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of highly complex technologies in various industries have caused safety philosophy to
shift from a post-incident approach to a pre-incident approach. The increasing application
of this new approach and the reduction in the number of industrial accidents demonstrate
the positive effects of this trend in accident reduction. The steel industry, as one of the key
and strategic industries in the national economy, has always faced numerous challenges
in the fields of safety, health, and environmental protection. The presence of hazardous
materials and complex processes in this industry highlights the necessity of conducting
detailed risk assessment and consequence modeling studies more than ever. In this study,
credible scenarios were selected to determine fire zone distances, site boundaries,
impacted areas around the industrial zone, individual risk assessment, and societal risk
assessment. PHAST software was used for consequence modeling of process accidents,
and SAFETI software was utilized for quantitative risk assessment. The results of
consequence modeling showed that due to the presence of ammonia storage tanks in the
studied company, most of the company's buildings are exposed to the harmful
concentrations of this toxic substance. The harmful concentration of this toxic gas extends
up to 190 meters outside the industrial site fence. Individual risk assessment revealed that
the 10~ per year risk contour covers parts of the area outside the industrial boundary,
indicating unacceptable risk levels in some locations. Societal risk assessment also
indicated that nearby residential areas are in the high-risk region. Therefore, it is necessary
to strengthen safety protection layers, establish process safety management systems, and
expand the company's boundary from the southeastern area by at least 190 meters to
provide a suitable safe restricted area for air pollution management during emergency
situations. The integration of consequence modeling with quantitative risk assessment
enabled a comprehensive evaluation of both on-site and off-site hazards, providing a
robust basis for evidence-based safety decision-making in complex industrial
environments. The findings of this study provide a practical framework for land-use
planning, emergency response preparedness, environmental protection, and sustainable
safety management in steel production facilities.
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Introduction

The steel industry is recognized as one of the most important industrial sectors worldwide;
however, it is associated with numerous process safety, environmental, and occupational health
hazards. The storage and handling of hazardous materials such as ammonia, liquefied petroleum
gas (LPG), hydrogen, natural gas, and hydrochloric acid can lead to severe incidents including
toxic releases, fires, explosions, and environmental contamination. Modern safety management
emphasizes proactive risk assessment and consequence modeling to prevent accidents before
their occurrence. Accurate consequence assessment and quantitative risk analysis also provide
a scientific basis for land-use planning, emergency preparedness, and the implementation of
effective mitigation measures in high-hazard industrial facilities. The present study aimed to
determine the safe restricted area and site boundary required for air pollution management and
emergency planning in a steel manufacturing company. Specifically, the study focused on
identifying credible accident scenarios, evaluating their consequences, determining Fire Zones
(FZ), Restricted Areas (RA), and Impacted Areas (IA), and assessing individual and societal
risks associated with process facilities.

Method

This research was conducted using a quantitative risk assessment (QRA) framework based
on the requirements of IPS-C-SF-550, GS-EP-SAF-253, and DNV Technical Note 14 regarding
process equipment failure frequencies. The study was performed in five stages: scenario
selection, condition analysis, consequence modeling, frequency estimation, and risk evaluation.
Credible scenarios involving ammonia vessels, LPG storage, hydrogen storage, natural gas
pressure reduction stations, and acid storage tanks were identified through field investigations
and process data analysis. Meteorological conditions were defined using regional wind rose
data and three dominant weather categories (F/2, D/5, and D/15) representing different
atmospheric stability classes and wind speeds. Consequence modeling was carried out using
PHAST software to simulate toxic gas dispersion, jet fires, flash fires, pool fires, and vapor
cloud explosions (VCE). The selected scenarios represented the most credible and potentially
severe accidental releases based on the inventory of hazardous substances, operating conditions,
and process configuration of the facility. Model input parameters, including operating pressure,
temperature, inventory, and release characteristics, were obtained from plant technical
documentation and validated through field observations. Subsequently, SAFETI software was
employed to estimate individual and societal risk levels by integrating consequence severity
with equipment failure frequencies. The analysis incorporated leak size categories, ignition
probabilities, population distributions, occupancy assumptions, and explosion confinement
characteristics to generate risk contours and evaluate safety distances around the industrial
complex. The resulting risk contours and consequence distances were finally compared with
internationally accepted risk acceptance criteria to identify vulnerable areas and support
emergency response planning and land-use management decisions.

Results

The results demonstrated that ammonia storage facilities constituted the most significant
hazard source within the studied steel company. Consequence modeling revealed that toxic
ammonia releases generated the largest impact distances compared with fire and explosion
scenarios. For Fire Zone determination, dominant consequences were identified as jet fires for
ammonia and hydrogen systems, flash fires for LPG storage, and vapor cloud explosions for
the natural gas pressure reduction station. The maximum fire zone distances reached 60 m for
ammonia storage facilities and 63 m for LPG flash-fire scenarios. Restricted area assessment
showed that ammonia release scenarios produced the most critical outcomes. The maximum
toxic dispersion distance based on the LC1% criterion reached 218 m under unfavorable
meteorological conditions. The results also demonstrated a strong influence of atmospheric
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stability and wind speed on toxic dispersion distances, with stable atmospheric conditions
producing the largest impact zones. These findings highlight the importance of incorporating
site-specific meteorological data into quantitative risk assessments for industrial facilities.
Evaluation of site boundaries indicated that harmful ammonia concentrations could extend
approximately 190 m beyond the existing industrial fence line, particularly in the southeastern
direction. Individual risk analysis demonstrated that the 10~* per year risk contour extended
beyond the process area and covered portions of the surrounding environment, indicating
unacceptable risk levels in some locations. Furthermore, the ALARP (As Low As Reasonably
Practicable) zone extended several hundred meters beyond the facility boundary. Societal risk
assessment revealed that nearby residential areas could be exposed to elevated risk levels,
placing the facility within the high-risk region of the societal risk acceptance criteria.
Comparison of the analyzed scenarios indicated that toxic releases contributed more
substantially to off-site risk than fire or explosion events, emphasizing the need to prioritize
preventive and mitigation measures for ammonia storage systems. These findings indicate that
ammonia storage units represent the dominant contributors to both individual and societal risks.

Conclusions

The findings confirm that consequence modeling and quantitative risk assessment provide
effective tools for defining safe industrial boundaries and improving air pollution management
during emergency situations. Among all identified hazards, ammonia release scenarios were
found to be the governing factor in determining site boundaries and safety distances. Because
toxic ammonia concentrations may extend up to 190 m outside the existing fence line,
expansion of the southeastern site boundary is recommended. In addition, strengthening
independent protection layers, implementing risk-based inspection programs, improving
maintenance and integrity management systems, and enhancing process safety management
(PSM) practices are necessary to reduce the likelihood and consequences of hazardous releases.
Future development projects should consider the identified Fire Zones, Restricted Areas, and
Impacted Areas to prevent the construction of vulnerable facilities within unacceptable risk
regions. The integration of consequence modeling with quantitative risk assessment enabled a
comprehensive evaluation of both on-site and off-site hazards, providing a robust basis for
evidence-based safety decision-making in complex industrial environments. The results of this
study provide a practical framework for land-use planning, emergency response preparedness,
environmental protection, and sustainable safety management in steel production facilities.
Furthermore, the findings emphasize that risk-informed design and operational decision-
making can substantially enhance the resilience of industrial facilities against low-probability
but high-consequence accidents. The generated risk contours may serve as valuable decision-
support tools for regulatory authorities, plant managers, and emergency response organizations
when establishing exclusion zones and prioritizing risk reduction measures. Although the
present study focused on a steel manufacturing complex, the proposed methodology is
transferable to other high-hazard industrial sectors where toxic and flammable materials are
processed or stored. Future research should integrate dynamic operational data, real-time
monitoring technologies, and probabilistic meteorological models to further improve the
reliability of consequence prediction and emergency planning strategies.
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Table 6. Leak Size Diameters for Determining Fire Zones, Site Boundaries, and Surrounding Impact Margins of
the Industrial Area
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Table 7. Leak Sizes Considered for Process Equipment (for Quantitative Risk Assessment Studies)
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Table 8. Ignition Source Assumptions
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Table 9. Specifications of Areas with Gas Cloud Explosion Potential

o o o) x> e, Job P ) -
15| ol § ol adilaio Sigwons | adlaie
IR (S0 (y%0) (y%0) (y%0)
N OF- 14 V0 2 Jlad malS ol axlg CAOL | (jlad zalS ofiwsl) FZ-01

Google Eartly

3B Rl el Joiliy (6110 (owo (ylghe 4 &8 pd 42 63959 3B 5L Sl ol ! 51 (M5 sles ) S
Figure 1. Overall View of the Inlet Gas Let-Down Station as a Location with Gas Cloud Explosion Potential
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Table 10. Distances Affected by 100% LFL (Fire Zone Determination)
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Table 11. Distances Affected by Jet Fire with Thermal Radiation Level of 9.5 KW/m? (Fire Zone

Determination)
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Table 12. Distances Affected by Gas Cloud Explosion with Overpressure Intensities of 170 mbar and 200 mbar
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Table 13. Distances Affected by NH3 Toxic Gas Dispersion Based on LC1% =4767 ppm Criterion
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Table 14. Distances Affected by 100% LFL (Site Boundary Determination)
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Table 15. Distances Affected by Jet Fire with Thermal Radiation Level of 4.7 KW/m? (Site Boundary
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Table 16. Distances Affected by Gas Cloud Explosion with Overpressure of 140 mbar
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Table 17. Leak Occurrence Frequencies for Each Scenario
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Figure 2. Individual Risk Contour of the Plant
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Figure 3. Societal Risk Curve Resulting from Plant Operations
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Table 18. Results of Dominant Scenarios for Determining Fire Zone Around the Industrial Area
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Table 19. Results of Dominant Scenarios for Determining the Boundary of the Industrial Area
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Table 20. Results of Dominant Scenarios for Determining the Safety Buffer Zone of the Industrial Area
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using novel methods has become more evident than ever. Environmental issues such as
waste management likewise require new, intelligent approaches that can reduce costs,
accelerate operations, and minimize human error. Waste classification, as one of the
fundamental and important aspects of waste management and recycling, is the main focus
of this research. In this study, two deep learning models were trained on images from the
Realwaste dataset, which includes about 4,200 images across the categories of metal
waste, glass waste, paper waste, cardboard waste, food organic waste, plastic waste,
vegetation waste, and textile waste, in order to advance intelligent waste sorting. The
resulting models are a single-label model and a multi-label model. The base model uses
the EfficientNetBO architecture introduced by researchers at Google, but it was
redesigned and trained through transfer learning to suit the specific problem addressed in
this study. To increase data diversity, artificial data augmentation techniques such as
rotation, lighting changes, and image blending using the CutMix and MixUp methods
were employed. In addition, to address data imbalance, class weights were calculated
based on the frequency of each class. The training and validation data were split at a ratio
of 70% to 30%, and all programming was carried out in Python within the Visual Studio
Code environment using the Scikit-learn and TensorFlow libraries. The experimental
results showed that both models performed well in the intelligent classification of waste
images. For images containing a single waste type, the single-label model sometimes
provided higher confidence in identifying the correct category; however, the multi-label
model, which exhibited better control of overfitting during training, delivered better
overall performance. The multi-label model’s average confidence in identifying the
correct category in the experimental test, 0.875, was higher than that of the single-label
model, 0.855. In the analysis of an image unrelated to waste, the multi-label model, with
a confidence below 0.25, also made a smaller error than the single-label model, which
had a confidence of 0.29. Finally, in the experimental test on images containing several
waste types simultaneously, it was found that the EfficientNet architecture is not as
reliable for analyzing images containing multiple waste types as it is for analyzing images
containing a single waste type.
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Introduction

