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The growth of the petrochemical industry in Iran has resulted in the generation of
substantial quantities of chemical waste, posing a significant environmental challenge in
terms of waste management. Chlor-alkali process waste predominantly contains calcium
carbonate and magnesium hydroxide, and its composition provides potential for
beneficial reuse in various applications, including as a filler in construction materials, a
neutralizing agent, and a stabilizing material for problematic soils. Marl soils are also
highly sensitive to moisture variations and may experience substantial reductions in
strength, with strength losses of up to 80% reported with increasing moisture content.
Conventional soil stabilization methods, particularly the use of cement and lime, have
limited environmental sustainability due to their high energy consumption and associated
greenhouse gas emissions. Therefore, this study investigates the feasibility of utilizing
chlor-alkali waste from Bandar Imam Khomeini as a low-cost stabilizing agent to
improve the mechanical properties of marl soil In this laboratory study, marl soil
specimens were mixed with 30% chlor-alkali waste by dry weight, both with and without
alkaline activators. The specimens were subsequently cured for 7 days and subjected to
unconfined compressive strength (UCS) testing. The results showed that the addition of
chlor-alkali waste increased the compressive strength from 90 kPa for the untreated
control specimen to 123 kPa for the stabilized specimen, corresponding to a 35.66%
improvement in strength. This enhancement in strength is attributed to the formation of
hydrated calcium silicate and magnesium silicate phases resulting from pozzolanic
reactions between the calcium and magnesium ions present in the waste and the silicate
and aluminate components of the marl soil. In contrast, specimens containing alkaline
activators exhibited a substantial reduction in strength, reaching 48.49 kPa, indicating the
adverse effect of excessive alkalinity on the stabilization process. Based on the findings
of this study, chlor-alkali process waste can provide a practical approach for the
management and beneficial reuse of industrial waste while serving as an effective
stabilizing material for marl soils.
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Introduction

The rapid expansion of the oil, petrochemical, and chemical industries has contributed
substantially to economic development and industrial growth but has also resulted in the
generation of considerable quantities of industrial waste. The chlor-alkali process is one of the
important industrial processes in which brine is electrolyzed to produce chlorine, sodium
hydroxide, and hydrogen. These products are widely used in the production of pharmaceuticals,
detergents, disinfectants, pesticides, plastics, and many other industrial products. However, the
purification and demineralization of brine before electrolysis generates solid waste containing
considerable amounts of calcium carbonate, magnesium hydroxide, sodium chloride, and other
mineral constituents. Improper disposal of this waste can cause environmental problems and
increase the burden on industrial waste-management systems. Marl is also considered a
problematic soil because of its complex mineralogical composition and sensitivity to moisture
variations. The simultaneous presence of clay minerals and calcium carbonate can significantly
affect its mechanical behavior under wetting, drying, and loading conditions. Although marl
may exhibit relatively high strength in a dry state, its strength can decrease considerably under
saturated conditions, limiting its use in infrastructure projects. Chemical stabilization is widely
used to improve the engineering properties of problematic soils because of its effectiveness,
flexibility, and relatively low cost. Cement is one of the most common stabilizing materials;
however, its production is energy-intensive and associated with considerable carbon dioxide
emissions. Therefore, the reuse of industrial wastes as alternative stabilizing materials can
provide both environmental and geotechnical benefits. Accordingly, this study investigated the
feasibility of using chlor-alkali process waste generated in Bandar Imam Khomeini as a
stabilizing agent for marl soil. The main objective was to evaluate the effect of the waste on the
unconfined compressive strength (UCS) of marl and to determine whether this industrial by-
product could serve as a more sustainable alternative to conventional stabilizing materials. The
effect of an alkaline activator consisting of sodium hydroxide and sodium silicate was also
examined.

Method

A laboratory-based experimental approach was adopted. Based on previous studies and the
chemical composition of the chlor-alkali waste, particularly the presence of calcium carbonate
and magnesium hydroxide, the waste was considered potentially suitable for marl stabilization.
A waste content of 30% by dry weight was selected as an initial level for evaluating its
stabilization performance. Three mixtures were prepared: untreated marl as the control
specimen, marl containing 30% chlor-alkali waste, and marl containing 30% chlor-alkali waste
with an alkaline activator. The dry materials were thoroughly mixed, after which water was
added until a homogeneous mixture was obtained. The initial moisture content was set at 8%,
corresponding to the dry side of the optimum moisture content obtained from compaction tests.
The specimens were compacted to a dry density of 1.5 g/cm?, equivalent to approximately 84%
of the maximum dry density. For the activated mixture, a 14 M sodium hydroxide solution was
prepared and mixed with sodium silicate at an equal mass ratio. The resulting activator was
added at a dosage corresponding to 50% of the mass of the chlor-alkali waste. The mixtures
were compacted in cylindrical PVC molds measuring 5 cm in diameter and 10 cm in height in
accordance with the requirements of ASTM D2166. Petroleum jelly was applied to the internal
surfaces of the molds to facilitate demolding. After preparation, the specimens were placed in
sealed plastic chambers to minimize moisture loss and cured for seven days at an ambient
laboratory temperature of approximately 25 °C. Following curing, the specimens were removed
from the molds and tested for unconfined compressive strength. Mean UCS values and standard
deviations were subsequently determined.
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Results

The results showed that adding 30% chlor-alkali process waste increased the mean UCS of marl
from 90 to 123 kPa after seven days of curing, corresponding to a 35.66% improvement. This
increase may be attributed to interactions between the calcium- and magnesium-bearing
constituents of the waste and reactive mineral phases in the marl, potentially enhancing
interparticle bonding and soil cohesion. However, the formation of C—S—H and M—S—H phases
could not be experimentally verified because XRD and SEM analyses were not performed. In
contrast, the addition of the alkaline activator reduced the UCS to 48.49 kPa. This reduction
may be related to the high alkalinity and increased salinity resulting from the combined use of
14 M NaOH, sodium silicate, and the NaCl-rich waste (40.9% NaCl). Overall, direct application
of chlor-alkali waste produced the most favorable mechanical performance, whereas alkaline
activation had an adverse effect on strength development.

Conclusions

The findings demonstrate the potential of chlor-alkali process waste as a stabilizing material for
marl soil. Incorporation of 30% waste by dry weight increased the seven-day UCS from 90 to
123 kPa, representing an improvement of approximately 35.66%. This improvement may be
associated with interactions between calcium- and magnesium-bearing constituents of the waste
and reactive mineral phases in the marl, potentially promoting the development of cementitious
binding products. However, further mineralogical and microstructural analyses are required to
confirm these mechanisms. In contrast, the alkaline activator composed of sodium hydroxide
and sodium silicate reduced the UCS to 48.49 kPa, indicating that activation was not beneficial
under the conditions investigated. Therefore, direct utilization of chlor-alkali waste, without
alkaline activation, appears to be a more promising approach for marl stabilization. The reuse
of this industrial waste can potentially reduce the volume of waste requiring disposal while
decreasing dependence on conventional cementitious stabilizers. Considering the availability
of chlor-alkali waste in southern Iran, particularly around Bandar Imam Khomeini, this
approach may have practical potential for construction applications in the region. Nevertheless,
further studies should investigate different waste contents, longer curing periods, durability
under repeated wetting—drying cycles, and the leaching behavior of stabilized materials. XRD
and SEM analyses are also recommended to identify reaction products and clarify the
mechanisms governing strength development. Overall, the beneficial reuse of chlor-alkali
process waste represents a potentially sustainable strategy for problematic-soil stabilization
while simultaneously contributing to industrial waste management and more environmentally
sustainable construction practices.
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Table 4. Specifications of the fabricated samples
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Figure 3. Three-axis cyclic device used in this research
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Figure 4. Stress-strain curves of the fabricated samples
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Table 6. Comparison of the present study with other conducted studies

Msl.ﬁ.c
wold o glin Gl
s |51 i gyl S5
R S o Wlowy £ 30 .
&b X Ceoglio s 0590 0970 S gy S s G0,
oyl | e 51 e
(%) (kPa) S
(kPa)
C-S— LSLQ“\"}.‘.'.?.
M-S-H , H
Ceaglie il ok S -5 0018 wlews
ol 38l ¢ g ,Lid L J1,. ) ol L) JSI
U9 u*“P.LS) “ N VYT q. S S s> S \
yol> Lo led cuglie g oS ey e 9 ol
Sde il (s dass Bl (3S g y0u
&3l Jos oo
;o Brine Sludge
N sleos,e
e WY
AREA R A
S N Caoglia) .
e ol Yo aigal v Marine Clay Slowws) Brine Sludge
i Cenglie | ol ¢ diges . i B
K”’;”]‘;O“e ’ f el R RWSS AN VTSNP FRE 1 B RT SRR ERE SO Y
etal. S KW . .
T 1 g3l - (o5 (ST
JARRTSCIERW i © )l Jes 5l
. 7 e 89 .
U“Jl)sl Sal (oo 5)5l
5 e




Y

) od g 03 jemmo | oyybo ST o 53 . JIIT — 5 0y T 15 wiloowy 5o 23,

ol] Caglie
o,5
C-S- slbsign
M-S-H 5 H
Caaglie igl33l ool S ENCQRCH SR
ey NIRRT L JI,. ) ol ) JsJi
O B S BV vy q. et o Sty
ol L s led Cooglin 9 oS Aoy M2 9 ramedS
Sde il (s dagd 8L, (SS9 )30
«$91 oe ole
b sy Sgnte
O 9 TR :
ir Yoot ) if o wleny
AlmuayIhir | 158« S YVo-YA- oY o5 S K I
. - Qo ;0 (LS el
9 (S Mo
‘S pdepSlS
=55 S
5SSy .
P YeooYOe S > Y48 0l
Waciiski | e )53 oot | Yeoven | ik Sk S I
etal I bEgRe
. M)o u,q Jul.ow.u ‘)1i9%
s oSS
sl 25Ty
Gidebo et LYo VeoVeo PO . T s A5
ol ‘ Vo sblasl (g, S 5L 5 (RHA) 4
: ouals 9 S—H Qo0 Qo0 ’
(Bagasse Ash)
£5
Conglie il
PR Oy AA--1Y0 ooy o3
. . C_ 55 al oY .o .
Zimar et Ji5 plgs V& bl (o, S 0 by 0398 Srio \
al s SH RPN doyd
o FS B g 2
Ettringite.

