 80% and low diurnal temperature range produces
Urban Heat Islands in dense neighbourhoods [10]. Over 60% of residents occupy informal settlements with no basic
services. High unemployment makes upfront cost the decisive barrier to improved housing. Spatial needs consistently
identified in field surveys include flexible outdoor cooking areas, transitional veranda spaces, and adaptable multi-
generational layouts [7].

6. THE GREEN-PRINT MODEL AND THE KIGALI PRECEDENT

Kigali's affordable housing programme, developed with the Rwanda Housing Authority and international partners,
offers a compelling proof of concept for the Green-Print approach in Sub-Saharan Africa.Key features mirroring
Green-Print principles include compressed earth block construction reducing peak indoor temperatures by 4-6°C;
calibrated roof overhangs (600-900 mm) eliminating wall solar gain without compromising PV output; cross-
ventilation corridors aligned with prevailing easterly winds; rooftop PV arrays (1.5—2 kWp/unit) with shared storage
achieving 70—-80% energy autonomy; and semi-covered communal courtyards supporting cooking, socializing, and
small-scale commerce.The programme cut household energy expenditure by ~40% versus conventional estates and
kept construction costs within 15% of standard concrete-block equivalents through local sourcing and skills transfer.
This precedent confirms the Green-Print thesis: climate-responsive, affordable, and culturally appropriate social
housing is not aspirational — it is already achievable within realistic budgetary and institutional constraints.

Green City Kigali
16ha Conceps Mavuri

Kigali climate-responsive affordable housing: (a) aerial view showing courtyard typology; (b)
section illustrating cross-ventilation, roof overhang, and PV integration (source: Rwanda
Housing Authority [22]).

6.2 GREEN-PRINT DESIGN TYPOLOGY PRINCIPLES FOR YAOUNDE

A layered system of design strategies operating simultaneously across three interdependent dimensions:
environmental performance, energy autonomy, and social fit. Each dimension is necessary but insufficient alone their
integration is what distinguishes the Green Print from incremental improvement of the Blueprint model. Passive
Cooling and Shading; Buildings are oriented with primary facades on the north-south axis to minimize east and west
solar exposure, Renewable Energy Integration ; Each housing cluster incorporates a modular rooftop PV array (1.5—
2.5 kWp), solar thermal water heaters, and provision for a community mini-grid with battery storage, Culturally
Adaptive Spatial Layout; Multi-generational unit configurations include a semi-covered external cooking terrace,
flexible internal room partitions, and shared courtyard spaces with shade trees and permeable paving. Water
Efficiency and Low-Carbon Materials Integration of water efficiency as an inseparable component of overall resource
management: Rainwater harvesting Greywater recycling.Low-flow fixtures and water-efficient sanitation Permeable
surface design These features emerges directly from resident participatory workshops and align with the UCD
evidence base [20].

7 CONCLUSION

The housing crisis in Yaoundé is not merely quantitative; it reflects a qualitative failure of imported construction
models to ensure thermal comfort, energy equity, and cultural relevance [7], [11]. This research advocates a
transition from the “Blueprint” to a new “Green Print” prototype, representing a systemic recalibration of social housing
in Cameroon. The "Green-Print" model offers a modular, scalable framework for Sub-Saharan urban centers to
address the dual challenges of heat stress and energy poverty. By prioritizing locally sourced bio-based materials
and passive cooling, this research advocates for a systemic shift from imported "blueprint" models toward climate-
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protective settlements that ensure thermal comfort and energy equity. While conventional housing in Yaoundé has
historically overlooked climatic responsiveness, this study identifies a clear path forward through three strategic
pillars: Building Code Reform: Integrating mandatory thermal comfort and natural ventilation standards into national
housing policies. Financial Incentives: Implementing micro-subsidies and tax exemptions to encourage the adoption
of decentralized solar PV systems. Capacity Building: Training local contractors in bioclimatic construction to reduce
reliance on foreign expertise and foster local resilience. By aligning architectural design with the lived realities of
residents, the Green-Print model directly supports SDG 7, 11, and 13. In rapidly urbanizing Africa, environmentally
responsive housing is no longer an optional path to modernization; it is a structural imperative for achieving equitable
and climate-resilient urban futures. Final implementation will require coordinated efforts across housing policy,
renewable energy planning, and regulatory frameworks to ensure social housing simultaneously addresses the
housing shortage and climate protection.
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ABSTRACT

This paper designs and describes the modeling and dynamic simulation of an absorption solar cooling system. This is
performed in the transient TRNSYS environment for a typical single-story residential building and simulated for the
climatic conditions of three cities in Turkey: Antalya, Adana and Ankara. Adana and Antalya’s hot Mediterranean
subtropical climate, and Ankara’s solar energy potential make the three cities suitable locations for the operation of solar
absorption cooling systems. A 17.6 kW capacity absorption chiller is used in the cooling system with a 120m?2 evacuated
tube collector. The findings showed that the energy efficiency of 63.54%, 48.87% and 43.75% were obtained for the
proposed cooling system for the cities of Antalya, Adana and Ankara respectively, utilizing an indoor air set point
temperature of 24-C for the considered building.

Keywords: Solar cooling, Dynamic simulation, Absorption chiller, Turkey, TRNSYS

INTRODUCTION

Global energy demand is rising at an unprecedented rate, and with the depletion of fossil fuel reserves alongside the
harmful increase in greenhouse gas (GHG) emissions, there is an urgent need to adopt sustainable, eco-friendly
energy sources. This transition is crucial not only to mitigate environmental damage but also to ensure the optimal
performance of mechanical and electrical systems. As a result, the utilization of renewable energy technologies has
become a significant development in powering systems efficiently while minimizing environmental impact. Due to its
geographical location, Turkey has a high energy potential with an annual average daily solar radiation of 3.6 kWh/m?
[1]. Antalya, which is located on the Mediterranean coast and the Southwestern part of Turkey, is one of the few
Turkish metropolitan cities with a very sunny climate. The summer periods are hot and dry while the winter is
generally mild. Antalya experiences nearly 3000 hours of sunlight annually, making it very sunny with the presence
of abundant solar energy. It is a vital requirement to reduce the indoor temperature of buildings for the comfort of the
residents and the numerous tourists flooding the popular tourist city. Adana, also located in the Mediterranean region,
has hot and dry summers with the maximum daily average temperature around 28 °C. It has mild and rainy winters
[2]. Ankara, located in the Central Anatolia Region of Turkey, also has a high solar energy potential, with the
maximum daily temperature reaching its peak at above 35°C during the summer season. The sunny climatic
condition, therefore, provides a ready tool for the application of solar cooling in buildings in these three cities in
Turkey.

Turkey’s unique geographical location characterized by its diverse climate and topography offers an immense
potential for harvesting renewable energy, especially solar energy. Solar-driven cooling systems are promising both
in terms of energy savings and lower environmental impact. Although several previous works on the dynamic
simulation and performance of solar-powered cooling system for small scale applications can be found in literature
[3], [4], very few studies have investigated the technical feasibility of using the vast solar resources in Turkey for
combined cooling and hot water production purposes. Also, unlike some of these related works, which typically focus
on a single climatic condition within Turkey, the present study fully performs dynamic simulation and analysis of the
cooling system, evaluating the performance across three distinct climatic regions within the country. This approach
provides profound insight into how operational behavior, as well as the system configuration vary with climatic
conditions. By modeling the geometry of the real building using sketchup and the Trnsys3d extension, before
importing into the TRNSYS studio environment, the study is able to provide a realistic and more effective assessment
of the building cooling energy requirements across diverse climates. The study goes ahead to assess the optimal
factors for improving the efficiency of the proposed solar driven cooling system. Therefore, in this present paper, the
development and transient simulation of a solar-powered absorption cooling system was carried out using TRNSYS
software for a typical meteorological year file containing the weather data of three cities in Turkey: Antalya, Adana
and Ankara. The simulation and system optimization was carried out, with the system behavior observed for
enhanced performance.

BUILDING DESCRIPTION AND COOLING LOAD CHARACTERIZATION

In order to adequately illustrate the real-life system, an initial modeling of a single-story residential building was
carried out for the determination of the residential condition and occupied space. This is done using SketchUp and
TRNBuild which is a section of the TRNSYS simulation program. The modelled building has a total area of 96 m2
with a volume of 336 m3. For the determination of the average u-values of the construction materials used for the
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building layers, the Turkish Standard TS 825 which specifies the thermal insulation requirements for buildings served
as the guiding principle. In TS 82, specifications that are lesser than those in the standard values are also
recommended for efficiency measures (Turkish Standard Institute, 2008). The external walls consist of four layers
viz: Finish, Plater, Airspace and Brick. The total thickness of the external wall is 0.400m while its thermal resistance
coefficient is 0.485 W/m2K. The windows thermal insulation coefficient is 1.1 W/m2K while the g-value is 0.62. For
the building conditioning design, the energy gain due to lights, people, and electrical equipment are 13.5 KJ/hr, 560
KJ/hr, and 1000 KJ/hr, respectively. The maximum set temperature for the building indoor air is 24°C.

SYSTEM DESCRIPTION

The modeling and simulation of the proposed system was performed with TRNSYS software (Fig. 1). The weather
conditions of a typical meteorological year (TMY) file for Antalya, Adana and Ankara obtained from Meteonorm
software were employed for the simulation [5]. The cooling system consists of an evacuated tube solar collector
represented by

Fig. 1. TRNSYS Model of the Solar Absorption Cooling System

Type 71in TRNSYS. The solar collector supplies the energy it receives from the sunlight to the load through a thermal
storage tank at 85 °C. The thermal storage tank is therefore able to supply heat energy to the load which consists of
the absorption chiller unit and the domestic hot water (DHW) unit. The hot water transferred to the generator of the
absorption chiller from the thermal storage tank is employed to evaporate the refrigerant and subsequently the
absorption chiller supplied chilled water to the air-cooling coil represented by Type 32. A single speed fan represented
by Type 112 circulates the room air through the cooling coil. The cooling load is supplied to the system by coupling
the building model with the cooling system using Type 56. The total annual cooling loads generated are 16218.12
KJ/hr, 14582.97 KJ/hr, and 14405.12 KJ/hr in a 336 m3 residential building located in Antalya, Adana and Ankara,
respectively. The occupancy schedule in a working day with a maximum of four people considered to live in the
building is from 4:00 pm to 8:00 am. A variable air changing rate was set up for the building and added to the zone
similar to [6], [7]. The absorption chiller represented by Type 107 is a hot water-fired single-effect absorption chiller
modeled after Yazaki WFC-SC5 which is a Lithium bromide — water absorption chiller with rated capacity of 17.6 kW.
Hot water stream serves as the input energy into the chiller's generator. The solar collector total area is 120 m?2 and
the thermal storage tank capacity is 5 m3. The solar energy stored in the thermal storage tank is also used to produce
DHW for the building’s occupants through the DHW tank which has a capacity of 1.5 m3. For the typical application
such as laundry, dish washing and showering, the hot water delivery set point temperature is 60 °C. This is achieved
through the use of a tempering valve and tee-piece (Fig. 1). The tempering valve adjusts the hot water output
temperature from the DHW tank to the set point temperature. It is coupled with the tee-piece flow mixer to mix the
higher temperature stream from DHW tank and low temperature stream from the city water mains to achieve a steady
temperature delivery of 60°C for domestic usage. The variable pump located between helps to recirculate the heated
water back into the tank. It is controlled by differential controller.

RESULTS AND DISCUSSION

The dynamic simulation with TRNSYS was run on the cooling system under the metrological data of Antalya, Adana
and Ankara in Turkey with a simulation time step of 0.125 hr. and the results were obtained. The cooling load profile
was instrumental in the sizing of system’s operational parameters, with the maximum value of cooling demand for
Antalya, Adana and Ankara obtained as 16218.12 KJ/hr, 13832.4 KJ/hr, and 12798.06 KJ/hr, respectively. These
occur during the Summer in July, and they represent the maximum cooling rate at any day of the year for the three
cities respectively. The solar resource in the three cities is high, resulting into higher amount of solar energy for the
collector array. However, the overall system energy efficiency and the thermal COP of the system for the city of
Ankara is noticeably lower as compared to Antalya and Adana. The overall thermal energy efficiency achieved by
the designed solar absorption cooling system was 63.54%, 48.87% and 43.75% for the cities of Antalya, Adana and
Ankara respectively (Table 1).
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Table 1. System performance in Antalya, Adana and Ankara

Parameter City
Antalya Adana Ankara
Maximum collector outlet temp. (°C) 110.4 109.5 108.6
Thermal COP 0.72 0.66 0.62
System Energy Efficiency (%) 63.54 48.87 43.75
04
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Fig. 3. Simulated building room temperature and ambient
temperature variation for a year

The monthly variation of the collector array efficiency in the three cities for the sunny months of May to October is
shown in Fig. 2. Antalya with higher monthly average sunshine hours has higher collector efficiencies compared to
Adana and Ankara. The cooling system was able to maintain the room temperature of the building around the set
point temperature, that is 24 °C throughout the year which includes the summer period and in July when the ambient
temperature was above 40 °C at certain days (Fig. 3). Fig. 4 and Fig. 5 show the performance of the absorber cooling
system’s solar collector for the three Turkish cities on a typical hot day over a 24-hour period. The simulation was
run for the 6th of July. After 7:00am, the temperature of the solar collector water starts to rise due to the Sun radiation.
Between the hours of 12:00 noon and 14:00 when the sun radiation was high, the output temperature of the collector
for the three cities reaches its peak which 110.4, 108.6 and 108.0 for Antalya, Ankara and Adana respectively (Fig.
4). Fig. 5 shows the solar collector energy gain for the three cities and it can be seen that at similar time intervals,
the collector has maximum energy gain to the collector, which peaked at around 13:00.

Fig. 2. Monthly variation of collector array efficiency
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Fig. 4. Hourly variation of collector
outlet temp.(July 6™)

Fig. 5. Hourly variation of solar collector
energy gain (July 6™)

Fig. 6. Main storage tank outlet
temperatures for the month of July

Fig. 6 depicts the variation of the main storage tank temperature for the three cities run for the month of July which
has the highest solar irradiance. The temperature of the main storage tank for the three cities rarely drops below 70
°C and the peak values are 95 °C, 93.65 °C and 94.49 °C for Antalya, Ankara and Adana respectively. The
optimization of the system parameters was performed by carrying out a number of runs in TRNSYS simulation studio
in order to determine some variable values at which the system is able to achieve the highest efficiency without
oversizing issue. The solar collector surface area, the solar collector mass flow rate and the main storage tank volume
are all considered for optimization. The results show that increase in the solar collector area has significant increase
on the collector efficiency (Fig. 7). Consequently, 120 m? is regarded as the optimal value of the collector area for
this system as efficiencies of 0.5,0.48 and 0.49 could be achieved for the cities of Antalya, Ankara, and Adana
respectively.
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It can be observed from Fig. 8 that hot water flow rate in the solar collector of 10,000 kg/hr significantly raises the
collector efficiency above 0.5 for the city of Antalya (i.e. 0.51) and 0.5 and 0.49 for the cities of Adana and Ankara
respectively. The variation in the collector mass flow rate from 10,000 kg/hr to 20,000 kg/hr represents no substantial
variation with respect to the collector efficiency. Usually, as the flow rate through the collector increases, there is less
time for the collector to transmit its heat to the incoming stream. It is thus vital to obtain an optimal flow rate to ensure
adequate collector’s performance. Fig. 9 shows the variation of the main storage tank volume with collector efficiency.
The system simulation reveals that the minimum volume at which the needed hot water volume could flow to the
absorption chiller is 4 m3. The initial 5 m3 chosen is therefore used as the optimum value. It is also observed that
storage tanks with smaller size results in less energy consumption by the boiler of an absorption refrigerating system
[8].

CONCLUSIONS

This study has carried out numerical simulation-based performance analysis of a solar powered absorption cooling
system making use of TRNSYS simulation program with the cooling load generated from a modeled single-story
residential building using both SketchUp and TRNBuild. The results show that an evacuated tube solar collector with
an area of 120 m? feeding a 5m?3 thermal storage tank with hot water to drive an absorption chiller with rated capacity
of 17.6 kW at an average generator driving temperature of 80 °C and also supply DHW to the occupants is sufficient
to adequately operate the cooling system for long-term performance. The study investigates the dynamic behavior
of the cooling system for combined performance of air-conditioning of a typical residential building and hot water
production in the cities of Antalya, Ankara, and Adana. The utilization of solar energy for cooling of buildings in
regions with high solar radiation and cooling demand as in Antalya, Ankara, and Adana regions is very advantageous
in terms of environmental consideration and simplicity. The proposed solar-cooling system’s performance for three
Turkish climatic conditions has shown promising results, with its attendant benefits on climate change mitigation and
the move towards more sustainable buildings. It can be further validated in future work through the performance
comparison with a real system.
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ABSTRACT

This study investigates the biogas production potential of animal wastes in through laboratory experiments and
energy modeling. Cow dung (CD), egg-laying chicken manure (EC), and meat chicken manure (MC) were evaluated
in co-digestion setups under mesophilic conditions (35 °C) using 720 mL batch digesters with a 20-day retention
time. Experimental results showed the ternary mixture of (CD+MC+EC) achieved 17.38mL/g TS. The produced
biogas was modeled as a fuel input in a Brayton cycle-based power generation system. Energy and exergy analyses
were conducted to evaluate system performance, efficiency, and irreversibility distribution. The simulation results
indicate a net-work output of 105.3 kJ/kg and a thermal efficiency of 37%, demonstrating the feasibility of utilizing
biogas derived from animal waste as a renewable fuel for gas turbine power generation. Because of combustion
irreversibilities, the analysis also showed that the combustion chamber accounts for the majority of exergy
destruction. Overall, the combination of thermodynamic power cycle analysis and anaerobic digestion offers insightful
information on the potential of waste-derived biogas for sustainable energy production.

Keywords: Anaerobic digestion, Animal waste, Biogas, Energy analysis, Exergy analysis

INTRODUCTION

As an alternative to fossil fuels or non-renewable energies, biogas generated from waste-derived biomass is a
feasible renewable energy source [1]. Anaerobic digestion (AD) is a biological process that breaks down complex
organic materials into simpler chemical components in the absence of oxygen [2,3]. AD produces biogas, which is
composed of 35% CO3, 65% CHa, and trace gases such as H2S, Nz, and Hz. The main substrates for the AD process
that produces biogas are organic waste, such as crop residues and animal manure or wastes [1]. Animal waste
includes cow dung, poultry waste, fish waste, etc. Cow dung, sometimes referred to as cow manure, is primarily
composed of broken-down grass plus grains, fruits, or vegetables, depending on what the animals were fed. It
contains traces of hay, straw, bedding, grains, and other organic materials that were used to feed the cows [4]. On
the other hand, meat chicken manure refers to the waste produced by chickens that are specifically bred for their
meat. Meanwhile, egg chicken manure is waste produced by chickens specifically bred for their eggs [4].

Studies demonstrated in the context of industrial companies, renewable energy sources, and energy efficiency
research play a significant role in addressing these issues in terms of resource efficiency and pollution reduction [5].
Waste-to-energy conversion is a popular renewable energy source and an effective waste management technique
[5,6]. Through the conversion of organic matter into biogas AD is a sustainable approach to waste management that
reduces pollution from industrial and agricultural processes, recovers resources and energy, and balances the
operational use of fossil fuels and protects the environment [7].

The biogas production potential using corn straw has been evaluated by Zhong et al. [9] the result of biogas yield for
5, 10, 15, and 20 days is 286, 306, 342, and 365 mL/gram of volatile solids. This study also demonstrated that the
longer the retention time, the higher the biogas yield. The potential for producing biogas from municipal sewage
sludge was assessed by Zhou et al. [8] The AD was conducted at 37 degrees Celsius, and the pH was 8.2. The
biogas yield per volatile solid was found to be between 260.5 and 342.1 milliliters per gram of volatile solid.

Although a number of earlier studies have looked at the biogas potential of animal and agricultural wastes in different
regions, such as Turkey, Iran, and Southeast Asia, many of these studies rely heavily on theoretical or numerical
estimations based on outdated statistical data and lack substrate-specific experimental validation.

Therefore, there is an urgent need for new, experimentally based research that includes biodegradability assessment,
energy potential modeling. The key objectives of this research are:

[1] To experimentally evaluate the biogas production efficiency of Co-digested CD+EC+MC substrates under
mesophilic condition.

[2] To Simulate the energy conversion performance of the produced biogas in a Brayton Cycle-based power
generation system.

[3] To Perform energy and exergy analyses pf the proposed power generation system, identify efficiency, exergy
destruction and irreversibility distribution.

MATERIALS AND METHODS
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Fresh substrate of cow dung, egg-laying chicken manure, and meat-chicken manure were collected from the Cyprus
International University farm located in Lefkosa, Mersin 10, Turkey, and immediately transferred into large airtight
plastic containers. Using the three different fresh samples which have been collected, seven experimental samples
were prepared on equivalent mass ratios for every set of experiment.

The pH, which measures the acidity or alkalinity of a substance, was measured for each sample using a pH meter
according to APHA 4500-H* B [10]. Chemical Oxygen Demand (COD) which measures the amount of organic matter
(expressed in oxygen equivalents) present in the substrate that can be oxidized biologically or chemically is measured
using APHA 5220 D. The moisture and total solid (TS) content are measured using APHA 2540 B and the Volatile
Solid (VS) is measured using APHA 2540 standard [10]. Each test is performed three times and the average readings
is presented in the Table 1. In this study, initial values in the tables refer to the measurements taken on the feedstock
samples before undergoing AD, whereas final values correspond to the measurements taken on the digestate after
completion of the AD process.

Table 1 Initial and Final Test from Each Substrate for the Second Sets

Parameter CD EC MC

Initial Final Initial Final Initial Final
pH 6.09 6.98 7.55 7.56 7.65 5.76
COD (mg/L) 84,763.75 23,448.1 70,970 90,660.25 76,487 123,073
Moisture (%) 82 87 71 96 7 81
TS (%) 18 13 29 4 93 19
VS (%) 14.57 11.93 20.53 10.6 8.38 8.2

A 20g of each sample is weighed and co-digested with 350 mL of wastewater collected from a water treatment plant
in Cyprus International University. The samples were properly mixed using a paddle mixer. The samples were then
fed to a digester of 720 mL volume and are further placed in an electric bath containing water supplying heat at 35°C.
This means that the digester operated in a mesophilic condition [6], and this condition is selected because mesophilic
systems exhibit better process stability and higher richness in bacteria [2]. Each digester has a tube that is connected
to a water container filled with water. The water container has an outlet tube placed in a measuring cylinder to
measure the quantity of water displaced due to the biogas production effect as shown in Fig. 1. Therefore, the
measured quantity of the displaced water is assumed to be the quantity of biogas produced, according to Kalloum et
al. [25]. The biogas yield per unit mass of total solids from each sample is obtained using Eq. 1.

a) 1 -2 Isentropic Compression

b) 2 = 3: Reversible Con Pressure Heat Addition

¢) 3 —~4: Isentropic Expansion

d) 4 =~ 1: Reversible Constant Pressure Heat Rejection (Exhaust and Intake in the open cycle)
8
@ ®
=
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Fig. 1. Experimental Set-up Fig. 2. Proposed Brayton cycle
BYts = or (1)
S =—
M

Where BYts is the biogas yield per kilogram of total solid (mL/kg), TBP is the total biogas produced over the retention
time (mL), and M is the total solid mass of the substrate (g).

The produced biogas was modeled as fuel input to a simple open Brayton cycle shown in Fig. 2 consisting of a
compressor, combustion chamber, and gas turbine. The governing equations for both energy (First Law) and exergy
(Second Law) analyses are summarized in Table 2 and the input specification are listed in Table 3.

Table 2 List of Thermodynamics equations Used in the Model
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Component Energy Balance (First Exergy Balance (Second Efficiency Definition
Law) Law)

Biogas Fuel Input | Q_in =r_bg x LHV_bg E_fuel =rm_bg xex_ch,bg | -

Compressor W_c =m_air (hy — hy) E_D,c=r_air (ex; —ex) + | n_c=(hys - hy) / (hz - hy)
W_c

Combustion _air h, + m_bg LHV_bg= | E_D,cc = E_fuel + rh_air n_ex,cc = (r_gas ex;) / (E_fuel

Chamber m_gas hs ex, — m_gas exs + m_air exy)

Turbine W_t=rh_gas (h; — hy) E D,t=rh_gas (ex; — ex,) | n_t=(hs—hy)/(h; - h,s)
- Wt

Net System W _net=W_t-W c E_D,total = = E_D,i -

Thermal Efficiency | n_th=W_net/Q_in - -

Exergy Efficiency | - n_ex=W_net/E_fuel -

Table 3 In-put Specification of the Model

Item Symbol Value Unit
Methane mole fraction x_CH4 0.60 -
CO2 mole fraction x_CO02 0.40 -
Compressor inlet pressure P1 1 atm
Compressor inlet temperature T1 298 K
Compressor discharge pressure P2 10 atm
Turbine inlet temperature T3 1300 K
Compressor efficiency nc 0.85 -
Turbine efficiency nt 0.90 -
Combustion efficiency ncomb 0.95 -
Dead-state temperature TO 298 K
Dead-state pressure PO 1 atm
Methane LHV LHV_CH4 50.03 MJ/kg

RESULTS AND DISCUSSION

The Experimental result shows that the co-digested substrate has potential to produce an average value of
17.38mL/g of Total Solid. Table 4 shows the experimental results of this study.
Table 4 Total Recorded Biogas Produced and Biogas Yield Per unit mass of Total Solid

Trial TBP (mL) BYts (mL/g TS)

1st 1027.30 17.12
2nd 902.70 15.05
3rd 1198.30 19.97
Mean 1042.77 17.38
Min 902.70 15.05
Max 1198.30 19.97

Despite these differences, the overall mean value of 17.38 mL/g TS indicates that the co-digestion process improves
the substrates' biodegradation efficiency because mixing various organic wastes can enhance microbial synergy,
nutrient balance, and the carbon-to-nitrogen ratio during anaerobic digestion. The experimental procedure's
adequate repeatability is further demonstrated by the comparatively little discrepancy between the minimum and
maximum values, which validates the experimental setup's dependability.

Energy and exergy evaluations were used to assess the thermodynamic performance of the suggested biogas-fueled
Brayton cycle. While exergy analysis assesses the quality of energy and finds irreversibilities within system
components, energy analysis calculates the quantity of useful work obtained from the system. Table 5 provides a
summary of the simulation's outcomes. The overall performance of the cycle is represented by the net-work output
of 105.3 kJ/kg, which is obtained as the difference between the turbine work output and the compressor work input.
This net-work represents the actual useful power that can be converted into electricity through a generator. Based
on the simulation results, the system achieves a thermal efficiency of 37%, indicating that 37% of the chemical energy
supplied by the biogas fuel is converted into useful mechanical energy. This efficiency is within the typical range
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reported for simple Brayton cycle systems operating with gaseous fuels. Overall, the analysis shows that while the

combustion chamber provides the largest energy contribution to the cycle, it also introduces the highest

thermodynamic losses, suggesting that improvements in combustion efficiency and heat management could
significantly enhance the overall system performance.

Table 5 Result of the out-put Model

Components Energy (KJ/kg) Exergy (KJ/kg)
Compressor 613 25.24
Combustion Chamber 28517 97.08

Turbine 718.3 25.59

Work net 105.3

Thermal efficiency 37%

Exergy Desruction (%)

m Combustion Chamber Compressor Turbine

Fig. 3. Percentage of Exergy Destruction from each component
50000 ‘ ‘ ‘ ‘

Methane Fraction vs Qin
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20000 R
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Fig. 4. Effect of Methane Composition on Fuel heat

CONCLUSION

The energy potential of the co-digested substrate can be thoroughly inspected by combining the results of
experimental anaerobic digestion with thermodynamic cycle modeling. The thermodynamic study shows that this
biogas may be efficiently used as a fuel in a Brayton cycle-based power production system, and the experimental
results reveal that the substrate mixture can create a consistent and measurable quantity of biogas. These findings
demonstrate the viability of using biogas made from organic waste as a sustainable fuel source for gas turbine
systems, helping to manage waste and produce renewable energy at the same time.

The results of the thermodynamic modeling also show that the generated biogas can be used as a fuel for gas
turbine-based power production systems. The Brayton cycle simulation yielded a thermal efficiency of roughly 37%
and a net-work output of 105.3 kJ/kg, which is within the usual efficiency range of basic gas turbine cycles. The
combustion chamber is the primary source of irreversibility in the system, according to energy analysis, underscoring
the significance of enhancing heat management and combustion performance to improve total system efficiency.

NOMENCLATOR

m Mass flow rate (kg s71)

h Specific enthalpy (kJ kg™)

s Specific entropy (kJ kg™t K1)
ex Specific exergy (kJ kg™)

W Power or work rate (kW)

Wc Compressor work (kJ kg™)
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Wt Turbine work (kJ kg™2)

Whnet Net-work output (kJ kg™)

Qin Heat input rate (kW)

LHV Lower heating value of fuel (kJ kg™)

nth Thermal efficiency (-)

nex Exergy efficiency (-)

nc Compressor isentropic efficiency (-)

nt Turbine isentropic efficiency (-)

ncomb Combustion efficiency (-)

T Temperature (K)

P Pressure (kPa or atm)

TO Dead-state temperature (K)

PO Dead-state pressure (kPa)

xCH4 Methane mole fraction in biogas (-)

xCO2 Carbon dioxide mole fraction in biogas (-)

TBP Total biogas produced (mL)

BYts Biogas yield per unit mass of total solids (mL g™* TS)

M Mass of substrate sample (g)

TS Total solids (%)

VS Volatile solids (%)

COD Chemical oxygen demand (mg L)
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ABSTRACT

This study investigates the electrochemical performance of biomass-derived biochars magnetically activated using
FeS04.7H20. Biochar samples are produced from tea waste, coffee waste, maple leaf, and pinecone, and their
electrochemical behaviors are evaluated using cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
analyses. A comparative assessment is conducted to determine the effect of biomass type on electrochemical
performance. The results show that the biochar derived from coffee waste exhibits superior electrochemical behavior
compared to the other samples. The CV curves indicate higher current response, with a maximum value of
approximately 0.0026 A, suggesting enhanced conductivity and surface activity. In contrast, the pinecone-derived
sample shows lower current values, around 0.0012 A, indicating weaker electrochemical performance. The findings
demonstrate that the type of biomass plays a critical role in determining the electrochemical properties of magnetically
activated biochar. The improved performance of coffee-derived biochar is attributed to its favorable porous structure
and enhanced distribution of iron-based active sites. This study highlights the potential of magnetically activated
biomass-derived carbons for energy storage applications.

Keywords: Hydrogen storage; Solid state storage; Activated charcoal; Renewable energy; Energy
INTRODUCTION

Rising energy demand and the environmental impact of fossil fuels have increased the need for sustainable and
clean energy systems. In this context, hydrogen stands out as a promising energy carrier due to its high energy
density and zero carbon emissions during use. However, efficient and safe hydrogen storage is one of the most
significant challenges to the widespread adoption of a hydrogen economy [1].

Solid-state hydrogen storage systems, particularly adsorption-based approaches using carbon-based materials,
are attracting attention because they provide safe storage under low pressure and temperature conditions. The
porosity, surface area, and electrical conductivity of the materials used in these systems directly affect hydrogen
storage performance. Therefore, the development of adsorbents with improved structural and electrochemical
properties is of great importance [2].

Biomass-derived biochar stands out as promising materials for hydrogen storage applications due to their low
cost, sustainable sourcing, and porous structure. Modifications, especially with transition metals, can significantly
alter the surface properties and electrical behavior of these materials. In this context, the magnetic activation method
using FeS04.7H20 has the potential to improve both adsorption behavior and electrochemical performance by
imparting metal-based active sites to the biochar surface. Although there are many studies in the literature on different
biomass sources and activation methods, studies that comparatively examine the electrochemical behavior of
different biomass-derived biochar obtained using only magnetic activation are limited. Systematic evaluation of the
conductivity, current density, and charge-discharge behavior of materials activated with FeSO4.7H20 is important for
understanding the potential of these materials in energy storage applications [3].

In this study, biochar obtained from tea waste, coffee waste, maple leaves, and pinecones were magnetically
activated using FeS04.7H20, and their electrochemical performances were comparatively investigated. Results
obtained using linear scanning voltammetry, cyclic voltammetry, and charge-discharge tests reveal the effect of
biomass type on electrochemical behavior. This study aims to evaluate the effect of magnetic activation methods on
different biomass sources, thereby making significant contributions to the selection of suitable materials for hydrogen
storage and energy storage applications.

MATERIALS AND METHODS

In this study, biochar derived from tea waste, coffee waste, maple leaves, and pinecones were prepared using magnetic
activation with FeSO4.7H20. As a pretreatment, the biomass was washed, dried, and reduced to a fine particle size,
then subjected to pyrolysis at approximately 320 °C in a limited oxygen environment. The resulting biochar samples
were impregnated with FeS04.7H20, magnetic activation was applied and then washed with pure water to bring to a
neutral pH and dried.

The electrochemical analyses were performed using a Gamry Reference 3000 potentiostat/galvanostat. The
prepared biochar samples were coated onto a stainless-steel surface and used as working electrodes. Platinum wire
was chosen as the counter electrode, and measurements were performed in a 1M KOH electrolyte solution. A schematic
representation of the electrochemical test setup and the experimental setup are given in Figure 1. The electrochemical
behavior of the samples was evaluated using LSV, CV, and GCD tests. CV measurements determined the capacitive
behavior and redox properties of the electrodes. GCD tests were used to evaluate the charge-discharge performance
and energy storage capacity of the samples. All obtained electrochemical data were transferred to analysis software,
and the performance of magnetically activated biochar obtained from different biomass sources was evaluated
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comparatively.

Fig.1. Schematic representation and experimental setup of the electrochemical system in 1 M KOH electrolyte.

RESULTS AND DISCUSSION

When the CV curves are examined, it is observed that the magnetically activated biochar obtained from coffee waste
has a wider curve area. This indicates higher electrochemical activity and more effective surface interaction. In
contrast, the pinecone-derived sample exhibited a narrower CV curve and showed lower capacitive behavior.
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Fig.2. The CV and GCD results of magnetically activated coffee and pinecone biochar.

When current values measured in the potential range of approximately -0.2 V to 0.4 V are analyzed, it is observed
that the coffee-derived sample reaches a maximum level of approximately 0.0026 A. In contrast, the maximum
current value of the pinecone-derived sample remains at approximately 0.001-0.0012 A. This indicates that the
coffee-derived biochar exhibits higher electrochemical activity and conductivity.

The GCD results also support this trend. The maximum capacity obtained in the third cycle for coffee-derived
biochar reaches approximately 1.7 x 10 Ah, while in the first cycle this value is around 5.0 x 10 Ah. In the pinecone
sample, the maximum capacitance was approximately 6.0 x 10 Ah, and it was observed that this value decreased
to approximately 2.5 x 10 Ah in the third cycle. This indicates that coffee-derived biochar exhibits a more stable and
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improving performance over time, while the pinecone sample shows a more limited capacitance behavior.

The generally linear and symmetrical charge-discharge curves in both samples indicate good electrochemical
stability. When the obtained numerical data are evaluated together, it is determined that coffee waste-derived biochar
offers superior electrochemical performance by exhibiting both higher current density and more stable capacitance
behavior.

CONCLUSIONS

This study presents a comparative electrochemical evaluation of biomass-derived biochar magnetically activated using
FeS0..7H:0. The results clearly show that the type of biomass significantly influences the electrochemical behavior of
the produced materials. Among the tested samples, coffee waste-derived biochar exhibits the highest electrochemical
performance, demonstrating higher current response in CV analysis and more stable and enhanced capacity behavior
in GCD measurements. In contrast, pinecone-derived biochar shows lower current values and shorter discharge times,
indicating relatively weaker electrochemical activity. The improved performance of the coffee-based sample is attributed
to its more favorable porous structure and more effective distribution of iron-based active sites introduced during
magnetic activation. Overall, the findings highlight that magnetic activation using FeS04.7Hz0 is an effective method
for enhancing the electrochemical properties of biomass-derived carbons. This study emphasizes the importance of
biomass selection in the design of high-performance carbon materials and demonstrates the potential of these materials
for future energy storage applications.
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ABSTRACT

Carbon capture and storage (CCS) have been identified as a key technology for reducing atmospheric carbon emissions
and addressing climate change. Saline aquifers are common and have some of the largest potential capacities for CO2
storage. Therefore, they are considered a promising option for achieving net zero emissions targets. These are
underground reservoirs filled with brine solutions and are usually covered by a caprock consisting of low permeability
sealing formations. The capacity of a saline aquifer is not a guarantee of its suitability for CO: storage. The success of
a CO: storage project is usually determined by geology and reservoir properties such as porosity, permeability,
thickness, depth, pressure conditions and caprock quality. This review paper represents a comparative synthesis of six
large-scale CCS onshore saline aquifers worldwide including Quest (Canada), Aquistore (Canada), lllinois Basin-
Decatur Project (USA), SECARB Citronelle (USA), Ketzin (Germany), and Gorgon (Australia). Each of these projects
was studied in terms of their geological background, characteristics, and injection and storage performances. These
projects are important to provide knowledge that is necessary to achieve a future deployment scenario of CCS on a
gigaton scale to meet net-zero emission targets.

Keywords: CO, storage, CO, Saline Aquifers, Carbon storage, Onshore Saline Aquifers CO, storage

INTRODUCTION

Carbon capture and storage (CCS), from a novel concept to a proven technology, has been developed through the
past three decades, facilitated by increasing levels of evidence from operational experience. This paper consolidates
operational performance, monitoring results, and subsurface lessons from six CO2 storage onshore saline aquifers
across varied tectonic settings, reservoir architectures, and regulatory contexts: Ketzin (Germany), Gorgon
(Australia), Quest (Canada), Aquistore (Canada), the SECARB Anthropogenic Test at Citronelle (USA), and the
lllinois Basin-Decatur Project (IBDP) (USA). Collectively, these sites range from shallow to deep saline aquifers and
structurally complex reservoirs hosted in diverse lithologies, including fluvial-tidal and eolian sandstones and
volcaniclastic intervals. They also represent the full CCS workflow: capture, conditioning and transport, injection and
storage, and measurement monitoring verification (MMV) implemented under real operating constraints and risk
controls.

Several projects have become reference points for how storage performance and containment can be demonstrated.
Ketzin, Europe’s first onshore pilot, advanced integrated MMV seismic monitoring while documenting operational
handling near critical conditions [1] [2]. In North America (Canada), Quest and Aquistore demonstrated large-scale
saline storage under thick regional seals (Lotsberg Salts; Prairie Evaporite), pairing industrial capture with multi-well
monitoring and strong injectivity in deep Cambrian clastic [3] [4]. Citronelle (USA) delivered an end-to-end CCS chain
and helped establish above-zone pressure monitoring as a practical tool for confining-unit assurance[5], while IBDP
(USA) provided a high-quality MMV dataset (microseismic, logging, pressure/temperature, and fluid sampling) to
history-match models and confirm stratigraphic containment [6]. Finally, Gorgon (Australia) highlights the scale and
complexity of mega-project CCS, combining active pressure management through formation-water extraction and
reinjection with engineering upgrades to support reliable CO, compression and dehydration [7]. Across the six cases,
common conclusions emerge: containment is best demonstrated through risk-proportionate, periodic 3D/4D seismic,
injectivity depends strongly on heterogeneity and operational history, not just average porosity or permeability,
redundant seals and well integrity verification are critical barriers, pressure management can expand practical
capacity and protect caprock performance, and clear regulatory pathways and stakeholder engagement materially
reduce delivery risk.

MATERIALS AND METHODS

This study utilizes a comparative literature study methodology to compile parameters that can be compared across six
field-scale CCS projects in onshore saline aquifers. The parameters are compared based on recurring cross-project
patterns that can be used to control storage performance and key risks. Table 1 provides a brief description of the key
parameters of six onshore CO2 storage saline aquifers case studies used for comparison. The parameters are based
on key reservoir depth and thickness, porosity, permeability, pressure conditions, and key injection features. The study
is based on publicly available project documents, including technical reports and research articles. [1], [2], [3], [4], [5].
(6], [7]

In order to compare parameters and data collected from various projects on a consistent basis, a common framework
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is utilized to collect information on each project based on a set of standardized categories. The categories are based
on key geological settings, reservoir parameters, and performance outcomes. This structured extraction enabled direct
cross-case comparison and supported synthesis of shared lessons across diverse storage settings.

Table 1 Cross-project comparison of six onshore CO, storage saline aquifers case studies.

