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Takdim

Tiirkiye’'nin segkin iiniversitelerinde Ogrenim goren
uluslararasi 6grencilerimiz; akademik birikimleri, ¢ok yonli
bakis acilar1 ve kiiltiirler arasi tecriibeleriyle iilkemizin bi-
limsel iiretimine nitelikli katkilar sunmaktadir. Uluslararasi
Ogrenci Bilimler Kongresi, bu katkinin goriiniir hale geldi-
gi, ortak diistinme ve birlikte tiretme iradesinin somutlastig:
onemli bir akademik zemindir. Cok dilli ve disiplinler arasi
bir perspektifle ortaya konulan calismalar, bilginin evrensel
niteligini ve insanligin ortak meselelerine birlikte ¢oziim ara-
ma imkanm giigli bir sekilde yansitmaktadir.

Bugiine kadar tilkemizin farkli sehirlerinde diizenledigi-
miz kongrelerle, her bir ev sahibi sehrin tarihi, ilmi ve kiil-
tiirel birikiminden istifade etmeyi amagladik. Bu bulusmalar,
Tiirkiye'nin dort bir yanindaki {iniversitelerimizin sahip ol-
dugu uluslararasi egitim vizyonunun somut bir yansimasi ol-
mus; lilkemizde tiretilen ilmi birikimin farkli cografyalardan
gelen 6grencilerin katkilariyla zenginleserek sinirlari agan bir
dolasim ve ortak tiretim zeminine doniistiigiinti gostermis-
tir. Her sehir, kendi tecriibesi ve birikimiyle bu ortak diisiince
alanina 6zgtiin bir katki sunmus; boylece ilmin evrensel ufku
ile sehirlerimizin ilmi ve kiiltiirel zemini arasinda giiclii ve
kalic1 bir bag kurulmustur.

Kongre kapsaminda saglik bilimlerinden miihendislige,

sosyal bilimlerden disiplinler arasi1 ¢alismalara kadar genis
bir yelpazede tebligler sunulmustur. Bunun yan1 sira cagimi-
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zin temel meselelerine odaklanan 6zel oturumlar, akademik
tartismalara ayr bir derinlik kazandirmistir. Kiiresel sistem-
deki gli¢c dengelerinden aile ve niifus politikalarina, Gazze’de
gerceklestirilen soykirimin hukuk, din ve felsefe baglaminda
ele alinmasindan yapay zekanin farkli alanlardaki uygulama-
larma kadar uzanan calismalar; bilimin yalnizca teknik bir
iiretim alani olmadigini, ayni1 zamanda insanligin ortak vicda-
nina temas eden bir sorumluluk tagidigini ortaya koymustur.

Elinizdeki bu eser, kongrede sunulan bildirilerin titiz bir
degerlendirme siirecinin ardindan tam metin halinde bir ara-
ya getirilmesiyle hazirlanmistir. Bylece yalnizca bir kongre-
nin ¢iktilar1 kayit altina alinmamuis; ayn1 zamanda gelecekte
yapilacak akademik calismalara kaynaklik edecek kalici bir
referans ortaya konulmustur.

Uluslararasi 6grencilerimizi, Tiirkiye nin bilim ekosiste-
minin aktif paydaslari olarak goriiyoruz. Bu kongreler, onla-
rin yalnizca egitim hayatlarinin bir durag: degil; ayni zaman-
da diislince {iretimine katildiklari, kiiresel meselelere dair
s0z sOyledikleri ve ortak gelecege katki sunduklar: bir imkan
alanidir.

Bu vesileyle ilim yolunda gayret gosteren tiim ogrenci-
lerimize, kongrenin gerceklesmesine katki sunan paydas ku-
rumlara, kiymetli akademisyenlere ve emegi gecen calisma
arkadaslarimiza tesekkiir ediyorum. Ortaya konulan bu ¢alis-
malarin, insanligin daha adil ve daha miireffeh bir gelecegine
katki sunmasini temenni ediyorum.

Abdulhadi TURUS
YTB Baskani
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Takdim

Tiirkiye'nin tarihi derinligi, kiiltiirel zenginligi ve mede-
niyetler arasi etkilesime agik yapisi, uluslararas: 6grenciler
icin sadece bir egitim merkezi degil, ayn1 zamanda koklii bir
diistince ve anlam iklimi sunmaktadir. Bu kadim birikimden
ilham alan Istanbul Bilimler Akademisi (IBA), hem yerli hem
de diinyanin dort bir yanindan tilkemize gelen uluslararas:
ogrencilere yonelik akademik ve entelektiiel faaliyetlerini ka-
rarlilikla stirdiirmektedir.

Bu gayretlerin en 6nemli meyvelerinden biri olan ve
Yurtdisi Tiirkler ve Akraba Topluluklar Baskanligi (YTB)
isbirligiyle hayata gegirilen Uluslararasi Ogrenci Bilimler
Kongresi'nin dokuzuncusu, tarihi dokusu ve kiiltiirel mira-
styla One ¢ikan kadim sehrimiz Bursa’da gerceklestirilmis-
tir. Tlrkiye’de lisans ve lisansiistii diizeyde 6grenim goren
uluslararas: 6grencileri ortak bir platformda bulusturan 9.
Uluslararast Ogrenci Bilimler Kongresi, 6grencilerin akade-
mik {iretimlerini ve entelektiiel birikimlerini paylasmalarina
olanak tanimustir.

Sosyal Bilimler, Fen Bilimleri ve Saglik Bilimleri basta ol-
mak tizere pek cok farkli disiplinde sunulan bildirilerin yani
sira, bu seneye 6zgii olarak Kongre Ozel Konu ¢agrisiyla giin-
cel ve hayati meselelere 6zel bir alan agilmistir. Bu kapsamda;
“Diinya Kiiresel Sisteminde ABD-Cin Catismas1”, “Filistin-
Gazze Meselesi”, “Niufus ve Aile Politikalar1: Sorunlar ve
Coziim Onerileri” ile ev sahibi sehrimize bir vefa niteligi

11
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tasiyan “Tarihi, Kiiltiirel ve Ekonomik Yonleriyle Kadim
Sehir Bursa” temalar: altinda kiymetli bildiriler toplanmusgtir.
Bu basliklar, 6grencilerin yalnizca akademik bilgi {iretimine
katki saglamakla kalmamus; kiiresel gelismelere, toplumsal
meselelere ve insani krizlere karsi vicdani duyarliliklarina
da ayna tutmustur. Orta Asya’dan Afrika’ya, Balkanlar'dan
Ortadogu’ya kadar genis bir cografyadan gelen geng zihinle-
rin Bursa’da bulusmasi, Tiirkiye'nin kiiltiirel diplomasi viz-
yonuna ve uluslararasi toplumun ¢ogulcu bir kiiresel gelecek
ingasina kiymetli bir katki sunmustur. Elinizdeki bu eser, 9.
Uluslararast Ogrenci Bilimler Kongresi'nde sunulan ve titiz-
likle secilen bildirilerin bir araya getirilmesiyle olusturulmus-
tur. Diinyanin farkli noktalarindan Tiirkiye'ye uzanan bir
ilim yolculugunun bilimsel ve zihinsel bir {irtinii olan bu kita-
bin, uluslararas1 anlayisa, kiiltiirlerarasi etkilesime ve akade-
mik diinyaya hayirli olmasini temenni eder; bu siirecte emegi
gecen tiim 6grencilere, danigsman akademisyenlere ve organi-
zasyona destek veren kurumlara tesekkiirlerimi sunarim.

Prof. Dr. Giilfettin CELIK

Istanbul Bilimler Akademisi Vakf1

Yonetim Kurulu Baskani
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Brain Metastasis from Lung
Adenocarcinoma Presenting as Subdural
Hygroma and Hydrocephalus After
Surgery: A Case Report in Turkish
Republic of Northern Cyprus

Maryam Aliya IBRAHIM, Hatice KEMAL,
Doga GURKANLAR, Hiisnii KOSUCU

Ozet: Beyin metastazi, 6zellikle ileri evrelerde akciger adenokarsinomunun bili-
nen bir komplikasyonudur. Norosiriirjik girisimlerden sonra goériilen subdural
higroma, beyin omurilik s1vis1 (BOS) kagag1 ve hidrosefali gibi nadir komplikas-
yonlar ise daha az bildirilmistir. Bu komplikasyonlar, 6zellikle sistemik tedavi
yan etkileriyle birlikte ortaya ¢iktiginda &nemli tanisal ve terapotik zorluklar
olugturur. Yetmis yasinda, iki buguk yillik akciger adenokarsinomu dykiisii olan
erkek hasta, Yakin Dogu Universitesi Hastanesi'ne fokal nobetler ve olasi sol
gorme alani kaybi ile bagvurdu. Kemoterapiden bir yil sonra, sag parietal lobda
beyin metastazi saptandi ve hasta cerrahi rezeksiyonun ardindan radyoterapi
ve immiinoterapi aldi. Mevcut bagsvuruda Manyetik Rezonans Goriintiileme
(MRG), ayn1 bolgede niiksii dogrulad: ve ikinci bir beyin cerrahisi ile immiino-
terapi gerekliligi ortaya cikti. Ameliyat sonrasi hastada bilateral subdural higro-
ma, BOS kacag: ve hidrosefali gelisti. Subdural burr-hole operasyonu yapilds,
ardindan subdural-peritoneal sant yerlestirildi. Ancak hastada depresif bir atak
gelisti ve beyin elastikiyetinin kaybina bagh olas: komplikasyonlar ortaya gikti:
bradikardi (40 atim/dk), status epileptikus, akciger enfeksiyonu ve atriyal fibri-
lasyon (150 atim/dk). Kardiyoversiyon (100 J ve 150 J) ve yogun bakim {initesi
(YBU) destegi gerekti. Hasta uzun siire yiiksek doz antiepileptik tedavi ile stabi-
lize edildi ancak norolojik olarak yanitsiz kalmaya devam etmektedir. Bu vaka,
metastatik akciger adenokarsinomu hastalarinda ortaya cikabilen karmasik ve
agir norolojik ve sistemik komplikasyonlar1 gostermektedir. Bu komplikasyon-
larin multidisipliner yonetimi kritik 6neme sahiptir. Ayrica, beynin sag parietal
lobunda tiimér lokalizasyonunun nadir bir 6rnegi s6z konusudur.

Anahtar Kelimeler: Beyin metastazi, Akciger Adenokarsinomu, Immiinoterapi,
Beyin Omurilik Sivisi, Kuzey Kibris Tiirk Cumhuriyeti
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Abstract: Brain metastasis is a recognized complication of lung adenocarcinoma,
particularly in advanced stages. Rare complications such as subdural hygroma,
cerebrospinal fluid (CSF) leakage, and hydrocephalus following neurosurgical
interventions are less frequently reported. These complications present signifi-
cant diagnostic and therapeutic challenges, especially when coupled with syste-
mic treatment side effects. A 70-year-old male with a two-and-a-half-year history
of lung adenocarcinoma presented at Near East University Hospital with focal
seizures and possible left-visual field deficit. One year after chemotherapy treat-
ment, brain metastasis was identified in the right parietal lobe, and the patient
underwent surgical resection followed by radiotherapy and immunotherapy.
On current admission, Magnetic Resonance Imaging (MRI) confirmed recurren-
ce at the same site, necessitating a second brain surgery and immunotherapy.
Postoperatively, the patient developed bilateral subdural hygroma, CSF leakage,
and hydrocephalus. A subdural burrhole operation was performed and later a
subdural-peritoneal shunt was placed. However, the patient experienced a dep-
ressive episode and later complications possibility due to loss of brain elasticity
such as: bradycardia (40 bpm), status epilepticus, lung infection and atrial fibril-
lation (150 bpm), requiring cardioversion (100 ] and 150 J) and intensive care unit
(ICU) management. He was stabilized with high-dose antiepileptic treatment for
a long period of time but remains neurologically unresponsive. This case illust-
rates the complex and severe neurological and systemic complications that can
arise in patients with metastatic lung adenocarcinoma. Multidisciplinary mana-
gement of these complications are crucial. Also, there’s a rare instance of brain
tumor localization in the right parietal lobe of the brain.

Keywords: Brain Metastasis, Lung Adenocarcinoma, Immunotherapy,
Cerebrospinal Fluid, Turkish Republic of Northern Cyprus

Introduction

Brain metastases occur in approximately 25% of adult
cancer patients and are associated with poor overall progno-
sis (Cardinal et al., 2022). Lung, breast, and cutaneous mela-
noma are the most common primary tumors, collectively ac-
counting for 67% to 80% of cases (Nayak, Lee, & Wen, 2012).
Data from the Surveillance, Epidemiology, and End Results
(SEER) Program indicate that patients with small-cell lung
cancer (SCLC) or non-small-cell lung cancer (NSCLC) exhi-
bit the highest rates of brain metastases at diagnosis, whereas
melanoma carries the greatest relative risk for brain-metasta-
tic disease (Cagney et al., 2017).

Non-small cell lung cancer (NSCLC) demonstrates dis-
tinct patterns of brain dissemination. (Bender & Tomé, 2011)
reported that approximately one-quarter of NSCLC brain

14
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metastases were located in the cerebellum, exceeding what
would be expected based on relative brain volume. Similarly,
(Quattrocchi et al., 2012) observed a predilection for the occi-
pital lobes and cerebellum. More recently, (Schroeder et al.,
2020) identified a disproportionate localization of NSCLC
metastases to infratentorial regions, reinforcing posterior fos-
sa involvement as a common site. While neurosurgical resec-
tion is widely regarded as the standard treatment for patients
with solitary or symptomatic brain metastases, as it can ra-
pidly alleviate neurological symptoms. Subsequent studies
evaluating the combination of surgical resection and posto-
perative radiation therapy in patients with solitary metasta-
ses have demonstrated that this integrated approach yields
superior outcomes compared to surgery alone (Patchell et al.,
1998, 1990).

At present, Immunotherapy-based regimens constitu-
te the standard first-line treatment for most patients, reflec-
ting their widespread integration into clinical practice des-
pite uncertainties regarding intracranial efficacy (Ernani &
Stinchcombe, 2019). In particular, immune checkpoint inhibi-
tors have transformed the therapeutic landscape for NSCLC
by enhancing antitumor immune responses through bloc-
kade of inhibitory pathways (Ribas & Wolchok, 2018; Yshii,
Hohlfeld, & Liblau, 2017). However, despite their efficacy ac-
ross a range of malignancies, these agents frequently trigger
immune-related adverse events (irAE’s) that can affect virtu-
ally any organ system (Farina et al., 2024). Hence, the preci-
se role of immune checkpoint inhibitors in the management
of brain metastases remains an area of ongoing investigation
(Ernani & Stinchcombe, 2019).

15
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1. Case Presentation

A 70-year-old male with a known history of metastatic
brain tumor presented to the hospital following a prolonged
focal seizure. This patient with metastatic lung adenocarci-
noma initially received platinum-pemetrexed chemotherapy
combined with pembrolizumab. During treatment, a solitary
cranial metastasis was detected and successfully managed
with metastasectomy followed by adjuvant radiotherapy.
Maintenance pembrolizumab was continued. One year la-
ter, a new cranial lesion recurred at the same site, prompting
neurosurgical evaluation for repeat metastasectomy followed
by immunotherapy with pembrolizumab.

On neurological examination, a left-sided visual field
deficit was noted, likely related to the seizure activity and
previous oncological history. Upon admission, corticosteroid
therapy (dexamethasone 16mg/day) was initiated to reduce
elevated intracranial pressure secondary to the tumor-associ-
ated mass effect. Preoperative laboratory evaluation revealed
elevated blood urea nitrogen (BUN) (72 mg/dL), leukocytosis
(WBC 12.0 x 10°/L), and hypoalbuminemia (6.1 g/dL), with
platelet and hemoglobin values within normal limits. Cranial
MRI identified a 19.5 X 19 X 23 mm lesion in the post-central
lobe medial section of the right parietal lobe, consistent with
the previously diagnosed metastasis. The lesion appeared
hyperintense on gadolinium-enhanced T1-weighted images
and uniformly hyperintense on T2-weighted sequences. Also
increase in relative cerebral blood volume (RCBV) in approxi-
mately 50% in the anterior medial part of the defined lesion
drew attention (Figure 1).

Postoperatively, laboratory tests demonstrated persis-
tently elevated white blood cell counts, BUN of 59.0mg/L,
reduced calcitonin levels (secondary to intraoperative blood
loss). Computed tomography (CT) scan confirmed complete
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tumor excision but revealed fluid accumulation in the cranial
cavity (Figure 2). Subsequent imaging identified a subdural
hygroma and cerebrospinal fluid (CSF) leakage a communi-
cating hydrocephalus in the right frontal region which led to
the subdural burr-hole drainage for postoperative fluid col-
lection. Furthermore, due to persistent fluid accumulation of
CSF, subdural-peritoneal shunt was placed (Figure 3).

Furthermore, adjuvant Immunotherapy with pembro-
lizumab was initiated postoperatively to arrest the cancer
growth, which resulted in improvement of the patient’s level
of consciousness. During follow-up new onset high ventricu-
lar rate (Atrial fibrillation) was observed and the patient was
transferred to the ICU. Due to hemodynamic instability, syn-
chronized cardioversion (100] and 150]) was done and sinus
rhythm was restored. The patient was decompensated and
furosemide diuretic was initiated. Anti-arrhythmic medica-
tion of metoprolol 50mg/day and Amiodorone 400mg/day

were continued.

In coronary ICU whilst immunotherapy treatment was
stopped the patient demonstrated progressive laboratory ab-
normalities, including hypokalemia, hypocalcemia, declining
hemoglobin, elevated inflammatory markers [C-reactive pro-
tein (CRP) 15.76 mg/L and procalcitonin 0.50 ng/mL], and leu-
kocytosis with a white blood cell (WBC) count of 11.1 x 10°/L.
Infectious workup confirmed pulmonary colonization with
Acinetobacter baumannii/calcoaceticus, treated with targeted
antibacterial therapy of inhaled and intravenous Colistin th-
rice daily. Candida infection on urine was detected and ma-
naged with antifungal therapy. Later on, hospital acquired
infection with Klebsiella pneumoniae was confirmed via lung
aspiration. Persistent increase in CRP (42.25mg/L) with incre-
ased WBC level led to sepsis.
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Figure 1. Cranial MRI showing preoperative gadolinium-enhanced on T1-weighted

images and uniformly hyperintense on T2-weighted sequences.

Subdural burrhole operation

Subdural Peritoneal shunt
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Figure 3. CT scan showing leakage and hygroma and subdural peritoneal shunt.
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2. Discussion

Findings of the present study is consistent with previous
reports indicating that NSCLC is a major contributor to brain
metastases. (Bender & Tomé, 2011) demonstrated that near-
ly 25% of metastases were located in the cerebellum, while
(Quattrocchi et al., 2012) observed frequent involvement of
both the occipital lobes and cerebellum. Similarly, (Schroeder
et al., 2020) confirmed that infratentorial localization is more
common, highlighting a recurring pattern across multiple
studies. In contrast to these reports, the current case demons-
trated tumor development at right parietal lobe. Interestingly,
(G. Wang et al., 2019) noted that adenocarcinomas which are
not of NSCLC origin develops in the right parietal lobe with
182 out of 335 patients affected. This suggest that while pos-
terior fossa involvement is characteristics for NSCLC metas-
tases, alternative metastatic patterns may occur, particularly
depending on histologic subtype.

The management of brain metastases from non-small-cell
lung cancer (NSCLC) is multifaceted, often requiring both sur-
gical and medical interventions tailored to the individual pa-
tient’s clinical presentation. In this case, the patient presented
with focal seizures—a common yet non-specific neurological
symptom that affects approximately 10-25% of individuals
with brain metastases (Arnold & Patchell, 2001). Preoperative
imaging revealed raised intracranial pressure and significant
peritumoral oedema, for which corticosteroids were initiated.
This approach is well supported by the congress of neuro-
logical surgeons systematic review and evidence-based gui-
delines on the role of steroids in the treatment of adults with
metastatic brain tumor, as dexamethasone remains a first-line
treatment to control cerebral oedema and reduce intracranial
hypertension (Ryken et al., 2019).
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However, the use of corticosteroids, particularly at high
doses, must be approached with caution in patients schedu-
led to receive immune checkpoint inhibitors (ICIs). Studies
have shown that systemic steroids, especially when used pri-
or to or concurrently with ICIs such as anti-PD-1 or anti-PD-
L1 agents, may impair therapeutic efficacy by dampening the
immune response (Arbour et al., 2018; Chang et al., 2019). In
our patient, dexamethasone was use preoperatively. Prior tre-
atment of metastasis with adjuvant radiotherapy followed by
immunotherapy is in line with previous report (T. Wang et al.,
2024); the study indicates that combining immune checkpoint
inhibitors with brain radiotherapy yields superior overall sur-
vival in NSCLC patients with brain metastases compared to
chemotherapy plus brain radiotherapy but key questions re-
main regarding the optimal timing of radiotherapy and ICIs
administration, the impact of different radiotherapy modali-
ties on combination outcomes, and the potential for increased
treatment-related toxicities.

However, the hydrocephalus developed by the patient
might be due to long-term effects of previous adjuvant ra-
diotherapy after the first tumor resection. As reported by
(Dawley, Rana, Abou-Al-Shaar, Goenka, & Schulder, 2019)
their patient developed progressive behavioral changes, cog-
nitive deterioration, and hydrocephalus after treatment with
adjuvant radiotherapy.

After the second brain tumor resection, the patient was
subsequently treated with pembrolizumab, a monoclonal
anti-PD-1 antibody, due to high tumor PD-L1 expression
(250%), which is present in roughly 23-28% of patients with
advanced NSCLC (Garon et al., 2015; Herbst et al., 2016).
Pembrolizumab has demonstrated significant intracranial ac-
tivity in this subgroup, with a reported response rate of 33% in
brain-metastatic NSCLC (Goldberg et al., 2016). This clinical
decision aligns with existing literature and reflects a growing
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consensus favouring ICI use in PD-L1-positive NSCLC pa-
tients with CNS involvement.

Despite its benefits, the introduction of ICIs has brou-
ght a new set of clinical challenges. Our patient developed
bradycardia, atrial fibrillation, status epilepticus, an unusual
finding possibly due to loss of brain elasticity from previous
treatments —potentially representing a novel or underrepor-
ted irAE’s. While myositis is one of the better-characterized
neurological irAE’s, particularly with PD-1/PD-L1 blockade
(Johnson et al., 2019; Marini et al., 2021), the broader spectrum
of irAE’s continues to evolve with clinical experience.

Immune-related adverse events are increasingly recog-
nized as a common consequence of ICI therapy, particularly
when agents are used in combination or over prolonged peri-
ods. Neurological, cardiovascular, and hematologic toxicities
tend to be more frequently associated with PD-1/PD-L1 inhi-
bitors, while gastrointestinal and cutaneous irAEs are more
common with CTLA-4 inhibitors (Casagrande et al., 2024).
The timing of these irAE’s can vary significantly, often ap-
pearing weeks to months after treatment initiation (Ramos-
Casals et al., 2020; Sharma & Allison, 2015; Wei, Dufty, &
Allison, 2018), necessitating ongoing vigilance even after the-
rapy has commenced.

This case further emphasizes the need for a multidiscip-
linary approach in managing patients with brain metastases,
especially those receiving systemic therapies. Coordination
between oncologists, neurosurgeons, neurologists, and im-
munologists is essential not only to tailor treatments but also
to anticipate and manage potential complications effectively
(Suh et al., 2020). Our patient’s complex clinical course—inc-
luding subdural hygroma and post-surgical hydrocephalus—
reflects the intricate interplay of surgical outcomes, tumor
biology, and immunological dynamics while bradycardia,
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status epilepticus, lung infection and atrial fibrillation started
after immunotherapy initiation.

In conclusion, while immunotherapy has revolutionized
the treatment paradigm for NSCLC with brain metastases, it
brings forth unique risks that demand close monitoring and
proactive management.

Conclusion

In summary, this case illustrates both the therapeutic
potential and challenges associated with management mo-
dalities in patients with brain metastases. While surgery,
radiotherapy and use of ICIs such as pembrolizumab offer
promising intracranial control, they are also associated with
a broad spectrum of complications—some expected, others
less well-documented, as in this report. As the clinical use of
ICIs continues to expand, further research is necessary to cha-
racterize rare toxicities, improve early detection, and refine
management strategies.
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Persistent Non-communicable
Diseases among Nigerian Population
and Possible Solutions

Umar Muazu YUNUSA, Yau MUKHTAR

Ozet: Bulasicr olmayan hastaliklar (BOH), 6zellikle hipertansiyon ve obezite,
Nijerya’da giderek yayginlasmakta ve kardiyovaskiiler hastaliklarin artisinda
onemli risk faktorleri olusturmaktadir. Bu ¢alismanin amaci hipertansiyon ve
obezitenin havuzlanmis prevalansini belirlemek ve olas1 ¢ziim 6nerilerinde bu-
lunmaktir. Nijerya’da hipertansiyonun obezite ile/olmadan prevalansini bildiren
giincel calismalar (2023-2025) ¢evrimici veri tabanlarindan sistematik olarak ta-
rand1 ve PRISMA-P (Systematic Review and Meta-Analysis Protocols i¢in Tercih
Edilen Raporlama Ogeleri) protokoliine gore incelendi. Meta-analiz R yazilim1
ile gergeklestirildi. Ulusal havuzlanmig prevalans ve %95 GA rastgele etkiler
modeli ile belirlendi. Yaymn yanlilig1 gorsel olarak huni grafigi ile, matematiksel
olarak ise heterojenlik igin iig istatistik (Cochran’in Q testi, © ve I2) ile degerlen-
dirildi. Toplam 22 calisma ve 15802 katilimci (5988 erkek ve 9814 kadin) meta-a-
nalize dahil edildi. Nijerya niifusunda hipertansiyon prevalansi %30,8'dir (%95
GA: %29,2-32,3; SH #0,8; I> = %71,8; Q = 74,36). Cinsiyete 6zgii analiz, erkekler-
de hipertansiyon prevalansinin (%31,2; %95 GA: %28,3-34,1; standart hata-SH:
+1,39; I2= %79,6; Q = 93,36) kadinlara gore (%29,2; %95 GA: %27,0-31,5; SH +1,40;
I2 = %79,4; Q = 101,95) daha yiiksek oldugunu ortaya koydu. Nijerya'da obezite
prevalansi %22,4'tiir (%95 GA: %20,2-24,6; SH +1,21; 12 = %76,4; Q = 42,37). Bu
calismanin bulgulari, Nijerya’da hipertansiyon ve obezitenin yiiksek prevalansa
sahip oldugunu gostermektedir. Calisma, BOH'lerin artan etkisini ele almak i¢in
gliclendirilmis siirveyans ve hedeflenmis halk sagligi miidahalelerine ihtiyag ol-
dugunu 6nermektedir.

