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Abstract

Improving 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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Extended Abstract

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).

! 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 (s).

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,

% 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
Allowable fee-hike rate
1 (% per annum )
Desired cash reserve
2 (% of annual network value)
3 Allowable debt service

(% of annual revenue)

Maximum fraction of
4 highly deteriorated pipes (% of

network )
Desired elimination period for
5 highly deteriorated
pipes (year)
Preferred rehab rate
(% of network per year)

Network Value
Water distribution 8.3
Wastewater collection 6.8
Water distribution 4
Wastewater collection 12
Water distribution 4.8
Wastewater collection 10.5
Water distribution 5
Wastewater collection 10.5
Water & wastewater 1.4

increase leakage in water networks. Main water leaks
can be a significant source of infiltration into adjacent
sewers. In addition to infiltration, water seepage may
cause soil particles to move around the sewer, causing
loss of support and resulting in damage to sewer pipes.
Sewage discharge can contaminate groundwater, which
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
[&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.

Journal of 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.

Mol uTA.l:u
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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
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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.
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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 e o %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 i .
) ) The elimination period for pipes in ICG 5 or
4 period for highly ; . ) YEAR
i i 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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Table 2. Data requirements for the integrated water and wastewater system

dynamics model (example units are given in metric)

Sector Data Unit
The initial total length of a given pipe material Kilometer] km ] or
meter [m]
Network condition (condition assessment history) Year
Inflow and infiltration (I&I? anq water leakage volumes [m* 1, [L]or [ML]
(for the deterioration model)
Inventory of water meters as specified by the diameter
Integrated water and in millimeter mm
wastewater Current and preferred rehabilitation rate (percentage of the % /Y 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®
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
Integrated finance Approved fee hike rate %/Year
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) i
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 M’
Annually treated wastewater M’
Annual average household income Rial/Year
Average household size -
Service coverage area M?
SNb 5 Of e
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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
! (% per annum ) )
Wastewater collection 6.8
Desired cash reserve o
2 (% of annual network value) Water distribution 4
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 3
5 for highly deteriorated
pipes (year)
Wastewater collection 10.5
Preferred rehab rate
6 Water & wastewater 1.4

(% of network per year)

;.,T@,oj:k;@ﬁu,m@\d\j.mn\wm SD Jue auls
S5 i S 5 Ol 4z LS Jue OIS 6)3‘@-’. 3
bt 555550 il U ol 6 S 2305 5 5 15
54l L 5 Ol L et Sl sload sl
el saal b8 ya-F (S5 s &S sl plti s g llan

s () Jols b 00 (5 500l 381 G s sine 23
P 3 sead 5 o33 (VLS s SRl (Y 8
(I&I) YL 3585 5 55955 (O oot Dlons o (F e srens
S ey maf s wus el sYu Ol e (5
s 1 s ch_e WEWW 5 45 LS WEWW sl oo
L sl JLa 0 55 Jae 95 5o (5= 45 o8 a5 s o0 ol
Syt bl oo Rl Jle Ve @ s e JUis Ole s (s 5luka
»oblag(af JS8) b o wlsl 5luad oLL G s
e Ol Soad Sl S e ol 8l iy S e
(b-F J2) ans o ol 5 Jlo 5o s e o 5o

Journal of Water and Wastewater

et Sl 208 (g 5latd Jalad 6587 05 5 3o D 50
9300 et OB 5 Ol (il Jae b aslie (615
S gl Bl o e (551l SO Sleslizal b s
Shm e 35 S e 32l S 5 OB (5T mor
s GLIF i 55 5k olos iad amlie o 35 05
i Sy e S | i 5L (o s ol 23]
US55 (Sais 6z dsb s Sl O gbesle s
St Sl 51 olinobl sl tala s s al o a5 o
b oSl 553 SeaSd luly Sy e gl (S e sl
I J&IGW 4, o ot 5o ¥ dslen s & ob plos it
o G R I&T S GIKIGW s Sl s a8 S a5 s