)} 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North

Completed Ongoing
. . SECARB Decatur .
Project Ketzin Citronelle (IBDP) Aquistore Quest Gorgon
Location Brandenburg Alabama Illinois Saskatchewan Alberta Wester_n
Australia
Reservoir Stuttgart Paluxy Formation MT. Simon Deadwood/Winni Basal Dupuy
formation Y Sandstone peg Sandstone Sandstone Formation
Operation 2015 - 2019 -
Period 2008 — 2013 2012 - 2014 2011 - 2014 2015 — present present present
Capacity 67,000 t 30 Mt (est.) 1Mt 2.5 Mt 27 Mt 100+ Mt
(COy)
Injected (CO) | 67,000t ~74,000 t 999,215 t '"50%8;’2; (by 7.78 Mt ~7 Mt
Reservoir (~650 m) (~2,900 m) (~2,150 m) (~3,200 m) (~2,000 m) 2250m
(Depth)
Thickness ~80 m 145 m net 500 m gross >150 m ~45 m 200-500 m
Porosity 0.2 0.195 0.21 0.125 0.15 0.22
Permeability 50- 12-3,950 mD 33-1000mD _ 30-100=avg
mD 100md=75mD | (avg ~284mD) | (avg 174mD) 4.89=5mD 1000 mb 65 mD
Initial
Reservoir 6200 39000 23000 34000 19600 21000
Pressure
(kPa)

RESULTS AND DISCUSSION

Across Ketzin, Gorgon, Quest, Aquistore, Citronelle, and IBDP, the evidence consistently shows that: CCS can be
implemented safely and reliably when the storage concept is tailored to local geology, built with redundant barriers,
and operated with an adaptive, data-driven approach. Four shared takeaways stand out. First, plume conformance
and containment can be demonstrated in practice: repeated 3D/4D seismic combined with continuous pressure-
temperature monitoring and targeted logging/sampling can map plume geometry, identify high-saturation intervals,
and confirm that sealing units perform as intended. Where models have been challenged with real monitoring data,
long-term behavior is consistent with increasing trapping (e.g. dissolution and stratigraphic baffling) and a stabilizing
free-phase footprint over long timescales.

Second, injectivity is manageable, but it requires discipline: heterogeneity, compartmentalization, and internal baffles
can reduce early performance, yet operational measures optimized completions, near wellbore remediation, thermal
control, and (when needed) pressure relief through brine handling can restore or sustain injectivity; multi-interval
injection can also help distribute pressure and limit areal plume growth when actively managed. Third, well and seal
integrity remain the main risk focus, but they are controllable with standard practices such as cement evaluation,
mechanical integrity testing, above-zone pressure monitoring, and reliance on thick, laterally continuous sealing
sequences (shales and/or evaporites). Finally, execution and governance matter as much as subsurface quality: high
uptime, maintenance discipline, clear permitting pathways, transparent engagement, open data-sharing accelerate
learning and strengthen public and regulatory confidence.

CRITICAL ANALYSIS AND LIMITATIONS

Although the six projects collectively support the technical credibility of CCS, a critical reading shows that
performance and perceived success are strongly shaped by data availability, monitoring intensity, and how
constraints are reported, not only by subsurface quality. Some sites provide rich, long-term datasets that enable tight
history matching and clear containment narratives, while others publish fewer operational details (e.g. pressure
management decisions, downtime causes, injectivity interventions), which makes cross-project comparison less
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uniform. In addition, most of the information on reservoir properties cited in the cases actually reflects a range of
values from various scales (core, well tests, log analysis, model calibration), and such a comparison of porosity and
permeability can obscure the real controlling factors of connectivity, heterogeneity, architecture, and near-well
conditions.

In terms of deployment, the cases also point to a number of trade-offs that should be carefully balanced in the design
of future hubs. For example, monitoring can provide evidence of conformance and build confidence, but it must be
balanced against costs and site accessibility. Hence, it is suggested that MMV should be risk-proportionate and
responsive to what is to be proven in each phase of a project (baseline, operational, post-injection). Likewise, storage
capacity is not only a volumetric estimate pressure margin and boundary conditions can become the binding
constraint, especially when multiple wells or emitters interact within a hub. These observations suggest that
transferring “best practice” requires caution: what generalizes well are the principles (robust seals, verified well
integrity, continuous pressure surveillance, adaptive operations), while the specific operating envelopes and
monitoring intensity must be tuned to each site’s geology, regulatory setting, and hub-scale pressure management
Strategy.

CONCLUSION

Among the six case studies, Quest stands out as the most relevant onshore analogue for future CCS hub
development, where multiple emitters will rely on shared transport and a single storage complex operating
continuously for decades. Unlike pilot-scale demonstrations that mainly prove injectivity and monitoring feasibility,
Quest reflects the realities that hubs must manage every day: sustained industrial operations, high system availability,
predictable injection performance, and routine integration of monitoring and risk controls into normal field workflows.
It therefore provides a practical benchmark for how to translate site characterization into an operable storage design,
how to maintain stable injection under real operating constraints, and how to structure monitoring so it supports long-
term conformance and containment assurance without becoming operationally burdensome. While Aquistore and
IBDP contribute important complementary lessons i.e. deep saline storage under strong evaporite sealing in
Aquistore and a best-in-class regulatory dataset in IBDP, Quest most closely captures the integrated, reliability-driven
performance that will be required as storage moves from single projects to regional hub networks.

Looking ahead, scaling from individual projects to hub-style networks will depend on three priorities: (i) hub-scale
pressure management, including coordinated well patterns and (where appropriate) brine handling strategies to
expand effective capacity; (ii) fit-for-purpose MMV built around risk-based combinations of seismic, pressure, and
geochemical methods that retain diagnostic value while controlling cost; and (iii) operational playbooks that anticipate
thermal mechanical effects, rate-dependent injectivity, and near-wellbore processes such as salt-related impairment.
Together, these priorities translate the lessons from the reviewed projects into practical requirements for predictable,
industrial-scale storage performance.
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ABSTRACT

The transportation sector accounts for a significant share of Turkey's total energy consumption and greenhouse gas
emissions. The sector's heavy reliance on fossil fuels constitutes a critical problem area for achieving decarbonization
goals. Classical energy analyses are insufficient for evaluating energy efficiency; exergy analysis, which considers
energy quality and irreversibilities, offers a more comprehensive approach. This study examines the main energy
sources used in the Turkish transportation sector from an exergy perspective and evaluates the relationship between
exergy destruction and carbon emissions. Furthermore, the decarbonization potential of electric and alternative fuel
transportation systems in terms of exergy efficiency is discussed. This study demonstrates that exergy analysis is a
critical decision-support tool in determining decarbonization strategies in the Turkish transportation sector and
emphasizes the necessity of a holistic approach based on energy quality for transitioning to a sustainable and low-
carbon transportation system.

Keywords: Transportation sector, Exergy analysis, Decarbonization, Energy efficiency

INTRODUCTION

Decarbonizing energy systems is one of the key objectives in combating global climate change. In Turkey, the
transportation sector accounts for approximately a quarter of final energy consumption and is responsible for a
significant portion of CO, emissions. The dominance of road transport, the widespread use of inefficient internal
combustion engines, and the increasing number of vehicles further highlight the need for decarbonization in this
sector.

Traditional energy analyses focus solely on the quantity of energy, neglecting its availability and irreversibilities within
the system. Exergy analysis, however, reveals the actual losses in an energy conversion process, allowing for a
more accurate assessment of system performance. In this context, the exergy approach is a powerful tool for
identifying processes in the transportation sector that exhibit high carbon intensity and low thermodynamic
performance.

The concept of exergy refers to the maximum theoretical work a system can produce until it reaches equilibrium with
its environmental conditions; thus, it quantitatively reveals the actual losses in energy conversion processes. When
examining transportation technologies such as internal combustion engines, gas turbines, and electric propulsion
systems, it is known that the high entropy production and irreversibilities occurring in combustion processes lead to
low exergy efficiencies. This explains the direct relationship between energy consumption and carbon emissions on
a thermodynamic basis. While numerous studies exist in the literature on energy efficiency and carbon emissions in
the transportation sector, studies that comprehensively analyze decarbonization performance using sub-sector-
based exergy analysis at the Turkish level are limited. Existing research mostly evaluates systems based on energy
intensity or emission factors, without thoroughly examining irreversibility sources and exergy destruction
mechanisms. This deficiency creates uncertainty in policy-making processes regarding which technological
transformations are truly sustainable. Some of the studies in the literature on decarbonization, energy, and exergy
efficiency are summarized.

The study conducted by Utlu and Hepbasli [1] examined the energy and exergy efficiency of the Turkish transportation
sector during the period 2000-2020. It was observed that total energy efficiency increased from 23.71% to 28.75%,
and exergy efficiency increased from 23.65% to 28.85%. For 2020, an exergetic improvement potential of
approximately 700 PJ was identified, with road transportation having the highest share within the sector. The findings
revealed that improvements, particularly in internal combustion engine technologies, will play a critical role in
increasing sectoral efficiency. In the study conducted by Kanberoglu et al. [2], the energy efficiency of the Turkish-
owned ship fleet was quantitatively evaluated based on the International Maritime Organization's (IMO) Energy
Efficiency Existing Ship Index (EEXI) regulation in the context of decarbonization. Calculations for the 1,077 Turkish
ships analyzed showed that the percentage of ships initially compliant with the IMO's Phase 2 reference line was
only 15.6%; however, by applying main engine power limitation (EPL), this rate increased to 53.1%, meaning that
more than one-third could meet stricter efficiency targets. According to component types, a compliance rate of 51.3%
was found in general cargo ships, and with 20% EPL, this rate exceeded 70%; in tanker fleets, compliance increased
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from 35.3% to 69.3%. The study by Jovet [3] evaluates different technologies for decarbonizing industrial heating
processes using a 4E (energy, exergy, economic, and environmental) optimization approach. According to the
results, CO, emissions are reduced by 20-40% with high-efficiency heat pumps and waste heat recovery
applications, while improving the energy and exergy performance of the systems; however, an increase in total
investment and operating costs is observed in advanced decarbonization scenarios. The findings indicate that the
most sustainable solution in industrial heating systems can be achieved by finding the optimum balance between
emission reduction, exergy efficiency, and economic feasibility. The study by Maghrabi et al. [4], quantitatively
investigated how the decarbonization of industrial heating processes can be accelerated through energy efficiency
improvements. The analyses found that implementing energy efficiency improvements could lead to a 15-30%
reduction in industrial heating energy consumption, corresponding to a 12-28% decrease in CO, emissions. In
particular, the use of high-efficiency heat pumps increased thermal efficiency from approximately 60-80% to
approximately 90-95% compared to conventional fossil fuel heating systems, thus significantly reducing primary
energy consumption. Exergy analyses in isolated processes showed that heat recovery networks could reduce total
exergy losses by approximately 10-18%. In the study conducted by Guo et al.,[5], the effect of partial oxidation on
the microscopic morphology of soot particles was experimentally investigated. The magnitude of the crystalline
curvature directly reflected the proportion of odd-numbered carbon rings in polycyclic aromatic hydrocarbons. The
decrease in degradation indicated a decrease in the number of odd-numbered carbon rings, while the increase in
internal dehydrocarbonization of soot particles resulted in a more regular microstructure and a higher degree of
graphitization.

The study by Xu et al. [6] investigated the structural evolution of polyaluminocarbosilane during the polymer-ceramic
transformation process. Similar to PCS, weight loss resulted from the thermal decomposition of precursor molecules.
At this stage, decomposition of side chains and dehydrogenation and dehydrocarbonation condensation reactions
occurred, and some gases such as H2,CH4 etc. were released. Finally, a three-dimensional network-structured
inorganic structure was formed [7-10].

MATERIALS AND METHODS

This study examines energy consumption data for the Turkish transportation sector, broken down by sub-sectors of
road, rail, air, and sea transport. The primary energy carriers used in the analysis were identified as gasoline, diesel,
LPG, jet fuel, and electricity.

For each mode of transport, the following were calculated as part of the thermodynamic evaluation:

e Chemical exergy values of the fuels,

e Average exergy efficiencies of the transport systems,

o Exergy destruction and exergy loss rates.
Exergy efficiency was defined as the ratio of useful mechanical work exergy to the total exergy entering the system.
Carbon emissions were calculated using fuel-based emission factors and correlated with CO, emissions per passenger-
km or ton-km transported. Furthermore, as part of the scenario analysis, the changes in exergy efficiency and emissions
were comparatively evaluated when internal combustion engine vehicles were partially replaced by electric vehicles
and alternative fuel systems. Table 1 shows the lower calorific value (LHV) and chemical exergy coefficients of fuels.

Table 2 shows typical emission factors of fuels.

Table 1. The lower calorific value (LHV) and chemical exergy coefficients of fuels

Fuel LHV (MJ/kg) | B Chemical Exergy
(MJ/kg)

Gasoline | 43 1.07 46.0

Diesel 42.5 1.06 45.1

LPG 46 1.05 48.3

Jet Fuel | 43 1.06 45.6

Electric - 1.00 1 kWh = 3.6 MJ exergy

Energy and Exergy Analysis

The energy efficiency of a system is expressed as follows:

Wuseful (1)
Nen = 7
Einput

The exergy efficiency for processes is expressed as follows:
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Exuseful (2)
/i e —
Exinput

The general exergy balance for a steady-state control volume is expressed as:
ZExin = ZExout + Exdest ©))
where Ex,,s, represents the total exergy destruction rate due to irreversibilities.
The steady-state exergy balance is given by:
ZExin - ZExout = Exdest (4)
where Ex,,, represents exergy destruction due to irreversibilities and is directly related to entropy generation:
EXgest=To Sgen (5)
Below is the total carbon emissions for an energy system:
€O, = E.EF (6)
where,
CO,: Total carbon emissions (kg CO,)
E: Energy consumption (kWh, MJ)

EF: Emission factor (kg CO,/kWh or kg CO./MJ)

Table 2.Typical emission factors of fuels

fuel kg CO,/GJ
gasoline 69
diesel 74
Jet Fuel 73
Electricity (Turkiye mixed) 450 kg/MWh

RESULTS AND DISCUSSION
Annual energy consumption, energy efficiency, exergy efficiency, exergy destruction and annual CO, emission
amount calculated for road, air, sea and electric railway transportation are given in Table 3.

Table 3. Annual energy consumption, energy efficiency, exergy efficiency, exergy destruction and annual CO, emission amount
calculated for road, air, sea and electric railway transportation

Sector Energy Energy Exergy Exergy CO, (Mt) kg CO,/GJ
(PJ) Efficiency Efficiency (%) Destruction (PJ)
(%)
Road 1050 25 22 868 77 73
Air 420 30 28 321 31 73
Maritime 210 40 38 138 16 70
Railway 120 85 80 24 6 50

When sub-sectors are compared in terms of exergy efficiency, significant differences emerge. The average exergy
efficiency in road transportation is calculated as 22%, and this value represents the lowest performance among the
analyzed systems. On the other hand, a very high exergy efficiency of 28% in air transportation, 38% in maritime
transportation and 80% in railway transportation was achieved. Particularly the high efficiency of electric railway
systems can be explained by the direct conversion of electrical energy into mechanical work and the elimination of
combustion-based irreversibility. Exergy destruction results clearly reveal the magnitude of real thermodynamic
losses in systems. 868 PJ of exergy destruction occurs annually in road transportation, and this value corresponds
to approximately 64% of the total transportation sector exergy destruction. An exergy destruction of 321 PJ was
calculated for air transportation, 138 PJ for maritime transport, and only 24 PJ for railway transportation. The low
amount of destruction in the railway is consistent with both low energy consumption and high exergy efficiency. When
the relationship between carbon emissions and exergy destruction is examined, it is seen that there is a strong
correlation. Road transport has the highest emission value with 77 million tons of CO, per year. Airline produces 31
Mt, maritime transport 16 Mt and railway 6 Mt CO, emissions. The parallel between exergy destruction and CO,
emissions is striking: the sector with the highest exergy destruction also has the highest carbon emissions. This
shows that reducing irreversibilities will directly contribute to emission reduction. In the final analysis, it was calculated
that if road transport was replaced by electric vehicles at a rate of 30%, the exergy efficiency increased from 22% to
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approximately 40%. As a result of this transformation, highway exergy destruction decreases from 868 PJ to 620 PJ,
that is, a decrease of approximately 29%. In the same scenario, CO, emissions decrease from 77 Mt to 54 Mt, a
reduction of approximately 30%. This parallel decrease between exergy destruction and carbon reduction shows that
thermodynamic improvements are directly reflected in environmental performance.

CONCLUSIONS

In this study, energy consumption, exergy efficiency, exergy destruction and carbon emissions in the Turkish
transportation sector were analyzed comparatively on a sub-sector basis. The findings show that there is a strong and
linear relationship between thermodynamic performance and environmental impact in transportation systems. Road
transportation stands out as the sector with both the highest energy consumption and the lowest exergy efficiency. The
exergy efficiency of 22% and the annual exergy destruction of 868 PJ clearly reveal the high irreversibility and inefficient
combustion processes in the system. In parallel, with 77 million tons of CO, emissions, the sector constitutes the largest
part of total transportation-related emissions. This situation shows that road transportation should be the priority target
area in decarbonization policies. Railway transportation, on the other hand, exhibits the highest thermodynamic
performance with 80% exergy efficiency and only 24 PJ exergy destruction. Low carbon intensity and limited emissions
confirm the structural advantage of electric systems. Airline and maritime transportation are in an intermediate position
in terms of performance; Combustion-based irreversibilities appear to be important, especially in the airline industry. As
a result, the key to transition to a sustainable and low-carbon structure in the Turkish transportation sector is not only
reducing energy consumption; At the same time, improving energy quality and minimizing intra-system irreversibilities.
Integrating exergy-based indicators into national transportation policies will allow determining on a scientific and
guantitative basis which subsectors and which technologies require priority transformation. In this context, accelerating
road electrification, increasing the share of railway transportation and shifting the energy production mix to low-carbon
sources are considered the most effective strategies in terms of both thermodynamic efficiency and emission reduction.
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ABSTRACT

Vanadium redox flow batteries (VRFBs) are a promising energy storage system for large-scale, efficient energy
storage. In VRFBs, thermal analysis is essential for maintaining proper electrolyte temperatures, reducing vanadium
precipitation, and ensuring high efficiency. The current study numerically investigates the thermal effects of porosity
variation in the porous electrode on VRFB performance. To do this, a two-dimensional, single-phase model is
developed using COMSOL Multiphysics 5.5 and validated with experimental data. The porosity distribution in the
porous electrode is examined in four different cases. Case 1 fixes the porosity of both the positive and negative
electrodes at 94%. In Case 2, the positive electrode's porosity remains fixed at 94%, while the negative electrode's
porosity gradually increases from 64% to 94% in 10% steps along the electrode thickness toward the membrane. In
Case 3, the negative electrode's porosity is held constant, while the positive electrode's porosity increases gradually
from 64% to 94% in 10% steps. Finally, in Case 4, both electrodes' porosities gradually increase from 64% to 94%
in 10% steps toward the membrane. The results show that Case 4 demonstrates good performance and produces
less heat during charging and discharging.

Keywords: Thermal Analysis, Electrode Porosity, Vanadium Redox Flow Battery

INTRODUCTION

The shift to renewable energy is vital for reducing the energy sector's negative environmental effects. However,
because of their intermittency, developing energy storage technologies such as vanadium flow redox batteries is
essential for maintaining the stability and efficiency of renewable energy systems. The thermal management remains
a considerable challenge in a VRFB performance. To enhance VRFB performance, various studies have focused
on electrode porosity and thermal management. Ali et al. [1] examined how electrode porosity affects cell
performance during discharge, finding that increased porosity reduced concentration polarization and improved
performance. Another study assessed the performance and velocity distribution of electrodes with different porosities
at various locations [2], revealing a more uniform velocity distribution in areas with high porosity near the membrane.
In VRFBs, thermal modeling of the battery setup and self-discharge reactions was also performed [3], showing that
the battery generates minimal heat during self-discharge, keeping the chemical reaction almost constant. Andrea et
al. [4] and Zhanga [5] created a 2D thermal model of VRFB, demonstrating that the reversible entropic heat source
was positive during discharge and negative during charging.

As indicated in the literature, the thermal behavior of graded porosity electrodes has not been investigated. Therefore
,the current study examines the effects of the graded porosity electrode on heat sources generation, temperature
distribution, and efficiency in a VRFB system.

PROCEDURE

This work thoroughly investigates the thermal analysis of various porosity distributions in a porous electrode. Four
porosity distribution cases are explored using a numerical model. In the first case, the porosity of both electrodes is
fixed at 94%. In the second case, the porosity of the negative electrode increases from 64% to 94% in 10% steps toward
the membrane, while that of the positive electrode remains steady at 94%. In the third case, the positive electrode's
porosity gradually increases from 64% to 94% in 10% increments across its thickness, while the negative electrode's
porosity remains constant. In the fourth case, the porosity of both electrodes increases progressively from 64% to 94%
as they approach the membrane, in 10% increments.

THE NUMERICAL MODEL

The schematic of the computational domain includes two porous electrodes, and the membrane is shown in Figure
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1. The model incorporates numerous assumptions and simplifications:

1. The model is steady state
2. The electrolyte flow is laminar and incompressible.
3. Species transport is described using the dilute-solution approximation.
4. The bubble formation and the side reaction (hydrogen evolution and oxygen evolution) are not
considered.
5. Physical properties of porous electrodes and membrane are homogeneous and isotropic.
(a) (b)
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Fig. 1. 2D Schematic of model domains of VRFB.

Based on the model developed by previous work [6], the main conservation equations applied to the model are:

Continuity: 7.(#) = 0 Q)
Momentum conservation: %ﬁ =-VP 2)
Species conservation: ﬁVci—fo f Vi¢;=S; 3)
Charge conservation : Vi; = —Vi; = 6/ V2¢, = kI V2, = S, 4)
Energy conservation : V(ip,C,) — AV2T = 2 4q; (5)

RESULTS AND DISCUSSION

In this work, a two-dimensional numerical model of a VRFB is presented to investigate the thermal effects of porosity
variation in the porous electrode.

Fig. 2 shows how cell voltage varies with SOC during charging and discharging for each case. As shown in the figure,
the maximum battery cell voltage at the end of charging is 1.62 V, 1.57 V, 1.59 V, and 1.55 V for Cases 1, 2, 3, and
4, respectively. During discharge, the battery cell voltage increases from 1.42 V to 1.47 V when all cases are
considered. It is known that battery performance, is best when the battery is charged at low voltage and discharged
at high voltage. Based on this information, Case 4 has the best electrode design among the cases considered.

The variation of the Joule heat source with SOC, which is generated due to resistance during the transfer of charged
ions at the positive and negative electrodes during charging and discharging processes, is illustrated in Fig. 3. It was
found that as the SOC increases from 0.05 to 0.95 during charging and discharging, the Joule heat source decreases.
Furthermore, it is observed that Case 1 and Case 3 have higher Joule heat values at the negative electrode compared
to Case 2 and Case 4. At the positive electrode, the Joule heat in Cases 1 and 2 is higher than in Cases 3 and 4
during both charging and discharging. From these results, it is concluded that Joule heat is reduced by lowering the
ohmic resistances at the electrodes in the Case 4 design. Also, while the maximum Joule heat at the positive
electrode is nearly 680 W/m3 for Cases 1 and 2, it is about 790 W/m? at the negative electrode for Cases 1 and 3.
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Fig. 4 shows the variation in reversible and irreversible heat sources due to entropy and activation overpotential
within the cell at both the positive and negative electrodes during charge and discharge processes across four Cases.
It is observed that Cases 1 and 2 have higher reversible and irreversible heat values at the positive electrode
compared to Cases 3 and 4. Additionally, at the negative electrode, during both charge and discharge processes,
the reversible and irreversible heat values are higher for Cases 1 and 3 than for Cases 2 and 4. These results indicate
that when a design like Case 4 is used, the activation overpotential is reduced at both electrodes, leading to a

decrease in heat source values.
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Fig.2. Variation of cell voltage with SOC during charging and discharging for each case [7].
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(a): positive electrode and (b): negative electrode [7].

CONCLUSIONS

The effects of graded porosity in the electrodes on heat transfer phenomena have been analyzed thoroughly. Four
different cases are considered to illustrate these effects. Case 4, where the electrode porosity is increased from 64% to
94% toward the membrane in both the negative and positive electrodes, shows a higher potential for performance
compared to the other cases. This improved performance is likely due to porosity enhancing the ohmic activation in the
electrodes. The heat generated within the battery decreases with the design in Case 4, leading to the conclusion that
the battery with the Case 4 design has better thermal stability.
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ABSTARCT

Home energy management systems (HEMS) integrating photovoltaic (PV) generation and battery energy storage
systems (BESS) are essential for maximizing self-consumption, reducing grid dependency, and minimizing costs under
time-of-use (ToU) tariffs. This paper proposes a lightweight, learning-free intelligent agent based on transparent utility-
score maximization for real-time decision-making in residential HEMS. The agent evaluates three discrete actions—
grid interaction, battery discharge, and charging—using a weighted utility function that balances electricity cost savings,
grid relief, and state-of-charge (SOC) preservation. Inherent explainability is achieved through per-timestamp utility
score visualizations, enabling clear traceability of decisions.

A 24-hour simulation with synthetic yet realistic PV, load, and ToU pricing profiles demonstrates effective arbitrage:
charging during low-price midday periods, exporting excess PV, and discharging during evening peaks. Results include
a self-consumption rate of 78%, self-sufficiency of 65%, near-zero grid import during high-price hours and estimated
25-35% daily cost savings compared to no-EMS baselines. The approach provides a computationally efficient,
interpretable alternative to black-box reinforcement learning methods, suitable for edge devices in smart homes.
Keywords: Home energy management system, explainable artificial intelligence, battery energy storage,
photovoltaic integration, real-time optimization.

INTRODUCTION

The rapid growth of rooftop photovoltaic (PV) systems and residential battery energy storage systems (BESS) has
empowered prosumers to increase self-consumption, reduce grid reliance, and engage in dynamic energy markets
[1], [2]. However, PV intermittency, variable time-of-use (ToU) pricing, and unpredictable loads create challenges for
optimal energy management. Without intelligent control, excess midday PV is exported at low value, while expensive
evening grid imports occur, leading to suboptimal outcomes [3].
Home Energy Management Systems (HEMS) coordinate PV, BESS, and loads to minimize costs and maximize self-
sufficiency. Rule-based controllers are simple but often suboptimal under dynamic conditions [4]. Advanced methods
like model predictive control (MPC) and reinforcement learning (RL) achieve better performance, with RL showing
10-30% cost reductions in PV+BESS scenarios [5], [6]. Yet these approaches suffer from high complexity, training
demands, and poor interpretability—hindering user trust and regulatory acceptance in demand response [7].
Explainable Artificial Intelligence (XAl) addresses these gaps by making decisions transparent [7], [2]. Recent
frameworks integrate XAl techniques (e.g., SHAP, LIME) for interpretable building energy management, including
PV forecasting and automated control [2]. In residential HEMS, explainability fosters adoption by clarifying price-
responsive actions without black-box opacity [5].
Learning-free, inherently interpretable methods remain underexplored for real-time PV+BESS dispatch. This work
proposes a learning-free explainable intelligent agent using weighted utility maximization to select among grid
interaction, battery discharge, or charging. Utility scores provide inherent explainability via visualizations, revealing
decision drivers (price, net load, SOC) from deployment onward.
Contributions:

e Transparent utility framework for three-action HEMS control.

¢ Inherent explainability through utility trajectories.

e Simulation showing 78% self-consumption, 65% self-sufficiency, near-zero peak imports, and 25-35% cost

savings.

The paper is organized as follows: Section |l details the model and agent. Section Il presents and discusses results,
followed by conclusions.
MATERIALS AND METHODS

This section describes the residential home energy management system (HEMS) model, the synthetic data generation
process, and the proposed learning-free explainable intelligent agent in detail. All simulations were implemented in
MATLAB R2024b with a 15-minute time resolution (dt = 0.25 h) over a full 24-hour horizon (N = 96 timesteps), enabling
real-time decision evaluation suitable for edge-device deployment.

System Model and Parameters
The modeled prosumer household integrates the following components:
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e Arooftop photovoltaic (PV) array with a peak power of 5 kW, typical for residential installations.
e Household load demand with an average of 3 kW and noticeable evening peaks.
e A lithium-ion battery energy storage system (BESS) with a usable capacity of 10 kwh and state-of-charge
(SOC) limits set between 20% and 90% to preserve battery lifetime.
e Initial SOC set at 50% for a neutral starting condition.
e A fixed charging/discharging rate of 2 kW, compatible with common residential inverters.
The net load at each timestep i is calculated as Eq. (1):
Net_Load(i) = Load(i) — PV(i) (in kW)
(1)
Positive values represent net demand (import required), while negative values indicate surplus generation (export
possible).

Synthetic Data Generation

Synthetic yet realistic profiles were generated to ensure reproducibility and focus on algorithmic behavior under
representative conditions:

PV generation follows a smooth sinusoidal shape Eg. (2):

PV(i) = 5 x max (0, sin(t(i) — 6) x 1/ 12))

(2)

This yields a midday peak of approximately 5.5 kW, simulating clear-sky conditions for a south-facing 5 kWp
system.

Household load is modeled as Eq. (3):

Load(i) = 3 + 1.5 x sin((t(i) - 16) x 1w/ 8) + 0.5 x rand (1)

(3)

A base load of 3 kW is augmented with an evening hump (peaking ~4.5-5 kW between 17:00-20:00) and small
Gaussian noise for realism.

Electricity price (ToU tariff) is defined as Eq. (4):

Price(i) = 0.15 + 0.10 x (PV(i) == 0) + 0.05 x sin((i) x 1/ 12)

(4)

This creates low prices (~0.12 $/kWh) during high-PV midday hours and higher prices (~0.25-0.28 $/kWh) in the
evening and night, reflecting common residential dynamic tariffs.

These profiles effectively capture the core arbitrage opportunity: storing excess midday PV at low cost and
discharging during expensive evening peaks. Use Sl units only.

Utility-Based Decision Agent

At timestep i, net load is:
Net_Load(i) = Load(i) — PV(i)
Three actions are evaluated:

1. Grid-only (al): U; =w_cost x (Net_Load x Price(i)) + w_grid x Net_Load

2. Battery discharge (a2) (if SOC(i) > SOC_min): U, = w_cost x 0 + w_soc x |[Net_Load|

3. Battery charge (a3) at 2 kW (if SOC(i) < SOC_max): U3 = w_cost x (Net_Load + 2) x Price(i) + w_soc x

(-2)

Weights: w_cost = -0.6, w_grid = -0.3, w_soc = -0.1.
Highest-utility action executes; SOC updates as:

e Discharge: ASOC = - (Net_Load x dt) / Batt_ Cap

e Charge: ASOC = +(2 x dt) / Batt_Cap
Briefly and descriptively entitle each table and caption each figure. Place the table title above the table and the figure
caption below the figure. Each table and figure should be cited in the text (e.g., Fig. 1, Table 1); and placed as close
as possible to the text to which they refer. Allow single spacing between the table or figure and the adjacent text, and
there should be no space between the table title and table (or between figure caption and figure). Tables and figures
should be numbered consecutively with Arabic numerals. Do not reduce figures or tables to a size that is difficult to
read. Please make sure there is no copyright issue with the photos/figures.

Explainability and Framework

Explainability is built-in and does not rely on post-hoc tools. All three utility scores (U,, U,, U3) are recorded at every
timestep and presented as a stacked area plot. This visualization immediately reveals decision rationales — for
example, dominant Charge utility (yellow) during low-price periods or strongly negative Grid utility (blue) during high-
price peaks — correlating directly with price signals, SOC constraints, and net load dynamics. Unlike black-box
reinforcement learning methods that require external interpretability layers, this framework provides full transparency
from the first operation.

47



~ ) 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
s Cyprus, 1 -3 June 2026

RESULTS AND DISCUSSION

This section presents the key simulation outcomes of the proposed learning-free explainable intelligent agent and
discusses their significance, strengths, limitations, and comparison with related work in residential PV + BESS energy
management.

The 24-hour simulation used realistic synthetic profiles: 5 kW peak PV (~5.5 kW midday maximum), household load

averaging 3 kW with evening peaks (~4.5-5 kW, 17:00-20:00), and ToU pricing (~0.12 $/kWh midday, 0.25-0.28
$/kWh evening/night).

Power Flow, Battery Response, and Key Metrics

Fig 1. shows the overall system behaviour.

PV Generation
Load Demand
Grid Interaction

200 0.3

Battery SOC
0 Electricity Price | -Jalelal

S -
O -200 T~ ,,/ .
2 o=

-400 Sxa I\ 0.15

-600

0.2

Price ($/kWh)

0.1

Fig. 1. (Top) Power flow: PV (red), load (black dashed), grid interaction (blue; + import, — export). (Bottom) Battery SOC (%)
(green) and price ($/kWh) (magenta).

Midday PV surplus drives battery charging (SOC — ~90%) and grid export. Evening peaks trigger discharge, keeping
grid import near zero despite high prices. Overnight remains passive.
Quantitative results:

o Self-Consumption Rate (SCR): 78% (baseline without storage: 25-40%; typical with basic storage: 60—-80%).
o Self-Sufficiency Rate (SSR): 65%.

e Peak-hour grid import (17-20 h): <0.5 kWh (>90% reduction vs. no-EMS baseline).

[ ]

Estimated daily cost savings: 25-35% vs. grid-only baseline (consistent with 20-40% reported in ToU +
battery studies).

e Battery cycling: ~0.8-1.0 equivalent full cycles/day (moderate, battery-friendly).

These outcomes show effective arbitrage: low-cost midday charging + high-price evening discharge, with strong PV
utilization.

Explainable Decision-Making
Fig 2. visualizes utility scores for inherent transparency.

Charge utility peaks midday (low price + PV surplus); Grid and Charge turn strongly negative in evening peaks —
discharge prioritized. The stacked area plot clearly links decisions to price, SOC, and net load, providing intuitive
explanations without external tools—unlike black-box RL methods.
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Fig. 2. Utility scores: Grid (blue), Battery (orange), Charge (yellow) over 24 hours.
Discussion

The proposed agent achieves competitive performance with high SCR and SSR, along with meaningful cost savings,
while providing extreme simplicity (no training, O (1) per timestep) and built-in explainability—directly addressing
barriers to user trust and deployment. Key strengths include tuneable weights for balancing cost vs. battery life,
immediate edge-device deploy ability, and far superior transparency over complex MPC or RL methods. Limitations
are the fixed 2 kW rate (limited flexibility), synthetic data (real-world variability untested), and single-objective utility
(no degradation or multi-criteria modelling).

Results align with recent residential ToU arbitrage literature (20-40% savings, 60-80% SCR with storage). Its
inherent XAl sets it apart from opaque AI-HEMS approaches. Future work will cover variable rates, real-data
validation, RL/MPC benchmarking, SHAP integration, degradation modelling, and multi-home extensions. In
summary, the agent offers an efficient, transparent, and cost-effective solution for residential energy management
under dynamic pricing—a practical, interpretable choice for smart homes.

CONCLUSIONS

A transparent, learning-free agent for residential HEMS with PV and BESS was presented. Utility maximization yields
78% self-consumption, 65% self-sufficiency, near-zero peak imports, and 25—-35% savings. Utility visualizations ensure
interpretability, addressing black-box limitations in AI-EMS.

The method's simplicity and transparency suit edge devices and user-centric applications. Extensions to real data,
advanced XAl, and multi-objective control will enhance its role in sustainable energy systems.
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ABSTRACT
This study presents a performance assessment of a packed-bed sensible thermal energy storage (PBSTES) system
which was integrated with an Organic Rankine Cycle (ORC) for waste heat-to-power conversion from Electric Arc
Furnace (EAF). EAF slag and Sintered ore were chosen as the filler materials and investigated under identical bed
geometry, transient boundary conditions, and ORC configuration. Using a one-dimensional, two-phase packed-bed
model with Wakao—Funazkri and Ergun correlations, sintered ore delivered 37% greater thermal storage capacity
and a longer discharge window of 2.13hr, which directly translated to 39% greater cumulative ORC electrical output
per cycle when compared with EAF slag. However, both systems exhibited comparable discharge efficiencies of
80.23% and 78.17% respectively, ORC thermal efficiency of 21.07% and pressure drop of 878.1 Pa. This shows that
the discharge quality is primarily governed by the thermocline propagation dynamics rather than by the absolute
storage capacity. This similarity is further compounded by the similar particle diameter and thermal conductivity of
both fillers. Although sintered ore is the more superior filler thermodynamically, EAF slag emerges as a technically
equivalent and zero-procurement-cost sustainable alternative, thereby strongly supporting circular economy as well
as industrial decarbonization objectives within steelmaking industries.
Keywords: Electric Arc Furnace, Energy efficiency, Sustainable Energy, EAF Slag, Sintered Ore.

INTRODUCTION

The iron and steel industry are one of the most energy-intensive sectors in the global economy, which accounts for
about 4 to 5% of the world’s energy consumption [1]. Interestingly, a significant proportion of this energy is rejected
as waste heat across a wide range of temperatures i.e. from low-grade hot water streams at 90°C, to high-grade
converter gases which exceeds 1,500°C [2]. In modern Electric Arc Furnaces (EAFs), a significant amount of energy
is released as waste heat via an off-gas stream or coolant. And so, depending on the operating condition, 12-56 %
of the total energy can leave as waste heat, where the sensible heat content of the off-gas alone can approach 150—
250 kwh per tonne of steel [3]. Despite the immerse potential of EAF off-gas waste heat recovery, deployment
remains limited due to severe dust loading, corrosive/erosive conditions, as well as strong batch-cycle fluctuations
which raise the equipment complexity and maintenance needs, leading to long payback periods and high retrofit
investment costs [4].

The Organic Rankine Cycle (ORC) has emerged as the most commercially viable technology for converting low-to-
high temperature industrial waste heat into electricity, with operating installations at EAF plants ranging from 0.7 MW
at NatSteel Singapore to 7 MW at Arvedi Cremona, Italy [1,5]. Nonetheless, there are challenges with direct ORC
coupling to the EAF off-gas source due to the intermittency of the streams. EAF-driven ORCs without thermal
buffering must regularly restart between heats, and operate well below their rated load, with each start-stop cycle
accelerating component degradation and extending payback periods of the plant [1]. Studies conducted by Couvreur
et al. [6] demonstrated that integrating hot-water tanks upstream of the ORC evaporator can effectively smoothen
out the heat-source variability as well as enhance the system’s stability and electricity production. Amongst the TES
configurations, packed-bed sensible thermal energy storage (PBSTES) is uniquely positioned for EAF waste heat
recovery. Unlike the conventional two tank molten salt systems used in high temperature power cycles, a single-tank
thermocline packed-bed requires no liquid storage media, can operate with air as the direct heat transfer fluid (HTF)
and still achieves effective thermal stratification needed for high quality heat delivery to an ORC power cycle [7].
Therefore, the selection of filler material used in the PBSTES is a central engineering decision that needs to be made
carefully. Conventional sustainable filler materials such as natural rock, ceramics, and sand, carry procurement and
transport costs and embody no circular economy benefit in the context of EAF steel production plant. EAF slag, a
waste by-product of EAF Steel making, produced at 100—200 kg per tonne of crude steel, presents a compelling
alternative to the others [8]. Although EAF slag is a natural candidate for PBSTES, only limited studies have evaluated
its end-to-end integration with an ORC power block under realistic EAF transient off-gas conditions [9]. Moreover,
the authors found no studies on comparative assessments between industrial waste-derived fillers and commercially
processed alternatives such as sintered ore under identical transient EAF operating conditions for waste-heat-to-
power integration. Therefore, this study addresses these gaps by conducting a baseline performance comparison of
EAF slag and sintered ore as PBSTES fillers integrated with an ORC for EAF waste heat-to-power conversion.
Sintered ore particles serve as an ideal commercial benchmark for comparison with EAF steel slag because it has
been experimentally validated in multiple studies as a high-performance, high-temperature sensible heat storage
filler in air-based packed-bed TES systems [10].
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SYSTEM DESCRIPTION

The integrated system consists of a cylindrical PBSTES unit, with a diameter of 3m, height of 5.2 m and150 axial
nodes charged by EAF off-gas air and discharged to an ORC power cycle as shown in Fig. 1. During the charging
mode, hot EAF off-gas passes downward through the bed from the top end. Charging terminates when the cold outlet
temperature reaches 500 °C, establishing a sharp thermocline. During discharge, a recirculation blower draws air
upward through the bed and delivers it to the ORC heat exchanger. A maximum ORC inlet temperature of 500 °C
was imposed with the use of a mixing/bypass control assumption in order to avoid excessive peak temperatures at
the evaporator as well as maintain a consistent stability with the working-fluid [1]. The EAF source profile was gotten
from Brandt et al. [11], which spans approximately 0.88 h with mass flow rates of 15-21 kg/s and temperatures of
108-754°C, which exhibits pronounced intermittency characteristic of EAF heat cycles. The ORC power cycle
operates under steady-state conditions during discharge, with Benzene selected based on its thermal stability at EAF
temperature levels as well as favorable dry-fluid expansion characteristics.
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Fig. 1 Schematic diagram of the integrated EAF off-gas waste heat recovery system with thermocline packed-bed thermal
energy storage and ORC power block.

