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‘,’/’%To’f‘k:}

Gl g pelas aVlo jobay (giluancd Jloj plS (ol
5 2 ollade (235 Sl o b giledae IS
a8 1 Banaily slaasl ;s 1S sl slas S,
VEYD Jlo 5 AYA Jlo 51 el o golte Ca ko
alobw ool 8, ot oKl b ool s
Lol mmliel (Jue axwgi 5l Gl ool
bl oylubal glagsesl 5l s pSen
5 olel Gl (g aliS gesl wsile ailels
ol 2 @l e 5 el 18, gl (e
b Sbb el 5o ol Judod 69,055k slaail>
o 1SRy 5 Comlas Jlod slaasl 3l
Joe o g i dkike lagliw cihie
Losbw nposthe plxlm ad (siluosly
ool 0jlresi (6 S eenal g, | eolatul
23 ook el J>lye ol Sl s suas, 56

sl 00 oaloLas ¥ IS

bl bigy 8,500, slie 2138 5 65,80 T (5 lmly g3l Je

SRR 49
e 42)LSs g (o Cezly S hegh cnl o
5 adye OOelad (18,5 Sl o b bl obigy
3 B kol Caen 9,505, b plie Lol
s Giledae 5 areg eao Ol 55l
Olebl BB 5 G giludas &5 Gl
gl onl olal bl @l alble (oulidabs
loools ol Blad g mol> slools oL wojls
ol sloazin wbils by gboyeiie Joli) oY
glasnz conle 4 azg b (Gl slog s
b gl (e e 5 ey a2lie 5l gy
Wlal @ gle Copae o550 Jols sl ()l
5 82 Sox @iF S5 (selaS e plejle
Olrl Slel 55 50 o8 sloes sl b oy (o o855
5 Silwdae poliiedy o Lo slasle oo s
sleosls 5l cadaalllas aghio ;o Jow ziw,licl
Olsieds VEY B AYAL el oniicas 5l
p 098 b eolawl VENnsim l58ls 5 4 63459

| Statistics and isformation

I i [
Water sabsysten:

sabsystem

Saclal-Ecomomic

1 L |

Energy subsystem | Food subsystem

Modelling the water-energy-food nexus
with a system dynamics approach in
Vensim software

Assessing the sustainability of
waler-energy-food resonrces

“Sensitivit
Aualysis

/" Scemario ™\ _
evaluation”
. e

>~ Scemario building —
bt Develapment of the sewage system —|

————< Validation >~
n

Base —

—— Changes in cultivation pattern—

— Irrigation efficiency —

— Remewable energy .

_ Consumption patteres

Choosing the best sustainability scemario for the
1 water-energy-food nexus

g plxdl Jola Y JS
Figure 2- Research steps.



\F.0 }:g'l.; HOY ‘s.q)rl.:i s)Lo.-:J AY S)L...?., ARl 5)355

Sustainability = Supply — o
Demand

Dolis elul p Joe cnl 3 ilmly (g cnl o
amlbz wl oyly 5 s LW 5 ase ol
Wil il 5 Lol gl goSomly sl 4y
asye Sy cwl cute glub b jll cunsy
Ll p s Sl 1) bigid 5 GeSle slasls

el e sl b lbl

olaidh el dlol 5
S olesas Glgiee 1) goladl clox! ailoles
Worez Ol Jold &5 285 Sl o by LSl
5 oelz) el eobdign Sl bl L1 oladl
ol o Ll Lol gl me (YeY) o, Kon
Syl golasdl wl;y g Cumer 2ligy al » oJoe
5 S gy oolel p nar sloosls el
5 Sloygd slag)ladm @S 5l ©p2les g e
S3¥les o)ly g glmamsl Lol 550 a¥le glas ol 5
S SIS T ol 85 st s
5 k) w8 et mlbe QLA s (Snex
S Aol tegh ol 0 (VoYY awg
(YYE YA 09 ¥ oakal, ISod casez 55le oo

Pt) = P(ty) +

Eﬂ
j [B, — D, + M]dt
to
Corex 85101 P(to) & lo; yo Comex &5lusl P(1)

