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A B S T R A C T

The problem of selecting the best combination of pipe diameters of water distribution networks of

fishfarms is analysed in this paper. With this goal, an optimisation algorithm with a rule of thumb to limit

the range of flow velocities was developed. The available range of flow velocities was selected according

to hydraulics constraints and fouling potential impacts (fishfarms are flowing systems with adequate

conditions for development of unwanted deposits). This way, the designs to select must be determined as

trade-offs between costs, hydraulic reliability and risk of impaired water quality based in the flow

velocity effect on fouling growth. The optimisation equations were implemented in a computer program

that is constituted as a specific software for fishfarms which can be utilised as a tool to determine efficient

low-cost solutions for a set of design conditions. The model was applied based on data from an eel

fishfarm in southern Spain. The findings of this study provide insight into the advantages and

disadvantages of some design alternatives and indicate that the appropriate sizing of pipe network is cost

effective.
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1. Introduction

In the near future, the aquaculture sector should be positioned
like as a solid and developed industry able to get a competitive and
sustainable yield. For this adaptation it will be required to improve
the efficiency and cost-effectiveness of future and existing
aquaculture plants. Therefore, methodologies that can maximise
cost savings while satisfying system performance criteria must be
sought for the design and management of fishfarms. One of these
methods can be to improve the design of water distribution
systems in fishfarms.

When designing a water distribution system a broad range of
concerns can be considered but the cost is likely to be the primary
emphasis and includes the initial capital investment for system
components (pipes, pumps, tanks and valves) and the energy
consumption that occurs over time to operate the system. So the
problem of the optimal design of water distribution systems can be
stated as: minimise capital investment plus energy costs subject to
meeting hydraulic constraints, fulfilling water demands and
satisfying pressure requirements (Mays, 2000).

The fishfarms are flowing systems with adequate conditions for
development of unwanted deposits (organic and inorganic
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compounds, microorganisms, corrosion products, sedimentation
of particulates) in pipe surfaces (phenomenon called fouling).
Although fouling agents may only be a few millimeters thick, they
can contribute considerably to reduced conduit performance and
can increase the incidence of fungal and bacterial diseases
(Picologlou et al., 1980; Characklis et al., 1982; Vreeburg, 2006;
Edberg et al., 2007). The fouling is a phenomenon very difficult to
predict and control and may require frequent inspections and
cleanings (Colt et al., 2006). There are several methods to make the
cleaning of the pipe networks, as the method known as flushing
that uses high velocity water to removal the accumulated particles.
In this method, the water is drawn from clean pipes using bypass
requirements. Other cleaning methods include combined flushing
with water and air to produce even greater turbulence or to use
foam pigs pushed through the pipes with water pressure
(Vreeburg, 2006).

Additionally the hydraulic design of the pipes networks can
help significantly to prevent the fouling until an acceptable level
due to the influence of water velocity on the rate of particles
accumulating on the pipes surfaces (Vreeburg, 2006). Periods of
low flow velocity (flow rate) imply more favourable conditions for
the fouling growth (Woolfaardt and Cloete, 1992; Torrent and
Sánchez, 1997; Cloete et al., 2003; Beaz, 2007; Kukulka and
Devgun, 2007). This way the previous design criteria, based on
minimising costs and hydraulic reliability, must be completed with
constraints to limit the range of flow velocities that can prevent the
deterioration of water quality in the distribution system as
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consequence of the fouling. That is to say, the goal must be finding
a diameter combination that can involve trade-offs between costs
and system reliability (efficient low-cost combination).

Pulido-Calvo et al. (2006) developed an algorithm for selection
of least cost or optimum pump combinations in water supply
systems and to evaluate the system’s energy cost of fishfarms. The
ACUIGES v.1.0 program for a personal computer was written to find
the optimal design of the pumping station in fishfarms and had as
outputs the selection of pump type, capacity, and number of units
that results in minimum design and operating costs for a given
water demand. In this paper, the mathematical model developed
for ACUIGES v.1.0 software was completed including the selection
of commercial diameters that will result in the most efficient low-
cost solution for the pipes and associated pumping station(s). Pipes
are the most abundant elements in the pressurised hydraulic
networks and therefore are one of the most important capital
investment cost components in the water distribution systems.

Optimisation of water distribution networks has received wide
coverage in the literature in order to find a low-cost design in
practice. Alperovits and Shamir (1977) proposed a linear pro-
gramming method to determine the optimum solution of the
network variables (pipe diameter) for a given flow distribution.
This approach was adopted and further developed by many
researches, such as Featherstone and El-Jumaily (1983), Morgan
and Goulter (1985) and Eiger et al. (1994). Nonlinear programming
has also been applied to water distribution system design (Lansey
and Mays, 1989). More recently, stochastic search techniques such
as genetic algorithms and simulated annealing have been used to
solve the pipe-sizing problem (Simpson et al., 1994; Dandy et al.,
1996; Savic and Walters, 1997; Maier et al., 2003).

