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ABSTRACT Pump type selection at a pump station affects not only the hardware investment but also the
operating efficiency. The influence of atmospheric temperature on water consumption was not considered
in existing studies. This article considers the uncertainty of water consumption caused by temperature as
well as the configuration and operation schedule of the pump station under various working conditions.
The purpose of the present paper is to achieve the minimum annual investment and operation cost of the
pump station. Taking a steel plant as an example, this article analyzes the possible working conditions of
cooling water in the plant, establishes the annual minimum cost objective function of the optimal design,
and sets the constraint conditions. The decision variables include the selection of overall pump type and
optimal operation of the pump station under different working conditions. Finally, the mathematical model
of the optimal design of a water supply pump station is given. The results show that when considering the
influence of temperature on water consumption, the annual comprehensive cost is reduced, the optimization

effect is obvious, and a good practical effect is achieved.

INDEX TERMS Water supply pump station, temperature, uncertain conditions, optimization design.

I. INTRODUCTION

In recent years, due to the acceleration of industrialization and
the increase in industrial water consumption, water resource
shortages have been further aggravated. Therefore, domes-
tic and foreign scholars have paid much attention to the
optimization design of water supply pump stations. For this
design, in the late 1990s, In [1], Hirrel (1989) proposed a
graphical method to select a water pump. First, the water
consumption curve is established for water users, and the flow
and head of the pump are determined according to the change
in water consumption. The pump selected by this method is
more suitable for a certain period of operation of a water
supply system or a fixed water supply pump station, but it
is not suitable for a complex water supply system, especially
when there are both constant speed pumps and speed regulat-
ing pumps in the system. In [2], Ulanicki et al. (1993) used
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an optimization enumeration method to optimize the pumps.
This method sets a number of constraint conditions on the
pumps, and each constraint condition selects all the pumps
that meet this condition in the Statistics table of water pump
information once. Only the pumps that meet all constraints
are included in the optimization results. This method can
find the optimal solution, but the calculation time is too
long. In [3], Moradi-Jalal et al. (2003) used water pump
frequency conversion for agricultural irrigation and compared
the results with an original pump operation analysis. They
found that pump frequency conversion to reduce the speed of
the pump can improve its efficiency. The specific optimiza-
tion process refers to the arrangement of the pump model, the
number of units and the operation schedule to minimize the
design operation cost under a given demand flow condition.
In [4], Ormsbee and Lansey (1994) proposed a dynamic
programming algorithm to select the optimal combination of
pumps. The objective function of this algorithm includes both
energy consumption and peak flow phase. In terms of optimal
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pump station operation, Pezeshk et al. (1994) proposed a
method suitable for online control, the ASA (adaptive search
algorithm) [5]. The ASA shortens the solution time by search-
ing for the global optimal solution with the system char-
acteristic coefficient to obtain a near-optimal starting state.
The pump and pipe characteristic coefficients are updated
once per cycle, and a new set of optimal pumps is added
to create a new and more efficient pump combination. The
advantage is that it can be solved in real time and can handle
large and complex systems. The disadvantage is that this
method does not produce a global optimal solution because
the objective function is nonconvex. In [6], Keith W. Little
(1989) developed mixed integer linear programming on the
basis of predecessors. He built an optimization model rel-
evant to the use time arrangement. The objective function
of the model specifies the operating hours of each pump or
combination of pumps to minimize the total energy consump-
tion (including commercial energy, demand consumption and
generator operation consumption). The model constraints
meet the average, maximum and minimum water demand and
corresponding water supply system head requirements. In [7],
C. Yuan (2000) applied the fuzzy set theory, combined with
comprehensive consideration of energy consumption and
water quantity, constructed the fuzzy mathematical model
of the optimal operation of the water supply pump station,
gave the membership function of energy consumption and
water quantity, and established the model of real-time control.
Up to now, with the development of optimization algorithms,
heuristic optimization algorithm is the main algorithm in
pump station optimization technology. Researchers use some
heuristic algorithms such as the ant colony algorithm to
solve the problem of pump selection and scheduling in pump
station design. In [8], Giacomello et al. (2013) used linear
programming to solve the pump scheduling problem. In [9],
Hashemi (2014) used the ant colony algorithm to optimize
the operation cost and scheduling time of a speed regulating
pump. In [10], Zhang et al. (2019) proposed an optimal
scheduling method based on station skipping, in which the
use of one or more pumping stations can be reduced and the
allocation of the gross head to other stations is optimized. For
energy saving and longer service life, a parallel pump system
was supplied, with the valves and rotational speed controls
approximating the system’s operating conditions closer to the
designed conditions for different consumer loads. The devel-
oped optimization model employs a genetic algorithm (GA)
aiming at the pumps’ maximum efficiency [11]. In [12],
Y.Yuan (2013) combined the optimization design of pump
station with the characteristics of the ant colony algorithm,
took the minimum cost as the objective function, took the
total flow as the constraint condition, and used the ant colony
search method to solve the model, which proves that the
algorithm has high practical value in the optimization design
of pump station. In [13], Lai et al. (2020) established an
optimization model for parallel pump systems with the aim of
reducing the pump system power consumption and improving
the reliability by fixing pumps’ off-design operation. The
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particle swarm optimization method is adopted to solve the
optimization problem, aiming at minimizing the total power
consumption of the pump system. But there is still a large
development space for theoretical research of the optimal
design, and few researchers consider the influence of atmo-
spheric temperature on the water consumption of the water
supply pump station. However, the atmospheric temperature
is related to water consumption, which has not been consid-
ered in the past, so the optimal design scheme is not very
suitable for the actual situation, and the operation cost is
generally high.