Slge Glaicds gaio g (65,5laS slaaileny I colaiul a5 Wlools Hlid puinn Olllas £ Jsoo Glas

S8 crge gyl des o silweslel Lulyd 5 Bran ke wosle oS5 g £98 A Al il o ouiiS et
Ceoglae ol (Gidebo et al., 2023) o) Kon g g0u3 Lawgi 00l yg,0 Slalllas jo 098 S Caglin azg5 8
G PO o)lae By y0 g ao,o Voo B Y e oogamme ;0 (65,5l gladilony | saiSoolaiwl wldlas &5 0
I, S Cwglae az g5 BB oli8l (Zimar et al., 2023) o, ¢ jlos ) copmizmad ol 00l (5,155 o y0 VY-
Olgiee ly rol Shagh mls s mls (nl Glee BUST.005,5 5155 (Saio lasilony 5l (oS5 5l oslaal 1 5o
($3boolel Luly 5 Gy )iy STy olsa (fae 0SS Slga (solomnh s 55 5 upnle 48 Dslis oy
3 Jeols Seio!l vl wilewws 31 (Kuriakose et al., 2024) [ Kan 5 5550 18 ol o badiges (5,51 s g
YVIO 4y S005) (a8 BB o 5l sl (nl 0005 ()2 3 sy S (bt 612 SIS cnio
2 5t g0 Wilgi oo Wlowy (pl (0938] a5 ols L S g 0g pendS SLo,S (i LSS lge 5l as o



\F+0 )LQJ Al e)'.o.w Y 0399 Q‘»\Jbt 61&.@.&‘*& CQ oo 9 "MW ‘0515 ‘SLQ»))»&‘) dollad ¥

e Olpear ]y (GYsie OlaS S LS G ains (izmes 090 S (6 Lid Caglie (1l 5 (woige ole>
obey sialidl g Sal o8 Jlade (0938 a5 wisls plis g 25,5 7 ke SB- 8, 54 il slaSg5le )
PRI JPRY PUWIR WSS i P FVHVRIF XYVIPESOEO SV SRR W-SNWIKWAT) gF SrOuw LSRG RISV IEYL ISR WORVIN LY
5o Sl i8S 18 Gtalesl sy5e 6yslbes 59, VSl e 5 Ak At Sush, S o Cugby 5 a0 )0 AY
6)5TJ.QL ul.c) 9 u.’j.b) ‘p_ﬂ).; ‘L:.:‘),w o usLa.: Cymed g oA....Sw..u.: b‘j.c Lg).’mv.....f\s 9 @L.a...u g.,uS).’
onlS DS 5y 4y a5 il il Slallao o Canglie il lien M 51 350 Jolse 5l oo
Slosms DV guazme  Jloio| LS5 oy 5le S j0 Sliwgiaogll 5 (cundons DL 5 9929 9 dilonn 0 (oot
ol 2,58 O gt b3 ol LSas «ewl oais plxil SEM g XRD s s,k ass; slagygesl pols imoh
3] dilew 5l oolaiwl Gol> iagh 0 .00 5l (eSS Slllas a4 b 1Sy Sg5le 5280 oy g 00
ax ST as b S 4 cans )l S 0,555 (5,Lid Caglie (g0 )0 YOIFF iol38l crge JIIT- IS
31 lgi oo Slowy ! 5l saome colainl (puzmen oo 1) e S Coglie Sgge il (ol ialesl Lyl
5 b lasl daecans ) Jeily Gllo smis Gl cole G 3l saome (6 S0 500 9 &80 4 3L telS Jlats
sleosign 0 SB s lp canlin glan S laeas 1) ol 51 solatwl dilows cpl b 452 g 09w wd
il e pizy e
S5l vaze ooliiwl g Hloww Bpas (2ol L wilg co JSIT- IS wilon 5l eoliiw] ¢ oot ; Haie ;)
Sl edilons g9 0pl 0 00 ¥T 05all jolic 392y Jlail 4 4z g5 b o Jlo () b .ol ol o  saio dilowns
(SIS 01,8 51 ol Seiol atas (o £ S5 cmy 0 50 o) Sed § Sl ol (5550 sl ogiul Cobls
azx ST eplply a0 ,S7 (36,155 adgl Wl lp |y (E/L) d 1 2,59, Teo eV e o 090> 050 TCLP polin
0wl sl 05l oo lylo wilowy <L 5L 5 o Bran ol a5l il o axdllas 8,50 Wilewny 5l oolazul

el TCLP s LS{LQQ}A}" L oo VT ogally yolic (s.wyl CeblB oL, ool o ey (soosl o2lad
.(Zhuang et al., 2004)

S5 4
plel joss JWII- LIS 0158 lowy 51 S3g o0 Ve 0538l a5 0l Jols ases ol aBislosl sbvosls ulul 5
S digei b aslin ;0 039,V (5,500 (5)Lid Canglio (gauo )0 YOIFF sga> yiuli8l el o))l S 4y e
- Ol opedS) C-5-H (slo 38 Jlosm| JSCis Jdo a5 Canglito iol381 cpl .asloads 039, YV $0938] ja0u )50
Wlowy )3 jeie denSgy0ed 5 pendS Slu)S 3925 Jdo 4 (Sl jope- Sl m ) M-S-H 5 (@000
Sonr 9 JHZE 18l (St Rl At 0 5 S OIS G 050 Gladisy sbml cel o5 ail
SEM 3 XRD b s,tsley, slages;l plxl pae Jdo 4 o Jl pl b casloss S sle S LS
o 2Ll 6 oaisS Jled 5l a8 K00 dige 5o Sl ondi anl )28 O ypet yols gl o bl ol LSas
O ootlael sla STy Jdo 4 (655500 ST (5 )Lid Cuoglin ialS conds oolaiul oo OlCLew 5 3 000
Al oo S 018 YL LB aie Sl easmolis a5 0o )5 caaline S Ol 5 ailewy Sowe OlS 5



10 ) od g 03 jemmo | oyybo ST o 53 . JIIT — 5 0y T 15 wiloowy 5o 23,

slge 5| iy 3Kl sl solatdl g b wsill an T S lsieas Wil go JSUT- IS 0T sileny 13
ool g grmb mlie gliinl Gials cely ol (pul 0,5 )8 ar g 050 loaline GlasS s o o Sl
(S o o dileny pl 5l ase ol g, l eolainl iores 0sd g0 Hleww adg 31 AU sl S]]
g on Slpiin wdelianods gl a4y axgi b .0gd co Coms jlanms j jiis Cbila> 3 irio dilows o poe cels
S Olgredr Gog) cnl 5l sl e (G2t Slown (l 4 (o s &5 558 o9t Gble Slies slaelgn 4
o) 53 (koSS Slalllas plonil ol aghy slacusgasme 4 azxgi b ogd 48,5 00 anjaeS 5 (dos Bl
Sis g 5 glwas iz ;0 eadlenti S plss g5l Jes FVsb laple; cilony alizie glaso ;s Gl o)y
b g 3len ;) Glagses] plosl g o slering oa¥T Jlazot (g5luolil 5 coti B8, )y oraizod
SoS Cuoglin (als b og ;S g5le 55380 o g (STl OY gase olulid 4 Wilgs oo 55 SEM ¢ XRD
Jb UelS e (S gilage jo smio Gladilenn 1 sase colaiul 5 S, a5 olo lid yols iegh LauS
Dgbge gmie j5iS JlusiSl Gl )5 ol danwgs Slaal Giod Cuz )0 fHhe (B (G Lanme

References

Ali, B. T. I, Ismail, M., Wahyudi, 1., Mustafa, A., Syari'at, A., Parmiyatni, S., Bakhtiar, Y., Wahyuono,
B. A., Saputra, H., & Santoso, 1. (2025). Eco-Efficient Sea Salt Purification via Coupled Brine
Washing and Elutriation Technology: A Pathway to High-Purity Salt for Sustainable Chlor-Alkali
Industry. Environmental Challenges. https://doi.org/10.1016/j.envc.2025.101295

Aiban, S.A. (1995). Strength and compressibility of Abqaiq marl, Saudi Arabia. Engineering Geology,
39(3-4), 203-215.

Aiban, S.A., Wahhab, HI.A.A., Al-Amoudi, O.S.B. & Ahmed, H.R., (1998). Performance of a
stabilized marl base: a case study. Construction and building materials,12(6-7), 329-340.

Al-Amoudi, O.S.B., Khan, K., Al-Kahtani, N.S. (2010). Stabilization of a Saudi calcareous marl soil,
Construction and Building Materials, vol. 24, No. 10, 1848-1854.
https://doi.org/10.1016/j.conbuildmat.2010.04.019

ASTM International. (2024). Standard test method for unconfined compressive strength of cohesive soil
(ASTM D2166/D2166M-24). ASTM International. https://doi.org/10.1520/D2166_D2166M-24

ASTM International. (2007). Standard test method for particle-size analysis of soils (ASTM D422-
63(2007)e2). ASTM International. https://doi.org/10.1520/D0422-63R98

ASTM International. (2023). Standard test methods for specific gravity of soil solids by the water
displacement method (ASTM D854-23). ASTM International. https://doi.org/10.1520/D0854-23

ASTM International. (2021). Standard test methods for laboratory compaction characteristics of soil
using standard effort (12,400 ft-1bf/ft> (600 kN-m/m?)) (ASTM D698-12(2021)). ASTM International.
https://doi.org/10.1520/D0698-12R21

ASTM International. (2024). Standard test method for density and unit weight of soil in place by sand-
cone method (ASTM D1556/D1556M-24). ASTM International.
https://doi.org/10.1520/D1556 _D1556M-24

ASTM International. (2017). Standard test methods for liquid limit, plastic limit, and plasticity index of
soils (ASTM D4318-17el). ASTM International. https://doi.org/10.1520/D4318-17E01

Aziz, H. A., Ghazali, M. F., Yusoff, M. S., & Hung, Y.-T. (2017). Waste Treatment and Management
in Chlor-Alkali Industries. In Handbook of Advanced Industrial and Hazardous Wastes Management
(pp. 611-655). CRC Press. https://doi.org/10.1201/b22213-4

Bansal, N., & Jain, R. (2026). Recycling and potential use of industrial cementitious waste in expansive
soil stabilization: A review. Environmental Progress & Sustainable Energy, 70535.
https://doi.org/10.1002/ep.70535

Bruce, M.E.C., Berg, R.R., Filz, G.M., Terashi, M., Yang, D.S., Collin, J.G. and Geotechnica, S., 2013.
Federal highway administration design manual: Deep mixing for embankment and Foundation


https://doi.org/10.1016/j.envc.2025.101295
https://doi.org/10.1016/j.conbuildmat.2010.04.019
https://doi.org/10.1520/D2166_D2166M-24
https://doi.org/10.1520/D0422-63R98
https://doi.org/10.1520/D0854-23
https://doi.org/10.1520/D0698-12R21
https://doi.org/10.1520/D1556_D1556M-24
https://doi.org/10.1520/D4318-17E01
https://doi.org/10.1201/b22213-4
https://doi.org/10.1002/ep.70535

1F+0 )LQ) Al G)Lb.w Al 099 6)‘“9 GLQW o P 9 @“w 'B,LC 6“0).0&‘) aolilad \$

Support. (Report No. FHWA-HRT-13-046). U.S. Department of Transportation, Federal Highway
Administration. https://ntlrepository.blob.core.windows.net/lib/61000/61600/61675/13046.pdf

Brinkmann, T., Santonja, G. G., Schorcht, F., Roudier, S., & Sancho, L. D. (2014). Best available
techniques (BAT) reference document for the production of chlor-alkali. JRC (Joint Research Center
EU), JRCI1156, 25-39. https://doi.org/10.2791/13138

Contreras, R. R., Almarza, J., Rincon, L., & Ruiz, C. (2025). Green sodium hydroxide for industrial
purposes. A short review. Journal of Environmental Chemical Engineering, 13(1), 114972.
https://doi.org/10.1016/j.jece.2024.114972

Crook, J., & Mousavi, A. (2016). The chlor-alkali process: A review of history and pollution.
Environmental Forensics, 17(3), 211-217. https://doi.org/10.1080/15275922.2016.1177755

Das, S., Sultana, K. W., Ndhlala, A. R., Mondal, M., & Chandra, I. (2023). Heavy metal pollution in the
environment and its impact on health: exploring green technology for remediation. Environmental
health insights, 17, 11786302231201259. https://doi.org/10.1177/11786302231201259

de Carvalho Izidoro, J., Fungaro, D. A., Viviani, L. C., & da Costa Silva, R. (2021). Brine sludge waste
from a Chlor-alkali industry: characterization and its application for non-structural and structural
construction materials. Journal of Applied Materials and Technology, 3(1), 1-7.
https://doi.org/10.31258/Jamt.3.1.1-7

