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Abstract

|mproving the management of water resources on a global scale is critical at this time. The risks that
water bodies are currently exposed to, whether due to climate change or human conditions, affect the
availability and quality of water in watersheds around the world. However, water management has
emerged as a complex problem. In this light, one of the most promising methods is the construction of
dynamic simulation models that may include the largest possible number of variables, not just
hydrological. This paper presents a decision support system for the integrated management of water
distribution and wastewater collection networks. The proposed method uses system dynamics (simulation
with Vensim software) to integrate water and sewage networks with financial and socio-political sectors,
which allows the rate adjustment and planning of integrated operational and capital infrastructure of water
and sewage in three provinces of the Tabriz region during their life cycle (50 years). The results show that
the integrated framework enables the company to accelerate financing for capital and operational works
and improve the level of integrated services due to the integration of financial resources of water and
sewage. In practice, the proposed integrated framework empowers water and wastewater utilities to
manage and plan their assets in an integrated approach to improve the infrastructural, financial, and socio-
political performance of their water and wastewater assets compared to separate management. Physical
asset management is the only way for water and sewage companies to solve financial, social and
infrastructural problems. The sewerage network studied here needs a little more capital work to meet the
deficit policy lever of very damaged pipes compared to the water distribution network, which is in a
relatively better condition. Implementing a borrowing management strategy for the sewer network to
accelerate capital work, a proactive management strategy for the water distribution network should be
implemented with the necessary cash reserves for any future setbacks.

Keywords: Integrated Asset Management, System Dynamics, Wastewater Collection, Water
Distribution, Vensim.
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1. Introduction

When implementing integrated water management, one
of the main problems identified is the transition from
disciplinary approaches to systemic approaches. Until
now, the most common method of analysis has been the
reductionist approach, which basically involves
evaluating the problem from a disciplinary approach.
Their subsequent analysis is determined by each
scientific discipline. For example, a natural phenomenon
such as water management may be evaluated by several
branches of science such as hydrology, hydraulics,
physics, chemistry, economics, and sociology. However,
even when each of these disciplines provides more
knowledge in some aspects, none of them can explain
the total behavior. This scientific approach has been very
successful in understanding and modeling isolated
phenomena, but it has also proven to be completely
inadequate when dealing with complex phenomena,
where the system's behavior cannot be fully explained in
terms of its isolated elements (Johnson, 2009).

1.1. Application of system dynamics in water
distribution and wastewater collection networks
System dynamics! is a feedback-based object-oriented
modeling paradigm developed by (Forrester, 1958) for
modeling complex systems. Several researchers have
used SD modeling in water resources management,
planning and management, construction management,
economics, urban policy, etc. A detailed discussion of
SD applications can be found in (Coyle, 1997; Ford,
1999; Sterman, 2000; Richmond, 2001).

A summary of SD applications in water distribution
and wastewater collection systems is presented in this
section. (Rehan et al., 2013) proposed an interconnected
urban water and wastewater asset management
framework using an SD model to illustrate the complex
connections and feedback loops among physical,
financial infrastructure, and socio-political sectors. Their
work is the first known application of SD to water and
wastewater infrastructure asset management.

Gandoost et al. developed three categories of
infrastructure, socio-political and financial performance
indicators for water distribution and wastewater
collection networks. They used SD to demonstrate how
water companies can use the proposed normalized and
time-integrated performance indicators to benchmark
and compare the short- and long-term performance of
their networks against each other and their strategic
goals (Ganjidoost et al., 2022a).

1 system Dynamics (SD)
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1.2. The importance of managing physical assets in
water and sewage companies

Due to wear and tear of water and sewage facilities,
economic sanctions and the impossibility of supplying
high-quality foreign parts and equipment, as well as the
lack of unified management that covers all aspects of
water and sewage services from all aspects, not only
hydrological and technical, but also political and
financial, social, environmental and sustainable
development, etc., the Ministry of Energy and the
country's Water and Sewerage Engineering Company
have suggested that by following the standard of
management of physical assets in water and sewage
facilities, and the necessary added value of the
equipment, a documented plan in accordance with
environmental changes for ABFA companies be
designed.

2. Integrated asset management of water
distribution and wastewater collection networks
The purpose of this study is to develop the first known
integrated asset management model for water
distribution and wastewater collection networks using
SD in water and wastewater companies. This goal was
achieved using the following objectives: First, a Causal
Loop Diagram? was drawn to map the connection points
and identify the mutual feedback loops that exist among
infrastructure, finance, and socio-political sectors.
Second, SD was used to understand the complex
behavior of water and wastewater infrastructure systems
in an integrated approach and to demonstrate the impact
of complex connections and feedback loops on
management decisions. Finally, the integrated model was
validated and implemented using data from three regions
of Tabriz to investigate the effect of connections and
feedback.

Loops in an integrated approach in SD, qualitative
relationships between different parameters affecting a
system are represented through a CLD or influence
diagram. The positive or negative effect of a variable is
indicated by the polarity of the loop through a positive
(+) or negative (-) sign, respectively (Sterman, 2000). A
positive correlation indicates that an increase (or
decrease) in one parameter causes an increase (or
decrease) in other parameters. Similarly, a negative
association means that the dependent variable is
inversely related to the cause, so an increase (or
decrease) in one variable will lead to a decrease (or
increase) in the dependent variable (5s).