The abilities of the various approaches mentioned previously
have been tested and compared in water distribution systems of
urban districts (Morgan and Goulter, 1985; Walski et al., 1987;
Savic and Walters, 1997) and irrigation districts (Khanjani and
Bush, 1983; Planells et al., 2001; Theocharis et al., 2006). In the case
of the aquaculture, in spite of the significant savings that can be
realised by selecting the efficient low-cost pipe and pump size, it is
surprising to find few studies in the literature based on the
optimum design and management of the water supply systems.
Some authors as Kerr (1981) and Colt et al. (2006) proposed design
criteria of pumping systems for use in aquaculture. To the best of
the writers’ knowledge, no approach for water distribution
network design optimisation of fishfarms exists in the literature.

Although much effort has been placed in developing universal
methods for the optimal design of water distribution systems,
optimisation models are generally reduced to determined situa-
tions or applications due to the complexity of the problem and the
Fig. 1. Representation of water distribution sy
limitations of mathematical programming tools. In turn, specific
software for fishfarms can be used as tool for technicians and
managers to determine efficient low-cost solutions that should
lead to higher fishfarm profitability and capacity to compete in the
market (Ernst et al., 2000).

The purpose of this paper is to assess the potential improve-
ments in cost savings and facility performance that can be achieved
with an adequate choice of pipe networks in water distribution
systems of fishfarms. The mathematical model development in this
paper was added to the methodology for the determination of the
optimal design of pumping stations (ACUIGES v.1.0) (Pulido-Calvo
et al., 2006) and both form the basis of ACUIGES v.2.0 software. The
model was verified by applying the developed software to an
intensive eel fishfarm located in southern Spain.

2. Materials and methods

2.1. Mathematical formulation

Generally, the water distribution systems of fishfarms have
pipes in branched networks. So the developed methodology in this
paper considers branched systems that have a single path of flow
to each node. A simplified representation of the sizing problem of
branched pipe systems takes the form shown in Fig. 1. In this
example, there are twelve pipes and hence twelve decision
variables. For each decision variable Di or diameter for each pipe
[i] of the water distribution network, there are a number of
options corresponding to the available commercial pipe dia-
meters (dj). In the example shown in Fig. 1, there are eight possible
commercial diameters (d1, d2,. . ., d8) corresponding to eight
choices at each decision variable (Di1, Di2,. . ., Di8, i = 1, 2,. . ., 12).
The cost associated with a particular combination of diameters is
therefore given by

CI;pipes ¼
Xn

i¼1

UCd j
LEi (1)

in which UCd j
is the unit cost per meter length of each of the

commercial pipe diameters dj, LEi is the length of each of the pipe
segment i under consideration and n is the number of pipes in the
network.

The problem for the optimal design of pipe networks can be
stated mathematically as an objective function or cost function to
minimise in terms of the energy heads and the design parameters
or decision variables (pipe diameter size). This problem can be
stated as: minimise pipe investment cost plus required energy cost
to distribute the water to all tanks plus maintenance cost (pipe
stem scheme with an eight-tanks series.
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cleaning) due to fouling potential impacts, subject to hydraulic
constraints.

The hydraulic constraints that need to be satisfied are (1) the
nodal conservation of mass equation that defines the flow rate in
each pipe (continuity equation); and (2) the conservation of energy
equation that should include the minimum and maximum energy
head limits Hmin and Hmax for each node m in the network:

Hmin;m � Hs þ TDH� hf � Hmax;m m ¼ 1; . . . ;M (2)

where hf is the head-loss along the path from source with total
energy head Hs to each node m and TDH is the pump-head added.

2.2. Optimisation method

The most precise way of determining the least-cost pipe size is
to perform detailed design and cost estimates for an exhaustive
array of possible alternatives in terms of the pipe sizes and the flow
and pressure-head distributions. This is prohibitive from a time
and cost standpoint because the decisions (commercially available
pipe diameters) are discrete variables and make the problem of the
optimal design of water distribution systems especially difficult to
solve due to the computation time for a n-pipe system is an
exponential function of n. Therefore, there is a need for a simpler
method that will still yield correct answers (Walski, 1984; Mays,
2000).

The pipe size selection algorithm developed in this paper is a
direct procedure for finding the best pipe combination that results
in an efficient low-cost solution for a given water demand. An
approach based in a trial and error optimisation with a rule of
thumb to limit the range of flow velocities was developed. With
this procedure peak flow velocities (or design velocity at peak flow)
between 0.5 and 4 m/s (normal operation conditions) are sought
for each pipe of the water distribution network. The allowable
velocities of the water fluid are usually in the mentioned range.
Flow velocities lower than 0.5 m/s have high risk to cause the
accumulation of diverse deposits (fouling) in a very short term in
the pipe walls, which can restrict water flow by narrowing the flow
area. Flow velocities higher than 4 m/s have high probability to
cause surge or hydraulic transient effects which can result in
rupture, displacement or deformation of pipes (Mays, 2000).