Anahtar Kelimeler: Prevalans, Bulasici Olmayan Hastaliklar, Hipertansiyon,
Obezite, Nijerya.
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Abstract: Non-communicable diseases (NCDs), notably hypertension and obe-
sity, are increasingly prevalent in Nigeria and represent significant risk factors
driving the rising incidence of cardiovascular diseases. The objective of the study
is to determine the pooled prevalence of hypertension and obesity and recom-
mends possible solutions. Recent studies (2023-2025) reporting prevalence of hy-
pertension with/without obesity in a Nigerian setting were systematically searc-
hed from online databases and screened following the Preferred Reporting Items
for Systematic Review and Meta-Analysis Protocols (PRISMA-P). Meta-analysis
was conducted with R software. National pooled prevalence and 95% CI were
determined by random effect model. Publication bias were determined visually
using funnel plot and mathematically using three quantifying statistics for hete-
rogeneity Cochran’s Q test, T, and I2. A total of 22 studies involving 15802 partici-
pants (5988 males and 9814 females) were included in the meta-analysis. The pre-
valence of hypertension in the Nigerian population is 30.8% (95% CI: 29.2-32.3%;
standard error-SE: +0.8%; I? = 71.8%; Q = 74.36). Gender-specific analysis for
hypertension revealed a higher prevalence among males (31.2%, 95% CI: 28.3—
34.1%; SE +1.39%; 12 = 79.6%; Q = 93.36) than females (29.2%, 95% CI: 27.0-31.5%;
SE +1.40%; 12 = 79.4%; Q = 101.95). The prevalence of obesity in Nigeria is 22.4%
(95% CI: 20.2-24.6%; SE +1.21%; I? = 76.4%; Q = 42.37). The findings of this study
suggest a high prevalence of hypertension and obesity in Nigeria. This study
recommends the need for strengthened surveillance and targeted public health
interventions to address the growing impact of NCDs in Nigeria.

Keywords: Prevalence, Non-communicable Diseases, Hypertension, Obesity,
Nigeria.

1. Introduction

Non-communicable diseases (NCDs) are chronic medi-
cal conditions that cannot be transmitted from one person to
another, including autoimmune disorders, stroke, cardiovas-
cular diseases, Alzheimer’s disease, cataracts, various forms
of cancer, diabetes, obesity, and hypertension (World Health
Organization, 2024). They are characterized by a long latency
period, a prolonged progression over time, potential functio-
nal impairment or disability, and are often incurable (Piovani,
Nikolopoulos, & Bonovas, 2022). NCDs are a growing glo-
bal health concern and a leading cause of death globally,
causing widespread mortality and placing heavy social,
economic, and healthcare burdens on individuals, families,
and public health institutions (Asuquo, Udah, & Etokidem,
2014). Hypertension and obesity are major contributor to the
development of cardiovascular diseases, including coronary
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artery disease, heart failure, stroke, and increased mortality
risk, and reported to affects over one billion adults globally
(Carey, Moran, & Whelton, 2022).

In developing countries like Nigeria, the burden of NCDs
is rising significantly. The persistence of NCDs is driven by
multiple interconnected factors, including rapid urbanizati-
on, unhealthy lifestyles, low awareness, and a fragile health-
care system (Goswami, 2024). Combating the burden of NCDs
requires a comprehensive, multi-sectoral response involving
government, civil society, healthcare providers, and the gene-
ral population to implement targeted interventions that effec-
tively reduce the disease’s impact and improve overall health
outcomes (World Health Organization, 2024).

To contribute to this, the present study aims to determine
the prevalence of two persistent non-communicable diseases
(hypertension and obesity) among the Nigerian population,
as well as explore possible solutions. The two NCDs examined
in this study are interrelated; for instance, obesity is a well-es-
tablished risk factor for the development of hypertension.

1.1. Case Definitions
1.1.1. Hypertension

Hypertension is characterized by a sustained elevation
in blood pressure. The Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC 7) (Chobanian et al.,
2003) defines Hypertension as follows: Systolic/diastolic blo-
od pressure (BP) of <120/80 mmHg as normotensive (normal),
Systolic/diastolic of 120-139/80-89mmHg as prehypertension,
or Systolic/diastolic of 2140 / > 90 mmHg as hypertension.
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1.1.2. Obesity

Obesity is a complex disease characterized by exces-
sive adiposity that adversely affects health. It is common-
ly identified using the body mass index (BMI), calculated
as weight (kg) divided by the square of height (m?) (World
Health Organization, 2025). The European Association for the
Study of Obesity (The European Association for the Study of
Obesity, 2025) defines overweight and obesity in adults as fol-
lows: BMI of 25.0 to 29.9 kg/m? is defined as overweight, BMI
of 30.00 to 34.99 kg/m? is defined as Class 1, BMI of 35.00 to
39.99 kg/m? is defined as Class 2 (moderate), or BMI of 40.00
kg/m? or higher is defined as Class 3 (severe).

1.2. Scopes of the Study

To determine the National pooled prevalence of hyper-
tension in the Nigerian population through a meta-analysis
of recent studies (2023-2025). To determine prevalence hy-
pertension in male gender, and in female gender. To deter-
mine prevalence of obesity in the Nigerian population that
concurrently reported both obesity and hypertension. And to
explore possible solutions.

1.3. Practical Implication of the Study

Understanding the prevalence of hypertension and obe-
sity in Nigeria is essential for policymakers to design and
implement effective public health interventions.

2. Materials and Methods
2.1. Study Area

Nigeria is a lower middle-income country with an area
of 923,770 km? structured in to 36 states + Abuja capital.
The World Population Dashboard of the United Nations
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Population Fund estimated the Nigeria's population in 2025
as approximately 237.5 million (United Nations Population
Fund, 2025).

2.2. Data Search and Strategy

A systematic literature search was performed in African
Journals Online, Embase, Google Scholar, PubMed, Scopus,
and Web of Science to identify relevant studies published
between January 2023 and August 2025 using pre-defined
Medical Subject Headings (MeSH) terms “non-communi-

ZATi

cable diseases,” “prevalence of hypertension,” “prevalence
of obesity,” “Nigeria,” with Boolean operators “AND” and
“OR” to combine search terms for a comprehensive search
strategy that included all fields within records and MeSH ter-
ms. Information like first author last name, publication year,
study design, state where the study was conducted, gender
distribution, sample size, number of cases, and reported pre-

valence were extracted in a Microsoft Excel.

2.3. Quality Appraisal of the Included Studies

The quality of the studies was assessed using the National
Institutes of Health (NIH) quality assessment tool for obser-
vational cohort and cross-sectional studies (Musa, Elyamani,
& Dergaa, 2022). Only studies with a good quality grade were
included in this meta-analysis.

2.4. Selection Criteria

Recent studies (2023-2025) reporting prevalence of hy-
pertension with/without prevalence of obesity in a Nigerian
setting were selected. Titles and abstracts of the retrieved
studies were initially screened for relevance based on their
objectives, methodology, and quality appraisal following the
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Preferred Reporting Items for Systematic Review and Meta-
Analysis Protocols (PRISMA-P) (Moher et al., 2015).

2.5. Inclusion Criteria

Study was selected if it met the following criteria: (1) re-
ported the prevalence of hypertension with/without obesity in
a Nigerian setting between 2023-2025; (2) defined hypertensi-
on according to guideline of The Seventh Report of the Joint
National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (JNC 7); (4) defined
obesity according to guideline of The European Association
for the Study of Obesity; and (5) showed good quality appra-
isal based on NIH quality assessment tool for observational
cohort and cross-sectional studies.

2.6. Exclusion Criteria

Study was excluded if: (1) it was conducted on Nigerians
in diaspora; (2) its full-text was not accessible at the time of
the search; (3) it has low quality appraisal; and/or (4) if it is a
review, editorial, viewpoint, or commentary.

2.7. Meta-analysis with R Software

Meta-analysis was conducted with The R Project for
Statistical Computing software (version 4.5.1). Forest and
funnel plots were generated with the R software.

2.8. Publication Bias Assessment

The publication bias among included studies was deter-
mined visually using funnel plot and mathematically using
three quantifying statistics for heterogeneity Cochran’s Q
test, t%, and I
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2.9. Hypothesis Testing
2.9.1. Hypertension

Null Hypothesis (Ho): Hypertension prevalence is similar
between studies (p>0.05; or t* = 0).

Alternative Hypothesis (H;): The difference in hyper-
tension prevalence between studies is statistically significant
(p<0.05; or v > 0).

2.9.2. Obesity

Hy: Obesity prevalence is similar between studies (p>0.05;
or ?=0).

Hi: The difference in obesity prevalence between studies
is statistically significant (p<0.05; or t* > 0).

3. Results
3.1. Study Selection

Figure 1 shows the results of the search strategy. The
search yielded a total 639 articles from various databases:
African Journals Online (87), Embase (46), Google Scholar
(256), PubMed (134), Scopus and Web of Science (115). After
rigorous screening as per PRISMA-P guideline, 22 publicati-
ons were included in the meta-analysis.
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(n=402)

P ing the
review of abstracts

(n=139)

i ing the

eligibility assessment of the full texts
(n=76)

Figure 1. Flow diagram illustrating the data search and study selection following
PRISMA-P guideline.

3.2. General Characteristics of the Included Studies

Table 1 presents the characteristics of the 22 studies
included in the meta-analysis. A total of 15,802 participants
were enrolled across these studies, comprising 5,988 males
(37.9%) and 9,814 females (62.1%). Hypertension was iden-
tified in 4,891 individuals (1,866 males and 3,025 females).
Furthermore, 11 of the 22 studies reported obesity alongside
hypertension, with a total of 1,586 obesity cases documen-
ted. Figure 2 depicts the study designs: most studies (9) were
descriptive cross-sectional, while only 1 employed a prospec-
tive cross-sectional design.
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Table 1. General characteristics of the included studies.

Author Location Sample size Hypertension Cases | Obesity
Cases
Total |M F Total | M F Total
Ezeala-Adikaibe | Enugu 1082 387 695 (299 |113 |186
2023
Ibirongbe 2023 | Oyo 400 371 |29 137 |133 |4
Ogboye 2023 Abuja 639 0 639 230 |0 230 | 176
Adeniyi 2023 Osun 143 56 87 43 13 30 36
Ibrahim 2023 Jigawa 361 223 |138 [116 |76 40
Eze 2024 Ebonyi  |120 83 37 31 28 3
Ukangwa 2025 | Ogun 238 0 238 |56 0 56 59
Adeke 2024 Nigeria | 3782 1654 2128 |1080 |419 |661
Egwim 2024 Imo 257 135 122 |89 43 46 44
Nwevo 2024 Cross 427 151 |276 |138 |44 94 117
River
Fajola 2024 Delta 1597 | 533 |1064 |516 218 [298 |356
Ige 2025 Kwara 246 80 166 |58 16 42
Akanbi 2025 Oyo 266 145 121 |76 48 28 40
Anuli 2024 Imo 380 161 [219 |136 |58 78 86
Okwara 2025 Enugu 605 158 |447 217 |48 169
Ayadi 2025 Ondo 420 164 256 |117 |33 84 95
Shogade 2024 | Akwa- 2676 842 1834 (908 297 |611 |523
Ibom
Paulmiki-Ide Cross 500 230 |270 [133 |72 61
2024 River
Cookey 2024 Rivers 1116  |468 |648 343 157 |186
Ebereghwa 2024 | Delta 222 83 139 |64 30 34 54
Okafor 2024 Enugu 200 34 166 |65 6 59
Sadiq 2024 Jigawa 125 30 95 39 14 25
Total 15,802 |5,988 9,814 | 4,891 | 1,866 |3,025 | 1,586

Total number of studies = 22

m Cross-sectional study

m Prospective cross-sectional study

m Retrospective cross-sectional study
Descriptive cross-sectional study

m Analytical cross-sectional study

Figure 2. Study designs employed.
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3.3. National Pooled Prevalence of Hypertension

The national pooled prevalence of hypertension was
estimated using a random-effects model in R software. As
shown in the forest plot (Figure 3), the overall prevalence
of hypertension in Nigerian population was 30.8% (95% CI:
29.2-32.3%; Standard Error +0.8%). By gender, the pooled
prevalence was 31.2% (95% CI: 28.3-34.1%; SE +1.39%) among
males (Figure 4) and 29.2% (95% CI: 27.0-31.5%; SE +1.40%)
among females (Figure 5).

Events per 100

Author year Cases Sample size Prevalence 95% C.I. observations

1. Ezeala-Adikaibe 2023 299 1082 276 [250;30.3] ——

2 Ibirongbe 2023 137 400 342 [296;38.9] B
3. Ogboye 2023 230 639 36.0 [32.3;39.7] —E—
4. Adeniyi 2023 43 143 301 [226;376] — =
5_lbrahim 2023 116 361 321 [27.3;37.0] —

6. Eze 2024 31 120 258 [18.0;337] — & ———

7. Ukangwa 2025 56 238 235 [18.1;28.9] — @ ——

8. Adeke 2024 1080 3782 28.6 [27.1;30.0] i

9. Egwim 2024 89 257 34.6 [28.8;40.4] —
10. Nwevo 2024 138 427 32.3 [27.9;36.8] —

11. Fajola 2024 516 1597 32.3 [30.0; 34.6] i

12. Akanbi 2025 76 266 286 [23.1;34.0] —

13. Anuli 2024 136 380 358 [31.0;406] —
14. Okwara 2025 217 605 359 [32.0;397] ——
15.1ge 2025 58 246 236 [18.3;289] ——&——

16. Ayadi 2025 "7 420 279 [236;321] —a—

17. Shogade 2024 a08 2676 339 [321;357] =

18. Paulmiki lde 2024 133 500 26.6 [22.7;30.5] —&—

19. Cookey 2024 343 1116 30.7 [280;334] —l—

20. Ebereghwa 2024 84 222 288 [22.9,34.8] — .

21. Okafor 2024 65 200 325 [26.0; 39.0] —
22 Sadiq 2024 39 125 312 [231;393] —_—
Random el'ects model 4891 15802 30.8 [29.2; 32.3] -
Heterogeneity- 1> = 71.8%, = = 0.0008, 72, = 74.36 (p < 0.0001)

20 25 30 35 40
Prevalence of hypertension in Nigeria (%) [2023-2025]

Figure 3. A forest plot of random effects model showing national pooled prevalence of
hypertension in Nigeria (male and female).

Events per 100

Author year Male hypertension cases Male population size Prevalence  95% C.I. observations
1. Ezeala-Adikaibe 2023 13 387 292 [247,337] 5
2. Ibirongbe 2023 133 371 358 [31.0;40.7] il
4. Adeniyi 2023 13 56 232 [12.2;343] ——
5. lbrahim 2023 76 223 341 [27.9,40.3]
6. Eze 2024 28 83 337 [236,439] ——
8. Adeke 2024 419 1654 253 [232;274] | |
9. Egwim 2024 43 135 319 [24.0;39.7] —_—
10. Nwevo 2024 44 151 291 [21.9;36.4] ——
11. Fajola 2024 218 533 409 [367,451] -
12. Akanbi 2025 16 80 200 [112;288] —E—
13. Anuli 2024 48 145 331 [254;408] ——
14. Okwara 2025 58 161 36.0 [286;434] -
15.Ige 2025 43 158 304 [232,376] ——
16. Ayadi 2025 33 164 201 [140;263  —@— |
17. Shogade 2024 297 842 353 [32.0;38.5] R
18. Paulmiki Ide 2024 72 230 313 [25.3;37.3] ——
19. Cookey 2024 157 468 33.5 [29.3,37.8] E o
20. Ebereghwa 2024 30 83 36.1 [25.8,46.5] ——
21. Okafor 2024 6 34 176 [48,305] —&——
22 Sadiq 2024 14 30 467 [28.8;64.5] —
Random eﬂects model 1866 5988 31.2 [28.3; 34.1] -»>
Heterogeneity: I = 79.6%, ©° = 0.0030, 37, = 93.35 (p < 0.0001)

20 30 40 50 60

Prevalence of hypertension in Male population (%) [2023-2025]

Figure 4. A forest plot showing prevalence of hypertension in Male gender.
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Events per 100
Author year Female hypertension cases Female population size Prevalence  95% C.L observations

1. Ezeala-Adikaibe 2023 186 695 268 [235;30.1] —

2. Ibirongbe 2023 4 29 138 [12,263] ——=——

3. Ogboye 2023 230 639 360 [32.3:30.7] ——

4. Adeniyi 2023 30 87 345 [24.5,44.5] —
5. lbrahim 2023 40 138 290 [214;366] —a—

6. Eze 2024 3 a7 81 [0016.9) —+——

7. Ukangwa 2025 56 238 235 [18.1,28.9] ——

8. Adeke 2024 661 2128 311 [29.1;33.0] =

9. Eqwim 2024 46 122 377 [29.1,46.3] e
10. Nwevo 2024 94 276 341 [285;39.6] -

11. Fajola 2024 298 1064 280 [253;30.7] -

12. Akanbi 2025 42 166 253 [18.7,31.9 —

13. Anuli 2024 28 121 231 [156;30.7] —a—

14. Okwara 2025 78 219 356 [29.3;42.0] —
15. Ige 2025 169 447 378 [333,42.3] ——
16. Ayadi 2025 84 256 328 [27.1:38.6] .

17. Shogade 2024 611 1834 333 [31.2,359] -

18. Paulmiki Ide 2024 61 270 226 [176;276] —&—

19. Cookey 2024 186 648 287 [252,322] —

20. Ebereghwa 2024 34 139 245 [17.3,316] —r

21. Okafor 2024 59 166 355 [283;428] ——
22 Sadiq 2024 25 95 263 [175,35.2] —
Random effects model 3025 9814 29.2 [27.0; 31.5] b
Heterogeneity: 1 = 79.4%, < = 0.0019, 12, = 101.95 (p < 0.0001)

0 10 20 30 40
Prevalence of hypertension in Female population (%) [2023-2025]

Figure 5. A forest plot showing prevalence of hypertension in Nigerian Female gender.

3.4. National Pooled Prevalence of Obesity

A forest plot of random effects model showing national
pooled prevalence of obesity in Nigeria is presented in Figure
6. The overall prevalence was estimated at 22.4% (95% CI:
20.2-24.6%; SE +1.21%).

Events per 100

Author year Cases Sample size Prevalence 95% C.1. observations
3. Ogboye 2023 176 639 275 [24.1,31.0] —
4. Adeniyi 2023 36 143 252 [18.1,32.3] B
7. Ukangwa 2025 59 238 248 [19.3;30.3] —
9. Eqwim 2024 44 257 171 [125,217] —@—
10. Nwevo 2024 17 427 274 [232;31.6] —a—
11. Fajola 2024 356 1597 223 [20.3:24.3] ——
12. Akanbi 2025 40 266 150 [10.7,193] —@—— |
13. Anuli 2024 86 380 226 [184;26.8] B
16. Ayadi 2025 a5 420 226 [1856, 26.6] —E
17. Shogade 2024 523 2676 19.5 [18.0;21.0] E
20. Ebereghwa 2024 54 222 243 [18.7;30.0] .
Random effects model 1586 7265 224 [20.2; 24.6] ol
Heterogeneity: /* = 76.4%, ©* = 0.0010, 32, = 42.37 (p < 0.0001)

15 20 25

Prevalence of Obesity in Nigeria (%) [2023-2025]
Figure 6. A forest plot showing national pooled prevalence of obesity.

3.5. Publication Bias Assessment

Figure 7 shows the funnel plot of the national pooled
prevalence of hypertension in Nigeria. Within the 90% CI
(0.05 < p < 1.0), the 22 studies were evenly distributed, with
11 on each side of the reference line, indicating symmetry.
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At the 95% CI (0.0 < p < 0.05), however, 6 studies fell to the
left and 7 to the right of the reference line, suggesting slight
asymmetry with minor publication bias. Figure 8 shows an
asymmetrical funnel plot for the prevalence of hypertension
among Nigerian males, with most publications clustered on
the right side. Additionally, Figure 9 depicts an asymmetri-
cal funnel for the prevalence of hypertension among Nigerian
females, with most publications scattered toward the left.
Furthermore, Figure 10 illustrates an asymmetrical funnel of
the 11 publications reporting the pooled prevalence of obesity
in Nigeria, with publications predominantly scattered toward
the right. Overall, all the funnel plots visibly indicate potenti-
al bias among the studies included in the meta-analysis.

=7 O 005<p<100
B 000<p=005
Studies

00
L

Standard Encr
002

e 12

025 03 035 04

Prevalence of hypertension in Nigeria [proportion]

Figure 7. A funnel plot of national pooled prevalence of hypertension in Nigeria.
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01 02 03 04 05
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Figure 8. A funnel plot of hypertension prevalence in Male gender.
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Figure 9. A funnel plot of hypertension prevalence in Female gender.
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Figure 10. A funnel plot of national pooled prevalence of obesity in Nigeria.

The Cochran’s Q, 12, and I? statistics for heterogeneity
were calculated using a random-effects model. This model
assumes that true effect sizes vary across studies and follow
a normal distribution, accounting for both within-study and
between-study variances (Wang, 2023). As shown in Table 2,
amoderate I2 of 71.8% (95% CI: 47.47-88.10%) with significant
heterogeneity (p<0.0001) was observed among studies repor-
ting the prevalence of hypertension in Nigeria. According
to Wang (2023), heterogeneity is typically classified as low,
moderate, or high when I? values reach approximately 25%,
50%, and 75%, respectively. Furthermore, since 12 # 0 and the
Q-statistic/x2 (df = 21) of 74.36 exceeded the critical x2 value at
the 95% CI (32.671), the null hypothesis is rejected and conclu-
de that the effect sizes are heterogeneous. This suggests consi-
derable variation in the reported prevalence of hypertension
across the studies included in this meta-analysis. Moreover,
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the Cochran’s Q, 2, and I? values demonstrated significant
variations (p<0.0001) in the male hypertension, the female hy-
pertension, and the general obesity.

Table 2. Publication bias assessment by Cochran’s Q, 7, and I? values.

Hypertension in general population

Estimate | 95% confidence interval | SE | Hypothesis testing Remarks

Lower Upper
bound bound
T 0.0008 | 0.0003 0.0024 1. ©> 0 implies effect sizes
2 3.78 1.90 8.40 heterogeneity between-study
) R
(%) 71.8 4747 38.10 2.I°< 75%.1mp11es moderate
h heterogeneity between-study
Pooled 30.8 29.2 323 0.8 3. p<0.05
preval.en.ce 4. Ho: is rejected
Q-statistic | 74.36 5. Hu: is accepted
p-value <0.0001
Hypertension in male gender
T 0.003 0.0011 0.0081 6.7°>0
H2 427 237 11.53 7. 12> 75% implies
12(%) 796 57 86 9133 considere;blejz)egesrogeneity
. p<0.
Pooled 31.2 28.3 34.1 1.39 9. Ho: is rejected
prevalence

10. Hu: is accepted

Q-statistic | 93.36

p-value <0.0001

Hypertension in female gender

i 0.0019 0.0017 0.0098 11.7>0

H2 7.64 4.47 20.49 12. > 75% implies

(%) 79.4 77 64 95 12 considerable heterogeneity
: - - 13. p<0.05

Pooled  |292  |27.0 315 1.40 P

14. Ho: is rejected
prevalence

15. Hu: is accepted
Q-statistic | 101.95

p-value <0.0001

Obesity in general population

T 0.0010 | 0.0003 0.0044 16.7>0

H? 4.86 2.04 15.82 17. *> 75% implies

(%) 76.4 51.06 93.68 considerable heterogeneity
: - : 18. p<0.05

Pooled 224 20.2 24.6 1.21 b

19. Ho: is rejected

prevalence 20. Hi: is accepted

Q-statistic | 42.37

p-value <0.0001

SE: standard error
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4. Discussion

NCDs, particularly hypertension and obesity, continue
to pose a significant global health challenge, with the burden
disproportionately affecting developing countries such as
Nigeria. This study conducted a meta-analysis to systema-
tically synthesize recent evidence published between 2023—
2025 on the prevalence of hypertension with/without obesity
in Nigeria. The analysis further explored gender-specific dis-
parities in hypertension prevalence, providing a nuanced un-
derstanding of its epidemiological patterns.

The pooled prevalence of hypertension (30.8%) observed
in this study is similar with two previous meta-analysis of
Adeloye et al. (2021a) who reported a pooled prevalence of
30.6% for the period 1995-2020, and Adeloye et al. (2015) who
estimated 28.9% for the period 1980-2013 (Table 3). Gender-
specific analysis for hypertension revealed a higher prevalen-
ce among males (31.2%) than females (29.2%).

Similarly, the pooled prevalence of obesity (22.4%) in-
dicates a rising trend compared with earlier reports (Table
3), underscoring the growing impact of lifestyle-related risk
factors. Adeloye et al. (2021b) estimated 14.3% for the peri-
od 1990-2020, Chukwuonye et al. (2022) reported 14.5% for
2010-2020, and Ramalan et al. (2023) documented 15% for
2000-2018. Conversely, the current obesity prevalence is
lower than the 39% reported by Bashir et al. (2022) for the
period 1996-2021.

The differences observed between this study and earlier
systematic reviews may be attributable to several methodo-
logical and contextual factors, including variations in study
settings and the length of study periods. Importantly, some
earlier studies (1980s) did not uniformly apply the current
diagnostic threshold of 140/80 mmHg for defining hyper-
tension. As a result, their reported prevalence estimates may
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not be directly comparable with those obtained in more re-
cent studies adhering to standardized diagnostic criteria.
Furthermore, recent studies likely reflect the increasing inf-
luence of urbanization, dietary transitions, reduced physical
activity, and demographic shifts, all of which are known to
contribute to higher rates of hypertension and obesity. The
findings point to the need for strengthened surveillance sys-
tems and gender-sensitive interventions that address both
individual lifestyle behaviors and structural determinants of
NCDs in Nigeria.

4.1. Strengths of the Study

Up-to-date evidence: This meta-analysis synthesizes stu-
dies published between 2023-2025, providing the most recent
and comprehensive estimates of hypertension and obesity
prevalence in Nigeria.

Multiple locations coverage: Inclusion of multiple stu-
dies across diverse regions of Nigeria increases the represen-
tativeness and generalizability of the findings.