The total volume of treated wastewater depends on
the total wastewater produced and the infiltration of
sewage pipes (Fig. 1). Damage in water networks can
increase the amount of breakage and, as a result,

2 causal Loop Diagram (CLD)
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Table 1. Optimal policy levers for asset management of integrated/ aggregated-separate system dynamics models

NO Optimal policy lever Network Value
Allowable fee-hike rate Water distribution 8.3
1 (% per annum) )
Wastewater collection 6.8
Desired cash reserve -
2 (% of annual network value) Water distribution “
Allowable debt service )
3 (% of annual revenue) Wastewater collection 12
Maximum fraction of L
4 highly deteriorated pipes (% of Water distribution 4.8
network) Wastewater collection 10.5
Desired elimination period for o
5 highly deteriorated Water distribution 5
pipes (year)
Wastewater collection 10.5
Preferred rehab rate
6 (% of network per year) Water & wastewater 14
increase leakage in water networks. Main water leaks Inflow
can be a significant source of infiltration into adjacent = =
sewers. In addition to infiltration, water seepage may A (N stock { =N
cause soil particles to move around the sewer, causing — “~—£" l (I A
loss of support and resulting in damage to sewer pipes. . Outflow
Sewage discharge can contaminate groundwater, which Connector

may be the source of supply for the water distribution
system. Therefore, the increase in water leakage
increases the infiltration of sewage.

3. SD model development

SD has been used to develop an integrated asset
management system for water distribution and
wastewater collection networks. The SD representation
model has been used to understand the complex behavior
of water and wastewater infrastructure systems and to
show the impact of complex connections and feedback
loops on management. SD solutions are used to model
the complexity of integrated water and wastewater
systems. If the system is of the fourth order or higher
(i.e., variable), it can be called as a high order system (or
variable). For example, we can refer to reserves
representing water and sewage pipes with remaining
useful life, water demand, user fees, fund balance, etc.
Therefore, this study addresses a complex problem that
can be modeled using SD. The main building blocks of
SD modeling are stocks, flows, converters and
connectors, as shown in Fig. 1.

3.1. Show integrated asset management method
Three regions of the city of Tabriz in East Azerbaijan
with 361 km of water mains and 341 km of sewer pipes
serving a population of more than 100,000 people were
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Fig. 1. Building blocks of system dynamics model

used to demonstrate the application of integrated assets.
The management model of water distribution and
wastewater collection networks aims to discover the
effect of mutual connections and feedback loops that
exist among integrated infrastructure, financial and
socio-political sectors. For this purpose, under the same
policy levers (see Table 1), the simulation results of
integrated water and wastewater and accumulated-
separated water and wastewater models are compared
over a 50-year life cycle. It should be noted that the
combined-separate model means that each water and
sewage network is simulated separately without any
interaction.

Then the results were aggregated for comparison
with the integrated model of water and sewage. Two
models were compared using a borrowing management
strategy for the wastewater collection network and a
capital reserve management strategy for the water
distribution network. As presented in Table 1, six policy
levers control system behavior for optimal management
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Fig. 2. Results over a 50-year simulation period (water and wastewater)

of water and wastewater infrastructure throughout its life
cycle. These policy levers were set to ensure that the
company has sufficient funds to sustainably manage its
networks. The base I&IGW ratio, as expressed in
Equation 2, was taken to be 0.8, the average ratio of
I&IGW to total 1&I for all three utilities.

4. Results and Discussion

The results in Fig. 2 indicate that, when utilizing
integrated asset management in modeling, costs for users
and pipe leakage decrease compared to not using it.

Water and Wastewater

Additionally, the cash reserve for the reconstruction of
worn parts in the water and sewage sectors increases,
and the lifespan of the pipes is extended.

5. Conclusions

This method has been carried out for the first time
among water and sewage companies in the country
regarding the management of physical assets, and due to
the new approach of the country's water and sewage
engineering company to implement physical asset
management in the entire water and sewage facilities.

Vol. 34, No. 5, 2024
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Whether in the purification, distribution and collection
sector, or in supply, it provides a new solution to predict
the status of facilities in the case of integrated
management for all water and sewage companies that are
in a crisis of equipment wear, water shortage, financial,
etc.

The sewer lines studied here require slightly more
capital work to meet the policy leverage of severely
deteriorated pipes compared to the water distribution
network, which is in relatively better condition. A
borrowing management strategy for the sewer network
to accelerate capital work is implemented. A proactive
management strategy for the water distribution network
by reserving the required cash for any future setbacks is
also implemented. This cash reserve is accumulated in
the consolidated fund balance. Therefore, the financial
capacity of the integrated model is increased, which
enables the tool to accelerate operational, maintenance
and capital works to improve the integrated service level
of the assets. In practice, the integrated model allows the
company to switch borrowing due to access to a single

Water and Wastewater
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source of finance.

A CLD for integrated asset management of water
distribution and wastewater collection networks should
be established to determine the connection points and
identify the mutual feedback loops existing in the
infrastructural, financial and socio-political sectors. The
developed SD model is the first known integrated
approach to water and wastewater infrastructure system
asset management.

The integrated SD model has been validated and
implemented using the data of an instrument in three
regions of Tabriz.

The simulation results in a 50-year planning horizon
show that the integrated SD model allows the company
to estimate the infrastructural, financial and socio-
political performance of water and sewage assets. In
practice, the developed SD model can enable water
company stakeholders to evaluate different decision-
making policies and financing strategies for long-term
integrated asset management of water distribution and
wastewater collection networks.