Ebrahimi, M. J., Yazdandoust, M., & Khodaparast, M. (2025). Cyclic and post-cyclic behavior of Qom
marl, Iran. Soil Dynamics and  Earthquake Engineering, 192, 109209.
https://doi.org/10.1016/j.s0ildyn.2025.109209

Feyozi, M., Vakili, A., & Panjestooni, A. (2016). Investigation of the effect of marl soil improvement
with lime on shear strength parameters. International Conference of Civil Engineering (pp. 801-806).
https://civilica.com/doc/506802 (In Persian)

Federal Highway Administration. (2013). Geosynthetic reinforced soil performance testing — Axial load
deformation relationships (Report No. FHWA-HRT-13-066). U.S. Department of Transportation.
https://www.fhwa.dot.gov/publications/research/infrastructure/structures/13066/13066.pdf

Gidebo, F.A., Yasuhara, H. & Kinoshita, N. Stabilization of expansive soil with agricultural waste
additives: a review. Geo-Engineering 14, 14 (2023). https://doi.org/10.1186/s40703-023-00194-x

Hsu, C.-Y., Chiang, H.-C., Chen, M.-J., Yang, T.-T., Wu, Y.-S., & Chen, Y.-C. (2019). Impacts of
hazardous metals and PAHs in fine and coarse particles with long-range transports in Taipei City.
Environmental Pollution, 250, 934-943. https://doi.org/10.1016/j.envpol.2019.04.038

Inweer, M. A., Salem, H. A., Khalid, K. A., Nassar, Y. F., Salem, M. A., Akasha, A. A., Amer, K. A.,
Elmnifi, M., Rekik, S., & Khaleel, M. (2025). Carbon footprint life cycle assessment of cement
industry in Libya. Discover Concrete and Cement, 1(1), 37. https://doi.org/10.1007/s44416-025-
00037-1

Ito, H., & Manabe, A. (2022). Chlor-alkali electrolysis. In Electrochemical power sources:
Fundamentals, systems, and applications (pp. 281-304). Elsevier. https://doi.org/10.1016/B978-0-12-
819424-9.00011-2

Jamalimoghadam, M., Vakili, A. H., & Ajalloeian, R. (2024). Wetting—drying impact on geotechnical
behavior of alkali-stabilized marl clay with glass powder. Innovative Infrastructure Solutions, 9(6),
205. https://doi.org/10.1007/s41062-024-01515-4

Jamshidi, M., Mokhberi, M., Vakili, A. H., & Nasehi, A. (2023). Effect of chitosan bio-polymer
stabilization on the mechanical and dynamic characteristics of marl soils. Transportation Geotechnics,
42, 101110. https://doi.org/10.1016/j.trgeo.2023.101110

Kuriakose, M., Athira, K.N., Abraham, B.M., Cyrus, S. (2024). Utilization of Brine Sludge to Improve
the Strength and Compressibility Characteristics of Soft Clays. In: Jose, B.T., Sahoo, D.K., Puppala,
A.J., Reddy, C.N.V.S., Abraham, B.M., Vaidya, R. (eds) Proceedings of the Indian Geotechnical
Conference 2022 Volume 4. IGC 2022. Lecture Notes in Civil Engineering, vol 479. Springer,
Singapore. https://doi.org/10.1007/978-981-97-1753-8 11

Lacheheub, L. K., Bouteldja, F., Morvan, M., & Breul, P. (2025). Stabilisation of Marl Soil for Use in
Compacted Embankments by Eggshell Quicklime and Zeolite. Civil and Environmental Engineering,
21(2), 990-1004. https://doi.org/10.2478/cee-2025-0075


https://ntlrepository.blob.core.windows.net/lib/61000/61600/61675/13046.pdf
https://doi.org/10.2791/13138
https://doi.org/10.1016/j.jece.2024.114972
https://doi.org/10.1080/15275922.2016.1177755
https://doi.org/10.1177/11786302231201259
https://doi.org/10.31258/Jamt.3.1.1-7
https://doi.org/10.1016/j.soildyn.2025.109209
https://www.fhwa.dot.gov/publications/research/infrastructure/structures/13066/13066.pdf
https://doi.org/10.1186/s40703-023-00194-x
https://doi.org/10.1016/j.envpol.2019.04.038
https://doi.org/10.1007/s44416-025-00037-1
https://doi.org/10.1007/s44416-025-00037-1
https://doi.org/10.1016/B978-0-12-819424-9.00011-2
https://doi.org/10.1016/B978-0-12-819424-9.00011-2
https://doi.org/10.1007/s41062-024-01515-4
https://doi.org/10.1016/j.trgeo.2023.101110
https://doi.org/10.1007/978-981-97-1753-8_11
https://doi.org/10.2478/cee-2025-0075

i ) od g 03 jemmo | oyybo ST o 53 . JIIT — 5 0y T 15 wiloowy 5o 23,

Lakshmanan, S., & Murugesan, T. (2014). The chlor-alkali process: work in progress. Clean
Technologies and Environmental Policy, 16(2), 225-234. https://doi.org/10.1007/s10098-013-0630-
6

Luo,J., Yu, F., Chen, X., & Li, S. (2025). Comparative sustainability investigation on a novel industrial-
waste-based soil stabilizer and cement based on life cycle assessment. Scientific Reports, 15(1),
19936. https://doi.org/10.1038/s41598-025-04809-4

Mildawati, R., Dewi, S. H., & Hidayah, E. H. (2025). Stability Analysis of Clay Soil Plus Sand, Cement
and DIFA Soil Stabilizer Additives Using Unconfined Compressive Strength (UCS) Testing.
International Journal of Innovation in Mechanical Construction and Energy, 2(2), 58-67.
https://repository.uir.ac.id/id/eprint/27550

Moallemi, M., Khodaparast, M., & Yazdandoust, M. (2025). Cyclic and post-cyclic behavior of
stabilized marl soil for pavement engineering applications. Transportation Engineering, 100413.
https://doi.org/10.1016/j.treng.2025.100413

Mohammad Rezaei, M. H. (2022). Improvement of Qom marl soil using rice husk ash and metakaolin
additives (Master's thesis). University of Qom. (In Persian)

O'Brien, T. F., Bommaraju, T. V., & Hine, F. (2005). Handbook of chlor-alkali technology: volume I:
fundamentals, volume II: brine treatment and cell operation, volume III: facility design and product
handling, volume IV: plant commissioning and support systems, volume V: corrosion, environmental
issues, and future development. Springer. https://link.springer.com/book/10.1007/b113786

Oladimeji, T., Oyedemi, M., Emetere, M., Agboola, O., Adeoye, J., & Odunlami, O. (2024). Review on
the impact of heavy metals from industrial wastewater effluent and removal technologies. Heliyon,
10(23). https://doi.org/10.1016/j.heliyon.2024.e40370

Ouhadi, V., & Ghalandarzadeh, A. (1991). Identification and improvement of engineering properties of
marl soils along the northern shores of the Persian Gulf and the Oman Sea (Master's thesis). Faculty
of Engineering, University of Tehran. (In Persian)

Ouhadi, V., & Yong, R. (2003). The role of clay fractions of marly soils on their post stabilization
failure. Englneerlng geology, 70(3-4), 365-375. https://doi.org/10.1016/S0013-7952(03)00104-2
Vakili, A. H., Keskin, 1., Salimi, M., Kol, H. S., Onur, M. 1., Abdullah, A. I. A., & Awam, A. H. M.
(2024). Dynamlc response, durablhty, and carbon footprmt analysis of the marl clay treated with
sodium lignosulfonate as a sustainable-environmentally friendly approach. Physics and Chemistry of

the Earth, Parts A/B/C, 135, 103658. https://doi.org/10.1016/j.pce.2024.103658

Vakili, A. H., Salimi, M., Keskin, L., Onur, M. L., Tabaroei, A., & Dadgar, M. (2025). An enhanced
approach to red mud (RM) sustainable management and utilization for marl stabilization considering
the dynamic response and durability analysis. Case Studies in Construction Materials, 22, e04084.
https://doi.org/10.1016/j.cscm.2024.e04084

Vu, B. T., Tran, V. Q., Nguyen, Q. D., Ngo, A. Q., Nguyen, H. N., Nguyen, H. V., & Zhu, H. (2018).
A geochemical model for analyzing the mechanism of stabilized soil incorporating natural pozzolan,
cement and lime. Proceedings of China-Europe Conference on Geotechnical Engineering: Volume 1.
https://doi.org/10.1007/978-3-319-97112-4 191

Wacinski W, Kuligowski K, Olejarczyk M, Zajac M, Urbaniak W, Cyske W, Kazimierski P, Tylingo R,
Mania S, Cenian A. (2024). Recycling of Industrial Waste as Soil Binding Additives-Effects on Soil
Mechanical and Hydraulic Properties during Its Stabilisation before Road Construction. Materials,
17(9), 2000. https://10.3390/ma17092000

Wang, D., Wang, Z., & Wang, H. (2024). Feasibility and performance assessment of novel framework
for soil stabilization using multiple industrial wastes. Construction and Building Materials, 449,
138228. https://doi.org/10.1016/j.conbuildmat.2024.138228

Yeshiwas, A. G., Bayeh, G. M., Tsega, T. D., Tsega, S. S., Gebeyehu, A. A., Alamrie Asmare, Z.,
Anteneh, R. M., Ejigu, A. G., Ahmed, A. F., & Yigzaw, Z. A. (2025). Scoping review on mitigating
the silent threat of toxic industrial waste: eco-rituals strategies for remediation and ecosystem
restoration. Environmental health insights, 19, 11786302251329795.
https://doi.org/10.1177/11786302251329795

Zhuang, J. M., Lo, T., Walsh, T., & Lam, T. (2004). Stabilization of high mercury contaminated brine
purification sludge. Journal of  hazardous materials, 113(1-3), 157-164.
https://doi.org/10.1016/j.jhazmat.2004.06.003


https://doi.org/10.1007/s10098-013-0630-6
https://doi.org/10.1007/s10098-013-0630-6
https://doi.org/10.1038/s41598-025-04809-4
https://repository.uir.ac.id/id/eprint/27550
https://doi.org/10.1016/j.treng.2025.100413
https://link.springer.com/book/10.1007/b113786
https://doi.org/10.1016/j.heliyon.2024.e40370
https://doi.org/10.1016/S0013-7952(03)00104-2
https://doi.org/10.1016/j.pce.2024.103658
https://doi.org/10.1016/j.cscm.2024.e04084
https://doi.org/10.1007/978-3-319-97112-4_191
https://10.0.13.62/ma17092000
https://doi.org/10.1016/j.conbuildmat.2024.138228
https://doi.org/10.1177/11786302251329795
https://doi.org/10.1016/j.jhazmat.2004.06.003

\F+0 )LQJ Al e)'.o.w Y 0399 Q‘»\Jbt 61&.@.&‘*& CQ oo 9 "MW ‘0515 ‘SLQ»))»&‘) dollad \A

Zimar, Z., Robert, D., Giustozzi, F. et al. Use of industrial wastes for stabilizing expansive clays in
pavement applications: durability and microlevel investigation. Acta Geotech. 19, 6259—-6287 (2024).
https://doi.org/10.1007/s11440-024-02298-9


https://doi.org/10.1007/s11440-024-02298-9

Strategies of Engineering Sciences and Sustainable Systems Management

Vol. 2, No. 1, p. 19-39, Spring 2026

Journal Homepage: www.jsesm.ir

Spatiotemporal Analysis of Traffic-Related Pollutants at a Micro-Scale
Using Stacked Ensemble Learning) A Case Study of Mahalati Highway)

Nastaran Marzban Panah Maklavani*

=Department of Environmental Planning, Management and Education, Faculty of Environment, University of
Tehran, Tehran, Iran. Nastaran.marzban@ut.ac.ir, https://orcid.org/0009-0004-0829-9753

Article Info

ABSTRACT

Article type:
Research Article

Article history:

Received: 2026/03/25

Received in revised form:
2026/04/19

Accepted: 2026/04/26

Auvailable online: 2026/05/21

Keywords:

Traffic pollution,

Pollutant prediction,

Soft sensor,

Stacked ensemble learning.

