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Abstract

:

This study proposes an algorithm for the improvement of water distribution networks (WDNs) performance using system dynamics. In the first part, the hydraulic and environmental performance of WDNs is investigated. The hydraulic performance is assessed based on the pressure of nodes and the flow velocity in pipes. Furthermore, using life cycle assessment, an environmental performance index is proposed to examine the environmental impacts of WDNs. Moreover, in order to evaluate the overall performance in regards to the costs, a value index in the system dynamics framework is proposed. Then, based on the developed framework, improvement strategies for a WDN are assessed by applying scenarios according to constraints and requirements of the network. The considered scenarios are as follows: (1) reducing per capita water demand of the WDN; (2) decreasing the average pressure in the WDN; (3) reducing the mean age of the system by its renewing; and (4) a combination of reducing the per capita water demand and average pressure in the WDN. The results indicate that the best solutions for increasing the value index in this network are: (a) to reduce the pressure of the pressure reducing valves (PRV) from 30 to 28 m; (b) to reduce the per capita water demand by the annual rate of 0.5% and 1% and decreasing the pressure of the PRV valves together. Therefore, it is shown how the developed algorithm is a purposeful approach for evaluating and improving the performance of WDNs based on the value index.
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1. Introduction


Water scarcity in urban areas as a major problem is increasing rapidly in many regions of the world [1,2]. Overcoming the problem of water scarcity in cities requires proper management of urban water supply systems, which consist of different components. Water Distribution Networks (WDNs) are one of the vital parts of urban water supply systems. The main objective of WDNs is to deliver demanded water with the desired quality and pressure to consumers. With regards to the limitations of water resources, population growth, and growing per capita water demand, existing WDNs, especially those that are under operation for more than 30 years, are exposed to the considerable stress. On the other hand, WDNs are complex infrastructures that require substantial costs for construction and rehabilitation purposes. Furthermore, the pipe aging of WDNs not only does increase the costs of operation but also causes an increase in the rate of pipe breaks and water loss. For example, 2500–3000 break/year resulted in losses of about $3 billion per year in the United States [3]. As a result, in addition to WDNs’ performance, it is necessary to consider the economic aspects of their operation.



WDNs consist of different variables that have multiple feedbacks and are changing during the time. Moreover, the relationships between some of these variables are nonlinear. System Dynamics (SD) is an appropriate method to consider the interactions among different components of WDNs and it can be applied for evaluating the performance and costs of these infrastructures. SD modeling as a suitable systematic tool describes the behavior of complex systems that arises from feedbacks and interactions of the systems’ components over time [4]. Using SD, it is possible to conduct multi-scenario analyses involving dynamic interactions, which can lead to several improvement strategies for a system [5].



In the past years, various studies have employed SD approach for simulation of different parts of water systems. For instance, some researchers analyzed the water resources policies using SD [6,7,8,9,10,11]. Furthermore, SD modeling has been used in the water reuse studies [12], water quality modeling [13,14], and investigating the effects of climate change on water resources [15,16,17]. Salvitabar et al. [18] proposed a model to assess the resources and consumptions of water in Tehran based on SD method. The results concluded that the population growth would be one of the main challenges for the future water supply. Zarghami and Akbariyeh [5] simulated an urban water system using SD approach. The main parts of the proposed model include water supply resources, demand for water resources, and management tools. The results showed that using management tools like demand management and water transfer, reduction the water shortage up to 45% would be achievable in 2020. Karamouz et al. [19] proposed an algorithm for assessing the reliability of an urban water supply system using SD. Accordingly, different climate change scenarios were used to simulate system changes. Dawadi and Ahmad [20], using SD approach, evaluated impacts of the population growth and climate change on water resources of Las Vegas valley, USA. The results illustrated that with regards to the population growth, if demand management policies were not implemented, the studied area would not be able to supply water demand in the near future. Wu et al. [21] developed a SD model and simulated the water supply and demand process in order to evaluate the water resources vulnerability of a region in China. The results of the scenarios demonstrated that reducing irrigation water demand is the best solution for decreasing the vulnerability of the system. Wei et al. [22] proposed a SD urban water management model, considering the social and economic impacts on the urban water systems. The effects of the climate factors on water demand were also taken into account. The results indicated that population size was the main driving force for the urban water demand of Macau, China. Moreover, the precipitation and temperature changes obviously affected the water demand. Chen et al. [23] investigated the water resource management scenarios in the northwest of China. In this study, considering the effects of climate change from 2006 to 2030, a supply and demand model was developed using SD. The results concluded that three main challenges of the water resources were low efficiency in utilizing the water resources, low water reuse, and increasing the industrial demand. Zarghami et al. [24] performed a comprehensive review of journal papers to investigate the application of SD method in the water sector. They concluded that SD approach has been widely used in the water resource field whereas, the performance of WDNs has not taken into consideration using SD. They suggested that the behavior of WDNs should be investigated in future researches for modeling the interactions of different variables of these systems.



In contrast to the SD approach, using the value index is a relatively new topic in water systems. Karamouz et al. [25], based on the value engineering method, proposed an algorithm for evaluation of a water resources development project and concluded that the efficiency enhancement in the irrigation system could be an effective way for the economic aspects of the study area. Li et al. [26] investigated the usage of the value engineering method in water distribution systems. Cuimei and Suiqing [27] suggested a value index to evaluate the performance of a WDN, based on the value engineering. This index examined the performance of the network components relative to their costs. Another value index was proposed by Askarzadeh Farahani [28] for a WDN based on the hydraulic performance and life cycle cost of each pipe. In that study, the costs of leakage and water loss were neglected. Furthermore, Li et al. [29] compared the advantages and disadvantages of the value engineering method and hydraulic evaluation method for a WDN. They considered simple indicators and parameters for assessing the performance of WDNs.



The main goal of the present study is to develop an algorithm based on the interactions among the different variables of WDNs in order to improve the performance of these infrastructures from the point of environment, hydraulic, and economic views. To this end, a new value index in the SD framework is proposed based on the environmental evaluation, hydraulic assessment, and costs of the networks. Value index is a suitable indicator for evaluating the performance of WDNs. Unlike other indicators that were proposed in the previous studies, the costs of water loss and the environmental impacts of WDNs are considered in this index. At the end, according to the trend of value index and requirements of the system, scenarios are applied to improve a WDN’s performance using SD, which shows how the developed algorithm is a purposeful approach for enhancing the performance of WDNs.




2. Materials and Methods


In this paper, different methods are applied to improve the performance of WDNs. Life Cycle Assessment (LCA) is used to develop a new Environmental Performance Index (EPI) for WDNs. Moreover, a Hydraulic Performance Index (HPI) is presented based on the pressure of nodes and flow velocity in pipes. Furthermore, according to the operation and maintenance costs at each SD time step, a Cost Index (CI) is calculated. Then, the Performance of the system is examined by evaluating a Total Performance Index (TPI) relative to CI, which is actually called Value Index (VI). Then, the feedbacks and interactions of the variables are determined in the SD framework in order to enhance the VI of a WDN based on the constraints and requirements of the system.



2.1. Environmental Assessment


LCA is applied for assessing the environmental effects of WDNs. LCA is defined as an evaluation of the environmental impacts of a product, service, or activity over their lifetime [30]. According to the International Organization for Standardization (ISO) [30], LCA stages are as follows: 1. Goal and Scope Definition; 2. Life Cycle Inventory; 3. Life Cycle Impact Assessment; and 4. Interpretation of the results.