RSO 4 PRV

Cov y golwdned gl ) -F
Sl (b-5 52-F JS2) LS oMl 5 O o s Lzel

Vol. 34, No. 5, 2024

\YeY JL«HO a)l.o.i.\"f 093

g



dx.doi.org/10.22093/wwj.2023.420464.3378 GLKe g 8l pns coundid daons
4

i | T 7T T T
- — H': r.--".'--lII .
= | = L.
E | £ B .
- 5 2 Ly
g L 1 =k
v 1 & 4 ;
3 | L
E 2| . H ]
i —_— Inbegraicd WEWW i E =l -
Inpegeraled WEWH ' alidat = 1 ]
3 — — — —  Aggregaied Separabe WAWW i
n-|||l|||||-||-||l|||- n...l...ln...l..-I...
(e :
125 ' ' ] .
- g >
g 100F =
= g =
E 7sf ™
g I
g S0 &
L o
E _.I “
S 8
i =
(1] L 1 1 '
r-‘E' L T . =5l
£ E _-1-:.'."'
= ] E
=] ] =
z 1 2
= ] E
_n a—
= m &
= ] z2
: |3
= b m
= =
=] M M s o -ﬂ: n.a.l...l;..l..l.a.-
E o 20 40 60 BD 100 o 20 40 60 80 100
Time (year) Time (year)

Fig. 6. Results over a 100-year simulation period (water and wastewater)
(D2l 5 OT) L (iloansoyss G s ol —F JSC

Il D+ 5 5myiali 3 S s s 5 <l s o o5 MO 3Y/0 3508 138 15 Slas oS 3l ol gl

e WEWW 5 5L WEWW slous sl0-5 JSE 55 WEWW (gl 5 ol WEWW claJuis bou 5 0o
Sl el sl el IS b it 0 g L T s 1S sl ol 5lat gl ol ] s
e 55 5o 6l U sie 3506 i s 133 .l Jae 53 2 6J3TC°'? SD Jue 51 505,51 42,54 SD Jae 6l oS 4 58
st sl ol Sl JLAD s 0T 5l g s st st S ) ol 4l e e i T3 el o
sl oo ) s S so 4 (g5leat 0 0LL B S (a-*

Journal of Water and Wastewater M 5 ol dxe o

Vol. 34, No. 5, 2024 VEY Jlod s bed FF 5550



dx.doi.org/10.22093/wwj.2023.420464.3378

g 1 22395 S Gl Sl lo 42,6y o ke (53ludend

1y il s o grte 5 4 s s 0 U s o
VR

<l g5 bsd o 4L &y e ¢l CLD S
elales 5 Jlwsl bl a5 gl s ch-‘*? B
5 Qb el s b iz 5o 352 0 blize 5, 55k gl
O3l SD il 5 Jus 55 slonl ol b oloza
s (=215 g s (gl sa b Ll 4 LS 5 S0
Sesleul Uiz )L SD Jus vl OB 5 Ol csle 5
ilesly 5 (i slael 1 5 aihate dn 55 15l SO laesls
Ol dla B (5054l G315 s (g5loansd ol S sud
3 58kas U aes e o5l 80 0 4 LS SD Jas s e
M5 5 O Lo ol gl — eleznl 5 Jlo e 25l 5
a5l s &y s U ol ol e 0 i | 355
Ol 08 3 o lais g5 il 5 o SD wilianns 55 Joto ¢ Jas 3 i
Sl il 5 @ S diliin glocalw Bssle 0B 1,
sLald (=Dl Camadl 42 LS Cu e sl L Jbe e
S bl oSl wﬁT@e sl pss

2l sl 5 S SlysT 8 sy Siesd onl
Sl glop ol gl 2l gl OASL 5 O sozs s ¢l s |,
Lssbw o381, Ll 5 asS fpus Sl 2l ck—-ﬂ BE
b oo by s Shes 5 ulow - slozal Sl el 5
Cs 1 OIS sl per 5 O s st Ol 5 2