Gender-specific analysis for hypertension: The study
provides insights into gender disparities in hypertensi-
on prevalence, which can inform targeted public health
interventions.

Systematic approach: Use of meta-analytic techniques
and standardized data extraction ensures methodological ri-
gor and reduces bias.

4.2. Limitation of the Study

Obesity gender-specific data: Most studies did not re-
port obesity prevalence separately for males and females;
therefore, a gender-specific analysis of obesity could not be
conducted.
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Table 3. Comparing this study with previous Meta-analysis.

Study period | NoS | Sample | General population | Male % Female % | References
size % (95 CI) 95 CI) 95 CI)

Hypertension

1995-2020 53 | 78,949 |30.60 (27.3-34.0) 29.5 304 Adeloye 2021a
(25.4-33.6) | (25.2-35.6)

1980-2013 27 |27,122 |28.9(25.1-32.8) 29.5 25.0 Adeloye 2015
(24.8 -34.3) | (20.2-29.7)

2000-2009 21 | 24,096 |22.5(21.8-23.2) Ogah 2012

2023-2025 22 | 15,802 |30.8(29.2-32.3) 31.2 29.2 This study
(28.3-34.1) | (27.0-31.5)

Obesity

1990-2020 35 |52,816 |14.3(12.0-15.5) Adeloye 2021b

1996-2021 18 |21,859 |39 (25-54) Bashir 2022

2010-2020 33 37,205 |14.5(11.8-17.4) Chukwuonye

2022
2000-2018 77 | 107,781 | 15 (13.0-16.0) Ramalan 2023
2023-2025 11 | 7265 22.4 (20.2-24.6) This study

NoS: Number of studies

4.3. Proposed Solutions

NCDs such as hypertension and obesity are placing an

increasing strain on already fragile Nigeria’s healthcare sys-

tem. Despite some progress in combating these conditions,

major challenges remain.

To effectively address the growing burden of NCDs, the
Nigerian government must strengthen the healthcare
infrastructure by promoting early detection, improving
access to essential medications, and implementing strate-
gies that target modifiable lifestyle risk factors.

It is crucial for Nigeria to adopt the World Health
Organization’s Global Action Plan for the Prevention and
Control of Noncommunicable Diseases (2013-2030), whi-
ch outlines a strategic framework aimed at reducing pre-
mature deaths from NCDs by one-third by 2030 (World
Health Organization, 2013).

Meanwhile, innovations in digital health and artificial in-
telligence (AI) are reshaping how diseases are tracked and

43




9. Uluslararasi Ogrendi Bilimler Kongresi Bildiriler Kitabi

analyzed. Tools such as the Global Health Observatory
(GHO) and the HealthMap Project provide real-time sur-
veillance and data analytics to monitor health trends and
outbreaks (Goswami, 2024).

5. Conclusion

This study demonstrates a substantial burden of hyper-
tension and obesity in Nigeria. With pooled prevalence of
30.8% for hypertension and 22.4% for obesity, the study po-
ints that approximately 31 out of every 100 Nigerians are li-
ving with hypertension, while about 22 out of every 100 are
affected by obesity. Gender-specific analysis for hypertension
revealed a higher prevalence among males (31.2%) compared
with females (29.2%). Heterogeneity across studies may refle-
ct variations in study location, study settings, participant gen-
der. With these findings, this study recommends the need for
strengthened surveillance and targeted public health inter-
ventions to address the growing impact of NCDs in Nigeria.
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IoT-Integrated Battery Management
System with Real-Time Monitoring and
Cell Balancing of Lithium-Ion Battery
Packs for Light Electric Vehicles

Ahmed Wael Hanafy Mahmoud Hassan AFIFT

Ozet: Ulagim sektorii, oncelikle fosil yakitlara olan uzun siireli bagimhiligi nede-
niyle sera gazi emisyonlarina 6nemli 6l¢iide katkida bulunmaktadir. Bu durum
iklim degisikligini etkilemekte ve elektrikli araglarin gelecek vaat eden bir al-
ternatif oldugu siirdiiriilebilir mobilite ¢dziimlerine dogru acil bir kiiresel gecis
yasanmaktadir. Bu gecisin merkezinde, yiiksek enerji yogunlugu, uzun ¢evrim
Omrii ve siirekli iyilesen performans-maliyet oranlar1 sunan lityum iyon pil tek-
nolojisi yer almaktadir. Bu 6zellikler, lityum iyon piller elektrikli araclar (EA) igin
gelecek vaat eden bir enerji depolama ¢dziimii olarak konumlandirmistir. Ancak,
giivenli, ve verimli ¢alismalarini saglamak siirekli izleme ve yonetim gerektir-
mektedir. Batarya yonetim sistemleri (BMS), pilin sagligini, dmriinii ve giivenli-
gini etkileyen temel parametreleri izlemek igin gereklidir. Bu parametrelerdeki
hatalar veya dengesizlikler, diisitk performansa, beklenmedik bozulmaya ve
hatta termal kacak olaylarma yol acabilmektedir. Bu nedenle, gelismis pil yone-
timi ve izleme sistemlerinin entegrasyonu yalnizca EA performansini optimize
etmek igin degil, ayn1 zamanda kullamic giivenligini saglamak ve elektrikli ula-
simin gevresel faydalarii korumak igin de hayati nem tasimaktadir. Bu makale,
elektrikli araglarda kullanilan lityum iyon piller igin Nesnelerin Interneti tabanl
bir izleme ve dengeleme sisteminin tasarimini ve gelistirilmesini sunmaktadir.
Onerilen sistem, sensdrler ve bir mikrodenetleyici birimi kullanarak, gerilim,
akim, sicaklik ve tek tek pil hiicrelerinin sarj durumu gibi temel parametreleri
suirekli olarak izlemektedir. Bu ¢alisma, siirdiiriilebilir elektrikli mobilitede akilli
pil yonetim sistemlerinin ilerlemesine katkida bulunmaktadur.

Anahtar Kelimeler: Hafif Elektrikli Araglar , Pil Yonetim Sistemi, Nesnelerin
Interneti, lityum iyon pil paketleri, Pasif hiicre dengeleme
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Abstract: The transportation sector is a significant contributor to greenhouse gas
emissions, primarily due to its prolonged dependence on fossil fuels. These cau-
ses impact on climate change, and there is an urgent global shift toward sustai-
nable mobility solutions, with electric vehicles (EVs) as a promising alternative.
At the core of this transition is depending on lithium-ion battery technology,
which offers high energy density, long cycle life, and continuously improving
performance-to-cost ratios. These characteristics have positioned lithium-ion bat-
teries as a promising energy storage solution for EVs. However, ensuring their
safe, reliable, and efficient operation requires continuous monitoring and mana-
gement. Battery management systems (BMS) are essential for tracking key para-
meters that influence the battery’s health, lifespan, and safety. Faults or imba-
lances in these parameters can lead to reduced performance, unexpected degra-
dation, or even thermal runaway events. Therefore, the integration of advanced
battery management and monitoring systems is not only vital for optimising EV
performance but also for ensuring user safety and preserving the environmental
benefits of electrified transport . This paper presents the design and development
of an Internet of Things (IoT)-based monitoring and balancing system for lithi-
um-ion battery packs used in electric vehicles. The proposed system continuous-
ly monitors key parameters such as voltage, current, temperature, and state of
charge (SoC) of individual battery cells using sensors and a microcontroller unit.
This work contributes to the advancement of intelligent battery management sys-
tems in sustainable electric mobility.

Keywords: Light Electric Vehicles (LEV), Battery Management System (BMS),
Internet of Things (IoT), lithium-ion battery packs, Passive cell balancing

Introduction

The transition toward sustainable transportation has ac-
celerated the adoption of electric bikes (e-bikes)(Ballo et al.,
2023; Edge et al., 2018) as a practical and eco-friendly alterna-
tive to conventional vehicles. At the heart of every e-bike lies
its energy storage system(Teja et al., 2024). Typically powered
by lithium-ion battery packs(Maghsoudi et al., 2024; Saw et
al.,, 2016) due to their high energy density, lightweight design,
and long operational life. Despite these advantages, lithium-i-
on batteries present inherent challenges related to safety, lon-
gevity, and performance, particularly when multiple cells are
connected in series or parallel. Issues such as cell imbalance(-
Docimo & Fathy, 2019; Soni & Karuppasamy, 2023; Vasudha
& Shubha Rao, 2025; Zhu et al., 2023), overheating(Wang et
al.,, 2021), and overcharging (Leising et al., 2001; Ouyang et
al., 2017)can lead to reduced efficiency, shortened battery life,
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or even hazardous failures like thermal runaway(Liu et al.,
2023; Ohsaki et al., 2005). The rapid advancement of electric
vehicles (EVs) has revolutionised personal transportation,
with electric bikes (e-bikes) emerging as one of the most ac-
cessible and environmentally friendly options. At the heart of
every e-bike lies its power source—the Lithium-ion battery
pack, which determines critical performance factors such as
range, power output, charging time, and overall lifespan. As
e-bike adoption continues to grow worldwide, the need for
sophisticated battery management systems (BMS) has beco-
me increasingly apparent.(Khan et al., 2025) To address these
concerns, battery management systems (BMS) are employed
to monitor and control various battery parameters. However,
traditional BMS solutions often lack real-time data accessi-
bility, remote diagnostics, and intelligent analytics capabili-
ties. With the advancement of the Internet of Things (IoT), it
is now feasible to develop smarter, connected systems that
offer enhanced monitoring, predictive maintenance, and re-
mote-control features(Arun Kumar et al., 2025). These papers
(Haldar et al., 2020; Vijaya Gowri et al., 2023) present the de-
sign and implementation of an IoT-based monitoring with
passive cell balancing tailored for lithium-ion battery packs
in electric bikes. The proposed systems ensure real-time acqu-
isition and transmission of critical battery data, such as volta-
ge, temperature, and current. Furthermore, by leveraging IoT
connectivity, the system offers a user-friendly interface for re-
mote access and alerts, facilitating proactive maintenance and
enhanced operational safety. The design aims to bridge the
gap between traditional battery management practices and
modern IoT-enabled solutions, contributing to the develop-
ment of safer, smarter, and more efficient energy systems for
next-generation electric mobility.

In this paper, the cell balancing approach and monitoring
using IoT for the battery’s charging and discharging charac-
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teristics, the performance analysis of the 36V battery pack has
been simulated and verified in this study. Section 2 discusses
the methodology, including signal pre-conditioning and cell
balancing. In section 3, the software structure is discussed,
including the integration with IOT. Finally, in section 4, to
confirm the design, Proteus simulation is performing as in-
tended, through this work.

1. Methodology

A lithium-ion (Li-ion) battery pack is a collection of lit-
hium-ion cells assembled to work as a single power source.
These battery packs are commonly used in portable electroni-
cs, electric vehicles (EVs), power tools, drones, and renewab-
le energy storage systems due to their high energy density,
relatively low weight, and long lifespan. A battery pack is a
group of interconnected battery cells in series and parallel
configuration that work together to provide a higher level of
voltage and capacity. In this study, 10S string is studied.

Cell n ==

-

Cell 2 =

Cell 1 =

m|m

Figure 1. Multicell battery pack.
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Passive cell balancing to ensure optimal performance and
extended battery life. Early detection of potential failure mo-
des and safety hazards. Remote monitoring and control capa-
bilities through mobile and web applications, Data logging
and analysis for predictive maintenance and performance
optimization.

The system integrates hardware components, including
voltage and current sensors, with a microcontroller unit,
wireless communication modules, and cell balancing circu-
its. On the software side, it incorporates firmware for data
acquisition and processing, a cloud platform for data storage
and analysis, and user interface applications for monitoring
and control. Figure 2 shows the block diagram for proposed
system.

)

Voltage divider Multiplexer Microcontroller Cloud

o

@
- &
S
27

2

By
*)

.
T
=

o

Balancer User Interface

Figure 2. The Block diagram for the proposed system

2.1 Cell voltage preconditioning

In the battery pack (i.e., a 36V 10S battery pack), the volta-
ge range of each cell referenced to the ground starts from 4.2V
to 42V, depending on the string size. To read the voltage using
a microcontroller, the voltage should be reduced to a suitable
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level for the microcontroller, typically 1V for ESP8266. Proper
design for a voltage divider circuit using commercial resistors
is essential, according to the design. The next table shows the
possible commerecial resistors that can be used for the design.

String | Max | R, R, Max V . IiLoss(mA) PiLoss(mW) Error (%)
no. Volt | (kQ) | (kQ)
1 42 |3 12 0.84 0.28 1.176 0
1 42 |75 |30 0.84 0.112 0.4704 0
1 42 (30 120 0.84 0.028 0.1176 0
1 42 |75 300 0.84 0.0112 0.04704 0
1 42 (300 |1200 |0.84 0.0028 0.01176 0
1 42 750 |3000 |0.84 0.00112 0.004704 0
84 |2 18 0.84 0.42 3.528 0
84 |3 27 0.84 0.28 2.352 0
84 |20 180 0.84 0.042 0.3528 0
84 |30 |270 0.84 0.028 0.2352 0
84 200 |[1800 |0.84 0.0042 0.03528 0
84 300 (2700 |0.84 0.0028 0.02352 0

126 | 1.3 |18 0.8487047 | 0.652849741 | 8.225906736 | 0.008704663

12.6 |13 180 0.8487047 | 0.065284974 | 0.822590674 | 0.008704663

12.6 | 130 | 1800 |0.8487047 |0.006528497 |0.082259067 | 0.008704663

126 | 1.1 |15 0.8608696 | 0.782608696 | 9.860869565 | 0.020869565

12.6 |11 150 0.8608696 | 0.07826087 |0.986086957 | 0.020869565

12.6 | 110 | 1500 |0.8608696 |0.007826087 | 0.098608696 | 0.020869565

126 | 1.6 |22 0.8542373 | 0.533898305 | 6.727118644 | 0.014237288

12.6 | 16 220 0.8542373 | 0.053389831 | 0.672711864 | 0.014237288

12.6 | 160 | 2200 |0.8542373 |0.005338983 |0.067271186 | 0.014237288

126 | 1.1 |16 0.8105263 | 0.736842105 | 9.284210526 | -0.029473684

12.6 | 11 160 0.8105263 | 0.073684211 | 0.928421053 | -0.029473684

12.6 | 110 | 1600 |0.8105263 |0.007368421 | 0.092842105 | -0.029473684

126 |24 |33 0.8542373 | 0.355932203 | 4.484745763 | 0.014237288

12.6 | 24 330 0.8542373 | 0.03559322 | 0.448474576 | 0.014237288

12.6 | 240 | 3300 |0.8542373 |0.003559322 | 0.044847458 | 0.014237288

126 | 1.2 |16 0.8790698 | 0.73255814 | 9.230232558 | 0.039069767

12.6 |12 160 0.8790698 | 0.073255814 | 0.923023256 | 0.039069767

W W| W] W| W| W| W| W[ W| W[ W| W[ W| W[ W[ W[ W[W|N[N] NN NN

126 |22 |30 0.8608696 | 0.391304348 | 4.930434783 | 0.020869565
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3 12.6 |22 300 0.8608696 |0.039130435 | 0.493043478 | 0.020869565

3 12.6 {220 |3000 |0.8608696 |0.003913043 |0.049304348 | 0.020869565

4 16.8 |43 (82 0.83708 0.194669757 | 3.270451912 | -0.002920046
4 16.8 |43 820 0.83708 0.019466976 | 0.327045191 | -0.002920046
4 16.8 | 430 |8200 |0.83708 0.001946698 | 0.032704519 | -0.002920046
4 16.8 2.7 |51 0.8446927 |0.312849162 | 5.255865922 | 0.004692737

4 16.8 |27 510 0.8446927 |0.031284916 | 0.525586592 | 0.004692737

4 16.8 |270 |5100 |0.8446927 |0.003128492 |0.052558659 | 0.004692737

4 16.8 | 1.6 |30 0.8506329 | 0.53164557 |8.93164557 |0.010632911

4 16.8 | 16 300 0.8506329 |0.053164557 | 0.893164557 | 0.010632911

4 16.8 | 160 |3000 |0.8506329 |0.005316456 | 0.089316456 | 0.010632911

4 16.8 |3.6 |68 0.8446927 | 0.234636872 | 3.941899441 | 0.004692737

4 16.8 |36 680 0.8446927 | 0.023463687 | 0.394189944 | 0.004692737

4 16.8 | 360 | 6800 |0.8446927 |0.002346369 |0.039418994 | 0.004692737
4 16.8 | 1.3 |24 0.8632411 [0.664031621 | 11.15573123 | 0.023241107

4 16.8 |13 240 0.8632411 | 0.066403162 | 1.115573123 | 0.023241107

4 16.8 | 130 | 2400 |0.8632411 |0.006640316 |0.111557312 | 0.023241107

4 16.8 | 1.2 |22 0.8689655 |0.724137931 | 12.16551724 | 0.028965517
4 16.8 | 12 220 0.8689655 | 0.072413793 | 1.216551724 | 0.028965517

4 16.8 | 120 | 2200 |0.8689655 |0.007241379 |0.121655172 | 0.028965517

4 16.8 | 6.8 | 130 0.8350877 | 0.122807018 | 2.063157895 | -0.004912281
4 16.8 | 68 1300 | 0.8350877 |0.012280702 | 0.206315789 | -0.004912281
4 16.8 | 680 | 13000 | 0.8350877 |0.00122807 |0.020631579 | -0.004912281
4 16.8 | 1.1 |20 0.8758294 | 0.796208531 | 13.37630332 | 0.035829384

4 16.8 | 11 200 0.8758294 | 0.079620853 | 1.337630332 | 0.035829384

4 16.8 [ 110 | 2000 |0.8758294 | 0.007962085 | 0.133763033 | 0.035829384

5 21 1 24 0.84 0.84 17.64 0

5 21 1.5 |36 0.84 0.56 11.76 0

5 21 7.5 | 180 0.84 0.112 2.352 0

5 21 10 240 0.84 0.084 1.764 0

5 21 15 360 0.84 0.056 1.176 0

5 21 75 1800 | 0.84 0.0112 0.2352 0

5 21 100 | 2400 |0.84 0.0084 0.1764 0

5 21 150 | 3600 |0.84 0.0056 0.1176 0

6 252 162 |180 0.8390977 | 0.135338346 | 3.410526316 | -0.000902256
6 252 |62 1800 | 0.8390977 | 0.013533835| 0.341052632 | -0.000902256
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6 25.2 1620 | 18000 [0.8390977 |0.001353383 | 0.034105263 | -0.000902256
6 252 |15 |43 0.8494382 | 0.566292135 | 14.2705618 | 0.009438202
6 252 |15 430 0.8494382 | 0.056629213 | 1.42705618 | 0.009438202
6 25.2 | 150 [4300 |[0.8494382 |0.005662921 | 0.142705618 | 0.009438202
6 252 | 1.6 (47 0.8296296 | 0.518518519 | 13.06666667 | -0.01037037
6 252 |16 470 0.8296296 |0.051851852 | 1.306666667 | -0.01037037
6 25.2 | 160 4700 |[0.8296296 |0.005185185 | 0.130666667 | -0.01037037
7 294 |15 |51 0.84 0.56 16.464 0

7 294 |2 68 0.84 0.42 12.348 0

7 294 |15 510 0.84 0.056 1.6464 0

7 29.4 |20 680 0.84 0.042 1.2348 0

7 29.4 | 150 [5100 |[0.84 0.0056 0.16464 0

7 29.4 |200 |6800 |0.84 0.0042 0.12348 0

8 336 |1 39 0.84 0.84 28.224 0

8 33.6 | 10 390 0.84 0.084 2.8224 0

8 33.6 | 100 |3900 |0.84 0.0084 0.28224 0

9 37.8 |75 |330 0.84 0.112 4.2336 0

9 37.8 |75 3300 |0.84 0.0112 0.42336 0

10 42 1.5 |75 0.8235294 | 0.549019608 | 23.05882353 | -0.016470588
10 42 15 750 0.8235294 | 0.054901961 | 2.305882353 | -0.016470588
10 42 150 | 7500 |0.8235294 |0.005490196 | 0.230588235 | -0.016470588
10 42 33 | 160 0.8487446 | 0.257195346 | 10.80220453 | 0.008744642
10 42 33 1600 | 0.8487446 | 0.025719535 | 1.080220453 | 0.008744642
10 42 330 | 16000 | 0.8487446 |0.002571953 | 0.108022045 | 0.008744642
10 42 1.3 |62 0.8625592 | 0.663507109 | 27.86729858 | 0.022559242
10 42 13 620 0.8625592 | 0.066350711 | 2.786729858 | 0.022559242
10 42 130 | 6200 |0.8625592 | 0.006635071 | 0.278672986 | 0.022559242

Table 1. Commercial resistor available for each string.

The Voltage divider configuration shown in Figure 3 ac-

hieves a step-down ratio of 1/5 multiplied by the string num-

ber. The stage is followed by an analogue multiplexer 16 to 1
CD74HC4067. By using 4 digital IO pins from the microcont-
roller user can select the requested cell voltage, ensuring that

the temperature within the battery remains within safe ope-

rating limits. Battery Management Systems (BMS) are often

integrated into modules to monitor and balance individual
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cell voltages, optimising overall performance and extending

the lifespan of the battery.
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Celln
T
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R(n+1)

L
B

Cell 3
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Cell 2

e
=l

Cell 1

T
B

ToMCU

Figure 3. Voltage divider with multiplexer.

Table 2 shows the truth table for selecting the battery
according to the datasheet(CD74HC4067 Data Sheet, Product

Information and Support | TI.Com, n.d.) for the used IC.

S, IS, [S, |8, |Selected channel
0|0 (0 [0 |O
110 (0 [0 |1
0|1 (0 [0 |2
1|10 [0 |3
0|0 (1 [0 |4
L]0 |1l [0 ]5
0|1 |1 [0 ]6

L |1 |1 {0 |7
0 (0|0 |1 |8

1 {00 |1 ]9
0 [1 |0 |1 |10
1 (1 {0 [1 |11
0 [0 |1 |1 |12
1|0 |1 |1 |13
0O [1 |1 |1 |14
1|0 |1 |1 |15

Table 2. CD74HC4067 truth table for selecting the output
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1.2. Analog to Digital Converter (ADC)

The output of the multiplexer is going to the ADC pin for
the microcontroller. According to the resolution of the micro-
controller and the reference voltage, we can get the accuracy
for the microcontroller. In ESP8266, the reference voltage for
ADC is 1V, and the number of bits is 10 bits. Then the resolu-
tion can be calculated using equation 1

V:l'a_f 1
.= = = 0.000977V
2" —1 1024-1

v,

Equation 1
For the first cell, the Analog_Read Value (between 0-1023)

read by the ADC when the cell is fully charged it will be 860,
which represents the full voltage of the cell, 4.2V

To get the voltage of each cell, it is required to subtract
the previous voltage (Except the first cell) using equation 2.
V. = L’:; - V_u—l

cell_n

Equation 2

Where " is voltage read by the ADC is before the voltage
divider is referenced to the ground.

“" is the actual voltage of the cell number n

Sxn
V, = Analog_Read Value X ——
1023
Equation 3
1.3 Balancing Circuit

Passive balancing is a method used in battery manage-
ment systems to equalise the state of charge (SoC) among in-
dividual cells in a battery pack.(Koganti et al., 2021; Nath &
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Rajpathak, 2022; Patel et al., 2023; Shridhar et al., 2024) Each
cell in the string is supported with a balancing circuit, the
passive balancing is to ensure that the voltage is equal. The
circuit involves using a switch and a power resistor in parallel
with each cell. When a cell reaches a higher voltage or state
of charge compared to other cells in the pack, the microcont-
roller activates the switch, allowing current to flow through
the resistor. This process dissipates the excess energy as heat,
effectively “bleeding off” the extra charge until all cells rea-
ch a similar state of charge. The balancing process typically
occurs during the charging phase, particularly during what
would normally be the absorption (Constant Voltage) stage
of charging.
The advantages of using the passive balancing method

e Simplicity: Passive balancing circuits are relatively simp-
le to implement, requiring minimal additional compo-
nents beyond resistors and switches.

e Cost-Effectiveness: The straightforward design makes
passive balancing more economical compared to active
balancing methods

e Reliability: With fewer components and simpler circu-
itry, passive balancing systems generally offer higher re-
liability and longer operational lifespans.

e Safety: By preventing overcharging of individual cells,
passive balancing enhances the overall safety of battery
packs, reducing the risk of thermal runaway and poten-
tial hazards.

Figure 4 shows the implementation of passive cell balan-
cing in the system.
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Figure 4. Passive Balancing Circuit diagram.

2. Software design

The software is organised into 3 modules. The first mo-
dule is responsible for monitor the cell batteries. This module
is the main module. It reads the cell voltages and sends re-
al-time data to the cloud. In the discharging mode, the cont-
roller checks the voltages if the voltage of one cell is lower
than 2.8V the controller will disconnect the load and give the
user low battery alarm indicating the reason for the error and
requesting the user to connect the charger. In charging mode.
The controller checks the voltage and if the voltage of one
cell exceeds the max voltage of 4.2 V the controller will dis-
connect the charger indicating the user that the battery is full
charged then the other module will start which is responsible
for balancing the cells Figure 5 shows the main algorithm for
controlling charging and discharging of the cells
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Figure 5. Flowchart for charging and discharging algorithm.

3. Voltage reading function

The voltage reading algorithm flow chart is shown in
Figure 6, as it was mentioned in the previous Section 2, the
microcontroller can select one cell using a multiplexer as
shown in table 2. The system can use only one ADC pin.

From the previous equations 2 and 3, the voltage of each
cell can be measured.
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START i=1

SET Multiplexer |
control pins to i

Read Ain
(Analog_Read_Value)

i=i+l

Vi=Ain x 5 x i/1023

Yes—»| Vcell_i =V

Veen_i= Vi-Via

No

Figure 6. Flowchart for reading cell voltages function

4. Cell Balancing function.

Figure 7 shows the passive cell balancing algorithm, whi-
ch is responsible for balancing the cell in charging mode. As
discussed in section 2.2, the microcontroller checks for higher
voltage cells and turns on the corresponding transistor for the
high voltage cell, allowing its voltage to be equal to the other
cells.
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START i=1

SET Multiplexer
control pins to i

Yes
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Figure 7. Flowchart for cell balancing function

5. Cloud interface and iOT

The Internet of Things (IoT) is an electronic ecosystem
that links electronic equipment to the internet, giving users
access to control and monitor their status from any locati-
on with internet access. The data is sent to Google Firebase
Cloud, allowing the user to access the cell voltage data from
anywhere in the world using a mobile application. For local
users, there is a web-based server that allows users on the
LAN to access real-time data.