Rapid progress in artificial intelligence, machine learning, and especially deep learning has
transformed how unstructured data, particularly images, are analyzed, with convolutional
neural networks remaining one of the main foundations of image classification. Environmental
challenges such as excessive waste generation call for intelligent solutions, and waste
management and sorting have drawn considerable global attention, as population growth,
urbanization, and industrial expansion increase household, commercial, industrial, and
agricultural waste volumes. Traditional waste separation is usually manual and rule-based, an
approach difficult to scale and labor-intensive; applying artificial intelligence, by contrast, can
increase classification accuracy and reduce operating cost and time, with approaches such as
smart bins and sorting robots proposed as effective directions. Building on this motivation, the
present study develops a single-label model and a multi-label model, both based on
EfficientNetBO and transfer learning, trained on RealWaste data, and compares their
performance across a range of test images. EfficientNet was chosen as the base architecture
because this family of models balances depth, width, and image resolution well, and
EfficientNetB0, despite far fewer parameters than earlier architectures such as VGG16, is
generally a more optimized and accurate model. Persian-language and domestic research
specifically centered on intelligent waste sorting with the help of deep learning and image
processing is not abundant, and the present study also aims to inform future research in this
direction, including the potential contribution of object-detection models such as YOLO for
images containing several waste types at once.

Method

The RealWaste dataset, containing more than 4,700 images across nine categories, was
released in late 2023 and used as the basis for this study. The miscellaneous-trash category was
excluded so training could focus on precisely labeled images, leaving eight target categories:
metal, glass, paper, cardboard, food organics, plastic, vegetation, and textile waste, comprising
roughly 4,200 images. Further images matching each category were downloaded from the
internet, bringing the working image pool to approximately 5,000 images. Because RealWaste
images generally each focus on a single waste item, single-label images were also combined
into composite images to give the multi-label model better training conditions, alongside
rotation and brightness variation; class weights based on category frequency were applied, since
image counts differ considerably across categories. For both models, EfficientNetBO0, pretrained
on roughly 1.2 million images across about 1,000 classes, served as the starting point, so it's
already-learned visual features could be reused here; the original 1,000-class output layer was
replaced with an 8-class layer. Early layers, capturing general image features, were kept frozen
while newly added layers trained on the project's data; some previously frozen layers were later
unfrozen for closer adaptation to waste imagery. Both models used independent sigmoid
outputs, so each class receives a value between 0 and 1 that need not sum to 1; this same design
was used for the single-label model too, keeping the two architectures consistent for easier
comparison. Accordingly, the single-label model reports only the label with the highest value,
while the multi-label model displays every label exceeding a 0.25 threshold, adjustable in the
model's test code. Training and validation data were split 70:30; Adam was used instead of
RMSProp, originally used for EfficientNetBO, for more stable, faster convergence on this
smaller dataset; all programming was done in Python, in Visual Studio Code, using Scikit-learn
and TensorFlow. Over training, the single-label model showed some widening between training
and validation loss, a mild but not severe degree of overfitting; the multi-label model, trained
with fewer epochs partly in response, showed a more balanced loss, without clear overfitting or
underfitting.
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Results

Both trained models were tested on new images not seen during training, downloaded from
the internet. The first four test images each showed a single type of waste — paper, textile
waste, food organics, and plastic — and both models identified the correct category in every
case, though confidence values differed. On the paper image, the single-label model reported
higher confidence (0.84 versus 0.76); on the remaining three, the multi-label model reported
higher confidence (0.87 versus 0.80 for textile waste, 0.93 versus 0.87 for food organics, and
0.94 versus 0.91 for plastic). On the food organics image, the multi-label model produced two
labels, food organics and textile waste, with the correct category, food organics, receiving much
higher confidence (0.93) than the second label (0.31). Averaged across these four images, the
multi-label model's confidence in the correct category was 0.875, compared with 0.855 for the
single-label model. On an image unrelated to any of the eight trained categories, the multi-label
model's confidence stayed below 0.25 for every category, while the single-label model reported
0.29 confidence for one category, metal; the multi-label model therefore performed better on
this image. On a composite image formed by combining five different waste types, the multi-
label model correctly identified two categories, food organics and glass, at 0.35 and 0.30
confidence, respectively; one of these, food organics, was also identified by the single-label
model, at 0.28 confidence, and the multi-label model's higher confidence on this shared
category is why it performed better on this image. Overall, confidence levels were low on this
image containing several waste types at once, a pattern suggesting that object-detection
architectures such as YOLO may be better suited to such images.

Conclusions

Both models performed adequately in classifying waste images, and the multi-label model
was overall more accurate than the single-label model across the test images used. The multi-
label model also performed better on the image unrelated to the trained categories and on the
composite image containing several waste types, although the single-label model occasionally
reported higher confidence on individual single-waste-type images. Because of its greater
flexibility in identifying more than one class in a single image, the multi-label approach appears
better suited to real-world recycling lines that handle a wide variety of waste, though the
EfficientNetBO0 architecture, in either its single-label or multi-label form, is not a fully reliable
choice for analyzing complex images containing multiple waste types at once. Beyond the
models themselves, this comparison of single-label and multi-label performance on a waste-
classification task adds to the literature on deep learning applications in environmental
management, and, subject to further validation, the developed models could support recycling
lines and smart waste-management systems, helping reduce cost, speed up operations, and
reduce human error. Future work in this direction could focus on increasing the size and
diversity of the training data, particularly in lighting, angle, and image quality; using genuinely
composite images, rather than synthetically combined ones, to further improve the multi-label
model for real-world scenarios; incorporating object-detection architectures such as YOLO for
complex, multi-waste images; and, before training, setting aside a separate test set on which to
report standard metrics such as accuracy, precision, recall, and F1, allowing a more rigorous
evaluation than the qualitative testing carried out here.
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Figure 4. Image of paper waste pile
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Figure 6. Image of organic food waste category
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Figure 7. Image of plastic waste pile
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Figure 8. Miscellaneous category image

awd A r:L.\S@.aa @ aloe A S S 0l Ces QT Sy Joe a8 il sl oo oglils pgal ey
a Jleo s ) sz iz Joe 00d Ola (255 45 G Sl o gl Lagl gl (g5, Joo a5 Lol
(5] 00y yuns Lgd.ﬁL';wT 3 S b laweb] (gder) ois RO (o TR e AS Oy O jgo &2

No labels predicted (all confidence below threshold).
o) 595 Joo a5 (spslal lagShs b cpgad ;0 95250 slaShy STz i plais! cwzy Jos
il JBlas ap i conzp 4l Cg (Jgd BB olicabl 0 Joe 5 ol Oglite loms d(@iws A) 0> ijal
el 6o, 3 YO LY 1 /V0 lawebl iz Ol Caz oo lp ol s



VFef Gl o) o lods o) 0590 ¢ )lauly (sldptmonn oy o g (owdiio pole (slad ol aollad Ys

Bl Jlss 3 3 ooz p S5 Joe (29>

Predicted Class: Metal (0.29)
Olaebl Blas a8 Ll 5l Lol (o, 0 YA LY 51 +/VR) 0,10 poad cpl (55, (sl liveds! (con S5 o
J.)Lo.w o> ‘Wf& JJ.A s(é‘ofu.x.: ‘) QT L)‘}’(5° 45) Sl 00 U"‘"‘” Sy Yo o> s_)L> 6‘)’ ra)y
Somb (Slaebl (b wenl 08,55 05 a0 g 45 L] oo paiz Jow Lol el 00,5 05 1) 5508
@5 oo )8 Glaiws mp 0 paal pl a5 Ll 5l g col atils latws pled o el (ol Glp s ,0 YO

Lol 00,5 Joe Jigy (s paiz Joo CaS g5 ge (ol pl

4%

(Wloww 98 Wiz lojpd y9a>) ooz p9las diwd pguad 4 S
Figure 9. Image of a complex image cluster (simultaneous presence of multiple types of wast)

T oS 5l aS Gl g pgar A S pm b Sl QT G9y Je &S ol 5leads solils pgal et
ume-du LRV e} 6).)9.»44 aS el 00l oLm‘ Y| odud w)j.ei LQUT S9) LDJMAS..\ALQM; )ajta; )‘ulw&y
ul?- L5>5)'> 09;.» LEVE SUWERW ) )JjLaa &9y Lmu—‘ @L:‘y aS Sl u.a‘ LQJM 44).:9444 U"‘ 43‘)‘ )‘ VS QJ]GA

g Oyge (pla Jlae i ;0 (g paiz Joe odds

Predicted Labels: Food Organics: 0.35
Predicted Labels: Glass: 0.30

b slaglnebl Joo Grizres g ST (o (S @] oz p pled Culyis Joe 4 095 o0 osalie
Temeo awl 00,5 g Joe a5 glacas paldl (oo o Yo LY 1o /Y e g am, o YO LY 51 /YD) o)l
o o ol bl (218 T siley (5300,0 YO el b g (glainds wilomy (g0u0,0 ¥ liadol ) iz
aS folis polay oo (Ban a5 g0 40 .S e olo 1) (dxd slo Jow ans aais B3 jead cpl (! all
sl J=oly 51 (S5 YOLO Jis sbisl jaseid sla Jow 5l oolasiwl sl aiuse (alides aws (paiz 00i S 5y
Gl oo ol b ablin

HiRle s Jlee 5§ 58 ez nSS o (29>

Predicted Class: Food Organics (0.28)
Jow a8 @lqd'l ol e olas ‘5|’| Wl o, YA LY 51 IVA lasebl b iz SO Joe

2o a5l (S a5 ol paseis ol J wlean 1) paal Jae S oo 0dg cnzr pp S S ez p S



YVl g 03y ol [ doigh SO  powdy iy 9 (o PSS s Juo el

45 09 g0 0dlive piras 350 Sl Z8s Jow (pgal Sausen g 4 bl el glie dﬂ Qilowy & JSCS
(e, YO C80) oz p ST Joo a5 s (6 5YL 80 L Lol sl 00 )57 adgi 1) oz 3 58 (aomz piz Jowe
el 03,5 Joo S (raz piiz Jo pgal (nl 959058 (nlnle

Slaabl b o lge 51 (g5l 10 (cmmz iz Jowe aS ol L cad 00ld 7 4T g3l (sladiges oy dunlie
Joe o aS Jb ool o plas |y cads iln i 3l gleailis ( punz p ST Joe | o] pnz pais Jos
(Yo 5 (S plye a0 b 558 @by o b Sk cnl el slayeo dlaas (1S b ez iz
Joe 6 p mimmed 0l s o3l i S 4y gum b O‘jsdn I e iz Jde 50 oal cdslice Sgupn
&S caals ol 5l lad o, (godalice 0gd il 0,55 goddlin S Dygo a4 b Alie pl 0 s paix
slecosgame Jdo @ Ll o5 Joe eSS e 3 e Sy L polas Juds o e iz Jowe
e 51 e e ks el 55 oz iz e 525l 5 iz wans ) b B el
S ez polal o ez a5 38 Clls p plese Ghagh @l 5 ke (ren 485 e (o pSS
g on Slgainy YOLO a5 8 5 S b Jow 5l (6,500 glgil 51 !

