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Abstract:  

Water distribution networks (WDNs), have a complex structure. Their least-cost design and simulation is therefore 
crucial to convey adequate quantities of water from sources to consumers using the most efficient way. The current 
research attempts to present an original approach to perform the technical and economic evaluation of a WDN 
integrated with an autoclave system. For this purpose, a mathematical modelling method is employed to investigate 
the techno-economic viability of the simulated water system under the effect of the system’s design variables. The 
autoclave’s minimum and maximum pressure values as well as the pump flow capacity rates are considered as the free 
variables of the system and then entered into the proposed analytical model. Afterwards, a tradeoff analysis among the 
primary components of the system, i.e., pump and autoclave cost has been performed. In the next step, an evaluation 
on the cost of energy was also carried out to demonstrate the cost variations according to the different pressure values. 
Results are indicative of the significant changes in the total system cost under the effect of the design variables. In the 
last stage of this paper, a sensitivity and graphical analysis of the decision variables was also performed to define the 
input parameters, thus determining the optimum maximum pressure of the autoclave system by which the total cost 
of the water system is minimized. The technical variables such as the autoclave volume and pump differential head 
were also investigated during the performed analysis. 

Keywords: water distribution network (WDN), techno-economic evaluation, autoclave, pump. 

 

1. Introduction 

A WDN is an interconnected collection of sources, pipes 
and hydraulic control elements (e.g., pumps, valves, 
regulators, tanks) delivering to the consumers prescribed 
water quantities at desired pressure levels and water 
qualities. Such systems are often described as a graph, with 
the links representing the pipes, and the nodes defining 
connections between pipes, hydraulic control elements, 
consumers, and sources. The behavior of a WDN is 
governed by: (1) the physical rules, which describe the flow 
relationships in the pipes and the hydraulic control 
elements, (2) the consumer demands, and (3) the system’s 
layout [1]. 

Numerous models for the least-cost design of the WDNs 
have been published in the research literature during the 
last 4 decades. For instance, Ostfeld and Tubaltzev [2] 
utilized the ant colony optimization method for the least-
cost design and operation of pumping water distribution 
systems. The optimization problem solved on that study is 
done by linking the ant colony method with the EPANET 
tool to decrease the systems design and operation costs up 
to a minimum level, while delivering the consumers 
required water quantities at acceptable pressure values. The 
decision variables for the design process were considered 
to be “the pipe diameters, the pumping stations maximum 

power, and the tanks storage”, while with regard to the 
operation of the water system, the decision variables were 
“the pumping stations, the pressure heads and the water 
levels inside the tanks under effect of the different 
loadings”. Batchabani and Fuamba [3] performed a trade-
off evaluation and analysis of the water distribution 
networks among the net cost and the performance by using 
a multi-objective evolutionary algorithm to examine the 
pay-out features among the total cost and reliability of a 
water distribution system by applying a recognized method 
known as the “Anytown” network. In the Table 1, a brief 
summary of the recent research works conducted in the 
field of optimization of WDNs by considering different 
classifications is presented. As it can be observed, in the 
selected research group of article, multi objective 
optimization methods have been used to design the WDNs 
to minimize the total cost and to maximize the reliability. 
Optimization has also been performed for the purpose of 
improving the water quality and also reducing the electricity 
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required for pumping. According to the Table 1, it is also 
noted that among all studied design parameters, the 
diameter of the pipe, the number of the used pumps and 
the tank volume were the most common studied variables.  

Clearly, the performed studies in the literature review 
highlight a considerable interest towards the design and 
optimization of the WDNs. However, there is a primary 
contrast amongst the previously conducted research papers 
in terms of proposing the type of the mathematical relation. 
Furthermore, the integration with the autoclave 
components, from a technical and economical viewpoint, 
has not been deeply investigated yet. In the current 
research, different from the previously conducted studies, 
a novel techno-economic formulation technique taking 
into account the design variables, such as the minimum and 
maximum pressure of the autoclave component, and the 
flow capacity of the pump was adopted to investigate the 
variations of the cost and then to suggest the optimal 
solutions by which the cost is minimized. During 
performing a change on the design variables, the minimum 
pressure value was considered to be constant, while the 
maximum pressure and the autoclave volume were 
considered to be changing in order to investigate the 
variations of the cost values. The final outcomes of the 
current research have indicated the industrial applications 
for the obtained result.  

The upcoming sections in this article are organized as 
follows: in the second section of this article, our proposed 
analytical model for the autoclave-pump system is first 
described, and then fundamental relations and equations of 
the WDN components including the pump and the 
autoclave systems, and also the calculation methodologies 
for the total cost of the system are addressed. In the third 
section, the obtained results from the simulation and 
optimization procedure were discussed and elaborated and 
then conclusions were drawn in the last section. 