6. Message Queuing Telemetry Transport (MQTT)

The publish-subscribe messaging protocol known as
MQTT (Message Queuing Telemetry Transport) is an ISO stan-
dard (ISO/IEC PRF 20922)(ISO/IEC 20922:2016 - Information
Technology — Message Queuing Telemetry Transport (MQTT)
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v3.1.1, n.d.). The TCP/IP protocol serves as its foundation.
It facilitates edge-to-edge communication between sensors/
actuators and middleware. No client is directly connected to
another client; the MQTT connection itself is always between
a client and the broker. A client sends a CONNECT message
to the broker to start the connection. Receiving all communi-
cations, screening them, determining who is interested, and
finally forwarding the message to all subscribers are the bro-
ker’s main responsibilities. The authentication key encrypts
the broker’s unauthorized access. In addition to collecting the
published data in real time, the client application that offers
a structured overview of MQTT subjects is already specified
on the middleware server. The Arduino IDE development
environment is used to write the microcontroller’s applicati-
on code, which is written in Embedded C. Battery conditions
are monitored and controlled by system software, which also
configures hardware peripherals.

Check
IP,Username,Password

Yes

e

Connect to MQTT
Broker

Is Connected

Yes
v

Publish cell voltages to MQTT
broker

Figure 8. Flowchart for MQTT
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Results and Simulation

This section discusses the simulation for the proposed
system using Proteus software. The system is designed to
monitor and manage a lithium-ion battery pack consisting of
multiple cells connected in series. Each cell’s voltage is measu-
red, and passive balancing is implemented using resistor-ba-
sed bleeding, where excess charge from higher-voltage cells is
dissipated through resistors to match the level of lower-vol-
tage cells. In Proteus, the simulation includes voltage sensing
circuits for each cell, a Multiplexer microcontroller (typically
Atmega328) programmed to monitor the voltages, and cont-
rol logic that activates balancing resistors when cell voltages
exceed a predefined threshold. The simulation visualises how
the system maintains balanced cell voltages to improve bat-
tery performance, safety, and lifespan.

The passive balancing method is simple and cost-effe-
ctive, making it suitable for low- to medium-power battery
applications. The Proteus simulation helps validate the balan-
cing logic, microcontroller programming, and overall system
response before implementing the hardware.
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Figure 9. Simulation setup using Proteus.
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Figure 10. Simulation of the monitoring system user interface.

Integration of MQTT protocol adds a significant enhan-
cement by enabling real-time wireless data transmission.
Through this, critical parameters such as individual cell volta-
ges and balancing status can be monitored remotely, allowing
for smarter energy management and early fault detection.

Overall, the project validates the feasibility of combining
analog balancing circuits with modern IoT communication
protocols. The Proteus simulation provides a safe and flexible
environment to test the system’s behavior before hardware
deployment, making it an essential step in developing reliab-
le and intelligent battery management solutions.

Conclusion

This paper presents the design and implementation of
an loT-based monitoring with balancing system specifically
tailored for lithium-ion battery packs in electric bikes. The
proposed system addresses several key challenges in e-bike
battery management: Real-time monitoring of critical battery
parameters, including voltage, current, temperature, and sta-
te of charge. The simulation of a Battery Management System
(BMS) with passive cell balancing and MQTT communication
in Proteus successfully demonstrates a practical approach to
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maintaining cell voltage uniformity and enabling remote bat-
tery monitoring. The passive balancing technique, implemen-
ted through resistor-based discharging, effectively equalises
cell voltages, thereby ensuring improved battery health and
an extended lifespan.
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Sebekeye Bagli U¢ Fazli Fotovoltaik
Sistemlerin Ariza Kogullarindaki
Performansinin Degerlendirilmesi

Kamilia KHANNOUSSI

Ozet: 100 kW kapasiteli {i¢ fazl bir fotovoltaik (PV) sistemin elektrik sebekesine
entegrasyonu, modern enerji altyapilarinda siirdiiriilebilirligin ve gii¢ kalitesinin
korunmasi i¢in oldukga biiyiik 6nem tasimaktadir. Bu tiir sistemlerin giivenilir
bir sekilde calisabilmesi, yalnizca giines enerjisinden maksimum faydanin elde
edilmesiyle degil, aynm1 zamanda sebekenin kararliligi ve hizmet siirekliliginin
saglanabilmesi icin ariza yonetiminin hassas bir sekilde yapilmasini da gerek-
tirir. Bu amag dogrultusunda sistem, gii¢ maksimumunu gercek zamanli olarak
artirmak i¢in pargacik siirii optimizasyonu (PSO) ve yapay sinir aglarmni (ANN)
birlestiren gelismis bir MPPT algoritmasi ile kontrol edilmektedir. Ayrica doniis-
tiirlicli kontroliinde kullanilan d-q referans gercevesi sayesinde, hem aktif hem
de reaktif gii¢ akisi daha dinamik ve esnek sekilde diizenlenmektedir.

Performansin daha da iyilestirilmesi i¢in, gesitli ariza senaryolarina gore egitil-
mis ANFIS tabanli bir akim kontrolorii devreye alinmigtir.

Simiilasyon sonuglari, normal ¢alisma kosullarinda sistemin 99,37 kW diize-
yinde kararli gii¢ enjeksiyonu yapabildigini dogrulamaktadir. Bununla birlikte,
Ozellikle asimetrik arizalar gibi sebeke gerilimini olumsuz etkileyen durumlarda
sistem, reaktif gii¢ enjeksiyonu yoluyla gerilim destegi saglayabilmekte ve gii¢
kalitesini koruyabilmektedir. Ug fazli kisa devre gibi ciddi arizalarda ise akim
hizli bir sekilde smirlandirilarak donanimin korunmasi saglanmistir. Sistemin
0,1 saniyeden daha kisa bir siirede toparlanabilmesi, Ariza Gegisi (Fault Ride-
Through — FRT) gereksinimlerini basariyla karsiladigini gostermekte ve bu PV
sisteminin sebekeye giivenli ve kararli bir sekilde entegre olabilecegini teyit
etmektedir.

Anahtar Kelimeler: Fotovoltaik Sistem (PV), Ariza Gegisi (FRT), Asimetrik
Ariza, Simetrik Ariza, Kararlilik.

" Doktora 6grencisi, Konya Teknik Universitesi, Lisansiistii Egitim Enstitiisii,
Elektrik-Elektronik Miihendisligi Ana Bilim Dali, khannoussikamilia@outlook.fr,
0009-0005-7277-7745.
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Abstract: A 100 kW three-phase photovoltaic (PV) system integrated into the ele-
ctrical grid requires advanced and precise fault management to ensure network
stability, equipment protection, and continuous energy supply. As the penetrati-
on of renewable energy increases, maintaining a high-quality power flow beco-
mes even more critical, particularly during disturbances that may compromise
grid reliability. In this system, the control strategy is based on the d—q referen-
ce frame, allowing independent and dynamic regulation of active and reactive
power components.

To optimize the power extraction process, a hybrid Maximum Power Point
Tracking (MPPT) algorithm combining Particle Swarm Optimization (PSO) and
Artificial Neural Networks (ANN) is employed. This approach ensures fast and
accurate tracking of the global maximum power point under varying environ-
mental conditions such as irradiance changes or temperature fluctuations. In
addition, an ANFIS-based current controller, trained on a wide range of fault
scenarios, is integrated to strengthen the system’s resilience and maintain stable
operation even in the presence of grid voltage disturbances.

Simulation results demonstrate that under normal operating conditions, the sys-
tem provides a stable power injection of approximately 99.37 kW. During asym-
metric grid faults, the controller effectively supports voltage recovery by injec-
ting reactive power, preventing severe voltage drops. In the case of a three-phase
short circuit, the current is rapidly limited to protect the converter and PV mo-
dules. A recovery time of less than 0.1 seconds confirms compliance with Fault
Ride-Through (FRT) requirements, highlighting the suitability and reliability of
this PV system for safe and efficient large-scale grid integration.

Keywords: Photovoltaic System (PV), Fault Ride-Through (FRT), Asymmetrical
Fault, Symmetrical Fault, Stability.

Girig

Fotovoltaik (PV) enerjinin kullanimi1 diinya genelinde hiz-
la artmakta ve bu temiz enerji kaynaginin elektrik sebekesine
entegrasyonu, beraberinde onemli zorluklar getirmektedir.
Sebeke kararliliginin her kosulda stirdiiriilmesi kritik oldu-
gundan, PV sistemlerin sadece normal ¢alisma kosullarinda
degil, ayn1 zamanda sebekede bir ariza meydana geldiginde
de giivenilir bir sekilde ¢alismasi hayati onem tagimaktadir.

Kisa devre gibi biiytik bir bozucu etki karsisinda PV evi-
ricinin davranisi temel bir rol oynamaktadir. “Ariza Gegis”
(Fault Ride-Through - FRT) olarak bilinen modern sebeke
kodlar1 (Matambo vd., 2025), santrallerin ariza boyunca sebe-
keye bagl kalmasini ve gerilimi desteklemek amaciyla reaktif
akim enjekte etmesini gerektirmektedir.

74



Gazze'de Savasin Etkileri: Cok Disiplinli Bir Yaklagim | Traces Of War in Gaza: An Interdisciplinary Analysis

Bu gereksinimleri karsilamak, gelismis kontrol strateji-
lerinin uygulanmasini zorunlu kilmaktadir. Senkron dénen
(d-q) referans diizleminde PI denetleyiciler ile yapilan vektor
kontrolii yaygin bir yaklasim olsa da, performans: oldukga
dinamik kosullar altinda sinirli kalabilmektedir. Bu sinirli-
liklarin iistesinden gelmek amaciyla, bu ¢alisma yapay zeka
tabanli yenilik¢i bir yaklasim onermektedir. Bu kapsamda,
oOzellikle cesitli ariza senaryolarindan elde edilen veriler-
le egitilmis, Adaptif Ag Tabanli Bulamik Mantik Cikarim
Sistemi (ANFIS) temelli bir akim denetleyicisi gelistirilmistir
(Bilgundi et al., 2022; Kalwar, 2025)

Bu makale, bu akilli denetleyici ile donatilmis sistemin
simetrik ve asimetrik arizalar karsisindaki dinamik tepkisi-
nin bir analizini sunmaktadir. Amag, ANFIS yaklasiminn,
ariza akimini giivenli bir seviyede sinirlamakla kalmayip,
ayn1 zamanda FRT stratejilerine uygun olarak konvansiyo-
nel metotlara gore daha hizli ve hassas bir reaktif gii¢ deste-
gi sagladigini gostermektir. Elde edilen sonuglar, boyle akillh
bir denetleyiciye sahip bir PV sisteminin, gelecegin elektrik
sebekelerinin dayaniklilig1 i¢in anahtar bir bilesen oldugunu
kanitlamay1 hedeflemektedir.

1. Pv Sistemlerde Kararlilik Ve Arizalar
1.1. Sebeke Enerji Kalitesine Bagli Arizalar

Bu arizalar genellikle sebeke gerilimindeki bozulmalarla
kendini gostermektedir. Uzun siireli bozulmalar, gecici olay-
lar ve kesintiler olarak siniflandirilmalart miimkiindiir.

1.2. Uzun Siireli Bozulmalar

¢  Dengesizlik (Unbalance): Ug fazli sistemin genlik veya faz
acis1 bakimindan esit olmamasi durumudur ve gerilim
ya da akim dengesizligine yol agabilmektedir (Alharbi,
2024).
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Harmonikler (Harmonics): Temel frekansin (50/60 Hz)
katlar1 olan frekanslarda gerilim veya akimlarin varlig:
olup, dalga formunda bozulmalara neden olabilmektedir
(Jaiswal ve Deb, 2024).

Frekans Degisimi (Frequency Variation): Genellikle
tiretim ve tiiketim arasindaki dengesizlikten kaynakla-
nan, sebeke frekansinin nominal degerinden sapmasidir
(Babu vd., 2024).

Titreme (Flicker): Aydinlatmada algilanabilir parlaklik
degisimlerine yol acabilen, gerilimdeki hizli ve tekrarla-
yan dalgalanmalardir (Tobbal vd., 2025).

1.3. Gegici Olaylar

Gerilim Diistimii (Sag): Genellikle arizalar veya biiytiik
yiiklerin devreye girmesiyle olusan, sebeke geriliminde-
ki gecici diististiir.

Gerilim Yiikselmesi (Swell): Genellikle biiyiik ytiiklerin
devreden ¢ikmasi veya arizalar nedeniyle olusan, sebeke
gerilimindeki gegici artistir.

Ani Gerilim Yiikselmeleri/Gegici Rejimler (Spikes/
Transient): Ekipmanlarin anahtarlanmasi veya atmosfe-
rik desarjlar nedeniyle olusabilen, cok kisa siireli ve yiik-
sek genlikli gerilim darbeleridir .

Kesintiler (Outages): Ciddi bir ariza veya planl bir bag-
lant1 kesintisi sonucu sebeke geriliminin tamamen kay-
bolmasi durumudur.

1.4. Asir1 Gerilim veya Agir1 Akim Arizalar

Asirt Akim: Kisa devre veya asir1 yiiklenme nedeniyle
olusan yiiksek akimdir. Ekipmanlara zarar verebilmekte
ve koruma cihazlarini tetikleyebilmektedir (Baeckeland
vd., 2024).
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e Asint Gerilim: Sebekedeki gecici rejimler veya yildirim
diismeleri nedeniyle gerilimin artmasidir ve hassas bile-
senlere zarar verebilmektedir (Sharma vd., 2024).

1.5. Topraklama Arizalar:

e Sebekede: Tehlikeli kagak akimlarinin topraga akmasina
neden olan yalitim hatalaridir.

e PV Sistemde: Kablolarda veya panellerde meydana gele-
bilen ve istenmeyen akim yollarmin topraga dogru olus-
masina neden olan yalitim hatalaridir.

1.6. Pasif Bilesen Arizalar:

e Kablolama: Kablolarda asinma, asir1 1sinma veya kisa
devreler meydana gelebilmektedir.

e Sigortalar: Altta yatan bir sorunu isaret eden, asiri
akim nedeniyle sigortanin atmasi durumudur.

e Konnektorler: Enerji kayiplarina veya elektrik arklari-
na yol agabilen kotii temaslardar.

1.7. Panel Kaynakli Ari1zalar

e Bozulmalar (Degradations): PV modiillerinin verimliligi-
ni azaltan fiziksel hasarlar veya yaslanma durumlaridir.

e Kirlenme (Salissure): Panel yiizeyinde toz veya kir birik-
mesi sonucu iiretimin azalmasidir.

e Golgelenme (Ombrage): Panellerin kismen golgede kal-
mas1 nedeniyle gii¢ kaybi yasanmasidir (Danyali vd.,
2024).

1.8. Hat Arizalan:

o Fazlar Arasi Kisa Devre: ki faz arasinda dogrudan te-
mas sonucu yiiksek asir1 akim olusmasidir (Basu Roy
Chowdhury ve Gayen, 2024).
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e Faz-Toprak: Genellikle yalitm hatalarindan kaynakla-
nan, topraga dogru kacak akimlaridir.

1.9. Evirici Arizalan

e Bilesen Hatalar1: Yari iletkenlerin (IGBT, MOSFET) veya
kapasitorlerin arizalanmasidir.

e  Yanlis Senkronizasyon: Frekans, gerilim veya fazin sebe-
ke ile uyumsuzlugudur (Tan, 2025).

e Evirici Doyumu: Genellikle agir1 yiik veya sebeke arizala-
r1 durumunda eviricinin elektriksel biiyiikliikleri dogru
sekilde diizenleyememesi halidir.

1.10. Spesifik Ariza Thrleri

e Simetrik Ariza: Uc faz1 esit sekilde etkiler, fazlar ara-
sinda denge korunur ancak gerilim anormaldir. Gerilim des-
tegi saglamak ve sebekenin nominal degerine donmesini sag-
lamak icin reaktif gii¢ enjekte edilerek yonetilir (Soomro vd.,
2023).

e Asimetrik Ariza: Bir veya iki faz1 esit olmayan sekil-
de etkiler, gergek bir dengesizlik olusturur ve yonetimi daha
karmasiktir. Bu durum, istikrarsizlig: telafi etmek igin gelis-
mis kontrol stratejileriyle dengesiz akimlarin enjekte edilme-
sini gerektirir (Pola vd., 2023).

Bu ariza tiirlerinin tespiti ve diizeltilmesi, PV sistemleri-
nin siirdiiriilebilir ve verimli bir sekilde ¢alismasi icin biiyiik
Onem tagimaktadir.

2. Pv Sistemlerinin Sebekeye Entegrasyonu I¢in
Kontrol Stratejileri

PV sistemlerin sebekeye giivenli entegrasyonu, hem nor-
mal ¢alisma hem de ariza durumlarin etkili sekilde kontrol
edebilen gelismis stratejiler gerektirir. Bu kontrol yontemle-
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ri, klasik PI tabanli yaklagimlardan yapay zeka destekli mo-

dern tekniklere kadar genis bir gesitlilik sunmaktadir. Uygun

kontrol stratejisinin se¢imi, 6zellikle Ariza Gegis (FRT) sart-

larmi karsilamak igin biiyiik 6nem tagir. Bu nedenle, sunulan

tablo geleneksel PI kontroliiniin simirlamalarini gostererek

ANFIS tabanli daha gelismis bir yontemin tercih edilmesini

desteklemektedir.
Tablo 1: Tlgili Kontrol Stratejilerinin Kargilagtirmal Ozeti
Kategori Yontem Temel Prensip | Avantajlar Yeniligi
Gerekgelendiren
Smirhliklar
Klasik PI Hiz igin oransal | Giivenilir endiistri | Sebeke
Kontrol Denetleyici | (P) ve statik standardi. Normal | arizalariin
(Referans) | (Ellithy vd., | hatay1 ortadan | rejimde yiiksek oldukga dogrusal
2024) kaldirmak i¢in | kaliteli bir olmayan ve
integral (I) referans veri seti hizli dinamikleri
etkiyi birlestirir. | olusturmak i¢in karsisinda sinirl
idealdir. performans.
ileri Kontrol | ANFIS Bulanik PI verilerinden Tasarimi ve
(Onerilen (Patra vd., | mantigin ogrenir ancak egitimi daha
Coziim) 2024) saglamligini ongoriilemeyen karmasiktr,
sinir aglarinin | kosullara daha bu da titiz bir
ogrenme iyl uyum saglar. metodoloji
yetenegi ile Ariza gegislerini (6n agsamada
birlestirir. yonetmek i¢in PI kullanimi)
idealdir. gerektirir.
Sebeke Ariza Gegis | Evirici, bir Sistemin modern | Klasik
Gereksinimi | (FRT) ariza sirasinda | sebeke kodlarina denetleyiciler
(Nihai (Nithya ve |sebekeye bagli |uygunlugunu (PI), modern FRT
Hedef) Roselyn, kalmali ve aktif | gosterir. stratejilerinin
2022) olarak destek Zincirleme gerektirdigi
saglamalidir. kesintileri optimal ve
onleyerek hizli yaniti
genel sebeke garanti etmekte
giivenilirligini zorlanabilir.
artirir.

3.100 Kw'lik Fotovoltaik Sistemin Analizi Ve Ariza
Simiilasyonu
3.1. 100 kW’lik Fotovoltaik Sistemin Analizi

Sekil 1’de, sebekeye bagh 100 kW giicitinde ti¢ fazh foto-
voltaik (PV) sistemin MATLAB/Simulink ortaminda model-
lenmis tam simiilasyon semasi gosterilmektedir. Bu sistem,
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glines enerjisi santralinin gesitli calisma kosullarindaki per-

formansini analiz etmek amaciyla tasarlanmagtir.

80

Sistemin ana bilesenleri asagidaki gibi siralanmaktadir:

Fotovoltaik Alan (PV Dizi): Enerji iiretim kaynag olarak
islev gormektedir. Bu alan, standart test kosullarinda
(STC: 1000 W/m? 151mim ve 25°C sicaklik) siirekli dogru
akim (DC) iiretimi yapacak sekilde modellenmistir.

Boost DC-DC Déntistiirticii: PV alaninin ¢ikis gerilimini
ylikseltmek amaciyla kullanilmaktadir. Bu katman, DC
bara gerilimini referans degeri olan 500 V’da sabit tut-
mak ic¢in bir MPPT algoritmas ile kontrol edilmektedir
(Hayat vd., 2023).

MPPT Algoritmas1 (Maksimum Gii¢ Noktas1 Takibi):
PV alanmin ¢alisma noktasmi stirekli olarak ayarlaya-
rak maksimum giiciin elde edilmesini saglamaktadir.
Modelde, Parcacik Siirti Optimizasyonu (PSO) algoritma-
s1 (Hayder vd., 2020) ile Yapay Sinir Ag1 (ANN) tabanl
gelismis hibrit bir yaklasim kullanilmaktadir (Alkhalaf
vd., 2022). Bu yontem, degisken 1s1mim kosullarinda dahi
hizl1 ve hassas takip saglayacak sekilde tasarlanmistir
(Kiran vd., 2022).

Ug Fazli Evirici (VSC - Gerilim Kaynakli Doniistiiriicii):
DC bara (500 V) iizerindeki dogru akim giiciinii, se-
beke ile senkronize ti¢ fazli alternatif akima (AC)
dontigtiirmektedir.

LCL Filtresi: Evirici ¢ikisinda yer almakta olup anahtarla-
ma harmoniklerini bastirarak (Wang vd., 2022), sebekeye
enjekte edilen akimin siniizoidal ve yiiksek kaliteli olma-
sii saglamaktadir (Upadhyay vd., 2023).

Transformatér ve Sebeke: Transformator, gerilimi da-
gitim sebekesi seviyesine uyarlamaktadir. Ayrica, ile-
ride hata durumlarinin simiilasyonu amaciyla “Fault
Breaker” blogu modele dahil edilmistir.



Gazze'de Savasin Etkileri: Cok Disiplinli Bir Yaklagim | Traces Of War in Gaza: An Interdisciplinary Analysis

Sekil 1: Sebekeye bagli 100 kW’lik ti¢ fazli fotovoltaik sistemin simiilasyon semast

3.1.1. Evirici Kontrol Stratejisi

Sekil 8’de, Gerilim Kaynakli1 Dontistiirticii (VSC) kontrol
yapisinin ayrintili yapisi gosterilmektedir. Bu yapi, senkron
dongii (dq) eksenine dayali kademeli (hiyerarsik) bir kontrol
konfigiirasyonudur.

e Faz Kilitlemeli Déngii (PLL - Phase-Locked Loop)

PLL, sebekeye ait {i¢ fazl1 gerilimleri (Vabc_prim) Slger
ve buradan ag1 ve frekans bilgilerini elde eder. Bu islem, evi-
ricinin sebeke ile tam senkronizasyonu i¢in ve abc ekseninden
dq eksenine doniisiimiin gerceklestirilmesi agisindan kritik
oneme sahiptir (Mishra ve Lal, 2021).

e Harici Kontrol Dongiileri (DC Gerilim ve Reaktif
Gii¢ Kontrolii)

DC Bara Gerilimi Uzerinden Aktif Gii¢ Kontrolii : Ana
harici kontrol dongiisii, DC bara gerilimini diizenlemektedir.
“Kontrol1” blogunda yer alan PI denetleyici, 6l¢iilen DC geri-
limi (Vdc_mes) ile referans degeri (Vdc_ref = 500 V) arasinda
karsilastirma yapar. Bu denetleyicinin ¢ikisi, d-ekseni akim
referansi olan Id_ref degerini {iretir. Bu mekanizma sayesin-
de, sebekeye enjekte edilen aktif gii¢, PV alani tarafindan iire-
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tilen giic ile uyumlu hale getirilerek DC bara gerilimi kararh
tutulur.

Reaktif Gii¢ Kontrolii : g-ekseni akim referansi (Iq_ref),
“Kontrol2” blogu tarafindan {iretilmektedir. Normal ¢alisma
kosullar1 altinda bu referans, reaktif giiciin sifir (Q = 0) olmasi
ve dolayisiyla birim gii¢ faktorii (PF = 1) saglanacak sekilde
ayarlanmistir (Kumar vd., 2023).

e Dahili Kontrol Dongiileri (Akim Regiilasyonu)
» ANFIS Denetleyici Tasarim Metodolojisi

Sebekeye enjekte edilen akimlarin regiilasyonu, senkron
referans cercevesinde (dq) ¢alisan bir dahili kontrol dongii-
sii tarafindan saglanan kritik bir islevdir. Yiiksek performans
elde etmek amaciyla, Adaptif Ag Tabanl Bulanik Mantik
Cikarim Sistemi (ANFIS) temelli akilli bir kontrol stratejisi
kullanilmigtir. Bu denetleyicinin tasarimy, titiz bir metodolo-
jiyi takip etmektedir: Ilk asamada, kapsamli bir egitim veri
seti olusturmak icin Sekil 2’de gosterilen konvansiyonel bir
Oransal-integral (PI) denetleyici kullanilmistir.

Riol_pué

>
V

Ltat_pus Lo}

Sekil 2 : Veri toplama amaciyla kullanilan konvansiyonel PI tabanli akim denetleyicisi
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Bu veri seti, sistemin kararli durum, dinamik pertiir-
basyonlar ve reaktif gii¢ yonetimi gibi zorlu kosullar da
dahil olmak tizere gesitli senaryolar altinda simiile edilme-
siyle zenginlestirilmistir. Veri toplama ve ANFIS denetle-
yicilerinin egitim siireci, Sekil 3’de sunulan akis semasinda
Ozetlenmektedir.