METHODOLOGY

The TES unit is modelled as a one-dimensional transient two-temperature (LTNE) packed bed. The Key assumptions
for the PBSTES are: (1) The model assumes transient operation under local thermal non-equilibrium within a
homogeneous, rigid porous medium, while neglecting radiative heat transfer and wall heat losses [7]; (2)
Incompressible fully-developed flow and uniform intra-particle temperature [9]; (3) Temperature-dependent air
properties and radiation and wall losses neglected [12].

The fluid and solid energy equations are:

an _ 0 an an
EPrCof 5 = 3n (Aeff.f E) — eppeppu—L+ heprar (T, — Ty) 1)
aT, @ aT,
1- E)pGC_r(T) ot oz (Aeff,r 6_2) - heffar(Tr - Tf) 2

where a, = 6(1 — €)/d, and he follows the Wakao—Funazkri correlation: Nu = 2 + 1.1Re)*Pr'/? . Pressure drop uses
the Ergun equation gotten from Ref.[13]. The system is solved over MATLAB Simulation platform. Table 1
summarized the filler material properties and ORC Cycle Parameters.

Table 1. Filler material properties and ORC Cycle Parameters

Filler Properties EAF Slag [14] Sintered Ore[15] ORC Parameters [16] Value
Apparent density (kg/m3) | 3,327 4,547 Working fluid Benzene
Bed Void Fraction (g) 0.617 0.617 ORC inlet temperature cap [°C] 500

C, at 500°C (J/kg-K) 900 920 Pump / turbine efficiency [%] 75185

As (W/m-K) 1.50 1.50 Condensation temperature [°C] 95

Origin (Eer'r:o\-Aé?fstt‘; éani ggr'g)'al Pinch point (°C) 20
Particle Diameter (mm) 35 35 Blower / Mechanical efficiency [%] 0.70/ 0.98
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Table 2. Performance Metrics and Governing Equations for the ORC-Coupled Thermocline Packed-Bed TES System

Metric Symbol Key Equation Reference
Thermal storage capacity Qstored Poed Vbed €p, bed (Thot — Tin ) [10], [14]
Discharge heat delivered Quis fotdis 1y, (Tout (£) — Tin (£))dt [10], [12], [14]
Discharge efficiency Ndis Quis / stored [12]

ORC thermal efficiency TORC Whpet /(hy — h3) [2]

ORC Electrical Energy Eelec [ Otdis tore (£) * Wnet * Nmech At [2]

Total pumping energy Epump [ Ot°“9 Poump dt + [ Otdis Poump dt [10], [14]

RESULTS AND DISCUSSION

Itis clear from the results that the PBSTES simulations reveal distinct but complementary performance characteristics
for both filler materials under the EAF waste-heat operating conditions. As depicted in Fig.2 and Fig.3, both EAF slag
and sintered ore develop a sharp, well-stratified thermal front which advances steadily from the hot inlet towards the
cold end during charging mode and retreats progressively during discharge mode. This behavior is consistent with
ideal thermocline TES operation and indicative of low axial dispersion in both of the packed beds under study. During
discharge, the ORC mixing valve effectively maintains the delivered fluid temperature at the 500 °C design cap until
the bed outlet declines to the 460 °C cutoff threshold. This cutoff threshold corresponds to a threshold factor of 0.20
applied to the 300-500 °C operating range of the ORC, as recommended by Fasquelle et al. [12]. And so, below this
threshold, thermocline front degradation reduces the delivered fluid quality to the ORC evaporator. Following this,
the quantitative performance metrics is highlighted in Table 2. The results highlight the energetic superiority of
sintered ore. Its greater apparent density and specific heat capacity translates into 37% higher thermal storage
capacity and a considerably longer usable discharge window for power delivery at 2.13hr when compared to 1.53hr
for the EAF slag.
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Fig. 2. Temperature evolution along bed height during charging and discharge of thermocline packed-bed TES for EAF slag
under steel-industry operating conditions (Thot = 500 °C, Tstop= 460 °C)

Crucially, however, it can be seen from Table 2 that both fillers exhibit comparable discharge efficiencies (n4is) of
80.23% (EAF slag) and 78.17% (sintered ore), a difference of 2%. This near-equivalence arises because discharge
efficiency reflects the fraction of theoretical bed capacity recovered, which is primarily driven by the thermocline
propagation rather than by the absolute storage capacity of the filler. And so, several factors are responsible for
thermocline propagation and one of the crucial factors is the diameter of the particle and the void fraction, of which
both fillers share identical values of 35mm and 0.617, respectively. And so, the resulting interstitial heat transfer
coefficient, thermocline thickness, and advancement rate are effectively equivalent for both beds. This finding is
consistent with Xu et al. [17], were the authors demonstrated that particle diameter is the dominant factor controlling
discharge efficiency, with different filler materials yielding only marginal efficiency differences at particle size lower
than 10cm. Furthermore, the cumulative energy output of the ORC for the given discharge timeframe was 730.86kWh
and 1016.31kWh for the EAF Slag and Sintered Ore, respectively. This shows the superiority of sintered ore in
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delivering 39% more cumulative electrical energy per cycle which is a direct consequence of its larger thermal storage
capacity.

(a) Charging Phase of Sintered Ore PBTES (b) Discharge Phase of Sintered Ore PBTES
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Fig. 3. Temperature evolution along bed height during charging and discharge of thermocline packed-bed TES for Sintered ore
fillers under steel-industry operating conditions (Thot = 500 °C, Tstop = 460 °C)

Table 2. Summary of ORC-Coupled Thermocline TES Filler Performance

Filler tcharge Lais Qstored Quis Ndis APgrop Mth (ORC) Epump Enet (0rC)
Material | (h) (h) (kwh) (kwh) (%) (Pa) (%) (kwh) (kwh)
EAF slag 1.06 1.53 5730.31 4597.56 80.23 878.1 21.07 420.33 730.86
Sintered

Ore 1.39 2.13 7853.39 6138.86 78.17 878.1 21.07 616.37 1016.31

Although, the longer sintered ore cycle accumulates 47% higher total pumping energy at 616.37kWh, this increase
is driven by its longer discharge duration rather than any difference in flow resistance, since both beds produce the
same pressure drop of 878.1 Pa. Nonetheless, the evidence is clear that sintered ore is a more energetic superior
filler thermodynamically. However, EAF slag which is an industrial by-product available at near-zero material cost
emerges as a more compelling and practically viable alternative where economics and feedstock constraints are
the governing design considerations for the PBSTES.

CONCLUSION

This study presents a baseline performance comparison of EAF slag and sintered ore as packed-bed TES fillers
integrated with an ORC for EAF waste heat-to-power conversion. The Sintered Ore exhibited 37% higher thermal
energy storage capability and a longer discharge duration of 2.13 hours which directly translates to 39% greater
cumulative ORC electrical output per cycle, yielding 1016.31 kwWh compared with 730.86 kWh for EAF slag. Despite
this energetic advantage of sintered ore, both fillers delivered comparable discharge efficiencies of 80.23% and
78.17%, a difference of 2%. This is because discharge efficiency is primarily driven by the thermocline propagation
rather than by the absolute storage capacity of the filler, where the most prominent factors influencing the propagation
were the particle diameter and void fractions, of which sintered ore and EAF slag were the same. Therefore, EAF
Slag is established as a technologically equivalent but material wise superior environmentally friendly substitute,
which removes the entire cost of purchasing the raw material from outside the Steel Mill. Future work will extend this
framework to comparative cross-industry assessments encompassing cement and food processing waste heat
profiles. Likewise, a cascaded PCM-sensible hybrid TES configurations will be integrated to improve thermocline
sharpness and round-trip efficiency. More so, a parametric study as well as a full exergy and techno-economic
analyses will be conducted to identify the most cost-effective filler-cycle pairings across industrial sectors.

NOMENCLATURE

€ Bed void fraction

pr Fluid density(kg/m?3)

Ty Fluid Temperature (K)

a, Specific surface area (m?)
T, Solid Temperature (K)

dp Particle diameter

Or Solid density(kg/m?3)
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Cp.f Fluid specific heat (j/kg/k)

Aerr Thermal conductivity (W/m/K)

AP Pressure Drop (Pa)
hegs Effective Heat transfer coefficient (W/m2/K)
Nu Nusselt number

Re, Reynolds number

Pr Prandtl Number

Ndis Discharge efficiency

u Superficial velocity (m/s)

m mass flow rate (kg/s)

Whet Specific Work (kj/kg)

E et Net Electrical Energy (kWh)
h Enthalpy (kj/kg)

Qstoreq  Stored thermal energy (kWh)
Qgis Discharged heat (kWh)
Epump  Total Pump Energy (KWh)

REFERENCES

[1] M. Ja’fari, M. I. Khan, S. G. Al-Ghamdi, A. J. Jaworski, and F. Asfand, “Waste heat recovery in iron and steel industry
using organic Rankine cycles,” Chemical Engineering Journal, vol. 477, no. 2, p. 146925, Dec. 2023, doi:
10.1016/j.cej.2023.146925.

[2] S. Lecompte et al., “Case Study of an Organic Rankine Cycle (ORC) for Waste Heat Recovery from an Electric Arc
Furnace (EAF),” Energies 2017, Vol. 10, vol. 10, no. 5, May 2017, doi: 10.3390/en10050649.

[3] U. Camdali and M. Tung, “Modelling of electric energy consumption in the AC electric arc furnace,” Int. J. Energy Res.,
vol. 26, no. 10, pp. 935-947, Aug. 2002, doi: 10.1002/er.829.

[4] G. Hartfuf3, M. Schmid, and G. Scheffknecht, “Off-Gas Waste Heat Recovery for Electric Arc Furnace Steelmaking Using
Calcium Hydroxide (Ca(OH)2) Dehydration,” Steel Res. Int., vol. 91, no. 11, Nov. 2020, doi: 10.1002/srin.202000048.

[5] A. Foresti, S. Santarossa, N. Monti, G. Di Zanni, and C. Milo, “La Metallurgia Italiana-n,” vol. 5, p. 18, 2019.

[6] K. Couvreur, W. Beyne, M. De Paepe, and S. Lecompte, “Hot water storage for increased electricity production with

organic Rankine cycle from intermittent residual heat sources in the steel industry,” Energy, vol. 200, Jun. 2020, doi:
10.1016/j.energy.2020.117501.

[71 G. Zanganeh, M. Commerford, A. Haselbacher, A. Pedretti, and A. Steinfeld, “Stabilization of the outflow temperature of
a packed-bed thermal energy storage by combining rocks with phase change materials,” Appl. Therm. Eng., vol. 70, no. 1, pp.
316-320, Sep. 2014, doi: 10.1016/j.applthermaleng.2014.05.020.

[8] M. Enemuo, N. Enemuo, A. D. Taleghani, and O. Ogunmodimu, “Slags as Thermal Energy Storage Media for
Concentrated Solar Power and Renewable Energy Integration,” Energy Storage, vol. 7, no. 8, p. e70274, Dec. 2025, doi:
10.1002/est2.70274.

[9] I. Ortega-Fernandez and J. Rodriguez-Aseguinolaza, “Thermal energy storage for waste heat recovery in the steelworks:
The case study of the REslag project,” Appl. Energy, vol. 237, pp. 708-719, Mar. 2019, doi: 10.1016/j.apenergy.2019.01.007.
[10] Z. Lai, H. Zhou, M. Zhou, L. Lv, H. Meng, and K. Cen, “Experimental study on storage performance of packed bed solar
thermal energy storage system using sintered ore particles,” Solar Energy Materials and Solar Cells, vol. 238, May 2022, doi:
10.1016/j.solmat.2022.111654.

[11] C. Brandt, N. Schiiler, M. Gaderer, and J. M. Kuckelkorn, “Development of a thermal oil operated waste heat exchanger
within the off-gas of an electric arc furnace at steel mills,” Appl. Therm. Eng., vol. 66, no. 1-2, pp. 335-345, 2014, doi:
10.1016/j.applthermaleng.2014.02.003.

[12] T. Fasquelle, Q. Falcoz, P. Neveu, and J. F. Hoffmann, “A temperature threshold evaluation for thermocline energy
storage in concentrated solar power plants,” Appl. Energy, vol. 212, pp. 1153-1164, Feb. 2018, doi:
10.1016/j.apenergy.2017.12.105.

[13] N. Wakao and T. Funazkri, “Effect of fluid dispersion coefficients on particle-to-fluid mass transfer coefficients in packed
beds,” Chem. Eng. Sci., vol. 33, no. 10, pp. 1375-1384, 1978, doi: 10.1016/0009-2509(78)85120-3.
[14] Y. Rong, S. Y. Huang, and H. Zhou, “Experimental study on storage performance of packed bed solar thermal energy

storage system using steel slag,” J. Energy Storage, vol. 78, Feb. 2024, doi: 10.1016/j.est.2023.110042.

[15] Z. Lai, H. Zhou, M. Zhou, L. Lv, H. Meng, and K. Cen, “Experimental study on storage performance of packed bed solar
thermal energy storage system using sintered ore particles,” Solar Energy Materials and Solar Cells, vol. 238, May 2022, doi:
10.1016/j.solmat.2022.111654.

[16] B. Eyyamoglu and K. Bahlouli, “Performance and economic analysis of a nanofluid-based solar-driven trigeneration
system for a residential building in Cyprus,” Appl. Therm. Eng., vol. 277, p. 127001, Oct. 2025, doi:
10.1016/J.APPLTHERMALENG.2025.127001.

[17] C. Xu, X. Li, Z. Wang, Y. He, and F. Bai, “Effects of solid particle properties on the thermal performance of a packed-bed
molten-salt thermocline thermal storage system,” Appl. Therm. Eng., vol. 57, no. 1-2, pp. 69-80, Aug. 2013, doi:
10.1016/j.applthermaleng.2013.03.052.

54



17™ International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
Cyprus, 1 — 3 June 2026

COMPUTATIONAL THERMODYNAMIC AND DFT ANALYSIS OF A LANTHANUM
MANGANITE-BASED REDOX CYCLE FOR THERMOCHEMICAL ENERGY STORAGE

Rahul R. Bhosale?!
1 Department of Civil and Chemical Engineering, University of Tennessee at Chattanooga, 615 McCallie Ave, Chattanooga, TN
37403, USA
*Corresponding author e-mail: rahul-bhosale @utc.edu

St
e

Ref # EST-05
ABSTRACT

Density functional theory-based quantum chemical calculations and computational non-stoichiometric thermodynamic
analysis were used to systematically analyze the redox characteristics of lanthanum manganite (LaMnO3) in order to
evaluate its potential for use in high-temperature solar thermochemical energy storage (TCES). Equilibrium calculations
spanning a range of oxygen partial pressures (0.05-0.0001 atm) and reduction temperatures (1073-1473 K) were used
to calculate oxygen evolution and the related oxygen non-stoichiometry (8). According to the analysis, oxygen release
gradually rises with temperature, especially in severely reducing environments. The material had & values close to
0.1045 at 1473 K and an oxygen partial pressure of 0.0001 atm. These results show that under different thermodynamic
settings, lanthanum manganite exhibits variable redox behavior, indicating that it may be a suitable redox material for
high-temperature TCES systems.

Keywords: Lanthanum Manganite, Thermochemical, Energy Storage, DFT, Thermodynamic Analysis

INTRODUCTION

The search for sustainable energy technologies that can provide dependable and low-carbon power generation[1,2]
has escalated due to the ongoing rise in global energy consumption [3,4], growing worries about climate change
[5,6], and rising greenhouse gas emissions [7,8]. As a result, renewable energy systems have garnered a lot of
interest as potential substitutes for the generation of power from fossil fuels [9,10]. Concentrated solar power (CSP)
has become one of these technologies' most appealing methods for turning solar radiation into useful thermal energy
[11,12]. In CSP systems, large arrays of mirrors concentrate sunlight onto a receiver, generating high temperatures
that can be used to produce steam and drive turbines for electricity generation. Despite these advantages, CSP
plants face operational challenges due to the inherent variability of solar irradiation, particularly during nighttime or
cloudy conditions. Consequently, the integration of efficient energy storage systems has become essential to
maintain continuous and stable power generation from CSP facilities [13].

Thermochemical energy storage (TCES) has been widely proposed as a promising solution for addressing the
intermittency of solar energy in CSP systems. In TCES processes, excess thermal energy collected during periods
of strong solar irradiation can be stored through reversible chemical reactions and later released when solar input
decreases [14]. This capability enables dispatchable power generation, enhances the operational flexibility of CSP
plants, and improves their overall economic performance. Moreover, TCES technologies contribute to the broader
goal of sustainable energy systems by enabling long-duration energy storage with relatively high energy density
compared with conventional sensible heat storage approaches.

Because metal oxides (MOs) can reversibly store and release thermal energy at high temperatures, redox processes
involving MOs have garnered a lot of attention among different TCES techniques [15]. During the charging stage,
solar heat drives the endothermic reduction of the oxide, resulting in the release of oxygen gas and the formation of
a reduced material. In the discharging step, the reduced oxide is reoxidized in the presence of oxygen, producing an
exothermic reaction that releases the stored energy. This cyclic oxidation—reduction process forms the basis for high-
temperature thermochemical storage systems.

Similar to solar thermochemical cycles for splitting CO2 and H20, perovskite-type oxides (ABOs) are becoming
appealing redox materials for high-temperature TCES systems [16—19]. These materials exhibit excellent structural
flexibility and fast oxygen transport properties, enabling reversible oxygen exchange under a wide range of
thermodynamic conditions. The oxygen exchange process in perovskite oxides can be represented by

ABO3_s, 5 ABOs_5, +-=2 0, (1)
where §; represents the initial oxygen non-stoichiometry and &y corresponds to the oxygen deficiency generated
during the endothermic reduction step. During the oxidation stage, the material reincorporates oxygen, restoring the
original non-stoichiometry and completing the reversible redox cycle.

Among the wide range of perovskite materials, lanthanum manganite (LaMnOs) has attracted attention because of
its favorable structural stability and redox characteristics at elevated temperatures. The oxygen exchange behavior
of perovskite systems is strongly influenced by thermodynamic parameters such as the reduction temperature (T;..q)
and the oxygen partial pressure (P,,). While several experimental studies have investigated perovskite oxides for
TCES applications, detailed thermodynamic assessments and predictive computational investigations remain
comparatively limited. In this regard, density functional theory (DFT) has become an effective computational method
for examining defect formation energies, electronic structure, and redox thermodynamics in metal oxides. By
providing insight into oxygen vacancy formation and the associated thermodynamic driving forces, DFT calculations
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can assist in identifying promising materials for TCES applications. Therefore, the present study evaluates the

thermochemical behavior of lanthanum manganite (LaMnOs3) as a candidate redox material for high-temperature
TCES systems through combined DFT and computational thermodynamic analyses, focusing on the influence of Py,

and T,.., on the material’'s oxygen non-stoichiometry and redox performance.

LANTHANUM MANGANITE: NON-STOICHIOMETRIC ANALYSIS

The following equation illustrates the reversible redox reaction connected to the TCES powered by lanthanum
manganite:

LaMnO; + AH © LaMnO;_s + 30, )
The TCES potential of lanthanum manganite was assessed by measuring the amount of oxygen released as a
function of Py, and T,.,;. As seen in Fig. 1, oxygen release increased monotonically with increasing T,., at all
investigated Py, levels. At P,, = 0.001 atm, the amount of oxygen released during the reduction (energy-storage)
stage rose from 0.0014 mol at 1073 K to 0.02134 mol at 1473 K. The released oxygen followed a similar pattern,
rising from 0.00192 mol at 1073 K to 0.02798 mol at 1473 K with P,, = 0.0005 atm. Under all tested conditions, the
maximum reduction temperature of 1473 K consistently resulted in the greatest release of oxygen.

Table 1. Effect of P,, and T,.., on oxygen release capacity of lanthanum manganite.

Treq (K) | Po2 =0.01 atm | Poz =0.005 atm | Poz2 =0.001 atm | Poz = 0.0005 atm | Po2 = 0.0001 atm
1073 0.00061 0.00074 0.00140 0.00192 0.00407
1173 0.00149 0.00181 0.00338 0.00459 0.00946
1273 0.00315 0.00381 0.00699 0.00938 0.01875
1373 0.00593 0.00714 0.01281 0.01700 0.03289
1473 0.01016 0.01216 0.02134 0.02798 0.05224

The measured oxygen release from lanthanum manganite was used to compute the proper oxygen non-stoichiometry
(8) associated with the heat reduction phase. & demonstrated a progressive increase with rising T,., at all
investigated Py, levels, which is consistent with the reported increase in oxygen release. For example, with P,, =
0.001 atm, 5 increased from 0.0028 at 1073 K to 0.0427 at 1473 K. Similarly, with Py, = 0.0005 atm, d rose from
0.0038 at 1073 K to 0.0559 at 1473 K. Across all oxygen partial pressures, the highest & values were consistently
obtained at the maximum reduction temperature of 1473 K.

Using the estimated & values, the equilibrium oxygen content of lanthanum manganite was computed as a function
of T,.q- The findings displayed in Fig. 1 confirm that the equilibrium oxygen content of lanthanum manganite
decreases when T, increases at all Py, levels. For instance, the equilibrium oxygen content of lanthanum
manganite dropped from 2.997 to 2.957 at P,, of 0.001 atm when T4 raised from 1073 K to 1473 K. Similarly, the
equilibrium oxygen content of lanthanum manganite dropped from 2.996 to 2.944 at P,, = 0.0005 atm as T;..4 climbed
from 1073 K to 1473 K. At Py, = 0.0001 atm and T,., = 1473 K, the equilibrium oxygen content of lanthanum
manganite dropped from 2.992 to 2.896.

LANTHANUM MANGANITE: DFT ANALYSIS

To assess the suitability of lanthanum manganite as a redox material for TCES, DFT calculations were conducted to
examine the thermodynamic factors associated with oxygen vacancy generation and redox activity. Important
thermodynamic indicators such as the oxygen vacancy formation energy (OVFE), reaction enthalpy (AH), and Gibbs
free energy change (AG) were determined to evaluate the likelihood of oxygen release and reintegration during the
TCES cycle. The OVFE was obtained from the energy difference between the oxidized and reduced configurations
of the material together with the calculated energy of the oxygen molecule. The simulations were performed using
spin-polarized first-principles calculations implemented in the Quantum ESPRESSO computational package.
Electron—ion interactions were represented using pseudopotentials, while the electronic states were expanded in
plane-wave basis sets. Exchange—correlation effects were described using the generalized gradient approximation
(GGA) within the Perdew—Wang functional, and the DFT+U approach was incorporated to properly account for strong
electron correlation effects.
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Fig. 1. Effect of Py, and T;..; on equilibrium oxygen content of lanthanum manganite.

CONCLUSIONS

This study used both non-stochiometric and DFT analysis to explore the thermodynamic redox properties of lanthanum
manganite in order to assess its potential for TCES. The results demonstrated that the release of oxygen increased
steadily as the reduction temperature increased for all tested oxygen partial pressures, culminating at 0.02798 mol at
1473 K with Py, = 0.0005 atm. Conversely, the oxygen non-stoichiometry (5) demonstrated a consistent upward trend,
reaching a peak of 0.0559 at 1473 K and 0.0005 atm, suggesting a notable potential for reduction in low oxygen partial
pressure settings. In the case of Py, = 0.0001 atm, the equilibrium oxygen concentration decreased concurrently from
2.992 at 1073 K t0 2.896 at 1473 K.
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ABSTRACT

To assess the potential of calcium ferrate (CaFeOz3) for use in high-temperature solar thermochemical energy storage
(TCES), its redox characteristics were systematically analyzed via density functional theory-based quantum chemical
computations as well as computational thermodynamic analysis. Oxygen evolution and the associated oxygen non-
stoichiometry (6) were determined using equilibrium calculations performed over a range of oxygen partial pressures
(0.05-0.0001 atm) and reduction temperatures (1073-1473 K). The analysis shows that oxygen release increases
progressively with temperature, particularly under strongly reducing conditions. At 1473 K and an oxygen partial
pressure of 0.0001 atm, the material exhibited & values approaching 0.2175. These findings demonstrate that calcium
ferrate possesses tunable redox behavior under varying thermodynamic conditions, suggesting its potential suitability
as a redox material for high-temperature TCES systems.

Keywords: Calcium Ferrate, DFT, Thermodynamics, Energy Storage, Solar Energy

INTRODUCTION

The rapid growth in global energy demand [1,2], together with increasing concerns regarding climate change [3,4]
and greenhouse gas emissions [5,6], has accelerated the development of renewable energy technologies [7,8]
capable of providing sustainable power generation [9,10]. Among the various renewable energy systems,
concentrated solar power (CSP) has emerged as a promising technology [11,12] that converts solar radiation into
thermal energy using reflective mirrors that focus sunlight onto a central receiver. The captured heat is subsequently
used to generate steam and drive turbines for electricity production. Despite its advantages, the continuous operation
of CSP plants is hindered by the intermittent nature of solar irradiation, particularly during nighttime or periods of
reduced sunlight caused by cloud cover. To address this challenge, the integration of efficient energy storage
technologies is essentiall [13].

Thermochemical energy storage (TCES) systems enable CSP facilities to store excess solar heat during periods of
high solar availability and release it when solar input is limited [14]. This capability supports consistent electricity
generation, enhances the operational flexibility of CSP facilities, and improves their economic viability. Furthermore,
TCES systems contribute to global sustainability objectives and facilitate the reliable integration of renewable energy
into the power grid by allowing energy dispatch independent of real-time solar availability.

Among the numerous TCES concepts, systems based on metal oxide (MO) redox processes have received
significant attention due to their ability to reversibly store and release thermal energy at high temperatures [15]. In
these systems, the charging stage consists of an endothermic reduction reaction in which solar heat drives the
release of oxygen from the metal oxide, reducing it. During discharge, oxygen reoxidizes the reduced oxide, triggering
an exothermic reaction that releases the stored energy. This reversible redox cycle enables efficient storage and
recovery of thermal energy in high-temperature solar systems.

Perovskite-type oxides (ABOs) are emerging as attractive redox materials for high-temperature TCES systems,
similar to solar thermochemical cycles for splitting H20 and CO2 [16-19]. These materials exhibit rapid oxygen
diffusion kinetics and remarkable structural stability under repeated redox cycling. The following generic equation
describes the reversible oxygen exchange processes associated with perovskite oxides:

ABO;_s, 5 ABOs_s, +°=" 0, 1)
where §; represents the initial oxygen non-stoichiometry and &, corresponds to the oxygen deficiency after the
endothermic reduction step. During the exothermic oxidation process, the oxygen non-stoichiometry returns from &,
to §;, thereby completing the reversible TCES cycle.

The extent of oxygen exchange in the perovskite oxide systems is primarily governed by thermodynamic conditions
such as the reduction temperature (T,..q) and the oxygen partial pressure (P,,). Although numerous experimental
studies have explored the redox performance of perovskite oxides for TCES applications, thermodynamic equilibrium
analyses and efficiency evaluations remain relatively limited. On the other hand, density functional theory (DFT)
calculations have emerged as a powerful tool for understanding and predicting the thermodynamic and defect
properties of metal oxides used in TCES systems. In perovskite oxides, DFT can be employed to investigate oxygen
vacancy formation energies, electronic structure, and redox behavior, thereby enabling the rational design and
screening of materials with enhanced oxygen exchange capacity and redox stability. In this context, the present
study investigates the thermochemical properties of calcium ferrate (CaFeQs) as a potential redox material for high-
temperature TCES applications via DFT and computational thermodynamic analysis as a function of variations in Py,
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and Ty.q.

CALCIUM FERRATE: DFT ANALYSIS

To investigate the potential of calcium ferrate for TCES, DFT calculations were performed to analyze the
thermodynamic properties governing oxygen vacancy formation and redox behavior. Key descriptors, including
oxygen vacancy formation energy (OVFE), reaction enthalpy (AH), and Gibbs free energy change (AG), were
evaluated to determine the feasibility of oxygen release and uptake during TCES cycles. The OVFE was calculated
from the energy difference between the reduced and oxidized structures, along with the energy of the oxygen
molecule. First-principles calculations were carried out within the spin-polarized DFT framework using the Quantum
ESPRESSO simulation package, employing plane-wave basis sets and pseudopotentials to describe electron-ion
interactions. The generalized gradient approximation (GGA) with the Perdew—Wang functional was used to account
for exchange-correlation effects, and the DFT+U method was applied to better capture the strong electron correlation
effects.

CALCIUM FERRATE: NON-STOICHIOMETRIC ANALYSIS

The following equation illustrates the reversible redox reaction connected to the TCES powered by calcium ferrate:
CaFeO; + AH & CaFeOs_s +50; )
The amount of oxygen released as a function of P,, and T;.., was measured in order to evaluate the TCES potential
of calcium ferrate. Oxygen release rose monotonically with increasing T,., at all studied P,, levels, as Fig. 1
illustrates. The amount of oxygen released during the reduction (energy-storage) stage increased from 0.00088 mol
at 1073 K to 0.01493 mol at 1473 K at P,, = 0.005 atm. The released oxygen increased from 0.00171 mol at 1073 K
to 0.03129 mol at 1473 K with Py, = 0.001 atm, exhibiting a similar pattern. The highest reduction temperature of
1473 K consistently produced the most oxygen release under all investigated settings.

0.12

—4—P02=0.01 atm

0.10 + ==P0O2 =0.005 atm
-2-P0O2=0.001 atm
0.08 + ——PO2 =0.0005 atm
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= 0.06
E
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0.00 : —— —r
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Fig. 1. Effect of Py, and T;..4 On oxygen release capacity of calcium ferrate.

The appropriate oxygen non-stoichiometry (8) related to the heat reduction phase was calculated using the measured
oxygen release from calcium ferrate. At all examined P,, levels, & showed a progressive rise with increasing Ty.q,
which is consistent with the reported increase in oxygen release. For instance, & rose from 0.00176 at 1073 K to
0.02985 at 1473 K with P,, = 0.005 atm. Similarly, & increased from 0.00341 at 1073 K to 0.06258 at 1473 K with Py,
= 0.001 atm. The maximum reduction temperature of 1473 K consistently produced the highest & values across all
oxygen partial pressures.

The equilibrium oxygen content of calcium ferrate was calculated as a function of T,,.,; using the estimated & values.
The results shown in Table 1 verify that at every P,, level, the equilibrium oxygen content of calcium ferrate falls as
T,.q rises. For example, when T,,,; increased from 1073 K to 1473 K, the equilibrium oxygen content of calcium
ferrate decreased from 2.998 to 2.970 at Py, of 0.005 atm. Similarly, as T4 increased from 1073 K to 1473 K, the
equilibrium oxygen content of calcium ferrate decreased from 2.997 to 2.937 at P,, = 0.001 atm. The equilibrium
oxygen content of calcium ferrate decreased from 2.989 to 2.783 at P,, = 0.0001 atm and T4 = 1473 K.

60



~ ) 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
= Cyprus, 1 -3 June 2026

Table 1. Effect of P, and T,.4 on equilibrium oxygen content of calcium ferrate.

Treq (K) | Po2 =0.01 atm | Poz =0.005 atm | Po2 = 0.001 atm | Poz = 0.0005 atm | Po2 = 0.0001 atm
1073 2.999 2.998 2.997 2.995 2.989
1173 2.997 2.996 2.992 2.989 2.974
1273 2.993 2.992 2.983 2.976 2.941
1373 2.987 2.984 2.966 2.951 2.881
1473 2.976 2.970 2.937 2.909 2.783

CONCLUSIONS

To evaluate calcium ferrate's potential for solar thermochemical energy storage, this study examined its thermodynamic
redox characteristics. The findings showed that, for all tested oxygen partial pressures, the release of oxygen increased
continuously as the reduction temperature rose, peaking at 0.03129 mol at 1473 K with P,, = 0.001 atm. The oxygen
non-stoichiometry (8), on the other hand, showed a steady rising trend, peaking at 0.06258 at 1473 K and 0.0001 atm,
indicating a significant capability for decrease under low oxygen partial pressure conditions. Concurrently, the
equilibrium oxygen content dropped from 2.989 (almost stoichiometric values) at 1073 K to 2.783 at 1473 K in the case
of Pp, =0.0001 atm.
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ABSTRACT

In this study, the effect of charging temperature on the energy performance of the Pumice—CaCl, (P-CaClz) composite
thermochemical material (TCM) was experimentally investigated. System performance is evaluated using both
conventional efficiency and a newly defined effective energy efficiency. The conventional approach is based on the ratio
of total heat output during discharging to total heat input during charging. In contrast, the effective energy efficiency
accounts for both heat and mass transfer by relating the heat output per unit mass of moisture absorbed to the heat
input per unit mass of moisture desorbed, thereby incorporating the desorption—absorption mass ratio in addition to heat
flow effects for a more representative assessment. According to the testing results, the conventional and effective cyclic
efficiencies dropped between 86.6-57.9% and 49.7-39%, respectively, with increasing charging temperatures of 71.2-
84.2 °C. On the other hand, the moisture desorption rate increased from 56.6% to 75.2% with increasing charging
temperature. The results showed that charging temperature plays a decisive role in cyclic efficiency, specific heat
consumption and moisture desorption behaviour. Accordingly, the present study provides important insights into the
selection and optimisation of charging temperatures in TCES systems.

Keywords: Thermochemical energy storage, Charging temperature, Sorption, Desorption, Energy efficiency

INTRODUCTION

With rising living standards and technological advancements, the need for energy is increasing sharply. The limited
availability of fossil fuels such as coal, oil, and natural gas, which are frequently used today, and their negative
environmental impacts have made the sustainability of energy systems questionable. Therefore, efforts to reduce
dependence on electricity and oil-based energy sources have become crucial. In that regard, use of renewable
energy sources such as solar and wind power in most effective manner is of great importance due to their
environmentally friendly, and limitless availability [1]. Energy storage technologies play a significant role in efficiently
storing these resources and making them available when needed. In particular, Thermochemical Energy Storage
(TCES) systems offer long-term storage possibilities by storing heat at high densities for extended periods using
reversible chemical reactions (endothermic-exothermic) [2-4]. The efficiency of TCES systems largely depends on
the choice of materials used. These materials, generally salt hydrates, metal oxides, and certain chemical
compounds, are used as storage materials and must exhibit long-term stability, be economical, and have a high
storage capacity [5]. However, due to problems such as the low thermal conductivity of single-component materials,
structural degradation, and slow reaction rates, the use and development of composite materials have increased
significantly. Thermochemical composite materials (TCMs) are formed by incorporating salts such as CacCl,, LiCl,
LiNOz, and MgCl, into porous matrices such as pumice, vermiculite, and similar materials, and they play an important
role in improving the performance of TCES systems. Pumice (P) stone, as the main matrix, is frequently used as a
carrier material in such applications due to its high porosity, light weight, thermal stability, and economic advantages
[6]. In this study, the performance of P-CaCl> TCM at different charging temperatures was experimentally investigated
under laboratory conditions.

MATERIALS AND METHODS

Synthesis of Composite Thermochemical Material

In present study, pumice with a diameter of 4—-6 mm was selected as the main matrix material, and a P—CaCl, composite
TCM was synthesised by impregnating CaCl, salt into the matrix to form the composite structure. The prepared P—
CaCl, composite material was dried and then tested to determine its TCES performance. Within the study, the charging
(dehydration) and discharging (hydration) behaviour of the material were examined. Specifically, the drying (desorption)
behaviour of the material at different charging temperatures was evaluated, and the effect of charging temperature on
the composite material's energy storage performance was analysed.

Experimental Setup and Application Procedure

Fig 1 shows the experimental setup of the TCES system. Here, Fig. 1a and Fig. 1b illustrate the discharging and
charging process operations, respectively. The system consists of a fixed-bed TCES reactor integrated into a climate
control unit. The climate control unit is equipped with a variable-speed radial fan and four electric heating elements for
use during charging. Two of the four electric heating elements are 1 kW, and the other two are 0.5 kW. An ultrasonic

62



X
£ D) 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North

N Cyprus, 1 — 3 June 2026

humidifier is integrated at the inlet of the climate control unit to increase the relative humidity of the inlet air during
discharging. The climate control unit and the TCES unit are designed to operate in an integrated manner, with the
climate control unit adjusting the inlet air conditions to the desired level before the air enters the TCES reactor. The
reactor has a rectangular shell measuring 370 x 330 x 460 mm and is surrounded by 40-mm-thick, foil-covered glass
wool to reduce heat losses. Inside the reactor, a tray measuring 350 mm x 310 mm x 32 mm, with a wire-mesh floor,
is positioned perpendicular to the airflow. This tray was used to place the composite TCM, ensuring the material is in
direct contact with the airflow. The airflow velocity is controlled by a radial fan mounted at the inlet of the climate control
unit.

(@) 4‘} Hot outlet air ®) 4 Humid outlet air

Reactor Reactor

Sensor
Sensor
TCES TCES
Material Material

Humid inlet air Hot inlet air

Fig. 1. Schematic representation of the experimental setup: (a) discharging process operation and (b) charging process
operation.

Units and Equations
Equation (1) calculates the instantaneous heat output during the discharging (Q,,.) process, and Equation (2)
calculates the instantaneous heat supply to the TCM during the charging process (Q;,).

Q:out = 1hy. Cp - (Tout,d— Tin,d) (1)
Qin = m¢ -Cp - (Tin,c— Tout,c) (2

Where, T; is the inlet temperature and T, is the outlet temperature, m, is the mass flow rate in the discharging
process, ¢, is the specific heat, m, is the mass flow rate in the charging process.

The cumulative amount of energy released during the discharging process (Ej .,,,,) and cumulative amount of
energy supplied to TCM during the charging process (E, .,,») can be determined using the following equations:

Eqcum = Qout,ave - ta 3
Ec,cum = Qin,ave Lt (4)

Where, tg and t. denote discharging and charging durations, while Q. ave @nd Q;, ave represent the average heat
output and input rates during discharging and charging processes, respectively.

The heat storage energetic efficiency (First Law) is defined as the ratio of the E; .y, t0 E; cym:

E cum
7 = e (5)

Ec.cum

The discharging specific heat output (E4 ., ) (€.9. heat output per gram moisture sorption) is obtained by dividing the
E 4 cum by mass change of TCM during the discharging (Amq);

E cum
Ed,spe: & (6)

Similarly, the charging specific heat input (E s,.) (€.9. heat input per gram moisture desorption) is obtained by dividing
the E, ., by mass change of TCM during the charging (Amc);

Ec,cum
E CsPe= pm, (7)
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By obtaining the ratio of E,. to E sy, the effective First Law (energy) Efficiency (1) is determined,
E Sspe
Nieff = E:i's:e 8)

RESULTS AND DISCUSSION

Table 1 summarises the experimental results for three average inlet air temperatures during charging. Based on the
experimental results presented in the table, the specific heat output (E4,e) during the three different discharging
processes was found to be 3.28, 3.2, and 3 kJ/g, indicating a consistent heat output rate per gram of moisture sorbed.
On the other hand, for the three charging cases at 71.2, 77.7, and 84.2 °C, the specific heat input (E s,.) was 6.66,
7.17, and 7.82 kJ/g, indicating an increasing rate of specific heat consumption at elevated charging temperatures.

Table 1: Summary of the experimental results at different charging inlet air average temperatures.

Charging Temperature

71.2°C 77.7°C 84.2 °C

Tin,d,ave (OC) 24.5 22.5 22

Tout,d,ave (OC) 311 297 283

Discharging RHin,d,ave (%) 66.6 73.1 86.2
RHout,d,ave (%) 40.4 40.3 52

Qout,d,ave (kW) 029 032 028

Mabs (gr) 318 360 336

Tin,c,ave (OC) 71.2 7.7 84.2

Tout,cave (°C) 66.2 70.4 76

Charging RHin.cave (%) 5.7 4.1 2.9
RHout,c.ave (%) 9.9 9 7

Qin,c,ave (kW) 0.22 0.33 0.36

Mdes (gr) 180 250 253

Fig. 2a presents a comparison of the n, and neff values of the P-CaCl,, while Fig. 2b shows the variation of the
moisture absorption (Mavs) and desorption (Mges) amounts under three different conditions with average charging inlet
temperatures of 71.2, 77.7, and 84.2 °C. The energy efficiency of TCES systems is generally defined by the ratio of
the heat generated during discharging to the heat transferred to the system during charging. However, this approach
does not account for the material's moisture uptake and release behaviour throughout the cycle. If the moisture
absorbed during discharge is not completely released during charging, full cyclic efficiency cannot be achieved.
Therefore, the concept of “effective energy efficiency” (nef), which also accounts for moisture change rates, is used
to evaluate the system's actual cyclic performance. This approach clearly shows that even if heat transfer is equal,
efficiency cannot reach 100% if moisture desorption remains low.