M

83001 :Ds g5 85lail Bs ( Jow £9,5 9 adgl lej 4o
XTI I CHPRIONSIC I V NPT S
adsl Gloy Lo ol 51 65 SISl (g, b (oo

Lol Joo GLL Gy LTn b
b oaelys Gl Judoay golamdl wdy onl » 0938
2 Led il el ran slagSll (s a5
Sgdise Comed byl 3 Shes 5 mlie Bpan
0B, e ool TYY oKen 5 i)
S Sl g ah al) ¥ el IS5 golasil
(oYY oli50n 5 j510kerS) o (s3bumsly 55 Jo

EG = VA“-E X Eif+ V}q“—f X 'F:‘.f (\‘)

GIRATS

ostie Joo g ailebs 2bg

ols sl slable S&5 eogaome (0 Cunod 9090
abbarng 9 bgy slaghy, b ol ) Sl s
alols obgy egyeplyl (Yoo A Lubglan) 0,5 >
bl (VAP s 1B) B dlwgay ool
Slyeetd 5 odezmn 9,555k sl 5 5l (o)
Szl 0 (Vo YF LSen 5 ) o5l pal2 1) Lsy
oS b oo gilens wlele ouli ol
9 n e (20l e du (sale g 4z LSS
coilsl Cundy a5 ol Sl pite o5l eiie
Jed g A oo lid ey sl alasd e o ) asbeles
T 5 5095 SLagl,z Awsa b ol 55l
Ol e pd i o os &) o @ Jate
e S L il ce pw Bosmslis S cl
o e el Gl axly o (culdl) cd
L b gy bily) ol iy o5 loyeiie
aten ol s o it IS
wile portlie suiiS Slaiil Ysons oS et
b )5 condarlne Glalolis dacons da_asls
sl giloools o 5 ites ks alsd s
Soyel) Nl oo balolee codlad o8l 9 Juw
KORRA1

L s 4 ilbol obgy sloJow (g5lwooly 1y
il 5 o aly) muoy dopite 5 IS
bisly cnl po el 5l oley Jsbo jo alels L3,
ol oKl Vensim o ldls 5 5l (6,50 e
Sloe Jobes ol o z-cesll 5 e sl sl
el onbal 3 alie slag b (o) 2 g b ite
Slas 5 bl copae s el sl T 515
gy oo oolaiul

13é-(55 0 Comnan 13 (55laly pogie

Sedee Trbe ol ol o (lgrear wl gl
1o Lol 5 asye e Jobs ol o] Lol Gun
OhlSen 5 joulesl) canl 138 5 65580 0l 25 an
JSoa ol 1) lal ulel ol (V04

XY lSan 5 55206e8) 0,5 i o5 | e



d)’%ﬂ,’f&:}

Rs (bl oley dnwadsl oloy fo ()b o
Sl s B ombe gl & Ol caSil
Cs oy sl 5 e ol 4 adlis
Sy S 9 (7 80 (s Ol B pas
b oley o (i 2l 0pd WRG(Y) (o
€55 5 adsl 0oy 5o seiny 2 03 WRy(to)
Cq 5 ojn) e & ol caSil Ry (Jow
ol o5 2l By

55 bl

sz 0 Gras awezs L5 slol
3,510 e (65,5laS 5 (x5, (FySams
9 2955 £y bl p Lol (el cnl 5 298 e
Slad o lod (25 SLoolSs s Algay ablaie
solateds (VoYY 59) 03dica omel e oo
SIS 50 5 35 i e Allu (o005l
»osiA o gleaye depan i
slgtse ol a5 JWl gl glaayld
olyomay (DMl 5 Coio woyd «(g5,slaS)
(e S S )0 (65l B pas dil s sladzin
S bl slaesls e gt 5 (sl
r sdolus oy gly wm a8 jo 050l s
boipl oasSimel mlie wsipl albeban; o
ool a3y s o Sl 5 o (sla ol S
«$5eS slagisu Jold) 3 eVl Bpas (o)l
b iluosly Jae )3 g et (P55 9 S
Pl Vg 7 slaalal, &b » 6551 i 55l