W"\’JL.HQ ajubrf 099

fA



9390 Al

dx.doi.org/10.22093/ww;j.2023.420464.3378

FF-50 tamiio B o lols FF 0,90 « oML g ol alxo
&IF Sl S pium S 21518 42 LS o p oo (S lodms
Swolisd (Sl S 3 oalaiw! b (5 yeh SNV (59T x> 9 ST
(328 8% 53290 4dllan) muuig JIB1P 5

T3l 3 ) olasbes ke (g ke s 131 o e

eesodll o137 olKitils ¢35 y2unl 2alF ¢ tato S pe (51,250 (ggmtils -
Ol 2585 a5 92ly
Ol Gy aye5 alg oDl ol oKkl s e 09,5 «yLbokiuwl =Y
alavimatin@iaut.ac.ir (Jstuwes s g)

Ol 5y ay05 alg ¢ oMol ol3T ol8tils g y30 09,5 o jLuitils -

QYA Siady VESYVYY ol 50)

W lo s PIS! 3 Dyge 4 dlio ool 4 £l 5l (ST p
$8Tpen 30T 2095 (S (S WbaRuirus (SLBR1 ) 42 HLSs Cu oo (3w Y F 1 ¥ w0335 12 (S (o (S 9 (opw 3 iraman (oD
FE-20 (O BB 9 0T (32395 34 (59530 datliae) aad g I 3da 35 (Srolivd (Sl o 3 03l L (5 1 ML
https://doi.org/10.22093/wwj.2023.420464.3378.

0 S

- “

S8 ol o p 2l Grdin pols Jlb 3 & STiks !l (Sl gloj ol 12 Sl b 0 O @ilie Cu ue 29
Loy liS g0 i o sl SBAS 5 13 O CusS g omw yiawd 1 ¢l Byl b (29 9 o Sy oy 4 e
S L gy 50938 lgnel 51 (4 e (ot )3 Canal 000 SRS Bty JSdo S ey O Sy e 3929 ()
ot il L i 1 S a5 (i Jols 3 A5 (S b e oD ol (3 85 o gy (8 rtgns 510
9y D13 4ty NS (g polamar 5 OF gt (SLaaSudd da LSy Cutaie (5151 1) ol (Sliady a4 ¢ 5T 54
—elain] 5 o gt b OIS 5 o (5o st (62 (ommiy 138105 s 8 lurtuns) s (2liss 5 53
o )3 IS g O da LS5 (Slaslo s 9 (Fllos Sy (552 )00l 9 £ 5 waldld ()l oS S o0 03! cawlws
5 3jigo 215 1 8 5 i ol o 515 s s 5 o1y3 (Jlus D+) il yo 4y Jgb 531, a5 il
Sloss gy g Mhides &y 1y (Flbos g (laslo pur (610,157 (51 o (oli M 9 O o galio (g5l LS Sy
S yimolpt g S e 1t 1 Mo g O (S b (dloimdiy 4 U0 a2yl os 5 s 39 1) 42,0
395 MG 5 Of (gl (ol - (Sloial g (Jlo o Bl 5, MMos W51 (5152 ) LSG 2,509, Sy o 255 S alfs
O S (5l WS g O GRS o Jaoly id (S jud (115 Ca g o oS o0 Mhodlgd (I3 Cu pito U dung B 43
i B 2,363,035l (6 s o5l pos a3y (! 53 Axlan 3,90 MBS oS a1 5 olaiel Lo
it (S5 sl g 2945 83,915 00,10 (6 it bl Cunidg oS o 2598 4 by druyllo 13 O3 Jlonns S0 (g pouS
Lol a5 o8l gl JUd G pate (G351 sl G by @ poadi 1y dtlopaw )15 B 3905 2] OWSL ol 512 51 !

29 1yl syl 8] (Sxilecds g5 1 gl jLid g0 i by 8y D

a9 . | &S Mol kS)}TéA.; (P Saolizs (IS ax LS ju3w (sals slac s

Water and Wastewater oMol 5 ol 0
Vol. 34, No. 5, 2024 VEY Jlo D ol FF o0


https://doi.org/10.22093/wwj.2023.420464.3378.

dx.doi.org/10.22093/ww;j.2023.420464.3378

g ) 22558 oA (glaptuns Glo ol )l 4z LS, o e g5luads

JJ\JL&Wm\bxstsn&yiﬁbuéj‘:ﬁ)e:;@uu
.(Rehan et al., 2013) uuS (6 35 sanbi s 4z LSS 5 S5, G

o nion 5be e 5Lz LSS o seie K S S 3k

53 4t drms 35 s 53 VAV Jlo 5T oMb s LT sl 5

.(Grigg, 2009) <.l
Gz LS o g 45 0s Skt S 5 SILS
J(Katko et al., 2019) el s aib 5y JolS 5 sboas o]

{(Mohammadifardi et al., ale> 51l ins35 5 6 laus

2019, Rehan et al., 2014, Ganjidoost et al., 2021, Hawari
et al., 2017, Duchesne et al., 2013, Elsawah et al., 2016,
Mazumder et al., 2021, Mashford et al., 2011, Roshani
and Filion, 2014, Park et al., 2016, Tran et al., 2010,
Syachrani et al., 2011, Scholten et al., 2014, Kleiner et

sl slelas sl Jueal., 1998, Scheidegger et al., 2011)

bdics oml 2l wadlsls €1, MG 5 OF slcsla;
Sl 51 (5555 o nae 5oLl 5 bdae S wns e ol
el e s e Jlesl OB g oylaer L Gl s
sle e ;0 S5 6l m L s dism s3ledae o SIS
sl g5 Gl Duendh LS Sy pae a8 S

ool 3 a8 e Sl 1 oSG 55T g

3l i SlaaSend 53 W Saliys 3 ,8-)-)