2.1.1. Goal and Scope Definition


The main goal of the LCA part of this paper is developing an EPI to analyze the environmental impacts of WDNs over time. In this study, the system boundaries consist of the activities and processes carried out in the production, transportation, installation, and operation phases of networks. Summary of the included and excluded items is indicated in the Supplementary Materials (Table S1). In addition, the Functional Unit (FU) is defined at this stage. FU is a certain amount of a product or service on which all the determined inputs and outputs are based on. This study considers “one meter construction of networks” as FU in the production, transportation, and installation phases. In addition, in the operation phase, FU is defined as “pipe break in a specified diameter”. That is because the effects of pipe breaks are considered in the operation phase and the equipment tools needed to repair each pipe are dependent on the type and diameter of pipes.




2.1.2. Life Cycle Inventory


This step includes collecting data and inventories to evaluate the environmental impacts of inputs and outputs of the system. The data in different phases of LCA was collected from Tehran Province Water and Wastewater Company (TPWWC) [31]. The inventory dataset is modeled applying Ecoinvent database [32] and Simapro 8 [33]. As an illustration, the registered inventory data for a ductile iron pipe with a diameter of 200 mm in Simapro software and the characteristics of considered trenches in the installation phase are shown in the Supplementary Materials (Table S2, Figure S1).




2.1.3. Life Cycle Impact Assessment


In this step of LCA, using inventory data, magnitude, and importance of environmental impacts are quantified. There are different methods which assess the environmental effects of products or processes. To evaluate the environmental impacts of WDNs and proposing a new environmental index, Eco-Indicator 99 (EI 99) and Tool for the Reduction and Assessment of Chemical and other environmental Impacts TRACI methods [33] are used in this paper. More details about these methods can be found in the Supplementary Materials.




2.1.4. Environmental Performance Index


Based on the defined information in the previous LCA stages, a new index is suggested. Since there is no specific threshold for assessing the environmental impacts of WDNs, most previous studies have defined environmental indices based on engineering judgment. Furthermore, in most of these indices, the cumulative     CO  2    was considered as the impacts representative, so other environmental impacts were neglected [34]. This research applies EI 99 method [33] in which 11 groups of the environmental impacts are integrated into a dimensionless index called Eco-indicator. Aging components of WDNs will increase environmental impacts. As these impacts have negative effects even at the low levels, the proposed index (EPI) is decreasing over time. EPI is a number between zero and one, which evaluates the impacts of the operation phase relative to the impacts of network reconstruction with the most environmentally friendly materials. The most favorable reconstruction (environmentally friendly) is defined as the rehabilitation of the network with the pipes, which have the least environmental impacts in the total three phases of production, transportation, and installation. Therefore, EPI is calculated as follow:


    EPI  t  = 1 −     ∑   i = 1  t    ( Eco _   indicator   Repair   )  i      Eco   indicator         environmentally   friendly         



(1)




in which     EPI  t    is the environmental performance index of WDNs in each time step,     ∑   i = 1  t    ( Eco _   Indicator   Repair   )  i      is the total Eco-indicator in the operation phase until considered time step and   Eco _   Indicator    environmentally   friendly      is the Eco-indicator for network reconstruction with the least environmental impacts materials in the total three phases of production, transportation, and installation.





2.2. Hydraulic Assessment


Leakage is one of the important variables in WDNs, which is calculated based on the hydraulic analysis. Since the network leakage is affected by the variables such as pressure of the system, age of the network, etc., leakage modeling is an important part of the proposed SD model. In the following, the leakage calculation framework in the WDN is described. Furthermore, based on the hydraulic variables, HPI is proposed for evaluating the hydraulic performance of WDNs in the SD model.



2.2.1. Leakage Estimation


Minimum Night Flow (  MNF  ) method is applied to estimate the leakage of WDNs. This method was established based on measuring minimum input flow to a district metered area when consumption is minimal and leakage has the highest value. The following equation is used to calculate the leakage at the   MNF   time:


   L  MNF   = MNF − NU ,  



(2)




where,    L  MNF     is the amount of leakage at the   MNF   time,   MNF   is the minimum night flow and   NU   is the night uses which is calculated as follows:


  NU = NDUN + SNNU + LU ,  



(3)




where   NDUN   is the normal domestic night use,   SNNU   is the small nondomestic night use, and   LU   is the large users. Since data of the   NDUN   is not available, according to the previous studies, the active population during the night time is considered to be 6% of the total population with the consumption of 10 L/person/h [35]. Method used by Nazif et al. [36] and Tabesh et al. [35] is chosen for modeling the leakage. Using this method, the nodal “emitter” option in the EPANET software [37] is applied to simulate the leakage in WDNs. Flow rate of an emitter is a function of the nodal pressure. It is assumed that there are some orifices on each pipe and the leakage from each orifice is calculated by Equation (4).


   Q i  =  C i  ×  P i N  ,  



(4)




where    Q i    is the flow rate,    C i    is the emitter coefficient,    P i    is the pressure of the   i th   orifice and  N  is a power term of pressure which is in the range of 0.5–2.5 [38]. It is assumed that the leakage of these orifices, which are distributed throughout the pipes, is assigned to the start and end nodes. In addition, half-length of the pipe has the same pressure as the nearest node. Thus, the leakage of each node (QL,i) is obtained by the following Equation:


   Q  L , i   =   ∑   j = 1   NK     Lij  2  C ×  P i N  ,  



(5)




where,   Lij   is the length of pipe  j  connected to the node  i  and   NK   is the number of the pipes connected to the node      i   . Regarding the previous studies, the exponent  N  is assumed a constant value equal to 1.18 [39]. Furthermore, the emitter coefficient  C  is calculated by the following Equation [35]:


  C =    Q  L , MNF       ∑   i = 1   NJ   (   ∑   j = 1   NK     Lij  2  ×  P i N  )   ,  



(6)




where,    Q  L , MNF     is the amount of leakage at the MNF time which is obtained from Equation (2). After calculating    Q  L , MNF    , the first estimation for the C factor is calculated based on the pressure independent discharge (demand), which is obtained by deducting the leakage from the total inflow. For this purpose, the pressure independent discharge is allocated to each node in order to calculate the nodal pressure at the MNF time. After calculating the first estimation, the C factor is put as the emitter coefficient in EPANET. The model calculates the pressure-dependent discharge, using Equation (5). By adding the pressure-dependent part to the demand of nodes, the pressure values of nods are changed and consequently, regarding Equation (6), the C factor is changed. However, the emitter tool repeats the hydraulic analysis as long as the nodal pressure becomes fix. At the end, the total dependent pressure discharge must be equal to the total amount of the network leakage at the MNF time, otherwise, the C factor must be corrected using Equation (7) [35]:


   C  L , new   =  C  l , old   (     L  MNF      L  cal      ) ,  



(7)




in which    C  l , old     is the calculated coefficient in the previous step,    L  MNF     is the leakage at the MNF time,    L  cal     is the calculated leakage with    C  l , old    , and    C  L , new     is the corrected coefficient.




2.2.2. Hydraulic Performance Index


Proposed penalty curves by Tabesh and Zia [40] were employed to develop a hydraulic index in the SD framework. As shown in Figure 1, these curves indicate the different performance levels against the flow velocity in pipes and the pressure of nodes. The value of one shows the excellent level of performance and 0.75, 0.5, 0.25 describe the suitable, acceptable, and unacceptable performance of the system, respectively. In Figure 1a,    H   des        is the minimum suitable pressure for which the demand is satisfied. The values of    H 1   ,    H  2      , and    H  3       are the pressures in which the outflows are equal to 0.25, 0.5, and 0.75 of the required nodal demand and are considered as:       H   2  =  1 4   H  des   ,  H 1  =  1  16    H  des   ,  H 3  =  9  16    H  des    . In Figure 1b, the maximum and minimum flow velocity, which are described in the standard codes, are shown by        V    max     and    V  min    , respectively. Furthermore, the domain of the optimum velocity is indicated by    V  opt     and        V    optu     [40].