Y YE Yail) ol
E.(t)= E.(t,) +
tn
J‘ [59 - Dﬂ]dt *)
to
Ef(t) = Eflto) +
)

tn
j [S; — D ]dt
to
Beto) £ ole; 1 () Sy 551 e o)
S (Joe g9, 5 adgl by yo (Ko Sl (655 wilie
Loles De o3 @9 Sl a0l 4 Gp ad,e

bl bigy 8,500, slie 2138 5 65,80 T (5 lmly g3l Je

:Eif ‘6)f‘ L)“?u )d u‘i »‘5 JJb o&s)'é‘ uw))‘ ZVAwe
ST asly 5m 03938l 5, WAWE «s5 5 555 o0
el 3¢ 536 g Fir 5 138 5 4o

ui ﬁLnL.:ﬁ)’

A by gelaol ez al n abley; ol
b s 5 b sl gie 90 28,5
Gl Ol glolis 5 ade ple oglis w
Ol 5 ud) v sl 2l lr iledoe
slp @Bl 5 Gilupsrie jslaear (V+Y)
Slaol 5 cwlislgas wl sleesls «(gjleJae
Er s b Jlal Sllug (sor oYy Jolo
ools ookl 5 Sloj slas sl (xbw o
4¢J9| > (_ngo)’\.).S‘ Cyars 6‘)-.’ W C‘)M‘ Jevess
O )l e 2l s e o
laasis (opl g8l o soliwl ddlaie o o
S5 2 Ol €5 g e 3985 by 5 » S
o (5),5kaS gladailelu ;o Blas 5l iU
JRERV- IR0 eVl mal> slo imgy 4 sliwl b
Sl A8 51 slaadolee LJB o lrasiw )
3 Siledde g Wad (Byme Joe 4 0955k
(J u.a‘ Jrpn PL?;S‘ u_;‘ (v:gL;.A (5)|\.\.ilg: slbal,
S Ol 650leS it nl 2 098l ol
o (_g)‘.\f);‘ )L».m.: u...a.: dalaio ) u_:—‘ owd)m
3 eolainl bocimeh cpl o clly gile o
dslee dilelis oy cpl o oS> Aoles O 5 F lalasl,
AR A AY)IRWS

WR(t) = WRs(t,) +

" ®)
j [P+R;—E—1—Cs—0]dt
tp
WR,(t) = WR,(ts)
n
+j [l +R, —C,ldt )
E

o

:WRs(to) £ QLQ)’ 49 67:.]4,..; ;,»T 0 yud :WRs(t)



\F.0 }:g'l.; HOY ‘s.q)rl.:i s)Lo.-:J AY 5)Lo.:4 ARl 5)355

r-."I.
r

o

F(t) = Fltg)+

£, QD)
J‘ [5: - D:]dt
to
Fﬁgl:_&.}{:t] = Fﬁg(i—}{:tﬂl} +
QRD!

tn
J‘ [Sﬂgl:L-} - Dng(L}]dt
E

o
3 ol 6l p3Y (55,5liS 13 lie Fagrr(t)
SErae $iskaS 2l gl Fagr(l) 4ok
42,8 Sagw) «Joe 55 5 adsl oloj 4o Ll sl
Vgame adye Sagd) ol 655l Ygams
SYgame Spas o LS Dagt) 5 mes @3plaS
15 oes Ll mlie Fr() olad! sl g3 p5liS
5 adgl ploy ,o OMs 1 mbe Fi(to) & oo
Lolas D ( oMl OY game as,e St (Jow g4,8
whie mbe Fill) (Ot SV game Bpas sl
oley 50 ek g plo 013é b (Fi(to) ¢joubs 4 plo
5 05k 9 ol DY gams ad e Si e 9,5 5 4yl
Osb 5l CVgame Cpas ol Lol Dy
a5l s el sln oY 55,5l i wlis Fagu(D)
Erae $iyskeS @lié gl Fagy(to) L olej )
Sag(l) «Jve £955 5 adsl Oloy )3 45k g el sl
Dagit) 5 59:0 5 el Sl 65,5L88 Y gams ad e
5k g el sl 65,5l DY game Bpae 5 LoE
]