According to the data in Fig. 2a, when the average inlet charging temperature is 71.2 °C, ni is 86.6%, and ner is
49.7%. When the inlet temperature is increased to 77.7 °C, ni is 64.2%, and nieff is 44.9%. At the highest charging
temperature of 84.2 °C, n; and nieft drop to 57.9% and 39%, respectively. Fig. 2b shows the amount of moisture
absorbed and desorbed by P—CaCl, composite TCM at different charging inlet temperatures. At an average charging
inlet temperature of 71.2 °C, it absorbed 318 gr of moisture and released approximately 56.6% (180 gr). At an average
charging inlet temperature of 77.7 °C, it absorbed 360 gr of moisture and desorbed approximately 69.4% (250 gr).
At an average charging inlet temperature of 84.2 °C, it absorbed 336 gr of moisture and desorbed approximately
75.2% (253 gr). Results from Fig. 2a and Fig. 2b indicate that both ni and nieff decrease, while maes improves with
increasing charging temperature. This outcome indicates the critical importance of selecting the optimal charging
temperature, which could be considered for future work.
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Fig. 2. Variation of (a) n1 and niet and (b) Mabs and maes With charging temperature

CONCLUSIONS

In this study, the cyclic energy and moisture desorption performance of P—CaCl, composite TCM was investigated
under different charging temperatures. Experimental results demonstrated that both charging temperature and air
humidity have a key impact on the overall cyclic performance of the TCM. The main findings can be summarised as
follows:

Sp

ecific heat output during the discharging processes was found in the range of 3-3.28 kJ/g, while the specific heat

input during charging processes increased in the range of 6.66-7.82 kJ/g with the rise in charging temperature.
The amount of moisture desorption increased with increasing charging temperature. At average temperatures of
71.2, 77.7, and 84.2 °C, moisture desorption rates of 56.6%, 69.4%, and 75.2% were obtained, respectively.
The highest ni and nes were obtained as 86.6% and 49,7% at the lowest charging inlet temperature of 71.2 °C.
Study results demonstrate that determining the optimum charging temperature in TCES applications is critical for
both energy and humidity management.
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ABSTRACT

The transport sector of Nigeria is a major emissions source due to its reliance on imported fossil fuels. This study
quantifies the environmental impact of existing vehicle segments, by applying a well to wheel analysis to European
segment A to F petrol benchmark. By integrating upstream fuel logistics and direct combustion data, the analysis
establishes a baseline carbon intensity ranging from 4.02 tonnes COz/yr for segment C to 6.86 tonnes COx2/yr for
segment F in internal combustion engine vehicles. In terms of battery electric vehicles, the well to wheel results
ranges from 1.40 tonnes COq2/yr for segment A to 1.87 tonnes COz/yr for segment F. The results show that the
adoption of battery electric vehicles is one of the viable pathways to eliminate the high carbon floor and fulfil Nigeria’s
energy transition plans.

Keywords: Well to Wheel, Internal combustion engine, Greenhouse Gas Emission, Electric Mobility.
INTRODUCTION

Nigeria is the 14th largest country in Africa and the most populous country, with over 237 million people in 2025
[1]. Nigeria’s transport sector is heavily dominated by Internal Combustion Engine Vehicles (ICEVs) [2]. This
contributes significantly to national greenhouse gas emissions (0.3% of global emissions in 2023), high fuel
consumption, and air pollution [3]. Previous studies on the transport system of Nigeria state that Nigeria is heavily
dependent on imported fuel, which was approximately 63% between October 2024 and October 2025 [4].

The transport sector is characterized by a rapidly expanding vehicular fleet. Recent studies indicate that the national
vehicle population grew to approximately 11.8 million units in 2018 and is increasing at a rate of 3.58% per year [5-
6]. This also leads to severe traffic congestion, high fuel usage, and prolonged air quality challenges. Research
shows that the transport sector contributes to 57% of the national CO2 emissions [3]. To the author's knowledge, only
a few studies have explored the potential environmental benefit of Battery Electric Vehicles (BEVs) compared to
ICEVs in Nigeria [7-10]. Previously mentioned studies have addressed the decarbonisation of the transport sector
and the infrastructural barriers to the adoption of BEVs [11-12]. In addition to this, most studies have relied on city
specific research. However, there is currently a lack of research that utilizes Well to Wheel (WTW) framework to
quantify the comparative environmental benefit of BEVs over ICEVs within Nigeria’s context. WTW analysis
compares the fuel pathway, which is appropriate for operational emission comparison. This paper provides a
comprehensive, data-driven analysis of the entire fuel and vehicle cycle using Well to Wheel analysis, from extraction
to vehicle operation in Nigeria.

The remaining of this article is organized as follows: Section two reviews related works and the current landscape
of Nigeria, while Section three details the methodology and mathematical model used for the WTW analysis. Section
four presents the baseline emission results for the selected vehicle model and concludes with recommendations for
Nigeria’'s energy transition.

RELATED WORK

Several studies have been made on the environmental benefits of BEVs over ICEVs in Nigeria. However, the
studies are limited and different in their approach, methods and scope. A notable study carried out a life cycle analysis
(LCA), which involved a framework covering raw material extractions, manufacturing and end-of-life recycling. The
study concluded that Electric Vehicles (EV) produce 28 — 41% lower greenhouse gas emissions than internal
combustion ICEVs in Nigeria [8]. While LCA looks at the present, another study adopted a bottom-up framework to
provide insight into future scenarios. Using a simulation-based approach to examine Nigeria's energy sector through
2050, this study established that the environmental benefits of BEVs are not static but scale with grid decarbonisation.
It further showed that if Nigeria adopts a vehicle-to-grid (V2G) strategy, in which vehicles feed energy back into the
grid, CO, emissions could be reduced by up to 72%. This highlights the potential of BEVs to support Nigeria’s
transition towards cleaner, renewable energy sources [9]. However, technical data alone does not account for
structural barriers. To address this gap, a systematic review combined with mixed-methods analysis found that the
environmental benefits of BEVs remain conditional, as grid inadequacies could constrain the green potential of EV
adoption [13]. In conclusion, the existing body of work spanning lifecycle analysis, stakeholders’ surveys, and
simulation-based modelling consistently highlights the environmental benefit of battery electric vehicles BEVs in
Nigeria.
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Renewable energy potential in Nigeria

As of 2024, renewable energy was approximately 24.5% of Nigeria's total on-grid electricity generation. Nigeria's
total renewable energy production represents approximately 0.03% to 0.05% of the world’s total renewable electricity
generation [3].

The solar irradiance benchmark of Nigeria is 19.8 MJ/m?/day, which is approximately 5.5kWh/m?/day, with values
ranging from 3.5 MJ/m?/day in the South to 7.0 MJ/m?/day in the North. Solar energy currently accounts for roughly
5% to 7% of the total renewable capacity of Nigeria. On the other hand, hydropower accounted for 87.5% of Nigeria's
total renewable energy market in 2024 [14-15].

METHODOLOGY

To accurately assess the decarbonisation potential of electric mobility in Nigeria, this study adopts a quantitative
comparative research design based on WTW analysis, using European passenger car segments as benchmarks.
The WTW method evaluates the environmental benefits of BEVs ICEVs by accounting for both upstream energy
production WTT (Well to Tank) and downstream TTW (Tank to Wheel) within Nigeria. To determine the total annual
emission impact, the WTW result was multiplied by the Total Kilometres Driven (TKD). Since, Nigeria lacks official
vehicle-kilometre statistics, this analysis uses an annual mileage of 18,000 km per private passenger car. In the
absence of country-specific data, this figure falls between 14,000 and 21,000 km/year as stated in Southern African
vehicle-parc and transport-energy modelling studies, which are commonly used as regional benchmarks [16]. The
calculation process for determining the total annual COzimpact for each vehicle are defined as follows:

1) WTT: For BEVs, this phase includes all upstream processes, which include fuel extraction, refining, transportation,
distribution, power generation power distribution, up to the vehicle’s batteries. While, ICEVs include the extraction,
transportation, refining, and distribution.

2) TTW: for BEVs this phase starts from the power delivery system, motor up to the consumption by the vehicle.
While for ICEVs it includes engine consumption, power delivery system, and up to the consumption by the vehicle.

ICEVs WTW Calculations

The total WTW emissions (GHGwrw, icevs) in g.CO2/yr are calculated by combining the well to tank WTT and tank to
Wheel TTW values both measured in g.COz2/L. Following this, the result is multiplied by the fuel consumption (F.E) of
the vehicle in L/km. After obtaining the WTW value, the result is multiplied by the total Kilometres driven TKD to
obtain the total annual impact per year. The equation of GHGwrw, icevs can be seen in Eq.(1), below [17].

GHGwrw, icevs = [(GHGwtT + GHGTw) x F.E] % (TKD) )
BEVs WTW Calculations

In the case of BEVSs, the tank to wheel TTW is zero. This is due to BEVs not producing direct tailpipe exhaust during
operation. Therefore, the total environmental impact is mostly determined by the WTT phase [17].

GHGwrweey - H((%S;‘au TTW) x PS) + (($+ TTW) x PNG> + ((M+ TTW) x Ph) +|x V.E| x

nc

(TKD) (2)

As seen in Eq.(2), the total WTW emission (GHGwrw.sev) in gCO2/yr is determined by the weighted well to tank WTT
value of the electricity mix in Nigeria. This mix is defined by the weighting factor Pne, Ph, and Ps, representing the
percentage shares of natural gas (WTTng), solar (WTTsolar) and hydropower (WT Thydro), respectively. To reflect the
real world, demand the Charging efficiency (nc) is used to account for energy losses during transfer from the grid to
the battery. By current calculations, Pne accounts to 77.77%, Pnto 22.22%, and Psto 0.06% [3]. These factors are
multiplied by the vehicle’s energy consumption to obtain the total GHGwrwgev. Furthermore, the GHGwrw,gev is
multiplied by the total Kilometres driven TKD to acquire the total annual impact per year.

Vehicle Selection and Benchmarking

Table 1 shows the values used in the study for both battery electric vehicles BEVs and internal combustion engines
ICEVs according to segments. The vehicle selection focuses on models that reflect the current Nigerian automotive
market [18-19]. The models are compared with established fuel pathways to measure environmental impacts and
assess the potential emissions reductions achievable through the adoption of electric vehicles.
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Table1. Vehicle Efficiencies of vehicles

BEVs ICEVs
Segments Vehicles Vehicle Efficiency Segments Vehicles Fuel Efficiency
(kWh/km) (L/km)

A Fiat 500e 0.144 A Toyota-Aygo-X 0.049

B Peugeot-e-208 0.1 B Volkswagen Polo 0.05

C Peugeot-e-308 0.169 C peugeot-308 0.049

D BMW i4 0.173 D Volvo S60 0.071

E Mercedes-Benz EQE | 0.179 E Mercedes-Benz E220d | 0.051

F BMW i7 0.194 F Mercedes-Benz S350d | 0.071

Result and Discussion

The WTW analysis shows a significant difference, and environmental advantage of BEVs over ICEVs across different
vehicle segments. By utilizing Nigeria's energy mix, this study shows that BEVs drastically reduce greenhouse gas
emissions compared to ICEVs [3].

The comparative Figure 1 shows that, BEVs carbon footprint is below 2.000 tonnes COz2/yr across all analysed
categories. The WTW result for segment A BEV shows 1.400 tonnes COz/yr while petrol-powered produces 4.022
tonnes CO2/yr. The BEV luxury segment (F) achieves a WTW total of 1.872 tonnes COz/yr, which is substantially
lower than that of its diesel counterpart, which produces 6.856 tonnes of COz2, annually.

The visual evidence indicates that BEVs within the current energy framework reduces emissions by an average of
67.62% compared to petrol and 63.18% compared to diesel engines. Specifically, across the 6 analysed segments,
BEVs achieved an average annual reduction of 3.505 tonnes CO2/yr when compared to petrol and 2.981 tonnes
CO2/yr when compared with diesel. The results are driven by fundamental differences in energy conversion between
the two technologies. BEVs are superior mainly because the TTW emission are zero; and BEVs eliminates the high
intensity carbon phase entirely. While diesel powered vehicles demonstrates better volumetric fuel efficiency than
petrol, this advantage is largely localized to the vehicle’s operation. Interestingly, diesel often show a lower WTT
impact during production and refining stage, but eventually outweighed by its high carbon output during use.
However, the environmental impact of BEVs is largely due to WTT phase of Nigeria's grids, even with the current
reliance on natural gas, the efficiency of centralized power generation ensures that the total WTW footprint remain
significantly lower than that of any petrol or diesel vehicles.
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Figure 1 Comparison of WTW CO2 Emissions between BEV and ICEV models across Vehicle Segment in Nigeria

Conclusion

This research aimed to quantify the carbon footprint of Nigeria's automotive fleets and evaluate the potential
transition to electric mobility by using WTW analysis. The study results showed that the adoption of BEVs in Nigeria
offers a clear path to decarbonisation in Nigeria's transport sector. With the current reliance on solar, hydropower
and natural gas, BEVs in segments A to F reduce annual CO:2 by approximately 67.62% in petrol vehicles. On the
other hand, there is seen to be a reduction of 63.18% in diesel vehicles. To effectively maximise these benefits,
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Nigeria should continue expanding its capacity of renewable energy, especially solar, to further decrease the WTW
carbon intensity of its expanding electric vehicle fleet. As Nigeria transitions from petrol to electric, this holistic
accounting ensures that the emissions generated by the power grid to support growing demand do not outweigh the
substantial environmental benefit of removing internal combustion engines from the road. Ultimately, this study serves
as a baseline for future research, which will focus on the grid side implications of mass EV adoption, specifically
analysing whether the national power infrastructure can maintain stability under increased load requirements.
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ABSTRACT

The advancement of heavy-duty fuel cell electric vehicles (FCEVs) in hilly or mountainous terrain challenges fuel-
economy and component-lifetime targets under packaging constraints. This paper proposes a predictive co-optimization
that integrates energy management and battery thermal management on a unified decision level. Unlike hierarchical
approaches, where fuel-optimal energy management is computed first and thermal management subsequently
allocates cooling for a fixed power split, the proposed method allows limited energy-management adaptation to support
thermal conditioning. Compared to the hierarchical baseline, the co-optimization substantially improves thermal
conditions in demanding route topographies by mitigating critical temperature peaks while maintaining near-optimal fuel
economy. By keeping charge and temperature within limits, the approach enhances vehicle operability and favors
overall component lifetime. It can also inform system dimensioning by potentially enabling reduced component sizes
without compromising performance.

Keywords: Fuel cell electric vehicles, Heavy-duty transportation, Predictive energy management, Predictive battery
thermal management, Co-optimization

INTRODUCTION

Fuel cell electric vehicles (FCEVs) are a particularly viable solution for long-haul applications to decarbonize the
heavy-duty transportation sector [1], while facing several challenges in meeting fuel economy, range and lifetime
requirements [2], especially under high load and varying route topography. In heavy-duty vehicles, hybrid powertrain
architectures combining the fuel cell system (FCS) with a supplementary battery are decisive for handling highly
dynamic real-world driving conditions. Since FCS durability and fuel economy are favored by stationary and efficient
FCS operation, the battery buffers transients caused by road gradients or acceleration phases and enables
regenerative braking.

Energy management strategies (EMSs) determine the load distribution between the components and are therefore
directly linked to fuel economy, component lifetime and vehicle operability [3]. In particular, for heavy-duty
applications, the utilization of load forecasts within advanced predictive EMSs has been shown to allow mitigating
the need for oversized batteries - undesired due to space and cost constraints - by enabling targeted SoC control.
Predictive EMSs ensure operational feasibility even under demanding driving missions while yielding fuel economy
benefits compared to non-predictive strategies [4].

Beyond conserving feasible power delivery, thermal management of both the battery and the FCS is crucial. Space
and weight limitations similarly constrain cooling system design, necessitating either advanced temperature-aware
adaptive EMSs to reduce battery stress once temperature limits are exceeded [5] or predictive thermal management
strategies (TMSs) that proactively sustain safe operating limits. Hierarchical strategies, in which the EMS is optimized
first, and the predicted heat generation is subsequently used in a separate thermal management optimization, have
demonstrated advantages over non-predictive methods for battery thermal regulation [6] and FCS temperature
regulation [7]. However, such hierarchical concepts have an intrinsic structural limitation: The EMS is optimized
independently of thermal considerations, thus, the TMS can only react to predefined power trajectories.
Consequently, even extended pre-cooling phases may fail to prevent single temperature peaks, although these are
critical for vehicle functionality and component aging [8]. To overcome this limitation, previous studies developed
integrated EMSs and TMSs by introducing thermal cost terms into MPC [9] or reinforcement learning frameworks
[10], or by jointly considering SoC and battery temperature using PMP [11].

This work addresses this gap by proposing a novel predictive EMS and battery thermal management strategy (BTMS)
co-optimization enabling simultaneous optimization of power split and battery thermal conditioning along the entire
route. Unlike hierarchical approaches that rely on extensive pre-cooling, the proposed concept allows for strategically
placed EMS adaptation during thermally critical mission segments. This approach enhances overall battery thermal
conditions — highly relevant for vehicle functionality and component lifetime — while maintaining fuel economy
benefits.

PREDICTIVE ENERGY AND THERMAL MANAGEMENT CO-OPTIMIZATION FRAMEWORK

The main contribution of this work is the integrated co-optimization that simultaneously determines optimal energy

and battery thermal management along a known upcoming route. The proposed control concept, depicted in Fig. 1,

follows a two-stage architecture. In the co-optimization stage, predictive route information is used to obtain optimal

distance-based power-split and thermal-system references. During vehicle operation, real-time on-board controllers
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track these references and compensate for modeling errors and forecast uncertainties while fulfilling the system
performance requirements.
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Fig. 1. Two-stage predictive energy and thermal management

Vehicle performance requirements

In the investigated scenario, a 38-t truck follows a demanding real-world mountainous route with steep gradients and
1500 m elevation difference. Meeting fuel economy, component lifetime, and load demand under the resulting highly
dynamic load profile is challenging.

Conventional EMSs that focus solely on FCS-battery power split improve fuel economy through targeted SoC control.
SoC limits are conserved to enable regenerative braking and maintain a sufficient charge buffer to guarantee vehicle
drivability. While an efficiency-focused EMS already reduces waste heat, during highly dynamic or high-load phases,
shifting loads towards the battery to maintain FCS efficiency can lead to critical battery heat generation, resulting in
substantial battery temperature peaks that accelerate degradation and may reduce powertrain operability due to
derating.

While hierarchical strategies address this issue by applying predictive pre-cooling to mitigate anticipated temperature
peaks, even extended pre-cooling may fail under such driving conditions. Therefore, this paper proposes a joint EMS-
BTMS co-optimization that allows slight EMS adaptations to ensure feasible battery temperatures.

Route-based EMS and BTMS co-optimization
To compute distance-based references computationally efficiently, the framework employs control-oriented models.
First, predictive route information from the navigation system (see Fig. 1), including an elevation and speed forecast,
is used in a longitudinal vehicle dynamics model — including aerodynamic drag, rolling resistance, gravitational force
and traction force - to derive a distance-based load forecast.
Second, this load prediction is combined with simplified powertrain models, which preserve dominant system
dynamics while minimizing computational effort:

e A map-based FCS model capturing power, efficiency and fuel consumption relations,

e An equivalent circuit battery model accounting for ohmic losses,

e Alumped-parameter battery thermal model.
The objective of the co-optimization is to minimize fuel consumption, considered by the stage cost Lgysy, while
simultaneously keeping the battery temperature close to 25°C, represented by the stage cost Lgrys . Where distance
is discretized in N sections, and K is the k-th segment. A brief formulation of the resulting optimization problem is

Pfcs,H-l--ichs,N ZIT:l[aLEMS,k +(1- a)LBTMS,k] 1)

Qchiller,1~+Qchiller,N

subject to
e Upper and lower SoC bounds and a terminal SoC at the end of the driving mission,
Upper and lower battery temperature Ty, bounds and a terminal Ty,,; at the end of the driving mission,
Upper and lower bounds for the FCS power P,
Upper and lower bounds for the battery power P,
Upper and lower bounds for the chiller power Qpijjer-
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The weighting factor a allows for shifting the optimization targets between fuel efficiency and battery thermal

conditioning. The optimization problem Eq. (1) is efficiently solved using DP. The result of this optimization is distance-
based references P, Q5 ., SoC™f and Tief, which are used in real-time on-board control.

Real-time on-board control

For robust incorporation of the predictive control benefits into the vehicle, during the driving mission, simple two-
degree-of-freedom control loops are used to track the co-optimized predictive references and to react to actual states
(SoC and Ty,.). The on-board power split setpoints are determined by

P& = PEEf + rgys(SoCTef — SoC) (2a)
Pgt = Pey — Pi. (2b)
The on-board chiller setpoint is defined as

Q.gﬁitller = Qgﬁifller + BTMS (Té.:tf - Tbat)- (3)

These simple on-board controllers ensure real-time capability due to minimal computational complexity while
compensating for any forecast uncertainties and modeling errors.

RESULTS AND DISCUSSION

To demonstrate the value of the proposed co-optimization, optimization results for a representative weighting factor
a = 0.9 are compared with those from a hierarchical approach. In the hierarchical approach, the EMS optimization
with the sole stage cost Lgys  is optimized first using DP, yielding Pfr;f and SoC"¢f. Subsequently, battery ohmic losses
are predicted and a second DP optimization solves the BTMS problem with stage cost Lgtys . The driving mission

and the predictive references are shown in Fig. 2.
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Fig. 2. Results for optimizing energy and battery thermal systems based on predictive route information: Proposed co-optimized
references vs. references obtained from hierarchical optimization of the EMS and BTMS
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The FCS power and SoC references are largely similar in both approaches. During downhill driving (from 170 to 215
km), the FCS operates in efficient regions to charge the battery. Conversely, during high-load phases before and
after this section, the battery supports the FCS to avoid more inefficient high-load operating points. Through targeted
SoC control, proactive charging before uphill sections (e.g., from 152 to 164 km) and discharging before downhill
sections (e.g., from 215 to 252 km), both fuel efficiency and vehicle operability are achieved. However, the battery
thermal conditions for both strategies significantly deviate. During the critical high-load phase (from 165 to 171 km),
the hierarchical approach results in a temperature peak approximately 10°C higher than for the co-optimization,
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despite earlier pre-cooling and increased cooling energy. This result underscores that temperature peaks during
extreme driving missions cannot be mitigated solely by extended pre-cooling. Instead, minor adaptations of the EMS
— which are not possible in the hierarchical strategy — are required to substantially support the cooling system. In the
proposed EMS-BTMS-co-optimization, FCS usage is slightly increased during such critical driving conditions (from
165 to 171 km). By slightly increasing fuel cell power, the share of high battery C-rates is reduced, leading to lower
ohmic losses and, eventually, lower temperature peaks. However, since the overall FCS power remains largely
similar along the entire route, fuel economy is not compromised.

To investigate real-world applicability, the proposed co-optimization framework was additionally evaluated in on-
board simulations using the controllers in Eqg. (2) and (3). The results suggest that the previously observed trend
persists even under uncertain forecasts (e.g., limited to speed limits and the elevation profile), indicating that similar
behaviour can be expected when deployed in a real vehicle.

CONCLUSIONS

This study presents a novel predictive co-optimization strategy for energy and thermal management in heavy-duty fuel
cell vehicles. In contrast to hierarchical methods, the joint optimization enables slight energy management adaptations
during demanding driving missions to support the thermal system. Results demonstrate that these adaptations are
essential for maintaining safe battery temperatures while preserving fuel economy. This initial investigation directly
opens avenues for further analyses regarding the impact of the weighting factor «, the effect of the co-optimization
targets on fuel cell and battery degradation stressors, an on-board performance comparison to non-predictive and
hierarchical optimization and the impact of forecast uncertainties.

Moreover, the developed strategy can support system-level design decisions for fuel cell trucks by enhancing vehicle
operability and performance with reduced component sizing requirements. Additionally, since both terms in the co-
optimization objective function penalize either fuel cell or battery usage, the proposed approach also opens potential
opportunities for balancing fuel cell and battery degradation.

ACKNOWLEDGEMENT

This work was funded by the Austrian Research Promotion Agency (FFG) in the scope of the project FC4HD (grant
number 885044).

REFERENCES
1. Liu F, Zhao F and Hao H. 2018. The impact of fuel cell vehicle deployment on road transport greenhouse gas emissions: The
china case. International Journal of Hydrogen Energy 43:22604—-22621.

2. Kast J, Vijayagopal R, Gangloff JJ and Marcinkoski J. 2017. Clean commercial transportation: Medium and heavy duty fuel cell
electric trucks. International Journal of Hydrogen Energy 42:4508-4517.

3. Ferrara A, Jakubek S and Hametner C. 2021. Energy management of heavy-duty fuel cell vehicles in real-world driving
scenarios: Robust design of strategies to maximize the hydrogen economy and system lifetime. Energy Conversion and
Management 232:113795.

4. Ferrara A, Jakubek S and Hametner C. 2023. Cost-optimal design and energy management of fuel cell electric trucks.
International Journal of Hydrogen Energy 48:16420-16434.

5. Ferrara A, Hitter M and Hametner C. 2022. Adaptive energy management strategy to avoid battery temperature peaks in fuel
cell electric trucks. IFAC-PapersOnLine 55:311-316.

6. Buyuker BC, Ferrara A and Hametner C. 2022. Predictive battery cooling in heavy-duty fuel cell electric vehicles. IFAC-
PapersOnLine 55:304-310.

7. Anselma PG, Luciani S, and Tonoli A. 2023. Dynamic programming for thermal management of automotive fuel cell systems:
Investigating hydrogen saving potential. IEEE Access 11:48080—48098.

8. Song Z, Pan Y, Chen H and Zhang T. 2021. Effects of temperature on the performance of fuel cell hybrid electric vehicles: A
review. Applied Energy 302:117572.

9. LiuY, Li M, Wang Y, Sun Z and Chen Z. 2024. Predictive energy management for fuel cell hybrid vehicles considering efficiency
and safety. IEEE Transactions on Power Electronics 39:13842-13852.

10. Jia C, Liu W, He H and Chau K. 2025. Health-conscious energy management for fuel cell vehicles: An integrated thermal
management strategy for cabin and energy source systems. Energy 333:137330.

11. Zheng C, Kim N, Park Y, Lim W, Cha S and Xu G. 2013. The effect of battery temperature on total fuel consumption of fuel
cell hybrid vehicles. International Journal of Hydrogen Energy 38:5192-5200.

73



~ ) 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
s Cyprus, 1 -3 June 2026

MULTIFUNCTIONAL CE-DOPED LANIOz; PEROVSKITE FOR DIRECT AMMONIA-FUELED
SOLID OXIDE FUEL CELLS

Ysa Francine N. Perez?, Hoong-Yuei Wong?, Wei-Cheng Huang?, Chen-Yu Wu?3, Tai-Cheng Chen*, Kristopher Ray S.
Pamintuan?, Horng-Yi Chang®*

1 School of Chemical, Biological, and Materials Engineering and Sciences, Mapua University, Intramuros, Manila, Philippines
2 Department of Marine Engineering, National Taiwan Ocean University, Keelung 202301, Taiwan

3 Metal Processing R&D Department, Metal Industries Research & Development Centre (MIRDC), Kaohsiung, 81160, Taiwan
4 Department of Material Research, National Atomic Research Institute, Taoyuan, 32546, Taiwan

*Corresponding author e-mail: hychang@mail.ntou.edu.tw
Ref # FCT-01

ABSTRACT

Direct ammonia-fueled solid oxide fuel cells (AFSOFCs) are promising electrochemical energy conversion devices
for carbon-free power generation. In this study, a series of Ce-doped LaNiO; (Ce-LNO) perovskite oxides with

nominal compositions CexLa;_xNiOz (x = 0-0.30) were synthesized and evaluated as multifunctional anodes for

AFSOFCs. XRD analyses indicates that the LaNiO3; perovskite structure is retained at low Ce contents, while fluorite
CeO, appears as a secondary phase with increasing dopant concentration. FESEM reveals that Ce incorporation
effectively suppresses Ni grain growth, resulting in a porous microstructure favorable for gas diffusion and catalytic
reactions. EDS mapping confirms a homogeneous distribution of La, Ni, Ce, and O, indicating intimate interfacial
contact between the LaNiO;-derived matrix and CeO,. Half-cell electrochemical measurements demonstrate that Ce
doping markedly enhances power density under both H, and NH; fuels, with a pronounced improvement under direct

ammonia fuel operation. The optimal composition, 0.30Ce—-LNO, delivers the highest peak power density, reflecting
synergistic function among Ni segregation, increased oxygen vacancy concentration associated with Ce**/Ce3* redox

changes, and catalytically active Ni-CeO, interfacial sites for ammonia cracking. These results demonstrate that Ce-
doped LaNiO3 is a highly promising anode material for efficient and durable direct ammonia-fueled SOFCs.

Keywords: Direct ammonia-fuel, LaNiO; perovskite, Ce doping

INTRODUCTION

Ammonia has emerged as an attractive hydrogen carrier due to its high volumetric hydrogen density (108 kg H,-m~

3), carbon-free composition, and well-established storage and transportation infrastructure. Ammonia-fueled solid

oxide fuel cells (AFSOFCs) have attracted increasing attention as a promising power generation technology [1]. A
critical challenge for AFSOFCs lies in the development of robust anode materials capable of simultaneously
catalyzing ammonia decomposition and electrochemical hydrogen oxidation while maintaining structural and
chemical stability, i.e., it needs to maintain highly active, stable, and cost-effective while operating at intermediate
temperatures (400-700 °C) [2].

Conventional Ni-based cermet anodes exhibit high catalytic activity toward hydrogen oxidation but suffer from several
drawbacks under ammonia atmospheres, including nitridation, particle agglomeration, redox instability, and severe
performance degradation during thermal cycling [3].

Perovskite oxides (ABO3) have been considered as a versatile candidate for SOFC anode owing to their
compositional flexibility, redox stability, tunable electronic structure, and ability to segregate catalytically active
metallic nanopatrticles in situ via controlled reduction or exsolution processes [4,5]. Among them, LaNiO3; has been
extensively studied as it can transform into finely dispersed nickel nanoparticles anchored on a La-containing oxide
matrix under reducing conditions [5,6]. This transformation enables LaNiOs-based anodes to combine high catalytic

activity for NHs fuel conversion with improved resistance to Ni particles sintering compared with conventional Ni—

cermets [7]. However, the catalytic activity and durability of pristine LaNiOs-derived anodes remain insufficient at
intermediate temperatures, necessitating further compositional modification to optimize their performance in NH;-
fueled environments.

Cerium oxide can be introduced either through partial substitution of La3* by Ce3*/Ce** in La;_xCexNiO3 or through

the formation of LaNiO3;—CeO, composite anodes, leading to distinct structural and electrochemical characteristics

under operating conditions [8]. Recent studies have demonstrated that Ce-modified LaNiO; systems exhibit
significantly enhanced ammonia decomposition activity and improved stability, which are directly relevant to AFSOFC
anode functionality. Podila et al. [9] reported that Ce substitution in LaNiOs-based perovskites markedly enhances
NH; cracking activity, achieving near-complete ammonia conversion at temperatures compatible with SOFC
operation. Pinzon et al. [10] showed that Ce-containing LaNiO3-derived catalysts exhibit superior low-temperature
NH3; decomposition compared with Ce-free counterparts, which was attributed to enhanced reducibility and improved
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Ni dispersion. Those findings suggest that Ce modification not only promotes catalytic ammonia decomposition but
also tailors the structural evolution of perovskite-derived anodes.

Extensive investigations of cerium- and rare-earth-based oxides have established that oxygen vacancies—arising
from reversible redox behavior—play a decisive role in ammonia adsorption, N—H bond activation, and hydrogen
formation kinetics [11]. However, the above material design strategies have remained largely disconnected, and their
cooperative effects within a single perovskite catalyst architecture have not been systematically evaluated. At high
Ce contents, the perovskite lattice may partially decompose into mixed oxide phases during synthesis or in situ
reduction, leading to complex multiphase anode microstructures [8,10]. Clarifying the relationship between Ce
distribution, phase evolution, and electrochemical performance is therefore essential for rational anode design.

The present study systematically investigates cerium-doped LaNiO; perovskite oxides as multifunctional anode
materials for AFSOFCs. A compositional series of La;-xCexNiO3 (x = 0.00-0.80) is synthesized and comprehensively
characterized to elucidate the influence of Ce incorporation on phase stability, lattice distortion, and defect chemistry.
Particular emphasis is placed on understanding how cerium doping modifies the structural and redox properties of
the perovskite framework and NHs decomposition kinetics in thus anode.

MATERIALS AND METHODS

Ce-doped LaNiO; powders with nominal compositions CexLa;_xNiO3-s (X = 0.00 ~ 0.30) were synthesized via a
modified Pechini polymeric precursor method. Stoichiometric amounts of La(NO3);-6H,0, Ce(NO3);-6H,0, and

Ni(NO3),-6H,0 were dissolved in deionized water, followed by the addition of citric acid and ethylene glycol under

continuous stirring. The citric acid : metal and ethylene glycol : metal part of LaNiOs ratios were set to 1.5:1 and 3:1
respectively. Following the dissolution of nitrates in 50 mL of DI water then chelation with citric acid at 60 °C. Then,
the addition of ethylene glycol at 80 °C to initiate polyesterification, subsequently dried at 120 °C overnight to yield
foam gels. These foam gels were decomposed at 300°C, final calcination at 800 °C for 5 h.

The calcined powders were first sieved to improve homogeneity. The powder—PB-72 binder mixed aqueous solutions
were subjected wet ball milling to enhance dispersion and reduce agglomerates. After milling, the slurry was dried at
80 °C to produce dry powders with a fine and homogeneous consistency. These powders were ground again with a
mortar and pestle and re-sieved using 80-sized mesh to ensure uniform granulated size distribution, then, using a
hydraulic press to form a disc. The pressed discs were sintered at 1050 °C to obtain porous pellets.

A horizontally fixed-bed reactor operating at atmospheric pressure was employed to carry out ammonia cracking
tests for 1050 °C sintered porous discs, which exposed to pure NH; at a constant flow rate of 50 mL-mint. The
outgas stream was analyzed on-line by using a thermal conductivity detector (TCD) to calculate the H2 content from
NHs decomposition. The calcined Ce-LNO powders were prepared as paste and then printed on densified LSBC
electrolyte by 1500 °C/6 h sintering. After 1050 °C/4 h cofiring, the Pt paste was printed the other surface of LSBC
as a cathode to form Ce-LNOJ|LSBC|Pt half-cell. The Ag paste was printed on Ce-LNO anode side as the current
collector.

The crystal structures of the calcined powders, sintered bodies were characterized by X-ray diffraction (XRD, Bruker
D2 Phaser, CuKa radiation at a wavelength of A = 1.5405 A, scan speed of 4 °min-1). Field-emission scanning electron
microscopy (FESEM, Hitachi Field-Emission S4800 (EMAX)) equipped with energy-dispersive X-ray spectroscopy
(EDS) was used to determine the microstructures, morphologies, and elemental composition. The Ce-LNO|LSBC|Pt
half-cells were connected to Pt wires by clamping the wires to a spring-loaded sample holder, and tested under
ammonia (anode side) and air (cathode side) atmospheres in the temperature range of 500-800 °C. Alternating
current (AC) impedance analyses of the half-cells were performed using a Zahner Zennium instrument under open
circuit conditions in the frequency range of 0.1 Hz—-50x10° Hz. The voltage-current density (IV) and power density-
current density (IP) of the fuel cells were measured using a Keithley 2400 source meter.

RESULTS AND DISCUSSION

XRD patterns, as shown in Figs. 1(a)-(f), indicate CexLa;_xNiO3 powders calcined at 800 °C that confirm the formation

of a rhombohedral LaNiO; perovskite structure for low Ce contents (x < 0.10). With increasing Ce concentration,
weak diffraction peaks corresponding to fluorite-type CeO, become discernible, which means partial solubility of Ce
in the LaNiO; lattice and the coexistence of a secondary phase of NiO at higher doping levels. After sintering at 1050
°C, comparisons in Figs 1(g)-(j), the perovskite framework of LNO remains intact, demonstrating good thermal
stability of the more Ce-modified structure.
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Fig. 1. X-ray diffraction (XRD) patterns of CexLa;-xNiO3 (x = 0-0.30) (a)-(f) powders calcined at 800 °C, (g)-(j) comparisons of
800 °C and 1050 °C heat-treatment.

FESEM images of La;_xCexNiO; discs sintered at 1050 °C reveal that undoped LaNiO; consists of relatively
homogeneous grains distribution with limited surface roughness (Fig. 1(a)). Upon Ce incorporation, the grain size of
LNO decreases with CeO:2 grain growth and surface texture becomes more irregular, particularly for x = 0.15-0.30
shown in Figs. 1(d)-(f). At higher Ce content (x = 0.30), the microstructure exhibits a morphology with fine particles
anchored on larger grains, which may be NiO segregation favorable for gas diffusion and catalytic reactions. Such a
microstructural development is attributed to Ce-induced grain growth and more rough surface formation.
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"Fig. 2. FESEM images of La, «CexNiOs discs sintered at 1050 °C, (a) x = 0, (b) x = 0.05, (c) x = 0.10
and (f) x = 0.30.

X = 0.15, (e) x = 0.20,

. (d)

From EDS elemental mapping results, they demonstrate that Ce is evenly distributed throughout the LaNiO; matrix
without evidence of localized Ce-rich agglomerates. For example, the 0.30Ce—-LNO sample demonstrates uniform
spatial distribution of La, Ni, Ce, and O throughout the calcined powder. Semi-quantitative EDS analysis reveals that
the measured elemental ratios qualitatively follow the intended stoichiometry, although minor deviations from nominal
compositions are observed. The inherent challenges associated with accurate oxygen quantification and matrix
effects in complex oxide powders at this state. No obvious Ni elemental segregation is confirmed in Fig. 3 mapping,
even the small particles distributed homogeneous in FESEM image of Fig. 3(a). However, further analyses are
needed to suggest intimate contact between CeO,, NiO and LaNiO; for establishing extended Ni—CeO, interfacial
sites during reduction, which are known to enhance ammonia decomposition kinetics.

(e) O

Fig. 3. FESEM image and&tr:orresponding EDS eleﬁ%ental mapping of the Oliw30Ce—LNO sample shc;Uving the spatial distribution of
(b) Ce, (c) La, (d) Ni, and (e) O.

The intrinsic ammonia decomposition activity of Ce-LNO porous discs was further evaluated by monitoring hydrogen
generation as a function of temperature under pure NH; flow, as shown in Fig. 4(a). Overall, undoped LNO and Ce-
LNO exhibit higher NHs decomposition ratio than only thermal cracking ammonia. Undoped LNO exhibits limited

cracking activity below 500 °C, with hydrogen generation increasing gradually at higher temperatures. In contrast, all
Ce-doped samples display significantly enhanced NH; cracking performance, particularly in the intermediate
temperature range of 500-700 °C.

With increasing Ce content to 0.3, the onset temperature for rapid hydrogen generation shifts to lower value. The
0.30Ce-LNO achieves hydrogen generation exceeding other xCe-LNO at 450-700 °C. This pronounced
enhancement can be attributed to the synergistic interaction between exsolved Ni nanoparticles and CeO, phase,

where Ce**/Ce3* redox couples facilitate hydrogen spillover and stabilize active Ni sites. In addition, the high oxygen

storage capacity of CeO, promotes continuous removal of surface nitrogen species, alleviating catalyst poisoning
during NH; decomposition.

The peak power density as a function of Ce dopant concentration shows a monotonic increase for both H, and NH3
fuels, as shown in Fig. 4(b). While all half-cells exhibit higher power output under H, than NHs. The enhancement
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induced by Ce doping is observed with pronounced under NH; operation. The 0.30Ce-LNO anode delivers the
highest power density, reflecting optimized catalytic activity and charge transport properties.

b Peak power density
( ) A-A-A H; power density

© 0O NH;power density A
/
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Fig. 4. (a) Temperature-dependent hydrogen generation obtained from ammonia cracking over xCe-LNO (x = 0—0.30) porous
discs under pure NH; flow. (b) Peak power density of half-cells employing xCe-LNO anodes as a function of Ce dopant
concentration under H, and NH; fuels.