Rapid urbanization and increasing traffic in metropolises have exacerbated air pollution,
amajor public health threat. This study aims to develop an accurate micro-scale prediction
model for traffic-related pollutants, including ozone (Os), nitrogen oxides (NOy), carbon
monoxide (CO), and particulate matter (PMo), on Shahid Mahalati Highway in Tehran
using Stacked Ensemble Learning. Additionally, it introduces a highly accurate soft
sensor for PMio. Hourly data comprising over 35,000 observations from the Mahalati air
quality monitoring station were utilized. Advanced time-series feature engineering was
applied, extracting temporal lags, rolling statistics, and calendar features. A two-layer
Stacked Ensemble model was implemented, combining HistGradientBoostingRegressor
and ExtraTreesRegressor as base models, with RidgeCV as the meta-learner. For PMio, a
soft sensor approach was adopted to predict the 24-hour moving average using CO and
NOy as auxiliary predictors. Model validation was performed using a 10-fold
TimeSeriesSplit. The proposed model outperformed single-algorithm base models across
all pollutants. It achieved R? values of 0.902 for Os (RMSE = 9.1 ppb), 0.801 for NOy
(RMSE = 68.7 ppb), 0.751 for CO (RMSE = 0.56 ppm), and 0.9978 for the 24-hour
average PMio (RMSE = 2.8 ng/m?®). The PMo soft sensor demonstrated exceptional
accuracy, effectively estimating particulate matter using cheaper gas sensors. Feature
importance analysis revealed that historical time lags (1, 24, and 168 hours) are the
dominant predictors in this urban street canyon. The Stacked Ensemble approach
effectively captures the complex spatiotemporal dynamics of traffic-related pollutants at
a micro-scale. The development of a cost-effective soft sensor for PMio presents a viable
alternative to expensive monitoring equipment, offering significant economic benefits for
urban air quality networks. Furthermore, the dominance of temporal traffic patterns
indicates that intelligent traffic management can directly and promptly improve local air

quality.
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Introduction

Rapid urbanization and the significant increase in private vehicles in recent decades have turned
the air quality of metropolises into one of the most serious public health and environmental
problems. The World Health Organization considers air pollution the greatest environmental
risk to human health, estimating that it causes over 7 million premature deaths annually
worldwide, largely due to cardiovascular and respiratory diseases. The city of Tehran is in a
highly sensitive situation due to geographical and anthropogenic factors; being surrounded by
the Alborz_mountain range prevents natural ventilation, and during the cold season, the stable
temperature inversion phenomenon traps pollutants in the lower atmosphere. Source
apportionment studies in Tehran indicate that motor vehicles are responsible for 60 to 80% of
gaseous pollutants (CO, NOx) and over 50% of suspended particulate matter. Shahid Mahalati
Highway in District 14 is one of the busiest east-west arteries. The presence of tall, compact
buildings turns it into a true "urban street canyon," where wind flow is severely reduced and
exhaust pollutants are trapped near the breathing level of pedestrians and residents. Fixed air
quality monitoring stations currently operating in Tehran are highly accurate but limited in
number, expensive to maintain, and fail to capture severe instantaneous fluctuations at traffic
hotspots. While physical-chemical models like Computational Fluid Dynamics (CFD) offer
high accuracy, they require long computation times, making real-time operational use almost
impossible. Conversely, data-driven methods, particularly machine learning algorithms, have
become the primary tools for local-scale air quality prediction due to their high speed and ability
to learn complex non-linear relationships. Primary pollutants like CO and NOx depend directly
on traffic volume, whereas secondary pollutants like Os are influenced by photochemical
reactions. PMio is particularly complex due to non-exhaust sources like tire wear and
resuspended dust. This study aims to develop an accurate micro-scale prediction model for
traffic-related pollutants on Shahid Mahalati Highway using Stacked Ensemble Learning. A
key innovation is the introduction of a highly accurate "soft sensor" for PMio. By leveraging
the strong physical-chemical correlation between exhaust gases (CO and NOy) and particulate
matter, this study predicts the 24-hour moving average of PMio, offering a cost-effective
alternative to expensive monitoring equipment.

Method

This study utilizes an observational research design based on secondary data analysis. The data
comprises over 35,000 hourly observations from the Mahalati air quality monitoring station
(District 14, Tehran) between March 2021 and March 2024. Variables include ozone (Os, ppb),
carbon monoxide (CO, ppm), nitrogen oxides (NOx, ppb), and PMio (ng/m?). Advanced time-
series feature engineering was applied after handling missing values and outliers via linear
interpolation. Extracted features included temporal lags (t-1, t-2, t-3, t-6, t-12, t-24, and t-168
to capture short-term memory and weekly traffic cycles), rolling statistics (mean and standard
deviation over 3, 6, 12, and 24-hour windows to smooth noise), calendar indices (hour, day,
month, holidays), and combined physical-chemical features (CO/NOy ratio). A two-layer
Stacked Ensemble architecture was implemented. The base layer (Level-0) comprised
HistGradientBoostingRegressor and ExtraTreesRegressor. HistGradientBoosting was chosen
for its binning technique, which increases training speed and filters sensor noise, while
ExtraTrees was selected for its randomized cut points that drastically reduce variance and
prevent overfitting. Their outputs were fed into a RidgeCV meta-learner (Level-1) to optimize
linear combinations and strike a balance between bias and variance. For PMio, due to high
instantaneous noise from non-exhaust sources, a soft sensor approach was adopted: the target
variable was set to the 24-hour moving average (an EPA and WHO standard), using
instantaneous CO and NOy as key predictive proxies. Model validation employed a 10-fold
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TimeSeriesSplit to prevent temporal data leakage, implemented in Python 3.11 using scikit-
learn and pandas.

Results

The proposed Stacked Ensemble model outperformed single-algorithm base models across all
target pollutants, demonstrating its superior capability in handling noisy environmental data.
For ozone (Os), the model achieved an R? of 0.902 (RMSE = 9.1 ppb), effectively capturing
diurnal cycles, nighttime drops, and afternoon peaks. Feature importance for Os was heavily
dominated by Lag 1 (over 50%) and Lag 24, showing a reliance on historical stability rather
than instantaneous precursors. For nitrogen oxides (NOy), the model yielded an R? of 0.801
(RMSE = 68.7 ppb), improving the base model by 3.8%. Feature importance highlighted Lag_1
alongside rolling means (6 and 24 hours), indicating the model's use of averaging to filter severe
NOx noise. For carbon monoxide (CO), the model achieved an R? of 0.751 (RMSE = 0.56 ppm),
with Lag 1 (over 52%) confirming its high stability as a direct exhaust tracer. For NOz, an R?
of 0.907 was reached. Scatter plots confirmed dense point clustering around the y=x line
without significant systematic bias. The most remarkable result was the PMio soft sensor. By
predicting the 24-hour moving average, the model achieved an exceptional R? 0f0.9978 (RMSE
= 2.8 ng/m?), perfectly tracking multi-day pollution trends. Feature importance revealed that
the 24-hour rolling mean of PMio (68%) and the rolling mean of CO were paramount. This
proves that the ensemble successfully extracted persistent signals from instantaneous traffic
noise, allowing combustion proxies to estimate particulate matter accurately.

Conclusions

This study demonstrates that integrating advanced Stacked Ensemble Learning with time-series
feature engineering effectively captures the complex spatiotemporal dynamics of traffic-related
pollutants at a micro-scale. The dominance of temporal traffic features (1, 24, and 168-hour
lags) proves that in urban street canyons like Mahalati, air quality is primarily dictated by
human activity cycles rather than immediate meteorological changes. Consequently, intelligent
traffic management—such as dynamically adjusting "odd-even" or congestion pricing schemes
during peak hours—can directly and promptly improve local air quality. The primary practical
significance of this research lies in the highly accurate soft sensor for the 24-hour PMio average.
Achieving an R? of 0.9978 proves that cheaper gas sensors (CO, NOy) combined with machine
learning can effectively replace expensive beta-attenuation monitors. This offers significant
economic benefits, potentially saving hundreds of billions of Tomans annually in expanding
urban monitoring networks like Tehran's. While the model occasionally underestimates
exceptional NOy spikes (>600 ppb) due to data scarcity, future research should incorporate real-
time traffic camera data and street-level meteorology to resolve this. Future work should also
test this framework on other highways and extend it to PM..s. Ultimately, this approach
provides a robust foundation for next-generation, localized early warning systems and
sustainable urban environmental policies.
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Figure 2. Comparison of time series of measured and predicted ozone (Os) values (Source: Author)
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Figure 3. Relative importance of effective variables in predicting ozone (Os) concentration (Source: Author)
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Table 3 - Comparison of Model Performance in Predicting Different Pollutants
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Freshwater scarcity has intensified the need for desalination plants in coastal regions as a
reliable alternative for water supply. However, the discharge of concentrated brine
effluents into marine environments has raised serious environmental concerns. This study
aims to review previous research on the cumulative impacts of desalination plant effluents
and to examine their major environmental consequences on marine ecosystems and
coastal water resources. This study was conducted using a descriptive—analytical and
review-based approach. Relevant scientific literature concerning the cumulative impacts
of desalination plant discharges was systematically reviewed. In addition, results from a
numerical modeling study conducted in the Persian Gulf were analyzed to illustrate the
significance of considering the simultaneous effects of multiple desalination facilities The
findings indicate that the continuous discharge of saline and warm effluents from
desalination plants can lead to increased salinity and seawater temperature, deterioration
of water quality, and adverse impacts on marine ecosystems. Numerical modeling results
from the Persian Gulf further demonstrate that cumulative effects resulting from the
operation of multiple desalination units may considerably intensify environmental
pressures on coastal and marine environments. The study highlights the necessity of
incorporating cumulative impact assessments into future planning, environmental
evaluations, and management strategies for desalination projects. Considering the
combined effects of multiple desalination plants is essential for ensuring the sustainable
management of marine resources and minimizing long-term environmental risks.
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Introduction

Given the increasing population growth, increasing demand for fresh water, and limited fresh
water resources in the world, the construction of desalination plants in coastal areas has been
proposed as one of the main solutions for supplying water to these areas. The countries
bordering the Persian Gulf, including Saudi Arabia, the United Arab Emirates, and Iran,
currently meet a significant portion of their water needs through these units. However, the
extensive and unplanned development of desalination plants has raised serious concerns about
their environmental impacts. The most important aspect of the environmental impacts of
desalination plants is related to the concentrated effluent (brine) that is discharged into the
marine environment. This effluent, which has a salinity of 1.5 to 2 times the natural salinity of
seawater and a temperature of 5 to 10 degrees Celsius higher than the surrounding water, also
contains chemicals, heavy metals, and other pollutants. The continuous discharge of these
brackish and warm effluents has raised concerns about cumulative impacts on the marine
environment and coastal water resources. Existing knowledge gaps include (1) a lack of
integrated studies that examine the simultaneous effects of multiple desalination units in a
region, (2) insufficient attention to the synergistic effects of effluents in semi-enclosed areas
such as the Persian Gulf where water exchange is limited, and (3) the lack of regional
assessment frameworks rather than local and single-unit assessments. The main objective of
this study is to review and analyze the cumulative impacts of desalination plant development
on water resources and the marine environment, with emphasis on the Persian Gulf as one of
the most important areas affected by this industry. The importance of the study is that by
combining a systematic review of the literature and 3D numerical modeling, it provides a
comprehensive picture of the cumulative consequences and highlights the need to revise
approaches to environmental assessment and sustainable management of coastal water
resources.