NS (5551 o
355534 o e 1,58 s3ladne 80 G Sl
a5 dn (St (s3ledas gl 2B b g S e

Gibwdae 3l iy sy o (Forrester, 1958) ol sl

S i oo gl Su i 5 (g3 paali 2y pae 55 SD
shata G il S eslizal 6 ed Canliw 5 sl Gl ol

(Coyle, 1997, slo jinss 55 o550 1,SD slas 5,8 5
o3 Ford, 1999, Sterman, 2001, Richmond, 2001)

GJ)T('—“-’. sl 22255 s 528D 8 Sl gl eadls
LU -3 ) - E P (W1

3ol by Su s gmsly SO ollSas 5 ol

! SD Jae S haslizal b1 s o 4 40 IS0

1 system Dynamics (SD)

Water and Wastewater

Vol. 34, No. 5, 2024

dodio —

I O L P ] P K R CH AP U L 2
ot 3,750 55 4o (bl slas S5, 5 NS eas olulis
033 21 S 5 s Jeos oiﬁ@b Je e bcal
5 S5 nal bl s Sop, 31 ISt 3l ol Ll 8
0 Lol Gl Syl b e s 50 Sl S LS
am Jedo s 525 (sl Ll sassle (liat @ ank laens oy
Sl oy sy bm pante ele 2y o b T
Pl g b ol oS O o e ale acb sy
3l s (S 58 S g5 aibe (e
NSa o a8 Gl o Jl (nl b sd (2l] mlidanals
g oo Shlbaacr 51 (5 s gt (Al bad, )
e 3,0, onl s s 515 JS 5l a8 e Wl 51
Lot il on s G850 Sl I glosis g (g5lee 5 S s
O 5 S sacmy sloeanny L enlin 53 45008 Sl rien
O F e ey P N VR O] S CH
.(Johnson, 2009) ceul 5L SlS s s

b oot Sl oo a8 Kt sad & e K o
oMb g5l e S 5 a0 el panel) (6l o
33550 w3l b a5 4SS n (5550 1 208 G
(Grigg, 2009) » 55 s s la g 4 puueas

Oslom ps S0 g_s)ﬂc—o-? sl 255 Sl
sl - g e S Jlss erl by S )13 S
i U s e Jlo s b - elozal o (Bl 5
Ky (b e Ol oad a5 OB e (Jle ol e
Nl ol OWBB sl (i (b 0L 2 5l
e 255 o0 D ol St 5558 00 035 e O (gL
Clsi s yde sl sl OIS 4 358 sl ez 5 1B
555 ML Ol bl s S &l S o 4 o wil 5 o 2
3 o dlaza ol 5 Glniy o) o Sl Sl S
S S I asns slal Wlpn dyd 1 NS 255
a5l OF 55 ps ol poin ol S a5 T

S 3o D15 a8 0 S PNl s 5 ols,
oMb 5 OF (ol ot o hilize dal; g5l

Q
VEY Jlod osled FFo,ps =

AO



D)

dx.doi.org/10.22093/ww;j.2023.420464.3378

OhSes g o5 (sortxd draw

st Jlo i 5 Shas gl pasls 1wl g o T bS5 655
s 8 les sl 5 035 S gl galeidoy SLas 2 LSS 5
Slaal s Ka$ 2l 5 oli el Dueads 5 Sual S
(Ganjidoost et al., s, e g oS eslir ol 3 55 SO 31zl

2022a)

SLCS 5 )2 (S5 50 sl alils Cu p e f 5d 5o Sl Y-
ML 5 o

5 @olal sl o oNSB 5 O Dbl (S5 g b 2o
Wjﬁjuggﬁpl}@}puh}wﬂbo&\rw
sbeS 2 Gle,olas sl e S LS o nae S 550
5 5 S5 slasis s G s bar dan 515 Ml 5 T
o Ml x5 g (e shams lazal  Jlo b S
OV s 5528 NS 5 T izgs 88,8 5 5,5 & l55 0aS
35 oS gla gl e Sl 51 (55 L o il
1 Sl 513 s 58l 23Sl Sl s
$l= ltae Ol U gldae 5 0gae 4l 5 2l s
L sl § 330 o) 45 0 (55 50 b Ll oS 2
5h Sl asile gl Glapns S, (g5lwand
il LeSal, e ime Lo LBl s oL

3l g5 Gemd (s 4z LSS o e -Y

NS (¢ ,55T g
=ols 42U o e Jae el sl a5 <t 3y ol 5l e
L oMl oslamer 5 f asp sboaled sl s wslis
Lus ol oMol 5 O oS5 5 SD 5l eslical
6\J_3~t71_c431>j>}¢g§%\x;.\ 1 Gime 5 Blaal lestazd
2 o8 iz 5, 955k slaails pluls 5 Jlasl Bl ganp b
3525 ol = tlaxxl glo t5u 5 Jbo el dbcsle 5 ol
5o sy S5y S5 G SD s it 55 s
03ls olts 5 4z, 3, K, SO s Dl o sl
e Dlaraal 25535k il 5 sany SVl 3G
adbate dus glaasls 3laslizal b ax LSS Jue ol 5wl aalieal

! Causal Loop Diagram (CLD)

Water and Wastewater

Vol. 34, No. 5, 2024

ol 53,5500 sl il yoa oy OVl 0sls gL
sleriy ool bl s 2o 5 Jbo o (S glacslan
e (51, SD s sl 5, LS sl LT LS s
.(Rehan et al., 2013) 55 &ML 5 LT Csle s slasl s