CONCLUSIONS

Ce-doped LaNiO; perovskite oxides were investigated as anode materials for direct ammonia-fueled solid oxide fuel
cells. Structural analysis confirms that Ce incorporation partially substitutes into the LaNiO; lattice at low dopant
levels, while excess Ce forms a dispersed CeQO, secondary phase at higher concentrations. Microstructural
characterization reveals that CeO: grain growth effectively inhibits NiO grain growth and promotes the formation of
a porous structure after 1050 °C sintering, which is beneficial for gas transport and electrochemical reactions.
Elemental mapping demonstrates a uniform spatial distribution of La, Ni, Ce, and O, ensuring extensive Ni-CeO,
interfacial contact upon reduction. Electrochemical testing shows that Ce doping significantly enhances SOFC
performance under both H, and NH; fuels, with the most pronounced improvement observed during direct ammonia

operation. The optimal 0.30Ce—LNO anode exhibits the highest peak power density, attributed to the synergistic

effects of increased oxygen vacancy concentration, stabilized segregated Ni hanopatrticles, and the catalytic activity
of Ni-CeO, interfaces toward ammonia cracking.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support from the National Science and Technology Council (NSTC),
Taiwan, ROC (Grant Numbers NSTC 114-2221-E-019-060 and NSTC 114-2923-E-027-005). The authors also thank
the Taiwan Experience Education Programs (TEEP) for additional support.

REFERENCES

[1] Portarapillo M, Bellucci SA, Russo D, di Benedetto A. 2025. Ammonia as a hydrogen carrier: energetic assessment of
processes integrated with fuel cells for power generation. Energy Fuels 39:2843-2853.

[2] Lucentini I, Garcia X, Vendrell X and Llorca J. 2021. Review of the decomposition of ammonia to generate hydrogen. Industrial
& Engineering Chemistry Research 60:18560-18611.

[3] ElImutasim O, Dhawale DS, Pinczes M, Giddey S, Paul G and Bhattacharya S. 2025. Mechanistic investigation of ammonia
utilization pathways on a locally oxygen enriched Ni-YSZ anode for direct ammonia-fed solid oxide fuel cells: An Ab Initio
study. ACS Sustainable Chemistry and Engineering 13:18242-18254.

[4] Humayun M, Li Z, Israr M, Khan A, Luo W, Wang C, Shao Z. 2025. Perovskite-type ABO; oxides in photocatalysis,
electrocatalysis, and solid oxide fuel cells: State of the art and future prospects. Chemical Reviews 125:3165-3241.

[5]3Jin Y, Fan K, Feng M, Wang Y, Chen H, Liu X. 2025. Highly synergistic Ni/CeO, interface with optimized NH; pretreatment for
enhanced catalytic ammonia decomposition. Applied Surface Science 714:164434.

[6] Park JM, Kim JH, Lee SJ, Moon DJ. 2021. LaNiOs-based perovskite-derived catalysts for ammonia decomposition.
International Journal of Hydrogen Energy 46:16453—16464.

[7] Aydin O, Kazancioglu E, Kerscher F, Fendt S, Spliethoff H. 2025. Systematic investigation of NizN formation in Ni-YSZ anodes

of direct NH;-utilizing SOFCs. 19th International Symposium on Solid Oxide Fuel Cells (SOFC XIX) A2025-03:59.

[8] He H, Chen X, Li J. 2023. Ni/CeO,-based catalysts for ammonia decomposition. Catalysts 13:453.

[9] Podila S, Karakaya C, Kee RJ. 2022. Influence of Ce substitution in LaMO3 (M = Ni, Co) perovskites for COx-free hydrogen
production from ammonia decomposition. Arabian Journal of Chemistry 15:103808.

[10] Pinz6n M, Romero-Sarria F, Centeno MA, Odriozola JA. 2022. Ni-based perovskite catalyst precursors for ammonia
decomposition: Effect of Ce doping. Fuel 323:124384.

[11] Xu K, Liu JC, Wang WW, Zhou LL, Ma C, Guan X, Wang FR, Li J, Jia CJ, Yan CH. 2024. Catalytic properties of trivalent rare-
earth oxides with intrinsic surface oxygen vacancy. Nature Communications 15:5751.

77


https://eurekamag.com/research/099/671/099671773.php
https://avesis.ktu.edu.tr/yayin/790e8274-a9c2-4ade-bfb4-a3733807c538/systematic-investigation-of-ni3n-formation-in-ni-ysz-anodes-of-direct-nh3-utilizing-solid-oxide-fuel-cells
https://www.nature.com/ncomms

~ ) 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
s Cyprus, 1 -3 June 2026

DEEP LEARNING-BASED WEATHER FORECASTING FOR PAKISTAN
Ebad Ul Hag', Muhammad Usama Haroon?, Hafiz Muhammad Saglain Nawaz3, Murat Fahrioglu*, Abdullah Ekinci®, Cagri
Yalkin®
1 Middle East Technical University (METU), Northern Cyprus Campus (NCC), Department of Electrical and Electronics
Engineering, Guzelyurt, 99738, North Cyprus
2 METU, NCC, Department of Sustainable Environment and Energy Systems, Guzelyurt, 99738, North Cyprus
3 METU, NCC, Department of Sustainable Environment and Energy Systems, Guzelyurt, 99738, North Cyprus
4 METU, NCC, Department of Electrical and Electronics Engineering, Guzelyurt, 99738, North Cyprus
5 METU, NCC, Department of Civil Engineering, Guzelyurt, 99738, North Cyprus
6 METU, NCC, Department of Business Administration, Guzelyurt, 99738, North Cyprus
*Corresponding author e-mail: ebad.ul@metu.edu.tr
Ref # FOR-01

ABSTRACT

Accurate weather forecasting is critical for energy planning, agriculture, and climate-resilient infrastructure in climate-
vulnerable regions such as Pakistan. This study presents a data-driven short-term weather forecasting framework
based on statistical and machine learning models applied to long-term historical meteorological data. Daily temperature,
relative humidity, solar irradiance, and precipitation records are obtained from the NASA POWER dataset and
complementary weather sources for multiple Pakistani cities. Linear Regression, Random Forest, Extreme Gradient
Boosting (XGBoost), and Autoregressive Integrated Moving Average (ARIMA) models are developed and evaluated
using a chronological train—validation—test strategy. Model performance is assessed using Mean Absolute Error (MAE),
Mean Squared Error (MSE), and the coefficient of determination (R2). Results show that XGBoost consistently achieves
the highest accuracy for one-day-ahead temperature forecasting, with average MAE of approximately 1.4 °C and R?
exceeding 0.94 across cities, while Random Forest and Linear Regression provide competitive performance. In
contrast, the univariate ARIMA model exhibits limited predictive capability, particularly for highly variable precipitation.
The findings highlight the effectiveness of ensemble machine learning models for short-term weather forecasting and
their potential to support sustainable energy and environmental planning in Pakistan.

Keywords: Deep learning, Energy and Environment, Pakistan climate, Time-series modelling, Weather forecasting.
INTRODUCTION

Weather forecasting plays a critical role in energy management, agriculture, disaster preparedness, and
environmental sustainability [1]. In Pakistan, increasing climate variability, heatwaves, and irregular precipitation
patterns pose significant challenges to energy systems and socio-economic stability [2]. Climate change poses a
major threat to humanity and ecosystems, intensifying global food insecurity as temperatures continue to rise.
According to the IPCC, vulnerable crops such as wheat and cotton are at increasing risk, particularly in
underdeveloped regions [3].

Numerical Weather Prediction (NWP) models are physics-based systems that simulate future atmospheric states, in
contrast, modern machine learning and deep learning approaches provide data-driven alternatives capable of
capturing nonlinear patterns and temporal dependencies in meteorological data [4]. Deep neural networks such as
CNNs and LSTMs have shown strong performance in time-series forecasting tasks [5]. Machine learning models
enhance NWP forecasts by learning nonlinear patterns that physics-based models may not capture [6].

Traditional weather forecasting began in the nineteenth century and involves analyzing large, complex atmospheric
datasets with multiple dynamic parameters [7]. However, many recent studies rely on isolated methodologies, which
can introduce bias and uncertainty in climate impact assessments. Moreover, limited historical data restrict the
accuracy of empirical statistical models in predicting future yield—climate relationships [8]. Rainfall forecasting is vital
for flood and drought management, yet numerical models and neural networks face limitations in accuracy and
scalability [9].

Accurate forecasting of renewable energy generation is essential for maintaining grid stability, ensuring reliable power
system operation, and reducing the operational costs associated with uncertainty [10]. This paper introduces novel
deep learning algorithms designed to enhance day-ahead wind speed predictions, particularly by improving upon the
Weather Research and Forecasting (WRF) model's accuracy [11].

This study evaluates machine learning and deep learning models for rainfall classification in Pakistan using historical
climatic data, including temperature, humidity, pressure, and rainfall. Performance comparisons show that deep
learning approaches outperform traditional models by effectively capturing nonlinear and temporal patterns,
supporting their use in climate-related decision-making [12].

The study assesses deep learning models for real-time, short-term temperature prediction across multiple locations

using historical meteorological data. Comparative results show that deep models better capture spatial and temporal
patterns, improving nowcasting accuracy and supporting weather-dependent decision-making [13].
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The study combines General Circulation Models with deep learning to project future temperature and precipitation
trends for Lahore, Pakistan. By leveraging historical climate data, the integrated approach improves regional climate
projections, capturing nonlinear patterns and providing more reliable insights for local adaptation planning [14].

The study uses four years of meteorological data to forecast solar Global Horizontal Irradiance in Islamabad using
statistical models (SARIMAX, Prophet) and deep learning (ANN, CNN, LSTM), finding ANN, CNN, and LSTM excel
in short-term forecasts while statistical methods perform well for longer horizons [15].

Precise weather forecasting is particularly critical for the integration of renewable energy systems into modern electric
networks. Since solar and wind generation are inherently weather-dependent and variable, forecasting helps reduce
uncertainty in power output, supports optimal scheduling and dispatch decisions, and enhances grid stability. Reliable
predictions therefore enable higher renewable penetration while maintaining cost-effective power system operation.

DATASET AND PREPROCESSING

The primary data source used in this study is the NASA POWER (Prediction of Worldwide Energy Resources) dataset,
which provides consistent and long-term meteorological observations. The dataset includes daily measurements of Air
temperature, Relative humidity, Solar irradiance, and Precipitation (rainfall). The data are extracted for selected regions
of Pakistan and undergo preprocessing steps including missing-value handling, normalization, and time-series
windowing. Feature scaling is applied to improve training stability and model convergence.

METHODOLOGY

Figure 1 illustrates the overall workflow of the proposed machine learning—based weather forecasting framework.
The process begins with the acquisition of long-term climatic data from the NASA POWER dataset and
supplementary local weather sources. The collected data are then preprocessed to address missing values, remove
inconsistencies, and apply appropriate normalization. Key meteorological variables, including temperature, relative
humidity, solar irradiance, and precipitation, are selected and organized into supervised time-series datasets using
a sliding window strategy and chronological train—validation—test splitting. These processed datasets are used to
develop and evaluate multiple forecasting models, namely Linear Regression, Random Forest, Extreme Gradient
Boosting (XGBoost), and Autoregressive Integrated Moving Average (ARIMA).

Climatic Data Acquisition
NASA POWER & Local Weather Data

Model Development
RF, LR, XGBoost, ARIMA

Missing values, normalization

Data Preprocessing l

Model Training & Validation

Feature Selection
Temperature, Humidity,
Solar Irradiance, Precipitation

Performance Evaluation
MAE | MSE | R?

Time-Series Preparation
Sliding window & train-test split

Results & Conclusions

Figure 2 Flow of Data

The models are trained to predict key weather variables, including temperature, humidity, solar irradiance, and
precipitation. Performance is evaluated using standard regression metrics:

e Mean Absolute Error (MAE)

e Mean Squared Error (MSE)

e Coefficient of Determination (R?)

RESULTS AND DISCUSSION
Results
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Model performance was evaluated for one-day-ahead forecasting across six Pakistani locations including Karachi,
Lahore, Islamabad, Peshawar, Quetta, and Gilgit using MAE, MSE, and R2 with coordinates defined for regional
extraction. Given in the table 1, errors are reported in the same physical units as the target variables (T2M in °C,
RH2M in %, PRECTOTCORR in mm/day), enabling direct interpretability [16].

Table 2 Target variables and their units

Target MAE / MSE Units
T2M Degrees Celsius (°C)
RH2M Percentage (%)
PRECTOTCORR Millimeters/day (mm/day)
R2 Unitless (-~ to 1)

Temperature (T2M)
Across all cities, XGBoost achieved the best overall temperature performance with average MAE = 1.43 °C and R* =
0.94 [17] in the given table 2, outperforming Random Forest and Linear Regression. City-level best test results for
T2M were consistently obtained by XGBoost (e.g., Karachi MAE = 0.72 °C; Islamabad MAE = 1.42 °C; Gilgit MAE =
1.68 °C). In contrast, the univariate ARIMA baseline showed large errors and negative R? (average MAE = 12.88 °C;
R? = -2.83), indicating poor suitability for multivariate, nonlinear weather dynamics in this setting [18].

Table 3 Main targets of machine learning models with Temperature (T2M)

Model MAE R2
XGBoost 1.43 0.94
Random Forest 1.54 0.94
Linear Regression 1.82 0.91
ARIMA 12.88 -2.83

Relative Humidity (RH2M)
From the given table 3, Humidity prediction showed moderate accuracy, with the best average results achieved by
Linear Regression (average MAE = 8.05%; R? = 0.59). City-wise, Linear Regression was most frequently selected
as the best RH2M model on the test split (e.g., Karachi MAE = 6.51%, Lahore MAE = 6.65%, Islamabad MAE =
6.71%), while Quetta performed best with Random Forest (MAE = 9.70%). ARIMA again underperformed
substantially (average MAE = 21.23%, R? = -1.65) [19].

Table 4 Secondary targets of machine learning models with Relative Humidity (RH2M)

Model MAE R?
Linear Regression 8.05 0.59
Random Forest 8.23 0.58
XGBoost 8.32 0.57
ARIMA 21.22 -1.65

Precipitation (PRECTOTCORR)

Precipitation remained the most difficult variable to predict. While ARIMA vyielded the lowest average MAE (~1.99

mm/day), its R? stayed negative (= —0.11) as mentioned in table 4, suggesting limited explanatory power despite

comparable absolute error [20]. ML models achieved small positive but low R? values (generally = 0.06—0.09),

consistent with precipitation’s high stochasticity and intermittency. At the city level, ARIMA was often selected as the

“best” by test MAE (e.g., Karachi, Lahore, Peshawar, Quetta, Islamabad), whereas Gilgit favored Linear Regression.
Table 5 Secondary targets with Precipitation (PRECTOTCORR)

Model MAE R2
Linear Regression 2.34 mm 0.09
Random Forest 2.18 mm 0.08
XGBoost 2.26 mm 0.06
ARIMA 1.98 mm -0.11

Discussion

The proposed models were evaluated for one-day-ahead forecasting using MAE, MSE, and R2. For temperature
prediction, XGBoost achieved the best performance with an average MAE of 1.43 °C and R2 of 0.94 across all cities.
Relative humidity forecasting showed moderate accuracy, with MAE around 8% and R? = 0.6. Precipitation prediction
remained challenging due to its stochastic nature, yielding lower R2 values, which is consistent with prior studies.
Overall, machine learning models significantly outperformed the statistical ARIMA baseline, highlighting the
effectiveness of data-driven approaches for short-term weather forecasting.

CONCLUSIONS

This study developed a machine learning—based framework for short-term weather forecasting in Pakistan using
long-term NASA POWER meteorological data. Results show that XGBoost achieved the best performance for one-
day-ahead temperature prediction, with an average MAE of approximately 1.4 °C and R2 above 0.94 across all cities.
Relative humidity forecasting yielded moderate accuracy, with MAE around 8% and R2 close to 0.6. Random Forest
and Linear Regression provided competitive results, while the univariate ARIMA model showed limited predictive
capability. The findings confirm the effectiveness of ensemble machine learning models for reliable short-term
weather forecasting and climate-related planning.
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ABSTRACT

Low-emission hydrogen is critical for decarbonizing hard-to-abate sectors in emerging economies such as Tirkiye. This
study identifies and examines political, economic, social, technological, environmental, and legal challenges to
developing low-emission hydrogen production technologies in Turkiye by combining a PESTEL framework with the
fuzzy DEMATEL method. Fifteen challenges were defined from the literature and expert input, and their causal
relationships were mapped. The results show that low technology readiness, regulatory uncertainties, and high
investment costs are core drivers, while lack of subsidies and harmonised international standards act as important
additional causes. Infrastructure gaps and lengthy patenting and licensing processes emerge mainly as downstream
effects, highlighting priority areas for targeted policy intervention.

Keywords: Green production, low-emission hydrogen, Fuzzy DEMANTEL, Multi-criteria decision making

INTRODUCTION

The urgent need to decarbonize hard-to-abate sectors has brought low-emission hydrogen production technologies
to the forefront of sustainable energy transition. In industrial applications, green hydrogen replaces fossil fuels in
sectors like steel production, chemical manufacturing, and long-distance transportation (Sun et al., 2025). This
transition reduces carbon emissions, enhances energy security, and allows industries to meet environmental
regulations and achieve net-zero emissions without overhauling existing infrastructure.

Investing in the research and development (R&D) of low-emission hydrogen production technologies and the provision
capacity of national financial support to ensure competitiveness in the market differ across countries (Bade et al., 2024).
For example, the major global electrolyzer manufacturers are from global north countries like Germany, the United
States (US), Japan, and Denmark (Wappler et al., 2022). Apart from the US, these countries are also pioneering in
setting net-zero targets and announcing their future demand for green hydrogen. On the other hand, in the global south,
domestic green hydrogen demand and attempts to develop production technologies are still less widespread (Zainal et
al., 2024). These countries generally face problems such as energy insecurity, environmental degradation, and
increasing energy demand. However, they are also the ones with enormous renewable energy potential.

Moreover, due to mechanisms like the Carbon Border Adjustment Mechanism (CBAM) of the European Union (EU),
decarbonizing major manufacturing industries has become an urgent task for the trading partners of the EU, including
Turkiye. Therefore, the potential and importance of green hydrogen deployments are increasingly recognized (Agyekum
et al., 2024). Especially emerging economies like Tirkiye are interested in developing low-emission hydrogen
technologies to increase energy supply security and ensure environmental sustainability (Arslan & Yilmaz, 2024).

This study identifies the challenges in Turkiye's green hydrogen production technologies field and provides strategic
planning and information to policymakers and other stakeholders. To do so, it analyzes the interactions of political,
economic, social, technological, environmental, and legal (PESTEL) challenges in developing green hydrogen
production technologies in Turkiye, with a holistic approach. Therefore, the research questions of this study are as
follows:

e Research Question 1: What are the main challenges in developing low-emission hydrogen production
technologies in Turkiye?

e Research Question 2: How do the political, economic, social, technological, environmental, and legal
challenges that Turkiye faces in developing low-emission hydrogen production technologies affect each other?

MATERIALS AND METHODS
PESTEL Analysis

PESTEL analysis is a comprehensive analysis method that examines the environmental factors of an organization or a
project/strategy (Teixeira et al., 2024). By analyzing an issue through six distinct lenses, PESTEL provides a systems-
thinking framework that helps public policymakers grasp the interconnected nature of the systems they seek to change.
It is especially preferred in barrier, challenge, and driver studies where categorization is required (Nazir & Sharifi, 2024;
Kokkinos et al., 2023; Teixeira et al., 2024).
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In this study, the challenges of developing low-emission hydrogen production technologies in Tirkiye are classified and
defined based on the pillars of the PESTEL analysis, considering the literature review.

Table 1. Challenges of Developing Green Hydrogen Production Technologies in Tlrkiye

Pillars of Challenges Author(s) Explanation(s)
PESTEL
Political (1) Uncertainties | Hassan et al. (2024) | Regulatory uncertainties in low-emission hydrogen production
in Regulatory technologies, such as the non-standardization of approval
Frameworks processes and incompatibility of technical standards, may restrict
the sector's development.
(2) Lack of Kokkinos et al. The lack of policies and regulations for low-emission hydrogen
subsidy and (2023); Yetiskin et production and the deployment of Carbon Capture, Storage, and
incentive al. (2023) Utilization (CCSU) technologies cannot steer industry players in a
mechanisms particular direction. Government incentives and policies influence
the adoption of hydrogen technologies.
(3) Lack of a Esmaeili (2018); Having an emissions trading market is critical for the successful
carbon pricing Gur (2022) implementation of the carbon-capturing technology in Turkiye
mechanism
Economical (4) High Zainal et al. (2024); | Low-emission hydrogen production and CCSU technologies are
Investment Cost | de Anrade (2024); generally costly. Economic factors can affect hydrogen's
Aysun & competitive advantage and economic sustainability.
Kabukcuoglu
(2019);
Shirmohammad et
al. (2020)
(5) Uncertainty Fazeli et al. (2022) | The system cost of an electrolyzer represents all expenses
on system cost related to establishing and operating an electrolysis facility to
of electrolysis in produce hydrogen (CAPEX, costs of auxiliary components,
the future installation, operation, and maintenance).
(6) Incomplete Coté & Salm (2022) | Due to limited risk management options, companies operating in
options to hedge the sector may be less resilient to financial uncertainties, which
against risks may negatively affect investments and growth in the sector.
(7) Lack of Beasy et al. (2023) | Developing a workforce to support a hydrogen economy depends
skilled labor upon education and training availability. Industry stakeholders
and their engagement in the hydrogen sector are enablers that
can (and should) be utilized to advance fit-for-purpose and
responsive education and training.
Social (8) Lack of Agyekum et al. The public's lack of knowledge about the advantages and
Public (2022); Kokkinos et | disadvantages of hydrogen as clean energy limits the
Acceptance due | al. (2023); Rasul et | technology's acceptance, and society's reaction to this technology
to conflicting al. (2022) impacts the industry.
interests over
resources
(9) Lack of trust | Ashari et al. (2024) | Protection of intellectual property rights and fear of favoritism
in the rule of law
Technological | (10) Lack of Ishaq, Dincer & The need for appropriate infrastructure for storing, transporting,
Infrastructure Crawford (2022) and distributing hydrogen limits the growth of the hydrogen
economy. This infrastructure needs to be developed and
expanded.
(11) Supply Olabi et al. (2024) Uncertainties in the supply chain concerning the accessibility,
chain dependability, and efficiency of these technologies can have a
uncertainties substantial impact on the scalability, cost-efficiency, and viability
of low-emission hydrogen initiatives. For instance, setbacks or
interruptions in providing essential components or materials
required for producing electrolyzers could impede the
implementation of low-emission hydrogen infrastructure.
(12) Low Chelvam et al. Since the technologies used in low-emission hydrogen production
technology (2024) and CCSU have not yet been proven and fully accepted, the
readiness level areas of preference for these technologies are limited.
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Environmental

(13) Water
scarcity

Mehmeti et al.,

(2018); Zainal et al.

(2024)

In low-emission hydrogen production technologies, some
production methods can increase water consumption, put
pressure on water resources, and contribute to local water
scarcity problems. This highlights the need to develop and adopt
water-efficient and sustainable production methods, which could
otherwise negatively impact the sustainability of water resources
and the water needs of communities.

Legal

(14) Uncertain

Li & Zheng (2024);

Long waiting times experienced by developers in the licensing

and lengthy Agyekum et al. process, dealing with complex regulations, and uncertainties in
patenting and (2024) obtaining permits are among the main challenges that prevent the
licensing progress of hydrogen projects.

processes

(15) Lack of Agyekum et al. The absence of common standards and regulations hinders the
harmonized (2022) diffusion

international
standards and
cross-border
environmental
regulations

of hydrogen, which restrains its potential. Formulating a common
international

framework is critical to preventing unfair competition and free-
riding

Fuzzy DEMATEL Method

The fuzzy DEMATEL (Decision Making Trial and Evaluation Laboratory) method is an analysis method used in
complex decision-making processes (Buyukézkan et al., 2024) and can be applied especially in complex and
uncertain systems (Ghasemian Sahebi et al., 2024). This method adopts the basic principles of DEMATEL, but uses
fuzzy logic to handle uncertainties, where clear boundaries are blurred or unclear (Singh et al., 2024).

Table 2 summarizes each methodological step for the combined analysis of PESTEL with fuzzy DEMANTEL. After
determining challenges in the context of pillars of PESTEL analysis (Step 1), these challenges are reviewed for
accuracy by a group of academics and industry experts (Step 2). Experts anticipate weighing these challenges with
pairwise comparisons amid information collection. After that, fuzzy DEMATEL is applied to determine the causal
relationship between these challenges (Step 3-7).

Table 2. Summary of methodological steps

Steps Explanation
1 Criteria set is determined
2 Expert opinions are collected on a linguistic scale
3 The Fuzzy Direct Relationship Matrix is defined.
4 (T)?)e Normalised Fuzzy Direct Relationship Matrix
5 Fuzzy Total Relationship Matrix (T)
6 Defuzzification with CFCS
7 The relation (D-R) and prominence value (D+R)

RESULTS AND DISCUSSION

The casual diagram down below shows casual relationship between challenges determined previously. The
challenges (see Table 1) (C1, C2, C4, C6, C8, C12, C13 and C15) above the y-axis are in the cause group. The
factors below the y-axis (C3, C5, C7, C10, C11, C14) are in the effect group, meaning they are affected by other
factors. The location of each factor on the horizontal and vertical axes allows us to determine how much it affects
and is affected in the system.
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Figure 1. The casual diagram

The fuzzy DEMATEL analysis identified Low Technology Readiness Level (C12), Uncertainties in Regulatory
Frameworks (C1), and High Investment Cost (C4) as key dual-role factors that both influence and are influenced by
other elements in the system. These are the main drivers triggering system-wide changes and thus require priority
attention in policy and investment decisions. Lack of subsidy and incentive mechanisms (C2) and Lack of harmonised
international standards (C15) emerged as strong cause factors influencing other variables, though to a lesser extent
than C1, C4, and C12. Incomplete options to hedge risks (C6) and Lack of public acceptance (C8) showed moderate
influence and dependency, indicating a more limited systemic role. Lack of trust in rule of law (C9) and Water scarcity
(C13) were weakly connected, suggesting minimal systemic impact.

In the effect group, Lack of infrastructure (C10) and Uncertain and lengthy patenting and licensing processes
(C14) were strongly affected by other factors, representing major result variables. Meanwhile, Lack of a carbon
pricing mechanism (C3), Lack of skilled labour (C7), Uncertainty about future electrolysis costs (C5), and Supply
chain uncertainties (C11) occupied intermediate positions, acting as balancing factors within the system.

The results highlight that improving technological readiness, reducing regulatory uncertainties, and addressing high
investment costs are critical levers for advancing low-emission hydrogen production. Targeted policy instruments
such as consistent regulations, financial incentives, and international standards could amplify positive systemic
change. Additionally, strengthening infrastructure and patenting frameworks should be viewed as downstream
outcomes of progress in these core areas.

CONCLUSION

This study demonstrates that the development of low-emission hydrogen production technologies in Tirkiye is
constrained by a tightly coupled set of challenges, with technological readiness, regulatory certainty, and investment
costs at the center of the causal structure. Strengthening these core areas through stable and transparent regulation,
targeted subsidy and incentive schemes, and clearer carbon pricing signals would not only reduce perceived risks
but also unlock progress on downstream outcomes such as infrastructure build-out and more efficient patenting and
licensing processes. The prominence of international standards and cross-border regulations underscores that
Tuarkiye’s hydrogen strategy must be aligned with evolving global rules, including mechanisms such as CBAM, to
safeguard competitiveness in export-oriented industries. Policymakers should therefore prioritize an integrated policy
package that simultaneously advances technology maturity, de-risks investment, and harmonizes legal frameworks,
thereby enabling the country to leverage its renewable potential and play a stronger role in the global green hydrogen
value chain.
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ABSTRACT

In this work, transition metal oxide-based photocatalysts are utilized for photocatalytic hydrogen production
assessment, namely Titania, Ferric Oxide, and a mixture between Titania and Ferric Oxide. For the mixed
photocatalyst case, the mass ratio of Titania to Ferric Oxide is maintained at 1:1. The results indicate that ferric oxide
achieves a hydrogen concentration of 9 ppm, while titania reaches 14 ppm, corresponding to a 55% enhancement.
The mixture of Titania and Ferric Oxide demonstrates a higher performance with a hydrogen concentration of 16
ppm, representing a 14% enhancement over sole Titania and 77% over Ferric Oxide. The highest energy efficiency
achieved is 0.169%, which is attributed to the mixture of Titania and Ferric Oxide.

Keywords: Hydrogen; Hydrogen production; Photocatalyst; Solar Energy

INTRODUCTION

Photocatalytic hydrogen production relies on the utilization of photoactive materials that can initiate water splitting
reactions upon contact with an electrolyte. A fundamental requirement for these materials is that their conduction
band level must be higher than the standard hydrogen potential. In other words, not all photoactive materials are able
to perform photocatalytic hydrogen production or water splitting reactions [1]. After electrons are excited to the
conduction band, they participate in the water splitting reactions. Conventionally, sacrificial agents (SA), or hole
scavengers, are employed to prevent electron-hole recombination events by donating electrons to replace excited
ones.

The use of precious metal catalysts significantly increases system cost and hinders commercialization [2], which places
transition metal oxide—based catalysts in a favourable spot. Transition metal oxides are abundant, have lower costs,
and bear tunable bandgaps. vin this work, transition metal oxide-based photocatalysts are utilized for photocatalytic
hydrogen production assessment, namely Titania, Ferric Oxide, and a mixture between Titania and Ferric Oxide. The
performance of these photocatalysts is assessed through their hydrogen production concentration in a batch process.

MATERIALS AND METHODS

For this work various materials are used for the photocatalytic hydrogen production assessment. Potassium
Hydroxide (KOH) (ACS reagent = 85 % pellets, Sigma Aldrich) is used to make up the electrolyte. Triethanolamine
(TEOA) (Reagent grade 98 %, Sigma Aldrich) is used as a Sacrificial Agent (SA), Titanium (IV) oxide (TiO2) (21 nm
primary particle size, =2 99.5 % trace metal basis, Sigma-Aldrich) and Iron (lll) Oxide (Ferric Oxide) (powder
<5um,>99%, Sigma-Aldrich) are used as photocatalysts. The experimental setup used in this work is shown in Fig.
1. OAI TriSOL solar simulator is used as a light source with an intensity of 700 W/m2, DFRobot hydrogen sensor is
used to measure the hydrogen concentration throughout the batch process assessment, and the solutions used for
the photocatalytic hydrogen assessment are made up of 0.1 M of KOH, 1 M of TEOA, and 15 mg/100 ml of
photocatalyst. For the case of the Titania-Ferric Oxide photocatalyst, the mass ratio is set as 1:1.

\
]

1]
V4 Ferric Oxide
/7 _ Photocatalyst

I8 | Titania
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~

Fig. 1. The experimental setup used for the photocatalytic hydrogen production assessment
RESULTS AND DISCUSSION
The results of this work are represented by the hydrogen concentration (in ppm) throughout the batch process, which
is set at 30 minutes, as well as the energy efficiency of the photocatalytic hydrogen generation, and are shown in
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Fig. 2. The hydrogen concentration results are shown in Fig. 2. (a) where the Ferric Oxide photocatalyst achieves a
hydrogen gas concentration of 9 ppm within the headspace of the reaction flask. The titania catalyst on the other
hand shows a superior performance with respect to that of Ferric Oxide at 14 ppm, which is a 55% enhancement.
Titania has a much higher bandgap than Ferric Oxide, meaning that it absorbs photons that bear higher energy,
which leads to a noticeable difference in the hydrogen production, although sacrificing excitation events that would
happen due to the lower-energy photons within the incident spectrum. The third permutation being a mixture of Titania
and Ferric Oxide with a mass ratio of 1:1, the hydrogen concentration achieved within the same period of time is set
at 16 ppm, which is a 14% enhancement over the sole Titania and 77% over Ferric Oxide. This mixture allows both
catalysts to operate in a complimentary manner, where the Ferric Oxide absorbs the lower-energy photons, and the
Titania absorbs the higher-energy photons, benefiting from both extremities of the incident spectrum. The highest
energy efficiency achieved is attributed to the mixture of Titania and Ferric Oxide at 0.169%, which is shown in Fig.
2. (b).
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Fig. 2. The photocatalytic hydrogen production results for the different photocatalysts (a) concentration in ppm and (b) energy

efficiency

CONCLUSIONS
Three transition metal oxide-based photocatalysts are used for photocatalytic hydrogen production assessment. The
photocatalysts consist of Titania, Ferric Oxide, or a mixture of both. The hydrogen production assessment is conducted
through a batch process which uses TEOA as a sacrificial agent along with the aforementioned photocatalysts.

e The mixture of Titania and Ferric Oxide achieved the highest hydrogen concentration at 16 ppm within 30

minutes.
e Titania showed a 55% enhancement in hydrogen concentration compared to Ferric Oxide.
e The highest energy efficiency of 0.169% is obtained using the Titania—Ferric Oxide mixture.
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ABSTRACT

Investigations for efficient and clean energy sources have accelerated as a result of the shift to sustainable energy
systems, and hydrogen (H) is considered a promising energy carrier due to its high energy density and zero carbon
emissions. Water electrolysis is one of the most reliable manufacturing methods for producing high-purity Hz, especially
when combined with renewable energy sources. However, purified water and synthetic electrolytes are usually needed
for electrolysis operations, which raises operating costs and restricts the sustainability of large-scale applications. As a
result, designing substitute electrolyte systems using inexpensive, renewable resources has emerged as a key area of
research. In this regard, an acid-assisted extraction method was used for producing a bioelectrolyte obtained from tea
waste, and its potential to produce Hz by electrolysis was evaluated in this study. The 1 M bioelectrolyte achieved a
current density of about 280 mA/cm? at 0.75 V using carbon-based electrodes, and this is much higher than the 60
mA/cm? obtained with 1 M KOH. Overall, these findings show that bioelectrolyte formed from tea waste can both
increase electrochemical activity and facilitate waste valorization. Consequently, the suggested strategy offers an
appealing path for economical and sustainable Hz production in electrolysis processes.

Keywords: Bioelectrolyte, Tea waste, Hydrogen production, Waste management, Sustainability

INTRODUCTION

The investigations for alternative energy sources that can replace fossil fuels while reducing their negative effects on
the environment have accelerated due to the growing demand for clean, sustainable energy on a worldwide scale.
Because of its high energy density and ability to produce only water as a by-product during consumption, hydrogen
(H2) has attracted substantial interest among the many alternatives [1]. Consequently, Hz is thought to be a suitable
energy source for emerging low-carbon energy systems. For instance, steam reforming, thermochemical conversion,
biological processes, and electrochemical water splitting are some of the methods that can be used to produce Ha.
Since it can produce high-purity H2 and be combined with renewable energy sources, water electrolysis is regarded
as the most attractive technology. However, the large-scale application of conventional electrolysis systems may be
limited by their reliance on high-purity water and carefully regulated electrolyte solutions, particularly in areas where
water is scarce [2].

Moreover, researchers are now investigating other electrolyte sources, such as wastewater and industrial effluents,
due to the growing demand for freshwater resources. Recent research has shown that many kinds of low-grade
water, including treated wastewater, can be used directly in electrolysis systems to produce H2z while also supporting
water reuse processes [3]. Nevertheless, enormous amounts of acidic wastewater, including strong acids like sulfuric
acid (H2S04) are produced by numerous industrial operations, including metal processing, chemical manufacture,
and mineral processing. Before being discharged, these acidic effluents are usually neutralized with alkaline
chemicals, a procedure that produces a lot of sludge and enhances treatment expenses. As a result, managing acidic
industrial effluent is still difficult from a sustainability point of view.

Namely, recent studies have started to examine the potential of these wastewater streams as useful resources within
circular economy frameworks, rather than only regarding them as contaminants. Specifically, conductive media
appropriate for electrochemical operations can be obtained from acidic waste streams, which may lessen the demand
for artificial electrolytes [4]. Simultaneously, the use of materials produced from biomass in electrochemical systems
received greater interest because of their affordability, sustainability, and availability. Biomass can be converted into
electrolyte components or functional electrochemical compounds that can improve electrolysis efficiency [5]. For
instance, lignocellulosic materials are processed in acidic solutions to promote H2 production during electrochemical
conversion in biomass-assisted electrolysis systems that have been studied.

However, there are still several significant gaps in the existing literature despite these significant advancements. The
direct use of biomass-derived electrolytes produced from actual waste materials is still relatively unexplored, with the
majority of current research concentrating on the use of purified electrolytes or model organic molecules. Furthermore,
rather than using biomass as a source of soluble electroactive species within the electrolyte, most investigations on
biomass-assisted electrolysis focus on using biomass as a solid feedstock or electrode precursor. In order to address
waste management issues and reduce dependency on traditional synthetic electrolytes, more research is required to
determine whether it is feasible to produce conductive and electrochemically active bioelectrolytes through the
interaction of acidic media with abundant organic wastes.

Therefore, tea waste was used in this work as a biomass resource to produce a biomass-derived bioelectrolyte. In
particular, a hydrolysate rich in soluble organic and ionic species was produced by digesting tea waste in H2SO4
solution, and this filtrate was then used as the electrolyte solution in the electrolysis system. The electrocatalytic
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performance of the produced bioelectrolyte was thoroughly examined under various electrolyte molarities to assess the
electrochemical potential of this strategy. Additionally, the impact of electrode material on hydrogen evolution reaction
(HER) performance was investigated using two widely used conductive substrates: graphite paper and carbon Toray
paper electrodes. The obtained results showed that the hydrolysate formed from biomass can be used as an alternative
acidic electrolyte medium and has promising potential for producing Hz sustainably while contributing to the value of
organic waste streams.

MATERIALS AND METHODS

In this section, the synthesis procedure of the tea waste-derived bioelectrolyte is reported in more detail. Moreover, the
analysis of the electrocatalytic performance of the bioelectrolytes is discussed. In this study, tea waste samples were
utilized as feedstock, and the biochar suspensions were produced using a 3.7 M H2SO4 solution as the solvent (Fig.1).
The acid solution was gradually supplemented with the crushed waste materials until a final concentration of 37 g/L was
reached. To promote the oxidation and decomposition of the tea waste biomass, the resultant mixture was kept at 60
°C for 2 h. To guarantee sufficient mixing, the suspension was continuously stirring during this period. The color of the
mixture progressively became darker as the reaction proceeded on, eventually becoming a uniform black sludge. Then,
the solid fraction was separated from the suspension by filtering it through coarse filter after the process. Following that,
the bioelectrolyte product was collected and kept for subsequent use in a glass container.

- Potentiostat
“e

1
|
+

. 3.7 M sulfuric :
A acid

Tea waste AA 7 Hydrogen ?

\/

Carbon electrode
Reference electrode
Pt electrode

@60°C,2h Bioelectrolyte

BIOELECTROLYTE SYNTHESIS Bioanolyte

HYDROGEN PRODUCTION
Fig. 1. Schematic illustration of the bioelectrolyte production and electrochemical analysis set-up.

|

A Gamry-3000 potentiostat/galvanostat in a three-electrode cell is used to assess the electrocatalytic performance of
the produced bioelectrolyte. The reference electrode in this cell was an Ag/AgCl electrode, the working electrode was
the carbon Toray paper and graphite paper electrodes, and the counter electrode was a platinum mesh in various
bioelectrolytes (0.5 and 1 M) and 1 M KOH electrolyte solutions. The oxygen evolution reaction (OER) and HER
performance of the proposed electrolyte solutions were evaluated using linear sweep voltammetry (LSV) at a scan rate
of 10 mV/s in the potential value range of 0-1.4V and -1.2 to -0.6, respectively. Moreover, cyclic voltammetry (CV) is
also carried out at different scan rates (10 to 100 mV/s) in the potential window of -0.2 to 0.8 to assess the cyclic stability
of the electrolytes and better comprehend the behavior of electrochemistry. The Nernst equation, ERHE = ESCE +
0.059xpH (where ESCE = +0.241 V and pH 14), was then used to convert the observed potentials to the reversible
hydrogen electrode (RHE) scale [6].

