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ABSTRACT  12 

This paper presents an innovative and comprehensive methodology considering yearly demand variability and 13 

environmental factors in the design of pumping stations serving closed distribution systems. While a single daily pattern 14 

of demand is typically considered for the design in most cases in the scientific literature, the new methodology considers 15 

a set of potential daily patterns of demand, each of which with its own probability of occurrence, both to obtain an 16 

accurate estimation of yearly operational costs and to guarantee the feasibility of the pumping station during the yearly 17 

demand peak. As an additional novelty of this work, environmental criteria, such as the impact in terms of greenhouse 18 

gas emissions, are also considered in the design and combined with technical and economical criteria, to rank various 19 

design alternatives based on the Analytic Hierarchy Process (AHP). The application proves that it can yield cost-20 

effective, technically sound, and environmentally friendly solutions in systems with various characteristics. 21 

Keywords: Pumping station, AHP, technical criteria, environmental criteria, and economic criteria. 22 

PRACTICAL APPLICATIONS  23 

The main contribution of this work is that it presents a standardized methodology for pumping station design in Water 24 

Distribution Networks. An important advantage of this method is that it reduces the degree of subjectivity of the designer 25 

and avoids assumptions during the design process by applying a multi-criteria decision analysis in the methodology. 26 

This new method of pumping station design brings a different point of view to traditional design methods. While 27 

traditional design methods focus on minimizing the project costs and operational costs, this new methodology considers 28 
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technical, environmental, and economic aspects in a comprehensive manner during the design process. In addition, this 29 

methodology considers demand variability in the design process, highlighting its effects and its importance in the case 30 

studies presented in this work. In short, this methodology could be applied in any kind of pumping station design for 31 

real water distribution networks of different size. The results that this methodology yields demonstrate that the solutions 32 

of pumping station can be technically feasible and simple, economically profitable and environmentally sound. 33 

 34 

INTRODUCTION  35 

In the most recent century, the world population growth and economic development in urban settlements have caused 36 

the increase and pattern variations in water consumption. Two of the seventeen sustainable development goals (SDG) 37 

issued by The United Nations (2020), i.e. SDG 6 (water-sanitation) and SDG7 (non-polluted energy), are related to 38 

water. Therefore, a lot of efforts in water distribution management are currently being dedicated to the reduction of 39 

water and energy wastes and the sustainability of water consumption services. This significantly impacts on the design 40 

of pumping stations (PSs), which is typically performed in three stages for closed water distribution networks (WDNs). 41 

A closed WDN is made up of a WDN that is directly fed by one or various PSs that take(s) water from the source(s) 42 

(Walski and Creaco 2016). As water supply is guaranteed by the operation of pumps, this configuration of WDN requires 43 

at least one pump to always be active in each pumping station. Though featuring high operational costs and potentially 44 

incurring in issues of reliability, it is often preferred by water utility managers to the open WDN configuration, in which 45 

storage tanks lie in between PSs and the remainder of the WDN. This is because the construction of elevated storage 46 

tanks may sometimes be infeasible or aesthetically unpleasant in urban centers. As an example, the WDN of Milan is 47 

supplied by PSs with no intermediate storage tanks (Creaco et al., 2016). The first stage of PS design for closed WDNs 48 

analyses the requirements of flow and pressure of the PS to meet demand and service pressure in the WDN. The second 49 

stage determines the minimum head required in the PS to supply the critical node in the network for every flow rate 50 

(set-point curve) and selects the suitable number and model of pumps to meet this curve. Finally, the third stage 51 

contemplates the infrastructure design, such as infrastructure implantation, electrical installation, and selection of the 52 

control system operation in the PS. The main component of Life Cycle Cost (LCC), which plays a major role in PS 53 

design, is the operational cost associated with energy consumption, which must be minimized. In fact, the optimization 54 

of LCC has economic benefits associated with the reduction in energy and maintenance costs (Bunn and Reynolds 55 
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2009), as well as environmental benefits, such as the decrease in greenhouse gas (GHG) emission and leakage (Creaco 56 

et al. 2016; Torregrossa and Capitanescu 2019). 57 

Several works developed methodologies to optimize PS operation in the context of WDN design. For example, 58 

Lamaddalena and Khila (2013) developed different control system configurations combining pressure and flow controls 59 

with Fixed Speed Pumps (FSPs) and Variable Speed Pumps (VSPs) to optimize energy consumption in irrigation 60 

networks. Then, León-Celi et al. (2018) optimized the energy consumption in water networks with multiple PSs using 61 

the set-point curve concept. Similarly, Briceño-León et al. (2021a) deepened the optimization of the pumping control 62 

system and determined the optimal number of pumps and pumping configurations for every flow rate. In addition, they 63 

considered the variability in frequency driver performance to obtain more accurate results on energy consumption. A 64 

characteristic of these previous works is that the optimization of the PS operation is performed after the pump model 65 

and the number of pumps in the installation were previously defined. Furthermore, other works brought about significant 66 

improvements, such as minimization of energy, maintenance, and water treatment costs. Mahar and Singh (2014) 67 

developed a methodology to optimize the total LCC (infrastructure and operational costs) of PSs. Then, Nault and Papa 68 

(2015) improved the operational costs of PSs considering environmental aspects, such as greenhouse gas emissions 69 

connected to pump operation. Similarly, Beygi et al. (2019) optimized the total cost of water transportation systems and 70 

the reliability of the system based on the Best Efficient Point (BEP) of the pumps.  71 

Summing up, most of the previous works in PS design aimed to assess the solution from an economical point of view, 72 

such as the minimization of operational and construction costs. However, several important aspects were not considered 73 

in the design, which can hardly be expressed in economic terms, including the feasibility of the construction and the 74 

flexibility of the operation, associated with space restrictions in the station and with the number of pumps installed. In 75 

fact, a larger number of pumps provides better operating flexibility, which means meeting higher and lower demands 76 

with better efficiency. Indeed, the number of pumps is arbitrary and typically left to the designer’s judgment or 77 

experience. Another important aspect that is usually neglected is the complexity of the operation of the pumping control 78 

system. Therefore, there is the necessity to include technical criteria in addition to economic criteria in engineering 79 

projects, such as PS projects (Naval and Yusta 2021). In real case studies, various levels of complexity can be found in 80 

the PS serving closed WDNs, ranging between the (almost) total absence of control and the widespread use of flow and 81 

pressure control, frequency driver, and Programmer Logic Control (PLC) (Khatavkar and Mays 2019). These control 82 

systems are used for the PSs to operate close to the set-point curve of the network in order to reduce energy consumption 83 
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and leakage. In this context it must be noted that a complex control system may increase the cost of the electrical 84 

installation and may make the economic viability of a project more difficult to assess (Leiby and Burke 2011). On the 85 

other hand, simple and robust control methodologies are sometimes preferred when pump scheduling is performed in 86 

real time to optimize pump operation (Salomons et al. 2020; Manteigas et al. 2021). 87 