31t Jaee o oblsen 5 ol 1K R s o
L goes F aip sboos o slm Jle slnly Cunae
~U gl (Rehan et al., 2015) u5s,S slou!SD 3l sslaz |
sleasbans ol sl 5,550 gladils 5 Joline Ly,
LS ol = gelozal 5 o la 2o ool 5 oS8 (S5
Lals
3 s T Lol sl 61D Jun K o Kily 5 S
38 sl asial galaml OISl Co g ed bt K
o 515 il 03 S S (51 iz SD e S Wl
Saaatly gL s st gl oS sl L 5 O slolis

1558 sl e ad) b (g, dihate G s (5 Sl slols
.(Qi and Chang, 2011)

6)57(5«’. secsle; 628D Jue K oK 5 ola,
CHBU St elanal s Jlo o (S5d slaion o 25555k
6L¢r_,m\ 3 s gome Joli Jus O—i‘ s S sloud (S
AU L ams oo 3lal &S 5 ol e 4 4SSl —tedas
5 5 s Shas 15 3005 5 Jb el slas 3l
(Rehan et al., oS o, Slas 5 Jle C'TL‘“ slalae
2014)

I,345 8D duaﬁJ\S«Q\JK@)QBJLgﬁ:uﬁ@j};J:
ng el s S ) WA ‘5)}TC_°” 6\.%.:.....;..» (5\,3
ot b 3% JUaSlnl S e slas 31 ol 3G
(Y) (d=lin s Jolizul o sas Gho Gsao 350 (V) s S
oL il s lo s SIS 5o e (sl 2y S50
IS s m sl (2l b e el (53512l S S a3
&ﬁi&bpcb.adb&,c);},\sbﬁ&\pg\)ﬁ;bﬂ
(Rehan etal., 2015) sl ,» ,iStlas o |,

6\.&7045-{_.4 5\:,\.9\_....\]:‘) LD e u‘)m K] &:a_wj.\:‘di
sl =8 b gl m ) Jlo s (ol (slazals Slas
Sl ols olis 6,y SD 51T sl w55 IS wﬂ@’-

\\'”\’JL..'.OaJLe.;‘\“faJ}:



dx.doi.org/10.22093/ww;j.2023.420464.3378

g 1 355 aSd Glapiuns slaalls 42 LSs o pae (gilodnd

2 (GRelSL) (al 8148 ums oa LA RL (2 585 il
Slaas a3 (Gl L) Ghalidl 4 e OF oS8 Ll 5
R2 s ail> ol jsba (R-1-1 JSE) 552 00 200
SIS s Ll 3 s ((RelSTL) Sl S s e ol
35-50sm 4k Sloas b s (FalSL) GRall 4 e
e 5o I3 S s L RS il oy 5 (R2-1 JS2)
Gl (e Gl J58) ol e ol g S Sloas
o Gl L s o Rl L0 it an e ey
Gl 4z S Slaas a5 aly e a1l s S
(R3-1 JS3) b

Sl oS e IBEIL S aes e oL BT Jslas il
onl b I3l 55 (Gl (28) Wils o Ol e S JU
Cold, i g rmde Suld) mhs GalS 4 o (58]
Sloas iy Cold) i s (5l (05 D550 4 5 2
Al 55 on Sl (Vo v b ko lide o) sad 1)
2yl gl ol bl g iie Sols ) pl
saSslaze dil> (BL-1 JS5) woly o 2alS )l w50 vl

Szt o als o 5o S (581 S s n L23B2

s500S iz gn S 1) O w55 s 5busi sl 2 00
Sl ol s cans g wlo i S (6l 552 90 (S
st Al Slans a3l Sl S s e
(B2-1 J52)

ot 5 S 2l o ams o oLt B3 saSslaza ail>
Sd 3l gl o5 e (S SlalS Esl AL
LS (§lm 357 50 (S 5 508 3 530 S LbﬁT@’.

(B3-1

SD Jie daws 55 -Y
&l b (=l o e s S a5 61 SD
e el s sliazd OIS (6 5) ez 5 O 555 gloasd
3 5 bt sy S5 S)s sl SD iyl
535550 gaails 5 summy Vel L3b cpols plis 5 oSG
$olwdan 1,2 SD Silaoas sl sz sslatwl Co paa
Vs g gn solizal S 5 T a2 S slants (S

Water and Wastewater

Vol. 34, No. 5, 2024

L oass b s oVlasl L3l b as glaesly 5 onmalasl o5y,
S s

O S Jal; SD s ag USG5 S0, S s e

L CLD G b 5 s SO 50 il sl maly

by e K e b oo 36 wms o ples 1 L5 s s

(0) e L (+) oo e b Sl o 5 4 il o kad

OlLis St as s S (Sterman, 2000) s 5 oo oals oLt

L) ol Eel melily G s (L2elSTL) ol 53 o8 e o
ol it W gy vl s sbe 5 e b el sl e s (a8
ol e ls s S o e b iy itie S el e
(RIP2I0) palS 4 smte 1dne G s (LRaSL) il 58
JS 4 s il OIS S o sl g5 (o) sl e
JS2) by (S OB lad 355 500 0 5 OIS
0

