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Abstract: Water distribution network (WDN) leakage management has received increased attention in recent years. One of the most successful leakage-control strategies is to divide the network into District Metered Areas (DMAs). As a multi-staged technique, the generation of DMAs is a difficult task in design and implementation (i.e., clustering, sectorization, and performance evaluation). Previous studies on DMAs implementation did not consider the potential use of existing valves in achieving the objective. In this work, a methodology is proposed for detecting clusters and reducing the cost of additional valves and DMA sectorization by considering existing valves as much as possible. The procedure of DMAs identification has been divided into three stages, i.e., a) clusters identification; b) sectorization or boundaries optimization and c) performance evaluation of the partitioned network. The proposed methodology is evaluated on a simple network and a real-world water network with the findings provided and compared to the DMAs, established for a raw water network with no existing valves. It is found that there is an adequate difference in cost of strategy implementation in both the cases for the network under consideration and the existing valve system achieved better network performance in terms of resilience index.
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1  Introduction

Water utilities are bound to operate WDNs with adequate pressure and supply good quality water at all times. The operation of a network is a task with multiple objectives to be considered. The expanding urban infrastructure leads to new settlements and as a consequence, the size of WDNs increases and adds to the complexity in the management and operation of existing water networks. Water loss is a common problem for the water utility system and a nuisance to the management [1]. There are various strategies for controlling the leakages like pressure management through optimal localization of pressure reducing valves [2] or by partitioning the WDNs into District Metered Areas (DMAs) (or zones used alternatively in this study). The concept of partitioning the WDNs into zones was introduced to address the problem of leakage reduction. The boundaries of such zones are defined and optimized such that hydraulic parameters are within the desired range.

Each WDN is unique based on its size and topology, and so is the process of DMAs formation. The design of DMAs involves the closure of certain boundary pipes which break down the looped nature of WDNs, affecting the reliability and redundancy of the network. Apart from this, the permanent closure of a few boundary pipes leads to an increased number of dead ends and consequent deterioration of water quality. Another important aspect of the DMA design is the total cost, which involves installation costs of flow meters, isolation valves at boundary pipes, and in some cases pressure control valves at DMA inlets.

The implementation of DMAs not only eases the operation and maintenance of the network but also helps to achieve ambitious goals such as addressing the leakage problems, pressure management, and contaminant detection and control [3]. However, as the looped nature of WDNs is broken due to the closure of certain boundary pipes, the reliability and redundancy of the network is affected. Therefore, for establishing the DMAs, a trade-off between the positive and negative aspects need to be managed adequately.

The important factors that affect the DMAs design includes: (a) Size of DMAs; (b) identification of main lines (or trunk mains) and; (c) nature of boundaries (static or dynamic), etc. These are discussed as follows:

a) Size of DMAs: The size of a DMA indicates the number of customers to be served per DMA. It is related to the accuracy of the detectable leak, i.e., the smaller the DMA size, the smaller is the leak size that can be identified. The IWA guidelines recommend a DMA size of 500–5,000 properties [4]. Sizing the DMA based on a fixed number of customers is subjective, as the cost of implementation of DMAs is not accounted for. An optimal DMA size should be determined based on a thorough analysis of data relevant to the network under consideration and the financial capability of water utilities.

b) Identification of main lines: The ‘main lines’ are a series of continuously connected pipes that convey water from the source to the whole WDN. Ferrari et al. [5] suggested that the diameter of main lines should not exceed 300 mm. Perelman et al. [6] identified main lines as a connected subset of pipes having diameter and flow values greater than 400 mm and top 1% of network flow values, respectively. Ciaponi et al. [7] mentioned that a proper division could be 5%–10% main lines (with a diameter threshold of 300–500 mm as main lines) and a 90%–95% distribution network. Zhang et al. [8] proposed that the main pipes should include pipes near the natural and administrative divisions. The pipes near these boundaries lying approximately parallel can be selected as main pipes to achieve predefined or expected boundaries of the sectors.

c) Nature of boundaries: Two different considerations are identified from the literature for the DMA formation. These are: (1) DMAs with permanent boundaries; and (2) DMAs with flexible boundaries. The permanent boundary approach efficiently solved the problems of leakage reduction and establishing pressure uniformity in WDNs [9]. However, DMAs with permanent boundaries present some disadvantages like reduced resilience, deterioration of water quality [10], and occurrence of dead ends near closed pipes. In case of bursts or any other type of failure, manual valve operations are required to overcome the emergency conditions, and hence such a reactive operational approach does not provide immediate and effective incident management. Therefore, the concept of flexible DMA boundaries has emerged as an alternative [11].

