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Article Info ABSTRACT

Article type: Optimal resource management in greenhouses requires quantitative and
Research Article integrated approaches. This study presents a modeling-optimization
framework to identify optimal operational configurations within the
Water-Energy-Food-Ecosystem (WEFE) nexus. Field data from ten
greenhouses in the Pakdasht region (40 annual observations from 2021-

Avrticle history: 2024) were collected. First, a semi-empirical parametric model was
Received 27 January 2026 developed and calibrated using this data to establish quantitative
Received in revised form relationships between key decision variables (the share of water treated by
4 February 2026 Reverse Osmosis (RO) and the share of renewable energy) and five WEFE
Accepted 11 February 2026 objective functions: minimizing water consumption, energy use, CO:

emissions, and total cost, while maximizing a water quality index.
Subsequently, a multi-objective genetic algorithm (NSGA-II) was
executed on this calibrated model to extract the full Pareto fronts of
optimal solutions. Finally, the TOPSIS multi-criteria decision-making
method was employed to select the ultimate operational point from among
the Pareto solutions. The optimization results identified a specific
operational configuration utilizing RO for approximately 65 percent of the
water flow and supplying 25 percent of energy from renewable sources as
achieving the best trade-off (TOPSIS score: 0.7854) among the conflicting
objectives. Compared to a conventional baseline, This optimum point,
compared to a conventional baseline, resulted in a 24 percent reduction in
water consumption, 20 percent in energy consumption, 33 percent in
operating costs, and a 30 percent improvement in water quality. These
findings demonstrate the strategic priority of increasing resource efficiency
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Keywords: through technologies such as RO over simply expanding the clean energy
Integrated Resource Management portfolio and justify the “efficiency first, renewables then” strategy in
Multi-Objective Optimization similar regional conditions. This study provides a powerful tool for
Multi-Criteria Decision Making evidence-based, quantitative decision-making in sustainable agricultural
Reverse Osmosis management.
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Figure 1. The research methodology
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Do (5ilwodly 5 (Byre (gdn LISU ) preal (sLad (corius Heige (lsicas (NSGA-I) ddaanis S5

S bl (WEFE) o Ia...m—b.;—d));‘—uT Non oyl 43 S (o)l po e (slagyylaw (g5loding Wlo
x5l Jasecaw g oolaml (8 geiie 298 g Syp ermiun slad b lad pd wdians dllus
Ay iz od)lake Bu @i o929 a3l e b BT (gilodinge S lasby) (e
Deb, 2001; Coello Coello et al., 2007; ) 5,5 1, a5Y (o)l 5 2hlS Ysase colss slib o pis 5 e
Multi-Objective Genetic ) adsadis b5 wiyoNl 5l Giagss cpl 3 «gycp! 51 (Marler and Arora, 2004
)b s slCles degeze zlisil (gl tedyad LSS 6 SullE hey SO lgieas (MOGA L Algorithm
2 S5 (B0 (1975) Holland lawg Slatumw &ygods jbopinss a5 Sb3 sbaei ys5) .Cawl o oalazuwl
ol S o Jes it g (S5 bl ol sl anb Bl ol b JolSS slani] b gloans 4l
s g 03)5 (59l ]y gt LS jlanl cptia plejeb jbdr 1,38 09 jrelumesr Cunle Jdsa L5l

.(Goldberg, 1989; Deb, 2001) s> ials g)blxe jobas |y oo sladigs o oldl LS
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f.(x) < f,(x") (A alas]
f,(x) < f,(x)

5 €02 JLaml (g5l Atz (5531 Bpae ol e Jold Gimgly ool 52) Bz Ban il fi(x) ] o &S
.(Deb, 2001; Zitzler et al., 2000) s ((s3Laidl Squ/ A g5