&S alel

shol sloadlie b Luls, 2S5 el &L »
L -5 kol Caen gl -l Lo
5 wolal 0l g Comexr adlie 28,5 Sl
3,65 3L sleddls> dlwsdas ladilelu 53 yle < lolss
S50 Ss) b (VY0 ol e 5 LD
aild 0 (Y-YF Yail) o eSS g g byl
5 Silwdae ¢y dlo S gloj o8 5l cg5le Joe
Lol oolinul 3¢ 5 5550 el mlie sl (2U))
Sop Slwepd cSln; e 4 g
Lgyye yoiiie wondasllas adlate 5o duw aiile ubie
Shed g SeSIl sspl el Bds o gl o

GIRATS

Oley 53 emd (555 wlio Fe(l) (30 Brae sl
E5r% 5 adsl ploy )0 hed 5351 @l Fe(to) &
Lol Dr 555 5 2ai gloossl,3 asye Sr o Jos
el 55 g i gloongl 8 b an sl
138 aslolus 5
hol e a3l plae ladg wleln g cpl o
u-‘-’“l-' sk g ple g WL oly; Slady Jels
4 b clanld ol o sBl esbie
gl 435 Copae 5 plo Sl (silupal
Loos axd )8l abls JoSo sliz! olareay
Wloluyy jo OVgame 45 9 (Shzm @ 42y
e 4 by slesls gl slbg,m Jae
Glp e axly o adg oSl 5 Sy
ol e Cl,iwl Joe 0 cab SKSE WY gase
ST s oz 0 g (2] pS Jold ¥ gaxe
b DY game 5 9555 (puae ML oyl IS B
Glel loadldle gl slaesls 4 wiog
ol 5 S e ol 5l s gysle S g5l
5,5, NETWAT 38l 5 51 eolizsl b &Y guame
Sl o ] pleadl, laojlul 5w
50 ol bld Jaw jo gladhie oSl sl i )l58
bl ar by sbaoodls 1 Slow> e59n (i
2 ads sl @l 5l g Lol £ @l aang
ad giledae wl oly <Ol 5 s5b plo axy
5heael cowoty (LS SLla pg ool 2 (938
b o (IS 5 ol asile) sel,; Y gama a5
Syl has Glacg o Gulul nopls Sl
O R85 S0 b eplomil e ad analxe (65 p5laS
i Slge G s &l s SEML] ool 5 b it
(OMed 5 Slga> Gy« 2lS SV game o)
omeB )l e 5 pls STyp3 Bran Sl
GRegn ol 0wl Gl s G e
slalal, JSoay alebop; cnl 2 oSl laalslee
AY-YE Yail) 053 1) b A

Fﬁf.:gz.(t} = Fag(m(to) +

n

J; [Sng':w} + Sagla) — Dng(H}]dt

o

M

Fr(B) = Fr(to) + ®



SHITAS
» L

Slr 9 5o 2l s S S USS e
e Lol o gl s ) 5] a3 1, LS
ooyl d o 5 (sludss Al olsea Slgs g
VWON- SR W oolomy J..\.a g ‘5....1 9 (5"‘353)"
YU g eve Sl sl o ek

sl 00 o.)‘.bg‘)l...i;.i

b dlele (oligy 9,509, Sl 52 182 5 535, ol Sl il se

T 5l JelS by (il (sloos gl 5 515 o)
Aoy e o Sl ey | cww‘l.? dilais
g aibaie JyiS 5l g)ls gladele 51 LA (55
drwgd dile leladl nl 5l gogame idu Wiz e
L.;. &9 ‘_gl.a:olf.';.m._g‘) 6‘4.3.L:.;.a ‘_gl.:ag';:}l.wﬁ)’
&51’“ ‘_gl.{ewﬁ)b u?)l:- I ()l; wg,.ﬁ.» ‘_ngdﬁLaL.u
‘4.9.'4...9" " )0 ‘5))3Lm5 u‘..\.a.‘y oo,.......S" s &4 ..)9.3 f9'°

B XV oW )saui 0 ol aolddswgi 38 —‘sj)ﬂ—u..ai St =Y S
Figure 3- Water-energy-food nexus developed in the Sarab Sayed Ali Watershed.
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Table 1- Results from the evaluation of model behaviour reproduction using the RMSPE.