The performance indices, which are obtained from the penalty curves, are related to the elements of WDNs. In the next step, the performance of each node and pipe are generalized to the entire network. For this purpose, the following functions are used [40]:


  PIP =     ∑   j ∈ Nj    Q j  req   ×     PIPE  j        ∑   j ∈ Nj    Q j  req     ,  



(8)






  PIV =     ∑   j ∈ Np    V  ij   ×     PIVE  j        ∑   j ∈ Np    V  ij     ,  



(9)




where   PIP   is the pressure performance index of the network,   Nj   is the number of the nodes,     PIPE  j    is the pressure performance index of the node  j ,    Q j  req     is the required nodal demand of the node  j ,   PIV   is the velocity performance index of the network,   NP   is the number of the pipes,     PIVE  j    is the velocity performance index of the pipe  j , and    V j    is the volume of the pipe  j .



According to the standard codes [41], the values of        H    des     and    H  max     are considered 30 and 50 m, respectively. In addition, the values of    V  min    ,    V  max   ,      V  opt      , and    V  optu     are defined 0.3, 2.5, 0.8, and 1.2 m/s, respectively. The desired values of pressure and velocity in these approaches are based on the defined standard values in Iran. These approaches are chosen because the authors evaluate the applicability of the proposed method for a part of Tehran’s WDN. However, it is worthwhile to mention that the developed SD framework makes it possible to consider other performance indexes and standard values for pressure and velocity and enables managers to evaluate their systems based on the defined boundaries in different countries without changing the overall method.



In the next step, regarding the dynamics of the hydraulic variables in WDNs, HPI is developed. In the SD model, due to the changes of pressure and velocity during the simulation time, PIP and PIV are changing in each time step. Since these indices are depended on the required demand and volume of the pipes, they would not depict the hydraulic performance of the whole system completely. Thus, HPI is introduced, which is dependent on the average pressure and average velocity of WDNs in the SD model, to combine the hydraulic variables of the whole system and WDNs’ components (pipes, nodes). HPI is calculated as follows:


  HPI =   (  1 −   α + β   Ni    ) × PIP + (  1 −   γ + δ   Nj    ) × PIV  2  ,  



(10)




where   HPI   is the hydraulic performance index,   PIP   is the pressure performance index,   PIV   is the velocity performance index,   Ni   is the total number of the nodes,  α  is the number of the nodes with the pressure of less than 30 m,      β    is the number of the nodes with the pressure of more than 50 m,   Nj   is total number of the pipes,  γ  is the number of the pipes with the flow velocity less than 0.8 m/s, and  δ  is the number of the pipes with the flow velocity exceeding 2.5 m/s. The coefficients α and β are calculated with respect to the average pressure and the coefficients γ and δ are obtained based on the average flow velocity. Average values of the pressure and velocity are simulated in the SD model based on the variables affecting the system. In other words, these coefficients are representative of the average pressure and velocity of the system, while PIP and PIV are representative of the pressure of the nodes and the flow velocity of the pipes.





2.3. Value Index


The main goal of the proposed VI is to achieve desirable performance with regards to the costs. Therefore, this index represents the system’s performance and the costs spent on this performance. The trend of VI during the operation time can provide useful information on the performance of the WDNs. This index is calculated using Equation (11):


  VI =   TPI   CI   ,  



(11)




where   VI   is the value index,   TPI   is the total performance index, and   CI   is the cost index.   TPI   is calculated based on the following Equation:


  TPI =   Wh × HPI + We × EPI   Wh + We   ,  



(12)




where   HPI   is the hydraulic performance index,   EPI   is the environmental performance index,   Wh   is the weight of HPI, and   We   is the weight of EPI. These weights are considered equally in this paper. Furthermore,   CI   in each time step is calculated as follow:


  CI =      Cost   r  +    Cost   m  +    Cost   l       Cost   c    ,  



(13)




where      Cost     r        is the repairs costs,      Cost   m    is the maintenance costs,      Cost   l    is the water loss costs, and      Cost   c    is the reconstruction costs of the network in each time step. In fact, CI evaluates the operation costs of WDNs regarding rebuilding cost, in each SD time step. The repairs costs are collected from case studies. The maintenance costs include inspection and indirect costs, which are usually expressed as the percentage of construction costs [42]. According to the previous studies [42], the annual maintenance costs are considered 3% of the construction costs of WDNs. The water losses costs are obtained based on the drinking water price, and the volume of water losses. This water volume is determined in each time step in the SD model. The reconstructing costs of the network are calculated according to the annual price list [43] and the price of the network components (pipes, valves, and installation equipment) in each time step.




2.4. System Dynamics


The framework of the developed SD model for WDNs is illustrated in Figure 2. AnyLogic7 software is used to simulate the feedbacks and interactions between the variables. According to Figure 2, this framework consists of different parts, including: pressure independent discharge (demand), pressure-dependent discharge, environmental assessment, and CI model. Some of the empirical equations, which are considered in the models, are shown in Table 1. In the demand model, the pressure independent discharge (demand) is calculated considering the climate, economic, and social variables. To develop a relationship between demand and these variables, the pressure independent discharge is calculated regarding the total inflow data and estimated leakage (Section 2.2.1). For this purpose, according to Equation (6), the emitter coefficient (C) is obtained and then is put in EPANET. On the other hand, if the total inflow is available, it is possible to compare the summation of leakage and demand of all nodes which are calculated in the hydraulic model, with the total inflow data. Using this method, the pressure independent discharge (demand) and the pressure-dependent discharge (leakage) are obtained in each time step. Then, employing the monthly demand, a relationship is introduced to calculate the per capita demand based on the different variables in the SD model. Another part of the SD framework is the pressure-dependent discharge model. In this model, the average pressure of nodes and average flow velocity in pipes are simulated. The average pressure and flow velocity are the functions of the following variables:




	
Pipe roughness coefficient: hydraulic capacity of pipes decreases over time. In general, reducing hydraulic capacity is the result of increasing roughness in pipes. As roughness of a pipe increases, roughness coefficient decreases. Thus, according to the Hazen–Williams Equation (14), overall head loss increases and pressure decreases as a result. Therefore, the pipes’ roughness coefficients are directly related to the pressure of WDNs. In the SD model, Equation (15) is used to consider the changes in Hazen–Williams coefficient in each pipe [44]. Average roughness coefficient of a network (CHWt) as the representative of the whole system roughness is calculated by weighting the coefficient of each diameter based on its length.



	
Demand changes: The pressure independent discharge (demand) is the second variable on which the pressure and velocity of WDNs are dependent. Increasing the demand results in increasing the consumption which reduces the pressure of the nodes and increases the flow velocity in the pipes.



	
Adjusted pressure of pressure-reducing valves (PRV): adjusted pressure of PRV valves can have a significant effect on the pressure and velocity of the system.








After determining the average pressure, the real loss is estimated. Real loss in WDNs is categorized into reported bursts, unreported bursts, and background losses. Although reported bursts have a large amount of discharge, due to the low frequency and short duration of them, they usually make a small part of the total leakage in comparison with unreported bursts and background losses. On the other hand, the accurate measurement of unreported bursts and background losses is not possible because of economic or technical constraints [35]. Based on the proposed model and using standard codes, when the accurate real loss data is not recorded, leakage in the SD model is classified into two parts:




	
Discharge of the background losses and unreported bursts: it is considered as the function of the average pressure and average age of the system (Equation (18)).