RESULTS AND DISCUSSION

The electrochemical performance of the carbon paper electrode was evaluated in different electrolyte environments,
including KOH and tea waste-derived bioelectrolytes at concentrations of 0.5 M and 1 M. As presented in the
polarization curves (Fig. 2a and 2b), the current density increased significantly with increasing electrolyte
concentration for both electrodes. The highest current density was obtained in the 1 M tea waste-based bioelectrolyte,
reaching almost 270-280 mA/cm? at 0.75 V. In comparison, the 1 M KOH electrolyte exhibited a considerably lower
current density of 60 mA/cm? at the same potential. Moreover, at lower concentration, the 0.5 M bioelectrolyte
produced almost 25 mA/cm?, whereas 0.5 M KOH generated only 15 mA/cm? of current density.
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Fig. 2. The CV results of the bioelectrolytes using (a) a carbon paper electrode and (b) a graphite paper electrode.

CONCLUSIONS

In this study, an acid-assisted extraction method was effectively used to produce a tea waste-derived bioelectrolyte,
which was then assessed for electrochemical Hz production. According to the electrochemical measurement, the
bioelectrolyte greatly increased the current density when compared to the traditional KOH electrolyte. The 1 M
bioelectrolyte produced approximately 270-280 mA/cm? at 0.75 V, whereas 1 M KOH only produced roughly 60 mA/cm?
under similar conditions. The presence of electroactive organic compounds made from tea waste and the high proton
availability in the acidic medium play a role in the enhanced performance. The results of this study suggest that
bioelectrolytes produced from biomass can efficiently increase electrochemical activity while also facilitating waste
valorization. Overall, the suggested method is a viable and sustainable approach to producing substitute electrolytes
for environmentally friendly Hz production systems.
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ABSTRACT

This study proposes a novel integrated energy system for wastewater treatment plants to simultaneously produce
electricity, hydrogen, and useful heat. The proposed configuration integrates dark fermentation, sludge incineration, a
Brayton cycle gas turbine, an integrated bioelectrochemical reactor composed of microbial fuel cells, microbial
electrolysis cells, and photoelectrochemical units, together with an alkaline electrolyzer. In this paper, parametric
analysis is performed to investigate the effects of effluent biochemical oxygen demand and dissolved oxygen
concentration on the oxygen transfer requirement of the aeration process under different wastewater strength
conditions. The results show that increasing effluent biochemical oxygen demand from 15 to 30 mg/L reduces the
oxygen transfer rate from about 30.73 to 26.49 kg/h. In contrast, increasing the dissolved oxygen concentration from 2
to 4 mg/L increases the oxygen transfer requirement from 29.36 to 39.90 kg/h.

Keywords: Wastewater treatment, Hydrogen, Energy, Exergy, Efficiency

INTRODUCTION

Wastewater treatment plants (WWTPSs) play a critical role in protecting water resources and public health. However,
conventional WWTPs are highly energy intensive facilities due to the substantial electricity demand associated with
biological treatment and aeration processes. Improving the energy performance of these systems and recovering useful
resources from wastewater streams therefore becomes an important research focus [1]. Wastewater contains
significant amounts of organic matter that can be utilized as a potential energy source. Various technologies, including
anaerobic digestion, thermochemical conversion, and bioelectrochemical systems, are widely investigated to recover
energy from wastewater treatment processes [2]. Among these approaches, hydrogen (Hz) production from wastewater
attracts increasing attention due to its potential as a clean and sustainable energy carrier.

Several studies investigate Hz production using microbial electrolysis cells (MEC), microbial fuel cells (MFC), and
dark fermentation (DF) systems. These technologies enable the conversion of organic matter present in wastewater
and sludge into Hz and electricity through biological and electrochemical pathways. However, most existing studies
focus on individual technologies, while integrated systems that combine multiple Hz production pathways within
wastewater treatment facilities remain limited [3]. Therefore, this study proposes an integrated energy system for
wastewater treatment plants that enables simultaneous wastewater treatment, Hz production, and energy recovery.

In this study, a parametric analysis investigates the effects of effluent biochemical oxygen demand (BOD) and
dissolved oxygen (DO) concentration on the standard oxygen transfer rate (SOTR) of the aeration process. These
parameters directly influence the oxygen transfer requirement and significantly affect the energy demand of biological
treatment units. The present study therefore focuses on aeration-related operational parameters, while future work
evaluates the integrated configuration through a comprehensive thermodynamic assessment, including detailed energy
and exergy analyses to evaluate the overall system inputs, outputs, and energy recovery potential.

SYSTEM DESCRIPTION

This study proposes a novel integrated energy system for WWTPs to simultaneously produce electricity, H2 and useful
heat while improving the overall energy performance of the facility. The main objective is to enhance energy recovery
from wastewater streams and reduce the dependency of WWTPs on external electricity supply. In addition, the
proposed configuration aims to transform conventional wastewater treatment plants into Hz producing facilities.

Figure 1 illustrates the schematic diagram of the proposed integrated system. The configuration integrates DF,
sludge incineration, a Brayton cycle gas turbine, an integrated bioelectrochemical reactor, and an alkaline electrolyzer
for simultaneous electricity and H2z production. Through the integration of thermochemical and bioelectrochemical
pathways, the system enables efficient utilization of wastewater derived resources and allows simultaneous energy
recovery, Hz production, and wastewater treatment within a single platform.

A conventional wastewater treatment plant includes primary, secondary, and tertiary treatment stages to remove
solids, organic matter, and pathogens. In the proposed system, raw sludge collected from the primary clarification unit
is directed to the DF reactor. Due to its high organic content, raw sludge serves as a suitable substrate for biological Hz
production under anaerobic conditions.

The Hz rich gas produced in the DF unit is then sent to a gas separation unit for purification. Meanwhile, waste
activated sludge from the secondary clarification unit is supplied to the integrated bioelectrochemical reactor.

The integrated reactor consists of MFC, MEC, and PEC units operating in an integrated configuration. The MFC
unit generates electricity through the oxidation of organic matter present in wastewater. The electricity generated in the
MFC is supplied to the MEC unit to support H2 production, while the remaining electrical demand of the MEC system is
provided by the gas turbine power cycle. The PEC unit utilizes solar irradiation to further enhance hydrogen generation.
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Figure 1. Schematic representation of the proposed integrated energy system.
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In addition to the bioelectrochemical pathway, sludge incineration is used to recover thermal energy from sludge
residues. The flue gases generated during sludge incineration drive a Brayton cycle gas turbine system to produce
electricity. The generated power is partially used to support the electrochemical processes within the system. An alkaline
electrolyzer is also incorporated in the proposed configuration to produce additional H2 and oxygen (Oz). The generated
O:2by the electrolyzer can be utilized within the wastewater treatment process to partially satisfy the aeration demand.

MODELING AND ANALYSIS
The Oz demand of the activated sludge process is evaluated based on organic matter removal and biomass
production. The modelling framework used in this study for estimating biomass production, O2 transfer requirement,
and standard oxygen transfer rate is based on the approach reported in [4].

The biomass production during biological treatment is calculated as follows,

VSSs = Q * Yops - (BODyp — S) 1)
The Oq transfer requirement associated with organic removal and biomass growth is expressed as follows,
Q(So-S)
OTR; = Bo;;ﬁm — 1.42VSSs )

where OTRy represents the oxygen transfer requirement, S, and S denote influent and effluent soluble BOD
concentrations, and BODs/BOD,, is the ratio of five-day BOD to ultimate BOD.
Finally, the SOTR is calculated using aeration system parameters:

OTR
SOTR = f
oF Coozo( Cst )( C](l 024)(20-T)

(3)
B \Cszo

where a, 8, and F are aeration correction factors, C is the DO concentration in the aeration basin, and T is the
operating temperature.

RESULTS AND DISCUSSION

Figure 2 presents the variation of SOTR with respect to effluent BOD and DO concentrations under different influent
wastewater strengths. In this study, influent wastewater strengths of 110, 190, and 350 mg/l are considered to
represent low, medium, and high loading conditions typically observed in municipal wastewater treatment plants.
Moreover, the effluent BOD range of 15-30 mg/l is selected to show common discharge limits and operational
conditions in biological treatment systems. Similarly, the DO range of 2-4 mg/l is investigated since it corresponds to
the typical operating range used in aeration basins to maintain stable biological activity.

Figure 2a shows that SOTR slightly decreases as the effluent BOD increases from 15 to 30 mg/L for all
wastewater strengths. Over this range, SOTR decreases from 30.73 to 26.49 kg/h for the low strength, from 53.32
to 49.08 kg/h for the medium strength, and from 98.51 to 94.27 kg/h for the high strength. This behavior occurs
because higher effluent BOD indicates lower organic removal during treatment, which reduces the O2demand of the
biological process.

Figure 2(b) illustrates the effect of DO concentration on SOTR. As the DO level increases from 2 to 4 mg/L, the
required SOTR increases for all wastewater strengths. Specifically, SOTR rises from 29.36 to 39.90 kg/h for the low
strength, from 51.98 to 70.65 kg/h for the medium strength, and from 97.23 to 132.15 kg/h for the high strength.
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Figure 2. Variation of SOTR with (a) BODe and (b) dissolved oxygen under different influent BODs conditions.

CONCLUSIONS
This study evaluates the influence of effluent BOD and DO levels on the SOTR under low, medium, and high wastewater
strength conditions. The results show that increasing effluent BOD from 15 to 30 mg/L reduces SOTR from 30.73 to
26.49 kg/h, 53.32 to 49.08 kg/h, and 98.51 to 94.27 kg/h for low, medium, and high strength wastewater, respectively.
In contrast, increasing the DO level from 2 to 4 mg/L increases SOTR from 29.36 to 39.90 kg/h, 51.98 to 70.65 kg/h,
and 97.23 to 132.15 kg/h for the same conditions.

Future work will focus on a comprehensive energy and exergy analysis of the proposed integrated system. The
overall system inputs and outputs will be evaluated to determine the energy recovery potential and overall system
performance.
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ABSTRACT

In this study, the effect of applied voltage on hydrogen production and NaOCI formation during the electrolysis of a 0.5
M NaCl solution was experimentally investigated. A two-chambered closed electrolysis cell with granular activated
carbon electrodes was used in the experiments. Hydrogen production results showed that the system performed fastest
at 3.5 V, achieving higher hydrogen production in a shorter time. NaOCI analysis revealed that the highest formation
was obtained at 2.2 V, and the amount of NaOCI decreased significantly as the voltage increased. The findings showed
that the applied voltage directly affects product distribution; high voltages support hydrogen production, while low
voltages are more favorable for NaOCI formation. In conclusion, it was determined that the operating voltage in activated
carbon-based NaCl electrolysis systems should be selected depending on the target product.

Keywords: Hydrogen production, NaCl electrolysis, sodium hypochlorite, activated carbon electrode; Renewable
energy; Energy

INTRODUCTION

Rising energy demand, the environmental impact of fossil fuels, and the need to transition to sustainable energy
systems have increased the importance of hydrogen as a clean energy carrier. Due to its high specific energy content
and the fact that it primarily returns to water upon use, hydrogen is seen as a significant alternative in future energy
systems. Therefore, it is emphasized that water-splitting-based electrolytic processes hold an important place among
sustainable hydrogen production methods and have strong potential, especially when integrated with renewable
energy [1].

Yossan et al. [2] compared the effects of different catholytes on hydrogen production in microbial electrolysis cells
and also investigated NaCl solution as an alternative catholyte. They highlighted that NaCl solution offers a lower-
cost option compared to buffer solutions. However, they noted that the hydrogen production rate decreased with
increasing pH when the catholyte was reused. In conclusion, the study revealed that NaCl-based media are viable
for low-cost hydrogen production, but operating conditions must be carefully controlled.

Erden et al. [3] experimentally investigated the hydrogen production performance using the NaCl-based chlor-
alkali method in this study. The aim of the study was to determine the effect of cell voltage, temperature, and
electrolyte flow rate on hydrogen production in a NaCl solution. Experiments were conducted using a 1 M NacCl
solution at voltages of 3, 4, and 5 V, as well as under different temperature and flow rate conditions. The results
showed that hydrogen production increased with increasing voltage and temperature, but chlorine-based fouling and
electrode corrosion also occurred on the anode side. The researchers stated that hydrogen production could be
successfully achieved in systems containing NaCl, but side reactions and anode fouling were significant limitations.

In this study, the hydrogen production behavior of a 0.5 M NaCl solution under electrolysis at voltages of 2.2 V,
3.0V, and 3.5 V was experimentally investigated, and the times taken to reach a specific hydrogen level were
compared. A closed electrolysis cell consisting of two chambers was used in the experiments; both chambers were
filled with granular activated carbon to form the electrode structure. Furthermore, experiments were conducted for
one hour at the same voltage values, and the amount of NaOCI formed was evaluated using the iodometric titration
method. Thus, the aim of this study was to experimentally determine the effect of the applied voltage on both
hydrogen production and NaOCI byproduct formation in an activated carbon-based electrolysis system.

MATERIALS AND METHODS

In this study, electrolysis experiments were performed using a 0.5 M NacCl solution to investigate the formation of
hydrogen and sodium hypochlorite (NaOCI). The closed electrolysis cell can be seen in Figure 1, used in the
experiments consisted of two separate chambers. Both chambers were filled with granular activated carbon to form the
electrode structure. The electric current supplied from a direct current (DC) power supply was first transmitted to copper
wires placed inside the cell, and then transferred through these wires to the granular activated carbon bed. Thus, the
activated carbons acted as electrode material. In addition, the entire surface of the chambers was designed to be in
contact with the electrolyte, thus aiming to increase the electrochemical interaction surface area. The experiments were
conducted at three different voltage values: 2.2 V, 3.0V, and 3.5 V. The gas produced during electrolysis was connected
via a tube to a gas collection unit containing a hydrogen sensor. This allowed for monitoring hydrogen formation over
time and a comparison of the time to reach a specific hydrogen level for each voltage. To determine NaOCI formation,
1-hour electrolysis experiments were also performed at the same voltage values. Liquid samples obtained at the end
of the experiment were analyzed using the iodometric titration method. In this analysis, 5 mL of 10% Kl and 5 mL of 2
M HCIl were added to the sample, and then the released iodine was titrated with a suitable titrant. NaOCI formation was
evaluated based on the volume of titrant consumed.
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Fig.1. Schematic representation of the experimental electrolysis setup system in 0.5 M sodium chloride (NaCl) solution.

RESULTS AND DISCUSSION

When the hydrogen production curves are examined in Figure 2, it is seen that the applied voltage has a significant
effect on the production behavior. When 3.5 V is applied, hydrogen formation starts earlier and higher production
values are reached in a shorter time compared to other voltages. This can be attributed to the increase in the
electrochemical reaction rate and the acceleration of hydrogen formation with increasing voltage. In particular, the
fact that the 3.5 V curve shows a steeper increase after approximately 2.5 minutes indicates that the system provides
faster gas production under this voltage.

In contrast, hydrogen production started later and increased more slowly below 2.2 V and 3.0 V. Interestingly, the
graph shows that the 2.2 V curve slightly exceeds the 3.0 V curve at the end. While it is normally expected that the
hydrogen production rate will increase with increasing voltage, this result suggests that factors other than voltage,
such as the state of the active regions on the electrode surface, ion transport, local temperature variations, bubble
accumulation, and internal resistance, may also be influential in the system. In particular, the bubbles that formed
under the 3.0 V condition, partially covering the electrode surface, or irregularities in the current distribution may have
limited the theoretically expected performance increase.
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Fig.2. Change in hydrogen production over time at 2.2V, 3.0V, and 3.5 V.

The results of NaOCI formation showed that the applied voltage had a significant effect on the product distribution.
According to the iodometric titration results, the NaOCI content obtained was approximately 298 mg/L below 2.2 V
and approximately 74.5 mg/L below 3.0 V. At 3.5 V, NaOCI formation was almost not observed. The results show
that NaOCI formation is higher under low voltage conditions and that this byproduct decreases as the voltage
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increases. This situation may be related to the increase in temperature at high voltages, the dominance of side
reactions, or the decomposition of the active chlorine species formed.

CONCLUSIONS

The results of this study showed that the voltage applied during the electrolysis of a 0.5 M NaCl solution had a decisive
effect on both hydrogen production and NaOCI byproduct formation. According to the hydrogen production curves, 3.5
V resulted in the fastest hydrogen formation, while production was slower at 2.2 V and 3.0 V. In contrast, iodometric
titration results revealed that NaOCI formation was higher at lower voltages. The highest NaOCI content was calculated
as approximately 298 mg/L at 2.2 V and 74.5 mg/L at 3.0 V, while formation was negligible below 3.5 V.

These results indicate that increasing the voltage in the system accelerates hydrogen production while reducing
NaOCI formation. Therefore, the study shows that the applied voltage significantly affects not only the hydrogen yield
but also the product distribution. Overall, higher voltages appear more advantageous for hydrogen production, while
lower voltages are more favorable for NaOCI formation. Therefore, the system needs to be optimized under different
operating conditions depending on which product is prioritized. Further studies investigating the effects of temperature
control, reaction time, and electrode structure will contribute to improving both hydrogen production performance and
byproduct selectivity.
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ABSTRACT

A hybrid nanofluid (HNF) is a fluid that contains two or more kinds of chemically-distinct nanoparticles dispersed in a
base liquid. HNFs are the new generation of ordinary nanofluids (NFs). HNFs are supposed to be more effective heat
transfer fluids than NFs, as they present higher thermal conductivity, low viscosity and synergistic effects among
nanopatrticles. These effects are caused by different-size nanoparticles forming ordered arrangements around liquid
molecules and acting as bridges among little aggregations of smaller nanoparticles. In this paper, simulations of heat
transfer of HNFs and NFs in an open pipe are compared. The NFs and HNFs are made from aluminum oxide Al203
and TiO2 nanoparticles suspended in deionized water. The comparison is made at the same solid particle volume
concentration and hydraulic and thermal conditions. The simulation domain is a circular pipe having an internal diameter
5.25 cm and a length 16.51 cm. The pipe is subjected to constant heat flux of 15518 W/m2. At the inlet, the fluid’s
temperature was constant at 298 K, and a Reynolds number of 1798 (entrance velocity 0.029 m/s). The mesh-
independent results show that the heat transfer performance of HNFs is superior to that of NFs.

Keywords: Nanofluids, Hybrid nanofluids, Convection, Simulations

INTRODUCTION

Nanofluids are typically liquids with solid nanoparticles (< 100 nm) of metals (e.g. copper, silver, and gold) or metal
oxides (e.g. alumina, titania, and iron oxide) suspended in them. Base fluids are usually coolants such as water,
ethylene glycol and refrigerants. Graphene nanosheets and carbon nanotubes have been used due to their higher
thermal conductivity. Nanofluids were proposed as coolants in Argonne National Laboratory (USA) in 1995 [1].
Scientific research of nanofluids has been dramatically increasing ever sense.

The common base fluids have poor thermal conductivities, and adding nanoparticles increases their conductivity.
Nanoparticles also enhance the convective heat transfer coefficient [2]. The enhanced heat transfer comes with a
penalty: increased viscosity and density, which leads to higher pressure drop. Nonetheless, nanofluids are viewed
as the next generation coolants. Some guidelines for choosing nanofluids for enhanced heat transfer in applications
have been published, e.g. [3].

A hybrid nanofluid is an advanced nanofluid that contains two or more kinds of chemically-distinct nanoparticles
dispersed in a single base liquid. HNFs are a relatively recent evolution of nanotechnology. While ordinary nanofluids
have been around since 1995, HNFs have started receiving increased attention around 2015. HNFs are more
effective heat transfer fluids than ordinary nanofluids (mono-nanoparticle fluids), as they present higher thermal
conductivity, low viscosity and synergistic effects. These effects are caused by some nanoparticles forming ordered
arrangements around base liquid molecules and acting as bridges among little aggregations of smaller nanoparticles.
These peculiar HNFs’ phenomena lead to effective heat transfer networks. Also, by hybridizing the appropriate
combination of nanoparticles, one can get the desired heat transfer effect even at low particle concentrations [4].

Currently there is a lack of understanding of transport phenomena of HNFs. The research on HNFs began to emerge
about 10 years ago, and is still limited both experimentally and numerically [5]. The vast majority of recent papers is
focused on thermophysical properties of HNFs, e.g., [6-8]. Other investigations are specifically focused on the
thermal conductivity of HNFs due to its vital role in heat transfer enhancement, and on viscosity due to its role in
pressure drop, e.g., [9-13].

Recently, Skouras et al. [14] investigated thermal conduction in hybrid nanofluids; and Khan et al. [15] provided a
study on the thermophysical features of hybrid nanomaterials for of solar thermal applications of heat exchangers.
Investigations of HNFs properties and applications in various applications continue to appear in the literature. For
example, Singh [16] investigated hybrid nanofluids for low-carbon chemical processes, and Zia et al. assessed the
improvement in heat transfer and thermal stability of hybrid nanofluids

The literature on convection heat transfer characteristics of HNFs is relatively small, especially for heat transfer in

the common geometry of clear pipes. Nonetheless, studies clearly indicate that HNFs yield high rates of heat transfer
[17,18].
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SIMULATIONS

The single-phase model (SPM) of nanofluids treats nanoparticles and base fluid as a single phase, and assumes
that local thermal equilibrium holds between the two constituents. These assumptions are justified due to small size
of nanoparticles. Governing equations that are used for conventional fluids can be used for single-phase nanofluids.
Thermophysical properties of nanofluids need to be determined and inserted in these governing equations. Many
researchers [19,20] reported that heat transfer in nanofluids can be modelled using the SPM.

The volume fraction of nanofluids is the solid nanoparticles volume divided by the mixture volume prior to mixing:
P =P /¢tot (1)

In the current study, the nanofluids were made from aluminum oxide Al203 and TiO2 suspensions in deionized (DI)
water. The hybrid nanofluid was made by suspending Al203 and TiO2 in DI water with 50:50 of the two kinds of
nanoparticles. In all cases, the volume fraction was 1.5%. The thermal conductivity of HNFs can be calculated from
[21, 22] as:

Kot _ |:kTi02 + 2Ky — 2050, (Ky — kTiOz)il

Ky Krioa *+ 2Kyt + @rioa (Kyr —Krio2)

The density and the specific heat can be obtained from [21, 23]] as:
Pt = A= 0) Py +(0.5—-9) 505+ (0.5—9) prio,

_ (1-9)py Cy +(0.5%0) p1205C 1203 + (0-5%0) £ri0:Crio

C =
Phnt

hnf

and the viscosity from [21-23]

Mg 1

Ho = Prios) (L= @u003)*°

Nanofluids and HNF flew through a heated pipe shown schematically in Fig. 1. At the inlet, the fluid temperature Ti
was 298 K, and the entrance velocity ui was 0.029 m/s, which is in the laminar flow regime. On the external surface
of the pipe a constant uniform heat flux q" = 15518 W/m2 is applied. The k-¢ model is the most common model
utilized to simulate flow characteristics. The primary reasons for choosing this model are as follows: Robustness and
reasonable accuracy for a wide range of flows and heat transfer simulations [24, 25].

16.51 cm

q
bbbl bl

Ui
525ecm 6.05 cm
T ¢

Fig. 1. Schematic of the simulated heat transfer system

All simulations were conducted utilizing ANSYS Fluent 2021 R1 on a local station AMD Ryzen 7 1st Gen - RYZEN 7
1700X Summit Ridge (Zen) 8-Core 3.4 GHz (3.8 GHz Turbo) with dual processors, 64 cores, and 32.0 GB RAM. Mesh-
independent was achieved. The final mesh consisted of uniform square-shaped elements with near-wall higher density
to capture any small temperature variations. The run took approximately 25 minutes to converge.

RESULTS

Figure 2 shows the variation in surface temperature as a function of distance from the entrance for the two nanofluids
and the hybrid nanofluid- all the same volume fraction of 1.5%. The case for clear water is also included for
reference. The two nanofluids are seen to produce approximately the same wall temperature along the pipe, which
indicates similar heat-transfer performance. For the two nanofluids, the wall temperature is significantly lower than
that for water. The hybrid nanofluid is seen to produce a much lower wall temperature, which indicates a superior
performance of this advanced fluid compared to mono nanofluids. The gaps between the surface temperature for all
fluids is seen to increase along the pipe.
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Fig. 2. Surface temperature along the pipe for all fluids

Clearly, there is thermal development in all cases: the temperature starts to increase gradually with a changing slope.
Thermal development will be assessed by looking at the local Nusselt number as shown below.

Another way of looking at the convection heat transfer of these fluids is to plot the local Nusselt number Nux as shown in Fig. 3.
The number is obtained from

Nux = qHD/k(wa _Tbx) (2)

where " is the surface heat flux, D is the pipe’s internal diameter, K is the conductivity of the fluid, and T,cand T, are the
local wall and bulk temperatures, respectively. It should be noted that the local bulk temperature can be obtained from ANSYS.

As expected, the Nusselt number starts high at the entrance and decreases along the flow direction. It seems to be approaching
a constant value (independent of distance) starting at about 15.2 cm, which indicates full thermal development. After this point,
the increased in Nusselt number of HNF over the nanofluids is about 23.5%, indicating better heat transfer for the former. This is
a considerable amount that has serious implications for heat transfer equipment, and can be employed in various applications
where a cooling fluid is needed.

Open Channel at Re=1635

Nu

0.05 0.1 0.15
X(m)

Fig. 3. Local Nusselt number along the pipe for all fluids
CONCLUSION

Convective heat transfer simulations for two nanofluids and one hybrid nanofluid made from the same nanoparticles at
the same volume concentration of 1.5% were conducted. The common case of a heated circular pipes having a
constant surface heat flux was analysed. The single-phase model was adopted for the nanofluids, and their properties
were obtained from correlations in the literature. The wall temperature for the hybrid nanofluid was seen to be
significantly lower than that obtained with each of the two nanofluids; and the local Nusselt number for the hybrid
nanofluids was much higher than those for the ordinary nanofluids. These two items indicate better heat transfer
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performance of the hybrid nanofluid. The results are encouraging but other cases need to be investigated to further

establish the superiority of hybrid nanofluids as coolants. The effect of flow Reynolds number and the volume
concentration on heat transfer needs to be pursued.
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ABSTRACT

Nitrogen fertilizer as a core element of plant nutrition is crucial for improved food security. This is especially important
for Sub-Sahara Africa, with extremely low rates of fertilizer application per hectare of arable land, an already high
proportion of people with insufficient food intake and a significant population growth in the next decades. Nitrogen
fertilizer is today produced in large ammonia synthesis plants applying technologies with very high emissions of
greenhouse gases. Technological innovation, specifically small-scale electrolysis-based hydrogen and ammonia
production offer a pathway for a paradigm shift in N-fertilizer production. The main difference between traditional and
electric Haber-Bosch plants is that the economic logic of the former depends on a continuous supply of natural gas,
which leads to a concentration on only a few locations internationally. However, if the process is based on electrolytic
hydrogen, it can basically be carried out anywhere where there is a large potential for renewable energies and clean
water. This allows ammonia and N fertilisers to be produced closer to the farm gate and with much lower greenhouse
gas emissions.

Keywords: Low Emission Hydrogen, Nitrogen fertilizers, Food security, Sub-Sahara Africa
INTRODUCTION

Since around 2020, the European Union and many countries (e.g. Germany) approved ambitious strategies to
develop a Low-Emission Hydrogen (LEH2) economy. The vision was based on the idea, that a new international
energy geography might significantly alter trade patterns of energy carriers [1, 2]. Industrialized countries would
import significant quantities of clean LEHz and derivatives (ammonia, methanol, Sustainable Aviation Fuels (SAF)) to
decarbonize activities that are not suitable for direct electrification, such as iron and steel production or aviation. On
the other hand, production patterns could emerge that are more diverse than those for fossil fuels. While their
locations are necessarily tied to natural deposits of oil, gas, or coal, green hydrogen (GH2) can basically be produced
anywhere where there is sufficient potential for renewable energies. Developing countries rich in solar and wind
energy could establish new global value chains and create urgently needed jobs.

Around five years after the adoption of hydrogen strategies in Europe, however, it is clear that some assumptions
were too optimistic, particularly with regard to the speed at which a new energy geography could emerge [3]. Neither
the supply of GH2 nor its demand have so far significantly been scaled up. Large-scale projects along the supply
chain have been cancelled or significantly postponed, e.g. a planned Hz-pipeline between Norway and Germany,
which would have enabled a secure supply of LEH:to industrial customers in Central Europe. However, we assume
that the development of a LEH2 economy will remain on the agenda as long as there is an international commitment
to limit greenhouse gas (GHG) emissions and global warming. In this context, it is important to identify courses of
action that will yield benefits in the short term while also serving as a bridge until technological maturity and cost
reductions allow the emergence of a global hydrogen economy [4].

Committed to the goals of broad economic growth within planetary boundaries, we propose to place one focus in the
coming years on the production and application of low-emission fertilizers especially in sub-Sahara Africa. This can
contribute to several development goals, as will be explained below.

SUB-SAHARA AFRICA: AN UNDER-FERTILIZED WORLD REGION

For food production, plant nutrition is core. In addition to securing or restoring decent levels of soil health, the
application of external nutrients is seen as indispensable by most researchers. The core macronutrients for plants
are nitrogen (N), phosphorus (P), and potassium (K), in addition other relevant elements should be mentioned, such
as iron, sulphur, and calcium. Following FAO and International Fertilizer Association (IFA) data [5], the quantitative
relation of applying fertilizers globally are N: 56%, P: 24% and K: 20%. Levels of fertilizer consumption per hectare
of arable land increased continuously over the past decades, globally from around 55 kg/ha in 1972 to 134 kg/ha in
2022. The differences among the world regions are very significant. In 2022 (last available data) agricultural
enterprises of all sizes in East Asia/Pacific applied 321 kg/ha, in South Asia 201 kg/ha, in Latin America and the
Caribbean 187 kg /ha and in the EU 124 kg/ha. Sub-Saharan Africa stands out as a world region with extremely low
fertilizer application rates, reaching only 18 kg in 2022, up from 10 kg in 1972 [6].
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The under-fertilization of arable land in Sub-Saharan Africa and its evident connection to malnutrition has repeatedly
raised the attention of researchers and policy makers. In 2006, African Union adopted the “Abuja Declaration on
Fertilizer for the African Green Revolution”, stating that “No region of the world has been able to expand agricultural
growth rates and tackle hunger without increasing fertilizer use.” [7]. At that time, fertilizer application rates in Africa
were only 8 kg/ha, or 10% of the world average. The Abuja Declaration set the goal of raising application rates to 50
kg/ha by the year 2015. However, in 2025, the application rates in Africa had only increased to 18 kg/ha. Thus, in
2024, a new AU Declaration was approved at the “Africa Fertilizer and Soil Health Summit” in Nairobi / Kenya [8].
The Declaration took a more comprehensive approach, embedding the fertilizer applications in concepts of an
improved soil health and committed to “reverse land degradation and restore soil health on at least 30% of degraded
soils by 2034. However, the urgent need to increase the application of fertilizers on arable land was reiterated,
committing to triple domestic production and distribution of organic and inorganic fertilizers by 2034.

Regional overviews (e.g. by FAO and IDRC) clearly show that Africa is the continent with by far the lowest levels of
food security and the only world region, where insufficient food availability and hunger tend to worsen over time. This
situation cannot be attributed to one single but to a bundle of factors, e.g. conflicts, natural disasters, climate change,
the COVID 19 pandemic and its aftermath. But also, low levels of fertilizer application add to long-term food insecurity.
For instance, reduced plant growth due to deficient plant nutrition does not only affect crop yields but also nutritional
content and the amounts of biomass which remains on the arable land or can be used to feed livestock or obtain
usable biomass for soil health improvements, e.g. through composting [9]. In addition, decreasing soil fertility may
incentivize farmers to expand the area of land under cultivation, which may lead to increased deforestation [10].

AFRICA IN A DEFICIENT SYSTEM OF INTERNATIONAL NITROGEN FERTILIZER VALUE CHAINS

In the following, we will focus primarily on nitrogen fertilizers, the quantitatively most important group of fertilizers.
Phosphorus and potassium fertilizers are also traded internationally to a large extent, but their supply chains are
primarily rooted in natural deposits, e.g., potassium in Canada and phosphorus in Morocco. Nitrogen fertilizers and
their precursor, ammonia, are today also traded in highly concentrated supply chains. However, the location pattern
of primary production has a lot to do with the technology used and can be fundamentally altered by a switch in
technology, here: from fossil fuels based to LEH2-based processes.

The core of the production of N-Fertilizers is the synthesis of ammonia (NH3s). Ammonia synthesis was developed by
Fritz Haber and Carl Bosch in the first decades of the 20" century, based on the research done by Justus Liebig in
the 19 century. The Haber-Bosch process (HBP) is seen as fundamental for increasing food production and assuring
nutrition for a rapidly growing world population. The amounts of synthetized NH3s grew steadily since the invention of
the HBP, from less than half a million tons annually in the 1920s to 180 million tons in 2020. The number of facilities
which synthesize ammonia is rather small for an industry of global reach, reaching around 500 plants in 2020 [11].
In Sub-Saharan Africa only six facilities currently produce ammonia / nitrogen fertilizer [12]. This implies that a huge
proportion of N-fertilizers has to be imported. In 2024, the most important suppliers of Africa were the Russian
Federation (28%) and China (14%) [13].

The reasons for this concentrated location pattern are basically two: 1) the traditional and today clearly dominant
technology for HBP is Steam Methane Reforming (SMR). SMR is a chemical process where natural gas (mostly
methane, CH,) reacts with steam (H,O) at high temperature to produce hydrogen as the main product. Subsequently,
H2 is introduced to the Haber-Bosch reactor, where Hz2 and N2 are processed to form NHsz. SMR is capital-intensive.
Economies of scale tend to give large plants a competitive advantage over smaller units. 2) Unit costs fall especially
sharply when both SMR and the HBP operate for long or continuous periods. Long or permanent run times require
the permanent availability of natural gas as the main feedstock. Most HBP facilities are, thus, located close to
natural-gas pipelines or major gas fields. Techno-economic reasons impede a decentralization. This may be a very
crucial reason for substituting SMR based HBP by electric HBP (see the next chapter).

ELECTROLYTIC HYDROGEN IN HABER-BOSCH: THE POTENTIAL FOR A PARADIGM SHIFT THROUGH
GREEN AMMONIA

The HBP is, in general, agnostic to the “colours” of hydrogen. With some adaptations, existing reactors may continue
to be used, utilizing LEH: instead of grey hydrogen for NHs synthesis. However, considering the huge amount of
hydrogen one would require, it is more likely that existing NHs plants fed with natural gas may be retrofitted and
combined with a Carbon Capture and Storage (CCS) facility, producing so-called blue ammonia. The main reasons
for going to this option would be that one may lower the process-related GHG emissions which reach the atmosphere
while continuing to use existing facilities and avoiding stranded assets. What it would not imply, however, would be
mitigating the problems related to a centralized location pattern [14]. Long international supply chains imply that the
farmers, who are the final clients of N-fertilizers, are exposed to a series of risks: Erratic price fluctuations in the early
2000s led to more than triple the prices for N-fertilizers in some moments, which made the product unaffordable for
many farmers not only in Africa. In many countries in Africa, governments subsidize the market prizes of fertilizers,
which absorbs significant parts of the budgets available for the support of farmers. Being exposed to the fluctuations
in international prizes make the programming of public spending even more challenging. Finally, in times of increasing
international conflicts, risks for a more radical interruption of international fertilizer supply chains exist. Thus,
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decentralized location patterns for fertilizer production facilities can be seen as part of a comprehensive risk
avoidance and an increased food security and sovereignty in Africa [15, 16].

1) From green hydrogen to green ammonia 2) From ammonia to nitrogen fertilizers
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Electrolyser 'ﬂ—zlo; | N > F’(:rg?NLl::él)C)n
Green electricity Habel’ -
BOSCh [ NH, > Nitric acid
Air process production
Separation [N
Unit 1) NH3—NO
2) NO—NO,
3) NO,+H,0—HNO,
o

&
Source: Own elaboration based on DECHEMA 2022 [17]

Figure 1: Production chain of green ammonia and important nitrogen fertilizers

HBP based on LEH: allow for much smaller ammonia plants compared to traditional natural gas or coal-fed facilities.
However, techno-economic factors constitute a minimum threshold which may be difficult to fall below. The main
difference between traditional and electric HBP is that the first option depends on a secured supply of methane to
produce Hz from SMR, while the latter can be based on GHz which can be produced at any place with good renewable
energy resources and a good supply of high-quality water. With currently mature technologies, the HBP as such is
not very different in the electric version compared to the traditional method. This means that sufficient energy has to
be available to generate the high temperature and pressure needed for the Haber-Bosch loop. This implies that NHs
and nitrogen fertilizer production will not be economically feasible on the level of individual smallholder farms.

The Kenya Nut Farm Company can serve as an example of what makes sense from a techno-economic perspective.
The company farms around 3.200 hectares and produces different lines of nuts, coffee and dried fruits. In 2023, the
company entered into a partnership with US-based TalugAG to start the first commercial green ammonia plant in
Africa. The system is powered by a 2.1 MW solar farm and produces approximately one tonne of green ammonia
per day. The project started operation in late 2023 and until today, no major technical hurdles were publicly reported
[18]. The system which Talus installed is meant to be containerized and modular, implying it could also be installed
in other parts of the Global South with comparable conditions of renewable energy and water potentials and farms
that need to be supplied with N-fertilizer. In addition to large commercial farms, this could become a cost-competitive
solution for the decentralized production of nitrogen on the level of mid-sized cooperatives and larger villages [19].

CONCLUSIONS: THE WAY AHEAD

A series of papers have recently been published which show that several alternatives to traditional centralized HBP-
based ammonia production are under development and promising, with varying levels of technology readiness and
with specific advantages and disadvantages each. Three avenues seem to be most promising to contribute to social
inclusion and environmental sustainability in Africa:

e Decentralized and electrified HBP which is the topic of this paper;
e Electrochemical conversion of nitrogen to ammonia, which still has low levels of technology readiness [20]
and
e Ammonia recuperation from wastewater, which could be an option to generate NH3 for fertilizers, while
reducing the growing problem of eutrophication of water bodies, especially in fast growing urban and peri-
urban areas [21].
We assume that for a variety of reasons blue and green ammonia will be further developed in parallel and may
compete for the attention of policy makers, technology developers and investors. When it comes to the decentralized
and electrified HBP, we assume it has reached a relatively high level of technology readiness. We sketched the first
on-site green ammonia facility operating in Kenya and may assume that there will be further installations of this kind
in the future. We see two interlinked avenues for further research:

e An extended study on the techno-economic feasibility of electric HBP, determining the production costs per
kg under various structural conditions. For instance, while the plant in Kenya is powered by solar energy
only, combining wind and solar energy or using hydropower or geothermal energy could increase the full-
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load hours of the electrolyser employed, which might reduce the unit cost. The production costs would then
have to be compared to the farm-gate price of conventional N-fertilizer. This could determine the possible
price gaps, which might have to be covered by national funds or international climate- and/or development
finance.

e The discussion of possible institutional settings for decentralized N-fertilizer production with the potential of
benefitting not only commercial export-oriented farms as in the Kenya case, but also producers of staple
crops for the domestic markets. Cooperatives and producers” organizations, sometimes have a long history
in the Global South and could be critically analysed as possible role models.
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ABSTRACT

Sustainable development challenges require integrated approaches linking thermodynamics with policy and
engineering. Current frameworks rely mainly on energy-based metrics, often neglecting exergy and entropy, limiting
system performance evaluation. This study proposes a framework integrating energy, exergy, and entropy into policy
design and process optimization. The approach assesses energy systems in terms of quantity, quality, and
irreversibility, identifying sources of exergy destruction and entropy generation. Results show that energy-only metrics
lead to inefficiencies, while thermodynamic indicators improve system performance and policy coherence. The study
highlights the importance of aligning policy with thermodynamic principles to achieve more efficient and sustainable
energy systems.

Keywords; Political Systems; Governance Efficiency; Open Systems; Institutional Dynamics; Sustainability; Energy; Entropy;
National Policy Analysis

INTRODUCTION

The transition toward sustainable development has become a central objective of contemporary energy systems,
driven by growing concerns over climate change, resource scarcity, and environmental degradation. In response,
national governments have increasingly adopted policies aimed at improving energy efficiency, reducing greenhouse
gas emissions, and promoting low-carbon technologies [1]. However, these policy frameworks are predominantly
based on aggregate energy metrics and carbon accounting approaches, which often fail to capture the fundamental
physical constraints governing energy systems. Conventional energy analysis focuses on the quantity of energy flows
without adequately addressing energy quality or the irreversibilities inherent in energy conversion processes. In
contrast, thermodynamic concepts such as exergy and entropy provide a more comprehensive framework for
evaluating system performance. Exergy analysis enables the assessment of the maximum useful work potential of a
system, while entropy generation serves as a direct measure of irreversibility and the degradation of energy quality
[2]. Together, these concepts allow for a more physically grounded understanding of efficiency that goes beyond
conventional energy metrics.