Another aspect that is important to consider in the design of PSs is represented by environmental factors, such as the 88 

size of GHG emissions produced. In fact, previous works proved WDS management to be potentially harmful to the 89 

environment in our era of climate change (Herstein et al. 2011; Blinco et al. 2016; Hajibabaei et al. 2020). However, to 90 

the best of our knowledge, only a limited number of works (e.g., Nault and Papa 2015) have so far tried to incorporate 91 

this aspect into PS design. 92 

Though the works described above have brought about significant contributions, the scientific literature is still missing 93 

a comprehensive methodology integrating economic, technical, and environmental factors in the design of  PSs. A recent 94 

contribution to PS design was given by the work of (Briceño-León et al. 2021b), who integrated technical and economic 95 

criteria divided in 5 sub-criteria, i.e., number of pumps, complexity, investment, operational, and maintenance costs. 96 

However, (Briceño-León et al. 2021b) failed to consider environmental criteria. Furthermore, a common limitation of 97 

the previous works lies in the fact that they neglected the yearly demand variability of the WDN. In fact, they typically 98 

considered a single daily demand pattern to test the feasibility of the PS and to evaluate yearly operational costs. Another 99 

limitation is that the optimization of PS operation is usually missed during the selection of pump model and number of 100 

pumps in the design process. In fact, it almost always happens that the optimization of PS operation is performed only 101 

after the pumping configuration has been defined.  102 

This work tries to bridge this research gap in the context of PSs serving closed WDNs, by combining the optimization 103 

of pump control according to various strategies and the Analytic Hierarchy Process (AHP) developed by (Saaty 1980, 104 

2008; Saaty and Sodenkamp 2010) for the multi-criteria decision analysis (Greco J. et al. 2016) of economic, technical 105 

and environmental factors. In this way, this work contemplates a different analysis to determine the priorities of the 106 

criteria based on the opinion of groups of experts by modifying the conventional AHP scale (Saaty 2008). In addition, 107 

this work considers the optimization of PS operation in the design process to determine the number of pumps. Finally, 108 

it considers multiple daily demand patterns, each of which with its own probability of occurrence, to better reproduce 109 

the yearly demand variability, resulting in a more reliable test of PS feasibility and in a more accurate assessment of 110 

operational costs. 111 
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METHODS 112 

Pumping Station Design Statement  113 

The design of a PS typically contemplates three stages. The first stage includes finding all the data useful for PS design. 114 

The second stage is about the selection of the pump model and the determination of the number of pumps. The third 115 

stage includes the infrastructure and installation of the different control system configurations according to the 116 

necessities of the network. In the present work, as will be described below, the second and third stages usually 117 

considered in PS design are combined into a single iterative stage yielding a set of potential solutions to be assessed by 118 

means of the multi-criteria analysis of economic, technical, and environmental factors. This third stage of multi-criteria 119 

analysis, which is innovative especially due to the inclusion of environmental factors and the modification of the AHP 120 

scale, is meant to help decision-makers in the selection of the ultimate PS design solution with a reduced level of 121 

arbitrarily. The flowchart of the proposed methodology is shown in Figure 1, where the three methodological stages are 122 

distinguished. These stages concern the required data, the selection of the potential pump model solutions and the 123 

application of the AHP method to select the ultimate solution based on a multicriteria analysis of technical, economic 124 

and environmental criteria, respectively. Here follows the detailed description of the three methodological stages along 125 

with all the elements present in the flowchart.  126 

 127 

First Stage 128 

The required data for PS design are listed below: 129 

- Pump model database: Every pump model in a commercial catalog is defined by the best efficiency point (BEP). 130 

This term is referred to the operational point of the pump featuring maximum efficiency. The BEP includes the nominal 131 

Head (H0), the nominal flow (Q0), the nominal efficiency (η0), and the nominal rotational speed (N0).  These parameters 132 

determine the head curve (H-Q) and the efficiency curve (η-Q). The following relationships (1-7) characterize the pump 133 

operation: 134 

𝐻𝐻 = 𝐻𝐻1𝛼𝛼2 − 𝛼𝛼(2−𝐵𝐵)𝐴𝐴 · �𝑄𝑄
𝑏𝑏
�
𝐵𝐵

 head curve (1) 

𝜂𝜂 = 𝐸𝐸 · 𝑄𝑄
𝛼𝛼∙𝑏𝑏

− 𝐹𝐹 · � 𝑄𝑄
𝛼𝛼∙𝑏𝑏
�
2
 efficiency curve (2) 

𝛼𝛼 = 𝑁𝑁
𝑁𝑁0

 rotational speed ratio (3) 
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𝜂𝜂𝑐𝑐 = 1 − (1− 𝛼𝛼)3 ∙ 𝜂𝜂 correction for pump efficiency  (4) 

𝜂𝜂𝑣𝑣 = 𝜂𝜂𝑣𝑣,0 · (𝛽𝛽𝑣𝑣
𝑘𝑘1 − 𝑘𝑘2 · (1− 𝛼𝛼)𝑘𝑘3) efficiency of the frequency drive (5) 

𝜂𝜂𝑆𝑆 = 𝜂𝜂𝑐𝑐 ∙ 𝜂𝜂𝑣𝑣 global efficiency (6) 

𝑃𝑃𝑇𝑇 = 𝛾𝛾∙𝑄𝑄∙𝐻𝐻
𝜂𝜂𝑠𝑠

 consumed power (7) 

The term H1 is associated with the maximum head that a pump can supply when the flow (Q) is null. The coefficients A 135 

and B characterize the head curve (H-Q) of the pump model whereas the coefficients E and F characterize the efficiency 136 

curve (η-Q). All coefficients are obtained by regression techniques to best fit the operating points of the head curve and 137 

efficiency curve of a catalog data. The term b is the number of pumps in operation in the PS, and α is the ratio of current 138 

to nominal rotational speed (N/N0). Here it is assumed that all the operating VSPs are of the same model and have the 139 

same rotational speed, being connected to the same frequency drive. The term ηc is the correction of the efficiency 140 

estimation of the pump by the affinity laws. The equation of this term is based on  the (Coelho, Bernardet; Andrade-141 

Campos 2016) formulation. ηv describes the efficiency of the frequency drive, as was developed by (Briceño-León et 142 

al. 2021a). The terms k1, k2, and k3 are constant parameters for the best fit of the equation to catalog data. The term ηs is 143 

the global efficiency of the PS. Finally, the term PT is the consumed power by the PS and the term ɤ is the specific 144 

gravity of water. 145 

- Installation layout: This work is based on the basic layout of PS proposed by (Briceño-León et al. 2021b) with its 146 

principal components. This layout assumes that the pump units of the PS are connected in parallel and there is a backup 147 

pump if any unit pump fails. Upstream and downstream of the PS installation are section valves. Every branch of a unit 148 

pump is equipped with one check valve and one section valve. The layout of the PS is shown in Figure 2.  149 

 150 

The size of the PS is defined basically by 3 types of lengths in the basic layout: the length of separation of each branch 151 

(L1), the length of each branch (L2), and the length upstream and downstream of the PS (L3). These lengths are set 152 

proportionally to the nominal diameter of the pipes (NDi) by using a constant factor (fi). The sub-index i represents the 153 

type of length (1, 2, or 3). 154 

𝐿𝐿𝑖𝑖 = 𝑓𝑓𝑖𝑖 ∙ 𝑁𝑁𝑁𝑁𝑖𝑖 (8) 
- Set-Point Curve: It represents the required dynamic head (Hc) for every flow rate (Q) in the PS for satisfying the 155 

minimum pressure service in the nodes of the network, with special attention to the critical node. The main characteristic 156 

of this curve is that the resistance produced by consumption nodes is replaced by a constant value that is the minimum 157 
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pressure of service for consumptions nodes in any time instant. Therefore, there is only one set-point curve for every 158 