	
Discharge of the reported bursts: regarding the guidelines [41], it is considered as the function of total breaks, the flow rate of burst, the average pressure of the system, and the duration of the total breaks (Equation (19)). The break rate of the pipes is calculated based on Equations (20) and (21) [45]. According to the previous studies and guidelines [41,46], the flow rate of burst (   Q  Leak    ) is considered 12    m 3  / h  . The parameters of A, B, C in Equation (18) and t (the total break duration) in Equation (19) are determined by calibration of these equations with the leakage calculated based on MNF method. For this purpose, OptQuest calibration module [47,48] in AnyLogic software is used. This module minimizes the difference between the simulated and observed leakage. This process is basically an optimization process which its objective function is defined in accordance with Equation (22).








By calculating leakage, the total water flow to the network in each SD time step is equal to the sum of the leakage and water demand. To evaluate the hydraulic performance in the SD model, PIP and PIV are defined based on the total water flow, total roughness coefficient, and the set pressure of PRV valves. Then, to calculate HPI (Equation (10)), the variables of α, β, γ, and δ are determined by analyzing the network for different values of average pressure and velocity.



Next part of the SD model is the environmental assessment, in which the environmental impacts of WDNs are evaluated. In this model, according to the number of breaks for each diameter and the LCA functional unit in the operation phase, the cumulative     CO  2    in each time step is determined. Besides, for evaluating the environmental impacts of the operation phase, EPI is calculated in the SD model based on Equation (1). Finally, the accuracy of the SD model is evaluated in order to investigate the correlation between the simulated and observed data in the developed model based on the coefficient of determination, Root Mean Squared Error (RMSE), and the ratio of observed and simulated standard deviation. A description of these indices can be found in the Supplementary Materials.





3. Case Study


To illustrate the applicability of the proposed method, a part of Tehran’s WDN, which supplies water for 114,849 inhabitants in an area of about 413 hectares, is selected as the study area. The total length of the pipeline in the considered WDN is about 77 km with an average age of 26 years. The pipe materials installed in the WDN are ductile iron (with the diameters of 150, 200, 250, 400, 500 mm) and steel (with the diameter of 600 mm). In addition, high-density polyethylene (HDPE) pipes have been used for renovating some parts of the system since 2018. The per capita water consumption was reported about 240.7 LPCD (liters per capita per day) in 2015. Data of inflow to the network is available from 2012 to 2016 [31]. Using this data, the performance of the WDN is simulated in the monthly time steps from 2007 to 2016. This case study is comprised of six pressure zone. The characteristics of these pressure zones and schematic of the WDN are shown in the Supplementary Materials (Table S3, Figure S2). There are six valves in this network, which are currently adjusted on the pressure of 30 m. During evaluating the performance, the pressure of these valves remains constant. However, in the performance enhancement scenarios, the effects of changing the pressure of these valves on the system are investigated. According to the defined SD framework (Figure 2), some of the regression equations developed based on the case study data are indicated in Table 1. For instance, considering different climate and socioeconomic variables [49], the per capita demand is simulated according to Equation (23), using the multivariate linear regression model. In addition, in each SD time step, the average pressure and velocity of the network are calculated using Equations (24) and (25). After evaluating the performance of the network in the SD framework, scenarios are applied to improve the value index of the WDN. For this purpose, four scenarios are considered as follows: (1) reducing the per capita water demand; (2) decreasing the average pressure; (3) reducing the age of the system by its pipes renewing; and, (4) a combination of reducing the per capita water demand and reducing the average pressure in the WDN. These scenarios are proposed based on TPWWC’s plans. For instance, since 2014, per capita water demand reduction program has been applied to this WDN. Moreover, due to the high break rate of the pipes, a part of the WDN has been taken in the priority of replacement. Additionally, pressure management is another plan to control the leakage and improve the performance of the network.




4. Results and Discussion


4.1. Environmental Impacts Assessment


To compare the environmental impacts of different pipes, diameters of 200 and 500 mm are chosen as the representative of the other diameters. Figure 3 illustrates a comparison of the endpoint impacts of different pipes in the total phases of production, transportation, and installation based on the defined functional unit. Figure 3 indicates that HDPE pipes have the least environmental impacts, while ductile iron and steel are the most environmental impacting pipes. One of the main reasons is that more raw materials used in the manufacturing process of ductile iron and steel pipes, compared to other pipes. For instance, 36 kg of materials (including cast iron, cement mortar, bitumen, and zinc oxide) are required for manufacturing one meter of the ductile iron pipe with 200 mm diameter, while needed materials for manufacturing the HDPE pipe with the same length and diameter are 8.5 kg. Since HDPE pipes have the minimum impacts, the term of   Eco _    indicator       environmentally   friendly        in the Equation (1) is allocated to the HDPE pipes.



To analyze the environmental impacts during the operation time, the cumulative     CO  2    is assessed in the SD model. Figure 4 illustrates the amount of released cumulative        CO   2    during the construction time (1992) until the end of simulation time with the monthly time steps. In addition, the total number of pipes breaks in each month are shown in Figure 5. In the early months of operating, the failure rate of the pipes is high, so the environmental impacts of the WDN are increased according to Figure 4. On the other hand, as shown in Figure 5, in the middle months, the number of total breaks is reduced and becomes almost constant, thus, there is a steady rise in the cumulative     CO  2    release until month 200 (Figure 4). From month 200 until 300, due to pipes aging, there is a sharp increase in the cumulative        CO   2    release. In WDNs with pumping stations, the main environmental impacts in the operation phase are due to energy consumed for pumping water [50]. Therefore, if there is a pump in the system then a reduction in water consumption could reduce the environmental impact compared to previous time steps. In this paper, since the proposed environmental index is applied for a WDN without pumps, the environmental effects of the operation phase are mainly due to pipes breaks. On the other hand, if less capacity is required in the future, then smaller diameters are needed for redesigning networks, which leads to some positive effects on environmental impacts. However, in this study, in order to develop the model in a simple way, the redesign process of WDNs in the operation phase is not considered. In other words, it is assumed that the system has the same capacity during the operation phase. In this case study, approximately 800 kg of equivalent        CO   2      is released during the 8th year of operation (from 96 until 107 months), while it is raised to around 4100 kg/year in the last year of simulation time (2015–2016).



Figure 6, shows changes of EPI since the construction of the network. As illustrated, from month 200, there is a significant drop in EPI compared to the previous months. The reason is that the failure rate of the pipes, from this time step, is raised, which increases the environmental impact of the operation phase and, consequently, decreases EPI. At the end of the modeling time, EPI is higher than 0.7. Since the values of 0.75, 0.5, and 0.25 describe the suitable, acceptable, and unacceptable performance level of the system, respectively, it can be concluded that EPI is in the suitable level in most of the operation time.




4.2. Calibration of the Leakage Equation


Using OptQuest calibration module in AnyLogic software, parameters of A, B, and C in Equation (18) and t in Equation (19) are calibrated with the leakage calculated based on MNF method from 2012 to 2015. Figure 7a indicates changes of the objective function value (current) at any iteration (Equation (22)), and the optimal value of the objective function until each iteration (best feasible). Moreover, the values of the observed and simulated leakage during the optimization process are demonstrated in Figure 7b. According to Figure 7a, there is a major difference between the observed and simulated leakage until the 20th iteration. However, from the 20th iteration, this difference decreases and the optimal value of the objective function is improved compared to the previous repetitions. Consequently, the convergence process of the objective function is started since the 20th iteration. Since the termination condition is 500 times iterations without improvement in the optimal objective function, the optimization process is stopped at the end of 500 repetitions. The results of the calibration process are presented in Table 2.