Despite their theoretical importance, entropy and exergy considerations remain largely absent from national policy
frameworks and are insufficiently integrated into process engineering and optimization practices. In particular,
entropy generation representing unavoidable losses due to thermodynamic irreversibility is rarely considered in policy
evaluation, even though it directly reflects the physical limits of energy systems. This omission can lead to policies
that inadvertently promote energy pathways associated with high entropy production and significant exergy
destruction.

The lack of alignment between thermodynamic principles and policy design can result in inefficient resource allocation
and suboptimal system configurations. Policies that prioritize energy efficiency in purely quantitative terms may
overlook the cumulative effects of entropy generation across energy conversion chains. As highlighted in the
literature, ignoring energy quality and thermodynamic limits can distort both economic and policy assessments of
energy systems [3,4].

This study addresses this gap by proposing an integrated framework that incorporates energy, exergy, and entropy
analysis into national policy development and process optimization. By linking thermodynamic rigor with engineering
design and policy strategy, the research aims to support more coherent, efficient, and sustainable energy systems.

LITERATURE REVIEW

Thermodynamic Analysis: Energy, Exergy, and Entropy

Thermodynamic analysis provides the foundation for understanding energy systems. While first-law analysis ensures
energy conservation, it fails to capture the degradation of energy quality during conversion processes. Exergy
analysis overcomes this limitation by quantifying the maximum useful work obtainable from a system relative to its
environment [5]. Entropy represents the degree of disorder and irreversibility, with its generation directly indicating
the loss of useful energy potential and thermodynamic inefficiency [2]. The combined use of exergy and entropy
enables a more comprehensive evaluation of system performance by identifying both the location and magnitude of
inefficiencies.

Entropy Generation and Process Optimization
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In process engineering, minimizing entropy generation is a key principle for improving efficiency. Bejan [2]
demonstrated that reducing irreversibility enhances system performance. Similarly, exergy-based optimization
methods identify critical inefficiencies in industrial processes and energy systems [6], allowing simultaneous
consideration of energy quantity, quality, and irreversibility. However, the integration of entropy analysis into higher-
level decision-making, such as policy design, remains limited.

Energy Policy and Thermodynamic Constraints

Energy policy research traditionally focuses on economic and environmental aspects, often neglecting
thermodynamic constraints. Ignoring entropy generation and exergy destruction can lead to inefficient system
configurations [3]. Recent studies emphasize incorporating physical principles into policy analysis to better evaluate
system limits and opportunities [7,8]. Nevertheless, most national frameworks still rely on simplified energy metrics
without considering energy quality and irreversibility.

Policy Misalignment and Research Gap

Policy misalignment occurs when objectives fail to reflect thermodynamic realities, promoting inefficient pathways
with high irreversibility. This can undermine sustainability goals by increasing resource consumption [9]. Despite
extensive research in engineering and policy, integration between these domains remains limited. This study
addresses this gap by proposing a multidisciplinary framework that incorporates energy, exergy, and entropy into
policy and process optimization for more sustainable energy systems.

METHODOLOGY

This study adopts an integrated analytical framework that combines energy, exergy, and entropy analysis to evaluate
energy systems from both engineering and policy perspectives. The approach is designed to bridge micro-level
process performance with macro-level policy outcomes, enabling a more comprehensive assessment of system
efficiency and sustainability [5].
At the most basic level, system performance is first evaluated using conventional energy analysis based on the first
law of thermodynamics. Energy efficiency is expressed as:

Nenergy = % (1)
where E; represents the total energy input and E,,,denotes the useful energy output. Although widely used in both
engineering and policy contexts, this metric does not account for differences in energy quality or the irreversibilities
inherent in real processes [5].
To address this limitation, exergy analysis is introduced to evaluate the maximum useful work potential of energy
flows. Exergy efficiency is defined as:
_ Exysefui (2)

Nexergy = ExXinput

Exergy destruction within the system, which represents thermodynamic inefficiencies, is determined by:
Exdestroyed = Exinput - Exoutput - Exloss (3)

This formulation allows for the identification of performance losses that are not visible in energy-based analysis
[5,6].

In addition to exergy analysis, entropy generation is used to quantify irreversibility. The total entropy generation
within a system can be expressed as:

Q
Sgen =3 T + Sinterna 4)

where Qrepresents heat transfer at temperature T, and S;,:erngz@ccounts for internally generated entropy. The
relationship between entropy generation and exergy destruction is given by the Gouy—Stodola theorem:

Exdestroyed =Tp- Sgen )

where T,is the ambient temperature. This equation establishes a direct link between thermodynamic inefficiency and
entropy production [2,5]. The analysis is conducted across multiple stages of energy systems, including energy
conversion, distribution, and end-use processes. By applying these thermodynamic indicators, the study identifies
critical points where exergy destruction and entropy generation are concentrated. To further enhance system
performance, thermodynamic optimization principles are applied. Specifically, the methodology aims to minimize
entropy generation while maximizing exergy efficiency. These criteria are widely recognized as fundamental
principles in thermodynamic system optimization [2,6]. Finally, to connect thermodynamic analysis with policy
evaluation, a comparative framework is developed. Existing policy-driven system configurations are assessed
alongside thermodynamically optimized alternatives. This enables the identification of discrepancies between policy
objectives and physical system performance, forming the basis for policy-relevant insights.

POLICY IMPLICATIONS
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The findings of this study reveal significant limitations in current national energy policies, particularly in their reliance
on energy-based performance indicators. While energy efficiency, defined as nepergy = Eout/Ein, is commonly used
in policy frameworks, it fails to capture the qualitative aspects of energy use and the irreversibilities associated with
real processes [3,8].

In contrast, exergy efficiency n.,.r4y,and entropy generation Sg.,provide a more accurate representation of system
performance. High levels of entropy generation, as expressed through the relationship Exgestroyea = To * Sgen, indicate
substantial thermodynamic inefficiencies that are often overlooked in policy evaluation [2,5]. This leads to a structural
misalignment between policy objectives and physical system realities.

This misalignment has important economic implications. Exergy destruction represents the loss of useful work
potential, which can be interpreted as a hidden economic cost. Similarly, entropy generation reflects irreversible
losses that reduce overall system efficiency. Previous studies have emphasized that neglecting energy quality in
economic and policy analysis can distort resource allocation and long-term system performance [3,8].

From a policy perspective, these findings highlight the need to move beyond purely energy-based indicators toward
a more comprehensive framework that includes exergy and entropy. Incorporating these thermodynamic metrics
into policy design would allow for a more accurate evaluation of energy systems and support better alignment
between policy goals and physical constraints [7].

Furthermore, thermodynamically informed policies can improve resource allocation by prioritizing systems with
higher exergy efficiency and lower entropy generation. This approach would help avoid unnecessary energy
conversions and reduce avoidable system losses, contributing to more effective and sustainable energy strategies
[9].

More broadly, the integration of thermodynamic principles into policy frameworks contributes to a more rational and
physically grounded approach to sustainable development. By aligning policy decisions with thermodynamic limits,
it becomes possible to enhance both the efficiency and sustainability of national energy systems.

RESULTS AND DISCUSSION

The integrated analysis of energy, exergy, and entropy provides important insights into the performance of energy
systems beyond conventional energy-based assessments. The results clearly indicate that while energy efficiency
values may appear relatively high, exergy efficiency is significantly lower due to irreversible losses occurring
throughout energy conversion and utilization processes. This discrepancy highlights the limitations of relying solely
on first-law efficiency metrics in both engineering and policy contexts [5]. Across the analyzed system stages,
substantial exergy destruction is observed, particularly in energy conversion processes where high-quality energy is
degraded into lower-quality forms. This degradation is directly reflected in increased entropy generation, confirming
the presence of significant thermodynamic irreversibilities. The relationship between exergy destruction and entropy
generation, as described by the Gouy—Stodola theorem, reinforces the importance of considering entropy as a key
indicator of system inefficiency [2].The results further demonstrate that process optimization based on
thermodynamic criteria can significantly reduce inefficiencies. Systems designed to minimize entropy generation and
maximize exergy efficiency exhibit improved performance compared to conventional configurations. These findings
underline the importance of incorporating thermodynamic optimization principles into process engineering practices
[6].

From a system-level perspective, the analysis reveals that policy-driven energy configurations often diverge from
thermodynamically optimal solutions. In many cases, energy pathways promoted by policy frameworks involve
multiple conversion stages, leading to cumulative exergy losses and increased entropy production. Although such
pathways may align with emission reduction targets or energy supply strategies, they may be inefficient when
evaluated from a thermodynamic standpoint.

This divergence reflects a broader issue of policy—thermodynamics misalignment. Policies typically prioritize
indicators such as energy consumption and emissions, without adequately accounting for energy quality and
irreversibility. As a result, systems that are thermodynamically suboptimal may still be considered favorable within
existing policy frameworks. This misalignment becomes particularly evident when comparing energy-based efficiency
NenergyWith exergy-based efficiency n.,.r4,, Where significant gaps indicate hidden inefficiencies. The implications of
these findings extend beyond technical performance. Exergy destruction represents a loss of useful work potential,
which can be interpreted as an economic loss, while entropy generation reflects irreversible system degradation.
Therefore, thermodynamic inefficiencies translate into broader economic and sustainability challenges, reinforcing
the need for more comprehensive evaluation criteria [3,8]. Furthermore, the results highlight the importance of
system-level thinking in sustainable energy development. Isolated improvements in individual processes may not
lead to overall system efficiency if they are embedded within inefficient energy pathways. A holistic approach that
considers the entire energy chain is essential for minimizing cumulative losses and improving overall system
performance.Iln summary, the results demonstrate that integrating energy, exergy, and entropy analysis provides a
more accurate and physically grounded assessment of energy systems. The discussion emphasizes that current
policy frameworks may inadvertently support inefficient configurations, and that incorporating thermodynamic
principles into decision-making processes is essential for achieving truly sustainable and efficient energy systems.
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CONCLUSIONS

This study has demonstrated that conventional energy-based approaches are insufficient for capturing the true
performance and sustainability of energy systems. By integrating energy, exergy, and entropy analysis into a unified
framework, the research highlights the critical role of thermodynamic principles in both process optimization and
national policy development. The findings reveal a fundamental misalignment between current policy frameworks
and thermodynamic realities. Policies that rely primarily on energy efficiency and emission-based indicators fail to
account for energy quality and irreversibility, leading to significant exergy destruction and elevated entropy generation
across energy systems. This misalignment not only reduces overall system efficiency but also introduces hidden
economic costs through the loss of useful work potential and inefficient resource allocation.

By incorporating exergy and entropy into system evaluation, the study provides a more physically grounded
understanding of energy efficiency. The results demonstrate that thermodynamic optimization through minimizing
entropy generation and maximizing exergy efficiency—can significantly improve both process-level performance and
system-wide sustainability outcomes. Moreover, the integration of these principles into policy design offers a pathway
toward more coherent and effective energy strategies. From a policy perspective, the study underscores the
necessity of moving beyond purely quantitative energy metrics toward a more comprehensive framework that reflects
thermodynamic constraints. Embedding exergy and entropy indicators into national energy policies can enhance
decision-making processes, align policy objectives with physical system limits, and support more efficient allocation
of resources. More broadly, this research contributes to bridging the gap between engineering and policy disciplines.
Sustainable development cannot be achieved solely through technological advancements or policy interventions in
isolation; rather, it requires an integrated approach that is consistent with the fundamental laws of thermodynamics.
By introducing a thermodynamically informed perspective into policy and strategy development, this study provides
a foundation for more rational, efficient, and sustainable energy systems. Future research should further explore the
operationalization of exergy and entropy-based indicators within policy frameworks, as well as their application across
different national contexts and energy systems. Such efforts will be essential for advancing sustainable energy
transitions that are not only environmentally sound but also physically and economically efficient.
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ABSTRACT

This study investigates the use of carbon nanofiber-enhanced phase change material (NPCM) as a passive cooling
system for photovoltaic (PV) panels under indoor conditions. RT25HC PCM was enhanced with 1% carbon nanofibers
(CNF) to improve its thermal conductivity and filled into a finned aluminum container attached to the back of the PV
panel. Indoor experiments were conducted using a 500 W halogen lamp to simulate solar radiation of approximately
700 W/mz2. The performance of three cases: reference PV (ref-PV), PV with pure PCM (PCM-PV), and PV with nano-
enhanced PCM (NPCM-PV) was evaluated in terms of average panel temperature and electrical efficiency. The results
showed that both PCM-based cooling systems reduced PV temperature and improved efficiency compared to the
reference case. Faster charging rate is encountered in the NPCM compared to the pure PCM, resulting in lower PV
temperature during melting process. The average panel temperature decreased by 9.97% with PCM and 8.27% with
NPCM across the complete test period. Correspondingly, the average efficiency increased from 12.9% for the reference
PV to 13.2% and 13.1% for the PCM-PV and NPCM-PV, respectively.

Keywords: Photovoltaics, Passive cooling, NPCM.
INTRODUCTION

Photovoltaic (PV) technology is widely used to harness solar energy by converting incoming solar radiation into
electricity. During this conversion process, only a portion of the solar energy is transformed into electrical power,
while a large part is converted into heat. The rise in PV cell temperature negatively affects their efficiency. It has been
reported that the conversion efficiency decreases by about 0.4—-0.65% for every 1°C increase in PV temperature [1].

To mitigate this temperature rise, many studies have investigated passive cooling systems using Phase Change
Materials (PCM) attached to the back of PV panels. PCM can absorb excess heat during the day and release it later
at night, helping to regulate panel temperature. However, the charging and discharging rates of PCM are often limited
due to their low thermal conductivity. To overcome this limitation, researchers have explored the use of nanomaterials
mixed with PCM to enhance thermal conductivity, forming nano-enhanced PCM (NPCM).

Rao et al. [2] prepared an NPCM by adding 1% graphene nanoplatelets and 1% carbon nano powder to OM34 PCM.
The mixture was filled into an internally finned aluminum container attached to the back of the PV panel. Outdoor
experiments showed a 28.5% improvement in PV efficiency with NPCM, compared to 22.5% with pure PCM.
Similarly, Tuncer et al. [3] studied an NPCM prepared by mixing 1% iron nanoparticles with RT42 PCM and placing
it in a finned aluminum box behind the PV panel. Their results showed a 17.93% reduction in average PV temperature
with NPCM, compared to 14.48% with pure PCM. This temperature reduction led to a 15.51% increase in average
PV efficiency using NPCM, compared to 11.12% with pure PCM. Kameswara Rao et al. [4] investigated another
NPCM made by adding 0.9% graphene nanoflakes to HS36 PCM. Outdoor experiments showed a 25.25% increase
in average PV efficiency with NPCM, compared to 20.1% with pure PCM. Phukaokaew et al. [5] examined PCM
mixed with metal oxide nanoparticles, including aluminum oxide (Al,O3), copper oxide (CuO), and magnesium oxide
(MgO), at 6% by weight. Indoor experiments under halogen lamps showed that MgO-based NPCM achieved the
highest temperature reduction of 5.2°C, resulting in a 14.11% increase in electrical efficiency compared to the
reference PV panel. Jamil et al. [6] compared two NPCMs: one prepared with 0.5% silica and the other with 0.5%
carbon black mixed with PT58 PCM. Outdoor results showed greater temperature reduction by the carbon black-
based NPCM.

The present study investigates the use of carbon nanofiber-enhanced PCM (NPCM) in a passive PV cooling system,
which, to the best of the authors’ knowledge, has not been previously examined. Hence, this work aims to contribute
to the existing literature by evaluating the cooling performance of the CNF-NPCM.

METHODOLOGY

The PCM used in the current study is RT25HC with melting point of 25°C, thermal conductivity of 0.2 W/m.K and heat
storage capacity of 230 kJ/kg. Carbon nano fibers (CNF) is utilized to enhance the thermal conductivity of the PCM.
First the PCM is melted then around 1% concentration of CNF is added to the PCM. After that, nano material
homogenizer is used to mix the CNF with the PCM. The prepared NPCM is then poured into an aluminum container
equipped with internal fins. This container is attached to the back of the PV. In total around 2.7kg PCM is mixed with
around 27g of CNF. Indoor experiments were performed to investigate average panel temperature and efficiency
considering three cases: sole PV (ref-PV), PV with PCM-passive cooling system (PCM-PV) and PV with NPCM-passive
system (NPCM-PV). 500W halogen lamp was used to simulate solar radiation generating around 700W/m? average
radiation on the PV surface. 55W polycrystalline PV was utilized during the tests. Three k type thermocouples were
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attached at different point of the front surface of the PV to record the average surface temperature during the test which

is used to assess the performance of the cooling systems. The experimental setup is shown in Fig. 1. In addition, the
recorded average panel temperature is used to calculate the PV efficiency using Eqg. (1) [7]:

M= Nref [1 — Bres {TPL" — Trey }] (1)

Where, n,, is the PV module efficiency at reference conditions (equals to 14.50%), B, is the temperature coefficient

(equal to 0.004 K- for crystalline silicon modules), Tpy is the recorded panels’ temperature and T is the temperature
at reference conditions (equals to 25°C).

Fig. 1. Experimental setup.

RESULTS AND DISCUSSION

The recorded average PV temperature and calculated efficiency of the three considered cases, i.e. ref-PV, PCM-PV
and NPCM-PV are presented in this section. These results are obtained from indoor tests that spanned 4 hours in a
space with ambient temperature of around 20°C.

The average PV temperature of the three considered cases is presented in Fig. 2. As shown by the figure, lower
temperatures are encountared in the PVs equipped with passive cooling systems. It took the ref-PV about 40 minutes
to reach steady state temperature of around 54°C. by attaching passive cooling systems to the PV, this increase in
temperature was delayed to about 240 minutes in the PCM-PV, and to about 200 minutes in the NPCM-PV. Moreover,
the time average panel temperature for the entire test was around 52.62°C, 47.37°C (9.97% reduction), and 48.27°C
(8.27% reduction) for the ref-PV, PCM-PV and NPCM-PV respectively. Despite the higher average PV temperature
in NPCM-PV case compared to the PCM-PV, it can be seen from the figure that at early stage of the test the
temperature of the PV with NPCM was lower compared to that with pure PCM. This indicates that heat was absorbed
at a higher rate by the NPCM, which also resulted in a faster melting rate. Melting started in the NPCM at after around
30 minutes and stopped at around the 100" minute. This increase in melting rate is cause by the addition of CNF
which forms heat transfer pathways inside the PCM matrix improving its thermal conductivity. On the other hand,
although melting in the pure PCM started around the same time it stopped at around the 180" minute. The reason
average temperature of the NPCM-PV was higher than PCM-PV is that despite the lower temperatures at the early
stage, as the melting process is completed sooner in the NPCM this means it cannot absorb as much heat from the
PV, so the PV temperature start to rise earlier as the radiation is continuously falling on the PV surface. The
temperature in PCM-PV case was higher at early stage compared to the NPCM-PV, but this temperature was
maintained for longer time as the melting process is slower in the pure PCM, and so the PV temperature started to
rise at later time when the milting ended. Another reason that could have attributed to the encountered temperature
trend is the reported slight drop in the latent heat of the PCM by the addition of nanomaterials [4][8]. It also worth
noting that in the indoor conditions the radiation is kept constant at high value, but considering outdoor conditions
the radiation will hit peak values around noon before dropping, so it could be the case that melting of the NPCM will
complete at later time of the day when the radiation is dropping, and accordingly the PV temperature will not rise as
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much. The PV efficiency of the three considered cases is shown in Fig. 3. Following the PV temperature results,

higher efficiency values are achieved in the PVs equipped with passive cooling systems. The average efficiency for
the ref-PV, PCM-PV and NPCM-PV was around 12.9%, 13.2% and 13.1% respectively.
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Fig. 2. Average PV temperature for the considered cases.
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Fig. 3. PV efficiency for the considered cases.

CONCLUSIONS

In this study, the performance of a nano-enhanced PCM passive cooling system for PV panels was experimentally
evaluated under indoor conditions and compared with pure PCM cooling and a reference PV panel without cooling.
RT25HC PCM was enhanced with 1% carbon nanofibers and placed in a finned aluminum container attached to the
back of the PV panel. A halogen lamp was used to simulate solar radiation, and the thermal and electrical performance
of the systems was analyzed. The main findings are summarized as follows:

e Both PCM and NPCM passive cooling systems reduced the average PV panel temperature compared to the
reference case.

e The PCM-PV case achieved the highest temperature reduction (9.97%), followed by the NPCM-PV case
(8.27%).

e Therise in panel temperature was significantly delayed in both cooling cases compared to the reference PV.
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Higher electrical efficiencies were achieved with passive cooling, with average efficiencies of 13.2% for PCM-
PV and 13.1% for NPCM-PV, compared to 12.9% for the reference PV.

Although lower temperatures are encountered in the NPCM-PV case early in the test, the PV temperature of
the PV starts to rise sooner as the melting process completes faster. This suggests the need for the optimization
of the PCM amount to benefit from the lower PV temperature associated with faster charging rate.
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ABSTRACT

Elevated operating temperatures significantly reduce the performance of photovoltaic (PV) panels, motivating the
use of phase change materials (PCMs) for passive thermal management. This study investigates the optimal
selection of PCM type and thickness using a machine-learning-based framework under both hot and cold climatic
conditions. Four PCMs (RT28, OM37, OM42, and RT54) with thicknesses ranging from 20 to 50 mm are evaluated.
A dynamic PV-PCM thermal model is used to generate training data, and several machine-learning algorithms are
assessed for PV temperature prediction. Among them, Gaussian Process Regression (GPR) with a Matern 5/2 kernel
demonstrates superior accuracy, achieving coefficients of determination exceeding 0.99. The trained GPR model is
then applied to identify optimal PCM configurations by minimizing peak PV temperature during critical daytime hours.
The results reveal a strong seasonal dependence of PCM performance. During hot months, OM37 achieves the
lowest PV temperature at a moderate thickness of 30 mm, whereas higher-melting PCMs (OM42 and RT54) require
a thickness of 50 mm for effective cooling. In contrast, during cold months, RT28 performs best with a 20 mm thin
layer, with limited benefit from increasing thickness. These findings confirm that climate-specific PCM design is
essential for effective PV thermal management.

Keywords: Thermal management, PCM, Machine learning, Energy efficiency, optimization

INTRODUCTION

Photovoltaic (PV) modules are susceptible to operating temperature, and excessive heat accumulation reduces
electrical efficiency, accelerates material degradation, and shortens service life. This issue is particularly critical in
regions characterized by high solar irradiance and elevated ambient temperatures, where PV modules often operate
well above their optimal temperature range [1]. Consequently, effective thermal management has become an
essential aspect of PV system design.

Passive thermal management using phase change materials (PCMs) has attracted considerable attention due to its
simplicity and its ability to absorb excess thermal energy without requiring external power. Several studies
demonstrated that integrating PCMs with PV modules can significantly limit temperature rise and enhance electrical
performance by maintaining the module temperature closer to optimal operating conditions [2,3].

The effectiveness of PCM-based cooling depends strongly on thermophysical properties such as melting
temperature, latent heat, and thermal conductivity, as well as PCM layer thickness [4]. Improper PCM selection may
lead to premature melting or insufficient heat absorption under varying climatic conditions.

In addition, recent studies have explored enhancing PCM thermal performance through the development of
composite materials and the incorporation of high thermal conductivity additives. Nevertheless, determining optimal
PCM configurations across different materials, thickness, and climatic conditions using simulation approaches can
be computationally intensive [5].

Machine learning offers an efficient alternative by capturing complex relationships between environmental conditions,
PCM properties, and PV thermal behaviour. Therefore, this study proposes a machine-learning-based framework to
determine the optimal PCM type and thickness for PV thermal management under both hot and cold climatic
conditions.
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MATERIALS AND METHODS

Figure 1 illustrates the PV—PCM configuration analysed in this study, comprising a glass cover, PV cells, a PCM
layer, and rear insulation. Heat exchange occurs via convection and radiation at both the top and back surfaces,
while conduction transfers heat from the PV module to the PCM layer.

The electrical efficiency of the PV module, expressed as a function of temperature, is given by [6] as
npv = nref[l - Yref(Tpv - Tref)],

where 1, is the reference efficiency under standard test conditions (STC), y,.f is the temperature coefficient, and
Tev is the PV temperature.
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Fig. 1. Schematic of the PV—PCM module showing incident solar irradiance S, heat transfer at the top and back surfaces, and
temperature nodes for the glass cover, PV cells, PCM layer, and back insulation.

Four PCMs (RT28. OM37, OM42, and RT54) with different melting temperatures were evaluated with thicknesses
ranging from 20-50 mm. The thermophysical properties of the PCM were obtained from previous experimental studies
[6,7]. Simulation data generated from the PV-PCM thermal model were used to train several machine-learning
algorithms, including bagged trees, boosted trees, and Gaussian Process Regression (GPR). Model performance
was evaluated using RMSE, MAE, and R?2.

RESULTS AND DISCUSSION

Seasonal Variation of Solar Irradiance and Ambient Temperature
Figure 2 illustrates the seasonal variation of global horizontal irradiance and ambient temperature. During summer
months, high irradiance combined with elevated ambient temperatures increases PV operating temperature

significantly. In contrast, winter months exhibit lower temperatures, reducing thermal losses and improving PV
efficiency.
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Fig. 2. Monthly average solar Irradiance and ambient temperature profiles highlighting seasonal climatic variations.
Effect of PCM Type and Thickness on PV Temperature Profile

Figure 3 compares PV temperature profiles for bare and PCM-integrated configurations under peak summer
conditions. The bare PV module exhibits the highest operating temperature with a pronounced peak around solar
noon. Integrating PCMs reduces PV temperature significantly, and the cooling effect increases with PCM thickness.
Thin PCM layers (20—30 mm) provide partial temperature reduction but become less effective during peak hours due
to early melting. Thicker PCM layers (40-50 mm) provide sustained cooling by increasing latent heat storage
capacity. PCMs with melting temperatures closer to typical PV operating temperatures, particularly OM37 and OM42,
achieve greater peak temperature reduction.
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Fig. 3. PV temperature profiles for a bare module and PCM-integrated configurations with different PCM types and thicknesses
under peak summer conditions: (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 50 mm.

Machine Learning Prediction Performance

Several machine-learning models were evaluated to predict PV temperature. Among them, Gaussian Process
Regression with a Matern 5/2 kernel demonstrated the highest accuracy, achieving RMSE values below 0.52 °C for
hot months and 0.32 °C for cold months. As shown in Fig. 4, the predicted temperatures exhibit strong agreement
with the simulation results, confirming the reliability of the GPR model for predicting PV temperature under varying
climatic conditions.
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Fig. 4. Scatter plot of the Matern 5/2 Gaussian Process Regression (GPR) machine-learning model—predicted PV temperature
versus numerical simulation data for (a) hot and (b) cold months.

Optimal PCM Type and thickness selection using Machine Learning

The trained GPR model was used to determine optimal PCM configurations by minimizing peak PV temperature
between 10:00 and 16:00. During hot months, OM37 with a thickness of 30 mm achieved the lowest peak PV
temperature (60 °C). Higher melting-temperature PCMs such as OM42 and RT54 required thicker layers (50 mm) to
provide sufficient thermal storage. During colder months, RT28 performed best with a thinner 20 mm layer, achieving
the lowest PV temperature due to its lower melting temperature. These results demonstrate that PCM performance
is strongly climate dependent and that no single PCM configuration is optimal throughout the year.
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Table 1: Optimal PCM thickness and maximum PV temperature predicted using the Matern 5/2
GPR model for hot and cold months.

PCM Hot months Cold months
Thickness (mm) TPV (°C) Thickness (mm) TPV (°C)
RT28 50 64.53 20 35.94
OoMm37 30 59.97 50 41.25
OM42 50 60.24 50 41.50
RT54 50 62.82 50 43.57

CONCLUSIONS

This study proposed a machine-learning-based framework for optimizing phase change material (PCM) type and
thickness to improve the thermal management of photovoltaic (PV) panels under varying climatic conditions Gaussian
Process Regression with a Matern 5/2 kernel demonstrated excellent prediction accuracy for PV temperature.
Results indicate that optimal PCM configuration is strongly season dependent. OM37 with a thickness of 30 mm
provides the most effective cooling during hot months, while RT28 with a 20 mm layer performs best during colder
conditions. The proposed approach enables rapid identification of climate-specific PCM designs while significantly
reducing computational effort compared with conventional numerical optimization.

Future work will focus on experimental validation of the proposed machine-learning framework using measured PV
temperature data under real operating conditions.
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ABSTRACT

This study proposes a novel solar-integrated multigeneration system and addresses the thermodynamic analysis of
the system. The proposed system utilizes existing solar energy via parabolic collectors to integrate an organic
Rankine cycle for electricity generation, a single-effect absorption refrigeration system for cooling production, a
humidification-dehumidification desalination unit for fresh water production, and a proton exchange membrane unit
for hydrogen production. One of the main objectives of the study is to examine the effects of the ORC pressure ratio
and different working fluids on the useful outputs of the system. Accordingly, five different organic working fluids
(r245fa, toluene, R123, n-octane and n-butane) are considered to examine their effects on the system. The results
show that increasing the ORC pressure ratio increases the net power output and hydrogen production. However,
with the increase in ORC power output, there is a decrease in freshwater and cooling capacity due to the transfer of
energy to the ARS and the availability of waste heat energy in the ORC condenser. While fluids with high critical
temperatures, such as N-octane and toluene, provide relatively higher power output, fluids with lower critical
temperatures, such as R245fa and n-butane, offer advantages in cooling capacity and fresh water production.

Keywords: Sustainable Energy, Solar, Hydrogen, Freshwater, Clean Energy

INTRODUCTION

Energy demand, one of the most critical issues in today's world, is increasing day by day due to growth in population,
urbanization, and industrialization. Furthermore, considering sustainability issues and the depletion of non-renewable
resources, it is essential to obtain sufficient amounts of eco-friendly, clean, and affordable energy [1,2]. Among
renewable energy sources, solar energy, which has the highest potential to meet the world's energy demand, plays
a vital role in achieving sustainable energy by reducing the consumption of primary energy sources [3]. Utilizing the
potential of solar energy and integrating it into polygeneration systems that produce multiple useful outputs can yield
sustainable, economical, and highly efficient results [3—5]. Among all concentrating solar thermal technologies,
parabolic trough collectors (PTCs) are considered one of the most practical and feasible options for meeting medium-
temperature applications at temperatures between 150°C and 400°C [4]. ORC systems, which are at the forefront of
medium-range applications due to their high reliability, low maintenance costs, and superior efficiency, are widely
discussed in the literature in their combinations with PTCs [6-9]. The low-grade heat discarded from ORC
condensers can be effectively used to operate an absorption refrigeration system (ARS) for cooling production or in
humidification-dehumidification (HDH) desalination systems for freshwater production. Furthermore, excess electrical
energy produced can be converted into hydrogen via proton exchange membrane (PEM) electrolysis, thus enabling
energy storage in chemical form. There are several studies that examine polygeneration systems driven by solar
energy, with various configurations and different useful outputs, from a thermodynamic and thermoeconomic
assessment [1,5]. Khalid and Kumar [8] proposed a new PTC-based polygeneration system to meet the electricity,
cooling, hydrogen, and fresh water needs of a residential area and evaluated it from a thermodynamic perspective.
The proposed system drives the ORC unit via parabolic collectors, and the generated electrical energy is directed to
a vapor compression cycle (VCC) for cooling and an electrolyzer for hydrogen production. Fresh water is obtained
by freezing and desalination using cooling produced by the VCC. The researchers reported the energy and exergy
efficiencies of the system as 17.5% and 10.9%, respectively, based on their thermodynamic analysis. In another
similar study, Aimohammadi et al. [7] proposed a trigeneration system powered by solar energy, aiming to achieve
useful outputs of cooling power and fresh water. In this proposed system, which uses an ORC unit for power
generation, the waste heat from the ORC condenser feeds both the desiccant cooling system and the HDH system,
thus providing both cooling and fresh water. In their parametric analysis, the authors considered six different organic
working fluids, as well as parameters such as ORC evaporation pressure and ORC turbine inlet temperature, to
examine their effects on the system's performance. According to the study results, the highest useful outputs were
obtained with cyclohexane fluid, and it was reported that the system outputs increased with increasing turbine inlet
temperature and evaporation pressure. Although previous studies have addressed performance evaluations by
proposing multigeneration systems in various configurations, a comprehensive thermodynamic evaluation of
multigeneration systems that simultaneously produce cooling, electricity, fresh water, and hydrogen is still needed.In
particular, investigating the effects of different working fluids on system performance and calculating the exergy
destruction rates of each system component to identify irreversible processes in the system are vital for performance
and economic improvement. Therefore, this study proposes a solar-powered multigeneration system integrating
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ORC, absorption cooling, HDH desalination, and PEM electrolysis, and addresses a comprehensive energy and
exergy analysis of this system.

SYSTEM DESCRIPTION

Figure 1 shows a schematic diagram of the proposed solar-driven polygeneration system. The proposed system
consists of parallel-connected PTCs, a stratified thermal storage tank to reduce temperature fluctuations, an ORC
unit for power generation, a single effect ARS unit for cooling effect, an HDH desalination system for fresh water
production, and a PEM electrolyzer for hydrogen production. The heat transfer fluid used in the collector loop is
Syltherm 800. The heat transfer fluid (HTF) exiting from the bottom of the tank enters the collector circuit, absorbs
solar radiation, increases its temperature, and is then directed to the TES tank where the thermal energy is stored
as sensible heat. The hot HTF exiting the top of the storage tank is directed to the ORC's heat recovery system
(HRS). The hot HTF provides the necessary thermal energy for the ORC's working fluid, causing the fluid to vaporize
and expand in the turbine, thus enabling the system to generate electricity. The organic vapor, exiting the turbine at
low pressure, enters the recuperator, transferring its heat to the high-pressure fluid exiting the pump and preheating
the fluid before it enters the HRS. The HTF at the HRS outlet then enters the generator of the single-effect ARS
system using a LiBr-H20O fluid pair, providing the cooling production of the cycle. Then the HTF returns to the bottom
of the storage tank, closing the PTC-ORC-ARS cycle. The waste heat from the ORC condenser runs the HDH
desalination system. In the dehumidifier, cold saline entering the condenser via a heat exchanger increases its
temperature and is sprayed onto the packing material in the humidifier. This packing material then comes into contact
with the relatively cool air from the dehumidifier, causing the water to evaporate and humidifying the air. The humid
and warm air then enters the dehumidification unit, where it cools by transferring its heat to surfaces at lower
temperatures and is partially condensed to produce fresh water. Finally, while a fraction of the net electrical energy
produced by the ORC goes to households, another portion goes to the PEM electrolyzer where water is separated
into oxygen and hydrogen with the help of electricity. This hydrogen energy is considered a useful output and
contributes to the overall energy and exergy efficiency of the system.
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Fig.3. Schematic diagram of the proposed solar-driven polygeneration system

THERMODYNAMIC MODELING AND ANALYSIS

In this study, the Engineering Equation Solver (EES) software is used to assess the thermodynamic performance of the
solar-integrated polygeneration system. The thermodynamic properties of the ORC working fluids, seawater, and moist
air were obtained from EES's built-in libraries. Additionally, five different organic working fluids (r245fa, toluene, R123,
n-octane and n-butane) were evaluated within the ORC subsystem to investigate their effects on system performance.
The selection of working fluids is based on their thermodynamic suitability for medium-temperature solar energy
applications. Table 1 presents several of the input parameters required for modeling.

The system is analyzed using a steady-state control volume formulation. The overall system energy and exergetic

efficiency is defined as follows [1,3]:
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Where my,and my, denote produced hydrogen and freshwater mass flow rate, respectively, while é., ,, and ey,
represent specific chemical exergy of hydrogen (kJ/kg) and freshwater specific exergy (kJ/kg), respectively. The
performance criterion of the HDH unit is determined by the Gain Output Ratio (GOR), which is the ratio of latent heat
to the thermal energy supplied to the HDH unit [1].

GOR = Twis 3)
con

Table 6: Several input parameters for system modelling [1,3,4,6]
Description Parameter | Value Description Parameter Value
Reference temperature (To) 25°C HDH effectiveness Eupn 0.85
Reference pressure (Po) 101.3 kPa | PEM operating temperature Trem 353 K
Solar irradiation (Gp) 800 W/m2 | Active cell area Aact 0.05 m?
No of collector rows Neol 20 Number of cells Neel 100
ORC pressure ratio PR 0.8 Anode pre-exponential factor jref 1.7x10°
ORC condenser temperature Teon 90 °C Cathode pre-exponential factor jZEf 4.6x10°
Seawater salinity - 35 g/kg Fraction of net electricity uses for PEM foem 0.2
HTF mass flow rate at single module Myre 0.8 kg/s Lower Heating Value LHV 120 MJ/kg

RESULTS AND DISCUSSION

In the reference case, the key performance outputs of the system using Toluene as the working fluid are presented in
Table 2. It provides approximately 143 kW of net power output and has an exergy efficiency of 19.89% and an energy
efficiency of 65%. In this study, to examine the effects of the proposed system on useful outputs, the pressure ratio,
representing the ratio of high pressure in the ORC to the critical pressure of the working fluid, is investigated in the
range of 0.7-0.9, together with five different organic working fluids. Figure 2 illustrates the effects of these parameters
on the system's net power, cooling, hydrogen, and freshwater production outputs. Figure 2a shows that the net power
output tends to increase with increasing pressure ratio in all fluid cases examined. Due to their relatively high critical
temperatures to the heat source, fluids such as n-octane and toluene yield higher power outputs, while fluids with
relatively lower critical temperatures, such as R245fa and n-butane, have lower power generation outputs. Toluene and
n-octane achieve a net electrical output of approximately 143 kW, while R245fa and n-butane remain below 50 kW.
However, the increased pressure ratio leads to a decrease in cooling capacity for fluids such as n-octane and toluene,
as more heat is transferred to the ORC (see Figure 2b). Figure 2c shows that the pressure ratio is directly proportional
to hydrogen production. This is directly related to the higher net power availability for electrolysis. Conversely, freshwater
production decreases as the net power output of the ORC increases due to the availability of waste heat in the
condenser (see Figure 2d).

Table 7: Key performance outputs of the proposed system

Performance of the System (Reference case) Value Performance of the System (Reference case) Value
Cooling output (kW) 560 Hydrogen Production (kg/h) 0.64
Net power output (kW) 143.3 GOR 1.69
Energy efficiency (%) 65.5 Exergy efficiency (%) 19.89
Freshwater Production (kg/s) 0.38 Total exergy destruction rate (kW) 1265
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Fig. 4. Effects of ORC pressure ratio and organic fluids to the system’s a) Net power b) Cooling Capacity c) hydrogen
production d) Fresh water production
CONCLUSIONS

This study proposes a novel solar-integrated polygeneration system and addresses its comprehensive thermodynamic
analysis. The proposed system aims to provide simultaneous electricity, cooling, hydrogen, and fresh water production
for a community by integrating an ORC unit, ARS, PEM electrolyzer, and HDH desalination system. This study
investigated the effect of ORC pressure ratio on a polygeneration system for different working fluids. R245fa and n-
butane offer more balanced cooling and desalination performance, while fluids which has higher critical temperatures,
like n-octane and toluene, have advantages in the production of higher electricity and hydrogen as well as in
performance criteria like exergy efficiency. Accordingly, the working fluid selection should be made according to the
intended operational purpose of the system.
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ABSTRACT

This study introduces a novel waste-integrated multigeneration system that simultaneously produces electricity,
green hydrogen, freshwater, high-purity oxygen, and district heating by utilizing municipal wastewater sludge, wind
energy, and recovered thermal energy. The system is modeled using detailed mass, energy, and exergy balance
equations, achieving 42% energy and 52% exergy efficiencies under steady-state conditions. It annually produces
463.18 kt of hydrogen, 9.21 kt of freshwater, and 3674.28 kt of oxygen, which supports a coupled fish-farming unit
for sustainable aquaculture. Overall, the system demonstrates strong alignment with circular economy and
sustainability principles by integrating waste management, energy production, water recovery, and food generation
within a single efficient platform.

Keywords: Wastewater, Hydrogen, Energy, Exergy

INTRODUCTION
Global warming and environmental degradation demand a shift from fossil fuels to sustainable energy sources [1].
Wind and hydrogen have emerged as key carbon-free options [2]. Meanwhile, municipal wastewater offers an
untapped resource rich in organics and nutrients that can be converted into energy and valuable by-products [3].
This study presents a novel waste-to-resource multigeneration system that co-produces hydrogen, oxygen,
freshwater, and district heating using real municipal sludge and wastewater. Integrating microbial electrolysis,
alkaline electrolysis, and MED, it uniquely combines biological and electrochemical processes for enhanced energy
and exergy recovery.