2. Material and Methods 

An autoclave-pump water distribution system, as shown 

in the Fig.1, is typically composed of a pressurized tank, 

called the “autoclave”. The term autoclave refers to a type 
of hermetic seal in which the seal is affected by the positive 
pressure difference between inside and outside of the 
container. The basic components of an autoclave system 
are: 1) A storage tank, used to collect water from the 
network; 2) An electric pump, which provides a maximum 
flow and a suitable pressure depending on the requirements 
of the system; 3) A container pressurized with an air 
chamber; 4) A pressure switch, which is able to turn on / 
off the pump depending on the water pressure in the 
reservoir. Basically, the autoclave operates within two 
pressure values: the maximum pressure Pmax and the  
minimum pressure Pmin. The head of the pump in the 
upstream is designed according to the Pmax value. When the 
pressure inside the autoclave equals to Pmax, the volume of 
water would be Vw, whereas the air would be Va, and then 
the following relation is established: Vtl = Va + Vw. On the 
contrary, when the autoclave is empty of water, the volume 
of air is Vtl. In this case, the pressure inside the autoclave is 
equal to Pmin. The typical working cycle of the system is as 
follows: the pump starts to operate when the pressure is 
equal to Pmin thanks to a pressure measurement system 
equipped with the autoclave which controls the 
performance of the pump. The increasing of the water 

volume compresses the air by increasing an isotherm 

Table 1: A series of recent research works which have been performed for the design and optimization of the water distribution networks. 
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Figure 1: Schematic flowchart of the water pumped system integrated with 
an autoclave. 

Abbreviations guidelines 

GHE = Greenhouse emissions, NORAT= Network optimization and reliability assessment tool, RCA = robust counterpart 
approach, MOEA = Multi-objective Evolutionary Algorithms, ɛ-NDSGAII = ɛ-non-dominated Sorted Genetic Algorithm II, 
SPEAII = Strength Pareto Evolutionary Algorithm, FGA= Fuzzy Genetic Algorithm. 
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transformation of the air inside the autoclave. When the 
pressure reaches the Pmax value, the pump will be switched 
off. Increasing the water demand from the users will cause 
the amount of the water inside the autoclave to be reduced, 
thus decreasing the pressure and starting a new cycle when 
the autoclave pressure will reach the Pmin value. The Pmin 
value as well as the pump flow capacity rate (Q) are 
contingent upon the users requirement and are considered 
as the independent variables. The Pmax of the system is a 
free variable, which influences the pump differential head 
as well as the autoclave volume as better explained in the 
next parts. The techno-economic relation between these 
variables and their influence on the total system cost is the 
main novelty of this research. Moreover, the proposed 
graphical analysis demonstrates the practical implication of 
this research for its expendability in order to have proper 
design of the autoclave-pump water distribution system. 
Additionally, the current work also aims to  propose an 
acceptable and a suitable determination of the Pmax as 
function of the independent variables, i.e., Pmin and Q, in 
order to minimize the total cost of the water distribution 
system. It is important to highlight that, in the autoclave-
pump system, the pipe components are not important from 
a cost point of view owing to their low length and the fact 
that typically the pump is close to the autoclave. For this 
reason, pipes are not considered in the calculation process 
in the current research. The proposed analytical method for 
the techno-economic analysis of the integrated pump-
autoclave water distribution system, which is demonstrated 
in the Fig. 2, involves calculations in different stages. As 
shown in this figure, after estimating the user consumption 
of water, the design parameters, Pmax, Pmin, and the Q are 

determined and entered as inputs into the proposed 
analytical model. After running the model, the dependent 
variables of the system, Vt, Ns, and H are determined. 
Finally, the technical and economical outputs and results 
are then obtained and analyzed. 

2.1. Autoclave cost function 

As demonstrated by different autoclave manufacturers 
catalogues, the cost of the autoclave is contingent upon the 
volume and the nominal pressure of the autoclave. It is also 
important to note that the size of the storage tank will have 
an effect on the total cost of the system. A too small tank 
can lead to too many pumping cycles (number of starts / 
hour of a pump), which will eventually lead to the collapse 
of the pump. Hence, in most cases it is better to choose a 
larger tank so as to have a greater amount of stored water 
and less corruption of the pump. However, it is also 
important not to oversize the tank to avoid a considerable 
amount of cost. Once we know the Ns value; we can then 
use the following relations to estimate the total autoclave 
volume: 

�� � � ����
���������

� � ��
���

� �                                (1)                

�� � �
���

                      (2) 

�� � �� � ��                                            (3) 

��� � ���� � 1000                              (4)        

Where, the Va is the volume of the air in the autoclave 
[m3], Vw is the water volume [m3], Vt is the total volume of 
the autoclave content [m3], and Vtl is the same as the Vt but 
with a different unit [lit].  