This iterative process is complemented by the development of a
sensitivity analysis that evaluates different design options as
trade-offs between costs (pipe investment cost, energy cost and
maintenance cost) and hydraulic reliability.

This sizing criterion in terms of velocity at peak flow is
converted into pipe sizes by solving the continuity equation to give
a calculated diameter Di for each pipe [i] of the water distribution
network:

Di ¼
4Qi

pU

� �0:5

(3)

where Qi is the peak flow in the pipe [i] and U is the design velocity
at peak flow. Given the flow design velocity and the fishfarm
maximum water requirements, Di are calculated with Eq. (3). The
solution consists of picking the nearest commercial diameters
(inferior and superior) for each calculated diameter Di

(dj < Di < dj+1) having, this way, 2n combinations of commercial
diameters. If a commercial diameter combination can distribute
the flow but not with the required flow velocity ui in one line [i] of
pipe network (between 0.5 and 4 m/s), a penalty is added to
discourage selection of this combination.

Considering the water daily demand and each one of the 2n

combinations of diameters obtained for the water distribution
system, the requirements of energy head Ht in each time step
t (daily step in this paper) of the annual operation period are
calculated applying the energy equation and the Darcy–Weisbach
head-loss equation (Walski, 1984; Mays, 2000). Thus the power
consumption Pt and hence the energy cost for each time step t of
the annual operation period are calculated for each diameter
combination (Pulido-Calvo et al., 2006).

The cost to clean a pipe depends on a fairly large array of
variables, which include: (a) pipe diameter and type; (b) overall
size of the job; (3) size, location and type of valves; (4) lengths
which can be accessed at one time; (5) bypass requirements; (6)
disinfectant products; and (7) duration of job. Walski (1984)
reported the following equation as an approximation to estimate
cleaning costs (s/m) of a pipeline with commercial diameter dj

(m):

Cleaning cost ¼ 58:31d0:30
j (4)

The following step in the optimal design of pipes is to select the
commercial diameter combination that results as the most
efficient low-cost solution, which is function of the costs (pipe
investment cost, required energy cost and cleaning cost) and the
hydraulic constraints (see Section 2.1). This selection can be
limited for the conditions of flow velocity more favourable for
achieving reduced fouling growth. So Cloete et al. (2003) indicated
that flow velocities within the range of 3 and 4 m/s would be ideal
for achieving reduced biofilm growth in a water distribution
system. Therefore, alternatives with this range of flow velocities
could be less economic than other alternatives but they should be
selected because having smaller fouling growth and consequently
smaller pathological risks. The steps in the development of this
optimisation model are summarised in Fig. 2.

The database structure for the commercial pipe data has four
columns (diameter dj, material, nominal pressure or the maximum
pressure that the pipe may subjected during its lifetime and unit
cost per meter length UCd j

) and 75 rows (75 commercial pipe sizes
available). This database covers polyvinyl chloride (PVC) pipes
(with absolute roughness of k = 0.007 mm) in sizes 0.063–0.800 m
(63–800 mm) and reinforced concrete pressure pipes (RCPP)
(k = 0.5 mm) in sizes from 0.8 to 2.0 m (800–2000 mm) with three
nominal pressure rating categories of 6, 10 and 16 atm. The
majority of fishfarm pipe networks are made of these materials
which can be moulded into a wide range of different configurations
(Kerr, 1981). The diameters combinations are also chosen with
nominal pressures equal or higher than the maximum working
pressure (total static head) plus an allowance for surge (a
recommended mean value is 10 m/km pipe) (Mays, 2000).

It should be noted that the preparation for this optimisation
model includes setting up a data structure to manipulate and
process the following: (1) water supply system configuration
(elevations and locations of all the nodes; length of all the pipes);
(2) water demand data; (3) rate of interest, useful life of pipes,
pump operation hours, and energy cost (input system data, Fig. 2).

3. Model application

In order to test the methodology developed in this paper, the
fishfarm selected was the same that the one utilised in the work of
Pulido-Calvo et al. (2006) with the purpose to assess the potential
improvements in cost savings that can be achieved including the
optimisation of pipe systems in the mathematical model devel-
oped for ACUIGES v.1.0 software. This fishfarm is located in the
province of Córdoba (southern Spain) and is devoted to the
European eels growth.