Jols o s o 85 ol 05 SIS samiiz pyises)S Ko ypons osily ool o cadllo cyl
2 e Ay Sonle il oilio) hpde ol dw I Sy g > SIS (il e ST sl el
A plales (3) daly g0t g Iy peigensS ma cnlply ol (S5 ol 5 pdpiod 55l 9 RO
Dgd e Gy ) Oygod Bl s )l
F(X) =[f,(X), £,(X),..., f(X)] (A ala,

f4 w3yl U5 anse sl il s (55l e (gilofils F ol Bpas gilodilis fi o &
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S35 Bpae il coge Ygano RO L O e ials cJlie (sly) laal ol o jleie cunle ey
Deb et al., ) 555 gyl Wb 7 djle b sel, jI clegems o 3,15 393y S diy Olg> gd (255 0
Gilwed o p e ddaaiin> S5 slaeis oS L yls 5l Giegh ol 5> .(2002; Coello Coello et al., 2007
o) (Deb et al., 2002) sl NSGA-I 13,651 ol 3,0) 53 Yl § das pp 903 &5 ol 05 03latsl gl
i clp Cumex 1515 padls Sl eslitl =Y @y aliel (ilocipe =) (g (g dlS ) Bgjle dw b ool
b lilil S 4 ol dlys qgdn glo sy bioles oy bis gy olFass Y ol ga
Zitzler et al., ) 595 b s jlame slapiuns o (<5 ol plio wdipe ;> ddaass (gjlwage oMb
! aslys (2000; Deb et al., 2002; Coello Coello et al., 2007; Reed et al., 2013; Maier et al., 2014
Blad ©yg0s lapgjgeg;S il adgl Cupmen S 1l 3,5 (o0 plomil j 2 )b 4 (ol 43 2 o g0y w2 )oSl
alan Baa @ly pojoes)S o Gln cpm 9die W g laill g (38 (S5d 258 L ibate Ll
2 ogde (lgx D98 0 SSE Cilize Cgliol clhage 4 Cuxex ()l Al porde ol g 0dd dnuls
Deb ) 355 Lis 95)h agr Jsb 3 bolgz (2lad 55 U 35500 03 (olaid] (oladjl dlold Jlae S o933l 45,
ol Sl 413 3)lg aldl Alold g g5k 4, 5l S5 yolislys Wpgjseg,S alscsl als po s (et al., 2002
3 dg8e g ol Sl gnie Jud (Jlaisl b e Sloe g Jlasl b ablii Ko Jlael b uge 259800
g & sl ol (s (230159 b ST (Sl hg) 4 S MOGA (pwlul Cojo o3 )8 9 (g5l Jlate
ol ] g S oo lipinl 1) (il sbaoely b S e jsboay «Slaal (gl (g2 (slagiy Gy 4
odlatwl ¢ sl sla Jlo ,> (Marler and Arora, 2004; Coello Coello et al., 2007) 3,lus oo puS puouad 4 1y ol
adly S Saday plie Glagtum Cople g lie— g0l Son Blus )3 dunsie S5 slapn,)S
Oygods |y (o,laie Blaal o asdlas (dly jldle Caol B 5,54, cpl &5 Slodly Hlis (goax0 llllas .l
Reed et al., 2013; Maier et al., 2014; ) 3,9l waly b (oS paonad (glp (695 olie 9 1S Kol las
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Table 1. Simulation parameters for the NSGA-11 multi-objective genetic algorithm