8 ™
(#na parametreler)

v

Senaryolonn similasyony:
-Kararh Durm
-Dlumsuz Durum
(Pertirbasyon)
=T Durum

{Reaktif)

Veri Igeme ve Toplama

Verilerin Brlegtinimesi

i

ANFIS Egjitioni Igen
Vi Hagwlama

|

ANFIS Kontrokrierinin
Editimi (D ve G eksanleri)

|

ANFIS Modellerinin Kay dedimes |

3

Eontrokrienn Warkspace's
Yuldenmes

Sekil 3: ANFIS denetleyicileri igin veri toplama ve egitim metodolojisi akis semast

Toplanan veriler daha sonra, biri d ekseni ve digeri q ek-
seni i¢in olmak tizere iki ayr1 ANFIS denetleyicisini egitmek
icin kullanilmis ve bu denetleyiciler nihai modele entegre
edilmistir.
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> Egitim Sonuclar ve Gelistirilen ANFIS Denetleyici
Yapisi

Egitim siireci sonunda elde edilen performans metrikle-
ri, Sekil 4'te sunulan 6zette gosterilmektedir. Diisiik Karesel
Ortalama Hatanin Kokii (RMSE) degerleri, ANFIS model-
lerinin egitim verilerini yiiksek bir dogrulukla 6grendigini

gostermektedir.
153 disp('Grafikler olusturuldu.'); |
154
155 %%
156 % % ASAMA 4: EGITIM SONUCLARI TABLOSU (FINAL SURUM)
157 %
158 disp(" ");
159 disp("*** 4. Asama: Egitim sonuclari ozetleniyor... ***');

160 LE % --- Bilgileri Topla (Dogru Metot) ---

161 % Egitim hata vektdriiniin SADECE SON elemanini aliyoruz.
162 rmse_d = hata_egitim_d(end);
163 rmca n - hata ecitim afend)- M
1 »
T T
¥x% 3. Asama: Sonug¢lar ¢izdiriliyor... ***

Grafikler olugturuldu.

% 4, Asama: EFitim sonuglari dzetleniyor... **%

+ +
| ENFIS EGITIM OZETI 1
+ + + +
| EKSEN 1 KURAL SAYIST | SON EGITIM RMSE 1
+ + + +
| D-Ekseni [ ] | 0.01084% I
| Q-Ekseni [ ] | 0.01872% I
+ + + +

fx Tiim slire¢ tamamlandi.

Sekil 4: ANFIS denetleyicileri i¢in egitim sonuglari 6zeti

ANFIS tabanli akim regiilatoriiniin nihai Simulink yapis1
Sekil 5’de sunulmustur.
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dla_rot

Vavameas

Liot_put -

Sekil 5: ANFIS tabanli akim denetleyicisi

Ayrica, egitilmis d-ekseni ve g-ekseni ANFIS denetleyici-
lerinin i¢ kural tabanlar1 ve ¢ikarim mekanizmalar: sirasiyla
Sekil 6 ve Sekil 7’de gosterilmektedir. Bu yapilar, her bir de-
netleyicinin girisler ve ¢ikis arasinda 9 adet bulamik kurala
dayali bir iliski kurdugunu ortaya koymaktadir.

’7 ANFIS
I::I 1
4| Rule Viewer: anfis_d X

- o
File Edit View Options :l_r'@
i ANFIS
output = -0.443 [ 2

inputi =-1.43 input2 = 0

N [~ 1] [ 11

s [ | [ 7O [ 1]

s =— [ 1] -
o [ 1 [T F——
0 I 5 I

-1.4260 1.1811 -1.4939 l0.2652 I:D ar

4.7 17.99 e |

Input: | 11 4260 Plot points: 494 HMWE MMMM‘
‘ Opened system anfis_d, 9 rules ‘ | Help Close ‘ : .

Sekil 6: D ekseni ANFIS denetleyicisinin kural tabani
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(4 Rule Viewer: anfis_q

File Edit View Options

rE it —
- o x

g

e[ [ ] LT [ T ]
s [ 11 /] [ T ]
e — [ [ ]
s —1 LY [ & ]
o [ ——11 /] [ [ ]
L —— [ T ]
o [ LT [ & ]

) [ [ /] [ [ ]
-4.0426 1.4253 -0.2539 0.1747 10|ﬂ:|:5|514
Input " [0 0g611:0] Plot points: 191 HM‘W MMMM‘
Opened system anfis_g. 9 rules Help | Close ‘

| HU\

Sekil 7: Q_ekseni ANFIS denetleyicisinin kural taban1

»s

M B

Sonug olarak, d ve q eksenleri icin ANFIS akim regiila-

torleri basariyla tasarlanmis ve egitilmistir. Elde edilen diisiik
Karesel Ortalama Hata Kokii (RMSE) degerleri (d ekseni igin
0.010849 ve q ekseni igin 0.018729), modellerin PI denetleyi-
ciden tiretilen verilerden yiiksek bir hassasiyetle 6grendigini

dogrulamaktadir.

e PWM Komut Sinyallerinin Uretilmesi

Vd_conv ve Vq_conv gerilim sinyalleri tekrar abc ekseni-

ne dontistiiriilerek PWM modiilatoriine gonderilir. Bu modii-

lator, evirici anahtarlama elemanlarinin kontrol darbelerini

Uretir.
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mmmmmm

Sekil 8: Senkron referans ¢ergevesine (dq) dayali VSC evirici kontrol stratejisinin semast

3.1.2. Kalic1 Rejimde Simiilasyon Sonuglar:

Sekil 9’da, ortak baglanma noktasinda (PCC) dlgtilen aktif
glic (P) ve reaktif gii¢ (Q) degerleri sunulmaktadir. Yaklasik
0,2 saniyelik kisa bir gegici siirecin ardindan aktif gii¢ 99,37
kW’da sabitlenmis, bu da PV sisteminden elde edilen ener-
jinin yiiksek verimlilikle sebekeye aktarildigini gostermek-
tedir. Reaktif gii¢ ise kontrol stratejisi geregi kalict durumda
sifira yakin tutulmakta olup (Q = 0 VAR), bu durum sistemin
birim gii¢ faktorii ile calistigini ve sadece aktif gii¢ enjekte et-
tigini ortaya koymaktadir. Boylece sistem, sebekeye reaktif
gii¢ alisverisi yapmadan verimli ve dengeli bir sekilde enteg-
re olmaktadir. Aktif giic (P), reaktif giic (Q) ve goriiniir giic (S)
arasindaki iligki su sekilde ifade edilir:

52 =p24 Q2

M

Q = 0 oldugunda bu ifade S = P haline doniismektedir.

Dolayisiyla, giic faktorii

Fp=2
5

)
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olarak tamimlandiginda, bu oran 1 olmaktadir. Bu da sistemin
birim gii¢ faktorti ile calistigini ve sebekeye yalnizca aktif (ya-
rarli) giic enjekte ettigini, reaktif gii¢ alisverisi yapmadigini
gostermektedir.

Sekil 9: Normal ¢alisma rejiminde sebekeye enjekte edilen aktif (P) ve reaktif (Q) giigler

Sekil 10, ortak baglama noktasindaki (PCC) gerilim ve
akim dalga sekillerini gostermekte olup, sebekeye enjekte
edilen enerjinin kalitesinin degerlendirilmesine olanak sagla-
maktadir. Gerilimler kararli, dengeli ve tamamen sintizoidal
olup, sebeke ile iyi bir senkronizasyon saglandiin goster-
mektedir. Benzer sekilde, evirici tarafindan enjekte edilen
akimlar da dengeli ve siniizoidal olup, LCL filtresinin harmo-
niklerin azaltilmasindaki etkinligini kanitlamaktadir. Gerilim
ve akim tepe noktalarinin zaman uyumu, gii¢ faktoriiniin
bire (cos ¢ = 1) yakin senkron ¢alismay1 dogrulamakta ve giig
analizi sonuglariyla uyum gostermektedir.
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AWAARA ANV
AR I\\/MVL XVU\\/I\ [TRVARY
1 WAVAVAVAVAVAY

W W W

SARWARTY
TW W W W

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time

Sekil 10: Normal ¢alisma rejiminde PCC'deki tig fazli gerilim ve akim dalga sekilleri

3.2. Ariza Simiilasyonu
3.2.1. Kisa Devrelere Giris

Kisa devre, bir elektrik devresinin iki veya daha faz-
la noktas1 arasinda diisitk empedansli anormal bir baglanti
olugsmasi durumudur ve bu durum asir1 akim akigina neden
olur. Sebekeye bagl {i¢ fazli bir sistemde kisa devreler gesit-
li sekillerde meydana gelebilir: fazlar arasi, faz-nétr arasi, iki
faz-nétr arasi veya ti¢ fazi birden (toprakli veya topraksiz)
icerecek sekilde (Zarei vd., 2021). Bu arizalar, ani gerilim dii-
simlerine, onemli akim artislarina ve aktif-reaktif giiclerde
ciddi bozulmalara yol acar. Uc fazli bir fotovoltaik (PV) siste-
min bu tiir arizalar karsisindaki performansinin degerlendi-
rilmesi; sebekenin kararliligini, giivenilirligini ve emniyetini
saglamanin yamn sira PV sistem ekipmanlarinin korunmasi
icin de hayati 6neme sahiptir (Alzyoud vd., 2021).

3.2.2. 1ki Faz Aras1 Ariza (Asimetrik Ariza)

1,1 sile 1,7 s zaman araliginda uygulanan asimetrik iki
fazli bir ariza sirasinda gergeklestirilen performans analizi,
kontrol stratejisinin saglamligini agikca ortaya koymaktadir.
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Ariza siiresince, aktif gii¢ yaklasik 75 kW seviyesine ani bir
diistis gosterirken, sebeke gerilimini desteklemek amaciyla
yaklasik 40 kVAR reaktif gii¢ enjekte edilmektedir. Bu davra-
nis, ariza siiresince sebekeye bagli kalma ve reaktif gii¢ enjek-
siyonu gerekliliklerini kapsayan Fault Ride-Through (FRT)
standartlar1 ile tam uyum igerisindedir. Fotovoltaik (PV) giris
glicii ile alternatif akim ¢ikis glicii arasindaki ani dengesiz-
likten kaynaklanan DC gerilimindeki hafif arti, gerilim re-
giilatorii tarafindan etkin bir sekilde kontrol altina alinmuis-
tir. Arizanin 1,7 s aninda giderilmesinin ardindan, sistemin
nominal ¢alisma kosullarma 0,1 saniyeden daha kisa siirede
geri dondiigii gozlemlenmistir. Bu hizli toparlanma, sistemin
yiiksek dinamik kararliligini ve sebeke kodlaria tam uyum-
lulugunu agikca gostermektedir.

Aktif Gug
100 \\
50
0
0 0.5 1 15 2 25 3 3.5 4
Time
«108 Reaktif Gug

N [—] —

0 0.5 1 15 2 25 3 3.5 4
Time

Sekil 11: Tki faz arasi (L.-1) ariza sirasinda aktif ve reaktif gii¢ler
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Sekil 12: Tki faz aras1 (L.-L) ariza sirasinda PCC'deki gerilim ve akim dalga sekilleri

3.2.3. Faz-Notr Aras1 Ariza (Asimetrik Ariza)

Sekil 13, aktif gii¢ tizerindeki etkinin simirli oldugunu,
hata siiresince yaklasik 98 kW seviyesinde sabitlendigini
gostermektedir. Bu durum, bir faz kaybina ragmen tiretimin
kesintisiz siirdiiriilebilecegini ortaya koymaktadir. Ayni za-
manda sistem, sebeke gerilimini desteklemek icin yaklasik
25 kVAR reaktif gii¢ enjekte etmektedir. Sekil 14, yalnizca
bir fazda gerilim diistisii oldugunu dogrulamaktadir. Sistem,
arizali fazdaki akimu sifirlarken, saglikli fazlardaki akimlari
artirarak gii¢ dengesini korumaktadir. Bu durum, asimetrik
ariza durumunda bile sistemin nominal gii¢ seviyesine yakin
glic enjekte edebilme ve hizli toparlanma yetenegini ve kont-
rol stratejisinin etkinligini gostermektedir.
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Sekil 13: Faz-notr

(L-N) aras1 ariza sirasing

da aktif ve reaktif giicler
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Sekil 14: Faz-nétr (L-N) arast ariza sirasin
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3.2.4. Iki Faz-Notr Aras1 Ariza (Asimetrik Ariza)

Sekil 15, sistem tepkisinin basit iki fazli hata durumun-
da da benzer oldugunu gostermektedir. Hata sirasinda aktif
glic hizla yaklasik 62 kW’a diiserken, sistem sebeke gerilimini
desteklemek igin yaklasik 35 kVAR reaktif gii¢ enjekte etmek-
tedir. Sekil 16, iki fazdaki gerilim ¢Okiisiinii dogrulamakta-
dir. Kontrol algoritmasi, saglikli fazdaki akimi artirip hatali
fazlardaki akimlar1 siirlandirarak evirici iizerindeki gerilim
ve akim zorlanmalarin1 azaltmaktadir. Hata kaldirildiktan
sonra sistemin 0.1 saniyeden kisa siirede toparlanmasi, kont-
rol stratejisinin siddetli asimetrik hatalara kars: etkinligini ve
saglamligini dogrulamaktadir.
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Sekil 15: Tki faz-nétr (L-1-N) arast ariza sirasinda aktif ve reaktif glcler
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Sekil 16: iki faz-nétr (L-L-N) arast ariza sirasinda PCC’deki gerilim ve akim dalga
sekilleri

3.2.5. U¢ Faz Anizas1 (Simetrik Ariza)

En siddetli senaryo olan {i¢ fazli simetrik hata analizi,
sistemin FRT (Fault Ride-Through) yeteneginin ytiiksek oldu-
gunu dogrulamaktadir. 1,1 s ile 1,7 s arasinda uygulanan bu
hata sirasinda PCC’deki gerilimler tamamen ¢okmiis ve aktif
gli¢c aninda sifira diismiistiir. Buna ragmen kontrol sistemi,
eviriciyi koruyarak enjeksiyon akimlarini giivenli sinirda tut-
mus ve sebekeye bagh kalmay1 basarmistir. Hata sona erdik-
ten sonra sistem 0,1 saniyeden kisa siirede nominal gii¢ ¢iki-
sina geri donerek, sebeke standartlarina tam uyumlulugunu
gOstermistir.
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Sekil 17: Gg faz (L-L-L) arizas: sirasinda aktif ve reaktif glicler
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Sekil 18: g faz (L-L-L) arizas: sirasinda PCC'deki gerilim ve akim dalga sekilleri

3.2.6. U¢ Faz-Notr Aras1 Ariza (Simetrik Ariza)

Ug faz-nétr arizast durumunda, Sekil 20'de goriildiigii
gibi, ortak baglanti noktas: (PCC) gerilimi tamamen ¢okmek-
te ve bu nedenle sebekeye enjekte edilen aktif gii¢ aninda sifi-
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ra diiserek hata stiresince bu seviyede kalmaktadir. Bu ciddi
duruma ragmen, kontrol sistemi enjeksiyon akimlarini diistik
ve kontrol altinda tutarak eviriciyi korumaktadir; bu durum
yine Sekil 20’de gozlemlenmektedir. Hata kaldirildiktan son-
ra sistem 0,1 saniyeden daha kisa siirede toparlanmakta ve
Sekil 19'da goriildiigii tizere nominal gii¢ enjeksiyonuna geri
donmektedir. Bu da sistemin en zorlu kosullarda dahi Fault
Ride-Through (FRT) gereksinimlerine tam uyum sagladigini
dogrulamaktadir.
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Sekil 19: Ug faz-nétr (L-L-L-N) arasi ariza sirasinda aktif ve reaktif giigler
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Sekil 20: Ug faz-nstr (L-L-L-N) arast ariza sirasinda PCC'deki gerilim ve akim dalga
sekilleri

3.2.7. Isinim ve Sicakligin Cikis Giiciine Etkisi

Sekil 22"ye gore, ¢ikis giicii 1stnim miktar1 ile dogru oran-
tilidir; 151mim arttikga tiretilen gii¢ de artmaktadir. Ote yan-
dan, Sekil 23, fotovoltaik panellerin sicakligindaki artisin ve-
rimliligi diistirerek cikis giiciinii azalttigini gostermektedir.
Bu degisiklikler, evirici girisine gelen gii¢ miktarini etkileyen
normal g¢alisma kosullar1 kapsaminda degerlendirilmelidir.
Bu nedenle, sistem performansinin hata analizinde sadece se-
beke kaynakli bozulmalar degil, meteorolojik kosullara bagl
degisen referans gii¢ seviyeleri de goz ontinde bulundurul-
malidir. Sistemin referans giicii, hem arizalara hem de cevre-
sel faktorlere baglh olarak degisiklik gosterebilmektedir.
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fotovoltaik_sistem/irradiance Temp : Ramp-up/down Irradiance

20 I I I I I L L 1

Time (sec)

Sekil 21: Sisteme uygulanan 1s1nim ve sicaklik degisim profilleri
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Sekil 22: Isinim degisiminin tretilen aktif gii¢ Gzerindeki etkisi
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Sekil 23: Sicaklik degisiminin tretilen aktif gli¢ tizerindeki etkisi

4. Bulgular

Simiilasyon sonuglari, d-q referans cergevesinde ANFIS
akim denetleyicisiyle kontrol edilen PV sisteminin, hem nor-
mal calisma kosullarinda hem de farkli sebeke arizalarinda
yliksek kararlilik ve dayaniklilik gosterdigini ortaya koymus-
tur. Sistem, stirekli rejimde birim gii¢ faktoriinde yaklasik 99
kW giig tiretirken cevresel degisimlere hizli uyum saglamak-
tadir. En zorlu durum olan ti¢ fazli kisa devre sirasinda bile
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ANFIS denetleyicisi, eviriciyi koruyarak akimi giivenli sevi-
yede tutmus ve ariza giderildiginde 0.1 saniyeden kisa siirede
yeniden nominal ¢alisma noktasina donmiistiir. Bu sonuglar,
ANFIS tabanli kontroliin modern sebeke gereksinimlerini
karsilayan hizli, giivenilir ve saglam bir ¢6ziim oldugunu
kanitlamaktadir.

Tablo 2: Fotovoltaik sistemin normal rejim ve ariza kosullarindaki
dinamik tepkisinin sentezi ve kargilagtirmali analizi.

Test Temel Aktif Gii¢ Reaktif Gii¢ | Kontrol Performans1 &
Senaryosu Bozucu (P) Tepkisi | (Q) Tepkisi Sonug¢
Etki
Normal Kararli 99.37 kW’ta | Sifir (0 kVAR) | Optimum. Sistem,
Calisma kosullar | kararli maksimum gii¢ noktasinda
(1000 W/ ve birim gii¢ faktoriinde
m?, 25°C) calismaktadir.
Faz-Notr 1 fazda Neredeyse Orta diizeyde | Miikemmel servis
Arizasi gerilim kararli (~98 | enjeksiyon stirekliligi. Kontrol,
(Asimetrik) |kaybi kW) (~25 kVAR) |saglam fazlar kullanarak
kaybi telafi eder ve
gerilim destegi saglar.
iki Faz 2 fazda | Kontrollii Belirgin Saglam (Robust). Sistem,
Arast Ariza | gerilim diistis (~75 | enjeksiyon uyum saglamak i¢in
(Asimetrik) | kaybi kW) (~40 kVAR) | glicti azaltir ve sebeke
kodlarinin gerektirdigi
gibi aktif gerilim destegi
saglar.
U¢ Faz Tam 0kW’a 0 kVAR’a Giivenlik ve FRT
Arizasi gerilim diistis diistis uyumlulugu. Kontrol,
(Simetrik) kayb1 (kaginilmaz) | (kaginilmaz) | akimi sinirlayarak
(V=0) eviriciyi korur ve aninda
toparlanma saglar.
5. Sonug ve Oneriler

Bu calisma, sebekeye baglh 100 kW kapasiteli {i¢ fazh
bir fotovoltaik sistemin dinamik performansini degerlendir-
mektedir. Sistem, gilicii maksimize etmek amaciyla Parcacik
Siirti Optimizasyonu (PSO) ve Yapay Sinir Aglar1 (ANN) ta-
banli bir Maksimum Gii¢ Noktas1 Takibi (MPPT) algoritma-
s1 kullanmakta olup, gesitli ariza senaryolarinda egitilmis ve
senkron donen (d-q) referans diizleminde ¢alisan Adaptif Ag
Tabanli Bulanik Mantik Cikarim Sistemi (ANFIS) tabanli bir
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akim denetleyicisi ile yonetilmektedir. Elde edilen sonuglar,
normal ¢alisma kosullarinda 99,37 kW etkili gii¢ enjeksiyonu
ve sebeke arizalarina kars: yiiksek dayaniklilik gostermekte-
dir. Sistem, ciddi asimetrik arizalar sirasinda reaktif gii¢ en-
jekte ederek gerilim destegi saglamakta ve ti¢ fazli kisa devre
durumunda akimi sinirlandirarak 0,1 saniyeden kisa siirede
hizli bir sekilde toparlanmay1 miimkiin kilmaktadir. Bu per-
formanslar, sistemin Fault Ride-Through (FRT) gereksinimle-
rine uygun oldugunu ve sebeke entegrasyonu icin giivenilir
oldugunu dogrulamaktadir.

Bu ¢alisma saglam bir kontrol mimarisini dogrulamais ol-
makla birlikte, gelecekteki arastirmalar ve iyilestirmeler igin
cesitli yollar agmaktadir.

v ANFIS denetleyicisinin performansini Derin Pekistirmeli
Ogrenme (DRL) ile karsilagtirirken, optimizasyonu hiz-
landirmak ve daha global ¢oziimler bulmak amaciyla
Kuantum Esinli Optimizasyon Algoritmalarmin kullani-
mini1 arastirmak (Ozgenc vd., 2025).

v' Batarya depolama entegrasyonu (BESS): Sistemin ada
modunda ¢alisma ve sebekeye frekans regiilasyonu hiz-
meti sunma yetenegi, bir batarya sistemi entegre edilerek
incelenmelidir.

v Sebeke hizmetlerinin genisletilmesi: Eviricinin, sebeke-
deki mevcut harmonik bozulmalar telafi eden bir aktif
filtre gibi davranma yetenegi gelistirilmelidir.

v" Donanim dongiisiinde dogrulama (HIL): Kontrol algo-
ritmalarinin performansi, gergek zamanli bir Donanim
Dongiisiinde Dogrulama (HIL) platformunda test edile-
rek onaylanmalidir (Kumar vd., 2023).
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Aycicegi Cekirdegi Kabuklarindan Elde
Edilen Aktif Karbonlarin Sentezi ve
Karakterizasyonu: Dokusal Ozellikler,
Elektrokimyasal Performans ve Tarimsal-
Endistriyel Atiklarin Degerlendirilmesi

Gilbert Jose LIRA RAMOS’

Ozet: Lityum iyon piller (LIB'ler), yiiksek enerji yogunluklari ve kararliliklari ne-
deniyle elektronik cihazlardan elektrikli araglara kadar ¢ok gesitli uygulamalar
i¢in enerji depolamada kritik 6neme sahiptir. Bununla birlikte, mevcut sinirla-
malarin iistesinden gelmek icin gelismis anot malzemelerinin gelistirilmesi ¢ok
onemlidir. 372 mAh/g 6zgiil kapasiteye sahip konvansiyonel grafit, yiiksek enerji
talepleri igin yetersizdir. Silikon, 6nemli dl¢lide daha ytiksek bir teorik kapasite
(4200 mAh/g) sunmasina ragmen, lityumlama sirasinda biiyiik hacimsel genles-
me (yaklasik %400) nedeniyle hizli bozulmaya ugrar, bu da toz haline gelme-
ye ve kararsiz bir kat1 elektrolit arayiiziiniin olusumuna neden olur (SEI). Bu
baglamda, biyokiitle kaynakl1 aktif karbonlarin umut verici alternatifler olarak
ortaya ¢ikmaktadir. Bu ¢alisma, aygicegi kabuklarindan, bol ve diisiik maliyetli
tarimsal-endiistriyel kalintilardan elde edilen aktif karbonlarin sentezi ve kap-
saml1 karakterizasyonuna odaklanmaktadir. LIB'ler i¢in yiiksek performansl
anot malzemeleri olarak potansiyellerinin degerlendirilmesi Onerilmektedir.
Aktif karbonlarin sentezi, nispeten diisiik sicakliklarda verimliligi ve ytiiksek
verimi ile bilinen bir yontem olan ¢inko kloriir (ZnCl,) ile kimyasal aktivasyon
yoluyla gergeklestirilecektir. Sicaklik, alikonma siiresi ve ZnCl, emprenye orani
gibi temel aktivasyon parametreleri, dokusal 6zellikleri kontrol etmek i¢gin opti-
mize edilecektir. Bu ¢alisma, aycicegi kabugu gibi tarimsal-endiistriyel atiklarm,
enerji depolama ihtiyaglar icin stirdiiriilebilir, ekonomik ve ¢evre dostu bir alter-
natif saglayarak LIB'ler i¢in gelismis anot malzemelerine doéniistiiriilebilecegini
gOstermeyi amaglamaktadir.

Anahtar Kelimeler: Aktif karbon, anot, lityum-iyon piller, ay¢igegi kabugu, kim-
yasal aktivasyon.
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Abstract: Lithium-ion batteries (LIBs) are critical for energy storage in a wide
range of applications, from electronic devices to electric vehicles, due to their
high energy density and stability. However, the development of advanced ano-
de materials is crucial to overcome current limitations. Conventional graphite,
with a specific capacity of 372 mAh/g, is insufficient for high energy demands.
Although silicon offers a significantly higher theoretical capacity (4200 mAh/g),
it undergoes rapid degradation due to large volumetric expansion (approxima-
tely 400%) during lithification, leading to pulverization and the formation of an
unstable solid-electrolyte interface (SEI). In this context, biomass-derived acti-
vated carbons are emerging as promising alternatives. This study focuses on
the synthesis and comprehensive characterization of activated carbons obtained
from sunflower hulls, an abundant and low-cost agricultural-industrial residue.
It proposes to evaluate their potential as high-performance anode materials for
LIBs. The synthesis of activated carbons will be carried out via chemical activa-
tion with zinc chloride (ZnCl,), a method known for its efficiency and high yield
at relatively low temperatures. Key activation parameters such as temperature,
retention time, and ZnCl, impregnation rate will be optimized to control textural
properties. This study aims to demonstrate that agricultural-industrial wastes
such as sunflower hulls can be transformed into advanced anode materials for
LIBs, providing a sustainable, economical, and environmentally friendly alterna-
tive for energy storage needs.

Keywords: Activated carbon, anode, lithium-ion batteries, sunflower shell, che-
mical activation.

Giris

Lityum iyon piller (LIB’ler), elektronik cihazlarimiza,
araglarimiza ve enerji depolama sistemlerimize gii¢ saglama
seklimizi doniistiirerek kendilerini giintimiiziin enerji de-
polama ortaminda lider bir teknoloji olarak konumlandirdi.
Basarisy, etkileyici enerji yogunluguna, yliksek nominal volta-
jina ve diisiik kendi kendine desarjina baglanmaktadir (Malik
ve ark., 2022). Bununla birlikte, elektrikli araglar ve biiyiik
olcekli depolama sistemleri gibi daha zorlu uygulamalara
yonelik artan talep, daha da biiyiik kapasiteler, daha uzun
hizmet 6mrii ve daha fazla giivenlik sunabilen gelismis mal-
zemeler igin stirekli arayis1 artirryor (Casimir ve ark., 2016;
Fergus, 2010).