Il. OPTIMIZATION DESIGN MODEL OF A WATER SUPPLY
PUMP STATION

The optimal design of a pump station refers to a design that
meets the flow and head requirements of the water supply
process, considering the overall investment of the pump sta-
tion as well as the depreciation and maintenance cost and
operation loss under different working conditions [14]-[16],
The total selection scheme of a pump station and the oper-
ation scheme of pumps under different working conditions
are given. The process of establishing the optimization model
of a pump station includes selecting the decision variables
reasonably, analyzing the decision variables, establishing the
objective function and analyzing the constraints. In existing
studies, the influence of air temperature on the cooling water
demand was not considered, so the result was that the optimal
design would not be suitable for the actual situation. For this
problem, the following will be a specific analysis.

A. ANALYSIS OF THE INFLUENCE OF AIR TEMPERATURE
ON WATER CONSUMPTION UNDER WORKING
CONDITIONS

Production conditions determined by product varieties and
production planning are also affected by temperature. The
temperature mainly affects the flow demand of the system.
This article takes the cooling water system of a steel plant as
the research object, which is the most commonly used cooling
water system in industrial production. In the production pro-
cess, there are two working conditions: coarse steel and fine
steel. Under these two working conditions, the working hours
of the water supply system and the water supply flow will be
different. The specific value can be obtained according to the
annual output and steel varieties. Most existing studies did not
consider the impact of temperature on the water demand of
working conditions or simply divided the working conditions
into summer and winter working conditions. Through our
research, we found that such division is relatively rough and
does not fully conform to the actual situation. Figure 1 shows
the temperature change of J city in one year. It can be seen
that the temperature in summer is higher than that in winter.
However, there are also differences of 10-20°C in temperature
performance every day. Therefore, we can use T1, T2..., etc.
so all temperatures are divided into 7}, + 2 sections. In these
sections, the cooling water flow demand is not the same under
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FIGURE 1. Temperature change of J City.
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FIGURE 2. Statistical diagram of the temperature range.

the same working conditions, which is positively related to
the ambient temperature.

The cooling tower of an air conditioning system is taken
as the research object by Duan et al. [17]; the temperature of
cooling tower water increases with the increase in the wet
bulb temperature in the air. In [18], Liu used a numerical
simulation method to study the comprehensive influence of
environmental parameters on cooling water temperature drop.
The influence of ambient temperature on the cooling water
temperature drop cannot be ignored. Under certain condi-
tions, the cooling water temperature drop will increase by
2°C-3°C for every 10°C rise in air temperature. In [19],
Yang et al. (2013) took the cross flow tower as the research
object, established the mathematical model through SPSS
software according to the actual data, and obtained the linear
regression equation between the influencing factors of the
cooling tower and the outlet water temperature under certain
conditions. The results showed that the inlet water tempera-
ture and the ambient temperature had a greater impact on the
outlet water temperature.

The multivariate linear equation is

tour =0.33140.43¢; + 0.552¢;;, + 0.001Q;, — 0.013G;, + &
(1
where t,,,; is the water outlet temperature of the cooling tower,
t; is the wet bulb temperature of the air around the cooling
tower, t;, is the water inlet temperature of the cooling tower,

QOin is the water inlet volume of the cooling tower, and Gj, is
the air inlet volume of the cooling tower.
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TABLE 1. Water supply conditions.

con\gl?:lertion Workin Actual water
Condition P g consumption
under standard hours (h) (m*s)
working condition
condition 1 240 60%24 200-256
condition 2 450 240%*24 400-495

TABLE 2. Water supply condition of a pump station considering the
influence of air temperature.