Parameter Parameter Name Symbol / VValue Description and Rationale
Category
' Algorithm Type NSGA-II Non-dommate_zd S_ort_lng Gene_tlc Algorlthm 1l; the
Algorithm standard multi-objective evolutionary algorithm
Framework Number of . Corresponds to the five WEFE objectives: Water,
Objectives Energy, CO-, Cost, and Water Quality.
_ Population Size 30 individuals A balapce be_t\{veen solution  diversity fand
Population computational efficiency for the observed dataset size
Control Number of - topping criterion ensuring convergence of the Pareto
Generations front (based on hypervolume stability).
Selection Operator Binary Tournament Select§ par_ent solutions based on Pareto rank and
crowding distance
SBX (Simulated Binary Standard operator for real-valued encoding; promotes
Crossover Operator Crossover) blending of good solution traits
Crossover _ High  probability to  encourage  extensive
. P.=0.9 - .
. Probability recombination of parent solutions.
Genetic - -
Operators ~ Crossover _15 Produce_s offspring near the parents, ensuring gradual
Distribution Index e exploration of the search space
Mutation Operator Polynomial Mutation Introduces diversity and helps escape local optima.
Mutation ~01 Standard low probability to introduce random
Probability e variations without disrupting good solutions
Mutation -20 Controls the magnitude of perturbation; a higher value
Distribution Index Nm= results in smaller mutations
Crowding Distance Euclidean Distance in Preserves a spread of solutions along the Pareto front
Solution Method Normalized Objective Space by favoring individuals in less crowded regions.
Diversity Duplicate Enabled Prevents genetic drift by removing identical
Elimination individuals from the population
. 20 non-dominated solutions A representative sample of the optimal trade-off
Pareto Front Size - . .
per scenario frontier for subsequent MCDM analysis
Output and . . 1 run per scenario (Base, Separate optimization for each distinct management
Analysis Simulation Runs Hybrid, Advanced) scenario defined in Section 2.4

Convergence Metric

Hypervolume Change < 1%
over 10 generations

Practical criterion to terminate the simulation when
the Pareto front stabilizes

19 320 583 S 9 lw (G4 y 51 99 (MCDM) 6 jlazockic> (5 o5’ mmondii (S jluzo Y .Y

S S Sl)h cogliopd (s dogecme glistnl g S pn oSl b iy (iludie 2 5l om
S s o & (B jgbas g 0392 5k o sjloting | 51 o] Cunle & 390 (sl o 3y
P Sogud &5 Cwl aslge ) gla ol I (clacgomme b oS pueual lsyo ol 13 00,5 o i o)ledis
(S5l 9 Ol Gpae ials i olie Glanl le Solite (lasdlas auj5 o aSh o)l 3las 5 p (6,500
&S Gl Gy Gled W8> Curndg (pl e o &)l (eolaiBl (gygldgw dems ¢ Mg inli8l LCO2 il ials
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Table 1. Distribution of observations and baseline characteristics of the defined management scenarios in the
present study

Management OperationaI_D_efir_lition Number_ of Shareof = Average RO  Average Share of Range of
Scenario and CIaSS|_f|cat|on Observations Total Technology Renewable Renewable
Basis (N) Data (%) Level Energy (%) Energy Share
Greenhouses without
Base advanced water 12 30.0 Not in use 8.6+5.2 0.0-17.0

treatment (RO) systems

Greenhouses equipped
Hybrid with RO and renewable 17 425 Commercial RO 18.2+8.9 4.0-26.0
energy share < 30%

Greenhouses equipped
Advanced with RO and renewable 11 275 Commercial RO 439+117 30.0-58.0
energy share > 30%

S & 1y clalin jl phaw cp oo oy SY/O L S5 (go s dgb o odalie (V) Jolo 0 & jobjlan
Caows & (gdo Sy 3l iy o> dalllasdyge ddlaie 13 RO (6)sld o glgy odiad lis &S Cuwl 03l jolaid]

A3 o JSUS ) 29290 slapiunm J| (4P P (50 joi (et o )3 Yo b il (925l sl pliniod slass il

WEFE w2 1> ;0 4z Sub algi (o5 S03,0.Y .Y
oy 2 F LY lhdaly sllhe) diais gilwangy Jlo 0 oddcl i Bua mb g glndaib Gl
ilodieS ((fi) Ol Brae siloaineS Jols @l cal 3,5 doloms oanlito ¥o J1 Sy jo (el (ulid by,
0l (gilodinien g () piuge JS ai3p (ilodiaS (fs) LS sojl5 Ll (giloaieS (f2) (5l b pae
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Table 2. Descriptive statistics and results of mean comparison tests for WEFE objective functions across the three
management scenarios