PS (León-Celi et al. 2018). This curve is expressed by the following equation: 159 

𝐻𝐻𝑐𝑐 = ∆𝐻𝐻 + 𝑅𝑅 ∙ 𝑄𝑄𝐶𝐶 (9) 

The terms ΔH, R, and c are the static head of the PS including the minimum pressure service on the consumed nodes of 160 

the network, the resistance produced by the pipelines in the network, and an exponent that depends on the characteristic 161 

of the system, respectively. 162 

The choice of the quadratic curve in equation (9) can be motivated as follows. Based on the results of numerical 163 

simulations on the whole WDN served by a pumping station and modelled considering a stochastic demand approach, 164 

Creaco and Walski (2018) proved that, in the local real time control of pumping stations, there is a conservative 165 

quadratic relationship between the pressure setting to adopt for the downstream pressure head for guaranteeing a 166 

satisfactory service pressure in the whole WDN and the water discharge in the station. Since the dynamic head is the 167 

difference between the upstream pressure head, which is typically constant, and the downstream pressure head, 168 

expressible by means of a quadratic curve, the same kind of relationship can also be calibrated by means of hydraulic 169 

modelling to express the minimum desired dynamic head as a function of the water discharge in the station. Of course, 170 

other kinds of relationships may be used without loss of generality for the methodology described in the paper. 171 

In figure 3, the operational curve of a PS made up of three pumps and the set-point curve of a system are shown for 172 

explicatory purposes. The intersections of the set-point curve and the pump curve of every pump determine Q1, Q2, Q3 173 

and also define the limit of operation of every pump. In addition, the intersection of the maximum required head (Hmax) 174 

and the set-point curve defines the maximum flow of the system. In general, the purpose of the control system operation 175 

is that the operation points of the pumps (Q, H) should be as close as possible to the set-point curve. 176 

 177 

- Variability of Demand Pattern: While a single daily pattern of demand is typically considered in most previous 178 

works for PS design, this work proposes the use of multiple scenarios of demand. Based on the demand pattern observed 179 

in the network analyzed or in another network with similar characteristics during a long time horizon (e.g., one year), 180 

demand values can be calculated for each hourly slot for a certain number Np of non-exceedance probabilities (e.g., Pc,j 181 

= 0.05, 0.1, …0.95, 1.0). By putting together the demand values associated with the various hourly time slots and with 182 

a certain prefixed value Pc,j of the non-exceedance probability, the generic j-th scenario of demand is obtained. Its 183 

probability PrDP,j of occurrence is simply calculated as: 184 
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𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑗𝑗 =

⎩
⎪
⎨

⎪
⎧

𝑃𝑃𝑐𝑐,𝑗𝑗+1

2
𝑗𝑗 = 1

𝑃𝑃𝑐𝑐,𝑗𝑗+1 − 𝑃𝑃𝑐𝑐,𝑗𝑗−1 1 < 𝑗𝑗 < 𝑁𝑁𝑝𝑝
1 − 𝑃𝑃𝑐𝑐,𝑗𝑗−1

2
𝑗𝑗 = 𝑁𝑁𝑝𝑝

 (10) 

The first and the third expression of equation (10) are used to determine the probability of occurrence PrDP,j for the first 185 

and last scenario of demand and correspond to the non-exceedance probability (Pc,j = 0.05 and Pc,j = 1.0). The second 186 

expression of equation (10) is used to determine the probability of occurrence of the other scenarios of demand with 187 

non-exceedance probability (Pc,j = 0.10, 0.15 …0.95). 188 

The advantage of using a set of multiple daily scenarios of demand, instead of a single scenario, is twofold. On the one 189 

hand, it enables better validation of the feasibility of the PS, since the PS is expected to tackle not only the demand peak 190 

in the average day of operation but also the demand peak and low demands in the long-time horizon. On the other hand, 191 

it enables better estimation of the yearly operational costs, which may differ from those in the average demand scenario. 192 

- Electric tariff: The price of electricity and different kind of tariffs are usually established by the electricity utility. 193 

This present work assumes a daily electricity tariff with variable hourly tariffs to differentiate the electricity price in 194 

peak hours, off-peak hours, and plain hours. However, daily electricity tariffs can also be variable across the demand 195 

scenarios defined above. 196 

- Factor of CO2 emission: This emission factor is obtained from a local energy marker.  197 

- Control System Strategies: The different strategies of control system are classified depending on the kind of pumps 198 

used in the PS (FSPs and/or VSPs) and the type of measurement control: Pressure Control (PC) or Flow Control (FC) 199 

as described (Briceño-León et al. 2021b). Specifically, five strategies of operation are considered for this methodology: 200 

1. No control system; 2. FSPs with PC; 3. FSPs with FC; 4 FSPs and/or VSPs with PC; and 5. FSPs and/or VSPs with 201 

FC. The first strategy of operation (no control) is not really a control configuration. However, this methodology 202 

considers this operating mode to compare the obtained results of energy consumption with the other control system 203 

strategies. This methodology contemplates the need for a PLC when the control system has analogic inputs of flow or 204 

pressure to regulate the operation of the PS, as it happens in modes 3, 4 and 5.  The type of elements to implement the 205 

5 different operating strategies in the PS are defined in the following table 1.  206 

 207 

- Database of Unit Costs in a PS: This database contains the unit costs of the elements considered in a PS. This unit 208 

cost includes the purchase and installation cost of every element. These elements are the pumps, section valves, check 209 
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valves, pipes, and all the necessary equipment for every control system. In addition, this database defines the 210 

maintenance program of these elements and the frequency of maintenance with its cost. 211 

Second Stage 212 

All the pump models in the database are evaluated to determine the viable pump models for the network. Since the 213 

pumps in the PS are connected in parallel (see Figure 3), the feasibility check for each pump model is that the maximum 214 

head (H1) of the pump model must be higher than the maximum required head (Hmax) required by the network. This 215 

methodology considers that the pump models in the PS have the same characteristics. Then, if the pump model does not 216 

pass the feasibility check, it is discarded. If it does, it can be considered a viable pump model. For the generic of the 217 

Nviable viable pump models, the minimum number bmin of pumps to install is calculated as the ratio of the peak demand 218 

(Qmax) of the network to the water discharge of a single pump model selected (Qb1) associated with Hmax. The peak 219 

demand (Qmax) is a value obtained from the stochastic analysis of demands previously performed. Of course, the value 220 

of bmin is rounded up to the highest integer. Configurations featuring a number b of pumps larger than bmin and made up 221 

of m FSPs and n VSPs, with b=m+n, are the result of an optimization process for control system strategies 4 and 5 that 222 

will be explained later in the present work. 223 

Since each of the Nd demand scenarios is made up of Nt time slots, a set of flow rates Qt,d (t=1,…,Nt and d=1,…,Nd) is 224 

obtained to test the PSs. In correspondence to each value Qt,d, the value Hc,t,d of the required head is obtained from 225 

equation 9. Therefore, a set of pairs (Qt,d, Hc,t,d) is finally obtained for PS testing. The iterative procedure described 226 

below is applied to each viable pump model and for each of the control system strategies 4 and 5. 227 