Anot, LIB’lerin kritik bir bilesenidir ve malzemesi, pilin
genel performans: iizerinde dogrudan bir etkiye sahiptir.
Geleneksel olarak grafit, stabilitesi ve nispeten diisiik maliye-
ti nedeniyle baskin anot malzemesi olmustur. Bununla birlik-
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te, 372 mAh/g’lik teorik 6zgiil kapasitesi, daha yiiksek enerji
yogunlugu gerektiren yeni nesil uygulamalar igin 6nemli bir
siirlama oldugunu kanmitlamaktadir (Casimir ve ark., 2016).
Alternatif arayisinda silikon, grafitin on katindan fazla olan
4200 mAh/g’lik olaganiistii teorik gravimetrik kapasitesi sa-
yesinde umut verici bir aday olarak ortaya gikmistir (Casimir
ve ark., 2016). Bu avantaja ragmen, silikon, biiyiik dlcekte ti-
carilestirmeyi zorlastiran dogal zorluklar sunar. En tinliisi,
lityum yerlestirme (lityum) sirasinda maruz kaldigr muaz-
zam hacimsel genislemedir (yaklasik %400), malzemenin toz
haline gelmesine, elektrik temasimin kaybina ve fazlar arasi
kat1 elektrolit (SEI) tabakasinin kararsiz olusumuna yol agar
(Casimir ve ark., 2016; Fergus, 2010). Bu fenomenler, sarj ve
desarj dongiileri boyunca pil performansimin hizli bir sekilde
diismesine neden olur.

Bu smnirlamalar1 ele almak igin arastirmalar, yalnizca
yliksek kapasite sunmakla kalmay1p ayni1 zamanda miikem-
mel dongiisel stabilite sunan yeni anot malzemeleri gelistir-
meye odaklanmistir. Bu baglamda, biyokiitle kaynakli aktif
karbonlar (AC’ler) uygulanabilir bir alternatif olarak biiyiik
ilgi gormistiir (Deng ve ark., 2015; Fletcher ve ark., 2024).
Bu malzemeler, bolluklari, diisiik maliyetleri, stirdiiriilebilir
yapilar1 ve verimli lityum iyon tasimaciligl i¢in ¢ok Snemli
ozellikler olan yiiksek 6zgiil ytlizey alani ve kontrol edilebilir
gozeneklilik sunma yetenekleri ile karakterize edilir (Fletcher
ve ark., 2024).

Bu calisma, diinya ¢apinda biiyiik hacimlerde {iretilen
bir tarimsal-endiistriyel atik olan aygicegi kabuklarindan ak-
tif karbonlarin sentezi ve karakterizasyonuna odaklanmakta-
dir. Cinko kloriir (ZnCl,) ile kimyasal aktivasyon stratejisi, bu
malzemelerin dokusal 6zelliklerini optimize etmek i¢gin kulla-
nilacaktir. Daha sonra, mevcut malzemelerin sinirlamalarinin
uistesinden gelme ve atiklar1 degerlendirerek dongiisel eko-
nomiye katkida bulunma potansiyellerini gostermek ama-
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ayla LIBler igin anot malzemeleri olarak elektrokimyasal
performanslar1 degerlendirilecektir (Dawood ve ark., 2014;
Fletcher ve ark., 2024).

1. Literatiir Taramas1
1.1. Lityum Iyon Piller ve Anotun Rolii

Lityum iyon piller (LIB’ler), lityum iyonlarinin bir katot
ve bir anot arasindaki hareketi yoluyla enerji depolayan ve
serbest birakan elektrokimyasal cihazlardir. 1990’larda Sony
tarafindan ticarilestirilmelerinden bu yana kapasite, gii¢ yo-
gunlugu, kullanim Omrii ve giivenlik konularinda 6nemli
ilerlemeler kaydettiler. Bu ilerleme, biiyiik 6l¢iide, bilesenleri
i¢in, Ozellikle katot ve anot malzemeleri olmak tizere gelismis
malzemelerin stirekli olarak piyasaya stiriilmesinden kaynak-
lanmaktadir (Malik ve ark., 2022). Anot malzemesi, LIB’lerin
elektrokimyasal Ozellikleri ve giivenligi icin ¢ok Onemlidir
(Casimir ve ark., 2016; Fergus, 2010).

1.2. Konvansiyonel Anot Malzemeleri ve Yiiksek

Kapasiteli Alternatif Arayiglar:

Geleneksel olarak grafit, LIB’lerde standart anot malze-
mesi olmustur (Casimir ve ark., 2016; Fergus, 2010). Grafit
yapisi, LiC6 olusturan lityum iyonlarinin enterkalasyonuna
izin verir ve bu da 372 mAh/g’lik bir spesifik kapasite ile so-
nuglanir. Grafit, iyi bir dongtisel kararlilik ve diisiik calisma
voltaji sunarken, elektrikli araglar gibi modern uygulamala-
rin artan giig taleplerini karsilama yetenegi sinirhidir (Casimir
ve ark., 2016). Silisyum (5i), bir silikon atomu yaklasik dort
lityum iyonuna (Li4.4Si/Li225i5) baglanabildiginden, 4200
mAh/g’lik olagantistii teorik gravimetrik kapasitesi nedeniy-
le grafitin yerini alacak en umut verici anot malzemesi olarak
tanimlanmigstir (Casimir ve ark., 2016).
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1.3. Umut Verici Anot Malzemeleri Olarak Biyokiitle
Tiirevli Aktif Karbonlar

Aktif karbonlar (AC’ler), glintimiiz anotlarinin zorlukla-
rinin istesinden gelmek icin ¢ekici bir ¢6ztim olarak sunul-
maktadir. Bolluklari, onciillerin (tarimsal kalintilar) diistik
maliyeti ve ylizey alan1 ve gozeneklilik gibi dokusal 6zellik-
lerini tasarlama yetenekleri, onlari lityum iyon depolama igin
ideal kilar (Deng et al., 2015; Fletcher et al., 2024). AC’lerin
gozenekli yapisy, lityum iyonlarinin diftizyonunu kolaylas-
tirabilir, depolama alanlarinin sayisini artirabilir ve kiigiik
hacimli genislemeler igin bir yastik saglayabilir, boylece don-
glisel stabiliteyi artirabilir (Casimir et al., 2016; Shchegolkov
et al., 2021).

Onceki caligmalar, optimize edilmis kogullar altinda 1600
m?/g’yi asan spesifik yiizey alanlarina sahip kabuklar da dahil
olmak tizere cesitli biyokiitlelerden CA iiretimini bildirmistir
(Fletcher et al., 2024). Bu degerler, geleneksel olarak LIB anot-
larinda kullanilan karbonlarin degerlerinden ¢ok daha yiik-
sektir (Shchegolkov et al., 2021).

1.4. Aktif Karbon Sentez Yontemleri ve Anahtar
Parametreler Fiziksel Aktivasyon

Biyokiitlenin inert bir atmosferde karbonizasyonunu ve
ardindan elde edilen karbonun goézenek yapisini gelistirmek
icin yiiksek sicakliklarda (700-1000 °C) oksitleyici madde-
lerle (CO,, su buhar1 veya hava) kismi gazlastirilmasimi ige-
rir (Fletcher ve ark., 2024). Kimyasal Aktivasyon: Daha dii-
siik sicakliklar gerektirir (genellikle <700 °C) ve ¢inko klortir
(ZnCl,), fosforik asit (H,PO,) veya potasyum hidroksit (KOH)
gibi dehidrasyon maddeleri kullanir (Dawood ve ark., 2014;
Fletcher ve ark., 2024). Bu yontem, enerji tiiketimini azaltan ve
daha yiiksek aktif karbon verimine izin veren diisiik sicaklik-
larda verimliligi nedeniyle tercih edilir. Cinko kloriir (ZnCl,)
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yaygin olarak kullanilan bir aktive edici ajandir ve yiiksek
ylizey alanlarina sahip aktif karbonlarin tiretilmesinde etkili
oldugu gosterilmistir. Mekanizmasi, 6nciisiin emprenye edil-
mesini, ardindan ZnCl,'nin bir dehidrasyon maddesi olarak
islev gordiigii, katran olusumunu inhibe ettigi ve gozenek ge-
lisimini tegvik ettigi karbonizasyonu igerir (Dawood ve ark.,
2014; Fletcher ve ark., 2024).

Kimyasal aktivasyon sirasinda aktif karbonlarin 6zellik-
lerini etkileyen temel parametreler sunlar1 igerir:

Aktivasyon Sicakligi, Gozenek yapisini ve yiizey alani-
n1 dogrudan etkiler (Dawood ve ark., 2014; Fletcher ve ark.,
2024). Uygun olmayan sicakliklar yetersiz gozeneklilige ne-
den olabilir.

Bekletme siiresi, Malzemenin aktivasyon sicakliginda tu-
tuldugu ve gozenek gelisim derecesini etkileyen stire (Fletcher
ve ark., 2024). Emprenye Orani, (ZnCIZ/Oncﬁ). Aktive edici
ajan miktari, aktif komiriin nihai 6zelliklerinin belirlenme-
sinde kritik oneme sahiptir, ¢iinkii yetersiz bir oran gozenek
olusumunu smirlayabilir veya kalint1 birakabilir (Fletcher ve
ark., 2024). Bu parametrelerin optimize edilmesi, belirli uy-
gulamalar icin istenen dokusal 6zelliklere sahip malzemeler
tasarlamak i¢in ¢ok 6nemlidir.

2. Metodoloji

Bu calismada, aycicegi ve yer fistig1 kabuklarindan tii-
retilen aktif karbonlarin sistematik bir sentezi ve karakteri-
zasyonu gerceklestirilecek, ardindan lityum iyon piller igin
anot olarak elektrokimyasal performanslarinin kapsaml bir
degerlendirmesi yapilacaktir.

2.1. Oncii Malzemeler

Aycigegi kabuklar yerel tarimsal-endtistriyel kaynaklar-
dan toplanacaktir. Bu malzemeler bolluklari, diisiik maliyet-

110



Gazze'de Savasin Etkileri: Cok Disiplinli Bir Yaklagim | Traces Of War in Gaza: An Interdisciplinary Analysis

leri ve yiiksek karbon igerikleri nedeniyle secilmistir (Deng ve
ark., 2015; Fletcher ve ark., 2024).

2.2. Kimyasal Aktivasyon ile Aktif Karbonlarin Sentezi

Aktif karbonlarin (AC’ler) sentez siireci, biyokiitle atik-
lar1 i¢in 6nceden belirlenmis protokolleri uyarlayarak ¢inko
Kloriir (ZnCl,) ile kimyasal aktivasyon yontemine dayana-
caktir (Dawood ve ark., 2014; Fletcher ve ark., 2024): Oncii
Hazirlik: Aycigegi ve yer fistig1 kabuklari, ylizey safsizlikla-
rin1 gidermek icin deiyonize su ile yikanacak, gece boyunca
100 + 2°C’de bir firinda kurutulacak, ogiitiilecek ve 2mm’lik
bir partikiil boyutuna kadar taranacaktir. Emprenye: 5g elen-
mis oncti (W1), deiyonize su iginde bir ZnCl, ¢ozeltisi ile em-
prenye edilecektir. Aktivator miktarinin etkisini belirlemek
icin 0.25, 1.13 ve 2 gibi farkli emprenye oranlar1 (ZnCl, g/
Oncii g) arastirilacaktir. Karisim, oda sicakhiginda yaklasik 24
saat dengelenmeye birakilacaktir. Emprenye edilmis numune
daha sonra gece boyunca 100 + 2 °C’de bir firinda kurutu-
lacaktir. Karbonizasyon: Kuru numune, inert bir nitrojen at-
mosferi (250mL/dak) altinda bir tiip firinda karbonize edile-
cektir. 300, 450 ve 600 °C sicakliklar, 15, 68 ve 120 dakikalik
bekleme/tutma siireleri ve 15°C/dk rampa hizi uygulanacak-
tir. Islem sonras:: Karbonize iiriin tartilacak (W3) ve kalan ak-
tive edici tuzu stizmek i¢in 200mL 0.1 M HCl igeren bir kaba
aktarilacaktir. Karisim 1 saat calkalanir. Uriin daha sonra si-
cak deiyonize suda kaynatilacak ve kloriir iyonlar: tamamen
uzaklastirilana ve asitlik azalana kadar oda sicakliginda bir-
kag kez deiyonize su ile yikanacaktir. Yikanan klima, yakla-
sik 24 saat boyunca 100 + 2 °C’de bir firinda kurutulacak ve
verimi hesaplamak i¢in tekrar tartilacaktir (W4).

2.3. Fizikokimyasal karakterizasyon

Sentezlenen aktif karbonlar cesitli teknikler kullanila-
rak karakterize edilecektir, Proksimal Analiz: Onciilerin ve
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CA’larin ugucu madde, sabit karbon, nem ve kiil igerigi-
ni belirlemek ic¢in termogravimetrik bir teknik (BS1016’ya
benzer) kullanilarak gerceklestirilecektir (Fletcher ve ark.,
2024). Dokusal Analiz (BET): -195.8 °C’de nitrojen adsorp-
siyonu kullanan bir Micromeritics ASAP 2420 cihaz1 kul-
lanilacaktir. Numuneler vakum altinda 4 saat boyunca 250
°C’de gazdan arindirilacaktir. Spesifik yiizey alani (SBET),
Brunauer-Emmett-Teller (BET) yontemi kullanilarak hesap-
lanacaktir. Mikro gozenek alani (Smicro) ve mikro gozenek
hacmi (Vmicro) t-plot yontemi ile elde edilecek ve gozenek
boyutu dagilimi Barrett-Joyner-Halenda denklemi (BJH) ile
hesaplanacaktir (Deng ve ark., 2015; Fletcher ve ark., 2024).
Morfoloji (SEM): Malzemelerin yiizey morfolojisi ve mik-
royapisy, taramali elektron mikroskobu (SEM, LEO-1530,
LEO, Almanya) ile analiz edilecektir. Bu, heterojen doganin
ve yapidaki kanallarin veya gozeneklerin varliginin gorsel-
lestirilmesine izin verecektir (Deng ve ark., 2015; Fletcher
ve ark., 2024). Yogunluk: AC’lerin yogunlugu helyum pik-
nometrisi (Micromeritics Accupyc II) kullanilarak belirlene-
cektir (Fletcher ve ark., 2024). Fourier Dontisimii Kizilotesi
Spektroskopisi (FTIR): 5004000 cm-1 araliginda bir FTIR
spektrometresi (MB3000 FT-IR) kullanilarak AC’lerin yiize-
yinde bulunan fonksiyonel gruplar1 tanimlamak igin yapila-
caktir (Fletcher ve ark., 2024).

2.4. Elektrokimyasal Degerlendirme

Anot malzemeleri olarak aktif karbonlarin elektrokim-
yasal degerlendirmesi, yar1 hiicre konfigiirasyonlarinda ger-
ceklestirilecektir: Elektrot hazirlama: AC'ler, iletken bir ajan
(6rnegin karbon siyahi) ve bir baglayici (6rnegin PVDF veya
PAA veya CMC gibi daha elastik bir baglayici) ile optimum
oranda karistirilacaktir. Stispansiyon bir bakir akim kollek-
torti tizerinde biriktirilecek ve kurutulacaktir. Yarim Hiicre
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Konfigiirasyonu: Madeni para hiicreleri, ¢calisma elektrodu
olarak aktif karbon, karsi elektrot ve referans elektrot olarak
metalik lityum ve susuz bir elektrolit (6rnegin, EC/DEC’de
1.0 M LiPF6) ile birlestirilecektir (Fergus, 2010; Shchegolkov
ve ark., 2021). Dongtisel Voltametri (CVA): Elektrot/elektro-
lit arayiiziinde meydana gelen lityum-iyon interkalasyon/
deinterkalasyon siireglerini ve reaksiyonlarini arastirmak
icin CVA testleri yapilacaktir. Bu, malzemenin elektrokimya-
sal olarak aktif oldugu potansiyel araliklarin belirlenmesini
miimkiin kilacaktir (Shchegolkov ve ark., 2021). Galvanostatik
Yiikleme/Bosaltma Testleri: Galvanostatik ¢evrim, belirli sarj/
desarj kapasitesini, coulombic verimliligi ve uzun vadeli
¢evrim kararliligini 6lgmek icin farkli akim yogunluklarin-
da (6rnegin, C/10, C/5, 1C) ve voltaj araliklarinda (6rnegin,
0.01 ila 2.0 V ve Li/Li+) gergeklestirilecektir (Fergus, 2010;
Shchegolkov ve ark., 2021). Yiiksek sayida dongiiden sonra
kapasitenin korunmasina 6zellikle dikkat edilecektir. Lityum
Difiizyon Katsayilarinin Hesaplanmasi: Kronoamperometri
gibi teknikler kullanilarak, aktif karbon yapisindaki lityum
iyonlarmin difiizyon katsayilari hesaplanacak ve iyon tasi-
ma kinetigi hakkinda bilgi verilecektir (Shchegolkov ve ark.,
2021).

3. Sonuglar ve Tartigma

Bu calismanin sonuglarmin, aycigegi kabuklarmndan tii-
retilen aktif karbonlarin ve LIB’ler igin yiiksek performansh
anot malzemelerinin fizibilitesini gostermesi beklenmektedir.

3.1. Dokusal Ozellikler ve Morfoloji

ZnCl, (sicaklik, alikonma siiresi, emprenye orani) ile kim-
yasal aktivasyon parametrelerinin optimizasyonu, istenen
dokusal Ozelliklerin elde edilmesi icin kritik 6neme sahiptir
(Fletcher ve ark., 2024). Sentezlenen aktif karbonlarin sunlari
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sergilemesi beklenir: Yiiksek Ozgiil Yiizey Alanlari: Onceki ca-
lismalar, fistik kabugu CA’lar1 i¢in 1700 m?/g’ye kadar yiizey
alanlar1 bildirmistir (Fletcher ve ark., 2024) ve aycigegi kabuk-
lar1 icin benzer araliklar (Deng ve ark., 2015). Bu yiiksek yii-
zey alanlari, iyi dagilmis gozeneklilik ile, lityum iyonlar1 igin
¢ok sayida interkalasyon bolgesi saglamak ve bunlarin hizl
tasinmasin kolaylastirmak igin ¢ok 6énemlidir (Shchegolkov
ve ark., 2021). Mezogozenekli ve mikro gozenekli yapilar:
Malzemelerin, ortalama gozenek boyutlar1 2 nm’den biiyiik
olan mikro gozenekler ve mezoforlarin bir kombinasyonunu
sergilemesi beklenir ve bu da onlar1 mezogo6zenekli malze-
meler olarak siniflandirir. Mikro gozenekler yiiksek adsorp-
siyon kapasitesinden sorumlu olabilirken, mezoporlar lityum
iyonlarinin malzemenin yapisi boyunca difiizyonunu kolay-
lastiracaktir (Fletcher ve ark., 2024). Heterojen ve Gozenekli
Morfoloji: SEM goriintiileri, kanallarin varligin1 ve oldukga
gozenekli bir yapiy1 gostererek AC’lerin heterojen dogasini
ortaya ¢ikaracaktir. Bu morfoloji, elektrolit difiizyonu ve aktif
bolgelere erisim igin avantajlidir (Fletcher ve ark., 2024).

3.2. Proksimal Analiz ve Yogunluk

Proksimal analizler (u¢ucu madde, sabit karbon, kiil)
komiirlerin safligini ve bilesimini anlamak i¢in énemlidir.
Aycicegi ve yer fistig1 kabugu CA’larinin, malzemenin kalite-
sini gosteren diistik kiil icerigine (%1’den az) ve yiiksek sabit
karbon igerigine (%86’dan fazla) sahip olmas1 beklenmekte-
dir (Fletcher ve ark., 2024). Elektrotun daha yiiksek bir enerji
yogunluguna katkida bulunan nispeten yiiksek bir yogunluk
(6rnegin 1.455 g/cm? ile 1.750 g/cm?® arasinda) da beklenir
(Fletcher ve ark., 2024).

3.3. Elektrokimyasal Performans

Aktif karbonlarin elektrokimyasal degerlendirmesinin,
anot malzemeleri olarak biiyiik potansiyellerini gostermesi
beklenmektedir: Ustiin Ozgiil Kapasite: Yiiksek yiizey alani
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ve kontrollii gozeneklilik goz oniine alindiginda, AC’lerin
geleneksel grafitten (372 mAh/g) daha iistiin bir spesifik sarj/
desarj kapasitesi sergileyecegi tahmin edilmektedir (Casimir
ve ark., 2016). Bu, lityum iyonlarinin malzemenin mikro go-
zenekleri ve yiizeyi lizerinde enterkalasyonu/adsorpsiyonu
yoluyla saglanacaktir (Shchegolkov ve ark., 2021). Karbon
nanotiiplere dayali benzer malzemeler, saf aktif karbon icin
277 mAh/g’ye kadar kapasiteler gostermistir (Shchegolkov ve
ark., 2021), optimize edilmis biyokiitle ile performans: artir-
mak i¢in kapsam onermektedir. Gelistirilmis dongtisel karar-
lilik: Aktif karbonlarin gozenekli yapisi, kiigiik hacimli gen-
lesmeler igin bir tampon gorevi gorecek, boylece saf silikon
anotlarda gozlenen toz haline gelme ve yapisal bozulmay1
azaltacaktir. Bu, pil dayanikliligr icin kritik bir faktor olan ¢ok
sayida dongii boyunca daha iyi kapasite tutma ile sonuglana-
caktir. Ek olarak, yeni ytizeylere daha az maruz kalmasi ne-
deniyle daha kararli bir SEI tabakas1 olusacaktir (Casimir ve
ark., 2016). Gelismis Lityum-Tyon Kinetigi: Gozenek dagilimi
ve yliksek elektrik iletkenligi (6zellikle optimize edilmis grafit
veya baglayic ile birlestirildiginde), lityum iyonlarmin hizh
ve verimli bir sekilde tasinmasinm kolaylastiracak ve yiiksek
sarj/desarj oranlarinda iyi performans saglayacaktir (Casimir
ve ark., 2016; Shchegolkov ve ark., 2021). Lityum iyonlarmin
difiizyon katsayilarimin olumlu olmasi beklenir, bu da iyonla-
rin malzemenin yapisi iginde hizli bir sekilde hareket ettigini
gosterir. Anyon Serpistirme Mekanizmast: Islevsellestirilmis
aktif karbonlar s6z konusu oldugunda, heksaflorofosfat an-
yonlarinin grafit malzemelerin interlaminar boglugunda ve
karbon nanotiiplerin kendisinde enterkalasyonunun, o6zel-
likle bir lityum elektroda gore 3.5-4.5 V potansiyeller arali-
ginda kapasiteye katkida bulunabilecegi gozlemlenmistir
(Shchegolkov ve ark., 2021). Bu, biyokiitle CA’larmin yiizey
islevsellestirilmesinin, sarj depolamasi i¢gin ek yollar agabile-
cegini diistindiirmektedir. Ozetle, beklenen sonuglar, sentez
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ve yapisal 6zellikleri dikkatli bir sekilde kontrol ederek, ay-
cicegi ve yer fistig1 kabuklarindan tiiretilen aktif karbonlarin,
yliksek kapasite, dongiisel kararlilik ve iyon tasima kinetigi
arasinda optimal bir denge sunabilecegini ve bunlar1 gelecek
nesil LIB'ler i¢in rekabetci anot malzemeleri olarak konum-
landirabilecegini gostermektedir.

4. Sonug

Bu calisma, lityum-iyon pil anotlarindaki uygulamalar
icin yiliksek performansli aktif karbonlarin iiretimi i¢in tarim-
sal-endiistriyel atik olarak aycicegi kabuklarmin potansiyeli-
nin altmi ¢izmektedir. Sicaklik, alikonma siiresi ve emprenye
orani gibi temel parametreleri optimize eden ¢inko kloriir ile
kimyasal aktivasyon metodolojisi, belirli dokusal 6zelliklere
sahip malzemeler tasarlamak icin gereklidir. Sentezlenen ak-
tif karbonlarin, verimli lityum iyon tasinmasi ve ¢ok sayida
depolama alani saglamak icin ¢ok 6nemli olan yiiksek 6zgiil
ylizey alanlar1 ve iyi gelismis gozeneklilik sergilemesi beklen-
mektedir. BET, SEM ve proksimal analiz kullanan fizikokim-
yasal karakterizasyon, bu 6zellikleri dogrulayacak ve elektro-
kimyasal performans: destekleyen gozenekli morfolojileri ve
yapilar: ortaya ¢ikaracaktir.

Elektrokimyasal performans agisindan, bu malzemelerin
geleneksel grafitin sinirli kapasitesini agsmasi ve saf silikon
anotlarla iligkili hacimsel genlesme sorunlarmi ve SEI karar-
sizligini ele almasi beklenmektedir. AC’lerin gozenekli yapi-
s1, dongiisel stabiliteyi ve uzun vadeli kapasite korumasini
iyilestiren bir tampon gorevi gorecektir. Ek olarak, optimize
edilmis gozenek dagilimi ile kolaylastirilan iyi lityum iyon
kinetigi, gesitli sarj ve desarj hizlarinda verimli performansa
izin verecektir. Sonug olarak, bu calisma, tarimsal end{istriyel
atiklar1 LIB’ler i¢in gelismis anot malzemelerine doniistiirme-
nin etkinligini ve stirdiiriilebilirligini dogrulamayi, dongtisel
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ekonomiye katkida bulunmay1 ve artan enerji depolama ta-
leplerini karsilamak igin ekonomik olarak uygulanabilir ve
cevre dostu bir alternatif sunmay1 amaclamaktadir.
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To study and control leakage of Massey
Ferguson cylinder head gray cast iron
casting at pressure test by identifying

actual root cause of the issue.