DMAs design consists of clustering phase, sectorization phase, and performance evaluation of partitioned network. The general flow diagram of the procedure is shown in Fig. 1.
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Figure 1: Generalized flow diagram of DMAs identification procedure

Clustering refers to the initial division of the WDN, i.e., identification of connected nodes possessing near similar features like demand, pressure, elevation, etc. A variety of algorithms are available like graph theory algorithms (Breadth first search-BFS, Depth first search-DFS, Dijkstra’s algorithm-DA, etc.) [12,13], communities’ identification algorithm (Fast Greedy Algorithm–FNA) [7,14–17], multi-agent approaches, segments identification methods [3], etc. Alvisi et al. [12] used the BFS algorithm to identify a group of nodes consisting of customer connections not exceeding 2000 numbers in each DMA. This method identified the clusters for small-sized networks and was not much suitable for large networks as it involved several iterations for identifying the appropriate size of DMAs.

di Nardo et al. [13] suggested a method of identifying clusters using the DFS algorithm. The algorithm starts from the source node and explores the network as far as possible along each path until there are no more unvisited nodes. This method was exclusively designed for multi-source networks. Diao et al. [15] were the first to use the concepts of communities’ identification, i.e., FNA for identification of clusters in water networks, however, the authors did not assign any pipe weights and treated the network as unweighted graphs. Ciaponi et al. [7] extended the work by blending the number of customers per DMA criterion (500–5000 customers) with FNA. Scarpa et al. [18] used BFS and Dijkstra’s algorithm for identifying the influence zone of each source to identify DMAs in a given multi-source water network.

Zhang et al. [9] used nodal pressure as pipe weights in communities’ identification to get pressure zones with near similar pressure in each community. Yao et al. [16] modified the convergence mechanism of FNA to improve the water demand similarity among the DMAs. Giustolisi et al. [19] integrated the concepts of segment identification with modularity function to identify the optimal segment (zone) configurations for DMA establishment. Although these algorithms can form clusters, they are sensitive to pipe weights. The clustering phase results in tentative clusters whose boundaries are finalized in the sectorization phase. It is recommended to refer to Bui et al. [20] for detailed information on clustering algorithms.

In the sectorization phase, a large number of alternative solutions may be possible, many of them may not be hydraulically feasible. For identifying the near-optimal solution, boundary pipes are optimized for their open/closed status with suitable objectives like economic criteria [21,22], pressure uniformity, leakage reduction, water age reduction, consumption reduction, reduction in unsupplied customer demand, new burst frequency reduction, contaminant control, etc., with a mandatory constraint of nodal head requirements at all times.

DMA establishment studies are multi-objective and preferred over a single objective strategy as a variety of solutions are explored, resulting in more realistic decisions. A variety of mathematical optimization and heuristic optimization tools have been used by various researchers including Linear Programming (LP) [6], Genetic Algorithm (GA) [13], Simulated Annealing (SA) [21], and Agent Swarm Optimization (ASO) [23], etc. Such algorithms require a significant amount of computational time. The computational complexity of the optimization model is of high concern, especially for heuristic methodologies [10,16,24,25] to find near-optimal solutions. Along with the development of heuristic methodologies, many-objective optimization tools swarm intelligence algorithms (like multi-objective agent swarm optimization) and evolutionary algorithms (like NSGA-II, NSGA-III, BORG algorithm) are also catching the attention [23,26,27].

di Nardo et al. [13] used a single-objective genetic algorithm to optimize the boundaries of DMAs such that the dissipated power should be minimum. Giustolisi et al. [19] used a multi- objective genetic algorithm for minimizing the leakages, unsupplied customer demand, and the number of flow meters required. Gomes et al. [21] optimized the number and location of entry points and boundary valves, along with pipe reinforcement/replacement using simulated annealing technique with pipe velocity and nodal pressure constraints. Campbell et al. [23] simultaneously optimized five objectives including economic criteria, operating criteria, and energy criteria using agent swarm optimization. Hajebi et al. [26] used many objective genetic algorithms to optimize three categories of objectives (total 13 objectives) covering structural, hydraulic, and economic criteria subjected to hydraulic, structural, and explicit bound constraints. Zhang et al. [9] used the BORG algorithm to simultaneously optimize three objectives, i.e., optimize pressure uniformity, water age uniformity, and the number of boundary pipes in a partitioned network. Recently, Liu et al. [27] suggested a multi-staged, many-objective optimization methodology for DMAs identification. The first step was to identify the tree structure of the network using minimum spanning tree algorithm [28] and the second step used many objective optimization tool (BORG) to optimize structural and hydraulic objectives simultaneously.

It has been observed from the literature that each new methodology proposed adds up a new set of partitioning parameters and hydraulic constraints. The best example of this issue is given in Hajebi et al. [26] where 13 objectives and 11 constraints were listed for DMAs identification. Simultaneous handling of such parameters or many objectives only increases computational complexity and it may exhaust the practical applicability of the methodology from the perspective of network operations. Hajebi et al. [26] methodology required 16 h to solve the BWSN-II network while the methodology of Zhang et al. [9] required 278 h for the same network with different objectives. The time complexity increases with the size of the network. Since multi-objective optimization models end up with multiple solutions for DMAs identification, multi-criteria decision-making tools such as Analytical and Hierarchical Process (AHP), TOPSIS, etc. have been used in recent studies [15,29,30].

The last step in DMA formation is the performance evaluation of a partitioned network. The performance evaluation is done to check if, each formed DMA fulfills the demands with adequate pressure heads at each node. A variety of performance indices like energy indices [31], entropy indices [14], pressure indices, fire protection indices, water quality indices [9,18], and mechanical indices can be used to evaluate the network performance after partitioning. The resilience index and water age index are the most widely used performance indicators [20]. To get detailed information on performance indices readers can refer to di Nardo et al. [32].