In this intensive fishfarm, the water is pumped from the Puente
Nuevo reservoir to a main channel with slope of 0.1%. The water is



Fig. 2. Flow chart of the optimisation model.
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then transported by this channel by gravity to seven tanks series
that have the spatial configuration shown in Fig. 3. The ‘A’, ‘B’, ‘C’
and ‘D’ series are the nursery tanks (eel weight: 0.3–40 g) that have
12 circular tanks with a capacity of 3.2 m3 in each series
(12 � 3.2 m3 tanks). The ‘E’ and ‘F’ series are the pre-growth tanks
(eel weight: 40–110 g) with eight rectangular tanks of 16 m3

(8 � 16 m3 tanks) and two rectangular tanks of 32 m3 (2 � 32 m3

tanks), respectively. In the last tank ‘G’ series (14 � 110 m3

rectangular tanks), the eels grow to commercial weight (150 g).
The nursery and pre-growth series were selected to evaluate

the optimisation method of pipes design developed in this paper.
The search space for this problem for each sought design velocity at
peak flow is 218 possible diameters combinations for nursery series
due to the ‘A’, ‘B’, ‘C’ and ‘D’ series are similar and is 215 possible
diameters combinations for pre-growth due to ‘E’ and ‘F’ series are
similar.

Weekly biomass (Biot, kg) and eel mean weight (MW, g) per
tank data were available from January 1999 to December 2000. The
mean specific oxygen consumption (SOC, mg O2/kg min) of the eel
for the rearing density in the fishfarm was estimated from the
following equation (Pérez et al., 2004):

SOC ¼ 5:833� 0:016 MW (5)

On the other hand, the mean difference between the inlet and
outlet water’s oxygen concentrations was 2 mg O2/l. The max-
imum rearing density of the fishfarm is 100 kg/m3. With these data
and taking as approach a constant biomass during every day of the
week, the daily water requirements were calculated for nursery
and pre-growth series (Fig. 4). Details of the water demand
calculation are given in Kerr (1981) and Pulido-Calvo et al. (2006).
The maximum water requirements are of 12.88 l/s (0.01288 m3/s)
for each nursery tank, of 128.8 l/s (0.1288 m3/s) for each pre-
growth tank of 32 m3 and of 64.4 l/s (0.0644 m3/s) for each pre-
growth tank of 16 m3. Input system data for the model include an
interest rate of 5%, useful life of pipes of 20 years and average cost
of electrical energy of 0.043 s/kWh.

4. Results and discussion

4.1. Nursery pipes network (gravity flow from the channel to the

tanks)

Table 1 shows four of the possible design solutions of nursery
pipes network (the flow velocities ui of each pipeline i are
corresponded with the maximum water requirements). These
alternatives are presented as examples of the sensitivity analysis
carried out with the optimisation algorithm developed to evaluate
the most efficient low-cost design of the water distribution system
of the fishfarm in study. The best solutions for flow design
velocities of 3 and 2 m/s were the alternatives (B) and (D),
respectively, of Table 1. The most efficient low-cost solution in the
sizing of nursery pipes network was obtained with the alternative
(B) belonging to one of the 218 possible alternatives for a flow
design velocity of 3 m/s. Table 2 shows the possible PVC pipe
choices with nominal pressure of 6 atm.

The selection of the alternative (B) results in a 3% decrease in
total costs in relation with the alternative (D) (Table 1). This result
is logical when there are not energy costs (the water is distributed
by gravity from the channel to the tanks) given that a lower flow
velocity implies higher diameters and consequently higher pipes
investment costs. Also the selection of this alternative (B) leads to
lower maintenance costs of the fishfarm. According to Cloete et al.
(2003) flow velocities within the range of 3 and 4 m/s would be
ideal for achieving reduced biofilm growth in a water distribution
system which decreases the pathological risk.

In principle it would be reasonable to think that the alternative
(A), that is to say the most economic alternative since the selected
smaller commercial diameters nearest to the calculated diameters
with flow design velocity of 3 m/s, would be the optimal solution
for the design of the nursery pipes network. But this solution
implies flow velocities higher than 4 m/s in some pipe lines when
the rearing density is maximum (Table 1). These velocities are not
recommended to be able to cause surge or hydraulic transient
effects which can result in rupture, displacement or deformation of
pipes and consequently higher maintenance costs in the long-
term. It can be seen that the most efficient low-cost solution
(alternative B) selected the superior commercial diameters nearest
to calculated diameters in all the pipes that had flow velocities
higher than 4 m/s in the alternative (A).