Water
consumption
.. Temper |~ Actual wgter Working | under starl)qdard
Condition ature consumption .
©0) (ms) hours (h) work_l_ng
condition
(m%/s)
condition 1 -5--5 94-114 240 105
condition 2 5--15 117-140 360 128
condition 3 15--25 148-185 600 168
condition4 | 25--35 210-256 240 240
condition 5 -5--5 181-213 960 197
condition 6 5--15 220-264 1440 242
condition 7 15--25 280-346 2400 315
condition 8 25--35 400-495 960 450

This article introduces a formula Q = cmAT, where Q is
the heat absorbed (or released), c is the specific heat capacity
of the material, m is the mass of the object, and AT is the
change of temperature after the heat absorption (or release).
AT is tip — toye, the specific heat of atmospheric water is
4.2kJ/kg°C; when Q is a constant value, the rated inlet water
temperature of the cooling tower is 36°C, and the outlet water
temperature is 26°C. When the heat exchange is the same, and
the temperature changes, the following equation is used:

4.2510%* m1 *tour) — tin| = 42510 m* tour2 — tin]  (2)

The relationship between working water consumption and
AT can be obtained.

According to this, we divide the working condition of
the environment temperature according to the temperature
distribution and regard - 5°C, 5°C, 15°C, and 25°C as the
temperature dividing points. Figure 2 shows the annual tem-
perature of J city through interval statistics.

The water supply condition of the pump station is shown
in Table 1. When considering the influence of temperature
on the water demand of the pump station, the water supply
condition of the pump station is calculated according to the
divided temperature range according to formula (2), and the
results are shown in Table 2.

B. ANALYSIS OF DECISION VARIABLES
In the design of a pump station, there are two parts, one is
the selection of integral pump and the other is the optimal
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operation of pump station under different working condi-
tions. In the selection of an integral pump station, the main
decision variables are the model of constant speed pumps,
the number of constant speed pumps of the selected model,
the model of variable speed pumps, the number of variable
speed pumps of the selected model, the number of constant
speed pumps under different working conditions, the number
and frequency of variable speed pumps, etc.

C. OBJECTIVE FUNCTION

In this article, the configuration and operation of the pump
station are combined [20], and the investment and operation
are considered at the same time. The optimization objective
function is established as follows with the minimum annual
cost including capital construction investment, depreciation,
maintenance and operation [21] as the objective:

m

minZ = Mz + ijGj

j=1
Ng+Npa )
q(1 + gy
My, = TP TPy (———
7= ; i d,+2 WPl s =1 T
mdj mgjtng;
08QaiiHj; 08QujniiHj
G‘ =
J (; Sle 1000 l] +i Z tl/ 10007’]1]7’] )

3

The objective function is the annual operation cost of the
water supply pump station, including the investment cost M,

and the electricity cost under all working conditions Z piGj
The investment cost takes into account the equ1prr{ent pur-
chase cost, loan interest ¢ and maintenance rate f, and uses
the method of equal principal and interest repayment to cal-
culate. The equipment purchase cost includes the purchase
cost of all types of constant speed pumps and all types of
speed regulating pumps. The power of all pumps multiplied
by the operation time ¢, and the unit price of electricity C
is equal to the electricity cost. The pump power of a con-
stant speed pump can be expressed as pgQH /1000n. The
pump power of a speed regulating pump can be expressed
as pgOnH /1000nny .

D. CONSTRAINT ANALYSIS
The specific constraints in the design of pump station are as
presented below.

Due to the limited plant area, the total floor area of the
water pump is smaller than that of the total pump room, and
the water pump is allowed to be placed to restrict the flow as
follows:

Na+Npa
Z Ty4iSmi + Z T1iSmi < Smax @
i=1 i=1

Flow restriction, specifically including the working flow of
the selected pump after parallel connection under each work-
ing condition, shall meet the water flow requirements under
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TABLE 3. Symbol meaning table.

Symbol QUANTITY Symbol QUANTITY
M investment cost f maintenance rate
z
weight value of the j-th y investment period
P j working condition (year)
G electricity cost of the m type of constant speed
j j-th working condition di pump under the j-th
working condition
m m working conditions 5 number of the i-th
dij constant speed pump
under the j-th working
condition
N types of constant speed m type of speed
d pump 7] regulating pump under

the j-th working
condition
the number of the i-th

th types of standby 5. (
constant speed pump tij pump under the j-th
working condition
B Number of standby 0 Flow of standby pump
bd constant speed pump bd
types of speed flow rate of the i-th
N’ regulating pump Qdij constant speed pump
under the j-th
working condition
T number of type i-th H head of the i-th pump
di constant speed pump ij under the j-th working
condition
T number of the i-th efficiency of the i-th
1 speed regulating pump 77ij pump under the j-th

working condition

S Floor area of water S Maximum pump room
mI pump max area
P cost of type i-th rotation speed of the
di constant speed pump ij i-th pump under the
j-th working condition
cost of the i-th speed t annual operation time
1 regulating pump of water pump
q bank rate c the unit price of
electricity
Rated speed Speed of the i-th speed
HA’ ]71. pump