Even though plenty of automated methodologies are available in the literature, there are still some areas that need to be addressed. Despite multiple benefits, DMAs are rarely used for leakage control and pressure management in developing countries due to the high cost of strategy implementation.

Recently, Santonastaso et al. [33] proposed a method to adjust the water network partitioning algorithms based on topological matrices in such a way that the actual valves can be used to identify DMAs. Three different algorithms, i.e., normalized cut (NC), multilevel recursive bisection algorithm (MLRB) and edge betweenness community algorithm (EBC) were used for explicative purposes. They concluded that considering the present isolation valves is advantageous in terms of partitioning cost. Although the authors mentioned that the proposed framework tend to have slightly worse performance in terms of uniformity of nodes between DMAs and of supplied power to users, but the solutions obtained were feasible without installing additional isolation valves. It is observed that most of the approaches do not take into account, the existing valves (isolation and pressure regulating), and water meters which can significantly reduce the cost of DMAs formation. In India and several other developing countries, flow and pressure control is also achieved through valve throttling. Thus, sluice valves are provided for both isolations and flow control purposes. In real water networks, some parts of the network may face pressure deficient conditions or may have lower operational pressures. Customer satisfaction is of prime importance in any water supply scheme; hence the demand shortfall or unsupplied customer demand should be given attention while forming DMAs.

This study, therefore, addresses the problem of DMAs design using existing infrastructure to identify clusters and their boundaries. The boundaries optimization is carried out using GA with customer satisfaction as a constraint to identify permanent boundaries, followed by the performance evaluation of the obtained solution. The study proposed here is problem-specific, adapted to the problem at hand, and takes full advantage of the particularities of the problem. The procedure has been demonstrated against a small sample network and a real-life sub-zone of a water network situated in the city of Nagpur, India.

2  Proposed Methodology

Valves are available in any existing network and normal sluice valves are used due to economic reasons for flow control and head dissipation by valve throttling. These are provided at strategic locations to serve the purpose of flow/pressure control. The same types of valves are used for isolating any section during repairs. As there is no distinction between the valves provided for two different purposes, the purpose for which they are provided could be understood from the valve opening during operation [34]. While isolation valves are fully open, flow/pressure control valves are partially open. What is required in this case is to select and combine the formed segments by these existing valves to form DMAs with no or minimum additional valves.

This section presents a methodology for defining the DMAs based on existing valve systems in a WDN using the concept of valve-to-valve segment identification. The idea here is not to create a coincidence between DMAs and segments but to identify the possible use of existing infrastructure for DMAs identification.

2.1 Segment Identification in WDN Using Existing Valves in the System

In the present study, the method proposed by Kaldenbach et al. [35] with modifications suggested by Gupta et al. [36] has been used for segments (or zones) identification using existing isolation valves.

The method considers valves as nodes in the network model and uses their exact location in segment identification using the Breadth First Search (BFS) algorithm. The basic idea of this algorithm is to automatically identify neighboring nodes of a starting node proceeding in a spoke like fashion [37]. This concept has been used to identify DMAs in water networks [12].

Such segments may not be uniform in size. Depending upon the number of connections in each segment, two or more segments can be merged based on engineering rationale to have more uniform segments. The step-by-step methodology has been explained with a small network example and also implemented on a medium-size network in the next section.

Consider the case of a small network consisting of 1 source, 15 nodes, 6 valves, and 25 links (as shown in the following Fig. 2).
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Figure 2: Sample network (left) and identified segments (right). (a) Simple network (b) Valve based clusters configuration

Node-Node connectivity matrix: The first step is to form the node-node connectivity matrix. It is a square and symmetric matrix where each row and column represent a node. The nodes in the matrix have been arranged as: sources first, then junction or demand nodes, and lastly valves. If any two nodes say, node, i, and j are connected then the element in the connectivity matrix is filled up with the index number of the pipe connecting the two nodes. Table 1 shows the node connectivity matrix for the sample network.

As shown in Table 1, the matrix is divided into four quadrants, i.e., source-source/source-node/node-node connections in Quadrant I, source-valve or node-valve connections in Quadrants II and III, and valve-valve connections in Quadrant IV, respectively.
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BFS for segments identification: To traverse along the network using breadth first search algorithm, various lists (or arrays) have been defined; search list (list of nodes that will be searched for connections with current segment), skip list (list of nodes that have been already searched for all segments), segment’s nodes list, segment pipes list and valves list. The following steps are performed iteratively till all the segments in the networks are identified.

(A) Add ‘first’ node to the search list and segment’s node list. Search for connections (if any) in that node’s row in Quadrant I of the connectivity matrix.

(B) If connections are found, add all the connecting nodes to the search list and segment’s node list. Check for the search list and the skip list to avoid repetitive entries of the same node.

(C) Remove the ‘first’ node from the search list and add it to the skip list.

(D) Repeat the procedure for the next node in the search list till the search list is emptied.