Method

This study employed a combined methodology integrating a systematic literature review and
numerical modeling. In the review phase, relevant studies published between 2015 and 2025
were retrieved from international databases (ScienceDirect, Scopus, Web of Science, and
Google Scholar) as well as Persian databases (SID, Magiran, and Civilica) using keywords
related to desalination plants, brine discharge, cumulative impacts, and marine environments in
both English and Persian. From an initial pool of 112 studies, 40 articles were selected based
on relevance to quantitative effluent characteristics and applicability to semi-enclosed marine
systems such as the Persian Gulf. In the modeling phase, the COHERENS 3D hydrodynamic
model was applied to simulate the spatial distribution of salinity and temperature resulting from
desalination effluents in the Persian Gulf. Input parameters included a 5 PSU increase in salinity
and a 7°C rise in temperature relative to ambient seawater, along with site-specific data on plant
location, capacity, and discharge volume obtained from international databases. Seasonal
boundary conditions were incorporated based on winter circulation patterns, and simulations
were conducted for both surface and bottom layers, with emphasis on winter conditions due to
stronger density-driven accumulation. Unlike previous studies that examined desalination
plants individually, this research simultaneously modeled multiple operational units to assess
cumulative and synergistic impacts. A key limitation of the study was the lack of synchronized
field measurements across all desalination facilities, necessitating reliance on averaged datasets
and modeling assumptions, which were partially addressed through validation against
comparable studies.


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

Strategies of Engineering Sciences and Sustainable Systems Management, Vol. 2, No. 1, Spring 2026 42

Results

A systematic review of the literature shows that research on desalination effluents can be
grouped into two main categories: single-unit studies and a limited number of studies on
cumulative impacts of multiple desalination plants. Single-unit studies generally report that
brine salinity is about 1.5-2 times higher than natural seawater and discharge temperatures are
approximately 5—10°C higher. In semi-enclosed seas such as the Persian Gulf, these discharges
can gradually increase salinity in deeper layers, reduce dissolved oxygen, and disturb marine
ecological balance. A key gap identified in the literature is the lack of studies addressing
cumulative impacts in regions where multiple desalination plants operate in close proximity. In
such conditions, the combined effect of multiple discharges becomes more significant than
individual impacts. Numerical modeling results confirm that during winter conditions, lower
temperatures and higher water density lead to accumulation of saline effluents in bottom layers.
While surface waters experience relatively faster dilution due to currents, bottom layers show
higher salinity accumulation and more extensive affected zones.

Model results indicate that the highest salinity concentrations occur in the southern Persian
Gulf, where desalination plants are densely located. Average salinity increases of about 2-3
PSU above natural levels were observed, effectively expanding the spatial extent of impacted
areas compared to single-plant scenarios. The results also show that variations in individual
plant discharge rates have limited influence on overall dispersion patterns, mainly affecting
intensity rather than spatial distribution. From an economic and management perspective, these
findings suggest that ignoring cumulative impacts may lead to reduced fishery productivity,
decreased tourism income, and increased costs for marine infrastructure maintenance. Overall,
the results emphasize the importance of considering regional-scale cumulative effects in
environmental assessment and coastal planning.

Conclusions

A systematic review of the literature and numerical modeling results indicate that the
simultaneous development of multiple desalination plants in coastal regions can generate more
severe environmental impacts than single-plant scenarios due to cumulative effects. Gradual
increases in salinity and temperature near brine discharge zones alter the physical and chemical
properties of seawater, threatening sensitive marine ecosystems such as corals, mangroves, and
benthic communities. These impacts are particularly critical in semi-enclosed seas like the
Persian Gulf, where high evaporation rates and limited water exchange intensify the persistence
and spread of saline and warm effluents, reducing dissolved oxygen levels and disrupting
benthic life. The findings confirm that cumulative impacts of multiple desalination units are
significantly greater than the simple sum of individual effects, highlighting the importance of
considering synergistic interactions in environmental assessments. From a practical
perspective, the results underscore the need to move beyond single-plant evaluation
frameworks toward regional-scale assessment approaches. Key recommendations include
adopting Integrated Coastal Zone Management (ICZM), applying 3D numerical modeling for
predicting salinity and temperature distribution, implementing continuous environmental
monitoring, optimizing brine discharge systems using deep-water diffusers, establishing
regional standards for allowable salinity and temperature levels, and restricting the placement
of new plants in environmentally sensitive areas. Future research should focus on climate
change impacts, interactions among coastal pollutants, economic evaluation of environmental
costs, and circular economy approaches for brine recovery. Overall, the study highlights that
neglecting cumulative impacts in desalination planning can worsen environmental degradation
and threaten the long-term sustainability of coastal water resources.
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Article type: Today, cities face numerous challenges, and population growth has brought harmful
Research Article consequences for urban areas. The continuation of such urban growth, with social,
economic, and environmental problems, is a crisis and a warning about the
Article history: unsustainability of cities. Consequently, livability in cities has declined. This study aims
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historical significance, deteriorated urban fabric, and diversity of land uses. In this study,
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spaces, green and public spaces, urban governance, social interactions, cleanliness of
public spaces, quality of public spaces, and social justice. The results indicate that Iran
Neighborhood ranked first with a score of 0.967, demonstrating a high level of livability,
while Harandi Neighborhood ranked last with a score of 0.082, indicating the lowest level
of livability. Qiyam Neighborhood ranked second with a score of 0.914. These findings
reveal significant inequalities in livability levels across neighborhoods in District 12 of
Tehran. Therefore, implementing sustainable urban development policies to improve
living conditions, reduce neighborhood disparities, and enhance urban quality of life,
particularly in disadvantaged areas, appears essential. Urban managers and planners
should prioritize less privileged neighborhoods through targeted interventions aimed at
promoting social equity and sustainable urban development.
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Introduction

In recent decades, rapid urbanization and population growth have transformed cities worldwide,
particularly in developing countries. Although urban expansion has contributed to economic
and social development, it has also created major environmental, social, and economic
challenges, including pollution, traffic congestion, inadequate infrastructure, unequal access to
services, and declining urban environmental quality. Consequently, urban livability has
emerged as an important framework for evaluating urban environments and supporting
sustainable development. Livability refers to the extent to which urban areas provide safe,
healthy, equitable, and satisfactory living conditions and encompasses dimensions such as
environmental quality, housing, accessibility, social cohesion, economic opportunities, public
participation, and urban governance. Livability is closely related to sustainable urban
development. While sustainability emphasizes the long-term environmental, social, and
economic viability of cities, livability focuses more directly on current living conditions and
residents' well-being. A livable city should provide adequate access to essential infrastructure
and services, including transportation, housing, clean water and air, employment, green spaces,
and opportunities for social interaction and participation in decision-making. Thus, improving
livability can serve as a practical pathway toward sustainable urban development. In this
context, District 12 of Tehran, as the historical and administrative core of the city, has
considerable cultural, economic, and historical importance. Despite its strategic position and
rich heritage, the district faces challenges such as physical deterioration, environmental
degradation, socioeconomic disparities, and unequal distribution of urban services. These
conditions have resulted in differences in living standards among its neighborhoods. Therefore,
assessing the livability of District 12 is essential for identifying development priorities,
addressing spatial inequalities, and supporting sustainable urban planning.

Method

This research is descriptive-analytical in terms of method and nature and is classified as applied
research in terms of purpose. Data was collected through library-based and field studies, with
field study instruments including observation, interviews, and questionnaires. The statistical
population consists of experts from Tehran Municipality District 12, and the sampling method
is cluster random sampling. For data analysis, the TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) method was employed. In this algorithm, it is assumed that the
desirability of each indicator increases (or decreases) uniformly. The best available value of an
indicator represents the positive ideal, and the worst available value represents the negative
ideal. Additionally, the indicators are assumed to be independent of each other. The distance of
an option from the positive (or negative) ideal may be calculated as Euclidean distance
(squared) or as the sum of absolute values of linear distances (known as block distances),
depending on the trade-offs and substitutions among indicators.

District 12 of Tehran, with an area of 1,600 hectares, has approximately 73% of its urban fabric
dating back more than 200 years. 3.43% of the district consists of significant zones and areas,
and 15.5% of the length of urban edges (street facades) still contain valuable building facades.
The district is bounded by Enghelab Street to the north, Shoush Street to the south, 17 Shahrivar
Street to the east, and Vahdat-e-Eslami Street to the west. District 12 includes six districts and
thirteen neighborhoods, and is home to numerous historical and cultural landmarks, including
the Grand Bazaar of Tehran, Jameh Mosque, Shah Mosque, the Royal Citadel, Sabzeh Meydan,
as well as national museums such as the National Museum of Iran, Marvi School, and other
significant religious and cultural centers. The presence of these historic elements, alongside the
deteriorated urban fabric, represents both challenges and opportunities for sustainable
development.
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Results

Based on the assessment of 20 indicators extracted from the current situation of District 12, the
TOPSIS technique was employed for ranking. After standardizing the indicators, distances to
the ideal and non-ideal solutions were calculated. The results revealed significant variations in
livability levels among neighborhoods. Iran Neighborhood achieved the highest livability score
with 0.967, followed by Qiyam with 0.914, Kosar with 0.487, Sanglaj with 0.445, and Pamenar
with 0.433, demonstrating relatively favorable living conditions and better access to essential
urban amenities. In contrast, Harandi recorded the lowest livability score (0.082), reflecting
severe deficiencies in several dimensions of urban life. Emamzadeh Yahya (0.220) and
Ferdowsi (0.232) also ranked among the least livable neighborhoods. These findings reveal
substantial spatial disparities in the distribution of urban resources, facilities, and development
opportunities across the district. Among the evaluated indicators, quality housing emerged as
the most influential factor contributing to urban livability, followed by favorable physical
environments and compatible land uses, while urban infrastructure quality ranked third.
Environmental pollution reduction, access to financial services, and employment opportunities
received comparatively lower scores.