Variable Time period RMSPE
Population 2004-2007 0.029
Drinking water demand 2012-2017 0.019
Supply of fishery products 2004-2009 0.032
Electrical energy demand 2011-2017 0.031
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Figure 4- Population changes in the Sarab Sayed Ali Watershed.
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Figure 6- Energy sustainability in the Sarab Said Ali Watershed.
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Figure 7- Sustainability of food sources in the Sarab Said Ali Watershed.
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Figure 8- The effect of the Groundwater share of consumption and irrigation efficiency on the
sustainability of water resources in the Sarab Said Ali Watershed.
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Figure 9- The effect of the fossil energy share and per capita energy consumption in the residential
and commercial sector on the energy sustainability of the Sarab Said Ali Watershed.
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Figure 10- The effect of beet cultivation area and per capita food consumption on the sustainability
of food resources in the Sarab Syed Ali Watershed.
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Table 2- Scenarios applied to the model in the Sarab Said Ali Watershed.

Scenario Scenario Changes
number
1 base scenario Maintaining the status quo
A 30% reduction in the area of sugar beet cultivation, a 15% increase
2 changes in cultivation pattern in the area of irrigated wheat cultivation, and a 15% increase in the
area of rapeseed cultivation
3 |mpr0veme_nt_s In Irrigation Increase irrigation efficiency by up to 66%
efficiency
4 development of urban and An 80% increase in water return rate achieved by constructing a
industrial wastewater systems wastewater collection and treatment network
A Generating 6300 watt-hours of electricity (0.0037 barrels of oil
utilisation of renewable - L
5 ener equivalent) per day for each household and establishing
ay infrastructure for 7000 households in the region.
6 modification of consumption 5% reduction in demand for water, energy, and food, resulting in

patterns

savings for residents
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Figure 11- The effect of six applied scenarios on the sustainability of water resources in the Sarab
Said Ali Watershed.
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Figure 12- The effect of six applied scenarios on the sustainability of energy resources in the Sarab
Said Ali Watershed.
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Figure 13- The effect of six applied scenarios on the sustainability of food sources in the Sarab Said
Ali Watershed.
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Table 3 — Changes in water, food, and energy resources between 1380 and 1425 under different
scenarios, evaluated using the Fuzzy Topsis method.

Scenario Sustainability Sustainability Sustainability
number Scenario Water Resources  Energy Resources  Food Resource

(%) (%) (%)

1 base scenario -43 -312 78

2 changes in cultivation pattern -41 -300 116

3 improvements in irrigation 32 240 78

efficiency
_ devel_opment of urban and 13 449 78
industrial wastewater systems
5 utilisation of renewable energy -43 -309 78
6 modification of consumption 37 57 312
patterns
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Table 4- Prioritisation of scenarios by the Fuzzy Topsis method using the criterion of percentage
sustainability of water, energy, and food resources.

Scenario . proximity .
number Scenario coefficient Priority
1 base scenario 0.189 6
2 changes in cultivation pattern 0.245 4
3 improvements in irrigation efficiency 0.301 2
4 development of urban and industrial wastewater systems 0.289 3
5 utilisation of renewable energy 0.192 5
6 modification of consumption patterns 0.755 1
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Extended Abstract

Introduction and Goal

Water, energy, and food are the basis of the sustainable development of societies and they are
inextricably and interrelated, such that changes in each of them cause direct and indirect
consequences on the others. The objective of this study was to present and develop a new
methodological approach that can efficiently support the decision-making and policy-making
process in the supply and demand of a watershed’s resources, and to quantitatively model the
sustainability of water, energy, and food based on the system dynamics approach across
different scenarios. The structure of this framework can be used as an effective tool to improve
policy-making and elevate the level of watershed sustainability, providing more efficient
perspectives in resource management.