Once the nodes in each segment are identified, the node-node connectivity matrix is traversed again to identify the corresponding pipes and valves in the segment. The row of each node in the segment is searched using Quadrants I and II. If a connection is found in Quadrant I, it is added to the pipes list, or else, if the connection is found in Quadrant II, it is added in the valves list. It should be noted that when the connections are identified, the pipes list and the valves list are checked to avoid duplication of entries.

Lastly, single pipe segments (pipe isolated between two valves) are identified by searching the upper diagonal part of Quadrant IV as it is square and symmetrical. If such connections are found, the row value and column value are added to the new segment’s valve list and pipe list. The stepwise procedure to identify segments in the sample network is shown in Table 2.
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2.2 Boundaries Optimization (Sectorization Phase)

The next step corresponds to the selection of boundary pipe status i.e., to decide which boundary pipes need to be closed or kept open to establishing permanent zones. It is a well-known fact that pressure reduction in the network due to pipe closure is proportional to the number of such ‘closed’ boundary pipes. However, when a potential boundary pipe is kept open, a flow meter must be installed on it. Setting a greater number of potential boundary pipes as ‘closed’ pipes is preferable because:

(a) It reduces the number of flow meters requirement and subsequently, the cost of strategy implementation reduces. Since, installation, operation, and maintenance of flow meters require skilled manpower, it increases the overall budget.

(b) A smaller number of entrances to each zone increases the accuracy in controlling the incoming flow and increases the probability of leak detection.

Therefore, the problem of boundaries optimization in this study has been formulated as a single objective optimization problem i.e., minimization of the total cost of flow meters subjected to the constraints of the nodal head, flow continuity, and energy conservation. The objects defined in this phase represent the economic criterion. The nodal head constraint tackles the hydraulic feasibility criterion and the flow continuity and energy conservation constraints represent the hydraulic analysis conditions and these two conditions are taken care of by the hydraulic modeling tool (EPANET) itself. Mathematically, the constrained optimization problem may be formulated as:


Min(TCF)=∑l=1NivCiv+∑k=1NfmCfm
(1)


subject to:Himin≤Hi;i=1,...n(nodal pressure constraint)
(2)

In which Cfm = unit cost of flow meter; Hjmin = minimum permissible head at node ‘j’; q = nodal demand; n = total number of demand nodes; x is link in the network; Y represents total number of loops; ‘h’ = head loss in pipe; E = energy provided by pump.

Genetic algorithm model for boundaries optimization with penalty function: The GA is an evolutionary algorithm based on Darwin’s principle of natural selection used to address numerous optimization problems [38]. The optimization problem is solved by a real coded genetic algorithm. The non-linear constraint defined in Eq. (2) has been converted into a penalty function. The penalty function method converts the constrained optimization problem into an unconstrained one to fit into the nature of evolutionary computing techniques. Penalty functions help to discard infeasible solutions by penalizing them and allows the search to converge towards a feasible one.

Since the optimal solutions for water distribution systems are located at the boundary of feasible and infeasible solutions, hence the best way to handle the constraints is to confine the search around the boundary of the constraint between feasible and infeasible regions [39]. Therefore Eq. (1) can be modified into:


Min(TCF)=∑l=1NivCiv+∑k=1NfmCfm+∑j=1np×qj×{max(Hjmin−Hjavl,0)}
(3)

In which p = penalty multiplier; and {max(Hjmin−Hjavl,0)} = maximum violation of the pressure constraint at node j.

Penalty cost: Penalty multiplier (p) at a node is calculated based on the capitalized energy cost to pump a unit quantity of water through a unit head [39] and is mathematically expressed as follows:


Ce=PWF×Cea
(4)

In which PWF is the present worth factor and Cea is annual energy charges.


PWF=(1+ir)m−1ir(1+ir)m
(5)


Cea=ce×Pw×tp
(6)


Pw=w×qj×hp1000×ç
(7)

In which ir = interest rate, expressed as a fraction of one; m = design life of the WDN; ce = cost of the unit energy in monetary units per kWh; Pw = pump power (kW); tp = total time of the pump operation in a year (hours); w = specific weight of water (9,810 N/m3); hp = head supplied by the pump (= deficiency in pressure head at node j in meters), and ç = overall efficiency (dimensionless). Therefore Eq. (6) becomes


Ce=PWF×ce×w×qj×hp1000×ç×tp
(8)

And the penalty multiplier p is given by


p=Ceqj×hp
(9)

Say, if the interest rate ir is 8%; design period (m) = 30 years; per unit pumping cost (ce) = 4.5 Rs/kWh and efficiency (η) = 0.6, and tp = 24 × 365 (hours), therefore the penalty multiplier (p) = 7.261 × 106.

Hydraulic simulation: Since the demand-driven analysis (DDA) fails to predict the actual behavior of the network under pressure deficient conditions, it is necessary to carry out pressure-driven analysis (PDA) which considers both demand and pressure requirements through node head flow relationship (NHFR) [40]. Several NHFRs are available [41] in the literature amongst which, the most commonly used relationship is suggested by Wagner et al. [42] and is mathematically expressed as


qjavl=qjreq,ifHjavl≥Hjdes
(10)


qjavl=qreq(Hjavl−HjminHjdes−Hjmin)1nj,ifHjmin<Hjavl<Hjdes
(11)


qjavl=0,ifHjavl≤Hjmin
(12)

where qjavl is the available flow, qjreq is the required flow, Hjavl is the available Hydraulic Gradient Level (HGL), Hjmin is the minimum required HGL and Hjdes is the desirable HGL. The subscript j refers to the node number.