The alternative (C) is a design solution very common in this type
of facilities, and so is the design installed in the fishfarm in study.
With this solution all the pipes of main line have the same
diameter, in this case 0.250 m (250 mm), in comparison with the
optimal solution (alternative B) that presents a decrease of the
diameters according to a higher distance to the water supply
source (in this case, the channel) (D[1] = D[4] = 0.250 m;
D[7] = 0.200 m; D[10] = 0.180 m; D[13] = 0.140 m; D[16] = 0.110 m).
Application of the model showed that the most efficient low-cost
solution (alternative B) could save 41% of the pipes investment
costs in comparison with the alternative (C) (Table 1). Also the
alternative (C) has very low flow velocities in some pipes of the
main line (pipes [13] and [16]) that could cause growth conditions
more favourable for microbial activity and fouling formation
(Vieira et al., 1993; Lawrence et al., 1995; Cloete et al., 2003).



Fig. 3. Schematic representation of water distribution network of the fishfarm in study.

Table 1
Sensitivity analysis to evaluate different commercial diameters combinations in the nursery pipes network

Pipe no. Design velocity at peak flow U = 3 m/s U = 2 m/s

Di (m) Alternative (A) Alternative (B)a Alternative (C) Di (m) Alternative (D)b

dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s)

[1] 0.256 0.250 3.40 0.250 3.40 0.250 3.40 0.314 0.250 3.40

[2] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[3] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[4] 0.234 0.200 4.43 0.250 2.83 0.250 2.83 0.286 0.250 2.83

[5] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[6] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[7] 0.209 0.200 3.54 0.200 3.54 0.250 2.27 0.256 0.200 3.54

[8] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[9] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[10] 0.181 0.180 3.28 0.180 3.28 0.250 1.70 0.222 0.200 2.66

[11] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[12] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[13] 0.148 0.140 3.61 0.140 3.61 0.250 1.13 0.181 0.180 2.19

[14] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[15] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[16] 0.105 0.090 4.37 0.110 2.93 0.250 0.57 0.128 0.110 2.93

[17] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

[18] 0.074 0.063 4.46 0.075 3.15 0.075 3.15 0.091 0.090 2.19

Investment cost (s)c 2857.36 3292.00 5597.28 3676.48

Amortised investment cost (s/year)c 228.59 263.36 447.78 294.12

Energy cost (s/year) – – – –

Cleaning/maintenance cost (s/year)c 3597.74 3698.50 4028.77 3793.09

Total cost (s/year) 3826.33 3961.86 4476.55 4087.21

Alternatives with flow design velocity U of 3 m/s: (A) solution considering the inferior commercial diameters nearest to calculated diameters; (B) solution considering

hydraulic constraint of flow maximum velocity; and (C) solution with the same diameters in the main pipes. Alternative (D) with flow design velocity U of 2 m/s.

Di = calculated diameter for pipe i with flow design velocity U; dj = commercial diameter selected; ui = flow velocity for pipe i with commercial diameter dj for maximum

water requirements. All PVC pipes with nominal pressure of 6 atm.
a Best solution for flow design velocity of 3 m/s.
b Best solution for flow design velocity of 2 m/s.
c Investment and cleaning costs for the four nursery tanks series.
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Fig. 4. Water requirements of the fishfarm from January 1999 to December 2000 of

nursery and pre-growth series.
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4.2. Pre-growth pipes network (gravity flow from the channel to the

tanks)

Table 3 shows four of the possible design solutions of pre-
growth pipes network belonging to the sensitivity analysis carried
out with the model developed (the same as in Table 1, the flow
velocities of pipelines are corresponded with maximum rearing
density conditions). These alternatives (E), (F), (G) and (H) consider
the same hypothesis selected in Table 1 to show some design
examples in the nursery tanks series. So, for example, the
alternatives (A) and (E) are solutions considering the inferior
Table 2
PVC pipe options with nominal pressure of 6 atm

Diameter (mm) Thickness (mm) Cost (s/m)

63 2.0 5.34

75 2.3 7.39

90 2.8 10.61

110 2.7 12.01

125 3.1 15.72

140 3.5 19.70

160 4.0 25.49

180 4.4 31.67

200 4.9 38.90

250 6.2 61.59

315 7.7 95.73

400 9.8 154.19

500 12.3 253.93

630 15.4 456.78

800 19.6 601.23
commercial diameters nearest to calculated diameters for nursery
and pre-growth pipes networks, respectively.

The best solutions of pre-growth pipes network for flow design
velocities of 3 and 2 m/s were the alternatives (F) and (H),
respectively, of Table 3. The optimal solution in the sizing of pre-
growth pipes network was obtained with the alternative (F)
belonging to one of the 215 possible alternatives for a flow design
velocity of 3 m/s. The results obtained in the sizing of the pre-
growth pipes network are similar to those obtained in the nursery
pipes network of the fishfarm in study (Section 4.1).

4.3. Simulation considering energy costs

In order to evaluate the influence the energy costs in the
objective function to minimise, the hypothesis considering that to
distribute the water from the channel to the tanks is necessary to
supply energy to overcome the head-losses in the pipes is
simulated (Hchannel = Htanks = 1.5 m, Fig. 3).