For a number of pumps b equals to minimum bmin and for each control system, all combinations of m FSPs and n VSPs 228 

are analyzed in terms of yearly energy consumption (Eyear). All of them are evaluated as the average of the daily values 229 

of PS consumption, weighted with the demand scenario occurrence probabilities Pr, by means of the following formula: 230 

𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑟𝑟 = 365 × �𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑑𝑑 ��𝑃𝑃𝑇𝑇,𝑡𝑡,𝑑𝑑 × ∆𝑡𝑡
𝑁𝑁𝑡𝑡

𝑡𝑡=1

�
𝑁𝑁𝑑𝑑

𝑑𝑑=1

 (11) 

The number 365 in equation (11) is useful for determining the number of days of occurrence of every demand scenario. 231 

In this equation PT,t,d (KW) is the consumed power at the t-th time slot in the d-th demand scenario, associated with the 232 

pair (Qt,d, Hc,t,d), and ∆𝑡𝑡 (hours) is the time slot duration. In this context, the optimal number of pumps (bOP), the number 233 

of FSPs and VSPs in operation, and the optimal pump settings (on/off for FSPs and rotational velocity for VSPs) are 234 

optimized to obtain the minimum power POP,t,d at each time slot and demand scenario. In this optimization process 235 
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performed in control modes 4 and 5, the benefits of an increased number of installed pumps (b) compared to bmin are 236 

iteratively estimated in each time slot, by adding a growing number of VSPs till it is beneficial in terms of consumed 237 

energy. This procedure generates an optimal number of pumps at each instant (bOP,t), whereas the total number of pumps 238 

to install (bT,) is the value of bOP,t when the demand is equal to the peak (Qmax) in the long-time horizon. On the other 239 

hand, for control modes 1, 2, and 3, the minimum number of pumps (bmin) is the optimal number of pumps (bOP,t) for 240 

each time slot (bOP,t = bmin). Hence, the optimal consumed power (POP) in each time slot is the consumed power obtained 241 

from bmin (P0).  242 

At the end of the second stage, there will be a maximum number of potential PS solutions equal to 5xNviable. However, 243 

there could be control systems that are not feasible with a pump model, especially with the control system 2 (FSPs with 244 

PC) when a pressure switch is greater than the operational range of pressure of the pump model (0 – H1). Then, each PS 245 

solution based on a single pump model will feature a certain control system and a certain number of FSPs and VSPs as 246 

a result of the PS operating optimization process explained above. The optimal settings of the PS are determined for 247 

each PS solution, for all the Nt time slots, and for all the Nd demand scenarios. 248 

Third stage 249 

The second stage of design yields a set of potential PS solutions, among which the ultimate solution can be selected 250 

based on Technical, Economic, and Environmental criteria. For each of the criteria, various sub-criteria are considered, 251 

as is described in detail below. 252 

Technical Criteria 253 

1. Size: The size of the PS is a growing function of the number of pumps installed, i.e., the higher the number of pumps 254 

installed, the higher is the surface size of the PS. A higher score is assigned to this sub-criterion if the installation area 255 

is small.  256 

2. Flexibility: The flexibility of the PS is also a growing function of the number of pumps installed, i.e., the higher the 257 

number of pumps installed, the larger the flexibility. In fact, a greater number of pumps in the PS allows them to fit the 258 

set-point curve better, thus resulting in the improvement of PS performance. A higher score is assigned to this sub-259 

criterion if the number of pumps installed is large. 260 

3. Complexity of control: This relates to the number of elements needed in every control system strategy. A higher 261 

score is assigned to this sub-criterion if the number of control elements installed is small. This sub-criterion is evaluated 262 

in a numeric score. This score is detailed in the appendix section. 263 
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Economic Criteria 264 

4. Investment cost: It relates to the purchase and installation costs for the PS and the control system. The installation 265 

costs of the various elements are defined by a database of unit costs and mathematical expressions. These equations 266 

were obtained by using parameters that best fit the unit costs represented in a curve. These expressions are better 267 

explained in the appendix section. The total investment cost is annualized by considering the cycle life of the elements, 268 

as was provided by the manufacturer, and the interest rate. A higher score is assigned to this sub-criterion if the 269 

investment cost is small. 270 

5. Operational cost: It relates to the yearly cost of electricity CE (€) for pump operation and can be calculated with the 271 

following equation, which is similar to equation (11) and in which the tariff TEt (€/KWh), i.e., the unit cost of electricity 272 

at time t, appears: 273 

𝐶𝐶𝐸𝐸,𝑦𝑦𝑦𝑦𝑦𝑦𝑟𝑟 = 365 × �𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟,𝑑𝑑 ��𝑃𝑃𝑇𝑇,𝑡𝑡,𝑑𝑑 × ∆𝑡𝑡 × 𝑇𝑇𝐸𝐸𝑡𝑡

𝑁𝑁𝑡𝑡

𝑡𝑡=1

�
𝑁𝑁𝑑𝑑

𝑑𝑑=1

 (12) 

The lower the operational cost, the higher the score to be assigned to this sub-criterion. 274 

6. Maintenance cost: It represents the cost of maintenance activities to implement in the PS to keep it under good 275 

conditions. The frequency of maintenance activities for the elements of the PS and their unit costs are obtained by a 276 

database to determine the annual maintenance costs. A mathematical expression for this cost was developed, as is 277 

explained in the appendix section. Though not explicitly considered in the present version of the methodology, the 278 

maintenance cost could be expanded to include the number of status switches in the actual operation of the pump(s) 279 

present in the station. A higher score is assigned to this sub-criterion if the maintenance cost is small. 280 

Environmental Criteria 281 

7. MEI: The MEI is an index that describes the energetic efficiency of a commercial pump model in the European 282 

Union, and it can therefore be considered an environmental sub-criterion. This index is obtained as the ratio of the 283 

minimum efficiency on a dimensionless scale of the pump to the hydraulic efficiency of the pump. This efficiency 284 

considers three characteristic points of the pump: the BEP, a point of partial load where the flow rate is 75% of the BEP, 285 

and the overload point where the flow rate is 110% of the BEP.  The European Union Comission (2012) developed the 286 

calculation of the MEI index based on scales. According to this regulation, a MEI value of 0.7 is excellent, whereas a 287 

MEI below 0.4 is not acceptable. This sub-criterion is evaluated in a numeric score, where a high score is assigned if 288 

the MEI index is high. This score is detailed in the appendix section. 289 
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8. Greenhouse gas (GHG) emissions: They represent the amount of CO2 produced by the PS when it is in operation 290 

and they impact on environment health significantly. CO2 emission is obtained by the multiplication of energy consumed 291 

by the PS by an emission factor EF. The EF was obtained from Ministerio Para la Transformación Ecológica y Reto 292 

Demográfico (2022). The formula for the assessment of the yearly GHG (Kg) differs from equation (12), due to the 293 

presence of EF (Kg/KWh) instead of 𝑇𝑇𝐸𝐸𝑡𝑡 (€/KWh): 294 

𝐺𝐺𝐻𝐻𝐺𝐺𝑦𝑦,𝑦𝑦𝑦𝑦𝑦𝑦𝑟𝑟 = 365 × �𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟,𝑑𝑑 ��𝑃𝑃𝑇𝑇,𝑡𝑡,𝑑𝑑 × ∆𝑡𝑡 × 𝐸𝐸𝐹𝐹
𝑁𝑁𝑡𝑡