Eqs. (10)–(12) are a set of equations applicable at any node depending upon the head availability at that node. As per the principle of PDA, the nodal head constraints if violated due to pipe closure would result in pressure reduction and subsequently, there will be demand shortfall or unsupplied customer demand in the network.

The penalty function proposed by Kadu et al. [39] only considers nodal head deficiency and converts it into pumping cost, however, Sayyed et al. [43], have uniquely proposed a combined pressure and flow deficit-based penalty in GA which has been utilized in this study. The mathematical formulation of the objective function mentioned in Eq. (3) has been modified as follows:


Min(TCF)=∑l=1NivCiv+∑k=1NfmCfm+∑j=1np×(qjdes−qjavl)×{max(Hjmin−Hjavl,0)}.
(13)

where qjdes is the desired demand at node j and qjavl is the actual demand available at node j.

It should be noted that the above mentioned cost function reflects the combined cost of flow meters and isolation valves whereas for the proposed methodology the cost of isolation valves will be zero by default.

2.3 Performance Evaluation

As the optimal configuration of DMAs is obtained, it becomes necessary to evaluate the performance of the partitioned network. In this study, the Resilience Index (RI) (Todini [44]) has been used as a performance evaluation criterion. RI is the ratio of surplus energy to the difference between supplied energy and required energy. In other terms, RI is directly proportional to the available power in the network. Its value ranges from 0 to 1. High RI values indicate more reliability of the water network to maintain required heads under uncertain conditions. So, the real issue is to evaluate how much power in the network gets reduced, once the permanent boundaries are established. Mathematically, it can be expressed as:


fRI=∑i=1nnqj(ha,j−hr,j)∑sr=1nrQsrHsr+∑sp=1npPspϒ−∑i=1nnqjhr,j
(14)

where nn = number of demand nodes; np = number of pumps; nr = number of reservoirs; qj = demand at node j; ha,i = available head at demand node j; hr,j = required head at demand node j; Qsr = supply at reservoir sr; Hsr = head at reservoir sr; Psp = power from pump sp; and ϒ = specific weight of water (KN/m3).

3  Case Studies

In this section, the methodology is demonstrated on two WDS example applications of increasing complexities. The investigated networks are:

a) A simple network

b) Medium size real water Network

Example 1: A simple network

The network in the first example is a small illustrative system for testing and demonstrating the proposed model. The system layout is the same as shown in Fig. 2a. Following the segment identification scheme resulted in three segments as shown in Fig. 2b. After the identification of the segments, it is required to isolate the segments from each other by minimizing their interconnections.

In this case, 6 boundary pipes were identified. The preliminary hydraulic analysis of the network was done to get an idea of the network performance in terms of demand and pressure satisfaction. The minimum pressure requirements for adequate customer satisfaction were fixed to 14 m. The total demand of the network is 13.50 LPS.

The proposed sectorization method has been applied to the network. The commercial rates of flow meters and isolation valves have been extracted from the schedule of rates published by the state water utility authority (https://www.mjpmaharashtra.gov.in) (see Table 3).
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The GA parameters used for the cost optimization problem are as follows: population size = 50; number of generations = 50; crossover and mutation probability = 0.8 and 0.1, respectively; lower and upper bounds of variables = 0 and 1, respectively; penalty multiplier = 7.261 × 106. In this case, a slight violation of nodal head constraints was allowed to explore the solutions near the boundary of feasible and infeasible solutions. Such violations cause slight unsupplied customer demand (allowable up to 1.5% of the total demand) in the network.

The valve closure functionality in EPANET is embedded as a pipe property. In order to simulate the closure of valves, the boundary pipe linked to valves need to be closed. Hence, in this case the valves closure and boundary pipes closure are used interchangeably. The boundaries optimization resulted in a configuration in which four boundary valves could be closed out of 6 potential boundary valves. The total cost of two flow meters required would be Rs. 2,50,276/-.

Once the boundaries are fixed, the next step corresponds to the performance evaluation of the final solution in terms of resilience index and other statistical performance indices. The resilience index of the raw network was 0.69 and for the partitioned network with 4 valves closed, the network resilience dropped to 0.56. When few valves are closed, the water takes longer routes to reach the demand nodes changing the original configuration of the network. This increases the head loss in the network and causes a pressure drop and reduction in total energy in the system.

It is important to explore the changes in statistical performance indicators like mean, maximum, and minimum pressure values in the network. The nodal pressure can be treated as a proxy to leakage reduction. From Table 4, it is clear that the fluctuations in the statistical indices of the network are insignificant due to the small size of the network. The minimum pressure in the raw network was 12.87 m. The maximum pressure before and after partitioning was 17.69 and 17.42 m.