Muhammad AHMED, Abdullah SANT,
Muhammad Umair ARSHAD

Ozet: Bolan Casting Limited tarafindan {iretilen gri dskme demir (BS 1452 G-17)
silindir kapaginda meydana gelen sizintinin kok nedenlerini belirlemek igin
spektroskopi, hizli analiz testleri, optik mikroskobi, sertlik 6l¢timii ve kompakt-
lik, gecirgenlik ve tane boyutu analizini iceren yas kum degerlendirmeleri gibi
cesitli teshis testleri uygulanmistir.Bulgular, sizintinin birincil nedeninin, ergi-
mis metalde asir1 hidrojen tutulmasi sonucu olusan gaz gézenekliligi oldugunu
gostermistir. Olgiilen hidrojen seviyesi, standart kabul edilebilir ppm simurlarmin
tizerinde bulunmus ve katilasma sirasinda bu fazla hidrojen i¢ pinhol (igne go-
zenekleri) olusumuna yol agmistir.ikincil ancak 6nemli bir diger etken, dokiim
sirasinda ¢apuletlerin yer degistirmesi sonucu ¢ift egzoz ¢ekirdeginin yanlis hi-
zalanmasidir. Bu yanlis hizalanma, kalip dolumunu etkilemis ve dokiim boyun-
ca diizensiz et kalinliklar1 olusturmustur. Isleme sirasinda bu daha ince bolgeler
daha zayif hale gelmistir. ic pinhol birlesimi ile delinme sirasinda olusan 1s1 ve
siirtiinme, 6zellikle zayif olan bu bolgelerde gatlak baglatma ve ilerlemesine ne-
den olmustur.Gaz gozenekliligini ortadan kaldirmak ve dékiim kalitesini artir-
mak icin baz1 diizeltici 6nlemler &nerilmistir. Kalip ve ¢ekirdeklerde kullanilan
silika kumundaki nem seviyeleri, hidrojen olusumunu sinirlamak igin siki se-
kilde kontrol edilmelidir. Cift egzoz ¢ekirdeginin boyutlari, ¢apulet hareketini
6nlemek amaciyla kesin toleranslarda tutulmalidir. Ayrica, endiiksiyon ocag ile
dokiim hatti arasinda kapakli pota kullanilmasi, atmosferik temasin azaltilma-
s ve hidrojen sogurulmasmin minimuma indirilmesini saglayacaktir.Bu 6n-
lemler, kalip stabilitesini artirmayi, i¢sel dokiim hatalarini azaltmayi ve silindir
kapagimin mekanik biitiinliigiinii gliclendirmeyi amaglamaktadir.

Anahtar Kelimeler: Gri Dékme Demir, Silindir Kapagi, Sizint1 Problemi.
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Abstract: In order to determine the root causes of leakage in the grey cast iron (BS
1452 G-17) cylinder head produced at Bolan Casting Limited, several diagnos-
tic tests were performed, including spectroscopy, rapid analyzer testing, optical
microscopy, hardness testing, and green sand evaluations such as compaction,
permeability, and grain-size analysis.The findings showed that the primary cau-
se of leakage was gas porosity, resulting from excessive hydrogen entrapment in
the molten metal. The measured hydrogen level exceeded the standard acceptab-
le ppm limits, and during solidification, this excess hydrogen produced internal
pinholes. A secondary but significant factor was the displacement of chaplets du-
ring pouring, which led to the misalignment of the double exhaust core. This mi-
salignment affected mold filling and created uneven wall thickness throughout
the casting. During machining, these thinner regions became more vulnerable.
The combination of internal pinholes with the heat and friction produced during
drilling caused crack initiation and propagation, especially in already weakened
sections.

To eliminate gas porosity and improve casting quality, several corrective actions
were recommended. Moisture levels in the silica sand for both molds and cores
must be tightly controlled to limit hydrogen generation. The dimensions of the
double exhaust core should be kept within strict tolerances to prevent chaplet
movement. Additionally, using a covered ladle between the induction furnace
and the casting line is advised to reduce atmospheric exposure and minimize
hydrogen absorption.These measures aim to improve mold stability, reduce in-
ternal defects, and enhance the mechanical integrity of the cylinder head.

Keywords: Grey Cast Iron, Cylinder Head, Leakage issue.

Graphical Abstract

GRAPHICAL ABSTRACT: CYLINDER HEAD LEAKAGE INVESTIGATION & SOLUTION (GCI)
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‘Summary based on analysis of GCI Cylinder Heed at Bolan Casting Limited.
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1. Introduction
1.1 Brief background

Cylinder heads are geometrically complex GCI castings
with multiple cored passages for intake/exhaust and fasteners
as shown by Figure 1.(W. Wang et al., 2007) . Tight machining
tolerances, local hot spots, and thin sections around guides/
bolts make them sensitive to dimensional variation and mic-
ro-porosity. Failures typically surface at machining/pressu-
re-test stages as through-leaks. (Gyarmati et al., 2021) .

Rocker arm pivots
to open valve

Valve clearance adjuster,

Threaded hole for
bolting rocker cover
to cylinder head

Intake ports

Housing for thermostat
Pushrod moves up and
down to pivot rocker arm

Figure 1: part of cylinder head showing different weak sections, which can be a cause of
leakage during pressure test (Wang et al., 2007)

1.2. Problem statement

Bolan Casting Limited, one of the prestigious foundries
of Pakistan was experiencing persistent post-machining lea-
kage in specific zones (valve-guide and neighboring bolt ho-
les). Initial batch rejections were reported as high (=30-40%),
creating cost and delivery risk. A rigorous, evidence-based di-
agnosis was needed to isolate primary causes and implement
remedies that fit existing tooling and process constraints.
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1.3. Aims and objectives
Diagnose the dominant mechanism(s) behind the leakage.

2. Rule in/out contributions from chemistry, microstructu-
re, hardness, and green-sand health.

Evaluate hydrogen’s role in pinhole formation.

4. Identify dimensional vulnerabilities caused by core as-
sembly and pouring dynamics.

5. Implement low-cost, production-viable modifications
and verify improvement.

1.4. Scope of work

The work covers component sampling, laboratory chara-
cterization, green-sand testing, hydrogen analysis, dimensio-
nal/visual checks of core assemblies, and plant-level modifi-
cations. Out-of-scope items include complete gating/feeding
redesign and extensive CFD/solidification modeling (they are
discussed as future opportunities).

1.5. Grey cast iron (GCI) and its properties

GCI contains graphite as interconnected flakes within a
ferrite/pearlite matrix. (X. Wang et al., 2023). Graphite class
(A, B, C, D, E) as shown by figure 2, affects properties: Type-A
flakes (random) and Type-C (kish) are generally acceptable
in many GCI grades; Types B/D/E can degrade mechanical
integrity and surface finish. (Nayyar et al., 2012). Typical ad-
vantages are good young modulus, damping capacity and
machinability where as bad tensile and fatigue resistance are
its disadvantages as shown by table 1, sensitivity includes
gas pin holing when hydrogen pickup is excessive and edge
Chilling if chemistry/section thickness are mismanaged.(Fox
& Adams, 1973)
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Figure 2(a): grey iron flakes showing different classes from A to E having different
impact on grey iron castings b) shows gas porosity at the end of the sample (Kassie &
Assfaw, 2013) (Séderholm, n.d.)

Properties GCI (gray cast iron)
Tensile strength (MPa) 250

Young Modulus (GPa) 105

Fatigue resistance (MPa) 110

Heat conductivity (W/ (mK)) 48

Hardness (HB) 179-202

Relative damping capacity 1.0

Machinability Good

Table 1: Gray cast iron (GCI) properties (Diniz et al., 2010)

1.6. Methodology used in the study

A mixed approach was applied: (i) plant walk-throughs
and visual/dimensional checks around cored features; (ii)
emission spectroscopy; (iii) optical microscopy at 200X and
1000X magnification; (iv) Brinell hardness at three sites; (v)
sand grain-size, permeability, and green compaction tests; (vi)
rapid analyzer (hydrogen ppm); and (vii) corrective action
trials with core redesign and subsequent quality monitoring.

2. Literature Review

Several foundry industries across the world as shown by
table 2, have reported recurring problems with cylinder head
castings, particularly involving leakage, porosity, and crac-
king as shown by Figure 2 (Ozdemir et al., 2009). A review
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of published case studies and industrial investigations high-
lights the different challenges faced, along with the remedial
measures adopted to improve performance and reduce reje-
ction rates.

Actual points where leakage oce

Figure 2: actual picture of cylinder head showing position from where leakage happened

A collaborative program involving Swedish foundries
and the Casting Innovation Center studied the occurrence of
pinholes and gas porosity in grey iron cylinder heads. These
defects were traced mainly to hydrogen and nitrogen pick-up
during melting and mold filling, with hydrogen levels above
4 ppm in solid iron identified as a critical factor. Additional
sources included excess moisture in molding sand, undried
ladles or cores, and condensation on mold surfaces. To over-
come these issues, Swedish engineers recommended stricter
drying of ladles and cores, improved venting systems, cont-
rol of moisture in green sand, and better mold layout design
to avoid localized hot spots. These measures were shown to
reduce gas-related porosity and improve the consistency of
cylinder head castings. (Sivanantham et al., 2024)
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Region | Supplier Name of Industry | Model Year

India Nemak Aluminium Castings | Hyundai 2021
India Pvt. Ltd.

America | Nemak of Canada Corp. GM 2022

China | Guangzhou Qisheng GAC Motor 2021
Powertrain Co., Ltd.

Europe | Nemak, S.A.B.de C.V. Maserati 2022

Japan Toyota Industries Corporation | Hino 2021

Table 2: List of manufacturing countries along with its suppliers and makers

ZHY Casting Company encountered leakage in water
jackets of platinum-series four- and six-cylinder heads, pri-
marily caused by shrinkage defects at hot spots. To mitigate
this, the company applied a special tellurium powder coating
beneath the normal refractory layer. When used in controlled
quantities, this coating promoted carbide formation and re-
duced surface leakage. However, the study emphasized that
excessive use of tellurium altered surface tension of molten
iron and intensified veining defects in water jackets. Later
trials combined tellurium coatings with graphite washes, but
these also created hard spots and crack-prone areas. This hi-
ghlighted the delicate balance required between sealing sh-
rinkage porosity and avoiding new surface-related defects in
critical regions. (Doty et al., 2025)

In India, a major leakage problem was reported in in-
let-port subassemblies of light commercial vehicle cylinder
heads, where rejection rates reached nearly 42%. An industri-
al engineering team analyzed the defect using Lean Six Sigma
methods. The investigation concluded that the root cause was
dimensional deviation due to displacement of cores and im-
proper chaplet placement during mold filling. This displace-
ment caused concentricity errors and reduced wall thickness
around the port, which later failed during machining or pres-
sure testing. The corrective measures focused on improving
chaplet design and ensuring accurate positioning of cores
within molds. After implementation, rejection levels dropped
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significantly, and customer complaints reduced accordingly.
(Parsana & Desai, 2016)

A Chinese foundry producing high-performance diesel
engine cylinder heads reported cracking during durability
tests. Cracks initiated at the junction of two exhaust passages
and extended towards the cooling water jacket, resulting in
coolant leakage and early component failure. Metallurgical
analysis revealed an abnormal graphite zone approximately
1 mm below the surface of the exhaust tube, created by lo-
calized rapid cooling. The presence of undesirable graphite
morphologies (Types D and E), along with inclusions and vo-
ids, further increased stress concentration. High-temperature
gases accelerated oxidation at these cracks, causing prema-
ture fracture. The study concluded that controlling cooling
rates, minimizing inclusions, and promoting favorable grap-
hite structures were essential to improve durability. (Li et al.,
2021)

Another failure analysis, conducted at Dalian Maritime
University, focused on a truck diesel engine cylinder head
made of HT250 grey cast iron. A longitudinal crack develo-
ped from the inner wall and propagated to the outer surfa-
ce during road testing. Microstructural examination showed
larger-than-acceptable graphite flakes and higher ferrite con-
tent, which lowered overall hardness and strength. The study
stressed that strict control of composition and microstructure
during solidification is vital to prevent early cracking in heav-
y-duty applications.

The reviewed cases highlight that cylinder head defects
are not restricted to one specific cause but are often a combi-
nation of metallurgical and dimensional issues. Excess dissol-
ved gases, particularly hydrogen above critical limits, have
been shown to cause pinhole porosity and leakage. Shrinkage
at hot spots can result in surface leakage if not managed by
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proper thermal control. Core displacement and chaplet misa-
lignment introduce dimensional errors that reduce wall thick-
ness and lead to failures under machining or service conditi-
ons. Finally, unfavorable graphite morphologies (Types D/E)
combined with localized rapid cooling are strongly linked
with crack initiation. Each case reinforces the need for a holis-
tic approach, combining strict metallurgical control, dimen-
sional accuracy, and process stability, to produce defect-free
cylinder heads. (Xu & Yu, 2006)

3. Experimental Roadmap

1. Sampling: Pieces removed from (i) a leak-prone guide/
bolt-hole region; (ii) a remote, non-leaking surface.

2. Visual/dimensional checks: Inspected core assembly
photographs and as-cast hole shapes for concentricity
and wall thickness symmetry; compared to CAD intent.

3. Emission spectroscopy: Chemistry measured on compo-
nent samples; compared to plant GCI standard for the
cylinder head grade.

4. Optical metallography: Standard prep; bright-field ima-
ges at 200x/1000x from both regions to classify graphite
and assess matrix.

5. Brinell hardness: 1000-kg load; three sites, guide-hole,
bolt-hole, remote surface.

6. Green-sand health:

o Grain-size distribution via sieve shaker (53-212 um
range).

o Permeability using electric permeability meter; four
readings and mean.

o Green compression/compaction strength on univer-
sal sand-strength tester.
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7. Rapid Analyzer (RA): Hydrogen ppm on the casting, sin-
ce spectrometer does not quantify Hydrogen

8. Corrective action trial: Targeted core redesign (reduced
thickness of specific exhaust cores to increase local cas-
ting wall around holes) and production monitoring of
rejection rate.

4. Results and Discussion

This section presents the results obtained from the ex-
perimental analysis of the MF cylinder head and discusses
their significance in relation to the leakage issue observed at
Bolan Casting Limited (BCL). A comprehensive evaluation
was carried out using spectroscopy, microstructural analysis,
hardness testing, green sand characterization, and hydrogen
content determination. Each characterization technique pro-
vided valuable insight into possible causes of the recurring
defect, and when viewed together, the results revealed a clear
picture of the problem and its resolution. Additionally, the ef-
fects of dimensional modifications to the core assembly were
examined to assess their role in mitigating leakage.

The spectroscopy analysis of samples taken from leakage
and non-leakage regions shown by table 3, showed that the
chemical composition of the cylinder head material was well
within the BS 1452 G-17 standard shown by table 4 (Sackey
& Ngewana, 2022). Key alloying elements such as carbon, si-
licon, and manganese were consistent with prescribed ran-
ges, and trace elements were present in safe limits. Nitrogen,
which is sometimes implicated in porosity, was also within
tolerance. This eliminated the possibility that compositional
imbalance was the cause of the leakage. However, spectros-
copy could not quantify hydrogen, leaving a critical gap since
hydrogen is strongly associated with porosity in cast iron.
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Elements C Si Mn P S Cr Mo Ni
Concentration |3.35 2.04 0.671 |0.00850 [ 0.137 |0.209 |0.012 |0.0020
(wt %)

Elements Al Co Cu Nb Ti \Y% w Pb
Concentration | 0.006 [0.002 [0.0348|0.003 0.009 |[0.006 |0.0022 |0.0011
(wt %)

Elements Sn Mg |As Ca Zn CE |N Fe
Concentration |0.0032 | 0.0001 |0.005 [0.0012 |0.0004 |4.05 |0.0119 [93.4
(wt %)

Table 3: Showing composition of grey iron cylinder head from leaked area obtained

through spectroscope

Elements C Si Mn |P S Cr Mo |Ni
Concentration |3.35- 1.98- [0.60- [0.08- [0.08- [0.18- [0.1 0.5 Max
(wt %) 3.40 2.03 [0.70 |0.10 [0.10 {0.20 |Max

Elements Al Co Cu |Nb |Ti \% w Pb
Concentration |0.03 0.02 (1,0 0.5 0.15 [0.10 |0.05 |0.005
(wt %) Max Max |[Max [Max |Max |Max |Max |Max
Elements Sn Mg |As Ca |Zn |CE |N Fe
Concentration |0.015 0.01 |0.05 |0.01 |0.05 |4.05- {0,02 |Balance
(wt %) Max Max |Max |[Max |[Max [4.09 |Max

Table 4: Showing composition of grey iron cylinder head from standard of BCL
(Sackey & Ngewana, 2022)

To complement this, microstructural analysis was per-
formed on samples from both the leakage-prone guide and
bolt hole areas and from unaffected surfaces. The graphite
morphology observed was primarily Type A in the leakage
zones as shown by Figure 3 and Type C in the surface regions
as shown by Figure 4, which resembles the grey iron stan-
dard flakes morphology as shown by Figure 5 (Makowska
& Kowalewski, 2024). Both of these flake structures are de-
sirable, as Type A enhances mechanical properties and ma-
chinability, while Type C improves thermal conductivity.
Importantly, none of the undesirable morphologies (Types B,
D, or E) were present, ruling out microstructural abnormali-
ties as a contributor to leakage. Thus, the material’s internal
morphology was not responsible for the failure.
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Figure 3: Microstructure of cylinder head at pin holes area were leakage occurred
showing A class graphite flakes a) At 200X magnification b) at 1000X

u" L a »
Figure 4: Microstructure of cylinder head far away from pin holes area were leakage not
occurred also showing C class graphite flakes a) At 200X magnification b) at 1000X
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Figure 5: Microstructure of grey iron showing type C fakes
(Makowska & Kowalewski, 2024)
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Hardness testing was carried out at multiple points, inc-
luding leakage areas and unaffected surfaces. The results,
ranging from 215 to 224 HB, were all within the BCL standard
of 179-230 HB. No significant variations were observed across
different regions. Since hardness values remained consistent,
neither excessive brittleness nor inadequate hardness could
be linked to the leakage defect. This further supported the
view that mechanical property variation was not responsible.

S.NO | Standard of BCL 179-230 HB
1 Guide hole leakage area 218 HB
2 Bolt hole leakage area 215 HB
3 Sample upper surface away from leakage area | 224 HB

Table 5: Hardness values at Brinell hardness tester from three different positions of
cylinder head part.

The role of the molding material was evaluated throu-
gh green sand characterization. Grain size distribution was
found to be well-balanced, dominated by mid-range fractions
that ensured both strength and permeability. The permeabi-
lity test gave a mean value of 98 as shown by table 6, which
lies comfortably within the standard range of 90-130, indica-
ting sufficient capacity for gases to escape during solidifica-
tion. Similarly, compaction strength averaged 140 kN/m? as
shown by table 7, also within the required range of 140-175
kN/m?, ensuring mold integrity during pouring (Radchenko,
2004). These results confirmed that molding sand properties
were stable and unlikely to cause leakage through inclusions,
blowholes, or weak mold structures.

BCL Standard | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Mean
90-130 Nos. 98 99 98 96 98

Table 6: Result of permeability test of green sand used in core and mold making
showing mean value of 98

BCL Standard | Reading1 |Reading2 |Reading3 |Reading4 | Mean

140-175 KN/m? | 145 KN/m | 140 KN/m? | 140 KN/m? | 135 KN/m? | 140 KN/m?

Table 7: Values of green sand compaction test which is used in core and mold making.
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The most significant finding came from the rapid analyzer
test for hydrogen content. The hydrogen level in the cylinder
head was measured at 4.6 ppm, which exceeded the acceptable
maximum of 4 ppm as shown by Figure 8. Literature confirms
that hydrogen levels above this threshold can cause subsurface
porosity, manifesting as pinholes that may later serve as leaka-
ge points when exposed during machining(Orlenius et al., 2008;
Siafakas & Hogskolan, n.d.). The presence of hydrogen slightly
above the limit strongly correlated with the observed leakage de-
fects and established gas porosity as one of the main root causes.

In addition to metallurgical factors, dimensional analysis
and visual inspection of the castings revealed irregularities in
wall thickness around guide and bolt holes. This was traced
to displacement of the double exhaust core during pouring,
which created thinner-than-required walls in localized regi-
ons. These thin sections were more vulnerable to crack initia-
tion during machining or thermal cycling.

1/1
Metal Analysis Report Peoples Steel Mills Ltd.
Meanufactures of Alsy and Specil Steels ISD 000I-2019 Certified
Item: Cast Iran Piece
Date of Issue:  10-06-2022

Date of Test: 10-06-2022
Date of Receipt: 09-06-2022
Inspector/ Ref No; NO-49458

Customer’s Name — Metallography
Shape of Material -

Condition -

Samping Plan/Procedure used:

Date of samping (Where applicable) EabiRerNGy, (DD
Page No.: /1
Method Used: 4 . e
letho se Temperature: 24 “C Humility %
Uncertainty: Ferrors & Non Ferrus Alloys (Chemical Compositions) wt %

s.
No.

Ferrors & Non Ferraus Alloys (Chemical Composet)
ppm
1 Standard Standard | 4.6

Sample ID Element

1 H 4

Uncertainty:

Remarks: As received sample has been analyzed by ONH Determinator.

e (o Do

Analyzed by Checked by Issued by

Figure 8: Rapid analyzer testing report from after out sourcing
showing composition of hydrogen
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When all results are considered together, a clear conclusi-
on emerges: most of the fundamental parameters like chemi-
cal composition (excluding hydrogen), microstructure, hard-
ness, and sand properties, were within specification and not
responsible for leakage. The two primary culprits were iden-
tified as slightly elevated hydrogen content and dimensional
inaccuracies caused by core displacement. Both factors acted
in tandem: hydrogen porosity created subsurface pinholes,
while thin walls created by displaced cores made the castings
more susceptible to crack initiation during machining.

Thus, the overall discussion highlights that solving
complex casting defects requires a holistic approach that in-
tegrates metallurgical characterization with process-level
modifications. This case demonstrates how detailed inves-
tigation of each parameter, followed by targeted corrective
measures, can reduce industrial losses and enhance product
performance.

4.1. Modifications

After Detailed inspection, characterization, it was reve-
aled that the major leakage issue could not be explained by
composition, hardness, microstructure, or sand properties,
since all of these were within the required standards. Instead,
careful observation of the guide and bolt hole areas showed
that the wall thickness was not uniform. One side appeared
considerably thinner, and the hole had a drop-like shape as
shown in Figure 7a, rather than the spherical profile defined
in the CAD drawing. This pointed towards core displacement,
most likely of the double exhaust core, during pouring and
solidification which was then modified using CAD model like
it is shown by Figure 6 just for reference, and implementing
that redesigned core model to fabricate new core assembly as
shown by figure 7b.
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Round hole in
water jacket core

Figure 6: CAD model and detailed engineering drawing of a cylinder head showing
orthographic views with standard dimensions

Figure 7: a) Shape of guide hole and its walls before mdiﬁcatlons. b) Shape of guide
hole and its walls after modification.

To address this issue, the core assembly was modified.
The thickness of both the single and double exhaust cores was
reduced slightly, while remaining within tolerance limits as
shown by Figure 8 (a, b). This adjustment ensured that once
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the molten metal was poured, the affected regions filled pro-
perly, producing a more uniform wall thickness. After the
modification, the shape of the guide hole was restored to a ne-
ar-spherical form, and the uneven thickness was eliminated.

The impact of this change was significant. Castings pro-
duced with the redesigned core no longer displayed visible
thin sections in the critical areas. During machining, the wal-
Is maintained their integrity and resisted crack formation or
pinhole exposure. Most importantly, the rejection rate at BCL
dropped sharply from nearly 30-40% down to around 11-12%
as shown in table 8. This improvement provided immediate
benefits for production efficiency and customer reliability.

Figure 8: a) Double exhaust core whose thickness is reduced to increase the wall
thickness of guide and bolt hole b) Double exhaust core whose thickness is reduced to
increase the wall thickness of guide and bolt in core assembly.
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Table 8: Shows the results after modification.

These findings confirm that the leakage was not solely
due to metallurgical factors such as hydrogen porosity (whi-
ch exceeded the standard limit of 4 ppm) but was also strong-
ly influenced by dimensional irregularities. By correcting the
core design, one major cause of leakage was resolved.

In parallel, further measures to control hydrogen content
such as regulating moisture in molding sand, using covered
ladles during metal transfer, and stabilizing process parame-
ters remain essential for long-term quality improvement in
MF cylinder head production.

4.2. Future Recommendations

In the future, certain solutions can help minimize the im-
pact of hydrogen gas and reduce the risk of leakage in the cy-
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linder head. The goal is to keep any minor defects from affe-

cting the product’s structure or performance. One key step is

to slightly reduce the dimensions of the double exhaust core,

but still keep them within the allowed tolerance limits. This

ensures that when metal is poured into the mold, any move-

ment of the chaplets stays within those tolerances. As a result,

the core will not shift enough to cause a reduction in wall

thickness, preserving the integrity of the casting.

1-

Carefully control the moisture level in silica sand before
using it for core and mold making. If the sand holds ex-
cess moisture, the hydrogen it releases after the molten
metal solidifies can cause porosity and lead to tiny pinho-
les in the casting.(Siafakas & Hogskolan, n.d.).

Use a covered ladle when transferring metal from the
induction furnace to the molding line. This prevents at-
mospheric gases from being absorbed, which would ot-
herwise lead to gas porosity in the casting. (Siafakas &
Hogskolan, n.d.) (Chelladurai et al., 2020).

Strictly follow and control the standard operating procedu-
res (SOPs) in the foundry process. Even small fluctuations
in casting parameters can lead to major problems, which
in turn can negatively impact both industrial performance
and the wider economy. (Kassie & Assfaw, 2013).

Gas entrapment can be effectively eliminated by using
vacuum chamber melting and transferring the metal from
the furnace to the pouring area under vacuum. However,
this method is highly expensive and challenging to imp-
lement (Chelladurai et al., 2020).