-

55 Sl e sslls war psal iz lap] Jlesl b g (25 @0 4 a0 Shas (haghy ol )
iipal 31 e ol 51 somlin 5 J3:8 1B 0oy bl o ol b ok o) 5 el e (slocl
Lol yod il o odmlive Jow Jawgs (ojeel sulyd [0 a5 Waessls (pl 69, » oles Joo b)) omm 9 Joo
SoS o Jow o Shas 5580 cbis 4 sl oo Fl-score g (s,slob precision «ds asle olalas jo,l55
oo (295 e atws a3 bae (0528 Saaslie (ad pd Bl Glp GOl egn jo S
oz S e (S Sl e )0 5 Al a3 SIEMOId O j50 4 gz pizr oo diiled G gz 2SS
godlodsgare b laJoo bl il ol b 28,5 )l 5o 2led (295 Olgie ) Jlade (n i o iz
09 Jis Gl sleiagsy 5o g oo« Fesiie (505 slojlns 5 it pslal ¢ Jaes (53]

5o oolaiwl 5 Joduzy polay o glp 1) Jow Wl o YOLO Jiw sLisl ais sla Jow 3l oolan!
Oleie 4 EfficientNetB0 Jow 5l iogh ol 10 .0uS Jowlo g yoleiel LB a3ls slis jo by 80 sla Joe
€9 SO 3l Liam Il pgal a5 Slacaadse (0 (lalacgd alati sled o, e« 28 Jow g ol colatul 4l Jos
oolaiul .ol 4Ll YOLO Jio gloJow b dslio jo 1y 03¥ TS ol (S el sauzms pgai b conl ally;
E5 o2 95 o Cumdan o (o andeld gl Jow WS Co poe o> ) JSie ) Wlg o0 YOLO sloJus
Sl dae Cudgaze Ghaghy cnl 0 AT e patie pgal Sy 40 Wlewy g5 iz b odezy pslal o 1) o
;0 YOLO o, )5 a4 .o plxil YOLO 5l eolazwl Lol ol onyo  fwdaiz polai Judow o EfficientNet

.oo)fsn Aoy ‘G’;T sl i



VFef lawmoy o) o lods o) 0590 ¢ )lauly (sldptmonn oy o g (owdito pole (slad ol aollad YA

DEEP LEARNING WASTE CLASSIFICATION

% ——» | Single-label model
. % 084

Single-label
Classification

RealWaste

&) % 5 Multi-label model
&

e EfficientNetB0 Training +/Cardboard 0.65 @gt‘ Q I @ n'he
a ogetation Metal Plastic Glass Textle Paper

Augmentation
Cardboard  Food  Veget Textile  Paper

03928 SIS Joo Ve S

Figure 10. Graphical model of the project

Multi-label
Classification

Jow Lawgy oo SO slraal  Jow 5 lexs dosls S Fean o33l Jolls 059 5 é.d‘; Joe Ve IS
REXPPRA R Iy b Jow (c_lﬁ.sl 3

S A%

5 55 e by onummy Jlao Glo 09 oo Sl Baoe 6250k (pgas 4 g edle 650k 5l eolitu]
Sy 0yt 295 4 Sty pl 51l g aS Cal olaojer 5l (G Cunn Lasme g ols plauil SYL CEs g ey

dewg S 50 Fge (ol n3le alin 5 Beoe 50k Slosuidly S biiagh cnl 5
2ol )15 (o jlomo 51 oozl .ous anls p atws i o laall; g3 S ¢ (gamdids 6l p diedgn slailele
g L S 20059 sy 105 5 8 deosls egias jliElasle ol SuST 5l (6,150 4o ¢ EfficientNetB0O
50 Jed 8 5 wlio (60 Shas « ol o Jow 4T o b (ol ax e Adam L el o ,63) (6 5L—waingye
(e Nz g o p ST gaal D 6l e Joe 90 Gl aims lis 05l eall; pglar gasnaiws

cpglal ganarb o Jow 90 ;o b pl o aS ol lis o pelal g9, b o bl 5l Jeols mls
Joe 0,5 Jos 5888 oz p ST Joo A Cud £50500,0 (o iz Joo Lol i bls  wlio o,Sles
&5 iz Jols 45 ouuzm gl 5 00 (hjgel ladinss b Lo ol jygual (aeidd )0 rizmed (o iz
Olaebl 25 wilewsy £ G L pglual Judot 10 cmz p ST Joe 0l lid 055 5l (6 500 0 Sas g0 Wilomay
ee 550 525 53051 59 Egamerd (S Ghisel e oo Julo & (oo iz Joo Ll ol o1, (5 59
Slp oW paiz lejee a5 9 ity G pdySllasl o 4 oz paiz 9505, IS peb 405
MLGA.’ ol )JSLAJ

oy S 033 3 (s i 5 (s 2S5 (sl e Ko (sl b 2295 ol s bite ]
(shos e jlcawl 00,5 KeS s j Jams Co i )0 (Bes G50k 05,5 sdiie) 40 Bgz g0 Slool gl @
e &5 s pobal Ole g9 9 Coplo [l 5l Ll () 2 5 0¥ Sla b)) et Wl oo 48l Ansgs Sl Joe
Seign slaailel g cdljlb bahs o S oo 1) oyl ol J18 Jaw a5 (g pglas boaus ojgel o] s,
S8 glail gl als g jsel ploxl jo & s dodis s ol 4 5 05,8 1,8 colail 0,50 wilemy S i



YA Sl g 00lj ol [ dooligd SUSET (powy iy 9 (oo 2SS s Juw colu

Bgd gme mlie dige Cupoe g )l axwgr Bloal

References

Aghdam, F. Z., Hasanlou, M., & Dehghanijabbarlou, M. (2024). Quantifying urban air quality through
multispectral satellite imagery and Google earth Engine. Journal of Atmospheric and Solar-Terrestrial
Physics, 261, 106301. DOI: 10.1016/j.jastp.2024.106301

Ahmad, G., Aleem, F. M., Alyas, T., Abbas, Q., Nawaz, W., Ghazal, T. M., ... & lIbrahim, A. M. (2025).
Intelligent waste sorting for urban sustainability using deep learning. Scientific reports, 15(1), 27078.
DOI: 10.1038/s41598-025-08461-w

Ali, H., Shifa, N., Benlamri, R., Farooque, A. A., & Yaqub, R. (2025). A fine tuned EfficientNet-BO
convolutional neural network for accurate and efficient classification of apple leaf diseases. Scientific
Reports, 15(1), 25732. DOI: 10.1038/s41598-025-04479-2

Alotaibi, E., & Nassif, N. (2024). Artificial intelligence in environmental monitoring: in-depth analysis.
Discover Artificial Intelligence, 4(1), 84. DOI: 10.1007/s44163-024-00198-1

Arishi, A. (2025). Real-time household waste detection and classification for sustainable recycling: A
deep learning approach. Sustainability, 17(5), 1902. DOI: 10.3390/su17051902

Bai, T., Wang, L., Yin, D., Sun, K., Chen, Y., Li, W., & Li, D. (2023). Deep learning for change detection in
remote sensing: a review. Geo-spatial Information  Science, 26(3), 262-288.
https://doi.org/10.1080/10095020.2022.2085633

Bayatzadeh, M., Hosseini Rahman, S. A., Karbalai Hasani, H., & Sheikhi, M. (2025). Dry waste detection
based on an intelligent convolutional neural network system in the Arak Municipal Waste
Management Organization Paya Shahr, 7(77). [In Persian]. https://civilica.com/doc/2333531

Biglarijoo, N., Shams, A., & Hadipour, V. (2025). The use of machine learning techniques in water and
wastewater treatment processes: opportunities and challenges. Numerical Methods in Civil
Engineering, 10(2), 86-101. DOI: 10.66224/NMCE.2511.1106

Chen, L., Li, S., Bai, Q., Yang, J., Jiang, S., & Miao, Y. (2021). Review of image classification algorithms
based on convolutional neural networks. Remote Sensing, 13(22), 4712. DOI: 10.3390/rs13224712

Chen, Y. C. (2018). Effects of urbanization on municipal solid waste composition. Waste management,
79, 828-836. DOI: 10.1016/j.wasman.2018.04.017

Cheng, C. S., Chen, P. W., & Ho, Y. (2022). Control chart concurrent pattern classification using multi-
label convolutional neural networks. Applied Sciences, 12(2), 787. https://www.mdpi.com/2076-
3417/12/2/787

Dawar, l., Srivastava, A., Singal, M., Dhyani, N., & Rastogi, S. (2025). A systematic literature review on
municipal solid waste management using machine learning and deep learning. Artificial Intelligence
Review, 58(6), 183. DOI: 10.1007/s10462-025-11196-9

De Mauro, A., Sestino, A., & Bacconi, A. (2022). Machine learning and artificial intelligence use in
marketing: a general taxonomy. l[talian Journal of Marketing, 2022(4), 439-457. DOI:
10.1007/s43039-022-00057-w

Dhiman, R., Miteff, S., Wang, Y., Ma, S. C., Amirikas, R., & Fabian, B. (2024). Artificial intelligence and
sustainability—A review. Analytics, 3(1), 140-164. DOI: 10.3390/analytics3010008

Fang, B., Yu, J., Chen, Z., Osman, A. |., Farghali, M., lhara, I., ... & Yap, P. S. (2023). Artificial intelligence
for waste management in smart cities: a review. Environmental Chemistry Letters, 21(4), 1959-1989.
https://doi.org/10.1007/510311-023-01604-3

Himeur, Y., Rimal, B., Tiwary, A., & Amira, A. (2022). Using artificial intelligence and data fusion for
environmental monitoring: A review and future perspectives. Information Fusion, 86, 44-75.
10.1016/j.inffus.2022.06.003

Jordan, M. I., & Mitchell, T. M. (2015). Machine learning: Trends, perspectives, and prospects. Science,
349(6245), 255-260. DOI: 10.1126/science.aaa8415


https://civilica.com/doc/2333531

VP F liwn o) oylods o) 090 ¢slauly (gL psmaw Cu pp oo g (i pole (5lad paly doliliad fe

Kaza, S., Yao, L., Bhada-Tata, P., & Van Woerden, F. (2018). What a waste 2.0: a global snapshot of
solid waste management to 2050. World Bank Publications.