For the purpose of presenting a basic cost model for the 
autoclave and pump components of the proposed WDN 
(as shown in the Eqs. 5 and 7), the design and 
manufacturing data, were extracted from the Catalog of the 
ABC company [12]. Afterwards, a statistical regression 
model analysis was performed to demonstrate the 
variations of the design parameters in the autoclave 
component. The regression model was estimated according 
to a linear least squares analysis in order to highlight the 
variations of the dependent and independent parameters, 
which are included in the cost function model of the 
autoclave and pump components. The design parameters 
for the autoclave component are two independent 
variables, which are volume and pressure of the autoclave 
and also a dependent variable, which is considered to be the 
autoclave cost. It is worthy to note that the least squares 
analysis is typically performed in the occasion that the main 
objective is to find out the best-fitting model during the 
regression analysis of the equation. Such an analysis would 
aim to minimize the sum of squared residuals, which are 
the differences between the observed value, and the fitted 
value supplied by the model.  

In this study, a regression model on the basis of the 
design variables, has been used to outline the variations of 
the parameters of the autoclave component in the water 
system. Based on the statistical regression model analysis, 
which was performed for the Eq.5, the R Squared was 
estimated to be 0.987, demonstrating a high accuracy rate 

 
Figure 2: The detailed proposed method of techno-

economic evaluation used in the current research. 
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of the obtained model in the calculation process. The 
obtained regression equation is therefore considered as a 
valid model. The Eq. 5 is outlined as follows: 

y	 � 	m1 ∗ x1	 � 	m2 ∗ x2	 � 	m3 ∗ x3	 � 	m4 ∗ x4	 � 	b    (5) 

Where “y” is considered to be the dependent variable 
(cost), m and x are independent variable (volume and 
pressure) and b is the constant of the equation. Thereafter, 
by using the relation shown in the Eq. 5, the following 
formula has been obtained to estimate the cost of the 
autoclave component: 

�� � ��� � 1.244 �	���� � 38.95                                   (6)  

A numerical example for outlining the cost model of the 
both autoclave and pump components (as described by the 
Eqs. 5 and 7) is further elabortaed in a trade-off analysis, 
which was performed in the Fig. 3. 

2.2. Pump cost function 

With the same approach described in the previous 
section, a cost diagram, outlining the relation of pump cost, 
the flow rate, and the differential head of the proposed 
pump has been obtained from the Calpeda manufacturing 
company [13] and then the Eq. 7 is used to establish a good 
relation between the independent variables (flow rate and 
the differential head) and the dependent variable (the pump 
cost).  

y	 � 	 �b ∗ �m1^x1� ∗ �m2^x2��	                                    (7)  

Afterwards, with the R Squared of 0.9, the following 
formula has been obtained to estimate the cost of the pump 
component: 

�� � 237.378	 � �1.02428�� � �1.01588��             (8) 

2.3. Total cost of the system 

The total cost of the system will be defined as the sum of 
the autoclave cost and the pump cost as shown in the 
following equation: 

���� � ���€� � ���€�                               (9)      

In the current analysed WDN, a cost function of the 
system includes summation of both the autoclave 
component as well as pump cost together. Every of the 
components costs include the other costs details in the 
calculation process as further described in the previous 
sections. The total cost function, at the end, will be used as 
a formulation method to determine the techno-economic 
evaluation and analyse a proposed WDN under effect of 
the design variables and then to propose the minimum 
values of the cost of the system. In the next sections, a 
detailed analysis of the variations of the cost on the basis of 
the design variables have been outlined through the 
graphical and diagram analysis.         

3. Result and discussion 

In this section of our research, the results have been 
obtained and analysed after running the proposed analytical 
method described in the Fig. 2. The variations of the 

decision variables during the simulation process are 
reported in the Table 2. 

 

The primary aim of the analysis is to obtain the cost 
variations as a function of the independent variables 
employed in the proposed model and then to see which 
design parameter will have the most effect on the cost of 
the system. It is worthy to mention that, in addition to 
vectorization, no specific optimization method was carried 
out during writing the Matlab codes.   

3.1. Trade-off evaluation for the cost components 

Trade-off point is considered as a situation where the 
pump and autoclave have an equal value of the cost (Fig. 
3). As the Pmax increases, there is a steep growth in the cost 
of the pump.  

 

 

 

 

 

 

 

 

 

 

 

 

A sharp and rapid increase has also been noticed for the 
total cost of water distribution system ranging from € 1400 
to € 3250. The cost behaviour for the autoclave component 
is however different from the pump and is under some 
fluctuations. A cost trade-off between the pump and 
autoclave cost has occurred at Pmax = 4 (bar). Furthermore, 
it is evident that the minimum autoclave cost is observed at 
Pmax = 5 with an amount of € 609.4. 