Conclusions

This study demonstrates that urban livability serves as a critical intermediary between current
urban conditions and the broader goals of sustainable urban development. The considerable
disparities observed among neighborhoods in District 12 reflect uneven urban development
patterns and highlight the need for targeted planning interventions. Improving livability
requires integrated policies that address housing quality, environmental management, social
equity, infrastructure provision, public participation, and economic opportunities. The results
further confirm that sustainable urban development cannot be achieved solely through long-
term environmental strategies; it also requires immediate improvements in residents' daily
living conditions. Therefore, enhancing livability should be considered a practical and
measurable approach to advancing sustainability goals in historic urban districts such as
Tehran's District 12. To improve livability, urban policymakers should prioritize investments
in educational and recreational facilities, healthcare services, public transportation,
environmental quality improvements, employment creation, affordable housing, and equitable
access to urban services. Such measures would not only enhance residents' quality of life but
also strengthen the long-term sustainability and resilience of the district. Future research is
recommended to investigate the dynamic relationships between livability indicators, conduct
comparative studies across different districts, and develop comprehensive frameworks for
monitoring and evaluating progress toward sustainable urban development goals.
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Table 1. Matrix of Livability Indicators for Neighborhoods in Tehran's District 12
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Table 2. Squared Matrix of Livability Indicators for Tehran's District 12
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Table 3. Weighted Normalized Matrix of Liveability Indicators for District 12 of Tehran Municipality
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Table 4. Positive and Negative Ideals for Each Livability Indicator
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Introduction

The steel industry is one of the largest energy consumers and a major contributor to global
greenhouse gas emissions, accounting for approximately 7-9% of worldwide CO- emissions.
Growing global demand for steel, combined with increasingly stringent environmental
regulations and international commitments to climate change mitigation, has accelerated the
search for low-carbon ironmaking technologies. Among the available alternatives, the natural
gas-based Direct Reduction Iron (DRI) process, particularly the MIDREX technology, has
gained considerable attention due to its lower carbon footprint compared with conventional
blast furnace routes. In addition, MIDREX technology offers operational flexibility and the
potential for future integration with hydrogen-based reduction pathways. Within the MIDREX
process, the methane gas processing system plays a critical role in determining overall process
efficiency, reformer performance, reducing gas quality, and environmental emissions. This
system includes gas cooling, scrubbing, drying, compression, purification, recycling, and
reforming units. Any inefficiency within these components can increase natural gas
consumption, deteriorate the H>/CO ratio of the reducing gas, elevate thermal loads on the
reformer, and consequently increase CO: emissions. Despite its significance, comprehensive
assessments of the environmental implications of gas processing performance in industrial
MIDREX plants remain limited. Therefore, this study investigates the operational behavior of
the methane gas processing system and evaluates its contribution to reducing environmental
impacts in a commercial MIDREX direct reduction plant. The primary objective of this research
was to evaluate the efficiency of the methane gas processing system in reducing environmental
burdens associated with MIDREX-based ironmaking. Specifically, the study aimed to identify
major energy bottlenecks, quantify their effects on energy consumption and CO: emissions, and
assess the effectiveness of various improvement scenarios, including reformer optimization,
recuperator enhancement, CO2 removal from recycle gas, and partial hydrogen substitution.
Method

A combined industrial-process analysis and engineering simulation approach was employed. A
MIDREX direct reduction plant in Iran with an annual production capacity of approximately
825,000 tons of DRI was selected as the case study. Operational data were collected from
various process units, including the reformer, shaft furnace, recuperator, scrubber, compressors,
and Top Gas recycling system. Parameters such as gas composition, pressure, temperature,
equipment efficiency, and energy consumption were analyzed. Thermal imaging techniques
were used to identify abnormal temperature distributions and heat losses in the reformer and
recuperator. Subsequently, a comprehensive process model was developed using Aspen
HYSYS V9. The model incorporated major chemical reactions, including steam methane
reforming, dry reforming, and methane decomposition. Actual plant operating conditions were
implemented to compare real performance with ideal design conditions. Several improvement
scenarios were simulated, including increased recuperator -efficiency, reduced CO:
concentration in recycle gas, enhanced reformer performance, implementation of Hot Direct
Reduced Iron (HDRI) technology, and hydrogen integration. Environmental impacts were
quantified through mass and energy balance calculations. CO2 emissions from fuel combustion
and process operations were estimated for each scenario, allowing a comparative evaluation of
their environmental benefits. The simulation results were validated against actual plant data to
ensure accuracy and reliability of the model predictions.

Results

The results revealed that the reformer, recuperator, and Top Gas recycling system represent the
most significant contributors to energy losses and environmental impacts within the MIDREX
process. Analysis of the Top Gas system indicated that elevated concentrations of CO: and
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water vapor reduce reducing-gas quality and decrease the H2/CO ratio. Environmental factors
such as ambient humidity, temperature fluctuations, dust contamination, atmospheric pressure
variations, and the presence of SOx and NOx pollutants were found to influence gas quality and
reduce Top Gas efficiency by approximately 10—12%, resulting in an additional 0.05-0.10 tons
of CO: emissions per ton of DRI. The reformer was identified as the largest energy consumer
within the plant. Catalyst deactivation, uneven flame distribution, carbon deposition, and
inadequate insulation were found to significantly increase fuel consumption. Simulation results
demonstrated that reformer optimization could reduce natural gas consumption by up to 12%,
corresponding to a reduction of approximately 0.12 tons CO: per ton of DRI. The recuperator
was found to have a substantial influence on process energy efficiency. Improving heat recovery
performance increased inlet gas temperatures and reduced reformer thermal demand by
approximately 6-8%, resulting in a further reduction of CO: emissions. Additional simulations
showed that reducing recycle-gas CO: concentration from 15% to 8% increased the H>/CO ratio
from 1.2 to 1.6 while decreasing reformer heat requirements by approximately 5%.
Furthermore, replacing 30% of natural gas with hydrogen reduced reformer energy demand by
18-20% and significantly lowered carbon emissions. The combined implementation of all
improvement measures yielded the most promising results. Total natural gas consumption
decreased by approximately 22-25%, while CO- emissions were reduced by 0.5-0.6 tons per
ton of DRI produced. These findings demonstrate that systematic optimization of the methane
gas processing system can achieve substantial environmental benefits while maintaining
operational efficiency.

Conclusions

The findings confirm that methane gas processing performance in the MIDREX direct reduction
process has a major impact on energy consumption, reducing gas quality, and CO: emissions.
The reformer, recuperator, and Top Gas system were identified as the main sources of efficiency
losses. Reformer inefficiency caused by carbon deposition, temperature non-uniformity, and
inadequate insulation increases natural gas consumption and CO: emissions, while recuperator
heat losses and poor recycled gas quality increase the reformer’s thermal load and reduce the
H2/CO ratio. Simulation results indicate that improving these three sections through better
control, heat recovery, and gas drying can significantly enhance system performance.
Combined optimization measures have the potential to reduce CO: emissions by approximately
0.5-0.6 tons per ton of DRI, with substantial benefits for energy costs and emission intensity.
The study also indicates that gradual hydrogen integration, particularly with 30% substitution
of natural gas, could provide an effective pathway for further decarbonization. Overall,
optimization of the gas processing system is both a technical necessity and an important strategy
for sustainable and low-carbon steel production. Future studies should focus on the effects of
furnace load variations, economic evaluation of hydrogen substitution scenarios, and real-time
optimization of gas processing systems.
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Figure 3. Energy balance diagram of the simulated reduction line
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Table 1. Corrective actions with potential for CO: emission reduction
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revised form:

Freeway networks are essential for transportation efficiency, but they often generate
adverse consequences, including increased public safety risks and fragmentation of
natural habitats. This study aimed to enhance safety for both human and wildlife
populations along the Karaj—Qazvin Freeway by proposing ecologically sensitive and
safety-oriented landscape interventions. The study adopted a descriptive—analytical
approach combining a systematic literature review, case study selection, and extensive
field investigations. The Karaj—Qazvin Freeway was selected as the study area because
of its strategic importance, high traffic volume, and its location within a region with
significant wildlife presence and a history of road-related accidents. Data were collected
through documentary and field survey methods. Documentary sources included traffic
accident reports, environmental impact assessments, and previous transportation studies.
Field surveys involved direct observation of traffic patterns, identification of wildlife
crossing points, and documentation of existing landscape features. A segmented SWOT
analysis was employed to identify strengths, weaknesses, opportunities, and threats
within different freeway sections. This analytical tool helped in formulating appropriate
design strategies tailored to the specific conditions of each segment. The findings
indicated that integrating wildlife underpasses, dedicated pedestrian overpasses, and
protective barriers combined with guiding vegetation can substantially improve road
safety and ecological performance. Wildlife underpasses allow animals to cross safely
beneath the freeway, reducing the risk of collisions. Pedestrian overpasses provide safe
crossing points for local communities, minimizing human casualties. Protective barriers
and guiding vegetation direct both wildlife and pedestrians toward designated crossing
structures. Based on the identified needs and environmental conditions, a section of the
freeway was redesigned according to engineering and ecological standards. The
proposed interventions are expected to reduce wildlife-vehicle collisions and traffic
accidents while improving habitat connectivity. The results demonstrate that
incorporating ecological principles into freeway landscape design can effectively balance
transportation functions with environmental conservation objectives. Such integrated
approaches contribute to biodiversity protection, enhance landscape resilience, and
promote sustainable transportation infrastructure. This study provides practical
recommendations for planners and decision-makers involved in highway development
projects in similar ecological contexts.
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Introduction

Although the development of freeway networks plays a vital role in facilitating transportation
and intercity communication, it is often accompanied by unintended environmental
consequences, including habitat fragmentation, wildlife—vehicle collisions, noise and air
pollution, and reduced user safety. In Iran, roads are historically perceived not only as transit
routes but also as cultural and spatial corridors with distinct identities. However, contemporary
freeway design has largely prioritized traffic engineering criteria, often overlooking ecological,
aesthetic, and experiential dimensions. This has resulted in ecological disruption, increased
wildlife accidents, degraded landscape quality, and reduced user satisfaction. The Karaj—
Qazvin Freeway, which passes through foothills, agricultural lands, and settlements, represents
a clear example of the conflict between transportation efficiency and environmental
considerations. Known as one of the most accident-prone freeways in Iran, it highlights the
urgent need to reconsider current design approaches. Key research gaps include the lack of
integrated studies addressing safety, sustainability, and habitat restoration simultaneously,
limited quantitative evaluation of wildlife crossing effectiveness, and insufficient attention to
the cultural and visual functions of freeway landscapes. The main objective of this study is to
develop a practical framework for the landscape design of the Karaj—Qazvin Freeway,
transforming it into a multifunctional ecological corridor that enhances wildlife safety, resident
safety, user safety, and habitat continuity. The significance of this research lies in integrating
road ecology, sustainable landscape design, and traffic safety principles to provide a context-
sensitive model that can be applied to other freeways in Iran.

Method

This research was implemented in five consecutive steps using a combined approach based on
context-sensitive design. In the first step, the Karaj-Qazvin Freeway was selected as a case
study due to its unique features, including passing through natural and agricultural areas,
proximity to metropolises, and high biodiversity. In the second step, extensive library studies
were conducted on reputable domestic and international sources in the fields of road ecology,
sustainable landscape design, traffic safety, and ecological corridors to identify and formulate
the theoretical foundations and background of the research. In the third step, a comprehensive
field survey was conducted along the entire 13.3 km freeway route, which included systematic
photography, documentation of landscape elements (skyline, building facades, visual quality,
walls, vegetation, and adjacent uses), and recording the precise location of natural and man-
made features. In the fourth step, using field data and base maps, a SWOT (Strengths,
Weaknesses, Opportunities, and Threats) analysis was conducted for the entire route as well as
for its various sections (based on the division into sections A, B, and C), and the potential and
design constraints in each section were identified. To increase the accuracy of the analysis,
adjacent uses were classified into eight main categories (parks, intersections, private gardens,
rivers, wastelands, agricultural lands, industrial areas, and religious sites) and the location of
each was tracked and recorded. In the fifth step, based on the findings of the analysis, design
strategies were developed for each section, and then a section of the freeway (including the
linear park and the riverfront) as an example reached the executive design stage, and 2D maps
and planting plans were prepared. The data analysis method was qualitative-analytical and
combined field observations, library documents, and standard design criteria. The main
limitation of the research was the lack of access to accurate wildlife accident statistics and long-
term traffic data along the route, which was partially compensated by field observations and
qualitative analyses.