O 53 5 (S Ol Wl 50 T gaeSit s 5
Sl ool ccas s 2l 1 O sbeaSs s cots 258l
s e adl 5 olne IS 43085 (615 ez 5 BB me il
Gl s S ol a8 s Cel canl (See O s 585
o 55 5SS xS el a3 558 OABL
Slge SISB 5l my 5 058 ONSL cad g 4 "
Sl el e Sl o San S a8 fT1 a5 slel]
Rl el of cats (a5l by all ) w5 e
258 IS 554

iy o 5ol 4 s by o 2558 T et 2153
S a5 glime 4 SIS 3585 2ol 81 e oS 2k
2500 o gl OB oo al 8l 4y e S Sl 2l
4ol 088 S Sloss mh iz LS Sleas pau () JS3)
St 4Ly Do prbans S e (5505l 5 55 0l 2t
Do o Sd Lli ol Ol 5 Ol sl Lyl i o
s byl 5 s Gl o s a8 55 e 6831l oS
Comos d ad ) S > line 4l 5 g s Ol 15 slins
il ol s Cand s Gl bl sl ool Lyl 5 oy e
SIS iy i Sely (a5 SRl e SRl et
L) ssdn D5 S e oML Bk & 5 Gl B3I L 5558 e
(Wb il Sl cans s

\\°~\‘JL~.O=,L.LY‘\°U3:

oy



dx.doi.org/10.22093/wwj.2023.420464.3378 K 5 ol (sard dpons

oY
Sewage
Water + Treatment
ET reantrdﬁgnt Expenditure
% Expenditures +
Wate it'c
Urit g Netio::k Population Sewer Lé"t t
Water Lenath + Metwork ewage
Treatment ’-I/ "9 o / T~ Length Treatment
o

Total

Water Water \
Maintenance <t +Supply ——_\“\"; Sewage +

. Generated Sewer
Expenditu
nures r/' Maintenance
Water Sewar 4T + Expenditures

Cash
R1 Available Leaka S Total Sewage
oe \\—_i__/i Infiltration
\Water Q for Water + + Treated + o
Operational Maintenance .
Exp itures L’
Available Water @
Cash _[\:\\:‘: ilabl — Metwork Ns?mrk Cash g~ Available
Water ash Avarable Condition ehwor Cash Sewer

for Water 7 Condifion— Available _

Rehabilitation \'." / 4. for Sewer .|./
— Mainte
Water R inienance Cash Available

Rehabi litation — '“ézi?itzd =h Avallal
Rate e
+ \BD Level Sewer / Rehabilitation

Rehabilitation T-;
Total Costs + Rate " o
‘-gl"'l’ﬂ:-m 1\‘—k____4.water CE'F'”E" Acceptance g:m;farl
PRy Expenditures of Fee Hike @ Experglm_.res
S (
Revenue
it Cost + \Blllable
on Fee tike / s

of Water User fee il
Rehabilitation O + .) olume

Cush:ma
Saﬂsfac:hon— User Bill T Fund
Level Balance

Total
4+ Expenditures

-+

Fig. 1. A causal loop diagram for the integrated asset management of water distribution and wastewater collection

networks
BB gl o, < o5 S alils 4l o e 61 PEPHE RN -
Inflow
T =
2D T " Stock { ) o4
WA H e oy
. Outflow
Connector
/}
7 e
e
Converter

Fig. 2. Building blocks of system dynamics model
s Saltys Juo gLzl oSl -Y s

Water and Wastewater ] 0
Vol. 34, No. 5, 2024 VEY Jlo o)l FF o5



dx.doi.org/10.22093/ww;j.2023.420464.3378

g 91 @355 $loaSd slogiun b ol)ls 4z )LSs o poe (55luand

s 3l 0slaial U b J Cons g 5 55 0 il S s
eaber il 5 S Ll O Olios 5550 gaias
st slgiey (WRE, 2001) M5 slol sloaly s s
NG
LA&D) 358 5 53555 20 0bz w2 0LSen 5 0l
Ol ol s S St bl ) (sl Lyl s s s il
395 Ol ol 2 S G bdd e8> L aS il e
GLSd (S5d Lundy o 0, 555L dil> Gl e Sl
Ol Sl Sl T 2 gl 3 ol 525 oMM 5 T
I 58 gl e 5 U0 e 5 e 1S S e Sl
> AR5y o=!(Rehan et al., 2015) ail ;slxe DL
5 (BW) n35 21 () 108 on dmlono e 3 51 1&D IS

ol e (Y

sad e Jlade S sl 1&IGW Ll s Jows
Total 1814 1&IGW s pens 5151 (V 4 yio) LS Lo
IR RS NP {FESRRCHN NS RN B T) () K SRR SO

L Internal Condition Grades (ICG)

Water and Wastewater

Vol. 34, No. 5, 2024

L ol olsTim (omitn sing) 236 YL osler 43 5
(Forrester, a b (mize L) YU o ot S 0l 5o
23 (plew ) it Sler 5l Gt ool Jao 2 1958)
2 ol e e plge s ad (s Jace ol o3 500
Lol il ahe oe b OO 5 T glad ) sasasplis
o5y ot el 3 S LE Bamio saile 5 I8 a0 T
So 4 SD sl eslinal b wil 5 po S sy samn IS0 G @
538D gl Lol Slasle gbcSsh s sd Joas Juo
ssls pLas ¥ S s o st bsasasJlast 5 baJuse gyl >
RGIV R
b a5 S gz baibihumea Lt el
Cold) phaw 5 OISL 5 Of sl J (5o52 50wl i
S L Latdlab 31aasladl BT samsplts cplgm s 2e
ol Jleel L Lac b aply_z womad (Lagl 2 (ms)
oyl a8 oas b asil g5 a5 s e JUil 1) e caips sa