4.3. Correlation between the Simulated and Observed Inflow


After modeling the pressure-dependent discharge (Leakage) in the SD model, the mean inflow to the network is equal to the sum of the leakage and pressure independent discharge (demand). Available inflow data from 2012 to 2015 are used for calibrating the model. Moreover, inflow data of 2016 is employed for the model validation. Figure 8a indicates the simulated and observed discharge after calibrating the leakage coefficients. Moreover, the total inflow in the validation phase is shown in Figure 8b. According to Table 3, since the values of coefficient of determination (R), and ratio of observed and simulated standard deviation (RS) (see Supplementary Materials) are greater than 0.9, there is a good correlation between the simulated and observed data. Additionally, the value of RMSE after calibration is 24.4    m 3  / h  . As the mean inflow is around 1200    m 3  / h  , the ratio of RMSE to average discharge is about 2%, which is an acceptable value.




4.4. Evaluation of the Leakage, Pressure, and Inflow of the WDN


Figure 9a demonstrated the simulated leakage of the WDN. Moreover, the values of total inflow and average pressure are indicated in Figure 9b,c. As shown in Figure 9a, there is an increase in the annual simulated leakage over time. The age of the system is increasing which leads to a gradual rise in the leakage according to Equation (18). On the other hand, Figure 9b indicates that total inflow to the WDN is decreased in the demanding months since the 84th month (from 2014), which consequently increases the average pressure in these time steps (Figure 9c). Therefore, as demonstrated in Figure 9a, increasing the average pressure of the system has a significant effect on the leakage since the 84th month (from 2014). Reducing the total inflow is due to the per capita demand reduction in the study area which has been done by TPWWC since 2014.




4.5. Evaluation of the Leakage, Pressure, and Inflow of the WDN


HPI is calculated based on the penalty curves (Figure 1), the percentage of pressure less than 30 m      % α  / Ni     and greater than 50 m      % β  / Ni    , and the percentage of the pipes with the flow velocity less than 0.8 m/s      % γ  / Nj     and greater than 2.5 m/s      % δ  / Nj    . Changes of these variables in each SD time step are shown in the Supplementary Materials (Figure S3). Figure 10 indicates HPI of the WDN during the simulation time. This figure illustrates that regarding the excess pressure in the network, in months, like month 80, in which the inflow to the WDN is high (Figure 9b) and consequently, pressure is lower (Figure 9c) and velocity is higher than other time steps, HPI is improved. On the other hand, reducing the total inflow to the WDN since the 84th time step, in the demanding month like 102, increases the average pressure, decreases the velocity of pipes, and finally leading to declining HPI.




4.6. Evaluating VI of the System


The changes of VI are illustrated in Figure 11. Accordingly, from the 5th to 40th month, the trend of changes of VI is almost ascending in each year. Between the 41st and 76th months, the operation costs of the WDN (costs of maintenance, repairs, and water losses) are increased to more than the reconstruction costs. Therefore, it causes an increase in CI and, subsequently, decreases VI. From month 84 until month 120, as the reconstruction costs increase rapidly, CI decreases. Moreover, due to the excess pressure and aging of pipes, the performance of the WDN is declined. Thus, in this time period, VI remains constant.




4.7. Scenarios for Improvement of VI


As shown in Figure 11, before the 46th time step of system operation, VI is always more than 15 but after this month, it shows a descending trend. However, from the beginning of the 60th month to the end of the modeling time period, VI changes show a steady behavior. Consequently, the enhancement scenarios are considered for the time steps 46–120, which VI is less than 15.



4.7.1. Scenario 1: Reducing the Per Capita Water Demand


In this scenario, the effects of reducing the per capita water demand program are investigated over time. Since the results of per capita water demand reduction program are gradually observed, the annual reduction of 0.5% and 1% in the per capita water demand is applied from 46th to 120th time steps (during 6 years), in the SD model. As indicated in Figure 12a, in the early months, the annual decline in the per capita water demand does not have a significant effect on VI. However, at the end of the simulation period, it leads to a slight decline in VI. For example, in the final step, the value of VI without applying water demand reduction is 7.49, whereas this amount is 7.41 and 7.37, respectively, when the per capita water demand is reduced by the annual rate of 0.5% and 1%.



As mentioned before, there is surplus pressure in the system. Moreover, flow velocity in most of the pipes is less than the optimum value. Reducing the per capita water demand increases the average pressure of the system and decreases the total inflow. Consequently, as the rate of per capita water demand reduction is increased, HPI is decreased (Figure 12b). On the other hand, because of the increase in the average pressure of WDN, the leakage is raised (Figure 12c) and the water losses costs are increased subsequently. Therefore, VI is reduced during the simulation time. Figure 12c shows that the mean leakage without application of water demand reduction program is 23.2%, whereas, in the annual reduction of 0.5% and 1% of per capita water demand, this amount is 23.6% and 24%, respectively.




4.7.2. Scenario 2: Reducing the Average Pressure


The WDN has six PRV valves that are currently adjusted on the pressure of 30 m. In the current situation, the average pressure of the WDN changes in a range of 37.2 m to 38.3 m (Figure 9c). Considering the value of 30 m as the desired pressure, it can be concluded that there is about 7–8 m excess pressure in the WDN. Therefore, in this scenario, the average pressure of the WDN is decreased by reducing the adjusted pressure of the PRV valves, which is applied from the 46th month and remains constant until the end of the modeling period. As illustrated in Figure 13b, by reducing the average pressure of WDN, the leakage of the system decreases and, consequently, the water loss costs and CI are decreased. Figure 13a indicates that when the pressure of the PRVs are adjusted on 28 m (PRV = 28 m), VI is greater than PRVs = 29 and PRVs = 30. When the PRVs pressure is set on 30 m, the pressure in 9%–15% nodes is greater than 50 m (  9 ≤  % β  / Ni ≤ 15  ) and the pressure is less than 30 m in about 19% of the nodes (   % α  / Ni = 19 )   (Figure S3). However, when the PRVs pressure is set on 28 m, the average pressure of WDN changes in a range of 35.6 m to 36 m in most of the time steps, in which the values of    % β  / Ni   and    % α  / Ni   are 2.5 and 25, respectively. Thus, the pressure reduction of the PRV valves to 28 m reduces the average pressure of the WDN, increases HPI in most of the time steps (Figure 13c), reduces CI in all months (due to the water losses costs reduction), and, finally, increases VI.



Figure 13a shows that by decreasing the adjusted pressures of PRVs until 25 m, VI is reduced compared with when the PRVs are set on 27 m. The reason is that, by reducing the PRVs pressure until 25 m, the percentage of the nodes with the pressure greater than 50 m        % β  / Ni       remains constant (2%), while the percentage of the nodes with the pressure less than 30 m        % α  / Ni     is increased. For instance, when the PRVs are set on 25 m, the average pressures in most of the months changes in a range of 32.5 m to 33 m and the values of    % β  / Ni   and    % α  / Ni   are 2 and 42, respectively. Therefore, in this scenario, the best VI is allocated to the situation in which the PRV valves are adjusted on 28 m.




4.7.3. Scenario 3: Reducing the Age of the System by Renewing Pipe


Because of the usage of HDPE (200 mm) pipes for renewing the WDN [31], the effects of replacement of the old ductile iron pipes (200 mm) with new HDPE and ductile iron pipes are investigated in this scenario. It is assumed that the pipes with the diameter of 200 mm are replaced from the 46th month for 12 months. The length of 200 mm pipes is about 3 km, therefore, 250 m of old pipes are substituted with the new pipes in each month.