Results
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The field survey and SWOT analysis of the Karaj—Qazvin freeway identified several key
strengths, including its scenic route passing near the Botanical Garden, the presence of
agricultural and mountainous landscapes, cultural-religious landmarks such as Imamzadeh
sites, and relatively well-planned design in certain segments. However, notable weaknesses
were also observed, such as poor asphalt quality in some sections, outdated irrigation practices,
insufficient retaining structures, lack of pedestrian infrastructure, visual disorder in certain
areas, and noise pollution affecting nearby residents. At the same time, the analysis highlighted
important opportunities, including the rehabilitation of degraded lands along the freeway,
increasing vegetation cover in the median strip, development of a riverside landscape along the
Karaj River, establishment of roadside rest areas, and improvement of visual quality through
artistic facade design. Key threats included environmental pollution from heavy traffic,
uncontrolled urban development, damage from metro infrastructure, proximity of residential
zones to the highway, and weak institutional coordination in landscape management.

Based on these findings, four main design strategies were proposed: enhancing wildlife safety
through ecological crossings and protective barriers; improving pedestrian and residential
safety via bridges, sidewalks, and bicycle paths; reducing driver fatigue and improving safety
through vegetation planning, visual diversity, and rest areas; and restoring ecological continuity
by developing linear parks, rehabilitating the Karaj River corridor, and planting native, resilient
species to reduce pollution and maintenance needs. Some of these strategies have already
progressed to implementation, particularly in the form of linear park and river corridor
development projects.

Conclusions

The findings indicate that the Karaj-Qazvin Expressway, despite its important transportation
function, faces significant ecological, visual, and safety challenges. Its predominantly traffic-
oriented design has disrupted natural habitats, increased risks to wildlife and residents, and
created a monotonous and tiring visual experience for drivers. The study therefore emphasizes
a shift toward integrated, context-based landscape design that simultaneously addresses human
safety, wildlife protection, visual quality, and ecological sustainability. The proposed strategies,
including ecological underpasses, pedestrian bridges, protective green walls, linear parks, and
roadside rest areas, could transform the expressway into a natural-cultural corridor while
improving safety, protecting biodiversity, and enhancing the travel experience. Successful
implementation, however, requires institutional coordination, sustainable funding, community
participation, and continuous scientific monitoring. Future research should focus on GIS-based
mapping of wildlife-vehicle conflict zones, evaluating the effects of interactive landscape
elements on driver behavior and public awareness, and quantitatively assessing multilayer
vegetation for noise reduction, safety improvement, and ecological sustainability. The proposed
approach can also serve as a model for other Iranian freeways facing similar environmental and
safety challenges.
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Table 2. Review of the Facilities and Limitations of the Karaj-Qazvin Freeway

LPRYRE Ll

ol )3 ollae aa b (slad o i
(b Gl (b YU Jewiliy-
i o 5 s S5 5l L56 Sse (Sogll Syrge e slalad (b Ik
O S onl 5l S 09, Hee-

ol S ol il el S

353 il b b oISl 85 ablis g0 o5

A s

2b e (b (ISl
colbe o b 55,5laS slacne; LS 5l Hgue- B cwd
Syrye gblis 5 ol Sty

S Gblie 4 (A5 wo azs j0 & jglne
Jsen stnio 3blis 5| 56 Sso Soli-

SsbaS Glacse; LS 5l Heem

S ogllae w0 3l eolal k-

ke il 392 g O L N Cwns

5o ol 5 olfaml il b ISk
S o5l Jila

3295575 o031 (2 lhb Casgion g Juwily (Ul oy 1 ¥ Jgu

Table 3. Survey of the recognition, potential, and prohibition of designing the Karaj-Qazvin freeway
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Table 4. Proposed Strategies for the Karaj-Qazvin Freeway
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The Gulf of Oman is one of the most important marine areas in southern Iran, with
considerable economic and environmental significance due to its fisheries resources,
maritime transportation capacities, trade, and tourism potential. However, extensive
vessel traffic, particularly by commercial vessels and oil tankers, increases the risk of oil
pollution and its associated consequences. Oil spills and petroleum products can have
extensive adverse effects on marine ecosystems, coastal areas, aquatic organisms,
fisheries, and tourism activities. Therefore, selecting an appropriate and effective method
for responding to oil spills, considering the environmental conditions of the region, is of
particular importance. The aim of this study was to determine and prioritize the most
appropriate method for responding to oil spills in the Gulf of Oman using the Analytic
Hierarchy Process based on the physical characteristics of seawater. In this study, six
criteria, including temperature, salinity, turbidity, water-current velocity, depth, and
dissolved oxygen, were considered as decision-making criteria. First, a pairwise
comparison matrix was constructed to determine the relative importance of the criteria
and calculate their weights. The consistency of the pairwise comparisons was also
evaluated using the Consistency Ratio. Subsequently, based on the criterion with the
highest relative weight, different oil-spill response methods were compared and
prioritized according to the selected criterion. The results showed that temperature, with
a weight of 0.40, had the highest relative importance among the criteria considered. The
Consistency Ratio of the pairwise comparison matrix was 0.0416, indicating an
acceptable level of consistency. Furthermore, based on temperature as the dominant
criterion, adsorption, with a weight of 0.354, ranked first among the oil-spill response
methods, followed by chemical dispersants (0.271), mechanical methods (0.209), in situ
burning (0.113), and bioremediation (0.057). The findings indicate that the Analytic
Hierarchy Process can provide a systematic framework for weighting environmental
criteria and prioritizing oil-spill response methods in the Gulf of Oman.
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Introduction

The coastal zone of the Gulf of Oman, extending from Gwadar Bay to the eastern shores of
Bandar Abbas, is an ecologically and economically important marine region that supports
fisheries, maritime transportation, trade, tourism, and other marine-based activities. Intensive
maritime traffic, particularly the movement of commercial vessels and oil tankers, increases the
risk of oil spills and their associated environmental and economic consequences. Oil pollution
can adversely affect marine ecosystems, coastal areas, aquatic organisms, fisheries, and tourism
activities. Therefore, selecting an appropriate response method that is compatible with the
environmental conditions of the study area is essential for effective oil-spill management.
Various methods have been developed to respond to oil spills, including mechanical recovery,
in-situ burning, chemical dispersants, bioremediation, and adsorption. The effectiveness of
these methods can vary depending on environmental conditions and the characteristics of the
spilled oil. Consequently, selecting an appropriate response method is a multi-criteria decision-
making problem that requires systematic evaluation of relevant environmental parameters. The
Analytic Hierarchy Process (AHP) is a widely used multi-criteria decision-making technique
that enables the relative importance of decision criteria and alternatives to be determined
through pairwise comparisons. Accordingly, the present study aimed to determine and prioritize
an appropriate oil-spill response method for the Gulf of Oman using AHP and considering the
physical characteristics of seawater. Six physical parameters, including temperature, salinity,
turbidity, current velocity, water depth, and dissolved oxygen, were considered as decision-
making criteria. The study further sought to identify the criterion with the highest relative
importance and subsequently prioritize available oil-spill response methods based on that
criterion.

Method

A multi-criteria decision-making framework based on the Analytic Hierarchy Process (AHP)
was employed. First, a pairwise comparison matrix was developed for six physical seawater
parameters, including temperature, salinity, turbidity, current velocity, depth, and dissolved
oxygen. Pairwise comparisons were performed using the fundamental AHP scale from 1 to 9.
The relative weight of each criterion was then calculated based on the pairwise comparison
matrix. To assess the consistency of the judgments, the Consistency Ratio (CR) was calculated
using the Consistency Index (CI) and Random Index (RI). The obtained CR value was also used
to determine whether the pairwise comparisons had an acceptable level of consistency.

After identifying the criterion with the highest relative weight, a second pairwise comparison
was conducted among five oil-spill response methods, including adsorption, chemical
dispersants, mechanical recovery, in-situ burning, and bioremediation. Importantly, the ranking
of these response methods was performed based on the dominant criterion identified in the first
stage, rather than through an integrated weighting of all six physical parameters. Thus, the
second stage of the analysis was specifically designed to determine the priority of response
methods under the dominant environmental criterion identified by the AHP framework.
Results

The AHP results showed that temperature had the highest relative weight among the six
physical seawater parameters, with a weight of 0.40, followed by salinity (0.25), turbidity
(0.15), current velocity (0.08), depth (0.07), and dissolved oxygen (0.05). The Consistency
Ratio of the pairwise comparison matrix was calculated as 0.0416, which is below the
commonly accepted threshold of 0.10 and indicates an acceptable level of consistency in the
pairwise judgments. Although the Gulf of Oman is not necessarily among the warmest marine
regions, the relatively high weight assigned to temperature in this study does not indicate that
the region has the highest absolute seawater temperature. Rather, the weight represents the
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relative importance of temperature within the decision-making structure of the present AHP
model. Temperature can influence several processes relevant to the fate and behavior of oil
spills, including changes in oil viscosity and evaporation of volatile components. It may also
affect the performance of certain oil-spill response methods and biological processes involved
in hydrocarbon degradation. Therefore, the relatively high weight of temperature can be
interpreted in terms of its potential influence on oil-spill behavior and response effectiveness
rather than simply its absolute value. Based on temperature as the dominant criterion,
adsorption obtained the highest priority among the evaluated response methods, with a weight
of 0.354. Chemical dispersants ranked second (0.271), followed by mechanical recovery
(0.209), in-situ burning (0.113), and bioremediation (0.057). Thus, within the decision-making
structure of this study and specifically under the temperature criterion, adsorption was identified
as the highest-priority response method. The results indicate that the ranking presented in this
study should be interpreted within the defined AHP framework. In particular, the ranking of
response methods reflects their priority according to the dominant criterion identified in the
first stage and does not represent an overall ranking obtained by simultaneously aggregating all
six physical seawater criteria.