Table 4 shows some design alternatives as examples of the
sensitivity analysis carried out with the model developed for
nursery pipes network including energy costs. The alternatives (1)
and (3) were the best solutions for flow design velocities of 3 and
2 m/s, respectively, without energy costs (alternatives B and D in
Table 1). The alternatives (2), (4) and (6) were the best solutions for
flow design velocities of 3, 2 and 1 m/s, respectively, with energy
costs. The alternative (5) is the second best solution for a flow
design velocity of 1 m/s.

The most economic solutions without considering maintenance
costs were obtained with low flow design velocity (U = 1 m/s)
(alternatives 5 and 6). These alternatives had the lowest energy
costs and the highest pipes investment costs. This result is logical
Fig. 5. Flow velocity frequencies for all annual operation period in nursery

(alternatives 2 and 4) and pre-growth (alternatives 8 and 10) series.



Table 3
Sensitivity analysis to evaluate different commercial diameters combinations in the pre-growth pipes network

Pipe no. Design velocity at peak flow U = 3 m/s U = 2 m/s

Di (m) Alternative (E) Alternative (F)a Alternative (G) Di (m) Alternative (H)b

dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s)

[1] 0.573 0.500 4.00 0.500 4.00 0.500 4.00 0.701 0.630 2.84

[2] 0.234 0.200 4.70 0.250 3.01 0.250 3.01 0.286 0.250 3.01

[3] 0.234 0.200 4.70 0.250 3.01 0.250 3.01 0.286 0.250 3.01

[4] 0.468 0.400 4.70 0.500 3.01 0.500 3.01 0.573 0.500 3.01

[5] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[6] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[7] 0.405 0.400 3.53 0.400 3.53 0.500 2.26 0.496 0.400 3.53

[8] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[9] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[10] 0.331 0.315 3.79 0.315 3.79 0.500 1.50 0.405 0.400 2.35

[11] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[12] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[13] 0.234 0.200 4.70 0.250 3.01 0.500 0.75 0.286 0.250 3.01

[14] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

[15] 0.165 0.160 3.67 0.160 3.67 0.160 3.67 0.202 0.200 2.35

Investment cost (s)c 4841.52 5866.34 9468.58 7252.70

Amortised investment cost (s/year)c 387.32 469.31 757.49 580.22

Energy cost (s/year) – – – –

Cleaning/maintenance cost (s/year)c 1857.03 1906.47 2051.18 1963.22

Total cost (s/year) 2244.35 2375.78 2808.67 2543.44

Alternatives with flow design velocity U of 3 m/s: (E) solution considering the inferior commercial diameters nearest to calculated diameters; (F) solution considering

hydraulic constraint of flow maximum velocity; and (G) solution with the same diameters in the main pipes. Alternative (H) with flow design velocity U of 2 m/s.

Di = calculated diameter for pipe i with flow design velocity U; dj = commercial diameter selected; ui = flow velocity for pipe i with commercial diameter dj for maximum

water requirements. All PVC pipes with nominal pressure of 6 atm.
a Best solution for flow design velocity of 3 m/s.
b Best solution for flow design velocity of 2 m/s.
c Investment and cleaning costs for the two pre-growth tanks series.

Table 4
Different commercial diameters alternatives in the nursery pipes network including energy costs

Pipe no. Flow design velocity U = 3 m/s Flow design velocity U = 2 m/s Flow design velocity U = 1 m/s

Di (m) Alternative (1) Alternative (2)a Di (m) Alternative (3) Alternative (4)b Di (m) Alternative (5) Alternative (6)c

dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s)

[1] 0.256 0.250 3.40 0.315 2.14 0.314 0.250 3.40 0.315 2.14 0.444 0.400 1.33 0.400 1.33

[2] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.125 1.13 0.125 1.13

[3] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.125 1.13 0.125 1.13

[4] 0.234 0.250 2.83 0.250 2.83 0.286 0.250 2.83 0.315 1.78 0.405 0.400 1.11 0.400 1.11

[5] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.125 1.13 0.125 1.13

[6] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.125 1.13 0.125 1.13

[7] 0.209 0.200 3.54 0.250 2.27 0.256 0.200 3.54 0.315 1.43 0.362 0.400 0.89 0.315 1.43

[8] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.125 1.13 0.125 1.13

[9] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.125 1.13 0.125 1.13

[10] 0.181 0.180 3.28 0.200 2.66 0.222 0.200 2.66 0.250 1.70 0.314 0.315 1.07 0.315 1.07

[11] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.140 0.90 0.125 1.13

[12] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.140 0.90 0.125 1.13

[13] 0.148 0.140 3.61 0.160 2.77 0.181 0.180 2.19 0.200 1.77 0.256 0.315 0.71 0.250 1.13