35 Ol 23 Dge 4 0k s elew o

STOCK(t) = [[Inflow(s) — Outflow(s)]lds + ()
Stock(t0)
2955 Olpe i U aS e Joor 15 SleMbT basacas Jlas!
PNE YIS P JYUPCINTC | (NP AR R
$Lr g5 53l (sls 5 SIS ol Ll s o oo
08 SLSd 2b LS Sy e 612 SD Jas s o
sbosl, s () :@\J@M&ugwudﬁ\@q,g\
S (VS Ja (Yol ol ezl
el sl Bl 5 8 4 i ol el - s loza
e LSS colu )y pisu-)-Y
Sl a5 OB (s (5397 90 smsplts 25 ol
ssb o A5 Ol ad ) e RIEIL S 25 af o)
i g kel O (S5 Cand il o 18 sl
= o2 o= s (Ganjidoost et al., 2022b) » 55 oo gAuaibs

aadllae 5550 ST 53 5hins 655l mer 3 g7 gm slansls b
= ol 1y dome nl sud sl Jos 55,8 sl lis (6l
saee g S of aSed adly ol Cadl Cuns s ol
= b bl 5 OB Gad ) (58 Cans s s S

\f‘*JLw‘O#)uxf:)‘gJ

of



A8 dx.doi.org/10.22093/ww;j.2023.420464.3378

Ole 5 ol (s0xsd drans

Sewers
Lengths

1&IGW Rate
by Grade

Annal I&IGW

by Grade
1&IGW

Base Ratio

Annual Sewage flow

Annual
1&IGW Flow

€3

)
1/ Cum I&IGW

Cum
Annual N
1&IWL Total ;:ui,% 3] Total 1&!
Base Ratio Annual
“ Total 1&I
Switch 1&IWI
Initial Wi X
I&IWL Rate <
by Grade .*)) E ; : :> Cum I&IW1
/_~ = Annual
* S AnualS yo i 1&IWI Flow
by Grade ; s
Sewers Aniaiail O
Lengths Leakage

Initial 1&IW1

Fig. 3. 1&I calculations for the integrated infrastructure sector
G s i (6 18] Sl Y IS

=2 JS Ui oS s Totall& o b S oy
(F dolre) 08 s 1 YL 0L >

Annul Total Flow = Annual Sewage Flow +
Annual Total I1&I Flow

®)

YL WI o s 53 el 350 O 8 Sn 5 S
(ICG 1-5) sl Lyl s aor s SJle cpl bl o 20lS
= 2 (ICG 5 ¢ Yl (i) by Sl OMSL lad
el YL IBIWE s e Wl sl o 218 SYLWI
SV WI e Jitn ]tz Gl 15503 S 53 oS ol oo
Chacas 5l abses 5 ol Of Lyl s Wil s Wy
byl b S S e dalae s J 2515 1&1 S o
(0 dslas) sls Sy oSG bshas _Lsls

©)
IF ¥?_, Annual I&IWI; >
Annual WI THEN Annual WI ELSE }?_, Annual I&IWI;

OT BL 45
s OB 3 sl bl s Ol pes samsplis

Water and Wastewater

Vol. 34, No. 5, 2024

[&IWI 4y Crs Jas 108 oo aenle |, Total 1&1 4 1&IWI
B 6J:§ej\.x5‘ Y dabee shestazad b

[&IWI Base Ratio = (1 — I&IGW Base Ratio) X

(lnitial Total I&I)
Intitial WI

™)

OTJJ 45
J5) o Initial Total 1&1 a3 5 T GW oo cezs W

r_apmltlal WI ‘ﬁ)uLjaMumbﬁSﬁJ}db})}
s
adin slads s3> I&IGW Rate by Grade Juaw JACG ,»

Gl gt sasie 8l g Sl aVL OF e
aoly 53 s 2T SV 3 i oo sl IS g s
ERACG 1 (gl el psba (T JSC2) el ) J s b
Sl I Jyb asly 5o O cnts 6V 348 o (51 S
Total I&] = I&IGW + I&IWL ()
OT DL 45

el ST iz sazasglas W RNy O sazasylis GW

QMB}&,JT
\f*\’JL«.OUuX‘f:”:

Q



Serial
Launch

New

User Fee
WW Curent Yaar mw;:.d
User Fee Change
Principal b
Debt Issue
Debt
;o Accepted

m Fee Change
- S g \ Issue Fee Hike Acceptabiidy

Fig. 4. Integrated finance sector
kS e i -F S



AY dx.doi.org/10.22093/ww;j.2023.420464.3378

OHan g ol coutid drow

‘Consumers’
il Fee Hike Acceptabilly

Bil Use Fee Hike
Hardship Thieshald

Acceptabilty Level

Fes Hike Financial
Burden Acceptabiidy

Inflated Household

Income
Annuzl Hausehold
Incorme =1y

ol
Burden
Fee Change
Real Dollars Rate Bill
. r——-—\v Burdan
ot User Feo
Price
Elasticly R @D—'—
Change in
Waler Demand
Newr Walar
Demand
Derand Cubichlelres

Adjustment Perigd

g DaysPer

Fraction Highly
Delaricraled Sewar Pipss

Fvetage Annual
lousehold Bill

Avetage Annual
Househeld
Gonsumption

o

Water

Price Induced
. Reduction
Hinirmum
Water Demand

Water Demand R [ —
Rate | Peputation!
i i

Aanual
WWater
Consumption R

"Consumed i
L1

Conzsumpiva
Use Fraction
Annual Flow Sewage
Annual Sewage flow Ganeralion Treating

Sewaga
TreatedEx

{ =
4

Inflated

Average A:‘“‘
anual .
= Household Size Ta';h!-’ Umim?rm

Tatal Water
Consumptie

Fig. 5. Integrated sociopolitical sector
b = el g LS i -0 S

ol - izl 4z LS0 Ao -Y-Y
22 S e Dbl g auly o | ol rde Sl iy o
D US55 o5 S o i1yl g S Sloss w5 T Lol
LSS slad 5l 68 Sl (b Ol e 4 lad osls plis
iz (213 @ 55) bl coxs s L oMl 5 T