..,\JJJ‘

Lslguicn -#

S 31l Co e Jae S a8 6l it sla e
sl e sl slacslo g bm L S5 JS
Jae 53 Lo isy ol oS5 5 oMb 5 T claslscias
Saslpmr 5 o g8 sLaakns 6l 4L s Sy e
Qlfpx.fﬁ,_.as UR{ % S NPNY IRCIW | W PRV W1
ol OMalws 5 Sy L sl 1 1, Of slaes, s
Sl s U5 il = plazzl 5 Jbo sl i sl 5
PREDISeLL <5).9T(;—o-’. ol t—is ez 5l ol el
DS S ze oMLl uT 6\.:545\;’4:.6..4?

Journal of Water and Wastewater

Sl eV el 5l gas s plyea |y oy Sloss s d-$
i Dloss Coed (IS b e oa olis (B1an) (6 0L
Jae sl vas e s Jus 93 o 6l = | elin u g,
s JWf 3 as /0 a5 Jlade Sl 4 bl e
o5 abben Sl s b e S L Y s as s io ¢ am
(S s on aalsl L5314 5 5505 e 2130 G 0T U
7355 ke SSlas B asS e ad ) 05d 0 698 ko b
ui.k[SJL“f‘ J)MJ)P@WGMJ.:JL» \YIJQMJQ
e il oF Jlis 4 waile g culf JLVY (gl 5 il o
O 3amo3 VT ke 4 b aes o aals) 21580 4 5 S o g

(-5 US2) aey Il

S rS4mi -0
Jols OOl 5 T (S8 s 53 5k sl sl B o)
4_33g"_a_.a‘o.x_.irw‘&ﬁdu@b‘bdﬁx.x»))}»)b))is
JUPEIPTEL S I U USRTICK 35 ISP
o oMby Ol ol IS s (S5 2l Sy 512
5%‘6)3Ttoea@jﬁﬁ@—éu¢@)>eﬁwtﬁﬁ
S s S50 53 Sl Cmd sy iy 6l o5 Sl
CEIPE L LR JP ENCL - K P PP K
w3 oo 85l ites Jb s TS Ol e (S5 g
dMquﬁg&k‘gﬁw‘J:d&A S0 A—JWL‘J L)L:
4_..,.1&»);;.)\})\._“.36bdﬂ6r5&mkér,m\l3>)\:j\._i
3l says1 5 (0l 6)3-64@-“ Sy ) Sl 32 Sab
|l sl oSl et sl 5l S o s 52l S
s S e (6351l S i s L alew 0555
TSR S NG PR | B35 S sl
Goko siile 3 g o33 ol o sd Lol wlsun T Sulecie
Gl e JLo o bl sy e il LS,
Sles gl b 55l e 3B 1, 08,2 ol oS il e i)l
2L Sloss mhaw Uil gl 1 e le 5 (6510
“J.L?“:‘SJ—JQQJES&J“‘J—“;JQ'%C“';J*"Lkg_;,"‘)\b

Vol. 34, No. 5, 2024

\YeY JL«HO a)l.o.i.\"f 093

41



dx.doi.org/10.22093/wwj.2023.420464.3378 Ol g Sl coudid doons

45

Sl s 5 ol 3 Dlad yos s Gl s Sl Slawl 5T Gt ol 5528 51 s 5ladus ¢35 o
Slas 0l 5o T ] S Sl g Branl iy b e s (Kb alb o pte 0o i dds o L
2ol e 53 S 5551 )L 4 s 5 slaml i Jb s bl s b Bl s am a5 Lansls sy S
250 oled 4 ol b i 5l Cais sk 4 a2 5 (S5 255 g5 00 AL o wsle s plusslons glacs s
SlEY T leabaias ey sl Jo Slals Ll ol
3PN CS 8o e Sy ey Jr gy i an ol OBan s s an Sl S T Ol i sl 30 € OO
ol SLe Ml opals 3 e a 5,8 obulosT plead OBl 585 olas s s m sl 03,8 52l o Sl 0 50>