In this scenario, the average age of the system is reduced four years in the final step. Hence, according to Equation (18), the leakage is decreased. On the other hand, by substituting the new pipes, the average roughness coefficient (CHWt) of the WDN is increased, which causes a slight increase in the average pressure. Nevertheless, this increase is negligible in the average pressure and, consequently, the leakage is decreased due to fewer breaks of pipes (Figure 14b). The Hazen–Williams coefficient of HDPE pipes is higher than ductile iron pipes. Therefore, as demonstrated in Figure 14b, the leakage reduction in renewing the network with the HDPE pipes is less than when the ductile iron pipes are used for renewing. According to Figure 14c, increasing the average pressure causes a reduction in HPI. Moreover, Figure 14d shows that EPI is declined because of the environmental impacts of WDN reconstruction. Finally, as illustrated in Figure 14a, renewing the network with ductile iron or HDPE pipes does not have an effective role in improving VI.




4.7.4. Scenario 4: Reducing the Per Capita Water Demand and Average Pressure


In this scenario, VI changes are examined by reducing the pressure of the PRV valves as well as annual per capita water demand simultaneously. For this purpose, the performance of the WDN is investigated in an annual reduction of 0.5% and 1% of per capita water demand, in which the PRVs are set on the pressure of 28 m, 27 m, and 26 m. According to Figure 15a, up to the time step of 105, the adjusted pressure of 28 m for PRVs has the highest VI in the annual reduction of 0.5% of the per capita water demand. In fact, the reduction of PRVs setting from 30 m (current situation) to 28 m declines the excess pressure, increases HPI, decreases the costs of water losses, and, thus, increases VI. However, from the time steps of 106–110, the adjusted pressure of 27 m has the highest VI. The reason is that the average pressure of the WDN has the highest value in the range of time steps 106–110 (Figure 9c). From the time steps of 111–120, the best VI is achieved when the PRV setting is equal to 28 m. Increasing the rate of per capita water demand reduction from 0.5 to 1% lead to an increase in the number of time steps in which PRVs = 27 m have the maximum values of VI. As demonstrated in Figure 15b, the highest values of VI in the annual reduction rate of 1% are in the time steps of 85–88, 95–100, 106–110, and 119–120, in which the PRV valves are adjusted on 27 m. In other months, the highest values of VI are observed when the PRVs setting is equal to 28 m.




4.7.5. Comparing the Best Scenarios


Comparing the best values of VI in the 2nd and 4th scenarios in Figure 16a, it can be concluded that the effective scenarios in improving VI are very similar. In general, it can be seen that the reduction of PRVs pressure setting to 28 m without reducing the per capita water demand (2nd scenario) has the best effect on enhancing VI in the WDN. Figure 16b demonstrated the percentage of leakage in the scenarios, which have the best VI. The mean leakage in the current situation is 23.2%, whereas, in the annual reduction of 0.5% and 1% of per capita water demand with decreasing the pressure setting of PRV valves, this amount is 23% and 23.2%, respectively. Additionally, the mean leakage is 22.7% in reducing the pressure setting of PRV valves to 28 m (2nd scenario).






5. Summary and Conclusions


In this paper, using SD approach, an algorithm is proposed in order to improve the performance of WDNs. For this purpose, with regard to the hydraulic variables (pressure and velocity) and environmental impacts of WDNs, new hydraulic and environmental indicators are developed. Moreover, CI is presented to evaluate the operation costs of the networks in each SD time step. Then, the performance of the network is assessed based on the VI which evaluates the hydraulic and environmental indices relative to the costs of WDNs. The environmental impacts analyses show that increasing age of pipes causes growth in the rate of failure and, consequently, increases the equivalent        CO   2    emissions of the operation phase from 800 kg in the 8th year to 4100 kg in the final time step. Furthermore, the pipe materials (especially ductile iron) have significant effects on the environmental impacts. The results of the hydraulic performance indicate that the surplus pressure causes large amounts of water loss during the operation time, so that the mean leakage is 23.2% in the case study. Changes in VI during the modeling time demonstrate a downward trend of VI beginning from the 46th time steps. Therefore, the improvement scenarios are considered for the months of 46–120, according to the requirements of the WDN. Based on investigating VI in each scenario, it can be concluded that reducing the per capita water demand and renovating some parts of the network do not have a significant role in performance enhancement. In contrast, the best solution for increasing VI is to reduce the pressure setting of PRV valves from 30 to 28 m. This scenario increases the performance, declines operation costs, and, consequently, increases the average value of VI from 9 to 9.5.



In WDNs some internal and external variables such as population, demand, pipe aging, and pressure affect the performance of the system. The proposed SD framework in this study is comprised of main variables of WDNs which allows managers to apply it for other case studies, considering their own indicators (e.g., resilience, reliability, redundancy). Supplementary to this, the proposed VI in the SD model can be useful for decision-makers to evaluate the performance and costs of WDNs during the operation phase. This is significant because some variables in WDNs like pipe aging not only affects the performance of the system but also cause an increase in the costs of the operation phase.
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Figure 1. Modified penalty curves for: (a) pressure and (b) velocity based on the standard codes [40,41]. 
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Figure 2. System Dynamics (SD) framework in Anylogic 7. 
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Figure 3. Comparison of the pipes’ impacts in the total phases of production, transportation, and installation. 
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Figure 4. Cumulative CO2 release in the operation phase (1992–2016). 
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Figure 5. Total number of pipes breaks (1992–2016). 
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Figure 6. Environmental Performance Index (EPI) variation over the water distribution network (WDN) operation time (1992–2016). 






Figure 6. Environmental Performance Index (EPI) variation over the water distribution network (WDN) operation time (1992–2016).



[image: Water 11 02445 g006]







[image: Water 11 02445 g007 550] 





Figure 7. Calibration process: (a) Changes of the objective function during 500 iterations; (b) Observed and simulated leakage during the optimization process (2007–2016). 
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Figure 8. Correlation between the simulated and observed discharge, (a) Total inflow after calibration of the model (2012–2015); (b) Total inflow in the validation phase (2016). 
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Figure 9. Evaluation of the WDN during the simulation time (2007–2016): (a) Simulated leakage; (b) Total inflow; (c) Average pressure. 
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Figure 10. Variation of Hydraulic Performance Index (HPI) over the operation period (2007–2016). 
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Figure 11. Variation of VI over the operation period (2007–2016). 
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Figure 12. Effects of per capita water demand reduction by the annual rate of 0.5% and 1% on: (a) VI; (b) HPI; (c) Leakage. 
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Figure 13. Effect of the adjusted pressure of pressure reducing valves (PRV) on: (a) VI; (b) Leakage; (c) HPI. 
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Figure 14. Effects of the renewing pipes on: (a) VI; (b) Leakage; (c) HPI; (d) EPI. 
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Figure 15. Effects of reducing the pressure of the PRV valves and (a) annual 0.5% decline of the per capita demand, (b) annual 1% decline of the per capita demand. 
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Figure 16. Comparison between the best results in the 2nd and 4th scenarios; (a) VI, (b) %Leakage. 
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Table 1. Some of the regression and empirical equations considered in the SD model.
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	Factors
	Empirical Equations
	
	Equation





	Head loss (H)
	  = 10.68    L         Q  C H W       1.852   ×  D  − 4.87    ,
	
	(14)



	Remark
	H is head loss (m),  Q  is flow rate (   m 3  / s  ), L is length of pipe (m), D is diameter (m), and CHW is Hazen–Williams coefficient.
	
