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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,

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
1 Allowable fee-hike rate Water distribution 8.3
(% per annum) )
Wastewater collection 6.8
Desired cash reserve L
2 (% of annual network value) Water distribution 4
Allowable debt service )
3 (% of annual revenue) Wastewater collection 12
Maximum fraction of s
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 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 g ‘-._*{
cause soil particles to move around the sewer, causing I
loss of support and resulting in damage to sewer pipes. Outflow

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

Journal of Water and Wastewater

Converter

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.
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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.
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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

Journal of Water and Wastewater

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 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 . o
. . 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
Kilometer[ k
The initial total length of a given pipe material ometer] km J ot
meter [m]
Year

Integrated water and
wastewater
infrastructure

Integrated finance

Integrated
sociopolitical

Network condition (condition assessment history)
Inflow and infiltration (I&I) and water leakage volumes
(for the deterioration model)

Inventory of water meters as specified by the diameter
in millimeter
Current and preferred rehabilitation rate (percentage of the
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
wastewater pipes
The unit cost of water, water treatment, wastewater, and
wastewater treatments Ccurrent fund balance
Current fund balance
Current and history of capital and operational expenditures
Unit charge of potable water services and wastewater
services per service connection
Approved fee hike rate
Development charges
Unit costs of rehabilitation/replacement, operation
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
Usage history (i.e., water demand) Liter (L) per (p) capita

(C) per day (D)
Minimum water demand
Price elasticity of water demand
Annual supplied water
Annually treated wastewater
Annual average household income

Average household size

Service coverage area

[m’],[L]or[ML]

%/Year
%
Year

Rial/M®
Rial
Rial/Year
Rial/Year

%/ Year
Rial/Year

Rial/M
%
%
%

%/Year
LPCD
LPCD

M
M
Rial/Year

M2
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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 L
2 (% of annual network value) Water distribution E
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 for highly deteriorated
pipes (year)
Wastewater collection 10.5
Preferred rehab rate
6 Water & wastewater 1.4

(% of network per year)
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