Also, the unsupplied water demand in the network did not fluctuate beyond 1.1% before and after closing the pipes. This was due to the strict penalty function which directed the solution towards the least violation of penalty.

[image: images]

Example 2: Medium size real water network

Ramnagar GSR operational hydraulic zone [34] is located in the western part of Nagpur city, India, comprising of residential, institutional, and commercial customers. The network layout consists of 411 nodes, 435 pipes, 1 reservoir, and 59 valves as shown in Fig. 3. Since the network under consideration is a real-life working network, the authors have not altered any network properties including the positioning of valves. A preliminary hydraulic analysis of the existing water network was performed to get an idea of the pressure and nodal demand satisfaction levels where the minimum pressure required for full demand satisfaction was set to 8.0 m.
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Figure 3: Existing water network layout

Preliminary hydraulic analysis of the network showed that the existing network has lower operating pressures for peak hour demand at few demand nodes which results in unsupplied customer demand of 0.3% of the total demand (where total demand = 219.31 liters per second).

Segmentation of the given water network using the proposed methodology resulted in 21 segments as shown in Fig. 4. However, the proposed methodology provides some individual pipes as segments, individual pipes enclosed between two valves as segments, and also considers the source as a segment, which is not in line with the idea of DMAs design. Also, if such segments are considered as DMAs, then it would increase the computational complexity as the preceding pipe supplying water to such segments will have to be considered as a potential boundary pipe during the sectorization phase. It is observed that some segments have very few pipes because of the locations of valves.
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Figure 4: 21 segments obtained with segments identification method

Therefore, such segments have been merged into the adjacent segments with engineering judgment to reduce the sample size of potential boundary pipes as shown in Fig. 5. The merging process resulted in 13 segments or zones with 30 potential boundary pipes (valves in this case) whose status’ (open/closed) have been fixed using single-objective GA.
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Figure 5: 13 DMAs configuration obtained after merging a few segments

The proposed sectorization method has been implemented for the worst-case scenario, i.e., for peak demand conditions where the total outflow from the reservoir for peak demand hour was 219.31 liters per second (LPS). A minor constraint violation, i.e., unsupplied customer demand of 1% of the total demand was allowed in the design. The GA parameters used for the cost optimization problem are the same as used in the first example.

The segment identification procedure blended with engineering judgment resulted in 13 DMAs and 30 boundary pipes out of which 15 pipes were closed to establish permanent boundaries. The following results are obtained. For the obtained DMA configuration, a total of 15 numbers of flow meters costing Rs. 15,19,792/- would be required. The RI value of the existing water network is found to be low, i.e., 0.37 and it is found to be 0.31 for the partitioned network. The pressure values in the existing water network, i.e., the minimum, mean, and maximum pressure values (in m) are 5.632, 13.128, and 20.16 m respectively while for the proposed configuration, the pressure values dropped to 5.606, 12.78, and 19.787 m, respectively.

The existing water network itself has nodal pressure below 8 m at a few nodal points, resulting in slight unsupplied customer demand. A total of 218.651 LPS demand is being fulfilled as against the requirement of 219.31 LPS with a demand shortfall of 0.659 LPS. However, it is made sure that the unsupplied customer demand should not exceed 1% of the total required demand. This is also reflected even after closing 15 boundary pipes. The total unsupplied customer demand for the proposed network configuration is 0.91 LPS which is slightly high against the existing network (i.e., 0.659 LPS).

Louvain Algorithm Based DMAs Configuration

Example 3

Apart from the proposed methodology, an additional network configuration has also been worked out in which all the existing valves of the network have been removed without disturbing the hydraulic input data.

The algorithm is a heuristic greedy method based on modularity optimization. The fundamental principle of this algorithm is that the edges are strongly connected inside the clusters whereas inter-cluster connections are sparse. It uses the modularity index as an evaluation criteria of network partitioning. The modularity index is mathematically expressed as:


Q=12m∑Uú[AUú−kUkú2m]ä(CU,Cú)
(15)

where Aυω = element of the adjacency matrix of the network (Aυω = 1 if vertices υ and ω are connected; otherwise, Aυω = 0); m=(∑UúAUú)/2 total number of edges; kU=(∑úAUú)= degree of vertex υ, defined as the number of edges connected to that vertex; ä(CU,Cú) = 1 if Cυ = Cω (otherwise = 0); Cυ and Cω = two different communities; υ and ω = vertices in Cυ and Cω, respectively; and kυkω/2m = probability of an edge existing between vertices υ and ω if connections are randomly made (respecting vertex degrees).

The advantage of Louvain algorithm over other clustering algorithms is that it allows the users to adjust and obtain the desired clustering configuration with a mere adjustment of resolution parameter. In this work, Gephi software (https://www.gephi.org) is used to get the desired clusters by adjusting resolution parameter. Nodal average pressure between the two connected nodes were assigned as weights to the corresponding links. For more details on multi-resolution modularity, readers can refer to Zhang et al. [9].

In order to arrive at the same number of 13 clusters as obtained in the existing valve infrastructure, the resolution parameter is adjusted as a trial and error approach and 13 clusters are identified. However, the arrangement of clusters and the boundaries are different. The pictorial representation of this configuration is shown in Fig. 6.