	



	Roughness coefficient (    CHW  p   t     )
	  = 19 − 37.2 log      e  0 p   +  a p    t +  g p       D p       , [44]
	
	(15)



	Remark
	    CHW  p   t      is Hazen–Williams coefficient in pipe p at year t,    e  0 p     is initial roughness at the installation time (unit of length),    a p    is roughness growth rate in pipe p (unit of length per year),    D p    is the diameter of pipe p (unit of length),    g p    is the age of pipe p at the present time (year) and t is annual time.        e    0 p    , and    a p    are calculated using Equations (16) and (17).
	
	



	Initial roughness   log    e  0 p      
	  =     CHW  p   0    − 18   − 37.2   + log    D p     ,
	
	(16)



	roughness growth rate (   a p   )
	  =     10       0.5   CHW  p   0    − 18   − 37.2       ×  D p  −  e  0 p     50    ,
	
	(17)



	Remark
	    CHW  p   0        is Hazen–Williams coefficient in pipe p at the installation time.
	
	



	Background losses + unreported bursts
	  = A × Pressure + B × Age + C  ,
	
	(18)



	Remark
	  Pressure   is the average pressure in the SD model (m),   Age   is the average age (year), A, B, and C are undetermined coefficients.
	
	



	Reported bursts
	  = TotalBreaks ×  Q  Leak   ×   (    P  av     50   )  N  ×    t   , [41]
	
	(19)



	Remark
	  TotalBreaks   is the total bursts of pipes in each time step,    Q  Leak     is the flow rate of burst in the pressure of 50 m (   m 3  / h  ),    P  av     is the average pressure (m),  N  is the power term of pressure, and  t  is the total time of break (h).
	
	



	Break rate of ductile iron and steel pipes
	    Log   10   R = 3.36 + 0.000150    L  × A − 1.11   Log   10   L − 0.646   Log   10   A − 0.254   Log   10   S  , [45]
	
	(20)



	Break rate of plastic pipes
	    Log   10   R = 2.69 − 0.898   Log   10   L − 0.745   Log   10   A  , [45]
	
	(21)



	Remark
	 R  is the rate of break (  break / km / year  ),  L  is the length of pipe (m),  A  is the age of pipe (year), and S is pipe diameter (mm).
	
	



	Objective function of the calibration module
	   = min   difference   observedLeakage ,    SimulatedLeakage        
	
	(22)



	Remark
	  observedLeakage   is the leakage which is calculated based on the MNF,   SimulatedLeakage   is the leakage which is obtained from the sum of Equations (18) and (19).
	
	



	Factors
	Regression Equations
	     R  2    
	Equation



	Per capita demand
	  = − 20.71 + 0.26 × Temperature − 0.14 × Precipitation + 0.67 × RelativeHumidity +   0.45 × SunshineDuration + 24.89 × FamilySize − 0.28 × Income  ,
	0.943
	(23)



	Remark
	All the variables are calculated based on the average monthly amount.
	
	



	Average pressure
	  = − 0.0024 WaterDemand + .018 CHWt + 1.0437 PRV + 7.295  ,
	0.997
	(24)



	Average velocity
	  = 0.00037 WaterDemand + 0.0027 PRV + 0.056  ,
	0.992
	(25)



	Remark
	  WaterDemand   is the average monthly demand (   m 3  / h  ),   CHWt   is the average roughness coefficient and   PRV   is adjusted pressure of the PRV valves (m).
	
	



	Pressure performance index (PIP)
	  = 8.691 E − 5 TotalWater − 0.002 CHWt − 0.014 PRV + 1.251  ,
	0.993
	(26)



	Velocity performance index (PIV)
	  = 0.000203 TotalWater + 0.000166 CHWt − 0.000825 PRV + 0.484  ,
	0.951
	(27)



	Remark
	  TotalWater   is total inflow to the network (   m 3  / h  ),   CHWt   is the average roughness coefficient, and   PRV   is the pressure of the PRV valves (m).
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Table 2. Optimum values obtained at the end of the calibration process.
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	Parameters
	Remark
	Optimum Value





	A
	Coefficient of the average pressure
	4.472



	B
	Coefficient of the average age
	0.507



	C
	Constant number
	99.939



	T
	Total breaks duration (h)
	24
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Table 3. The values of indicators.






Table 3. The values of indicators.





	Simulated Phase
	R
	RS
	    RMSE   (   m  3  /  h  )    





	After calibration
	0.9516
	0.97
	24.4



	Validation
	0.9073
	0.94
	27.5











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
~ bestfeasibe

4

w
)
s

o

W






media/file4.png
Pressure independent discharge (demand) Pressure dependent discharg

; L e R S | e T e
5 Initial population | 5C02,producnonp‘
| ‘ t .1 CO2transport,
: ! t CHW!© ¥
! f it - €02, installation,
~__ Population CHW, '
[~ § ' Total Breaks
: PRV | "/’-— <Age>
Growth rate 1 %
CHWt i, ..M
Temperatur:
PI'ECipitatiO Per C'a:p|ta PIP Pl
demand Pressur Velocity
Relative humidity()——» §
6P
Sunshine huration 1
: Background loss Report %V
: +unreported bursts burst
Income )
; Wafer ABe  Leakage
Family siz . demaqd HPI
7 = tink '
(it = Flow Total water

- = Stock o . L 0 S O O 15

. = Dynamic Variable
. = Parameter
CHW, , = Hazen-Williams coefficient in pipe p with the diameter of D
CHW!'©) = Hazen-Williams coefficient in pipe p at the installation time
€y, =initial roughness at the installation time

ap =roughness growth rate

D =pipe diameter

Environmental assessment

El,transport,

El,installationq.

CHW1t = average roughness coefficient

PRV = adjusted pressure of pressure reducing valves
PIP = pressure performance index

PIV = velocity performance index

%P = pressure coefficient in Eq.10.

%V = velocity coefficient in Eq.10.

HPI = hydraulic performance index

Brea ko(u = break of pipe p with the diameter of D

\g‘El,pFoduction-,.

Cost index

Vi

El,repair,;, = Eco-indicator for repairing of pipe p

El,.f = Eco-indicator of network reconstruction with
environmentally friendly materials
EPl = Environmental performance index

Cost, = repairs costs
Cost,, = maintenance costs
Cost, = construction costs
Cost, = water loss costs

Cl = cost index

VI = value index





media/file30.png
15

13

11

Vi

46 50 54 58 62 66 70 74 78 82 86 90 94 98 102 106 110 114 118 122

——— PRV 26, Annual 0.5% decline Month number PRV 27, Annual 0.5% decline
(a) e PRV 28, Annual 0.5% decline = Current situation

15
13

S 11

46 50 54 58 62 66 70 74 78 82 8 90 94 98 102 106 110 114 118 122

(b) = PRV 26, Annual 1% decline Month number e PRV 27, Annual 1% decline

== PRV 28, Annual 1% decline — Current situation






media/file18.png
Leakage (m>/h)