Khanam, R., Hussain, M., Hill, R., & Allen, P. (2024). A comprehensive review of convolutional neural
networks for defect detection in industrial applications. IEEE Access, 12, 94250-94295. DOI:
10.1109/ACCESS.2024.3425166

Kingma, D. P.,, & Ba, J. (2014). Adam: A method for stochastic optimization. arXiv preprint
arXiv:1412.6980. https://doi.org/10.48550/arXiv.1412.6980

Ma, L., Liu, Y., Zhang, X., Ye, Y., Yin, G., & Johnson, B. A. (2019). Deep learning in remote sensing
applications: A meta-analysis and review. ISPRS journal of photogrammetry and remote sensing, 152,
166-177. DOI: 10.1016/j.isprsjprs.2019.04.015

Mehadjbia, A., & Slaoui-Hasnaoui, F. (2024). Real-time waste detection based on YOLOvVS. In 2024 4th
Interdisciplinary Conference on Electrics and Computer (INTCEC) (pp. 1-6). IEEE. DOI:
10.1109/INTCEC61833.2024.10603365

Mohammadzadeh, M., Delavar, M. R., & Rabiei Dastjerdi, H. (2026). Mapping Urban Garden
Destruction in Tehran Using Landsat Imagery and Machine Learning. ISPRS Annals of the
Photogrammetry. Remote Sensing and Spatial Information Sciences, 10, 533-540.
https://doi.org/10.5194/isprs-annals-X-4-W8-2025-533-2026

Sarker, I. H. (2021). Deep learning: a comprehensive overview on techniques, taxonomy, applications
and research directions. SN computer science, 2(6), 1-20. DOI: 10.1007/s42979-021-00815-1

Sayem, F. R., Islam, M. S. B., Naznine, M., Nashbat, M., Hasan-Zia, M., Kunju, A. K. A., ... & Chowdhury,
M. E. (2025). Enhancing waste sorting and recycling efficiency: robust deep learning-based approach
for classification and detection. Neural Computing and Applications, 37(6), 4567-4583. DOI:
10.1007/s00521-024-10855-2

Single, S., Iranmanesh, S., & Raad, R. (2023). Realwaste: a novel real-life data set for landfill waste
classification using deep learning. Information, 14(12), 633. DOI: 10.3390/info14120633

Tan, M., & Le, Q. (2019, May). Efficientnet: Rethinking model scaling for convolutional neural
networks. In International conference on machine learning (pp. 6105-6114). PMLR. DOI:
10.48550/arXiv.1905.11946

Vinuesa, R., Azizpour, H., Leite, I., Balaam, M., Dignum, V., Domisch, S., ... & Fuso Nerini, F. (2020).

The role of artificial intelligence in achieving the Sustainable Development Goals. Nature

communications, 11(1), 233. DOI: 10.48550/arXiv.1905.00501

Wu, J., & He, J. (2025). Trustworthy Transfer Learning: A Survey. Journal of Artificial Intelligence
Research, 84. https://doi.org/10.1613/jair.1.176021

Yuan, Q., Shen, H., Li, T., Li, Z, Li, S., Jiang, Y., ... & Zhang, L. (2020). Deep learning in

environmental remote sensing: Achievements and challenges. Remote sensing of Environment, 241,

111716.10.1016/j.rse.2020.111716

Zhu, X. X., Tuia, D., Mou, L., Xia, G. S., Zhang, L., Xu, F., & Fraundorfer, F. (2017). Deep learning in
remote sensing: A comprehensive review and list of resources. IEEE geoscience and remote sensing
magazine, 5(4), 8-36. DOI: 10.1109/MGRS.2017.2762307

Zhuang, F., Qi, Z., Duan, K., Xi, D., Zhu, Y., Zhu, H., ... & He, Q. (2020). A comprehensive survey on
transfer learning. Proceedings of the IEEE, 109(1), 43-76. DOI: 10.1109/JPROC.2020.3004555


https://doi.org/10.1613/jair.1.176021

Strategies of Engineering Sciences & Sustainable Systems Management

Vol. 1, No. 1, p. 41-59, Winter 2026

Journal Homepage: www.jsesm.ir

The Role of Macrobenthic Indicator Species as Bioindicators for

Assessing Marine Ecosystem Health

Ali Abbasi**, Mehran Loghmani?

“Department of Marine Biology, Faculty of Marine Sciences, Chabahar University of Maritime & Marine
Sciences, Chabahar, Sistan & Baluchestan, Iran.
*Corresponding author: aliabbasil376.2014@gmail.com, https://orcid.org/0009-0005-4934-0158

Article Info

ABSTRACT

Article type:
Research Article

Article history:

Received: 2026/01/27
Received in revised form:
2026/02/19

Accepted 2026/02/29
Available online: 2026/03/06

Keywords:

Marine ecosystem,

Marine pollution,
Environmental monitoring,
Biodiversity,
Macrobenthic indicator
species.

Marine ecosystems are under increasing pressure from human activities & climate
change, making effective monitoring more important than ever. Among the available
tools, macrobenthic indicator species st& out as practical & reliable options for assessing
environmental conditions in coastal & offshore waters. This review looks at what these
organisms are, why they matter ecologically, & how they can be used in real-world
monitoring programs. We cover the main taxonomic groups involved, including
mollusks, crustaceans, annelids, echinoderms, & demersal fish, & discuss their specific
roles in environmental assessment. Macrobenthic organisms work well as bioindicators
for several reasons. They don't move around much, they live long enough to show
cumulative effects, they respond clearly to environmental changes, & they build up
pollutants in their tissues over time. These traits make them useful for judging habitat
quality, tracking ecosystem health, & spotting potential problems before they get worse.
Methods like IndVal, AMBI, & M-AMBI have helped make benthic assessments more
reliable by adding quantitative rigor to what used to be mostly descriptive work. The
literature shows that different groups serve different purposes. Polychaetas like Capitella
capitata & Heteromastus filiformis are well known as signs of organic enrichment &
sediment contamination. Filter-feeding bivalves are good for long-term heavy metal
monitoring because they concentrate contaminants in their tissues. Amphipods respond
quickly to sediment toxicity, while echinoderm larvae are sensitive to various stressors.
Demersal fish add another layer by accumulating pollutants at higher positions in the food
web. What makes this review different is that it brings together ecological perspectives
on macrobenthic indicators while also pointing out how newer biotechnological tools
could improve species identification & monitoring accuracy. Putting together regional
databases of these species would make future work easier & help build more effective
conservation strategies. The review also highlights that while these methods are widely
used, there's still room for improvement in how species are selected & how results are
interpreted across different regions.
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Introduction

Marine ecosystems are increasingly exposed to a wide range of anthropogenic pressures,
including coastal development, industrial pollution, eutrophication, overfishing, habitat
degradation, & climate change. These stressors have altered the structure & functioning of
benthic habitats & have intensified the need for reliable environmental monitoring tools.
Coastal & offshore marine environments provide essential ecosystem services, including
nutrient cycling, carbon sequestration, food provision, & shoreline protection, all of which are
critical for human well-being & economic development. However, the growing intensity &
frequency of human activities in marine environments have led to unprecedented rates of
biodiversity loss, habitat fragmentation, & ecosystem dysfunction, prompting urgent calls for
effective monitoring & management strategies.

Among the available biological indicators, macrobenthic organisms have received
considerable attention due to their ecological importance, relatively sedentary lifestyle, broad
distribution, & high sensitivity to environmental disturbances. Benthic communities inhabit the
seafloor & are directly exposed to contaminants, organic enrichment, & physical disturbances
that accumulate in sediments. Their limited mobility prevents them from avoiding unfavorable
conditions, making them reliable indicators of local environmental quality. Additionally,
macrobenthic organisms exhibit a wide range of life-history traits, feeding strategies, &
physiological tolerances, allowing them to reflect ecological conditions across different spatial
& temporal scales. Benthic communities are also relatively easy to sample using st&ard grab
or corer techniques, & their taxonomic identification is well-established for most major groups,
facilitating st&ardized monitoring programs worldwide.

Macrobenthic indicator species can provide valuable information about ecosystem health by
reflecting both short-term & long-term ecological changes. The presence, absence, abundance,
& diversity of benthic species respond to variations in sediment characteristics, organic matter
loading, oxygen availability, & contaminant concentrations. Opportunistic species often
proliferate under disturbed conditions, while sensitive species decline or disappear, resulting in
predictable shifts in community composition that can be quantified using ecological indices.
This capacity to integrate ecological stressors over time makes macrobenthic indicators
particularly valuable for assessing cumulative impacts & tracking recovery trajectories
following management interventions.

The present review aimed to investigate the concept of macrobenthic indicator species,
examine their ecological significance, identify major taxonomic groups used in marine
environmental assessment, & evaluate their applications in monitoring marine ecosystem
quality. Furthermore, this study highlights the advantages, limitations, & future prospects of
using macrobenthic indicators in environmental management & conservation programs.

Method

This study was conducted as a comprehensive review of scientific literature related to
macrobenthic indicator species & their applications in marine environmental monitoring. A
systematic literature search was performed using major scientific databases, including Google
Scholar, Scopus, Web of Science, & ResearchGate, to ensure broad coverage of peer-reviewed
publications. The literature search was performed using keywords such as “indicator species,”
“macrobenthos,” “marine ecosystem monitoring,” ‘“ecological indicators,” & “benthic
community structure.” Boolean operators were used to combine search terms & refine the
results. The search was limited to English-language publications, & no specific time restrictions
were applied to capture both foundational studies & recent advances. Studies were selected
based on scientific quality, relevance to the research topic, publication in peer-reviewed
journals, & contribution to ecological assessment & environmental monitoring. Preference was


https://www.jsesm.ir/?lang=en

43 The Role of Macrobenthic Indicator Species as Bioindicators ... / Abbasi & Loghmani

given to studies that provided quantitative data, validated methodologies, & practical
applications in different marine regions.

Information extracted from the selected studies was categorized & analyzed to identify
common patterns, methodological approaches, major findings, & existing challenges. Particular
attention was given to the ecological responses of macrobenthic communities to environmental
stressors, the development of indicator-species methodologies, & the application of ecological
indices such as Indicator Value Analysis (IndVal), AZTI Marine Biotic Index (AMBI), &
Multivariate AMBI (M-AMBI). The extracted data were synthesized to develop a
comprehensive overview of the current state of knowledge, identify methodological strengths
& weaknesses, & propose directions for future research. The review also considered the
geographic distribution of studies to assess the regional applicability of different indicator
approaches & identify areas where knowledge is limited.