[image: images]

Figure 6: 13 DMAs configuration for Louvain based algorithm

The sectorization or boundaries optimization of this configuration is done using the same procedure (GA) as explained in this paper. This additional work is presented to get an idea of how the network would have behaved when treated as a raw network without any existing valves. The Louvain algorithm-based configuration relatively had a similar number of closed boundary pipes with a drop in resilience index, i.e., 0.28. The total cost of strategy implementation for this configuration was Rs. 23,56,684. It is quite obvious that closed pipes reduce the resilience index of the network as the water has to take a longer route for reaching the desired nodes. The Louvain configuration resulted in a costlier solution in terms of the cost of valves and flow meters, but it should be noted that the additional cost of infrastructure required for installing the devices is not considered. Such additional costs for existing networks will be considerably less and it is a passive advantage of using existing infrastructure for DMAs identification. The better performance of the existing infrastructure-based configuration comes at a cheaper cost and a better resilience index. It can be said that the cost of DMAs design and the network’s hydraulic performance are inversely related.

The results of the proposed method using existing valves and the results of Louvain algorithm based configuration is presented in Table 5.

[image: images]

Table 6 enlists the boundary pipes, their diameters, and their corresponding open/closed status for both configurations. Five boundary pipes were common in both the cases, and they are shown in Italics in Table 6. Out of the five common pipes three pipes were open for both the cases. It shows that the pipes are hydraulically important as closing these pipes may drastically affect the network performance. The best part of the existing infrastructure-based method is that a mere closure of selective valves in the water network leads to desired DMAs formation with the least disturbance in existing daily operations of the water network. As against this, the aim of many developed methodologies in the past was to decide DMAs identification for raw water networks without considering the actual valves in the network. The clustering algorithms used features like flow rate, diameter, nodal heads to assign pipe weights.

[image: images]

The proposed methodology has multiple steps and requires some expertise from the user. The algorithm used in segments identification terminates once the valves are identified and starts the search in other directions. The method does not guarantee any kind of hydraulic similarities like demand or pressure similarity among the nodes in identified segments. Also, the algorithm gives a single pipe segment or segments with few pipes depending on the location of the valves as highlighted in Fig. 4.

Usually, it is preferred to have a DMA with some minimum connections or some minimum pipe lengths [4]. Herein, a judgment is made by merging some of the adjacent segments to have a DMA with some minimum connections. Development of heuristic or optimization-based methodology to combine adjacent segments can be explored in the future so that the dependency of human expertise can be reduced for DMAs identification. The optimization of hydraulic properties of the network like pressure and demand similarity along with the number of customer connections per DMA can also be considered.

The use of single-objective GA for minimizing the cost of implementation with PDA converged quickly towards the optimum solution. The penalty function worked effectively to discard infeasible solutions and the optimum value was attained in just 13 generations.

However, the recent research interests in the areas of optimal DMAs design indicate that many aspects should be simultaneously optimized. This gives rise to the need of using many-objective optimization methodologies for the sectorization phase.

4  Conclusions

This paper presents an advancement in DMAs design methodology which taps the potential of existing valves of the water network. The paper includes (1) mapping the water network into a graph and clusters identified using the proposed segmentation procedure blended with engineering judgment; (2) Determining the boundary pipes that can be closed to establish permanent boundaries; and (3) Performance evaluation of the partitioned network.

The methodology is implemented on a real water network and results show that the proposed method can reasonably form DMAs without adversely affecting the hydraulic capacity of the water network. It is opined that there is a huge potential for new methodologies to be devised for DMAs identification as discussed in the previous section. Regarding the use of optimization tools, it is important to consider several factors at a time while fixing the boundary status, which needs robust optimization techniques.

This method could be beneficial for water utilities having budget constraints but are willing to improve the operational efficiency of the existing water network. Finally, it is worth noting that with the proposed technique, fair results of DMAs identification can only be achieved by carefully applying the method with sound engineering judgment.
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Table 1: Node-node connectivity matrix
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Table 3: Commercial rates of flowmeters and valves

Pipe diameter (mm) Unit cost of valves (in Rs.) Unit cost of flow meters (in Rs.)
100 18,831 98,041

150 28,247 1,05,692

200 44,053 1,25,138

225 53,000 1,32,000

250 63,396 1,38,297

300 81,115 1,58,628

350 1,08,154 2,19,362

400 1,80,478 249,122

450 246,243 2,66,894

500 2,89,697 3,10,486
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Table 6: List of boundary pipes and their status after DMAs identification