S S it ol s e )5 O
RO PIFS K SpPICar SRR SETS VG JUPSSIENL &' Pyt JUPope!
oS (Bl s O 5l 50055 samslis s G (5 S
TEREPE. PSR N §1 FRNEL WE L PURNEL I (LIS PRI I
b sl 3l 555 o0 solizal bappez 6Ll s oS STl ol ye
Lol b g o Lolo vl O an JS Jase 3 gd 0 o
(55 ) 5,5 5 st 5 ] 61
st Bl Sleas slaws 5 g s ol slolis Kl
o gl 1) b glap 2l ) Jpazr ol 2805 b
s Sl wﬂcv. sl o5 sbss obb ks

._UD:GA

L Converter Sewage Flow

Water and Wastewater

Vol. 34, No. 5, 2024

e Jlo iy YT
b5 T bt S iy gl Jle i
355wl 3 sl ) S8 8 s Saestl, LS
sl i Sllas bty sn o) Loay o S (4re 5 glaasy 5o
3 g G s B D P AR e et 5 G aio sl (o
T S8 aal s el s ol s wols ol ¥ S5 s S
SIBB IS 5 T G e JS LS e bl Ly S
5 IS aeTss o sl Gaaio 5352 50 03 5500 e )5
S g 5 Eenl b iy LS S CJB“’ Js
TS 5 S el (JUy/M3) o3l 5 LT ssly e et
55 0l it 3 oMol 5 O Sleas sy sn iy oy
S g0 4y 5
sl Sl ol slaaal s s S Jbe 2ss
S o fomad JSJ—ATJJ Ol ol S s oL
lo s gloay o sl gl 258 b e bl
Ol eS8 Jle mlie gl LS s 4o 5 Glles

al e

\\"*\’JL«.OUM.\"?U}:



dx.doi.org/10.22093/ww;j.2023.420464.3378

g o 22595 $BaSd slptunw slool)lo 4z LSS Co pae g5lwand

SOl é)ﬂco-’. sl B3y sl b 4 LS S pae gl sl a2l =Y Joiz

Table 1. Policy levers for integrated asset management of water distribution and wastewater collection networks

No. Policy lever Description Unit
Preferred network Percentage of total network length to be
1 . . %YEAR
rehabilitation rate rehabilitated/replaced each year
. Maximum allowable debt as a percentage
2 Debt capacity %
of total revenue
Maximum acceptable Percentage of pipes in ICG 5 for sewer lines or
3 fraction of highly highly deteriorated water mains (as percentage) %
deteriorated pipes of total network length
The desired elimination L . .
. . The elimination period for pipes in ICG 5 or
4 period for highly . . . YEAR
. . highly deteriorated water mains
deteriorated pipes
) The maximum allowable increase in water or
5 Allowable fee-hike rate %YEAR
sewer fee per year
6 Desired cash reserve Percentage of total network asset value %
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dynamics model (example units are given in metric)

Table 2. Data requirements for the integrated water and wastewater system

Sector Data Unit
L . . . Kilometer[ km ] or
The initial total length of a given pipe material [km]
meter [m]
Network condition (condition assessment history) Year

Inflow and infiltration (I&I) and water leakage volumes
(for the deterioration model)
Inventory of water meters as specified by the diameter

[m3],[L]or [ML]

Integrated water and in millimeter mm
wastewater Current and preferred rehabilitation rate (percentage of the %/ ear
infrastructure network per year)
The maximum acceptable fraction of deteriorated pipes over %
design life for water mains and ICG 5 for wastewater pipes
The desired elimination period for deteriorated water and Year
wastewater pipes
The unit cost of water, water treatment, wastewater, and .
Rial/M?3
wastewater treatments Ccurrent fund balance
Current fund balance Rial
Current and history of capital and operational expenditures Rial/Year
Unit charge of potable water services and wastewater .
. . . Rial/Year
services per service connection
. Approved fee hike rate %/Year
Integrated finance .
Development charges Rial/Year
Unit costs of rehabilitation/replacement, operation .
. Rial/M
and maintenance
Inflation, borrowing and saving rates %
Maximum debt capacity per year as a percentage %
of annual revenue
Desired reserve fraction as a percentage of total network value %
Population (number of different classes of customers. such as
residential, commercial and institutional) )
Population growth %/Year
Usage history (i.e., water demand) Liter (L) per (p) capita LPCD
(C) per day (D)
Integrated Minimum water demand LPCD
sociopolitical Price elasticity of water demand -
Annual supplied water [V
Annually treated wastewater M3
Annual average household income Rial/Year
Average household size -
Service coverage area M2
Water and Wastewater Mol 5 of
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Table 3. Optimal policy levers for asset management of integrated/aggregated-separate system dynamics models

NO Optimal policy lever Network Value
Allowable fee-hike rate Water distribution 8.3
1 (% per annum) )
Wastewater collection 6.8
Desired cash reserve -
2 (% of annual network value) Water distribution “
Allowable debt service )
3 (% of annual revenue) Wastewater collection 12
Maximum fraction of Water distribution 4.8
4 highly deteriorated pipes
(% of network) Wastewater collection 10.5
Desired elimination period Water distribution 5
5 for highly deteriorated
pipes (year)
Wastewater collection 10.5
Preferred rehab rate
6 Water & wastewater 14

(% of network per year)
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