Results

The reviewed studies demonstrate that various macrobenthic groups, including polychaetes,
mollusks, crustaceans, echinoderms, cnidarians, & demersal fishes, serve as effective indicators
of environmental quality in marine ecosystems. Polychaete worms, particularly opportunistic
species such as Capitella capitata & Heteromastus filiformis, are widely recognized as
indicators of organic enrichment, sediment contamination, & hypoxic conditions. These species
are often among the first to colonize disturbed sediments & can rapidly proliferate under high
organic loading, making them sensitive indicators of eutrophication & wastewater discharge.
Mollusks, especially filter-feeding bivalves, are capable of accumulating heavy metals & other
pollutants, making them valuable biomonitors for long-term contamination assessment. Their
sedentary nature & feeding behavior result in direct exposure to sediment-associated
contaminants, allowing them to reflect bioavailable pollutant concentrations in the
environment. Amphipod crustaceans are sensitive to sediment toxicity & organic pollution,
whereas echinoderms exhibit strong responses to environmental stress during their larval stages
& can indicate habitat deterioration. Demersal fish also contribute to environmental monitoring
through the bioaccumulation of contaminants within higher trophic levels, providing an
integrated measure of ecosystem-level contamination.

The findings further reveal that macrobenthic communities are strongly influenced by
environmental variables such as sediment grain size, organic matter content, dissolved oxygen
concentration, salinity, water depth, & hydrodynamic conditions. The loss of sensitive taxa &
the proliferation of tolerant species lead to simplified community structures & reduced
functional diversity, which can impair ecosystem functioning & resilience.

The review also highlights the growing application of quantitative methods for identifying
indicator species. Approaches such as IndVal combine species abundance & frequency of
occurrence to determine species-environment relationships & improve ecological assessments.
Similarly, AMBI & M-AMBI have become widely used tools for evaluating ecological status
based on benthic community composition. These indices assign species to ecological groups
based on their sensitivity to disturbance & enable the classification of sites into quality classes
ranging from undisturbed to heavily impacted.

Conclusions

The review confirms that macrobenthic indicators offer a practical & scientifically robust
approach to marine environmental monitoring. Their ecological relevance, cost-effectiveness,
& ability to integrate environmental conditions over time make them invaluable for detecting
& quantifying anthropogenic impacts. However, successful implementation requires careful
consideration of indicator selection, methodological stardization, & regional calibration. The
development of comprehensive databases & continuous refinement of ecological indices will
further strengthen the utility of macrobenthic indicators in environmental management.
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Macrobenthic indicator species represent powerful & cost-effective tools for assessing
marine environmental quality & ecosystem health. Their sensitivity to environmental changes,
limited mobility, long life span, & capacity to integrate ecological conditions over time make
them particularly suitable for monitoring anthropogenic impacts & climate-related
disturbances. The use of indicator species can facilitate habitat assessment, early detection of
environmental degradation, ecological risk evaluation, & the development of conservation
strategies. However, improving the reliability of biological assessments requires careful species
selection, incorporation of local ecological knowledge, long-term monitoring programs, & the
application of advanced analytical & biotechnological techniques. The development of
comprehensive regional & global databases for macrobenthic indicator species, together with
the refinement of ecological indices, will significantly enhance future marine monitoring efforts
& support sustainable management of marine ecosystems in the face of increasing
environmental challenges. Future research should focus on integrating molecular & traditional
taxonomic approaches to improve species.
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Table 1. Ecological classification of macrobenthic biological groups in the AMBI index
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Table 1. Summary of research studies on the use of macrobenthic species & communities as biological indicators

in environmental assessment & monitoring of marine & coastal ecosystems.
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The rapid expansion of solar energy systems has played a significant role in reducing
greenhouse gas emissions and accelerating the global transition toward renewable energy.
However, the increasing deployment of photovoltaic (PV) technologies has also led to
growing concerns regarding the management of end-of-life (EoL) photovoltaic modules,
which are emerging as a major environmental, economic, and managerial challenge. As
the installed capacity of PV systems continues to increase worldwide, a substantial
volume of PV waste is expected to be generated in the coming decades. Consequently,
developing effective strategies for the collection, recycling, and recovery of valuable
materials has become an essential prerequisite for achieving a circular economy in the
renewable energy sector. This study aims to comprehensively examine the challenges
associated with end-of-life photovoltaic panel management and to identify sustainable
recycling strategies through a descriptive-analytical review of recent scientific literature,
international reports, and global best practices. The study investigates the technical,
economic, environmental, institutional, and social dimensions of PV waste management
while evaluating current mechanical, thermal, and chemical recycling technologies,
Extended Producer Responsibility (EPR) policies, Design for Recycling (DfR) principles,
regulatory frameworks, stakeholder engagement, and circular economy approaches. The
findings indicate that insufficient recycling infrastructure, high processing costs,
technological limitations, weak regulatory enforcement, inadequate investment, and the
absence of integrated waste management systems remain the primary barriers to
sustainable photovoltaic recycling, particularly in developing countries. Conversely,
strengthening domestic recycling technologies, implementing Extended Producer
Responsibility schemes, promoting recyclable product design, expanding secondary
materials markets, enhancing collaboration among governments, industry, and research
institutions, and increasing public awareness can significantly improve material recovery
rates, reduce environmental impacts, and enhance resource efficiency throughout the
photovoltaic value chain. The main contribution of this study is the development of an
integrated and locally adaptable framework for sustainable end-of-life photovoltaic panel
management in Iran. By combining technical, economic, institutional, and policy
perspectives, the proposed framework provides practical guidance for supporting the
transition toward a circular economy and improving resource sustainability within the
renewable energy sector.
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Introduction

The rapid growth of renewable energy technologies, especially photovoltaic systems, has
played a pivotal role in the global transition to sustainable development and reduced
dependence on fossil fuels. However, the accumulation of end-of-life solar modules has become
one of the world’s emerging environmental and management challenges. Estimates indicate
that by the middle of this century, more than 78 million tons of photovoltaic panels will be
discarded worldwide; a figure that, in the absence of recycling infrastructure, could pose a
serious threat to soil, water, and human health. Solar panels are composed of materials such as
glass (more than 70% by weight), aluminum, silicon, and silver, which have high economic
value, but at the same time contain compounds such as lead and cadmium, which, if improperly
disposed of, cause serious environmental pollution. The multilayer structure and thermal
bonding of the panel components make separation and recycling difficult and costly. In Iran,
with the growth of small-scale and home solar power plants (more than 500 MW of installed
capacity by the end of 1402), the issue of end-of-life management of this equipment is becoming
a national concern, but it still lacks binding laws, technological infrastructure, and effective
regulatory mechanisms. The theoretical framework of this research is based on the principles
of circular economy, which aims to preserve the value of materials in the production cycle and
reduce resource waste. In this regard, two key concepts, including Extended Producer
Responsibility (EPR) and Design for Recyclability (DfR), play a central role. The main
objective of this research is to analyze the challenges and opportunities of photovoltaic panel
waste management and to provide an integrated and indigenous framework for Iran that is based
on Extended Producer Responsibility, product design with recyclability, development of
mechanical, thermal, and chemical technologies appropriates to domestic capacity, and tracking
and stakeholder participation mechanisms. The importance of the research is that by combining
EPR policy, recyclable design, localized technologies, and stakeholder participation, it provides
an operational model for sustainable management of solar waste in Iran that can be used as a
model for other developing countries with similar conditions.

Method

This research is an analytical review study with a qualitative approach and is based on library
and document studies. A systematic search was conducted in reputable international databases
including ScienceDirect, Scopus, SpringerLink, and Google Scholar, as well as Persian
databases including SID, Magiran, and Civilica with the combined keywords "solar panel
recycling", "photovoltaic waste management", "circular economy", "extended producer
responsibility", and their Persian equivalents including "solar panel recycling", "photovoltaic
waste", "circular economy", and "producer responsibility". The search period was from 2010
to 2025 to cover the latest research, global policies, and technological developments in the field
of solar panel recycling. Inclusion criteria included (1) direct relevance to the topic of
photovoltaic panel waste management or recycling, (2) provision of quantitative or qualitative
data on recycling technologies, EPR policies, or environmental-economic analysis, and (3)
publication in reputable scientific journals or official reports of international organizations
(such as IRENA, IEA, and EPA). From 112 primary sources, 40 articles and reports that were
most relevant to the topic were selected and analyzed. The data extraction process was carried
out qualitatively using the oriented content analysis method, and the information was
categorized into four main axes: (1) technical challenges, (2) economic challenges, (3)
institutional and legal challenges, and (4) cultural challenges and public awareness. Also,
successful global models in the field of PV waste management (such as the European Union's
experience in implementing the WEEE Directive, the EPR model in Germany and France, and
the PV CYCLE project) were analyzed for localization in Iran. To analyze the current situation
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in Iran, reports from Tavanir Company, the Renewable Energy Organization (SATBA), and
related domestic research were used. The data were examined using comparative and content
analysis methods, and based on that, a proposed integrated framework for sustainable
management of solar panel waste and transition to a circular economy in Iran was designed.

Results

A systematic review of the literature and qualitative data analysis revealed that sustainable
solar panel waste management faces significant challenges across technical, economic,
institutional, and social dimensions. From a technical perspective, the complex multilayer
structure of photovoltaic (PV) panels and the strong bonding of their components make
recycling difficult and expensive. Recovering valuable materials such as silver and silicon
requires advanced thermal and chemical technologies that are not yet widely commercialized.
In addition, the lack of international standards for design for recyclability has limited the
development of more recyclable PV modules.

Economically, the high cost of recycling, combined with the relatively low market value of
some recovered materials, reduces the profitability of recycling activities. Limited government
subsidies, insufficient financial incentives, and the absence of well-developed secondary
markets further discourage private investment in recycling infrastructure. Institutionally, many
countries, including Iran, still lack comprehensive regulations, monitoring systems, and unified
technical standards for end-of-life PV management. The absence of Extended Producer
Responsibility (EPR) mechanisms also weakens the collection and recycling of discarded
panels. From a social perspective, limited public awareness regarding proper disposal and
recycling, together with the rapid evolution of PV technologies and the increasing diversity of
panel designs, creates additional challenges for establishing efficient recycling systems.

To address these challenges, several opportunities and policy measures were identified.
These include promoting a circular economy through design for recycling, component reuse,
and material recovery; implementing Extended Producer Responsibility (EPR) policies based
on successful international experiences; developing indigenous recycling technologies using
mechanical, thermal, and chemical processes, supported by emerging technologies such as
artificial intelligence and nanotechnology; creating economic incentives through subsidies, tax
exemptions, and take-back programs; improving panel design to facilitate recycling;
establishing national monitoring and traceability systems using digital databases and QR codes;
strengthening international cooperation and technology transfer; and enhancing public
awareness through education and outreach programs. Together, these strategies can improve
resource recovery, reduce environmental impacts, and support the long-term sustainability of
the photovoltaic industry.