30 Boundary pipes for proposed method 31 Boundary pipes for Louvain algorithm
Pipe ID  Diameter  Status Pipe ID  Diameter  Status
P-107b 100 Closed 4 150 Closed
P-353 91.6 Closed 5 200 Open
P-359 100 Closed P-106 200 Open
P-323 200 Open 39 150 Closed
P-356a  91.6 Closed P-258 250 Open
P-352a  133.6 Closed 55 200 Closed
P-346a  133.6 Open P-323 200 Open
P-258 250 Open P-353 91.6 Closed
P-235 150 Open 64 100 Open
P-165a  91.6 Closed P-178 150 Open
P-178a 150 Open 71 150 Open
P-58a 200 Open 75 150 Closed
P-56a 100 Open 76 150 Open
P-50a 100 Closed P-10 200 Open
P-47a 200 Open P-32 133.6 Closed
P-43a 150 Closed P-35 133.6 Closed
P-57a 150 Open P-39 91.6 Closed
P-37a 133.6 Closed P-53 100 Closed
P-133a  133.6 Open P-65 100 Closed
P-122a  133.6 Closed P-67 100 Closed
P-119a  91.6 Open P-77 150 Closed
P-109a 250 Open P-103 150 Closed
P-106 200 Closed P-104 450 Open
P-132a 150 Closed P-213 225 Open
P-156a 225 Open P-235 150 Open
P-337a 150 Closed P-288 100 Open
P-158a 100 Open P-292 150 Closed
P-137a 150 Closed P-307 100 Closed
P-111a 150 Open P-308 150 Open
P-105a 100 Closed P-340 150 Open
- - P-342 150 Open

Note: The italic text in the table indicates the common boundary pipes identified in both the DMAs configurations.
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Table 4: Results of DMAs identification for simple network

Sr. no. Parameter Raw 3 DMAs
water configuration
Network with proposed
method

1. No. of boundary pipes - 6

2. No. of flowmeters - 2

3. Cost of isolation valves - -
in Rs.

4. Cost of flowmeters in - 250276/~
Rs.

6. Resilience index 0.69 0.56

7. Hyyin () 12.87 12.87

3. Humax (m) 17.69 17.42

9. Hmean (m) 14.66 14.59

10. Peak demand required 13.50 13.50
(LPS)

1. Actual peak demand 13.35 13.35
with PDA (LPS)

12. Unsupplied customer 0.15 0.15
demand (LPS)

13. Unsupplied customer 11 11

demand in %





OEBPS/Images/CMES_18867-fig-6.png





OEBPS/Images/cmes-logo.png





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
Table 2: BFS for identifying subdivisions in network

1: Add source node S to the search list and node list
Search Skip Node  Pipe Valve

S S

2: Search row corresponding to node S (find the connection to node 1 with pipe 1). Since no
other connections are found, add S to the skip list and delete it from the search list
Search Skip Node  Pipe Valve

S S S 1
1

3: Search row 1 and find connection with node S through pipe 1, node 11 through pipe 21,
and valve V1 through pipe 2 (avoid adding duplicate entries in all iterations if nodes and pipes
already added in the previous step)

Search Skip Node  Pipe Valve

1 S S 1
11 1 21
11 2 Vi

4: Remove node 1 from the search list and add it to the skip list. Search row 11 and find

connections with node 1 through pipe 21, node 10 through pipe 14, and node 12 through pipe 15
Search Skip Node  Pipe Valve

g S S 1
11 1 1 21
10 11 2 \%!
12 10 14
12 15

5: Remove node 11 from the search list and add it to the skip list. Search row 10 and find a
connection with node 9 through pipe 13, node 11 through pipe 14
Search Skip Node  Pipe Valve

H S S 1
10 1 1 21
12 11 11 2 Vi
9 10 14
12 15
9 13

6: Remove node 10 from the search list and add it to the skip list. Search row 12 and find
connection with node 11 through pipe 15 and valve V4 through pipe 16
Search Skip Node  Pipe Valve

10 S S 1
12 1 1 21
9 11 11 2 Vi
10 10 14
12 15
9 13
16 V4

7: Remove node 12 from the search list and add it to the skip list. Search row 9 and find
connection with node 10 through pipe 13 and valve V3 through pipe 12
Search Skip Node  Pipe Valve

r S S 1

9 1 1 21
11 11 2 V1

10 10 14

12 12 15

9 13
16 V4
12 V3

7: Remove node 9 from the search list and add it to the skip list. The search list is now empty

which means a subsection is identified
Search Skip Node  Pipe Valve

9 S S 1

1 1 21

11 11 2 Vi

10 10 14

12 12 15

9 9 13
16 V4
12 V3

8: Similarly other subsections can be identified following the same procedure
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Table 5: Comparison of the proposed methodology and Louvain algorithm based configuration

Sr. no.

7.
8.
9.

=3

Parameter

No. of boundary pipes
No. of isolation valves
No. of flowmeters
Cost of isolation valves
inRs.

Cost of flowmeters in
Rs.

Total cost of
implementation in Rs.
Resilience index

Hipin (m)

Hinax (m)

an (m)

Peak Demand required
(LPS)

Actual peak demand
with PDA (LPS)
Unsupplied customer
demand (LPS)
Unsupplied customer
demand in %

Existing

0.37
5.632
20.16
13.128
219.31

218.651
0.659

0.3%

13 DMAs
configuration
with proposed
method

30

15

15

15,19,792
15,19,792
0.31
5.289
20.035
12.034
219.31
218.408
091

0.41%

13 DMAs
configuration
with Louvain
algorithm

31

15

16
3.83.015
19,73,669
23,56,684
0.28
7.027
17.832
11.77
219.31
219.002
0.31

0.2%
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