S o o o) Stmagy Lt sl oo ol SLIS Dl K 0l 5 6018l

References

Coyle, R. G. 1997. System dynamics modelling: a practical approach. Journal of the Operational Research
Society, 48, 544-544. https://doi.org/10.1111/].1467 8667.2012.00773 .x.
Duchesne, S., Beardsell, G., Villeneuve, J. P., Toumbou, B. & Bouchard, K. 2013. A survival analysis model for

sewer pipe structural deterioration. Computer-Aided Civil and Infrastructure Engineering, 28, 146-160.
https://doi.org/10.1111/.1467 8667.2012.00773 x.
Elsawah, H., Bakry, I. & Moselhi, O. 2016. Decision support model for integrated risk assessment and

prioritization of intervention plans of municipal infrastructure. Journal of Pipeline Systems Engineering and
Practice, 7, 04016010. https://doi.org/10.1061/(ASCE)PS.1949-1204.0000245.

Ford, F. A. 1999. Modeling the environment: an introduction to system dynamics models of environmental

systems, International Journal of Sustainability in Higher Education, 1(1),
https://doi.org/10.1108/ijshe.2000.24901aae.002.

Forrester, J. W. 1958. Industrial dynamics: a major breakthrough for decision makers. Harvard Business Review,
36, 37-66.

Ganjidoost, A., Knight, M. A., Unger, A. J. & Haas, C. T. 2021. Performance modeling and simulation for water
distribution networks. Frontiers in Water, 3, 718215. https://doi.org/10.3389/frwa.2021.718215.

Ganjidoost, A., Knight, M. A., Unger, A. J. & Haas, C. T. 2022a. Performance modeling and simulation for
wastewater collection networks. Frontiers in Water, 4, 723639. https://doi.org/10.1002/aws2.1283.

Ganjidoost, A., Vladeanu, G. & Daly, C. M. 2022b. Leveraging risk and data analytics for sustainable

management of buried water infrastructure. AWWA Water Science, 4, ¢1283.
Grigg, N. S. 2009. Total Water Management: Leadership Practices for a Sustainable Future: Published by
American Water Works Association, Denver, Colorado, USA. https://doi.org/10.1080/02508060902937512.
Hawari, A., Alkadour, F., Elmasry, M. & Zayed, T. 2017. Simulation-based condition assessment model for

sewer  pipelines. Journal of  Performance of Constructed  Facilities, 31, 04016066.
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000914.

Johnson, N. 2009. Simply Complexity: a Clear Guide to Complexity Theory, Simon and Schuster.

Katko, T. S., Kurki, V. O., Juuti, P. S., Rajala, R. P. & Seppila, O. T. 2019. Integration of water and wastewater

utilities.  Water  Services  Management and  Governance, 29. https://doi.org/10.1002/j.1551-
8833.2010.tb10187.x.

Journal of Water and Wastewater NS 5 Ol dore O

Vol. 34, No. 5, 2024 VEY Ul d o,les FF 4,50



dx.doi.org/10.22093/wwj.2023.420464.3378 g ol g5 olodSis olopiunn (lo I dz )L Cy ko (giludis
&

4

Kleiner, Y., Adams, B. J. & Rogers, J. S. 1998. Long-term planning methodology for water distribution system
rehabilitation. Water Resources Research, 34, 2039-2051. https://doi.org/10.1029/98 WR00377.

Mashford, J., Marlow, D., Tran, D. & May, R. 2011. Prediction of sewer condition grade using support vector
machines. Journal of Computing in Civil Engineering, 25, 283-290. https://doi.org/10.1061/(ASCE)CP.1943-
5487.0000089.

Mazumder, R. K., Salman, A. M., Li, Y. & Yu, X. 2021. Asset management decision support model for water
distribution systems: impact of water pipe failure on road and water networks. Journal of Water Resources
Planning and Management, 147, 04021022. https://doi.org/10.1061/(ASCE)WR.1943-5452.0001365MOE.