𝑡𝑡=1

�
𝑁𝑁𝑑𝑑

𝑑𝑑=1

 (13) 

A high score is assigned to this sub-criterion if the GHG emission is low. 295 

 9. Performance of regulation: The performance of the regulation system relates to the ratio ηRS of the head of the set-296 

point curve (Hc), to the head of the PS (H) obtained as a result of the application of the control strategy. Under the 297 

constraint H≥Hc, a high value of this ratio entails that the PS is working close to the set-point curve, resulting in a 298 

improvement of the PS performance in the environmentally friendly reduction of energy wastes. The overall 299 

performance of the regulation system is obtained as the PS water discharge Q-weighted average of 𝜂𝜂𝑅𝑅𝑆𝑆 in all time slots 300 

and in all demand scenarios, calculated as: 301 

𝜂𝜂𝑅𝑅𝑆𝑆 =
∑ 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟,𝑑𝑑�∑ 𝑄𝑄,𝑑𝑑,𝑡𝑡 ∙ 𝜂𝜂𝑅𝑅𝑆𝑆,𝑑𝑑,𝑡𝑡

𝑁𝑁𝑡𝑡
𝑡𝑡=1 �𝑗𝑗=𝑁𝑁𝑑𝑑

𝑑𝑑=1

∑ 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟,𝑑𝑑�∑ 𝑄𝑄,𝑑𝑑,𝑡𝑡
𝑁𝑁𝑡𝑡
𝑡𝑡=1 �𝑗𝑗=𝑁𝑁𝑑𝑑

𝑑𝑑=1

 (14) 

A high score is assigned to this subcriterion if the performance of regulation is high. 302 

The ranking of the 5xNviable viable solutions obtained at the end of the second stage is performed by means of the AHP 303 

method based on the hierarchy construction, in order to obtain the best ultimate solution for the PS with no arbitrarily. 304 

The method used to select the best solution is a modification of the conventional AHP scale to determine the priorities 305 

of the criteria. 306 

For each criterion and sub-criterion mentioned above, the importance weight is estimated by leaning on the judgment 307 

of a group of experts in PS. This group of experts is made up of seven sub-groups, namely academic, commercial, 308 

construction, consultancy, management, operation, and direction. 309 

To accomplish this, a survey must be conducted in these sub-groups to evaluate how important the generic criterion is 310 

in comparison with the others through a pairwise comparison organized in a quadratic matrix. Traditionally, the AHP 311 

method uses a numeric scale from 1 to 9 to compare the importance of the generic criterion to the others (ai,j). However, 312 

this work proposes a new numeric scale to carry out the comparisons more consistently with the viewpoint of the groups 313 
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of experts. The modification concerns the importance percentages for the pairwise comparison of subcriteria (Ci, Cj), as 314 

they do not change gradually in the traditional Saaty (2008) scale. In the new scale, instead, the percentages are 315 

increasing or decreasing gradually in an interval of 5%, leading to more regular values of ratios, i.e., 1, 1.22, 1.5, 1.86, 316 

2.33, 3, 4, 5.67, and 9. For example, a value of 1 in the ratio scale indicates that the same importance is given to two 317 

generic sub-criteria Ci and Cj (50% for Ci and 50% for Cj). When the value is 1.22, 55% goes to Ci and 45% goes to Cj. 318 

When the value is 1.5, 60% is for Ci and 40% is for Cj, etc. More details about importance percentages of every criterion 319 

and numerical scales can be found in the appendix section. 320 

Inside the AHP, manipulations on importance percentages and numerical scales lead to the calculation of the importance 321 

weight for the generic sub-criterion. In this work, the consistency ratio (CR) is also considered in these manipulations, 322 

to express how consistent the judgment of inter-criteria comparisons is according to the generic group of experts. If 323 

CR<=0.10, the comparison of sub-criteria is considered reasonable (Saaty 1980). One contribution of this methodology 324 

is to obtain the general importance weight of every sub-criterion by weighing the importance weight of every group of 325 

experts with their obtained CR.  326 

The use of AHP therefore enables each of viable solution to be evaluated in every technical, environmental, and 327 

economic sub-criterion. Then, the dominant and dominated solutions are identified and discarded, respectively. 328 

Incidentally, a dominant solution is a solution that is not inferior to the others according to all sub-criteria at the same 329 

time. A solution that is not dominant is a dominated solution. The predefined assessment of the dominant solutions for  330 

every sub-criterion are based on the proposal of (Briceño-León et al. 2021b). Nevertheless, in this work, these obtained 331 

values are normalized between 0 to 1 for quantitative criteria (size of the PS, flexibility of the PS, GHG emission, 332 

performance of regulation, investment, operational and maintenance costs), where 0 represents the worst value and 1 333 

the best value of every one of the quantitative criteria. The qualitative criteria (Complexity of the PS and MEI) are 334 

assessed by a group of experts in pairwise comparisons based on the modified scale of AHP. These obtained values are 335 

normalized between 0 to 1 (See the appendix section). Then, the dominant solutions are scored through a general ranking 336 

weighing the normalized assess of every criterion with their respective importance weight (see the flowchart Figure 1).  337 

Finally, the best solution with the highest score is considered the best ultimate design solution for the PS.  338 

In summary, the main contribution of this work is to systematize the AHP methodology in any pumping system design 339 

in order that the designer does not need to survey a group of experts again in a new design. 340 

 341 



14 
 

APPLICATIONS 342 

Case study 343 

Three case studies were considered for PS design, namely the CAT, TF1 and TF2 closed WDN. The three networks 344 

feature a yearly average demand of 35.50 L/s, 10.61 L/s, and 21.23 L/s respectively. 345 

Overall, 67 different pump models with their respective parameters of the head curve (Q, H) and efficiency curve (Q, 346 

η), and with their database of purchase, installation, and maintenance costs of pumps and accessories (See Figure 1 and 347 

Table 1) were considered. 348 

In PS design, a maximum number of bmax = 10 pumps inside the station was assumed as a constraint, and a tariff 349 

distinguishing off-peak, peak, and plain hours was adopted for all networks (see Table 2). 350 

 351 

Based on the demand patterns observed in two works in the scientific literature (Alvisi and Franchini 2017; Fiorillo et 352 

al. 2020) with similar demand patterns, a set of Nd=21 daily demand scenarios was constructed as explained in the 353 

methodological section. The lowest and highest demand scenarios, with a probability of non-exceedance (Pc) equal to 354 

0.05 and 1 respectively, feature a probability of occurrence PrDP = 2.5%. The other scenarios, with probabilities of non-355 

exceedance (Pc) equal to 0.1, 0.15,.., 0.90, 0.95, feature a probability of occurrence PrDP = 5.0% . The probability of 356 

occurrence of the demands (PrDP) is obtained from the expressions in equation (10). The demand pattern for TF1 and 357 

TF2 network is the same, whreas the demand pattern for CAT network is different. 358 

The Demand Scenarios for the CAT, TF1 and TF2 network are reported in Figure 4. 359 