274 . ' y '
( a) 0 40 60 80 100 120
Month number
- Leakage
38.4
) E 3m.2-
“ @
E 5 3-
g a
37.8 4
g e
= O 37.6
ol 80
° C 374+
= g .
900 ; v . . . < 37.2 v ; v .
0 20 40 60 80 100 120 0 20 40 60 100 120
( b) Month number ( ) Month number
= Simulated_TotalWater == Observed_TotalWater C - Pressure






media/file21.jpg
Value index

s

[

Vit e

Month number






media/file26.png
13
12
11
=1
S 0
9
8
7
45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
(a) Month number
e PRV=30 (Current situation) PRV=29 PRV=28 <= PRV=27 e PRV=26 o= PRV=25
0.42
26 0.38
&
o _0.34
< a
921 I
X 0.3
16 0.26
(b) 45 60 75 90 105 120 45 60 75 90 105 120
Month number (C) Month number
PRV=30 (Current situation) PRV=29 PRV=30 (Current situation) PRV=29
s PRV=28 T PRVE2Y PRV=28 PRV=27
PRV=26 PRV=25 PRV=26 PRV=25






media/file27.jpg
288

2 ES
T
s, T
b
L)
? e
e
B i 2 AR s @ 50 105 1
JE——— Motk
(a) T ivcng e ogn uc o) (b) T recucnathe s (oucshron)
e e e i e
o 05
o8
03 07
o6
5 Bos
oa 04
03
035 02
s o s % ws | 45 o 75 %0 105 10
Mastiisiber Month number
— cusman — Gurentstuston
© e oo @) b o

g th e 40ee)

—— reducingthe age (HOPE)






media/file3.jpg





media/file22.png
Value index

T

oa Value_Index

60
Month number






media/file19.jpg
04
03
0%
034
0

03
0z

o= Performancelndex

&
Month number






media/file7.jpg
Cumulative CO, *1000 (kg)

3390
3380
3370
3360
3350
3340

3330

50

100 150 200
Month number

250

300





media/file28.png
288

12 286
< 284
£
S — 282
> 7 g)o
£ 280
©
3
278
2
45 60 75 90 105 120 276
Month number 45 60 75 90 105 120
Month number
Current situation Current situation
(a) = reducing the age (Ductil iron) (b) e reducing the age (Ductil iron)
e reducing the age (HDPE) e reducing the age (HDPE)
0.4 0.9
0.35 0.7 L ———
_ 0.6
a & 05
03 0.4
0.25 0.2
45 60 75 90 105 120 45 60 75 950 105 120

(c)

Month number

Current situation
reducing the age (Ductil iron)
reducing the age (HDPE)

(d)

Month number

e— Current situation
= reducing the age (Ductil iron)
reducing the age (HDPE)






media/file10.png
Total breaks

10

|
\
"

’_Ii

I

100 20
Month number

300





media/file14.png
286

600
284-
Q (1)
2 4001 o 2821
© S
H X 280
8 200- L
276
0 P ; ' : 274
0 100 300 400 500 ' : ' '
(a) curent 200 . k) O 20 4 e 8 10 120
- Best feasible «= Historic *+Best feasible






media/file11.jpg
095
09

80385
08

0.75

07 |

100 150 200
Month number

250






media/file6.png
Pt

140
120
100
80
60
40
20

B Human Health B Ecosystem Quality O Resources

HDPE, 200 Steel, 200 DI, 200 HDPE, 500 Steel,500 DI1,500





media/file15.jpg
H

H

Total inflow (m3/h)
g ¥

H

1600
£ 1000
g
3 lzm/\
£ 1000
g
2 o

@ w w s e o w m m as w m

Vit nanber ® Month number

o Simutsed dcharge e Observed dicharge

o Simutted dicharge e Obsrved dicharze






media/file32.jpg
s & T el 105 10

—— PRV 27,28 + Annual 1% decline ——PRV27, 28 + Annual0.5% decine.
(B)  —current siwation ——— PRV 28, Without reducing per capita demand






nav.xhtml


  water-11-02445


  
    		
      water-11-02445
    


  




  





media/file16.png
(

Total Inflow (m3/h)

1600

= =
N S
o o
o o

1000

800

a)

60 70 80

90 100 110

Month number

Simulated discharge

e=s=m=» Observed discharge

1600

1400

1200

1000

Total inflow (m3/h)

800

=)

109

111

113 115 117 119
Month number

Simulated discharge e Observed discharge






media/file2.png
Performance index

—
)
—

0.75

0.5

0.25

N

/

/

1.87 75

H, H,

16.87
Hs

30
H des

Pressure (m)

50

HMa.\:

Performance index

—
O
S

0.75

0.5

N

0.25

0.15
0.5V nin

0.3

Vmin

0.8

Vopt

1.2 25
VOIJ tu [/77‘1 ax
Velocity (m/s)






media/file20.png
HPI

0.4
0.38 1
0.36 A
0.34
0.32 1

0.3 4

0.28

o Performancelndex

40

60

Month number






media/file23.jpg
1

"
5
>0
:
:
;
& W e %% e e e et 8
W e
(a) Current situation Annual 0.5% decline - Annual 1% decline
i =
i,
)
O 5 0 B O W S, w
e Current situation = Annual 0.5% decline Month number






media/file5.jpg
@Human Health W Ecosystem Quality O Resources
140

120

5 | =
| i

HDPE, 200  Steel,200  DI,200  HDPE,500  Steel,500  DI,500





media/file24.png
14

13
12
11
>
10
9
8
7
45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
( ) Month number
a
Current situation Annual 0.5% decline Annual 1% decline
0.4 30
0.36 26
:
.32 =
0.3 § 27
X
0.28
(b) 4 60 75 90 105 120 | *°
Month number (C) 45 60 75 90 105 120

— Current situation

—— Annual 1% decline

Annual 0.5% decline

Month number

Annual 0.5% decline

— Current situation
—— Annual 1% decline






media/file33.png
15

14
13
12
S 11
10
46 50 54 58 62 66 70 74 78 82 8 90 94 98 102 106 110 114 118 122
Month number
(a) PRV 27, 28 + Annual 1% decline PRV27, 28 + Annual 0.5% decline

- PRV 28, Without reducing per capita demand = Current situation






media/file29.jpg
15

1
sn
s
7
4 50 Se S8 62 66 70 74 78 82 8 9 94 98 102 106 110 14 18 12
—— PR 26, Annual 0.5% decline. MONth nUMber___pgy 27, Annual 0.5% decine
(@) —— PRV 28, Annual 0.5% decline —— Currentsituation
15
1
su
s
7
46 50 54 S8 62 66 70 74 78 82 8 9 94 S8 102 106 110 114 118 122
® —— PRV 26, Annual 1% decine MO PUMBET gy . unnal 15 decine
—— PRV 28, Annual 1% decline —— Current situation






media/file1.jpg
Prossure m)





media/file31.jpg
15

1
B
2
su
1
5
s
7
4 50 S4 S8 G2 66 70 74 78 B2 8 9 54 9 102 106 110 14 118 122
Month number
(@) RS Al ik decine —mPRV27, 28 + Annual05% decline

PRV 28, Without reducing per capit demand_—— Current siuation






media/file25.jpg
n
2

u
sw

B

B

,

s s s @ e 0 s s s 95 0 15 w0 us m
@ Month number

(Curent suaton) —PRYV=29 —PRV-28 —— PRY=27 ——PRY=26 ——BRY-25
3

% I
&
¥ 03
in £ YA
= 0

1 038

s o 3w w0 5 @ s w0 w
(®) Mot e © Month number






media/file12.png
0.95
0.9 -
a .85
Q. 0.85
0.8 -

0.75 A

0.7

0 50 100 150 200 250 300
Month number






media/file9.jpg
Total breaks

10

100 200
Month number

300





media/file0.png





media/file8.png
Cumulative CO, *1000 (kg)

3390

3380

3370

3360

3350

3340

3330

_—

50 100 150 200

Month number

250

300





media/file34.png
28

26

g)o 24 / \
- N

T = N N
s 22
Q \‘
—
o
N 20

18

45 60

e PRV 27, 28 + Annual 1% decline

(b) — Current situation

AN\

1)

&
P22

75 90 105 120
Month number
PRV27, 28 + Annual 0.5% decline

= PRV 28, Without reducing per capita demand






media/file17.jpg
geRAege