5. Conclusion

Through a plant-scale investigation, recurring leakage

in grey cast-iron cylinder heads was resolved by separating

non-contributors from true drivers: chemistry conformed to
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the GCI standard, graphite morphologies (Type A/C) and
hardness were in band, and green-sand health was stable,
so these were ruled out, while two interacting causes emer-
ged: core displacement that created thin, eccentric walls at
valve-guide/bolt holes (primary) and slightly elevated hyd-
rogen (~4.6 ppm) that enabled pinhole porosity (secondary).
A targeted exhaust-core redesign restored wall thickness and
concentricity within tolerance, producing a marked reduction
in rejection rates up to 10% on subsequent runs, and a comp-
lementary hydrogen-control plan (tight moisture discipline,
covered-ladle transfer, SPC tracking) added robustness ac-
ross shifts and seasons. The solution eliminated through-leak
pathways without costly recipe changes or tooling overhauls
and delivered operational gains in scrap, cycle time, and de-
livery reliability. More broadly, the work provides a portable
framework for complex cored castings: verify metallurgy and
sand, interrogate geometry at drilled thin sections, quantify
and control hydrogen, and validate fixes with production
data; future CT/flow checks and drill-parameter optimization
can further widen margins.
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Kent Yikiminin Anatomisi:

Gazze’nin Kentsel Dokusunda Yapisal
Hasar ve Islevsel Kayiplarin Dinamik
Degerlendirmesi

Abdalrahman T.Y. ALASHI', Muhammed ADAN"

Ozet: 7 Ekim 2023'ten bu yana Gazze Seridi, yakin tarihte esi benzeri goriilmemis
Olgekte ve yogunlukta bir kentsel yikim siirecine maruz kalmistir. Bu ¢alisma,
devam eden gatisma siiresince Gazze'nin yapilasmis cevresinde meydana gelen
yapisal ve islevsel hasar1 dinamik ve kapsamli bir bicimde degerlendirmekte-
dir. Statik betimlemelerin 6tesine gecilerek, Birlesmis Milletler Uydu Merkezi
(UNOSAT) hasar verileri; insani yardim amagh idari sinirlar, uydu tiirevli kanit-
lar ve mekansal istatistiklerle biitiinlestirilmis, boylece yikimin zaman igindeki
evrimini yansitan giincel ve sistematik bir okuma sunulmustur.

Analizin merkezinde, tahrip edilmis, agir hasarli ve orta derecede hasarl olarak
smiflandirilan yaklasik 198.273 yapinin belgelenmesi yer almaktadir. Bu yapi-
lar; konut, egitim, saglik, dini, endiistriyel ve ticari islevlerine gore ayristirila-
rak degerlendirilmistir. Bu siniflandirma, yalnizca konut stokunun degil; ayni
zamanda hastaneler, okullar, camiler ve diger kritik tesislerin de islevsiz hale
geldigi Gazze kentsel ekosistemindeki ¢okiisii ortaya koymaktadir. Ornegin, ha-
sar gormiis yapilar arasinda 1.170’ten fazla okul, 250'nin iizerinde saglik tesisi
ve 450 dini yapr tespit edilmistir; bu durum, kentsel yasamin hem fiziksel hem
de kurumsal boyutlarinda yasanan kesintinin boyutunu agikca gostermektedir.

Yontemsel gerceve, cografi bilgi sistemleri (CBS) kullanilarak ¢ekirdek yogunluk
tahmini (kernel density estimation , KDE) ile ilge ve belediye diizeyinde zonal
toplulastirma tekniklerini bir araya getirmektedir. Ardisik KDE analizleri, Ekim
2023 ile Ekim 2025 arasindaki yikimin zamansal seyrini yeniden inga etmekte;
baslangicta kuzeyde yogunlasan hotspotlarin zamanla merkezi belediyelere ya-
yildigini ve nihayetinde Han Yunus ile Refah’in ge¢ asama odak noktalar1 haline

“Doktora Ogrencisi, Istanbul Teknik Universitesi, Lisanstistii Egitim Enstitiisii, Sehir
ve Bolge Planlama Programy, alashil7@itu.edu.tr, ORCID: 0000-0003-2636-3013.

* Yiiksek Lisans Mezunu, Istanbul Teknik Universitesi, Lisanstistii Egitim
Enstitiisii, Geomatik Miihendisligi, mohammed4ayed@gmail.com, 0000-0002-
4400-974X.
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geldigi, tim Serit genelinde doygunluga ulasan bir yikim siirecine evrildigini
ortaya koymaktadir. Tamamlayici hotspot istatistikleri, yiiksek ve ¢ok yiiksek
yogunluklu kiimelerin ¢ogalmasini ve siirekliligini nicel olarak belgelemektedir.
Buna ek olarak, islevsel kentsel kay1p analizi; Gazze kenti, Cibaliya, Han Yunus
ve Refah’'in, temel hizmetlerin ¢okiisii bakimmdan orantisiz yiikler tasidigin
gostermektedir.

Bu calismanin temel katkisi, kentsel yikimin mekansal ve zamansal oriintiilerini
belgelemek iizere dogrulanabilir kanitlar1 bir araya getirmesi ve yorumlamasin-
da yatmaktadir. Yapisal hasar siniflandirmalarinin, islevsel tesis kayiplar1 ve di-
namik mekansal modelleme ile iliskilendirilmesi sayesinde, Gazze’deki kentsel
yikima iligkin gok katmanli bir perspektif sunulmaktadir. Uretilen haritalar, fre-
kans tablolar1 ve belediye 6l¢egindeki dokiimler; insani miidahale, hukuki ince-
lemeler ve uzun vadeli iyilestirme planlamalari i¢in yol gosterici olmay1 amagla-
makta, ayn1 zamanda yikimin dlcegi ve niteligine iliskin erisilebilir bir mekansal
kayit saglamaktadir.

Anahtar Kelimeler: Gazze, kentsel yikim, UNOSAT, CBS, ¢ekirdek yogunluk
tahmini, islevsel kentsel kay1p, mekansal analiz, bina hasar.

Anatomy of Urban Devastation: A Dynamic Assessment of Structural Damage
and Functional Loss in Gaza’s Urban Fabric

Abstract: Since October 7, 2023, the Gaza Strip has experienced one of the most
extensive and concentrated episodes of urban devastation in recent history. This
study presents a dynamic and comprehensive assessment of both structural and
functional damage to Gaza’s built environment over the course of the conflict
between October 2023 and October 2025. Moving beyond static depictions, the
analysis integrates United Nations Satellite Centre (UNOSAT) damage datasets
with humanitarian administrative boundaries, satellite-derived evidence, and
spatial statistics, producing an updated and systematic reading of the evolving
destruction.

At the core of the assessment is the documentation of around 198,273 affected
structures, classified by severity (destroyed, severely damaged, moderately da-
maged) and by functional type, including residential, educational, healthcare,
religious, industrial, and commercial buildings. This classification provides a
robust basis for evaluating the collapse of Gaza’s urban ecosystem, in which not
only the housing stock but also hospitals, schools, mosques, and other critical
facilities were rendered inoperative. For instance, nearly 1,170 schools, over 250
healthcare facilities, and 450 religious sites were identified among the affected
structures, underscoring the combined structural and institutional disruption of
urban life.

The methodological framework employs geographic information systems (GIS)
to combine kernel density estimation with zonal aggregation at the governorate
and municipal levels. Sequential KDE analyses reconstruct the temporal prog-
ression of destruction from October 2023 to October 2025, revealing a trajectory
that began with concentrated northern hotspots, expanded into central muni-
cipalities, and culminated in Strip-wide saturation with Khan Yunis and Rafah
emerging as late-stage epicenters. Complementary hotspot statistics quantify
this transition, tracing the multiplication and persistence of high- and very hi-
gh-intensity clusters. Functional urban loss analysis, in turn, demonstrates how
particular municipalities experienced disproportionate collapse of essential ser-
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vices, with Gaza City, Jabalia, Khan Yunis, and Rafah consistently registering the
heaviest burdens.

The primary contribution of this study lies in assembling and interpreting veri-
fiable evidence to document the spatiotemporal patterns of urban destruction.
By bridging structural severity classifications with functional facility loss and
dynamic spatial modeling, the research offers a layered perspective on Gaza’s
urban devastation. The outputs—maps, frequency tables, and municipal break-
downs—are designed to inform humanitarian response, legal investigations, and
long-term recovery planning, while providing an accessible spatial record of the
scale and nature of the destruction.

Keywords: Gaza, building damage, UNOSAT, GIS, kernel density estimation,
functional urban loss, spatial analysis, urban destruction

Introduction

The Gaza Strip has been a conflict zone for many years,
but the current escalation since October 2023 has resulted in
unprecedented levels of urban destruction. Remote sensing
reports, humanitarian field assessments, and media docu-
mentation consistently reveal vast damage to housing, inf-
rastructure, and critical facilities across the territory (Holail
et al., 2024; UNITAR & UNOSAT, 2024; Haddad & Hussein,
2025). Entire neighborhoods have been rendered uninhabi-
table, while the disruption of schools, hospitals, and utilities
has undermined not only the urban fabric but also the very
conditions of civilian life. The magnitude and pace of dest-
ruction are of a sort that demands new analytical techniques
beyond the static mapping of destruction and represent its
dynamic and functional qualities.

Conventional assessments of war-related urban damage
typically rely on one-off satellite imagery analyses or aggrega-
te counts of affected buildings (UNOSAT, 2025). While these
methods are valuable for emergency reporting, they often fail
to illustrate the temporal unfolding of destruction or the dif-
ferentiated impact on functional building types. Accordingly,
they cannot fully inform longer-term recovery planning or
provide insights into how destruction evolves across spatial
and administrative boundaries. This gap is particularly acute
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in Gaza, where rapid and repeated bombardments have alte-
red the urban landscape in waves rather than discrete episo-
des, producing complex patterns of cumulative and shifting
damage.

The present study addresses this limitation through a spa-
tial analysis that integrates two dimensions. First, a Dynamic
Assessment traces the temporal progression of building dest-
ruction, comparing successive time intervals to reveal how
hotspots of damage expanded and intensified. Second, a
Functional Urban Loss analysis quantifies the destruction of
different facility types—residential, educational, healthcare,
religious, industrial, and commercial —across governorates
and municipalities, thereby linking physical damage to the
erosion of urban services.

By combining temporal and functional perspectives, this
research seeks to generate an accessible and evidence-ba-
sed account of urban loss in Gaza. The contribution lies not
only in documenting the magnitude of destruction but also
in providing a structured framework that can inform huma-
nitarian response strategies, guide urban recovery planning,
and enrich comparative studies of conflict-related urban
transformation.

2. Data and Methods

The primary dataset used in this study is the
Comprehensive Building Damage Assessment, Gaza (October
2025) produced by the United Nations Satellite Centre
(United Nations Satellite Centre [UNOSAT], 2025). This ge-
ospatial dataset documents the condition of built structures
in the Gaza Strip, updated iteratively across fourteen-time in-
tervals between October 2023 and October 2025. The October
2025 dataset captures damage conditions immediately prece-
ding the declared on October 2025, providing a near-terminal
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snapshot of cumulative urban destruction through the two
years of the bombing. For each building footprint, attributes
include the survey date, observed damage class, and site iden-
tification (SiteID), which specifies the function of the structure
(e.g., mosque, hospital, school, industrial facility, commercial
site, or residential building). Damage classes are categorized
in accordance with UNOSAT standards, distinguishing dest-
royed, severely damaged, moderately damaged, and possibly
damaged structures. While the dataset also includes sensor
identifiers and confidence measures, these fields were exclu-
ded from analysis in order to focus on temporal progression
and functional loss. Administrative boundaries for governo-
rates and municipalities were incorporated from official ve-
ctor layers (OCHA, 2019). These boundaries enabled spatial
aggregation of building-level data to higher administrative
units, ensuring comparability across regions. However, cer-
tain administrative polygons in the dataset did not contain
assigned names or codes. In such cases, the polygons were
retained in the analysis as spatial units, but their results could
not be directly attributed to a specific named governorate or
municipality.

The methodological design combined two complemen-
tary strands: dynamic assessment of destruction through time
and functional assessment of urban loss. All analyses were
conducted in ArcGIS Pro. First, to capture the dynamic prog-
ression of destruction, point features representing affected
buildings were extracted for three representative survey da-
tes: 15 October 2023, 6 September 2024, and 11 October 2025.
These intervals were selected because they represent rough-
ly equal temporal spacing and mark distinct phases of the
conflict. For each date, Kernel Density Estimation (KDE) was
applied to visualize the spatial concentration of destruction
(Silverman, 2018). Unified classification breaks were emplo-
yed across all three maps to enable direct comparison of ho-
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tspot intensity. Quantitative summaries were then derived,
including the total number of hotspots, the cumulative area
covered by medium, high, and very high destruction densi-
ties, and the percentage increase relative to previous dates.

Second, the analysis of functional urban loss relied on
the SiteID attribute to distinguish structural functions. The
“Summarize Within” tool was used to count the number of
affected facilities within each governorate and municipa-
lity. This yielded a matrix of functional losses, including the
number of mosques, hospitals, schools, industrial sites, and
residential buildings affected per administrative unit. These
results were mapped using both graduated color symbology
for total destruction and proportional charts to visualize the
relative distribution of functional facility losses.

Results and Discussions
Dynamic Assessment

The temporal sequence of kernel density estimation
(KDE) analyses provides a structured account of the escala-
tion of structural destruction across the Gaza Strip between
October 2023 and October 2025. By visualizing the density of
affected buildings across successive observation periods, the
maps capture both the magnitude of devastation and its shif-
ting spatial focus. This enables the reconstruction of distinct
phases in the trajectory of urban damage, from early concent-
ration in the north to widespread saturation across the Strip.

The initial wave of destruction, visible in Figures 1 (15
October 2023) and 2 (26 November 2023), was concentra-
ted in the northern municipalities, particularly Gaza City,
Beit Lahia, and Jabalia. Dense clusters appear in Gaza City’s
central districts and extend into Jabalia, while the southern
governorates exhibit only scattered hotspots. By November
2023, these northern concentrations had intensified, reflec-
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ting early targeting of Gaza City as the primary epicenter of
bombardment.
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Figure 1. Kernel density of damaged buildings, Gaza Strip, 15 October 2023.
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Figure 2. Kernel density of damaged buildings, Gaza Strip, 26 November 2023.

By early 2024, destruction intensified within the north
and spread southward toward Deir al-Balah and Khan Yunis
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(Figure 3 & 4). The April 2024 dataset underscores this ex-
pansion, with Khan Yunis emerging as a new hotspot while
Rafah remained relatively less affected. This stage marks a
transition from localized concentration to an arc of devastati-
on extending into central municipalities.
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Figure 3. Kernel density of damaged buildings, Gaza Strip, 06 January 2024.
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Figure 4. Kernel density of damaged buildings, Gaza Strip, 01 April 2024.
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The mid-2024 analyses (Figure 5 & 6) highlight a decisive
spatial shift. Rafah, initially peripheral, began registering sig-
nificant hotspots, while Khan Yunis recorded red zones sur-
passing 25,000 counts. By September 2024, Rafah had become
a major epicenter of destruction, reflecting both the relocation
of displaced populations to the area and subsequent concent-
rated bombardments.
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Figure 5. Kernel density of damaged buildings, Gaza Strip, 03 May 2024.
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Figure 6. Kernel density of damaged buildings, Gaza Strip, 06 September 2024.
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Between December 2024 and April 2025, KDE results
show widespread saturation across nearly all municipalities
(Figure 7 & 8). Northern zones such as Gaza City and Jabalia,
already heavily impacted, retained peak densities, while
Rafah and Khan Yunis expanded in scale and intensity. The
February 2025 dataset confirmed Rafah’s rise as a major site
of devastation, consistent with municipal-level frequency
tables.
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Figure 7. Kernel density of damaged buildings, Gaza Strip, 01 December 2024.
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Figure 8. Kernel density of damaged buildings, Gaza Strip, 04 April 2025.

The July and October 2025 kernel density maps (Figures
9 and 10) illustrate the culmination of cumulative urban dest-
ruction across the Gaza Strip. By this stage, large and conti-
guous high-density zones extend across the northern, cent-
ral, and southern governorates, with Gaza City, Khan Yunis,
and Rafah consistently registering critical levels of damage
concentration. Unlike earlier phases characterized by spatial
expansion and the emergence of new hotspots, the late-2025
assessment reveals a pattern of consolidation and persisten-
ce, whereby already devastated areas maintain extreme den-
sity values rather than exhibiting significant outward spread.
Updated UNOSAT assessments corroborate this interpreta-
tion, estimating a total of 198,273 affected structures by 11
October 2025, thereby confirming that urban devastation had
reached a near-saturation threshold across much of the Strip.
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Figure 10. Kernel density of damaged buildings, Gaza Strip, 11 October 2025.

The dynamic assessment indicates a three-phase traje-
ctory: (i) early concentration in the northern municipalities,
particularly Gaza City and Jabalia; (ii) mid-phase expansion
into Deir al-Balah and Khan Yunis; and (iii) late-phase satu-
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ration, with Rafah emerging as a critical epicenter. The KDE
methodology provides a robust means of translating buil-
ding-level point data into spatially continuous surfaces, offe-
ring both temporal depth and geographic clarity.

Hotspot Analysis of Destruction

Hotspot analysis provides a complementary perspective
to kernel density estimation by identifying statistically sig-
nificant clusters of destruction rather than continuous den-
sity surfaces. Whereas kernel density estimation emphasizes
gradients of intensity, hotspot analysis isolates discrete zones
where building damage is spatially concentrated beyond ran-
dom distribution. Accordingly, the method enables a compa-
rative assessment of both the frequency and areal extent of
destruction clusters across successive observation periods,
distinguishing between very low, low, medium, high, and
very high intensity zones.

The earliest hotspot detection, corresponding to mid-Oc-
tober 2023, highlights the highly localized nature of destructi-
on at the onset of the conflict. A single high-intensity hotspot,
covering approximately 0.45 km?, was identified within Gaza
City, while four medium-intensity clusters, with a combined
area of about 1.77 km?, were detected primarily around Beit
Lahia and Jabalia (Figure 11). The restricted number and li-
mited spatial extent of hotspots during this phase underscore
the initial concentration of hostilities in the northern muni-
cipalities, corroborating early satellite-based damage assess-
ments that identified Gaza City as the primary epicenter of
destruction.
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Figure 11. Hotspot density of damaged buildings, Gaza Strip, 15 October 2023.

By September 2024, the spatial structure of hotspots had
transformed substantially, reflecting both the expansion and
intensification of urban destruction. The number of medi-
um-intensity hotspots increased to 25, accompanied by 32 hi-
gh-intensity and 8 very high-intensity clusters, while additi-
onal very low- and low-intensity zones appeared for the first
time. Collectively, hotspot areas exceeded 197 km?, with low-
and medium-intensity zones accounting for the largest spati-
al coverage, and very high-intensity clusters alone occupying
more than 34 km? (Figure 12). New hotspots emerged pro-
minently in Khan Yunis and Rafah, indicating a pronounced
southward shift in destruction, while northern municipalities
continued to exhibit persistent and overlapping high-inten-
sity clusters. This configuration marks a transition from loca-
lized urban damage to Strip-wide saturation, consistent with
the escalation phase identified in kernel density analyses.
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Figure 12. Hotspot density of damaged buildings, Gaza Strip, 06 Sept 2024.

The October 2025 hotspot analysis reveals a partial spatial
contraction but continued intensity of destruction. While the
total hotspot area declined relative to 2024 —particularly for
high- and very high-intensity zones—the number of hotspo-
ts increased across most intensity classes. Medium-intensity
clusters rose to 34, and very high-intensity zones persisted
across 9 distinct clusters, covering approximately 20.75 km?
(Figure 13). Low-intensity hotspots expanded in area, exce-
eding 106 km?, suggesting widespread residual damage pat-
terns rather than renewed spatial expansion. This configura-
tion indicates that by late 2025, destruction had become ent-
renched: fewer new epicenters emerged, yet existing hotspots
remained active and structurally degraded, particularly in
Gaza City, Khan Yunis, and Rafah.
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Figure 13. Hotspot density of damaged buildings, Gaza Strip, 11 October 2025.

The hotspot analysis shows a clear temporal progression:
narrowly confined clusters in late 2023 expanded rapidly into
numerous high- and very high-intensity zones by September
2024, followed by consolidation and persistence of extreme
hotspots in 2025. Whereas the largest cumulative hotspot area
was observed in 2024, the continued presence and numerical
stability of very high-intensity clusters in 2025 indicate that
urban destruction had shifted from spatial expansion to sys-
temic entrenchment. Overall, the results confirm a transition
from early northern concentration to Strip-wide devastation,
with Gaza City, Khan Yunis, and Rafah consistently emerging
as the municipalities most affected by statistically significant
clusters of destruction, see Table 1.
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Table 1. Evolution of Hotspot Areas and Counts (2023-2025)

Date Intensity Level | Hotspot Count | Hotspot Area (km?)
Medium 4 1.77
15 Oct 2023 High 1 0.45
Very Low 3 0.43
Low 4 96.36
6 Sep 2024 Medium 25 41.27
High 32 25.23
Very High 8 34.09
Very Low 21 0.73
Low 30 106.28
11 Oct 2025 Medium 34 35.39
High 26 17.09
Very High 9 20.75
Functional Urban Loss

The functional urban loss assessment shows both the sca-
le of destruction and its impact on essential services. In total,
about 198,273 structures were classified as affected —encom-
passing destroyed, severely damaged, moderately damaged,
and possibly damaged buildings —by October 2025. Damage
was overwhelmingly concentrated in major urban centers,
with Gaza City registering the highest number of affected
structures (41,664), followed by Rafah City (25,151) and Khan
Yunis City (25,020). Substantial losses were also recorded in
Jabalya (16,708), Beit Lahiya (11,537), and Beit Hanoun (6,573),
underscoring the severe impact on the northern governorates.

While most losses were residential buildings, the data
also reveal extensive damage to essential urban services.
Educational infrastructure was severely impacted, with 1,171
schools and universities classified as affected, particularly
concentrated in Gaza City, Khan Yunis, and Rafah. Healthcare
services experienced major disruption, as 253 hospitals and
medical facilities were recorded as affected, notably in Gaza
City, Khan Yunis, Beit Hanoun, and Rafah. Religious and cul-
tural sites were also widely affected, including 455 mosques
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and two churches, reflecting the broad spatial reach of dest-
ruction. Industrial facilities, numbering 377 affected sites and
largely concentrated in Gaza City, Beit Hanoun, and Khan
Yunis, sustained substantial losses, contributing to signifi-
cant economic disruption. In addition, damage to 35 sewage
treatment facilities and 121 water and sanitation installations
highlights escalating risks to public health and urban envi-
ronmental conditions.

The functional classification of affected sites further
shows that, beyond residential and mixed-use buildings, a
total of 2,599 functionally identified structures were affected
across the Gaza Strip (Figure 14). Within this category:

1. educational facilities (1,171 cases) represent the largest
share of functional losses, underscoring the severe dis-
ruption to learning and academic infrastructure.

2. Mosques (455 cases) and hospitals (253 cases) constitute
the next largest groups, illustrating the substantial impa-
ct on religious life and healthcare provision.

3. Industrial facilities (377 cases) and commercial and tou-
rism-related sites (77 and 107 cases, respectively) reflect
broader damage to economic activity and livelihoods,
while water, sanitation, and sewage-related facilities (156
cases combined) signal critical stress on urban services
essential for public health.

4. These patterns demonstrate that the destruction exten-
ded well beyond housing, systematically undermining
Gaza’s social, economic, and institutional foundations.

158



Gazze'de Savasin Etkileri: Cok Disiplinli Bir Yaklagim | Traces Of War in Gaza: An Interdisciplinary Analysis

B Church

B Commercial

W Greenhouse

m Hospital

M Industrial Facility

M Mosque

MW School / University

m Sewage Treatment Facility

m Tourism

W Water and Sanitation

Figure 14. Distribution of functional losses across affected urban facilities.

Functional losses were most severe in Gaza City, which
emerges as the dominant locus of damage across nearly all
critical service categories. The city accounted for 36% of all
hospital damage (91 out of 253), 44% of damaged industrial
facilities (167 out of 377), and over 60% of commercial los-
ses (47 out of 77), underscoring the profound collapse of both
healthcare capacity and economic infrastructure (see Figure
15). Educational losses were similarly concentrated: Gaza
City alone registered 413 damaged schools and universities,
representing more than one-third of all educational damage
recorded across the Strip.

Khan Yunis City constituted the second major epicenter
of functional loss, absorbing 155 damaged schools and uni-
versities, 42 hospitals, and 44 mosques, confirming its role as
a principal southern node of destruction. Jabalia, including
both the city and camp, experienced particularly severe im-
pacts on social infrastructure, accounting for 64 schools in
Jabalia City and 52 in Jabalia Camp, alongside 51 mosques,
highlighting major disruptions to education and community
life in the northern Strip.
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Rafah City reflects a later but significant escalation in fun-
ctional damage, with 100 schools, 53 mosques, 23 hospitals,
and 12 water and sanitation facilities affected, indicating the
transformation of Rafah into a critical zone of infrastructural
collapse during the later stages of the conflict. Smaller muni-
cipalities such as Beit Lahiya and Beit Hanoun also recorded
notable losses, particularly in industrial facilities, schools, and
mosques, pointing to localized but substantial service disrup-
tion. Sewage treatment facilities were damaged primarily in
Al Fukhkhari (14 sites) and Gaza City (12 sites), while water
and sanitation infrastructure losses were widely distributed
across Gaza City, Khan Yunis, Rafah, and Bani Suheila.
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Figure 15. Functional urban losses across municipalities of the Gaza Strip, categorized
by site type (schools, hospitals, mosques, industrial facilities, commercial, tourism, and
sewage treatment).
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Conclusion and Limitations

This study has examined the anatomy of urban devasta-
tion in the Gaza Strip through a dynamic and functional as-
sessment of building destruction between October 2023 and
October 2025. By integrating building damage datasets with
spatial analysis in ArcGIS Pro, it was possible to reconstruct
both the temporal progression and the functional consequen-
ces of destruction across the Strip. The dynamic assessment
revealed a three-phase trajectory of devastation: an early con-
centration of destruction in the northern municipalities, par-
ticularly Gaza City and Jabalia; a mid-phase expansion into
central areas such as Deir al-Balah and Khan Yunis; and a la-
te-phase saturation, with Rafah emerging as a new epicenter
of destruction. Kernel density estimations illustrated how lo-
calized bombardments evolved into widespread saturation,
culminating in systemic urban devastation by immediately
preceding the period of ceasefire announcement.

Functional analysis underscored the collapse of the ur-
ban fabric beyond physical structures. Gaza City, Jabalia, and
Khan Yunis consistently emerged as the municipalities most
affected, accounting for the majority of affected hospitals,
schools, mosques, and industrial facilities. The loss of these
functions signifies more than structural collapse; it represents
the erosion of essential services such as education, healthcare,
and community life, alongside the dismantling of economic
and productive capacity.

The analysis is limited by its reliance on satellite-based
damage assessments, which may under- or over-estimate
destruction in dense urban areas. Furthermore, the absen-
ce of field validation and unnamed polygons in administ-
rative datasets restricts full attribution of losses to specific
municipalities.
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