[14] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.140 0.90 0.125 1.13

[15] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.140 0.90 0.125 1.13

[16] 0.105 0.110 2.93 0.110 2.93 0.128 0.110 2.93 0.140 1.81 0.181 0.200 0.89 0.180 1.09

[17] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.140 0.90 0.125 1.13

[18] 0.074 0.075 3.15 0.075 3.15 0.091 0.090 2.19 0.110 1.46 0.128 0.140 0.90 0.125 1.13

Maximum head-loss (m) 0.96 0.62 0.69 0.20 0.05 0.08

Maximum required power (kW)d 5.82 3.76 4.25 1.21 0.27 0.46

Investment cost (s)d 3292.00 4136.48 3676.48 6040.48 10278.40 8633.36

Amortised investment

cost (s/year)d

263.36 330.92 294.12 483.24 822.27 690.67

Energy cost (s/year)d 2183.70 1410.31 1592.28 454.94 102.36 170.60

Cleaning/maintenance

cost (s/year)d

3698.50 3799.50 3793.09 4079.46 4429.83 4305.75

Total cost (s/year) 5027.99 4818.96 4853.49 4784.81 5307.63 5085.26

Di = calculated diameter for pipe i with flow design velocity U; dj = commercial diameter selected; ui = flow velocity for pipe i with commercial diameter dj for maximum

water requirements. All PVC pipes with nominal pressure of 6 atm.
a Best solution for flow design velocity of 3 m/s.
b Best solution for flow design velocity of 2 m/s.
c Best solution for flow design velocity of 1 m/s.
d Investment, energy and cleaning costs and required power for the four nursery tanks series.

I. Pulido-Calvo et al. / Aquacultural Engineering 39 (2008) 43–52 49



Table 5
Different commercial diameters alternatives in the pre-growth pipes network including energy costs

Pipe no. Flow design velocity U = 3 m/s Flow design velocity U = 2 m/s Flow design velocity U = 1 m/s

Di (m) Alternative (7) Alternative (8)a Di (m) Alternative (9)b Alternative (10)b Di (m) Alternative (11) Alternative (12)c

dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s) dj (m) ui (m/s)

[1] 0.573 0.500 4.00 0.630 2.84 0.701 0.630 2.84 0.800 1.76 0.992 0.800 1.76 0.800 1.76

[2] 0.234 0.250 3.01 0.250 3.01 0.286 0.250 3.01 0.315 1.89 0.405 0.400 1.18 0.400 1.18

[3] 0.234 0.250 3.01 0.250 3.01 0.286 0.250 3.01 0.315 1.89 0.405 0.400 1.18 0.400 1.18

[4] 0.468 0.500 3.01 0.500 3.01 0.573 0.500 3.01 0.630 1.89 0.810 0.800 1.18 0.800 1.18

[5] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.250 1.50 0.250 1.50

[6] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.250 1.50 0.250 1.50

[7] 0.405 0.400 3.53 0.500 2.26 0.496 0.400 3.53 0.500 2.26 0.701 0.630 1.42 0.630 1.42

[8] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.315 0.95 0.250 1.50

[9] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.315 0.95 0.250 1.50

[10] 0.331 0.315 3.79 0.400 2.35 0.405 0.400 2.35 0.500 1.50 0.573 0.630 0.95 0.500 1.50

[11] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.315 0.95 0.250 1.50

[12] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.315 0.95 0.250 1.50

[13] 0.234 0.250 3.01 0.250 3.01 0.286 0.250 3.01 0.315 1.89 0.405 0.500 0.75 0.400 1.18

[14] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.315 0.95 0.250 1.50

[15] 0.165 0.160 3.67 0.180 2.90 0.202 0.200 2.35 0.250 1.50 0.286 0.315 0.95 0.250 1.50

Maximum head-loss (m) 0.38 0.21 0.25 0.08 0.02 0.04

Maximum required power (kW)d 11.53 6.39 7.70 2.46 0.69 1.13

Investment cost (s)d 5866.34 7992.78 7252.70 11572.06 17560.62 14935.06

Amortised investment cost (s/year)d 469.31 639.42 580.22 925.76 1404.85 1194.80

Energy cost (s/year)d 4321.90 2395.90 2885.29 922.85 258.94 422.89

Cleaning/maintenance cost (s/year)d 1906.47 1978.80 1963.22 2102.12 2258.44 2190.13

Total cost (s/year) 5071.15 4107.76 4316.71 3595.33 3805.15 3668.66

Di = calculated diameter for pipe i with flow design velocity U; dj = commercial diameter selected; ui = flow velocity for pipe i with commercial diameter dj for maximum water requirements. All PVC pipes with nominal pressure

of 6 atm.
a Best solution for flow design velocity of 3 m/s.
b Best solution for flow design velocity of 2 m/s.
c Best solution for flow design velocity of 1 m/s.
d Investment, energy and cleaning costs and required power for the two pre-growth tanks series.
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given that a lower flow velocity implies lower head-losses and
higher diameters, and consequently, it induces to think that in the
outlined hypothesis the energy costs have more weight in the
annual total cost. In a network with higher length and/of lines of
pipes, this conclusion would be probably different to having higher
investment costs.