Materials and Methods

In this study, a quantitative and integrated framework based on system dynamics (SD) was
developed and modeled, considering the interactions of resource supply and demand with a
Water-Energy-Food nexus approach in the Sarab Sayed Ali watershed. Since accurate and
reliable SD modeling for assessing resource sustainability requires a comprehensive and
transparent database, the necessary data were collected from official and credible national
authorities. For modeling and validation in the study area, historical data recorded between 2001
and 2023 were utilized as inputs for the Vensim software. Furthermore, the simulation time step
was set annually, and the overall modeling horizon was determined from 2001 to 2046
considering technical aspects and the long-term policy orientations of the Iran Water Resources
Management Company to enable the prediction of the system’s future behavior. After
developing the model, its validation was performed using standard SD tests, such as the
boundary adequacy test, dimensional consistency test, and behavior reproduction test.
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The results were analyzed based on feedback loops. By integrating the findings from the
sensitivity analysis with the local characteristics of the region, various scenarios were defined
and applied to the model. Ultimately, the most desirable scenario was ranked and selected using
the Fuzzy TOPSIS Multi-Criteria Decision-Making method.

Results and Discussion

Considering the variables related to the water, energy, food, and social and economic sectors,
the modeling process was carried out from 2001 to 2046. After model validation, the results
showed that in 2001, the population living in the watershed was 56,400. Based on modeling
conducted based on variables such as birth rate, death rate, and migration rate, the population in
2046 was predicted to be 85,770 people. This finding indicates a 52 increase in population.
From 2001 to 2046, the reduction in water resources in the region will be significant. The
decrease in surface water volume in the first period from 2001 to 2005 was about 21 million m?,
and in the second period from 2006 to 2046, 2 million m3 was predicted. During the modeling
period, the volume of groundwater decreased by about 1.77 billion m3. This is while the
decrease in the sustainability of water resources (surface and underground) was estimated at
1.79 billion m3. The trend in energy sustainability (fossil and electrical) from 2001 to 2046, was
an increase of 2.2 million barrels of oil. The energy trend during the period 2022 to 2040, was
decreasing, but it still remained in a positive range, meaning it met the needs of the region.
From 2041 to 2046, negative energy sustainability index values were predicted, and by 2046, it
will reach a range of negative 1.8 million barrels of oil. This finding indicates a sharp decline in
energy sustainability and the emergence of significant challenges in this sector. The trend of
food resource sustainability, considering all four sources (agriculture, livestock and poultry,
fisheries, and livestock and poultry feed of agricultural origin), was predicted to increase from
2001 to 2030, and food supply demand by about 597 thousand tonnes by 2030. From 2031 to
2046, this trend changed, and food reserves decreased to 390 thousand tonnes in 2046. This
finding indicate a reduction in reserves and a weakening of the sustainability of food resources.
The results of the sensitivity analysis showed that, in the water subsystem, the groundwater
share of consumption and irrigation efficiency; in the energy sector, the fossil energy share and
per capita energy consumption in the residential and commercial sector; and in the agricultural
sector, the beet cultivation area and per capita food consumption are considered key variables. In
this study, based on the findings of sensitivity analysis and the identification of effective leverage
points in the model, the consumption pattern modification scenario with a proximity coefficient
of 0.755 is introduced as the best option to improve resource sustainability. On the other hand,
the least impact on improving resource sustainability was related to the base case scenario with
a proximity coefficient of 0.189.

Conclusion and Suggestions

Comprehensive management and planning in watersheds have a complex and multidimensional
nature. Because hydrological, social, economic, and environmental affect each other in an
intertwined manner. Achieving effective management in such a system requires a scientific,
accurate, and in-depth understanding of the challenges and interactions among various
components such as water, energy, and food resources. Despite the effectiveness of the
integrated approach with a systems perspective, its implementation still faces challenges such as
the lack of accurate data, the interdisciplinary nature of the subject, the complexity of economic
and social structures, and existing gaps in policymaking. Based on the results of this study;, it is
suggested that by developing more comprehensive correlation models and taking into account
the lack of certainties and climate change, the field of informed decision-making and sustainable
resource management can be prepared by modifying consumption patterns, diversifying
resources, utilizing new technologies, and strengthening risk management.
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