 360 

The importance priorities of technical, environmental, and economic criteria and their respective sub-criteria obtained 361 

from the pairwise comparison based on the results of the surveys in different groups of experts are shown in Table 3. 362 

The results are expressed with a number from 0 to 1. The higher the score, the higher priority the criterion has in PS 363 

design. Overall, Table 3 shows that the most important sub-criterion in PS design is C8 (Operational costs) with a score 364 

of 0.19, followed by C3 (Complexity of the control system) with a score of 0.15. In addition, there are other important 365 

sub-criteria, such as: C2 (Flexibility of the PS), C7 (Investment costs), and C9 (Maintenance costs) with a score of 0.13. 366 

Meanwhile, environmental sub-criteria (C4, C5, and C6) have lower priority than the other criteria, though still being 367 

not negligible.  Summing up, the scores of technical, economic, and environmental criteria are 0.36, 0.45, and 0.19, 368 

respectively. 369 
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 370 

In each network, five optimization runs were performed in the design. The objective of the optimization framework is 371 

to analyze the effects of environmental subcriteria and demand variability in PS design. Specifically, Runs 0 and 1 372 

represent the method commonly used in PS design based on LCC minimization. The difference of Run 0 and Run 1 lies 373 

in the fact that Run 1 considers the optimization of control system and Run 0 is based on classical operational modes of 374 

control system. Run 2 is drawn from the work of Briceño-León et al. (2021) as a benchmark and applies AHP to technical 375 

and economic criteria in the third stage of the methodology. Runs 3 and 4 were performed in the context of the present 376 

work. Run 3 is an upgrade of Run 2, incorporating environmental criteria in the AHP. Run 0, Run 1 and Run 2 consider 377 

a single demand scenario, i.e. the yearly average day of operation, in the first two stages of the methodology (see Figure 378 

1). Finally, Run 4 is an upgrade of Run 3, incorporating the multiple demand scenarios in the first and second stages of 379 

the methodology. 380 

Results 381 

Table 4, Table 5, and Table 6 show the hydraulic characteristics of the three networks in terms of the set-point curve, 382 

and the ultimate solutions for the five optimization runs for the three WDNs. Every solution includes the characteristic 383 

of the best efficiency point of the pump model selected (Q0, H0, η0) and the values of the 9 different criteria, which 384 

enables score evaluation in the context of AHP.  385 

  386 

To show the impact of AHP on PS design, the AHP scores for the nine criteria considered in the third stage of the 387 

methodology were calculated for the PS solutions obtained in runs 1, 2, and 3 for the CAT network. These scores were 388 

obtained by postprocessing the three ultimate solutions with the AHP based on technical, environmental, and economic 389 

criteria. Figure 5 reports these scores in a radial chart, highlighting that the solution obtained in run 3, which considers 390 

AHP explicitly in the design, have more balanced performance scores than the LCC-based (run 1) and the AHP Techno-391 

Economic (run 2) solutions over the whole set of economic, technical and environmental subcriteria. The pump models 392 

obtained in runs 1 and 2 are identical with the only difference in the control system, The solution in run 1 has a better 393 

score in the operational costs, being based on LCC minimization. The solution obtained in run 3 is different from the 394 

solutions obtained in runs 1 and 2 in terms of pump model, due to the influence of environmental sub-criteria in run 3. 395 

 396 
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As an additional example of the results yielded by the methodology, Figures 6 and Figure 7 show, for the ultimate 397 

solution of run 4, the temporal pattern of the number b of pumps in operation, and the rotational speed α for the VSPs 398 

and the consumed power PT, respectively, for 5 of the 21 demand scenarios. As expected, the figures show that the 399 

values of b, α, and PT tend to increase when the probability of non-exceedance of the demand scenario increases, to 400 

respond to increasingly stressing conditions of demand. 401 

 402 

Discussion 403 

The results of the methodology give some interesting insights into various aspects of PS design, including the effect of 404 

considering PS operating optimization in the traditional design aimed at LCC minimization, the comparison of the AHP-405 

based with the traditional PS design, the effects of considering environmental subcriteria in AHP, and the impact of 406 

demand variability. 407 

Comparison of design based on minimization of LCC without and with optimization in the control system 408 

These effects can be analyzed by comparing the results of run 0 (LCC minimization without optimization in the control 409 

system) and run 1 (LCC minimization with optimization in the control system) in the three networks (see Tables 4, 5, 410 

and 6). Run 0 and Run 1 yield identical solutions with the same pump model, number of pumps and same control system. 411 

In CAT and TF2 network the solution are (2 VSPs with FC). In the TF1 network, the solution is instead (2 VSPs with 412 

PC). The difference between Run 0 and Run 1 lies in the mode of operation in the control system. The control system 413 

of the solution in run 0 is based on the classical control system, where the number of pumps in operation is restricted 414 

by the minimum number of pumps in every flow operational range in the PS (Briceño-León et al. 2021a). The 415 

optimization of control system in run 1 consists of searching for the optimal m FSPs and n VSPs and for the rotational 416 

speed of the VSPs in every time step. Therefore, the solutions in run 1 have better performance in operational cost, 417 

GHG emission and of course lower LCC. 418 

Comparison of design based on minimization of LCC and on AHP 419 

As Table 4 , 5, 6 show, the CAT and TF1 network have similar characteristics with an almost flat set-point curve, but  420 

there is a higher average demand in the CAT network. Both networks have not much variable stressing conditions. In 421 

the TF2 network, the average demand is greater than the TF1 network and the slope of the set-point curve is high. 422 

Therefore, the variable stressing conditions in the TF2 network are higher than in the CAT and TF1 networks. In each 423 

network, Run 1 and Run 2 yielded solutions featuring the same pump model, but with different control systems. In the 424 
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three networks, run 1 yielded solutions of VSPs with PC/FC because this method considers LCC and tends to minimize 425 

operational costs. For example, Run 1 yielded a solution of (2 VSP with FC) for CAT and TF2. In the case of the TF1 426 

network in run 1 the solution is still based on 2 VSPs, but with PC, because the variation of stressing conditions is 427 

smaller than in the CAT network. Run 2 yielded, instead, solutions with simple control systems in the three networks. 428 

For example, In each network, Run 2 yielded solutions (2 FSPs with no control) because the variation in stressing 429 

conditions of CAT and TF1 networks are small. Furthermore, the design based on AHP with Techno-Economic criteria 430 

does not encourage the adoption of a complex control system. In the case of TF2 network, the variation in stressing 431 

conditions is higher than in the CAT and TF1 network, thus making the adoption of a control system more useful: the 432 

ultimate solution in run 2 is (2 FSPs with PC).  Though the LCC of the ultimate solutions of the three networks in run 433 

2 is larger than that of the ultimate solutions in run 1, these solutions are selected by run 2 because AHP also considers 434 

technical subcriteria, such as the size of the PS, the complexity of the control system, and the flexibility of the PS, all 435 

of which have a great importance weight in PS design.  In fact, AHP generally aims to find a solution that features low 436 

investment and operational costs, simple control system, and high flexibility (high number of pumps) at the same time. 437 