However, these alternatives (5) and (6) had the highest cleaning
costs and could have serious problems with the control of fouling
due to low flow velocities. For this reason, the solution to select
would be the alternative (2) with flow velocities more appropriate
for achieving reduced fouling growth in the water distribution
system. The annual total costs of the alternative (2) were 5% lower
than those of the alternative (6) and 0.7% higher than those of the
alternative (4). The comparison of the flow velocity frequencies for
the annual operation period (Fig. 4) between the alternatives (2)
and (4) showed significant differences (x2 = 10801.97; d.f. = 8;
p < 0.001; Fig. 5) which supports the choice of the alternative (2) as
the most efficient low-cost solution.

The best solutions for flow design velocities of 3 and 2 m/s
(alternatives 2 and 4) are the design alternatives that considering
the superior commercial diameters nearest to calculated dia-
meters. These solutions present higher investment costs and lower
energy costs than the alternatives (1) and (3) which are the best
solutions without energy costs. These results indicate again a more
Fig. 6. Main window of pipes sizing module of ACUI
significant influence of the energy costs in the annual total cost for
flow design velocities of 3 and 2 m/s. However, the best solution for
flow design velocity of 1 m/s (alternative 6) considers the inferior
commercial diameters nearest to calculated diameters, that is to
say, the alternative (6) has lower investment costs and higher
energy costs than the alternative (5). The low head-losses
corresponding to water velocities next to 1 m/s explain this
situation that gives a higher weight to the investment costs in
opposition to the energy costs.

Table 5 shows some design alternatives as examples of the
sensitivity analysis carried out with the model developed for pre-
growth pipes network including energy costs. The alternatives (7)
and (9) were the best solutions for flow design velocities of 3 and
2 m/s, respectively, without energy costs (alternatives F and H in
Table 3). The alternatives (8), (10) and (12) were the best solutions
for flow design velocities of 3, 2 and 1 m/s, respectively, with
energy costs. The alternative (11) is the second best solution for a
flow design velocity of 1 m/s. Higher energy and investment costs
are had in the pre-growth pipes network because the distributed
water flow is higher than in the nursery pipes network.

The alternative (8) was selected as the most efficient low-cost
design for the pre-growth pipes network because was the most
economic solution for flow design velocity of 3 m/s and had flow
velocities significantly higher than the alternative (10) (alternative
GES v.2.0 computer program (Spanish Version).
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10 had the lowest total costs for flow design velocities of 3, 2 and
1 m/s) for all the annual operation period (x2 = 30932.99; d.f. = 8;
p < 0.001; Fig. 5).

The sensitivity analyses developed indicate that the optimal
sizing of pipes network of fishfarms is cost effective. So if the
alternatives (2) and (8) are selected for the nursery and pre-growth
pipes networks, respectively, the annual total cost is approxi-
mately 8900 s/year, which is a 12% decrease in comparison to
select the alternatives (1) and (7) with annual total cost of
approximately 10000 s/year.

The results showed in Sections 4.1–4.3 were achieved through
the use of the aforementioned inputs as well as the optimisation
equations implemented in ACUIGES computer program that was
written in Microsoft Visual Basic1. The main window of pipes
network design module is shown in Fig. 6.

5. Conclusions

A formulation based in a trial and error optimisation with a rule
of thumb to limit the range of flow velocities has been developed to
assist in the design and analysis of water distribution systems of
fishfarms. The available range of flow velocities was selected
according to hydraulic constraints and fouling potential impacts
(as source of diseases and reduced water flow). This way, the
designs to select must be determined as trade-offs between costs,
hydraulic reliability and risk of impaired water quality based in the
flow velocity effect on fouling growth. For the fishfarm studied in
this paper, the sensitivity analyses developed provide insight into
the advantages and disadvantages of some design alternatives and
indicate that the appropriate sizing of pipes network is cost
effective.

The model developed, in addition to being used as a design tool
to determine efficient low-cost solutions of pipes sizing, can be
used to evaluate the influence of cost savings of a determined
choice in the yield strategy before a system is designed. So two
possible options of management schemes can be analysed: (a)
additional obtaining of benefits for a production level determined
(equivalent to the cost savings); (b) adaptation of the yield
strategy, maintaining a level benefit determined, to optimise the
production levels considering constraints of quality and of
appropriate environmental conduct.
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