3.2. Sensitivity analysis of the decision variables 

This initial results from the sensitivity analysis has 
indicated that the total cost of the water distribution system 
(Ctot) varies from a minimum of € 1,317.75 for a water 
distribution system with pump’s design flow rate of 10 
m3/h, minimum pressure (Pmin) of = 2 bar, and maximum 
pressure (Pmax) of 3 bar, to a maximum total cost level of € 
72,924, for a water distribution system with Q = 100 m 3/h, 
Pmin = 8 bar, Pmax = 9 bar.  

Figs. 4 and 5 demonstrates the variations of the total 
cost of the system according to the alternations in the Q as 
well as the Pmax values by considering the constant Pmin 
values of 3, and 6 bar. According to the obtained results, it 
is evident that how much the variations in the considered 

Table 2: The variations of the design parameters of the proposed 
water distribution system. 

Design 

parameters 

Minimum 

level 

Maximum 

level 

Interval 

Pmin [bar] 2 8 1 

Pmax [bar] 3 9 1 

Q [m3/h] 10 100 10 

Ns [bar] - 100 - 

 

 

Figure 3: The cost evaluation diagram of the simulated WDNs 
with constant values of Q= 10 (m3/h) and Pmin = 2 bar.  
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variables has resulted in significant changes on the total 
cost of the system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in the Fig. 4, the optimum points of the 
system cost can be observed in an occasion that the pump 
flow rate and the autoclave maximum pressure value are 
relatively in low level, though in very high flow rates, the 
total cost of the system is optimized when the Pmax value 
decreases. By inspecting the Fig. 4 more precisely, it is 
evident that with a constant Pmin value of 3 bar, the effect 
of Q on the total cost of the system is significant. For 
instance, with a Pmax of 7 bar, and the Q of 80 m3/h, the 
total cost of the system is estimated to be € 14,588.7. 
However, after decreasing the Q from 80 to 30 m3/h, and 

by considering the constant Pmin and Pmax values, the cost 
of the system is reduced to almost € 4, 560.4.  

Evidently, as the constant minimum pressure of the 
autoclave increases, the effect of the Pmax on the total cost 
of the system will be more apparent. For instance, as it is 
clear from the Fig. 4, the optimum points for the cost of 
the system are observed for all values of Q, but with Pmax 
values lower than 7 bar. While, by increasing the constant 
Pmin value up to 6 bar, as can be seen in the Fig. 5, the 
optimum space for the cost of the system is extended 
significantly encompassing more values of the Pmax. It is 
also worthy to note that, at very low values of Q, the cost 
of the system is optimized at any chosen value of the Pmax. 

4. Conclusion 

In this paper, the techno-economic viability of a 
simulated water distribution system equipped with an 
autoclave system was performed. Additionally, the effect of 
changing the maximum and minimum pressure values of 
the autoclave as well as the flow capacity rate of the pump 
on the total cost of the WDN was outlined. Using the 
presented analytic method for the techno-economic 
analysis of the proposed integrated pump-autoclave water 
distribution system, the effect of the decision variables on 
the total cost of the system was outlined. For this purpose, 
based on the system’s working conditions, the autoclave 
minimum and maximum pressure values as well as the 
pump flow rates are considered as input and free variables. 
Initial results obtained from the simulation are indicative of 
the significant changes in the total system costs as function 
of the free variables of the system. it was also concluded 
that, at very low values of Q, the cost of the system is 
optimized at any chosen value of the Pmax.  

Initial results of the study showed that the total cost of 
the water distribution system (Ctot) varies from a minimum 
of € 1,317.75 for a water distribution system with pump’s 
design flow rate of 10 m3/h, minimum pressure (Pmin) of = 
2 bar, and maximum pressure (Pmax) of 3 bar, to a maximum 
total cost level of € 72,924, for a water distribution system 
with Q = 100 m 3/h, Pmin = 8 bar, Pmax = 9 bar. 
Additionally, a trade-off evaluation for the water system 
was also done, which showed that the cost behavior for the 
autoclave component is different from the pump and is 
under some fluctuations. A cost trade-off between the 
pump and autoclave cost was observed at Pmax = 4 (bar). 
Furthermore, it was also shown that the minimum 
autoclave cost is observed at Pmax = 5 with an amount of € 
609.4. It also became clear that as the constant minimum 
pressure of the autoclave increases, the effect of the Pmax 
on the total cost of the system will be more apparent. A 
sensitivity analysis concluded that by increasing the 
constant Pmin value up to 6 bar, the optimum space for the 
cost of the system is extended significantly encompassing 
more values of the Pmax. On this occasion, it is also worthy 
to note that, at very low values of Q, the cost of the system 
is optimized at any chosen value of the Pmax. 
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