Effects of considering environmental subcriteria 438 

These effects can be simply analyzed by comparing the results of run 2 (AHP neglecting environmental subcriteria) and 439 

run 3 (AHP including environmental subcriteria) in the three networks (Tables 4, 5, 6). Due to the inclusion of 440 

environmental criteria in Run 3 yields solutions with pump models that provides better characteristic in the set of 441 

environmental subcriteria, in spite of the low importance weights assigned to this subcriteria, as a result of the surveys 442 

conducted in the groups of experts. For example, in CAT and TF1 network, the difference of run 2 and run 3 lies only 443 

in the pump model and the number of pumps. In CAT network (4 FSPs with low flow and no control). In TF1 network, 444 

the solution (2 FSPs and no control). In the case of TF2 network, which slope of the set point curve is higher than CAT 445 

and TF1 network, the difference of run 2 and run 3 lies in pump model, the number of pumps and the control system (4 446 

FSPs with low flow and FC). 447 

Effects of demand variability 448 

These effects can be simply investigated by comparing the results of run 3 (AHP with single demand scenario) and run 449 

4 (AHP with multiple demand scenarios) in the three networks (Table 4, 5 and 6). In the three networks, the adoption 450 

of multiple demand scenarios played a significant role. In the case of the CAT network, it forced the AHP to select a 451 

solution based on a pump model with the same number of pumps, but a larger flow and on a more complex control (4 452 
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VSPs with PC), which becomes preferable in the presence of highly variable stressing conditions for the PS. It is 453 

important to highlight that the number of pumps (b = 4 pumps)  in run 4 is greater than the minimum required (bmin = 454 

3). The optimization process of the control system played an important role in the solution of run 4 improving the 455 

flexibility, operational costs, and GHG emissions. In theTF1 network, featuring small variation in the stressing 456 

conditions, it forced the AHP to select a solution with the same number of pumps, but larger flow and a control system 457 

with a moderate regulation (2 FSPs with large flow and PC). Finally, in the TF2 network, featuring high stressing 458 

conditions of demand and high required head, it forced the optimizer  to select a solution with a greater number of 459 

pumps, but lower flow and a control system with excellent regulation mode (1 FSP- 5 VSP with FC), to make the PS 460 

capable of meeting extreme conditions of demand and required head with good environmental performance. 461 

 462 

CONCLUSIONS  463 

In this work, a novel methodology was proposed for the design of pumping stations (PSs) supplying closed distribution 464 

networks. The procedure includes three stages necessary for i) definition of preliminary data, ii) feasibility check, 465 

optimization, and performance evaluation for the set of feasible PS solutions, and iii) application of the analytical 466 

hierarchy process (AHP) for the selection of the ultimate solution. The methodology was applied to three networks of 467 

different sizes, yielding the following conclusions: 468 

- in comparison with the traditional approach based on life cycle cost minimization, AHP considering technical and 469 

economic aspects yields solutions that are more acceptable to decision-makers considering a large set of technical and 470 

economic subcriteria. In summary, AHP tends to provide solutions with better flexibility of operation (greater number 471 

of pumps) and/or simple control system operation according to the variability in the stressing conditions of the network; 472 

- the inclusion of environmental subcriteria can impact the selection of the ultimate solution, by privileging PSs with 473 

better MEI index, lower greenhouse gas emissions and better performance of regulation, though this may entail larger 474 

investment costs; 475 

- considering demand variability significantly impacts on PS design, as it leads to the choice of ultimate solutions 476 

featuring pump models with larger flow, more numerous pumps and control system with better regulation, since the PS 477 

must be capable of meeting more diversified demand conditions. 478 

Future developments of the present work will concern the extension of the present methodology to PSs with storage.  479 

 480 
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FIGURE CAPTIONS  564 

 565 

Fig. 1. Flowchart of the proposed methodology 566 

 567 

Fig. 2. Basic layout of the Pumping Station 568 

 569 

Fig. 3. Set-point curve and Pump curves. 570 
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 571 

Fig. 4. Demand Pattern Scenarios for CAT-PS, TF1-PS and TF2-PS WDNs. 572 

 573 

Fig. 5. Radial Chart of AHP scores of the nine subcriteria considered in AHP for the three ultimate solutions of Run 1, 574 

Run2, and Run 3 in PS design in the CAT network. 575 
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 576 

Fig. 6. Number of Pumps in operation (b =0 FSP-4 VSPs) in CAT-PS (run 4) in every time slot for different demand 577 

pattern scenarios. 578 

 579 

Fig. 7. Ratio of rotational speed ratio (α = N/N0) of VSPs (a single value for all the pumps) and Consumed Power (PT) 580 

in CAT-PS (run 4) in every time slot for different demand pattern scenarios. 581 

  582 
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TABLES  583 

Table 1. Required elements in every Control System Strategy 584 

Control System Frequency 
Inverter 

Pressure 
Switches 

Pressure 
Transducer Flowmeter PLC Type of control 

elements 
1. No control      0 
2. FSPs with PC  X    1 
3. FSPs with FC    X X 2 
4. FSPs and/or VSPs with PC X  X  X 3 
5. FSPs and/or VSPs with PC X  X X X 4 

 585 

Table 2. Electricity Tariff for the networks 586 

Type of hours Electric Tariff 𝑻𝑻𝑻𝑻 
(€/kWh) Initial hour Final hour 

Off-peak hours 0.069 0 8 
Peak hours 0.095 10 15 

Plain hours 0.088 8 10 
15 23 

 587 

Table 3. Importance priority of criteria and sub-criteria in every group of experts. C1 Size of the PS, C2 Flexibility of 588 

the PS (number of pumps), C3 Complexity of the control system, C4 MEI; C5 Greenhouse emission, C6 Performance 589 

of the regulation system, C7 Investment costs, C8 Operational costs, and C9 Maintenance costs. 590 

     Tech. Criteria Env. Criteria Ec. Criteria 

  Tech. 
Criteria 

Env. 
Criteria 

Ec. 
Criteria 

  
C1 C2 C3 C4 C5 C6 C7 C8 C9 

Overall 0.36 0.19 0.45   0.08 0.13 0.15 0.06 0.05 0.08 0.13 0.19 0.13 
Academy 0.43 0.21 0.36   0.04 0.2 0.2 0.05 0.05 0.1 0.11 0.2 0.05 

Commercial 0.34 0.1 0.56   0.11 0.12 0.15 0.05 0.02 0.03 0.06 0.3 0.2 
Construction 0.38 0.14 0.48   0.15 0.07 0.15 0.05 0.04 0.05 0.15 0.16 0.17 
Consultancy 0.2 0.31 0.49   0.03 0.07 0.09 0.1 0.04 0.17 0.13 0.24 0.13 
Management 0.16 0.10 0.74   0.03 0.09 0.04 0.02 0.01 0.07 0.1 0.39 0.25 

Operation 0.28 0.17 0.55   0.05 0.13 0.11 0.06 0.04 0.07 0.2 0.13 0.21 
Direction 0.43 0.4 0.17   0.19 0.19 0.05 0.16 0.21 0.03 0.02 0.08 0.08 

 591 

Table 4. Ultimate solutions (CAT-PS) for 5 Run optimizations 592 

 

CAT-PS 
Single Demand  Var. Demand 

Run 0 LCC 
min. 

Run 1 LCC 
min. + opt. 