Mohammadifardi, H., Knight, M. A. & Unger, A. A. 2019. Sustainability assessment of asset management

decisions for wastewater infrastructure systems-implementation of a system dynamics model. Systems, 7, 34.
https://doi.org/10.3390/systems7030034.

Park, H., Ting, S. H. & Jeong, H. D. 2016. Procedural framework for modeling the likelihood of failure of
underground pipeline assets. Journal of Pipeline Systems Engineering and Practice, 7, 04015023.
https://doi.org/10.1061/(ASCE)PS.1949-1204.0000222.

Qi, C. & Chang, N. B. 2011. System dynamics modeling for municipal water demand estimation in an urban

region under uncertain economic impacts. Journal of Environmental Management, 92, 1628-1641.
https://doi.org/10.1016/j.jenvman.2011.01.020.

Rehan, R., Knight, M. A., Unger, A. J. & Haas, C. T. 2013. Development of a system dynamics model for
financially sustainable management of municipal watermain networks. Water Research, 47, 7184-7205.
https://doi.org/10.1016/j.watres.2013.09.061.

Rehan, R., Knight, M. A., Unger, A. J. & Haas, C. T. 2014. Financially sustainable management strategies for

urban wastewater collection infrastructure—development of a system dynamics model. Tunnelling and
Underground Space Technology, 39, 116-129. https://doi.org/10.1016/j.tust.2012.12.003.
Rehan, R., Unger, A., Knight, M. A. & Haas, C. 2015. Strategic water utility management and financial planning

using a new system dynamics tool. Journal-American Water Works Association, 107, E22-E36.
https://doi.org/10.5942/jawwa.2015.107.0006.
Richmond, B. 2001. Systems Thinking and the STELLA Software: Thinking, Communicating, Learning and

Acting More Effectively in the New Millennium. In Richmond, B. 2001. Stella: An Introduction to Systems
Thinking, I See Systems Pub., New Hampshire, USA.

Roshani, E. & Filion, Y. 2014. Event-based approach to optimize the timing of water main rehabilitation with
asset management strategies. Journal of Water Resources Planning and Management, 140, 04014004.
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000392.

Scheidegger, A., Hug, T., Rieckermann, J. & Maurer, M. 2011. Network condition simulator for benchmarking
sewer deterioration models. Water Research, 45, 4983-4994. https://doi.org/10.1016/j.watres.2011.07.008.

Scholten, L., Scheidegger, A., Reichert, P., Mauer, M. & Lienert, J. 2014. Strategic rehabilitation planning of

piped water networks using multi-criteria decision analysis. Water Research, 49, 124-143.
https://doi.org/10.1016/j.watres.2013.11.017.

Sterman, J. 2000. Instructor's Manual to Accompany Business Dyanmics: Systems Thinking and Modeling for a
Complex World, McGraw-Hill, USA.

Sterman, J. D. 2001. System dynamics modeling: tools for learning in a complex world. California Management
Review, 43, 8-25. https://doi.org/10.2307/41166098.

Journal of Water and Wastewater ONSb 5 of dxe

Vol. 34, No. 5, 2024 VoY Jlo i oyled FF 5500



dx.doi.org/10.22093/wwj.2023.420464.3378 GlSCen g Sl sopStd dpam

Syachrani, S., Jeong, H. S. & Chung, C. S. 2011. Dynamic deterioration models for sewer pipe network. Journal
of Pipeline Systems Engineering and Practice, 2, 123-131. https://doi.org/10.1061/(ASCE)PS.1949-
1204.0000085.

Tran, H. D., Marlow, D. & May, R. 2010. Application of Decision Support Models in Asset Management of
Sewer Networks: Framework and Case Study. In: Ruchti, G. & Roode, P. E. T. 2010. Pipelines 2010:
Climbing New Peaks to Infrastructure Reliability: Renew, Rehab, and Reinvest. Keystone, Colorado, USA.

846-856.

This work is licensed under a Creative Commons Attribution 4.0 International License

Journal of Water and Wastewater Ml g.aT E

Vol. 34, No. 5, 2024 AR S | A IR\ DU o PSP