Conclusions

The present study employed the Analytic Hierarchy Process (AHP) to systematically evaluate
the relative importance of physical seawater parameters and prioritize oil-spill response
methods in the Gulf of Oman. Among the six physical parameters considered, temperature
received the highest relative weight (0.40), indicating its dominant position within the decision-
making structure of the study. The Consistency Ratio (CR = 0.0416) confirmed the acceptable
consistency of the pairwise comparisons. Based on the dominant temperature criterion,
adsorption achieved the highest priority (0.354) among the evaluated oil-spill response
methods, followed by chemical dispersants, mechanical recovery, in-situ burning, and
bioremediation. The results suggest that adsorption can be considered a high-priority response
option under the decision conditions defined in this study. However, this finding should not be
interpreted as a universal superiority of adsorption over other response methods, since the
ranking was derived specifically from the dominant temperature criterion identified through the
AHP procedure. Overall, the findings demonstrate that AHP can provide a systematic
framework for incorporating environmental considerations into oil-spill response decision-
making. The proposed approach can assist environmental managers in prioritizing response
options under specific environmental conditions in the Gulf of Oman. Future studies may
improve the framework by incorporating additional environmental and operational criteria,
performing sensitivity analysis, and validating the AHP results using field observations and real
oil-spill response data.
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Soil is one of the most important components of rangeland ecosystems, serving as the
primary medium that supports the survival and growth of rangeland vegetation.
Maintaining soil quality and its nutrient content plays a fundamental role in sustaining
productivity, enhancing biodiversity, and preserving ecosystem services. Improper
grazing management and overgrazing reduce soil fertility, accelerate soil erosion, and
ultimately decrease the productive capacity of rangelands. Despite considerable research,
significant challenges remain in quantifying the economic impacts of grazing intensity
and understanding its consequences for rangeland ecosystems. This study aimed to
economically evaluate the role of rangeland ecosystems in conserving key soil nutrients,
with a particular emphasis on nitrogen (N), phosphorus (P), and potassium (K), in the
Moghan region. For this purpose, two rangelands with contrasting management
conditions (well-managed and poorly managed) were selected. Using the transect
sampling method, 30 soil samples were collected from each rangeland and transferred to
the laboratory for the determination of N, P, and K concentrations. The annual soil erosion
rate of the study area was estimated at 14.7 t ha™ yr™!, while the total rangeland area was
calculated to be 115,000 ha. Statistical analyses included an independent t-test to compare
soil nutrient concentrations between the two rangelands and logistic regression to estimate
the probability of rangeland degradation. Finally, the economic value of the conserved
soil nutrients was estimated using the replacement cost method. The results indicated that
the rangeland capital value regarding soil nutrients conservation was estimated
449190000 Iranian Rials per hectare. These findings highlight the critical importance of
sustainable rangeland management in reducing the loss of natural capital, maintaining soil
fertility, and minimizing the economic costs associated with rangeland degradation. The
results can provide valuable scientific evidence for policymakers and land managers in
developing effective strategies for the conservation and sustainable utilization of
rangeland ecosystems.
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Introduction

Rangeland ecosystems are among the most valuable terrestrial ecosystems, providing a wide
range of ecological, economic, and social services. Beyond supporting livestock production,
they play a fundamental role in maintaining biodiversity, regulating hydrological processes,
preventing soil erosion, storing carbon, and sustaining rural livelihoods. Among the various
components of rangeland ecosystems, soil represents the primary natural capital that determines
ecosystem productivity and resilience. Healthy soils provide essential nutrients, water, and
physical support for vegetation while simultaneously regulating numerous biogeochemical
processes that maintain ecosystem stability. Consequently, any deterioration in soil quality
directly threatens the sustainability of rangeland ecosystems and reduces their capacity to
deliver ecosystem services. In many arid and semi-arid regions, inappropriate grazing practices
and poor rangeland management have accelerated soil degradation. Excessive grazing intensity
reduces vegetation cover, weakens root systems, exposes the soil surface to erosive forces, and
increases nutrient losses through both water and wind erosion. These processes lead to a gradual
decline in soil fertility, diminished forage production, and increased restoration costs. Although
the ecological impacts of rangeland degradation have been extensively documented, the
economic consequences associated with the loss of soil nutrients have received comparatively
less attention. Assigning an economic value to ecosystem functions provides a practical
framework for integrating environmental considerations into natural resource management and
policy-making.

One of the most effective approaches for valuing ecosystem services is the Replacement Cost
Method, which estimates the monetary value of ecosystem functions based on the cost required
to replace lost natural resources or ecosystem services through artificial means. In the context
of rangelands, this approach enables researchers to quantify the economic losses resulting from
the depletion of essential soil nutrients such as nitrogen (N), phosphorus (P), and potassium
(K). These nutrients are indispensable for plant growth, primary productivity, nutrient cycling,
and maintaining soil fertility. Their depletion not only reduces agricultural and rangeland
productivity but also increases dependence on costly chemical fertilizers.

The Moghan Plain, located in northwestern Iran, represents one of the country's most important
rangeland regions. However, increasing grazing pressure and land-use changes have raised
concerns regarding soil degradation and nutrient depletion. Therefore, this study was conducted
to evaluate the economic value of soil nutrient conservation provided by rangeland ecosystems
under different management conditions. Specifically, the study aimed to compare nutrient
concentrations between well-managed and poorly managed rangelands, estimate the probability
of rangeland degradation using logistic regression, and quantify the economic value of
conserved soil nutrients through the replacement cost method. The findings are expected to
provide scientific evidence supporting sustainable rangeland management and informed
environmental decision-making.

Method

This study was conducted to evaluate the economic value of soil nutrient conservation as an
ecosystem service provided by rangelands in the Moghan region. Two rangeland sites with
contrasting grazing management conditions were selected, including a well-managed rangeland
and a poorly managed (degraded) rangeland. Soil sampling was performed using the transect
method, and 30 soil samples were collected from each site, resulting in a total of 60 samples.
The collected samples were transferred to the laboratory for the determination of nitrogen (N),
phosphorus (P), and potassium (K) concentrations using standard analytical procedures. The
annual soil erosion rate in the study area was estimated at 14.7 t ha™' yr!, and the total rangeland
area was considered to be approximately 115,000 ha. Statistical analyses included an
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independent samples t-test to compare soil nutrient concentrations between the two rangelands
and logistic regression analysis to estimate the probability of rangeland degradation under
different management conditions. The replacement cost method was subsequently applied to
estimate the economic value of soil nutrients conserved by the rangeland ecosystem based on
the costs of replacing nutrients lost through soil erosion with commercial fertilizers.

Results

The findings revealed significant differences in soil nutrient concentrations between the two
rangelands, indicating that grazing management strongly influenced soil fertility. The well-
managed rangeland maintained higher concentrations of nitrogen, phosphorus, and potassium
than the poorly managed site, reflecting its greater capacity to conserve soil nutrients and resist
degradation. Logistic regression analysis further confirmed that poor grazing management
substantially increased the probability of rangeland degradation. Based on the estimated annual
soil erosion rate and the nutrient concentrations measured in the soil samples, considerable
quantities of nitrogen, phosphorus, and potassium were estimated to be lost each year through
erosion processes. Economic valuation using the replacement cost approach showed that the
total annual value of these lost soil nutrients across the study area was approximately
449190000 Iranian Rials, demonstrating the substantial economic costs associated with
declining soil fertility and ecosystem degradation. The comparison between the two
management systems also demonstrated that maintaining adequate vegetation cover plays a
fundamental role in protecting soil resources against erosion and nutrient depletion. Higher
vegetation density in the well-managed rangeland improved soil stability, reduced runoff, and
enhanced the retention of essential nutrients within the ecosystem. In contrast, reduced plant
cover in the degraded rangeland increased soil exposure to erosive forces, resulting in greater
nutrient losses and lower soil fertility. These findings reinforce the ecological importance of
sustainable grazing practices as an effective measure for maintaining soil quality and supporting
long-term ecosystem productivity. Furthermore, expressing nutrient losses in economic terms
makes the consequences of land degradation more tangible and facilitates comparisons between
the costs of preventive management and those of ecosystem restoration.

Conclusions

The results demonstrate that sustainable grazing management plays a critical role in maintaining
soil fertility, conserving essential nutrients, and reducing the economic losses associated with
soil erosion. The considerable monetary value assigned to conserved soil nutrients highlights
the importance of recognizing soil fertility conservation as a valuable ecosystem service.
Integrating ecological assessments with economic valuation provides a practical framework for
quantifying the hidden costs of rangeland degradation and supports evidence-based decision-
making. The findings suggest that implementing appropriate grazing management practices,
including controlled stocking rates and restoration measures, can significantly reduce nutrient
depletion, preserve natural capital, and improve the long-term sustainability of rangeland
ecosystems. These results provide valuable scientific evidence for policymakers and land
managers to develop effective conservation strategies that simultaneously enhance ecological
resilience and economic efficiency. From a broader perspective, this study highlights the
importance of incorporating ecosystem service valuation into rangeland management and land-
use planning. Economic valuation supports evidence-based decision-making by demonstrating
the long-term environmental and economic benefits of sustainable management. Future
research should integrate additional ecosystem services to provide a more comprehensive basis
for conservation planning and sustainable natural resource management.
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Figure 1. Location of the study area
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Table 1. Erosion and sedimentation information for the study area
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Figure 2. Schematic diagram of the sampling method for the studied rangelands
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Table 2. Descriptive statistics of the studied parameters (with collected data)
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Table 3. Descriptive statistics of the parameters studied (with normalized data)
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Table 4. Measured N, P, K values for well-managed and poorly managed pastures (ppm)
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Table 5. Statistical Comparison of the Studied Rangelands in Terms of Soil Nutrient Elements
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Table 6. Statistical comparison of rangelands in terms of physical soil parameters
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Table 7. Statistical comparison of rangelands in terms of soil chemical parameters
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Table 13. Nutritional Value Lost Due to Erosion
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This Memorandum of Understanding (MoU) is concluded with the aim of expanding scientific, research,
and specialized cooperation and in line with enhancing the quality of scientific publishing activities,
between the scientific journal “Journal of Strategies of Engineering Sciences and Sustainable Systems
Management,” under the ownership and management of Dr. Mohammad-Javad Amiri, with its address at:
Tehran, Engelab Street, Qods Street, Zarrin-Koob Alley, and hereinafter referred to in this MoU as the
“Journal,” and the Iranian Scientific Association of Waste Engineering and Management, represented by
Dr. Abdolreza Karbasi, President of the Association, with its address at: Tehran, Engelab Street, Qods Street,
Zarrin-Koob Alley, and hereinafter referred to as the “Scientific Association,”

which is hereby concluded on the basis of the following terms and provisions:

Article 1 — Subject of the MoU

The subject of this MoU is to establish a framework for scientific and research cooperation between the
two parties in the following areas:

1. Cooperation in organizing conferences, seminars, meetings, and specialized scientific events;
2. Scientific cooperation in refereeing and enhancing the quality of journal articles;
3. Participation in the publication of joint scientific works and publications in accordance with the
regulations governing scientific journals;
4. Utilization of the scientific capacities of both parties in the development of relevant research
activities.
Article 2 — Obligations of the Journal

The Journal undertakes to comply with the regulations governing scientific journals in the country and
shall:

1. Publish the Journal regularly in four issues per year, in either Persian or English;
2. Comply with the regulations and approved guidelines of the Ministry of Science, Research and
Technology concerning scientific journals;
3. Utilize the scientific expertise and capacities introduced by the Scientific Association in the process
of peer review of articles;
4. Include the name and logo of the Scientific Association on the Journal’s website and official
letterheads, in accordance with the applicable regulations;
5. Include the following statement on the Journal’s introduction/about page:
“This journal is the result of the joint activities of the Journal of Strategies of Engineering Sciences and
Sustainable Systems Management and the Iranian Scientific Association of Waste Engineering and
Management.”
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Objectives and Vision

The journal Strategies in Engineering Sciences and Sustainable Systems Management was
established with the aim of advancing the frontiers of knowledge, promoting innovative
research, and providing a scientific platform for the exchange of ideas and research findings in
the fields of engineering, management, and sustainability. Through the publication of original,
applied, and interdisciplinary scholarly articles, the journal seeks to contribute to identifying
and developing effective solutions to the complex challenges of sustainable development at the
local, national, and global levels. Enhancing the quality of decision-making, policymaking, and
management in organizations, industries, and communities through the application of robust
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Adopting a systems-oriented and forward-looking approach, the journal focuses on advancing
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research, to help bridge the gap between theoretical knowledge and practical applications. The
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and advancing the Sustainable Development Goals (SDGs).

The journal’s vision is to become, in the years ahead, a reputable and influential scholarly
reference in the field of engineering sciences and sustainable systems management at the
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an effective role in shaping scientific discourse and generating knowledge of lasting scholarly
value. The journal seeks to become a hub for the dissemination of pioneering and impactful
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