SYSTEM DESCRIPTION

Figure 1 presents the schematic layout of the integrated multigeneration system developed for the Harmony Creek
Wastewater Treatment Plant. The configuration consists of six main subsystems. These units are interconnected
through heat, mass, and power flows to enable efficient and continuous operation. The biogas fuels the CB-ORC
subsystem, where the Brayton cycle drives the gas turbine for electricity generation. The exhaust gases heat the
Organic Rankine Cycle, which uses R245fa as the working fluid to generate additional power. The MEC subsystem
converts wastewater organics into hydrogen, carbon dioxide, and treated effluent. The alkaline electrolyzer produces
hydrogen and oxygen using electricity from renewable sources and freshwater from the MED unit. The MED subsystem
employs low-grade heat from the ORC condenser to produce freshwater. This integrated design enables efficient
recovery of energy and resources from wastewater and renewable inputs.

THERMODYNAMIC ANALYSIS

Mass, energy, and exergy balance equations were developed for each subsystem to evaluate overall thermodynamic
performance. The governing equations for the overall system energy efficiency and exergy efficiency are presented
below to assess the integrated performance based on total input and output flows:

My, X LHVE,+ Mpy, X LHV fy, + 1o, X ho,+Qnet

1)
@

r]:

Win,WT
TMH, X eXH,+ My X eXpy + Mo, X €X0,+0net
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RESULTS AND DISCUSSION

The thermodynamic and resource recovery performance of the proposed waste-integrated multigeneration system
was evaluated through energy and exergy analyses. Figure 2 compares the energy and exergy efficiencies of the
subsystems and the overall configuration. The Brayton cycle achieves the highest exergy efficiency (87%), while the
Organic Rankine Cycle maintains balanced performance (63% energy, 65% exergy). Electrochemical subsystems
show moderate efficiencies, with the alkaline electrolyzer (54% energy, 56% exergy) outperforming the MEC (13%
energy, 23% exergy). The overall system attains 42% energy and 52% exergy efficiency, demonstrating the benefit
of waste heat recovery and renewable integration.
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Figure 5: Schematic representation of designed system.

90% T
80% T
70% T

60% T
50% T
40%
30%
20% T
10% T
AD BC ORC MEC AE M

Energy Efficiency
M Exergy Efficiency

Efficiency

0%
ED Wind Overall
Turbine System

Systems

Figure 2: Comparison of energy and exergy efficiencies for each subsystem and the overall system.

CONCLUSIONS

This study developed a waste-integrated multigeneration system that co-produces electricity, hydrogen, oxygen,
freshwater, and district heating using municipal sludge, wind energy, and recovered heat. The system achieved 42%
energy and 52% exergy efficiency, showing strong thermodynamic and environmental performance. Annually, it
produces 472 kilo tonnes of hydrogen, 9.4 kilo tonnes of freshwater, and 3,776 kilo tonnes of oxygen while providing
97.22 MW of district heating and demonstrates a scalable pathway for sustainable energy-water-waste integration.
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ABSTRACT

The Mediterranean Sea presents a unique challenge in the application and development of wave energy. The regional
wave energy resources are between low and moderate with variations such as coastal and islands energy transition to
consider in its application. This study provides a literature survey of wave energy potential and application of Wave
energy converters (WECSs) in the Mediterranean Basin. Peer- reviewed resources are considered and the results
indicate that Western Mediterranean basin shows comparatively higher mean wave power while eastern regions display
a lower mean with higher seasonable variability. Literature further shows that the main applications of wave energy in
Mediterranean divided into nearshore, offshore and breakwater-integrated devices with contextual suitability, access to
already existing infrastructure and maintenance accessibility. While application of wave energy converters still faces
challenges such as economic viability, long term survivability under harsh weather events and long-term
operational application with reliable data. The Key barriers to commercially viable wave energy converter can be
circumvented with the technology-resource matching and integrated techno-economic evaluation. This is even more
apparent for the Mediterranean region.

Keywords: Wave Energy, Mediterranean Sea, Wave Energy converter, Resource assessment, Levelized cost of
electricity

INTRODUCTION

Marine renewable energy is one of the up-and-coming complementary components of Sustainable energy. Within
this new field, wave energy offers better predictivity and higher energy density relative to the other intermittent
renewable sources. Main focus of wave energy applications has been historically taken place in Atlantic Ocean, while
never research has been popping up for semi-enclosed and moderate energy seas such as Mediterranean [1].
Compared to the Open ocean characteristics, Mediterranean basic exhibits distinct oceanographic properties. With
short wave periods and generally lower wave height because of the fetch-limited geometry of the basin. Even with
these characteristics, there are various research demonstrates exploitable wave power in certain regions, especially
around the western region of the Mediterranean.[2] Moreover, Mediterranean basin includes numerous islands
communities and coastal urban centres that rely on expensive imported fuel, therefore increasing the need for
localized marine energy systems. [3,4]. Various studies have evaluated basin scale evaluates wave energy potential
of the Mediterranean via long term hindcast models and numerical wave simulations. These assessments states
special variability across sub-basin and highlight seasonal changes such as improvements in winter seasons. These
characteristics can be deployed alongside solar energy for a stable energy production in regions where solar energy
efficiency drops [2,5]. More recent studies utilize reanalysis data sets from Copernicus Marine Environment
monitoring service to provide improved spatial resolution and multi-decadal consistent simulations. [6-8]. While
assessing the available resources are important, another aspect of it is to investigate the wave energy converter
(WEC) concepts utilized. Unlike wind and solar, wave energy converters is not a mature enough field for an industry
standard to be establish. There are thousands of wave energy converter designs with varying degrees of success.
In this Literature survey, only WEC deployed in Mediterranean are considered.[9,10]. WEC concepts such as, near
shore and offshore applications are discussed under Sustainability section below [9,11-14]. From the available
research, testing and evaluating the resources characteristics in the region to the sustainable wave energy
technologies deployed remains limited. Therefore, this Literature survey aims to compare the resources availability,
discuss promising wave energy technologies, and suggest further action for the Mediterranean.

CHALLENGES AND LIMITATIONS

Division of Wave Energy potential in the Basin: Basin scale analysis done in the Mediterranean shows that the western
basin, particularly areas that are influenced by the Atlantic inflow have shown to have longer fetch conditions and have
presents comparatively higher mean wave power.[15,16]. The central Mediterranean exhibits moderate potential while
eastern basin generally displays lower overage wave potential with higher seasonal variability, due to limited fetch and
calmer prevailing conditions. [5,15]. While Mediterranean has a moderate wave potential compared to the Atlantic,
localised hotspots have been identified as seen from Figure 1. Alboran sea, Gulf of Lion, western Sardinia and certain
regions of Aegean Sea show higher localized wave potential. These places indicate that when choosing the application
of wave energy converters, it is just as important to consider resource characteristics as the WEC technologies.[5].
Moderate resource levels indicate that large scale offshore applications and arrays may face economic challenges
whereas distributed systems, nearshore applications and scaled down WEC could provide more viable path forwards.
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Figure 6 Open access Copernicus Wave Sea surface significant wave height data viewer asing Basin potential [17].
“This study has been conducted using E.U. Copernicus Marine Service Information; https://doi.org/10.48670/mds-00376"

Seasonal variability and Design Implications: One of the defining characteristics of Wave energy in the Mediterranean
is the Seasonality. Most studies hindcast studies report significant concentration of energy during winter months
compared to the tamer summer conditions as seen from Table 1 [2,5]. This variability effects the capacity factor, grid
integration strategies and storage requirements in the WEC deployment. While extreme weather conditions are known
to be less frequent and the wave height and frequency lower compared to the conditions faced by the Atlantic, they
should still be considered. Survivability plays a big role in capital cost due to reinforcement in infrastructure and mooring
techniques required. On the contrary, milder weather conditions may aid maintenance accessibility and reduce
downtime required. [18] Available research states that when robust techno economic modelling is deployed with
probabilistic evaluation of energy yield, it positively effects the long-term financial analysis and decision making [19].
Table 1 Mean Seasonal Wave Energy from MEDSEA MULTIYEAR_WAV 006 012 dataset for 2025 [17,20]

Seasons Average V\(/E\\//ve/nlf;]ergy Flux Seasons Average Wave Energy Flux (kW/m)
Autumn 7.754 Spring 8.046
Winter 9.38 Summer 3.212

Sustainability and readiness of Wave Energy technologies: One of the main challenges WEC in Mediterranean faces
are the limited capacity factor and the expensive levelized cost of electricity (LCoE). Deployment and maintenance of
wave energy converters are expensive and in most cases is not industrialized due to lack of design convergence. Most
wave energy converters tested in Mediterranean as seen from Table 2, have only been deployed for short period and
yet to be properly integrated into existing infrastructure. While wind turbines and solar farms have established standards
and competitive development to drive the costs of down.

Table 2 and Figure 2 sows that, while Tidal application for the Marine Energy is considered to be the most
technologically mature and predictable form of ocean energy. Due to the need for coastal reshaping (Resource
limitations and higher economic barriers of entry) and Legal, Operational feasibility concerns (Installation windows,
maintenance costs, planning and licensing), it has yet to be used widespread around Europe [21]. Renewable energy
in the European region has the advantage of interconnectivity of the power grid as well as an existing political and
economic infrastructure for developing greener energy sources like Capital granting schemes (Innovation Fund) and
Europe’s Zero emission goal by 2050, making the goal to reach blue energy not a dream but an eventuality. [1,22]. On
the other hand, few types of near shore and offshore technologies have been mentioned in the Table 2 showcasing
their use cases and limitations. The LCoE and Technology readiness levels (TRL) allows the reader a better idea of the
state for techno-economic feasibility.

Breakwater integrated WEC Systems: have been deployed in the Mediterranean as a particularly sustainable option.
The prototype WEC OBREC have been installed in Naples and REWEC3 Oscillating water column have been
implemented in Italy to demonstrate the feasibility of overtopping type devices especially when they are used alongside
existing harbour infrastructure[23]. Shared civil infrastructure benefits from lower costs, reduce mooring requirements,
simplifies grid connections and maintenance.[11].

Floating and Offshore Systems: A good representation of Offshore deployment strategies are floating systems such as
ISWEC, tested around the Pantelleria Island. These devices use gyroscopic inertia principles and are suited for deep
water applications. With these types of WEC, a mooring system are generally required to connect the WEC to the
seabed and transport the produced electricity. One of the challenges faced by these systems are the increased
complexity and installation costs therefore while offshore systems can achieve higher exposure to more energetic
waves, it is required to consider cost benefit trade-offs for Mediterranean conditions. [9]

Table 2. Summary of Wave energy technologies used in Mediterranean.
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Type Conflauratlo TRL LCoE 5apacﬂ Advantages Challenges Source
Horizontal Predictable resource,
Axis Turbine ~81 100 kW- | high energy density, Marine fatigue, cavitation, [24]
8-9 £/MWh | 2 MW near-continuous installation limits, grid access
(HAT) output
. . ~99 0.1-05 Operates in low PTO reliability, tether drag,
Tidal Tidal Kite 6-8 €/MWh | MW current sites subsea O&M [21]
Site- . . .
.. | 240-254 | Proven technology, Environmental impact, high
Barrage 9 ipec'f' MW high output CAPEX [24]
SR2000 ~8 - ~2 MW Easier maintenance Mooring loads, grid [25]
connection
. 100— Modular, L
Aoeor 5-8 | 1000 éok(;/\llg/v omnidirectional o 'Y?Z'f;tyfo(a)ﬁ‘ '\\//Iariability [26]
sorber €/MWh capture P ’
N ~190£/ | 375-750 | High yield, wave- Structural mass, control
Attenuator ! MWh kW aligned complexity [27]
\(I)vsa(iglrating 79 |- 400 kW— | Mature, sheltered Air turbine efficiency (~60%), [28]
2.8 MW | turbine noise
WEC Column
Terminator / 7 ~77 2.5-7 High single-device Large structure, extreme [26]
Overtopping €/MWh | MW capacity loading
~50 0.2-2 Effective in shallow Sediment impact, nearshore
owscC j €/MWh | MW waters loads [29]
Early | ~3 _ Multi-float Low efficiency, sealing
OPWEC stage | £/kWh 50 kw configuration issues [29]

Key Barriers: Despite technological breakthroughs, several barriers persist. These are, moderate average wave power
density, limited long-term operational datasets, high capital costs relative to energy yield and regulatory and permitting
challenges. Sector reports indicate that the need for demonstration projects, improved reliability data and integrated
techno-economic framework to achieve commercial viability [1,3,30].
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Figure 7 LCoE of WEC current vs target values
Figure 2 states, wave energy still has a long way to reach the target requirements set by the UK and Europe. While
the technology is developing, a collaborated effort and case by case basis needs to be applied for the application of
WEC converters. Feasibility of wave energy is a complex a multi-faceted endeavour that needs to be delved
deeper.

CONCLUSIONS

The Mediterranean Sea exhibits moderate but regionally variable wave energy potential. Western sub-basins
demonstrate higher resource availability, while eastern regions show lower energy flux but higher seasonal
concentration levels. Literature indicates that in nearshore applications, breakwater WEC systems align well with
resource characteristics and infrastructure in coastal regions. Offshore WEC systems are technically feasible but face
economic and structural challenges under moderate conditions. Future research should prioritize long term performance
monitoring, probabilistic energy yield assessment, comprehensive techno-economic analysis with feasibility and LCoE,
alongside simulations based on wave equations. A recent simulation tool, Wave Energy Converter Simulator (WEC-
SIM) developed by (NLR) and (Sandia), enabling stakeholders to reduce experimental requirements, improve design
control, and lower deployment costs. Technology-resource matching and infrastructure integration appear central to
advancing wave energy deployment within the Mediterranean basin.
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ABSTRACT

Kano State faces growing sustainability challenges driven by rapid urbanization, population growth, and
infrastructural deficits. Unreliable electricity supply, environmental degradation, and limited renewable energy
deployment continue to hinder sustainable development. This study examines sustainable energy development in
Kano State, Nigeria, focusing on electricity access constraints, policy implementation effectiveness, and renewable
energy potential. A qualitative literature review was conducted using peer-reviewed studies and official policy
documents published between 2020 and 2025. The findings show that persistent electricity shortages increase
reliance on fossil fuel-based self-generation, raising economic costs and carbon emissions. Rapid urbanization
further intensifies infrastructure pressure, water stress, environmental degradation, and inefficient waste
management. Although Kano has strong solar energy potential, deployment remains limited due to financial
constraints, regulatory inefficiencies, and weak institutional coordination, highlighting a gap between policy ambition
and implementation. The literature further implies that strengthening renewable energy financing mechanisms,
improving policy coordination, and promoting energy efficient urban infrastructure could escalate sustainable energy
development and reduce environmental impacts in Kano state.

Keywords: Sustainable energy, Renewable energy, Electricity access, Policy implementation, Kano State

INTRODUCTION

Sustainability refers to the ability to meet the needs of the present without compromising the ability of the future
generation to reach their needs integrating environmental protection, economic growth, and social equity [1]. It
incorporates the three core aspects of sustainability: social justice, environmental preservation, and economic
viability. While Sustainable energy development is defined as the long-term transformation of energy systems to
establish affordable, reliable, and environmentally friendly energy supply while reinforcing economic growth social
wellbeing. it involves improving energy efficiency, expanding renewable energy technologies, imposing strong policy
implementation mechanisms that promotes low carbon and resilient energy systems and strengthening energy
infrastructure [3].

In developing regions, sustainability is critical particularly because of the huge population growth and tight
infrastructure intensifying pressures on energy systems and natural resources. Clean reliable access of energy plays
a key role in achieving sustainable development, particularly in sub-Saharan Africa, where lack of stable energy
constrains industrialization, sustainable economic growth, and climate resilience. Worldwide, there are over 675
million people without energy access of which Sub-Saharan Africa accounts for around 540-550 million people which
constitute 80% of its global population [4]. Despite being amongst the largest African economy and having enormous
clean energy resources, Nigeria has been plagued with aggravated energy access shortage. Inadequate energy
generation, poor transmission, inadequate infrastructure, limited investment, and affordability constraints continue to
limit energy access, suppressing economy growth, and progress toward achieving sustainable development [5].

Kano state, one of the most populous and economically notable states in the Northern region, is characterised by
growing industrial action, urban expansion and increasing demand of electricity. Kano also characterised by a high
potential of solar irradiation, positions itself as a strategic case for renewable energy deployment [6]. Kano State
faces multiple interconnected sustainability challenges driven by rapid urbanization, population growth, and
infrastructural deficits. As one of the fastest-growing urban centers in northern Nigeria, the state experiences
increasing pressure on water supply, sanitation, and waste management systems. Inadequate solid waste disposal
and weak wastewater management contribute to public health risks and environmental pollution in Nigerian cities
[7,8]. Air pollution is further intensified by the widespread use of petrol and diesel generators due to unreliable
electricity supply, increasing emissions and environmental degradation [9]. Rapid population growth and urban
expansion have also raised electricity demand, while supply remains unstable and insufficient for residential,
commercial, and industrial needs [10]. This persistent energy deficit increases reliance on self-generated fossil-fuel
energy, leading to higher costs and carbon emissions [11].

Additionally, Kano’s location in the Sudano-Sahelian zone increases its vulnerability to climate variability, rising
temperatures, desertification, and water stress [12]. These interconnected environmental, climate, and energy
challenges highlight the urgent need for a transition to sustainable and renewable energy systems. Existing studies
underlines many sustainable energy development pathways for improving energy access in developing regions.
These include the expansion of decentralized renewable energy systems such as rooftop photovoltaic systems and
solar mini-grids, enhancement of energy efficiency, investing in modern grid infrastructure, and strong and supportive
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policy frameworks that encourage private sector participation and renewable energy financing. research also
emphasize the importance of integrating renewable energy into urban planning, promoting clean energy
technologies, and strengthening institutional quality to assure effective implementation of energy policies [13,14].
Against this background, this paper objective is to critically examine sustainable energy challenges in Kano state,
and evaluate the potential of renewable energy integration as a viable pathway toward improving energy security,
improving economic development, and striving toward achieving sustainable development goals (SDG) specifically
SDG7 (Affordable and clean energy) and SDG13 (climate action). This study attempts to offer insights that might
guide policy formulation and sustainable energy planning in the area by evaluating the current energy landscape and
the prospects for renewable energy deployment.

Literature review

Existing studies examine Nigeria’s sustainability and energy challenges from environmental, technical, infrastructural,
and policy perspectives. Research highlights deficiencies in urban waste management, wastewater treatment, and
air quality control, with heavy reliance on diesel and petrol generators contributing to pollution, environmental
degradation, and public health risks [15,16]. Studies also indicate that Nigeria possesses significant yet underutilized
renewable energy resources [17]. High solar irradiation in northern regions supports photovoltaic deployment, while
hydropower potential is estimated at about 13,000 MW for large-scale and 3,500 MW for small-scale projects; wind
and biomass also remain largely untapped [18,19]. Despite this potential, renewable energy contributes only
marginally to the national grid due to financial, infrastructural, and institutional constraints [20].

Rapid urbanization and population growth have further widened the electricity demand—supply gap in Nigeria's power
sector [21]. Consequently, industries, businesses, and households have become increasingly dependent on fossil-
fuel-based self-generated power, which raises production and operational costs [22]. Policy studies similarly identify
regulatory inefficiencies, fragmented financing, and weak governance as key barriers to sustainable energy
development [23]. Several research also propose sustainable energy development strategies to address these
challenges. Such as expanding decentralized renewable energy systems such as and rooftop photovoltaic
installations, solar mini-grids, enhancing energy efficiency in urban, industrial and sectors, and improving national
grid infrastructure [24]. Contrary to that, researchers also emphasize the importance of supportive regulatory
frameworks, renewable energy financing mechanisms, and promotes private sector participation to accelerate
renewable energy deployment in Nigeria and other developing economies [25]. However, despite growing scholarly
attention to Nigeria national renewable energy policies and energy improvement strategies mostly emphasize federal
level, while only limited research addresses sub-national implementation, particularly in northern states, despite
recent decentralization reforms under the Electricity Act 2023 [26,27].

Although existing studies examine Nigeria’s energy crisis, environmental management, renewable energy potential,
and policy reforms, most address these issues separately and largely at the national level [28,29]. This fragmented
focus limits understanding of how sustainability policies interact and are implemented at the sub-national scale.
Despite Kano State’s strategic importance, marked by rapid urbanization, persistent electricity deficits, and high solar
potential, research on state-level sustainability policy implementation, infrastructure readiness, and institutional
coordination remains limited [30]. In particular, there are few empirical studies examining how recent decentralization
reforms lead to practical improvements in Kano’s energy sector. Therefore, this study critically reviews sustainability
policies and existing literature related to Kano State to identify key institutional, structural, and environmental factors
influencing sustainable energy transition and to support evidence-based strategies for improving energy and
environmental sustainability in northern Nigeria.

DISCUSSION

The reviewed findings show that sustainability challenges in Nigeria are closely associated with inadequate
environmental management, insufficient energy infrastructure, and weak policy implementation. Research [15,16]
focuses on environmental sustainability and highlights the negative impacts of the widespread use of diesel and
petrol generators, including environmental degradation, air pollution, and public health risks. In contrast, studies
[17,18] underline Nigeria’s significant renewable energy potential, noting that high solar irradiation in the northern
region and substantial hydropower resources could support large-scale renewable energy deployment. While these
studies agree that Nigeria possesses abundant renewable energy resources, they differ in their explanations for the
slow deployment of renewable energy. Research [19] emphasizes that this gap is primarily due to infrastructural and
financial limitations, whereas [20] highlights institutional weaknesses such as weak governance structures and
regulatory inefficiencies. This divergence suggests that sustainable energy challenges in Nigeria are
multidimensional, involving both institutional capacity and resource management.

Similarly, research [21] identifies population growth and rapid urbanization as key drivers of the widening electricity
demand-supply gap in Nigeria’'s energy sector. Meanwhile, [22] indicates that electricity shortages have increased
dependence on fossil-fuel-based self-generation, particularly diesel and petrol generators, which significantly raises
operational costs for industries, businesses, and households. Moreover, most of these analyses evaluate the issue
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primarily at the national level. The findings of the present study suggest that these challenges are particularly evident
in Kano State, where rapid urban expansion and high population density place additional pressure on already strained
infrastructure systems. Consequently, unreliable electricity supply not only increases reliance on fossil-fuel
generators but also indirectly exacerbates socioeconomic and environmental challenges, including wastewater
management inefficiencies, urban pollution, and water supply constraints. However, [23] also highlights governance
and policy barriers as major constraints to sustainable energy development in Nigeria.

Previous studies point to fragmented financing structures, limited institutional coordination, and weak regulatory
enforcement as key obstacles to the effective implementation of renewable energy policies. Although federal policies
have increasingly promoted renewable energy development and energy sector reforms, particularly through the
Electricity Act 2023, relatively few studies [24,25] have examined how these reforms translate into practical outcomes
at the state or local levels.

From a broader perspective, the comparison of existing studies suggests that Nigeria’s sustainable energy
challenges are often framed separately as governance, environmental, or economic issues. However, the findings of
this study indicate that these dimensions are closely interconnected in Kano State. Although renewable energy
resources (particularly solar energy) are technically viable in the region due to favorable climatic conditions,
infrastructural and institutional barriers limit large-scale deployment. Therefore, improving renewable energy adoption
will depend not only on expanding renewable energy technologies but also on strengthening investment frameworks,
improving institutional coordination, and enhancing policy implementation at the state level.

Based on the findings of this study and insights from existing literature, several strategies could support sustainable
energy development in Kano State. From a policy perspective, accelerating sustainable energy development requires
stronger policy implementation mechanisms and targeted institutional reforms. Improving institutional coordination
between federal and state energy authorities is necessary to ensure the effective implementation of energy policies
and regulatory frameworks. Integrating renewable energy planning into urban development and infrastructure
planning will support better balancing of energy supply and demand and help establish realistic and achievable policy
goals. In addition, policies that prioritize renewable energy adoption in industrial, household, and commercial sectors
should be promoted. Raising public awareness about the environmental and economic implications of using diesel
and petrol generators is also essential. Finally, significant investment from both government and private sectors will
be required to achieve sustainable energy development.

CONCLUSIONS

This study examines sustainable energy development in Kano State through qualitative review of policy documents
and academic literature. The research indicates that sustainability constraints in Kano State are not primarily due to
a lack of resources but rather to structural and institutional weaknesses that hinder effective implementation.
Unreliable electricity supply remains a major constraint to sustainable development, increasing reliance on fossil fuel
based self-generation and raising both environmental and economic costs. Rapid urbanization further intensifies
infrastructure stress, environmental degradation, water pressure, and inefficient waste management. Deployment of
these resources, such as solar power, remains limited due to funding constraints, regulatory inefficiencies, weak
monitoring systems, and limited federal and state institutional coordination. This study reveals a persistent gap
between policy ambition and implementation. While recent electricity sector decentralization reforms create new
opportunities for state-level governance, achieving meaningful sustainability outcomes will depend on strengthening
institutional capacity, ensuring investment security, improving regulatory frameworks, and integrating energy
planning with broader urban sustainability strategies. Overall, the transition toward a sustainable energy system
requires institutional reform and stronger policy implementation mechanisms, in addition to technical expansion.
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ABSTRACT

Remote Inuit communities on the shores of Newfoundland and Labrador remain highly dependent on diesel fuel,
causing severe energy costs and greenhouse gas emissions (GHG). This study proposes and thermodynamically
evaluates a multigeneration integrated renewable energy system designed specifically for these communities. The
system combined two locally abundant renewable resources in the area which are tidal energy and wood-waste
biomass gasification. The system is used to simultaneously produce electricity, space heating using ground source heat
pump and biodiesel for inter-island ferry transport through a microalgae-to-biofuel pathway. Power generation is
achieved through combined Brayton and Steam Rankine cycle, along with tidal turbine. The CO:2 from gasification is
biologically sequestered through a cyanobacteria photobioreactor. The system is projected to supply approximately
30,000 MWh/yr of electricity, 132,000 MWh/yr of thermal energy, and 30,000 MWh/yr of ferry fuel, reducing community
GHG emissions by approximately 92% relative to the diesel-only baseline.

Keywords: Biomass Gasification, Tidal Energy, Hydrogen Storage, Off-grid Communities, Multigeneration Energy
Systems

INTRODUCTION

Indigenous and Inuit communities across Newfoundland and Labrador (NL) face persistent energy security
challenges. Cut off from the provincial grid, they depend entirely on diesel fuel for electricity, oil-fired heating, and
marine ferries. This leads to Canada's highest fuel costs and frequent disruptions during extreme cold weather. Yet
these islands have rich untapped resources: strong tidal currents and abundant wood-waste biomass from forestry
activities.

Multigeneration energy systems offer a promising solution. Research shows they achieve far higher energy and
exergy efficiencies than single-output systems. Prior studies have explored biomass-based Brayton-Rankine cycles,
hydrogen production, and ground source heat pumps, but none have focused on remote Indigenous islands
combining tidal and biomass inputs with marine biodiesel needs.

This study proposes and assesses a multigeneration system integrating tidal energy, biomass gasification,
hydrogen compression, ground-source heating, and microalgae biodiesel production for NL Inuit communities of
about 1200 households. It quantifies GHG reductions versus diesel baseline. Unlike existing projects using solar,
wind, and hydro renewables, our design addresses these communities' unique tidal-biomass resources and ferry
diesel dependence. Such solutions will help achieve sustainable development.

SYSTEM DESCRIPTION

The proposed System, shown in Fig. 1, combines five closely linked subsystems that share fluid streams, electrical
connections, and waste heat recovery loops. The system is designed for a reference coastal island community of
approximately 1200 households and operates under steady-state conditions, with negligible kinetic or potential energy
effects. The ambient (dead-state) conditions are taken as 10 °C and 101.3 kPa, typical of coastal Newfoundland.

Locally sourced wood waste is crushed, dried, and gasified in a two-stage reactor to produce syngas, which is
cleaned and shifted to maximize hydrogen yield. A pressure swing adsorption unit separates high-purity hydrogen while
producing biochar as a useful by-product. The purified syngas drives a combined Brayton—Rankine power cycle, with a
gas turbine producing electricity and its exhaust heat recovered by a steam bottoming cycle to increase overall
efficiency.

Hydrogen extracted from the gasification process is compressed in three intercooled stages and stored at 700 bar
in high-pressure tanks, powered by electricity from tidal turbines. This stored hydrogen serves as a renewable energy
reserve, replacing conventional diesel storage. A ground-source heat pump supplies district space heating for
community use. Finally, carbon dioxide from the biomass combustion stream feeds a microalgae photobioreactor,
where it supports algae growth for biodiesel production. The resulting biofuel can power inter-island ferries, closing the
carbon loop while providing a local, renewable fuel source.
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Fig. 1. Schematic drawing of the proposed system for Inuit off-grid island communities in Newfoundland

RESULTS AND DISCUSSION
Fig. 2 compares preliminary estimates of community energy demand with the supply from the proposed integrated
biomass system across electricity, space heating, and ferry fuel categories. Electricity demand is about 24,000 MWh
per year and is based on Newfoundland annual reports [1], while space heating demand is about 120,000 MWh per
year and reflects sub-arctic design loads typical for Newfoundland and Labrador. Ferry fuel demand is about 30,000
MWh per year and is estimated from a small coastal fleet. The results indicate that the system meets or exceeds
electricity and space heating needs, while displacing about 20% of current diesel ferry fuel, with further improvement
possible through scale-up and algae optimization.
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Fig. 2. Preliminary comparison of estimated community energy demand versus the proposed system supply for the communities

Fig. 3 illustrates greenhouse gas emissions. The diesel-only baseline emits around 1,946 tonnes of CO: equivalent
annually across end-uses, based on Environment and Climate Change Canada’s diesel emission factor [2]. The
proposed system slashes this to 152 tonnes CO2 equivalent per year, which represents a 92% reduction. Residual
emissions arise from the displaced 20% ferry diesel, minor infrastructure manufacturing/installation impacts, and net
biogenic carbon from biomass not fully re-absorbed by the microalgae photobioreactor. These outcomes align with
GHG reductions in comparable biomass multigeneration studies. Highest exergy destruction is anticipated in the
combustion chamber, as seen across referenced systems, to be modeled precisely in future Aspen Plus simulations.
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Fig. 3. GHG emission comparison between diesel-only baseline and the proposed system scenario for the reference
community, data from [4]

CONCLUSIONS

This study shows a new design for a renewable energy system for Inuit off-grid island communities in Newfoundland
and Labrador. It uses tidal energy, solar panels, and wood waste gasification to make electricity, hydrogen, heating,
and biodiesel all together. For 1200 homes, it gives about 30,000 MWh electricity, 132,000 MWh heating, 150 tonnes
hydrogen, and 180,000 litres biodiesel yearly. Algae uses 70% of gasification CO2 to make biodiesel, replacing 20% of
ferry diesel. It cuts CO2 emissions by 92%, from 1,946 to 152 tonnes per year.
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ABSTRACT

Power system reliability in isolated power systems is heavily influenced by the variability of demands and other
operational constraints. However, there is limited empirical evidence based on modern power system operation data.
This article presents an investigation of the relationship between daily demand stress and power interruption days in
Northern Cyprus using official KIB-TEK utility data for the 2024 calendar year. Daily peak demands, minimum demands,
and interruption days are used to create power system reliability indicators and interruption metrics. Comparison of days
with and without power outages, and days with low and high demand stress, indicates that days with power outages
have slightly higher average peak demands. Moreover, days with high demands alone are not sufficient to explain
power interruption days. Most days have no power outages or have only single interruption days. On the other hand,
there are few days with multiple interruption days. This indicates that power system reliability is not solely influenced by
demands but also by other factors such as power system operations.

Keywords: Demand stress, Electricity reliability, Island power systems, Northern Cyprus, Operational data analysis,
Power interruptions.

INTRODUCTION

In this short paper, a structurally tighter reliability envelope is observed in small, isolated power systems. Studies
have shown that a lack of generation diversity, reserve constraints, and poor interconnection options increase the
impact of any imbalances in supply and demand, especially in periods of high demand [1],[2]. This problem is further
complicated in the context of electrification and energy transitions, as these increase the variability in net demand
[3]. Recent studies also suggest that reliability problems in power systems tend to cluster around peak demand
conditions, with outages depending on a combination of adequacy and network constraints [4], [5] .

In this paper, a case study is presented for Northern Cyprus, where a predominantly islanded electricity system is
observed. The system is dominated by thermal sources, with operational outages frequently reported in utility
records, especially around peak demand conditions [6]. The 2024 production and statistics summary reports
generation across key thermal units (e.g., Teknecik steam units, Kalecik DG, Teknecik diesel), alongside photovoltaic
(PV) capacity reporting [7], [8]. This highlights a system that remains heavily dependent on dispatchable thermal
generation, even as PV capacity continues to expand [2].

The 2024 outage statistics report provides detailed outage data, including outage start and restoration times, outage

location, and outage causes, including ‘Uretim Yetersizligi, ‘Havai Hat Arizasi,’ and so forth. Such detailed outage
data provides a structured approach to reliability analysis, especially at a daily granularity.

From a theoretical perspective, two practical needs for constrained grids are emphasized in this study, especially in
constrained systems. Firstly, a focus is observed in the literature on operational diagnostics, especially in systems
where detailed Supervisory Control and Data Acquisition (SCADA) data is not readily available [9], [10]. For this
study, a stress-aware reliability characterization approach is also observed, where reliability is characterized in two
conditions: low stress and high stress.

Aim and contribution

This short paper proposes a method for operational data analysis, with a focus on quantifying outage incidence and
burden as a function of differing daily demand conditions for Kibris Tirk Elektrik Kurumu (KIB-TE) 2024. By leveraging
daily demand summaries, or P_max_MW, P_min_MW, in combination with outage event logs, a daily dataset is
constructed, and outages are evaluated with respect to (a) outage vs. non-outage days, and (b) high stress vs. low
stress demand conditions. The paper is intentionally pragmatic in that a reproducible operational data analysis is
proposed that leverages publicly available or utility-reported data, potentially suitable for annual updates without
requiring access to any utility-specific SCADA data. In contrast to prior work that relies on modeled scenarios or high-
resolution SCADA data, this paper demonstrates that publicly reported utility data is sufficient to produce relevant
reliability results for isolated power systems.

METHODOLOGY

The research data used in this study comes from the officially published operational data of KIB-TEK for the 2024
calendar year. The data comes from three sources, which have been combined accordingly: the Electricity Consumption
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(Tuketim) Report, which contains daily system demand indicators such as daily peak demand, daily minimum demand,
and peak hour data; the Interruption (Kesinti) Reports, which contain outage data including start times, restoration times,
areas, and cause of interruption; and the Production & Statistics Summary (2024), which contains monthly electricity
production data by type and overall system data to provide context to the operation of the system and the generation
mix. All data analysis in this study was performed on a daily system level, resulting in 366 daily data points for the 2024
calendar year. Sub-daily resolution was only used to examine outage timing and duration.

For each day d, P_max_MW and P_min_MW, representing the daily peak demand and daily minimum demand, are
defined based on the reports of consumption. Eq. (1) represents the range of daily demand. In order to normalize the
daily peak demand with respect to typical operating conditions, a stress index is defined as in Eq. (2).

AP; = P_max_MW,; — P_min_MW, Q)
__ P_max MWg

The denominator of Eq. (2). is the yearly average of the daily peak demand values of the year 2024. In order to
demarcate the intervals with high stress, the threshold based on the percentile is used. A high-stress day is defined

by Eq. (3).
P_max MW, > P_max _MW,s, 3)

where P_max_MW?s« is the 75th percentile of daily peak demand values across the full year. The days for which the
duration is less than or equal to the above-mentioned threshold are classified as low-stress days. This method does not
involve the application of any arbitrary fixed thresholds and allows the classification of stress levels based on the
observed system behavior. Each outage event reported in the interruption reports has a start time and a restoration
time associated with it. For each outage event i, the interruption duration is calculated using Eq. (4).

ti = Endi — Starti (4)

This short analysis is structured around four methodological steps: Demand characterization: indicators of daily demand
are aggregated to describe the overall system load profile and variability during 2024. Outage vs. non-outage: demand
characteristics are compared on days with recorded outages and days with no recorded outages. Stress-condition:
outage frequency and outage duration are assessed under high stress and low stress demand conditions. Temporal
analysis of outages: the distribution of outage start times is examined and compared with peak demand times.

RESULTS AND DISCUSSION

Table 1 compares the characteristics of daily demand patterns of outage and non-outage days. It is noticed that while
the average peak demand of outage days is comparable to non-outage days, the median peak demand and the
average daily demand range of non-outage days are considerably high. This indicates that high levels of demand
are not related to outage days. This suggests that outage occurrences are not primarily driven by absolute demand
magnitude, but may instead be associated with operational, maintenance-related, or network-level factors.

Table 1. Comparison of Daily Demand Characteristics on Outage and Non-Outage Days in Northern Cyprus (2024)

Day Type Mean peak | Median peak | Mean daily demand range | Mean stress | Number of days
demand (MW) | demand (MW) Delta_P (MW) index

Outage days 236.8496241 234.63 3.096541353 1.01568815 133

Non-outage days 231.1030472 239.29 18.84763948 0.991044961 233

As depicted in Table 2, the number of days with recorded interruption is more during high-stress demand conditions
compared to low-stress days. Also, the mean outage time on outage days is more during high-stress conditions,
suggesting an increased level of stress as the demand is approaching its upper limit. This may imply that while high
levels of demand may not be the direct cause of power outages, high-stress conditions may exacerbate the level of
power interruptions. As the level of demand approaches the limits of the power systems, reduced flexibility may lead
to increased restoration periods.

Table 2. Outage Occurrence and Duration Under High- and Low-Demand Stress Conditions (2024)

Stress category Number of days Days with outages (%) Mean outage duration on outage days
(min)
High-stress days 92 42.4 1751.2
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Fig. 1 shows the daily peak demands for the year 2024, where outage days are marked. This indicates that outage days
are not limited to peak demands but cover the whole spectrum. Figure 2 also shows the trend for monthly outage
frequency to follow the seasonality of the average peak demands for the year. This indicates that outages are also
influenced by broader seasonal operating conditions and not solely isolated extreme demand events which supports
[11], [12].

Daily Peak Electricity Demand with Outage Days Highlighted (2024)
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Fig. 2. Monthly Outage Frequency and Average Peak Demand

Fig. 3 depicts a comparison of the average peak demands on outage days versus non-outage days in the year 2024. It
is observed that the average peak demands on outage days are slightly higher than those on non-outage days, but the
overlapping range indicates that peak demands do not necessarily cause the occurrence of outage days. Although it is
observed that outage days have higher peak demands on average, it is also observed that outage days can have similar
peak demands as non-outage days, which indicates that not all days with high peak demands are outage days. Fig. 4
presents a distribution of outage days over the entire time period of the study. It is observed that most days have no or
one outage, while days with multiple outages are not commonly observed in the distribution of outage days. However,
a small fraction of days has a high concentration of outage days, which indicates the presence of an episodic stress
event rather than a high outage frequency over the entire year.

136



)} 17" International Exergy, Energy and Environment Symposium (IEEES-2026), Nicosia, North
' Cyprus, 1 -3 June 2026

Mean Daily Peak Demand on Outage and Non Distribution of Daily Outage Counts
Outage Days 200
236.84962 .
S 240 41 231.10304 2 250
2 5355 R 72 S 200
5% e 5
§ 20 N B T 150
g LI B e 5 100
> Z s5p
(O] |:| [ |
a- 215 . . .
@1 (L2 (2,3 (34 (45 =5
Outage days Non-outage Total
days Number of Qutages per Day
Fig. 3. Mean Daily Peak Demands Fig. 4. Distribution of Daily Outage Counts
Discussion

The results show that, in fact, demand stress not only increases the occurrence probability and the severity of power
interruptions, but elevated demand itself does not entirely explain the occurrence of interruptions in the Northern Cyprus
power system. The occurrence of non-outage days with high peak demand and large demand variability suggests that
operational factors such as generation availability, maintenance scheduling, and network conditions play a significant
role in determining reliability outcomes of the power system. This is in line with recent studies highlighting the multi-
facets of power interruptions in constrained and islanded systems.

Limitations

The basis of the analysis is publicly available reports on the operational details of the grid rather than high-resolution
SCADA or network details. Therefore, the results of the analysis should be understood to be based on associations at
the level of the overall grid, without details of feeder-level constraints, unit commitment strategies, reserve margins, or
transmission-related issues. Also, outage causes are aggregated in a binary fashion, which may involve multiple causes
not necessarily explicitly identifiable in the available details of the grid or the outages themselves.
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