Conclusions

A systematic review of the literature and analysis of the challenges and opportunities of
photovoltaic panel waste management showed that this issue is not just an environmental
challenge, but a strategic issue for sustainable development in which smart policy-making,
technological innovation, interagency cooperation, public participation, and culture-building
play a central role. The challenges can be summarized in five categories: technical, economic,
institutional, cultural, and emerging technologies, and opportunities such as the development
of green recycling technologies, redesigning panels based on recyclability, strengthening the
EPR system, establishing a national database, and active participation of the private sector pave
the way for the transition to a circular economy. The proposed framework for Iran is based on
three main axes: (1) an institutional and policy framework including the establishment of a
national recycling institution, the adoption of an EPR law, and a digital tracking system; (2) the
technical and economic model including the combination of mechanical, thermal, and chemical
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technologies, regional centers with the PPP model, and the support system and economic
incentives; and (3) the role of stakeholders and public participation including the government,
municipalities, the private sector, the media, and citizens. If countries like Iran can respond to
this issue in a timely manner and properly localize global models, they will not only prevent
future environmental threats, but also provide them with new opportunities in the field of green
economy, employment, and resource efficiency. It is suggested that future research should focus
on quantitative assessment of waste generation, techno-economic feasibility of regional
recycling centers, and comparative study of EPR policies in different countries. The
establishment of the proposed integrated framework can increase the recovery of valuable
materials, reduce environmental risks, and facilitate the transition to a circular economy in the
renewable energy sector.
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Understanding the factors governing species distributions is fundamental to freshwater
ecology and biodiversity conservation. Conventional Species Distribution Models
(SDMs) primarily explain species occurrences using environmental variables but
generally overlook interspecific interactions and unmeasured ecological processes. Joint
Species Distribution Models (JSDMs) overcome this limitation by simultaneously
modeling multiple species and incorporating latent variables to capture residual species
associations. This study represents the first application of a latent-variable JSDM to
freshwater fish communities in Iranian inland waters, aiming to evaluate the combined
effects of environmental drivers and hidden ecological interactions on fish assemblages
in the western and central ecoregions of the southern Caspian Sea basin. Fish occurrence
data for 22 species were collected from 175 randomly selected passable river sites using
standardized electrofishing protocols. Environmental predictors included climatic,
topographic, hydrological, and land-use variables. After multicollinearity assessment,
ten predictors were retained for modeling. A multivariate probit JSDM with latent
variables was implemented using the JSDM package in R. Results demonstrated that
temperature and annual precipitation were the dominant environmental determinants of
fish distributions, while watershed characteristics and human land use further influenced
species occurrence. Residual correlation matrices revealed substantial positive and
negative species associations that were not explained by measured environmental
variables, indicating potential habitat sharing, ecological similarity, competition, and the
influence of invasive species. Positive associations were observed between Salmo trutta
and Oncorhynchus mykiss, whereas several native species showed negative correlations
with invasive taxa. These findings demonstrate that incorporating latent variables
substantially improves community-level distribution modeling by accounting for hidden
ecological processes. The proposed framework provides a robust scientific basis for river
restoration, invasive species management, biodiversity conservation, and ecosystem-
based freshwater management under ongoing environmental and climatic change.
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Introduction

Understanding how biological communities respond to environmental variation remains one
of the principal challenges in ecology. Species distributions are determined not only by abiotic
conditions but also by complex ecological interactions, including competition, facilitation,
habitat sharing, and other biotic processes operating across multiple spatial scales. Predicting
these relationships is particularly important in freshwater ecosystems, where habitat
fragmentation, climate change, invasive species, and increasing anthropogenic pressures
continuously reshape community composition.

Species Distribution Models (SDMs) have become essential tools for predicting species
occurrence and identifying suitable habitats. However, conventional SDMs generally assume
ecological independence among species and therefore neglect biotic interactions that
substantially influence community assembly. This limitation may reduce predictive accuracy
and hinder conservation planning, especially in highly diverse freshwater ecosystems. Recent
developments in community ecology have led to the emergence of Joint Species Distribution
Models (JSDMs), which simultaneously model multiple species while incorporating both
environmental responses and residual species associations. Through latent-variable approaches,
JSDMs can identify hidden ecological gradients and unexplained covariance among species,
providing a more realistic representation of ecological communities.

Despite their growing international application, JSDMs have not previously been
implemented for freshwater fish assemblages in Iran. Consequently, little is known about how
environmental filtering and latent ecological processes jointly shape fish communities in the
southern Caspian Sea basin. This study addresses this knowledge gap by applying a latent-
variable JSDM to investigate fish assemblages across the western and central Caspian
ecoregions. Specifically, the study aims to (i) quantify the effects of environmental variables
on species distributions, (i1) identify residual species associations that may indicate ecological
interactions, and (iii) evaluate the usefulness of latent-variable JSDMs for supporting
biodiversity conservation and river ecosystem management. The findings are intended to assist
freshwater ecologists, conservation biologists, fisheries managers, and environmental decision-
makers seeking community-based approaches to ecosystem conservation.

Method

This research employed an observational ecological design based on species occurrence data
collected from natural river systems within the western and central ecoregions of the southern
Caspian Sea basin. A total of 175 randomly selected passable river reaches were surveyed
during the autumn season using standardized electrofishing procedures recommended by the
European Committee for Standardization (CEN). Sampling reaches covered multiple habitat
types to ensure representative assessment of local fish assemblages. All captured individuals
were identified to species level and released after sampling.

The dataset included 22 freshwater fish species, representing endemic, native, and non-
native taxa. Environmental predictors were compiled from the WorldClim database together
with GIS-derived topographic, hydrological, and land-use variables. Initially, nineteen
bioclimatic variables were extracted; following Pearson correlation analysis and ecological
expert evaluation, ten variables were retained to minimize multicollinearity. These included
annual mean temperature, minimum temperature of the coldest month, maximum temperature
of the warmest month, annual temperature range, annual precipitation, watershed slope,
upstream drainage area, river segment length, agricultural land area, and urban land area.

Species occurrence data were analyzed using the JSDM package in R (version 4.4) within a
multivariate probit framework. Latent variables were incorporated to account for unexplained
covariance among species after controlling for measured environmental predictors. Residual
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correlation matrices were subsequently interpreted to identify potential ecological interactions,
shared habitat preferences, competitive exclusion, and hidden environmental influences
affecting fish community assembly.

Results

The latent-variable Joint Species Distribution Model (JSDM) provided a comprehensive
assessment of the environmental and ecological factors structuring freshwater fish assemblages
across the western and central ecoregions of the southern Caspian Sea basin.

Among the environmental predictors, climatic variables emerged as the dominant
determinants of species occurrence. Temperature-related variables, including annual mean
temperature, minimum temperature of the coldest month, maximum temperature of the warmest
month, and annual temperature range, exerted the strongest influence on the spatial distribution
of most species. These variables were particularly important in distinguishing cold-water
species from warm-water assemblages, highlighting the sensitivity of freshwater fish
communities to thermal gradients. Annual precipitation also contributed substantially to species
occurrence by influencing stream flow, habitat availability, and hydrological connectivity
throughout the river network. Together, these climatic variables explained a considerable
proportion of the observed variation in species distributions, confirming their fundamental role
in shaping riverine fish communities.

Despite the strong explanatory power of the measured environmental variables, the latent-
variable JSDM identified substantial residual correlations among species after accounting for
abiotic effects. These residual associations indicate that additional ecological processes,
including species interactions and unmeasured environmental factors, contribute significantly
to community assembly. Positive residual correlations generally reflected shared habitat
preferences, similar ecological requirements, or potential facilitative relationships. For
example, Salmo trutta and Oncorhynchus mykiss exhibited one of the strongest positive
associations, suggesting a high degree of habitat overlap associated with cold, well-oxygenated
mountain streams. Similarly, Squalius turcicus and Squalius berak showed consistent positive
correlations, indicating comparable ecological niches and co-occurrence within similar river
habitats. Additional positive associations observed among species such as Capoeta razi,
Sabanejewia aurata, and several benthic taxa further support the existence of habitat-sharing
patterns within the study area.

Conversely, the model revealed several pronounced negative residual correlations that likely
reflect competitive interactions, ecological segregation, or the influence of invasive species.
Strong negative associations involving Carassius auratus, Pseudorasbora parva, and multiple
native species suggest that invasive fishes may compete with indigenous taxa for habitat and
food resources or indirectly modify community structure. Negative relationships were also
detected between Rhodeus amarus and Pseudorasbora parva, as well as between
Oncorhynchus mykiss and Neogobius melanostomus, indicating potential ecological
incompatibilities or competitive exclusion. These findings are consistent with ecological theory
predicting that species occupying similar niches may exhibit negative co-occurrence patterns
when resources become limiting.

The residual correlation matrix further demonstrated that not all unexplained associations
necessarily represent direct biological interactions. Instead, some residual covariance may
reflect unmeasured environmental drivers, such as microhabitat characteristics, substrate
composition, localized water quality, riparian vegetation, or other fine-scale ecological
processes that were not explicitly incorporated into the model. Consequently, the latent-variable
framework captures both hidden environmental heterogeneity and potential biotic interactions,
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providing a more realistic representation of community structure than conventional single-
species models.

Collectively, these results demonstrate that integrating latent variables into Joint Species
Distribution Models substantially improves the interpretation of freshwater fish assemblages
by simultaneously quantifying environmental filtering and species co-occurrence patterns. The
findings emphasize that accurate prediction of fish distributions requires consideration of both
abiotic drivers and hidden ecological processes, thereby providing a stronger scientific
foundation for biodiversity conservation, river restoration, invasive species management, and
ecosystem-based freshwater planning in the southern Caspian Sea basin.

Conclusions

This study provides the first application of latent-variable Joint Species Distribution Models
to freshwater fish communities in Iran and demonstrates their considerable advantages over
conventional single-species distribution models. The results indicate that fish assemblages are
jointly structured by environmental filtering and hidden ecological interactions, emphasizing
that community-level modeling provides a more realistic understanding of biodiversity patterns
than independent species analyses.