Run 2 AHP 
(Tec-Eco) 

Run 3 AHP 
(Tec-Eco-Env) 

Run 4 AHP 
(Tec-Eco-

Env) 
Network 

Characteristics 
Qm (l/s) 35.5 

Qmax (l/s) 45.4 63.6 
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CAT-PS 
Single Demand  Var. Demand 

Run 0 LCC 
min. 

Run 1 LCC 
min. + opt. 

Run 2 AHP 
(Tec-Eco) 

Run 3 AHP 
(Tec-Eco-Env) 

Run 4 AHP 
(Tec-Eco-

Env) 
Qmin (l/s) 17.9 12.5 
ΔH (m) 20.00 

R 0.0040 
c 2 

Hmax (m) 28.2 36.00 
Hmin (m) 21.3 20.6 

Pump 
Characteristics 

Model 28 28 28 49 61 
Q0 (l/s) 24.25 24.25 24.25 10.98 19.16 
H0 (m) 32.72 32.72 32.72 29.71 48.81 
η0 (%) 77% 77% 77% 84% 83% 
bmin 2 2 2 4 3 

Technical 
Criteria 

C1 (Size) (m2) 129.6 129.6 129.6 140.8 192.5 
C2 (b) 2 2 2 4 4 

C3 (C. System) 2 VSP with 
FC 

2 VSP with 
FC 

2 FSP no 
control 

4 FSP no 
control 4 VSP with FC 

Environmental 
Criteria 

C4 (MEI) 0.36 0.36 0.36 0.7 0.7 
C5 (GHG) (kg) 40025 40025 59885 46098 39021 
C6 (ηREG) (%) 100% 100% 72% 83% 100% 

Economic 
Criteria 

C7 (Inv. Cost) (€) 3,153.30 3,153.30 2489.42 5,022.77 12,762.06 
C8 (Ope. Cost) (€) 9,465.32 9,308.87 13558.05 10,442.70 9,033.59 
C9 Man. Cost (€) 890.95 890.95 731.00 1,279.92 1,341.26 

LCC (€) 13,509.57 13,353.12 16,778.47 16,745.39 26,136.91 
Footnote: Hmax: Maximum head of the set-point curve; Hmin: Minimum Head of the set-point curve; A table in the 593 

Appendix reports the full list of pump modes used in the analysis. 594 

 595 

Table 5. Ultimate solutions (TF1-PS) for 5 Run optimizations. 596 

 

TF1-PS 
Single Demand  Var. Demand 

Run 0 LCC 
min. 

Run 1 LCC 
min. + opt. 

Run 2 AHP 
(Tec-Eco) 

Run 3 AHP 
(Tec-Eco-Env) 

Run 4 AHP 
(Tec-Eco-

Env) 

Network 
Characteristics 

Qm (l/s) 10.61  
Qmax (l/s) 18.3  26.1  
Qmin (l/s) 1.9  0.8  
ΔH (m) 51.19 

R 0.0059 
c 2 

Hmax (m) 53.2 55.2 
Hmin (m) 51.2 51.2 
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TF1-PS 
Single Demand  Var. Demand 

Run 0 LCC 
min. 

Run 1 LCC 
min. + opt. 

Run 2 AHP 
(Tec-Eco) 

Run 3 AHP 
(Tec-Eco-Env) 

Run 4 AHP 
(Tec-Eco-

Env) 

Pump 
Characteristics 

Model 43 43 43 62 30 
Q0 (l/s) 8.08 8.08 8.08 12.53 19.47 
H0 (m) 62.06 62.06 62.06 47.06 47.65 
η0 (%) 73% 73% 73% 83% 70% 
bmin 2 2 2 2 2 

Technical 
Criteria 

C1 (Size) (m2) 51.75 51.75 51.75 51.75 77.40 
C2 (b) 2 2 2 2 2 

C3 (C. System) 2 VSP with PC 2 VSP with PC 2 FSP no 
control 

2 FSP no 
control 2 FSP with PC 

Environmental 
Criteria 

C4 (MEI) 0.70 0.70 0.70 0.70 0.10 
C5 (GHG) (kg) 27434 26890 38686 36714 40544 
C6 (ηREG) (%) 98% 98% 78% 90% 90% 

Economic 
Criteria 

C7 (Inv. Cost) (€) 4,290.27 4,290.27 3,574.13 2,214.51 2,359.91 
C8 (Ope. Cost) (€) 6,324.40 6,200.03 8,761.07 8,295.10 9,113.48 
C9 Man. Cost (€) 801.82 801.82 700.12 700.12 717.77 

LCC (€) 11,415.99 11,292.11 13,035.32 11,209.73 12,191.16 
Footnote: Hmax: Maximum head of the set-point curve; Hmin: Minimum Head of the set-point curve; A table in 597 

the Appendix reports the full list of pump modes used in the analysis. 598 

 599 

Table 6. Ultimate solutions (TF2-PS) for 5 Run optimizations. 600 

 

TF2-PS 
Single Demand  Var. Demand 

Run 0 LCC 
min. 

Run 1 LCC 
min. + opt. 

Run 2 AHP 
(Tec-Eco) 

Run 3 AHP 
(Tec-Eco-

Env) 

Run 4 AHP 
(Tec-Eco-

Env) 

Network 
Characteristics 

Qm (l/s) 21.23 
Qmax (l/s) 36.7 52.3 
Qmin (l/s) 3.8  1.7  
ΔH (m) 30.0 

R 0.0142 
c 2 

Hmax (m) 49.1  68.8 
Hmin (m) 30.2  30 

Pump 
Characteristics 

Model 30 30 30 52 44 
Q0 (l/s) 19.47 19.47 19.47 11.92 8.71 
H0 (m) 41.61 41.61 41.61 44.71 70.09 
η0 (%) 70% 70% 70% 80% 75% 
bmin 2 2 2 4 6 

C1 (Size) (m2) 129.6 129.6 129.6 115.20 192.5 
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TF2-PS 
Single Demand  Var. Demand 

Run 0 LCC 
min. 

Run 1 LCC 
min. + opt. 

Run 2 AHP 
(Tec-Eco) 

Run 3 AHP 
(Tec-Eco-

Env) 

Run 4 AHP 
(Tec-Eco-

Env) 

Technical 
Criteria 

C2 (b) 2 2 2 4 6 

C3 (C. System) 2 VSP with FC 2 VSP with FC 2 FSP with PC 4 FSP with FC 1 FSP- 5 VSP 
with FC 

Environmental 
Criteria 

C4 (MEI) 0.26 0.26 0.26 0.7 0.7 
C5 (GHG) (kg) 44479 43656 56706 42578 40098 
C6 (ηREG) (%) 100% 100% 81% 86% 100% 

Economic 
Criteria 

C7 (Inv. Cost) (€) 3,423.57 3,423.57 2,705.50 7,001.67 11,363.13 
C8 (Ope. Cost) (€) 10,267.82 10,078.69 13,041.15 9,779.13 9,259.79 
C9 Man. Cost (€) 890.95 890.95 737.07 1,366.95 2,050.51 

LCC (€) 14,581.44 14,393.21 16,483.72 18,147.75 22,673.44 
Footnote: Hmax: Maximum head of the set-point curve; Hmin: Minimum Head of the set-point curve; A table in 601 

the Appendix reports the full list of pump modes used in the analysis. 602 

 603 