Significance Tukey's
Level HSD Test
(p-value) Result

Objective Statistic Base Hybrid Advanced Unit F-test
Function Scenario Scenario Scenario (ANOVA)

fi: Annual Water

3
Consumption melyear 21.34 <0.001

Mean + Standard

Deviation 22608 +6512 17249+3385 17363 + 3651 B>H,B>A

Minimum —

Maximum 1413031940 11127 -23395 1132323455 (H=A)

f: Annual Energy KWhiyear 4567 <0001
Consumption

Mean * Standard

|*
Deviation 82346 + 24567 54718 +12198 62442 + 14567 B>H, B>A A>H

Minimum — 44689 —

Maximum 114757 34199 - 71987 34200 - 81680

f3: Annual CO:

Emission kg COo/year  32.18 <0.001

Mean + Standard

S 23590 £7890 16744 +4560 19819 + 5670 B>H, B> A, A>H*
Deviation

Minimum —

. 12867 — 34660 10031 -24645 1122428080
Maximum

fa: Total System

Million Rials 18.92 <0.001
Cost

Mean * Standard

S 0.009+0.003 0.006+0.001 0.006 +0.001 B>H,B>A
Deviation

Minimum —

. 0.005-0.014 0.003-0.009 0.004-0.009 H=A)
Maximum

fs: Water Quality Index

Index (0-100) 2851 <0.001

Mean + Standard -
Deviation 3278 31.7+16.2 28.0+155 H>B,A>B,H=A

Minimum —
Maximum 0.0-219 6.2-53.4 55-48.4

Symbols in Tukey's HSD column: B: Base, H: Hybrid, A: Advanced. The symbol > denotes a statistically significant difference (p<0.05), and =
denotes no significant difference. Bold values indicate the best performance (lowest mean for fi-fs, highest mean for fs) for each objective function.
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Figure 2. Comparison of average WEFE indicators across three management scenarios
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Figure 3. Scatter plot of annual water consumption versus annual energy consumption
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Figure 4. Scatter plot of water quality index versus total system cost
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Figure 5. Box plots showing the distribution of each WEFE indicator by scenario
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Table 3. Pareto front index points resulting from genetic algorithm simulation

Scenario  Solution Type  Water (m3/yr)  Energy (KWh/yr)  CO: (kg/yr)  Cost (Million Rials)  WQI (0-100)

Min Water 18065 44689 22747 0.0100 29.7

Base Min Energy 23788 44689 23025 0.0101 26.1
Balanced 22052 44689 21510 0.0078 28.3

Min Water 14807 35830 16133 0.0061 34.9

Hybrid Min Cost 16813 35830 15280 0.0052 36.7
Balanced 16813 35830 15280 0.0052 36.7

Min Water 15833 34200 22873 0.0057 35.0

Advanced  Min Cost 17013 34200 20330 0.0056 343
Balanced 15833 34200 22873 0.0057 35.0
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(a) Pareto Front: Water vs Energy Trade-ofT

(b) Cost vs Quality Relationship
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Figure 7. Multi-objective optimization results: (a) Water-Energy Pareto front, (b) Cost vs. Water Quality trade-off,
(c) Scenario improvement potential, and (d) Radar chart of integrated WEFE performance
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Table 4. Quantitative Results of the Multi-Criteria Decision-Making (TOPSIS) Method for Ranking Management

Scenarios
Final Management Final Dist_apce from Distar_\ce from ) )
Rank Scenario TOPSIS Posm_ve Ideal Negatl_ve Ideal Interpretation of Ranking
Score (Cy) Solution (S;*) Solution (Si)
Best overall compromise: Closest to the
1 Hybrid 0.7854 0.0891 0.3264 positive ideal and farthest from the negative
ideal solution.
Balanced performance with environmental
2 Advanced 06123 0.1547 02441 emphasis:_ExceIIent in cz?lrbon reduction, but
with relative trade-offs in energy and cost
efficiency.
3 Base 0.000 0.4218 0.000 Poorest performance: Effectively corresponds

to the defined negative ideal solution.

The TOPSIS score (C;) ranges from 0 to 1, where a higher score indicates better overall performance relative to all defined criteria with equal weighting (20%
each). S and S; represent Euclidean distances to the positive ideal (best possible) and negative ideal (worst possible) solutions, respectively.
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Figure 8. Simulated Pareto front based on the trade-off between system cost and water quality
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