The findings have important implications for river restoration, freshwater biodiversity
conservation, invasive species management, and ecosystem-based environmental planning. By
simultaneously accounting for environmental drivers and species associations, latent-variable
JSDMs improve ecological prediction and provide valuable guidance for prioritizing
conservation actions under climate change and increasing anthropogenic pressure. Future
studies should integrate additional environmental variables, long-term monitoring data, and
functional or phylogenetic information to further refine predictions of freshwater community
dynamics and strengthen evidence-based management strategies for the southern Caspian Sea
basin.
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Table 1. Study species, their native or non-native status, conservation status according to IUCN, and their
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Figure 4. The effect of environmental variables on the distribution of fish in the study area
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Figure 5. Residual correlation matrix from the latent variable model, blue indicates shared habitat or habitat
requirements, red indicates competition, and neutral colors indicate the absence of interaction or shared habitat
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technological alignment with contemporary international benchmarks. Given the
escalating pressures of water scarcity and rapid urbanization, assessing these facilities—
specifically the South Tehran, West Tehran, and Firoozbahram plants—against global
standards is vital for sustainable urban resource management. The methodology employed
a systematic descriptive-analytical approach, synthesizing technical data, regulatory
frameworks, and literature to compare local operations with the US EPA, WHO, EN
12255, and the updated European Union Urban Waste Water Treatment Directive
(UWWTD 2024/2025). The evaluation focused on four core pillars: treatment capacity,
process configuration, water reuse practices, and energy recovery potential, with
particular attention to the anaerobic digestion and biogas generation systems utilized at
the South Tehran facility. Results indicate that while Tehran’s WWTPs have achieved
significant milestones—such as expanding infrastructure capacity, increasing industrial
water reuse, and integrating basic renewable energy technologies—the sector faces critical
systemic challenges. Specifically, the current infrastructure exhibits incomplete nutrient
removal and the emergence of micro-pollutants, underutilization of design capacities, and
partial compliance with the stringent energy-neutrality targets mandated by updated
global frameworks. Although Tehran's wastewater treatment plants have made substantial
progress, achieving full alignment with global standards requires a strategic transition.
This study identifies the need for immediate technological upgrades, including
implementing Advanced Process Control (APC) systems, integrating quaternary (fourth-
stage) treatment technologies to address micro-pollutants, and committing to energy-
neutral operational pathways. Enhanced regulatory oversight, rigorous monitoring
programs, and the expansion of sludge-to-energy configurations are recommended to
optimize treatment efficiency and ensure long-term environmental sustainability amid
climate-induced water challenges.
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Introduction

The urban water metabolism of Tehran, as a burgeoning metropolis, is currently confronting
profound and multifaceted challenges. These challenges stem from a confluence of factors,
including rapid population growth—which has placed unprecedented demand on finite water
resources—climate-induced hydrological variability characterized by prolonged droughts and
erratic precipitation patterns, and the pressing imperative of environmental preservation amid
mounting pollution pressures. In the broader context of the Middle East, a region where water
scarcity represents an existential threat to socioeconomic stability and public health, the role of
municipal wastewater treatment plants (WWTPs) has undergone a significant transformation.
No longer viewed merely as basic sanitation facilities, these plants are now recognized as
fundamental pillars of water security and as critical enablers of the circular economy, offering
opportunities for water reuse, nutrient recovery, and energy generation. Annually, Tehran
generates a massive volume of municipal wastewater, estimated at over 1.2 million cubic meters
per day. A significant portion of this volume remains either untreated or only partially treated,
posing potential risks to the quality of regional aquifers—which serve as strategic reserves for
the city—and threatening the agricultural integrity of the Varamin plains, a vital food-supply
zone for the capital. Although domestic regulations have been established to govern effluent
quality, these standards often lag behind evolving international benchmarks. The escalating
global shift toward more stringent and comprehensive frameworks, such as the European
Union’s recast Urban Waste Water Treatment Directive (Directive (EU) 2024/3019), demands
a thorough re-evaluation of Tehran’s existing infrastructure. This new directive places greater
emphasis on nutrient removal—particularly nitrogen and phosphorus—to combat
eutrophication, promotes energy neutrality or even positive energy balance in treatment
processes, and addresses the growing concern over emerging micropollutants, including
pharmaceuticals and microplastics, which conventional treatment systems are ill-equipped to
handle. The central research problem addressed in this study is to determine the extent to which
Tehran’s major treatment facilities—specifically South Tehran and West Tehran
(Firoozbahram)—are aligned with contemporary global best practices. This investigation is not
merely an academic exercise; it constitutes a strategic requirement for enhancing the resilience
of Tehran's water resources, informing evidence-based policy decisions, and guiding future
investments in infrastructure upgrades that are both economically viable and environmentally
sustainable.

Method

This research adopted a descriptive-analytical approach, utilizing a systematic review of
international technical standards and a comparative synthesis of national operational data. The
methodology was structured into three analytical stages. First, a comprehensive literature
review was conducted to extract the core requirements of global benchmarks, including the US
EPA’s NPDES program, the World Health Organization (WHO) guidelines for safe wastewater
reuse, and the EN 12255 European standards for WWTP performance. Second, quantitative and
qualitative data regarding the technological configuration of Tehran’s primary plants—
specifically their biological reactor designs, sludge handling units, and energy management
systems—were collected from official government disclosures and existing life cycle
assessment (LCA) studies. Finally, a gap analysis was performed to compare local operational
outputs with international benchmarks, identifying specific bottlenecks in nutrient attenuation
and energy recovery. This methodology ensures that the findings are grounded in empirical
operational realities while remaining sensitive to global environmental trends.

Results

The findings reveal a nuanced landscape of infrastructure maturity in Tehran. The South
Tehran WWTP, which acts as the city's primary facility, serves over four million population
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equivalents and utilizes a combination of conventional activated sludge and anaerobic
digestion. The performance data indicates that the facility effectively mitigates conventional
pollutants such as BODS5, COD, and TSS, consistently meeting national discharge
requirements. Furthermore, the integration of a Combined Heat and Power (CHP) unit at this
site demonstrates a localized effort to recover energy from sewage sludge, contributing to the
site's energy demand. In contrast, the West Tehran and Firoozbahram facilities utilize advanced
A20 (Anaerobic-Anoxic-Oxic) biological nutrient removal configurations. These plants
represent a technological leap, demonstrating higher efficiency in biological phosphorus and
nitrogen removal compared to older conventional units. However, when scrutinized against the
updated international frameworks, several systematic weaknesses become apparent. The most
critical gap is the lack of a quaternary treatment stage. While current systems remove organic
matter and suspended solids, they are largely ineffective against micropollutants, such as
endocrine-disrupting chemicals, synthetic pharmaceutical residues, and microplastics.
Furthermore, while the South Tehran plant attempts energy recovery, true "energy neutrality"—
where the facility generates as much renewable energy as it consumes—remains largely
unattainable with current configurations. The carbon footprint associated with intensive
aeration processes remains a significant environmental burden, as identified through recent
LCA studies. The discrepancies between Tehran’s current performance and the emerging global
standards highlight the need for a shift in operational paradigm. The current reliance on
secondary treatment is no longer sufficient to ensure long-term environmental sustainability in
sensitive catchments. The transition to a circular economy in the water sector requires moving
beyond "treatment and discharge" toward "resource recovery and reuse." From a policy
perspective, the transition to energy-neutral operations should be prioritized. This requires not
only technological upgrades, such as the adoption of solar energy arrays on site or advanced
anaerobic digestion optimization, but also the implementation of real-time monitoring through
Advanced Process Control (APC) loops. By utilizing digital twin technologies or smart sensors
to optimize aeration rates, energy consumption can be reduced by 15-20% without
compromising water quality. Moreover, the integration of "extended producer responsibility"
(EPR) mechanisms—where the chemical and pharmaceutical industries contribute to the
funding of quaternary treatment—represents a viable pathway for financing the necessary
facility upgrades.

Conclusions

Tehran’s wastewater infrastructure has made significant progress in recent decades;
however, it stands at a critical technological crossroads. Achieving alignment with global
benchmarks such as the recast EU directive is not only a regulatory necessity but an
environmental imperative to protect public health and ensure water security. To bridge the
current gaps, this study recommends a three-phased roadmap.Gradual deployment of
quaternary treatment technologies, such as ozonation and granular activated carbon filtration,
to address micropollutants.Expansion of the anaerobic digestion and biogas infrastructure to all
major facilities, coupled with the adoption of smart grid technologies to balance on-site energy
demand.Implementing more rigorous, independent monitoring programs to ensure consistent
compliance with international microbiological and chemical parameters. By adopting these
strategic transitions, Tehran can leverage its existing infrastructure to create a climate-resilient,
circular water management system that serves as a model for other rapidly growing cities in the
region.
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Visual comfort, as a fundamental aspect of indoor environmental quality, significantly
influences occupant satisfaction, health, and productivity. Recent studies indicate that
daylight, glare, and view quality directly impact spatial experience and quality of life.
However, most research has focused on only one of these components, with less attention
given to their dynamic interactions. Furthermore, building design approaches developed
to reduce energy consumption have neglected health-related dimensions and user
experience of visual comfort. This paper reviews the existing literature to analyze current
trends and identify limitations. The findings indicate that energy-oriented approaches
have considered daylight solely as a means to reduce energy load and ignored human
aspects and user experience. Unidimensional approaches have focused on one or two
components of visual comfort and neglected outdoor view quality. In contrast, holistic
approaches have demonstrated that the simultaneous combination of energy, daylight, and
visual quality analysis can lead to both energy savings and improved user well-being.
However, even in comprehensive approaches, most studies have focused on office and
educational uses, while residential use has been severely neglected. Furthermore, few
studies have addressed the dynamic interaction of all three components within an
integrated framework. From a theoretical perspective, this paper proposes a new
conceptual model emphasizing dynamic interaction and balance among the three
components. From a practical standpoint, architects should consider openings, shading,
and view quality simultaneously in the design process. The most significant gap identified
is the lack of research in residential environments, highlighting the need for user-centered
future studies in this context. These gaps provide an opportunity to develop integrated
frameworks that simultaneously address energy performance, occupant well-being, and
environmental sustainability. Addressing these research gaps is essential for achieving
truly human-centered and sustainable architectural design. Future studies should prioritize
multi-criteria optimization approaches that balance energy efficiency objectives with
visual comfort and occupant health outcomes.
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Introduction

Visual comfort is one of the main pillars of the quality of the indoor environment of
buildings, which has a direct impact on the physical and mental health, productivity,
concentration and satisfaction of users. Two fundamental factors in the formation of this
comfort are daylight and access to external views. In addition to its environmental function and
reducing dependence on artificial lighting, natural light increases vitality and reduces symptoms
of depression. On the other hand, views to the outside reduce stress and improve the quality of
life by creating a visual connection with nature. Despite this evidence, building design faces
the fundamental challenge of balancing energy savings and visual comfort for users. Energy-
oriented solutions such as downsizing windows or using radiation control shades, although
reducing energy loads, severely limit the quality of natural light and access to external views.
Also, building optimization algorithms often prioritize energy indicators and ignore the visual
preferences of users. On the other hand, most of the existing research has been conducted in a
unidimensional manner (daylight only, glare only, or vision only) and has not addressed the
simultaneous interaction of these three components. This article aims to systematically review
related research, identify existing trends, analyze theoretical and practical gaps, and explain the
need to develop integrated frameworks that simultaneously address energy performance, user
well-being, and environmental sustainability. The importance of this research is that it provides
a comprehensive picture of visual comfort as a multidimensional phenomenon and reveals the
need for user-centered design in built environments, especially residential use, which has
received less attention. This article is an analytical-synthetic review of the literature, which
aims to provide a basis for the development of multi-criteria assessment tools in sustainable
architectural design.

Method

This research is a systematic review with an analytical-synthetic approach. The study
population included all scientific articles published in the field of visual comfort, daylight,
glare, and view quality between 2015 and 2025. A systematic search was conducted in reputable
databases including ScienceDirect, Scopus, Web of Science, and Google Scholar using the
combined keywords ‘“Visual Comfort,” “Daylight,” “Glare,” “View Quality,” “Energy
Efficiency,” and “Occupant Well-being.” Inclusion criteria included: (1) publication in
reputable scientific journals with a high impact factor, (2) direct relevance to at least two
components of visual comfort, energy, or occupant health, and (3) presentation of quantitative
or analytical findings that could be used in research synthesis. Articles that addressed only one
component (e.g., only energy or only glare) and articles unrelated to indoor building
environments were excluded from the review period. Finally, from the initial 78 articles, 30
articles were selected for the final analysis based on thematic relevance, comprehensiveness,
and methodological quality. The data extraction process was carried out qualitatively using the
Directed Content Analysis method, and the information was classified into three main
categories: (1) energy-oriented approaches, (2) unidimensional approaches to visual comfort,
and (3) holistic and integrated approaches. To increase the validity of the findings, two
researchers reviewed the articles and reached a final agreement. The main limitation of this
review was the inability to perform quantitative meta-analysis due to the heterogeneity of the
methodology and measurement indicators in different studies.

Results

A systematic review of the literature revealed that research in the field of visual comfort can
be classified into three general categories:

The first category, energy-oriented approaches, which were mainly dominant in the early
years of the study period (2015-2020). These studies considered daylighting solely to reduce
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energy load and ignored human aspects and user experience. The findings showed that the
optimization algorithms in these approaches prioritized energy indicators and excluded
indicators such as glare and visual quality, which resulted in reduced user satisfaction

The second category, unidimensional approaches, focuses on one or two components of
visual comfort. Some of these studies confirmed the positive impact of daylight on health and
productivity but did not consider glare and external vision. Others only analyzed glare, and a
group focused only on the quantity of daylight and ignored the role of vision quality and
scenery. The important finding of this group was that despite identifying minor factors, they
presented an incomplete and disjointed picture of visual comfort.

The third group, holistic and integrated approaches, which have grown significantly mainly
since 2021. These studies have shown that the simultaneous combination of energy, daylight
and visual quality analysis can lead to both energy savings and improved user well-being. Smart
shading systems, machine learning-based design frameworks, and visual quality quantification
based on adaptive user behavior are among the achievements of this approach. However, a key
finding of the present review was that even in comprehensive approaches, most studies focused
on office use (more than 60% of articles) followed by education, and residential use was
severely neglected (only 2% of articles). Also, few studies have addressed the dynamic
interaction of all three components (light, glare, and vision) in an integrated framework, and
most of them have considered one of the components as a marginal variable.

Conclusions

A systematic review of the literature showed that visual comfort is a multidimensional
phenomenon and depends on the simultaneous interaction of daylight, glare control, and
external vision quality. Purely energy-oriented or one-dimensional approaches, although
effective in solving part of the problem, have in practice led to reduced satisfaction, decreased
mental health, and increased dissatisfaction of users due to ignoring the human dimension. In
contrast, holistic approaches have shown that it is possible to design integrated frameworks that
can simultaneously improve energy performance, enhance visual quality, and ensure user
health. From a theoretical perspective, this paper proposes a new conceptual model for visual
comfort, emphasizing the dynamic interaction of the three components, in which “balance”
plays a key role instead of “single-criteria optimization”. From a practical perspective, the
findings indicate that architects and designers should design openings, shading, and landscape
quality simultaneously in the design process, rather than giving absolute priority to energy or
just light. The most important gap identified is the lack of research in residential environments,
which doubles the need for future studies with a user-centered approach in this context. It is
suggested that future research should focus on developing multi-criteria assessment tools based
on combined indicators (such as the integrated visual comfort-energy index) and conducting
field studies in residential buildings with direct user participation, in order to reduce energy
consumption and provide a desirable and health-oriented spatial experience for residents. Also,
applying machine learning methods and dynamic simulations to predict the combined behavior
of these components is one of the promising research directions to fill the existing gap.
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In recent years, autotrophic denitrification has attracted considerable attention as an
effective alternative to heterotrophic processes due to its independence from external
organic carbon sources, lower sludge production, and reduced operational costs. This
review paper examines the role of inorganic electron donors in nitrate removal, with
particular emphasis on pyrite (FeSz). Owing to its natural abundance, chemical stability,
low cost, and the simultaneous oxidation of iron and sulfur, pyrite has demonstrated high
efficiency in removing nitrate from contaminated water. Furthermore, pyrite oxidation
creates favorable conditions for the growth and activity of autotrophic denitrifying
bacteria, enabling efficient nitrate removal without the addition of external carbon
sources. Recent studies have also shown that FeS. can contribute to phosphorus removal
through the formation of iron-containing compounds as well as adsorption and
precipitation mechanisms. In Iran, nitrate contamination is considered one of the most
critical groundwater quality challenges, particularly in arid and semi-arid regions where
groundwater serves as the primary source of drinking water. Investigations conducted in
several regions of the country, including Tehran—Karaj, Mashhad, Isfahan, Robat Karim,
and Kerman, have reported nitrate concentrations exceeding the World Health
Organization guideline value (50 mg/L), with levels surpassing 160 mg/L in some wells.
The primary sources of this contamination include intensive agricultural activities,
excessive application of nitrogen fertilizers, wastewater infiltration, and inadequate
groundwater management. The persistence of these conditions poses serious risks to
public health, especially for children, and threatens the sustainability of water resources.
Therefore, implementing advanced treatment technologies, particularly pyrite-based
autotrophic denitrification, represents a promising, cost-effective, and sustainable
approach for the simultaneous removal of nitrate and phosphorus and the improvement
of groundwater quality in Iran.
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Introduction

Water covers more than 70% of the Earth's surface; however, freshwater resources are
severely limited, with only about 3% of the total water on Earth being fresh and usable. Of this,
nearly 70% is frozen in ice and snow, approximately 29% exists as soil moisture or deep
groundwater, and less than 1% is found in rivers and lakes. Although freshwater resources are
continuously replenished through precipitation, rapid population growth and declining water
quality and quantity have created critical imbalances between water supply and demand in
many regions worldwide. According to the European Union Water Framework Directive
guidelines "pressure" is defined as the negative effects of human activities on water resources.
Among various pollution sources, diffuse pollution from human activities is recognized as the
primary source of water contamination. Since the 1970s, nitrate pollution from intensive
agriculture has become one of the most significant environmental challenges globally. Nitrate
is highly soluble in water and does not readily attach to soil particles, making it susceptible to
leaching into groundwater.

The World Health Organization has recommended a maximum allowable nitrate
concentration of 50 mg/L in drinking water. High nitrate concentrations can disrupt iodine
absorption and cause hyperthyroidism. Furthermore, numerous studies have demonstrated
significant associations between elevated nitrate levels in drinking water and food with
increased infant mortality, methemoglobinemia, diabetes in children, hypertension,
cardiovascular diseases, neurological disorders, congenital anomalies, miscarriage, Alzheimer's
disease, and various cancers. In Iran, nitrate pollution is one of the most pressing challenges for
groundwater quality, particularly in arid and semi-arid regions where groundwater serves as the
primary source of drinking water. Given these concerns, developing efficient nitrate removal
methods is essential. While physicochemical processes such as reverse osmosis, ion exchange,
and electrodialysis have been employed, they are economically unfeasible for large-scale
applications due to high costs and secondary waste production. In contrast, biological
denitrification offers a cost-effective and sustainable alternative. Recently, autotrophic
denitrification has attracted considerable attention, where inorganic electron donors such as
sulfur, iron, and hydrogen replace organic compounds. Among these, pyrite (FeS:) has emerged
as a promising option for natural treatment systems due to its high stability, simultaneous nitrate
and phosphate removal capability, and independence from external carbon sources.

Method

This study is a systematic review with an analytical-synthetic approach. The study of
population included all scientific articles published in the field of nitrate removal, autotrophic
denitrification, pyrite-based treatment systems, and constructed wetlands between 2000 and
2025. A systematic search was conducted in reputable databases including ScienceDirect,
Scopus, Web of Science, and Google Scholar using the combined keywords "Nitrate Removal,"
"Autotrophic Denitrification," "Pyrite (FeS2)," "Electron Donor," and "Constructed Wetland."
Inclusion criteria were: (1) publication in reputable scientific journals with peer review, (2)
direct relevance to at least two components of nitrate removal via pyrite-based autotrophic
denitrification, and (3) presentation of quantitative or analytical findings usable in research
synthesis. Articles that addressed only conventional treatment methods or were unrelated to
biological denitrification were excluded. Initially, 87 articles were identified, and after
screening, 25 articles were selected for final analysis based on thematic relevance and
methodological quality. Data extraction was performed qualitatively using the Directed Content
Analysis method, and information was categorized into three main groups: (1) nitrate pollution
status in Iran's water resources, (2) conventional nitrate removal methods, and (3) pyrite-based
autotrophic denitrification systems. To enhance validity, two researchers independently
reviewed the selected articles, and in cases of disagreement, consensus was reached with the
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participation of a third author. The main limitation of this review was the heterogeneity of
methodologies and measurement indicators across different studies, which precluded
quantitative meta-analysis.

Results

Investigations across various regions of Iran have confirmed that nitrate pollution is a serious
threat to groundwater quality, particularly in arid and semi-arid areas where groundwater serves
as the primary drinking water source. Studies in Robat Karim, Mashhad, Tehran-Karaj, Isfahan,
and Kerman have reported nitrate concentrations exceeding the WHO limit of 50 mg/L, with
some wells reaching levels above 160 mg/L. The main sources of contamination are agricultural
activities with excessive nitrogen fertilizer use, wastewater infiltration, and inadequate
groundwater management. Regarding nitrate removal methods, conventional physicochemical
processes including reverse osmosis, ion exchange, and electrodialysis can achieve removal
efficiencies of 50-99%. However, these methods face significant limitations such as high
energy consumption, membrane fouling, brine disposal challenges, and high operational costs,
making them economically unfeasible for large-scale applications.

In contrast, pyrite-based autotrophic denitrification has emerged as a promising alternative.
Studies have demonstrated that pyrite (FeSz) can serve as an effective electron donor for
denitrification while simultaneously removing phosphate through iron precipitation. Various
reactor configurations including biological contactors, constructed wetlands, and microbial fuel
cells have achieved nitrate removal efficiencies of 70-99% and phosphate removal of 91—
100%. Pyrite-sulfur combined systems (PSAD) showed improved performance with 98.7%
nitrate and 100% phosphate removal while producing lower sulfate levels than theoretical
values. Pyrite-based constructed wetland-microbial fuel cells additionally generated
bioelectricity while removing nutrients. However, the performance of pyrite-based systems
depends on mineral characteristics, with different pyrite types showing variable denitrification
capabilities due to differences in surface chemistry and crystal structure. Challenges include
lower initial denitrification rates, sulfate production as a byproduct, and limited inorganic
carbon availability. The integration of pyrite with complementary materials such as sulfur or
steel slag has shown synergistic effects in enhancing performance while reducing sulfate
production and greenhouse gas emissions.

Conclusions

This review indicates that nitrate contamination of water resources in Iran represents a
serious environmental challenge, necessitating the development of effective and sustainable
treatment technologies. Pyrite-based autotrophic denitrification offers a promising, cost-
effective, and environmentally compatible solution for nitrate and phosphate removal.
However, the performance of pyrite-based systems is strongly influenced by operational
parameters and mineral characteristics. The integration of pyrite with complementary materials
and the optimization of system design are critical for enhancing treatment efficiency. Future
research should focus on pilot-scale implementation, long-term stability assessment, microbial
community analysis, and economic evaluation to facilitate practical application in Iran's water
treatment facilities.
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