Efficiency of the i-th Maximum efficiency

n i speed pump 77max
Yo Density of medium g Acceleration of gravity
0 Minimum flow Q Maximum flow
min max
Net head types of constant speed
HSI N, dj pump under j-th
working condition
Q Rated flow N types of speed pump
N tj under j-th working
condition
S Resistance coefficient

this working condition. In addition, in order to ensure the safe
and efficient operation of the pump, the flow requirements of
the pump shall be considered as follows:

Naj Ngj+Ny;

ONnjj
Qminj = stidez] + Z Stij iy ! = Qmax;
i=1 i=Ngj+1
Qmin =< Qi =< Qmax (i =1,2,3...... Nd) (5)

161705



IEEE Access

M. Jia et al.: Optimization Design of Industrial Water Supply Pump Station Considering the Influence of Atmospheric Temperature

Head Restraint: In this article, the combination of pumps
is only the parallel combination of pumps, so the head of
each pump should meet the head requirements of the water
supply pump station and not exceed the maximum head that
the pump itself can give:

Hij = Hmax
Hj = Hy + SO° (6)

The requirements for the number of standby pumps are
mainly determined according to the importance of water
supply and annual utilization hours, and the requirements
shall meet the normal maintenance requirements of the unit.
Generally, for important water supply pump stations, when
there are three or less working pumps, one standby pump shall
be set, and when there are more than three working pumps,
two standby pumps shall be set, as follows:

Na+Npa
sba =1 ( Z le+ZT” <3

Na~+Npa

Opa = Qjjmax ( Z Td,+ZT,,<3)

Ng+Npg
s =2 ( Z sz+Zth >3)

Ng+Npa N
Obi = Qjmax (Y T+ Ti>3) (]
i=1 i=1
To avoid overheating when the speed is too low, the regu-
lating range of the speed is restricted as follows:

05ny <mi<ny (=1,23...... Ny ®)

To restrict efficiency, the pump can work in the high
efficiency area and avoid the energy waste caused by the
inefficient operation. The specific restrictions are as follows:

i >09max (=1,2,3...... Ny + Np) )
Ill. MODEL UNCERTAINTY ANALYSIS

In this article, the optimal design of a pump station under
different working conditions of cooling water is considered.
The working condition flow is uncertain, and the upper and
lower limits of equation (5) above are uncertain. The flow
parameters of a certain working condition and the current
flow of the pump are not accurate, and there is a possible
value range. Therefore, it is expressed as an interval number
and treated as follows:

(1] dl-‘rN;/ QNn
L il
06y O] = Zsuear+ 3 5%
i=Ngi+1 Ni

[dex,, Of ] (10)

According to the time statistics of the annual interval of
the atmospheric temperature in a certain place, due to the
different weather conditions every year, the statistical results
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will fluctuate in a certain range, as reflected in the above
formula (3), and the value of the operation time under each
working condition has a certain range, which is processed into
the following form:

& pgQuHy "N pgQymyH
G = gt ULULEASTTAN
J (; UIOOOU !Z ﬂleOOzﬂ?N) [J J] c
(11)
mygj mgj+my;
0gQiiH; pgQimiHij.
S — ) X t7 X C
(Z 1000, i_%;nd 1 1000nl,mv) j
- i
(12)
mgj mgj~+myj
ngU p&QiniiHi . g
(ZS dij Z Stj— o) Xt X ¢
100095 &= 1000y
(13)

The production condition is the overall demand design, but
there may be some changes in the actual production to show
the uncertainty. In the optimization model, the uncertainty
is mainly reflected in the coefficient of each condition in
the optimization objective function. The influencing factors
are the original operation plan and the annual temperature
statistics, and there is also a fuzzy value range, expressed as
follows:

pi = [p¥, pR1lp%, pX

of = pipk.  pf = pfpk (14)
m

minZ = Mz + Y _[of, pf1[G}.Gf] (15)
=1

A. TRANSFORMATION OF PARAMETER UNCERTAINTY
The uncertainty optimization problem began with the work
of Bellman and Zadeh [22] and Zadeh [23]. In the past,
people usually use a random programming or fuzzy program-
ming method to describe the uncertainty problem. However,
whether it is the probability distribution function of random
process or the membership function of fuzzy mathematics,
it is not easy to determine. More often, only the value range
of these uncertain parameters is obtained, which leads to the
interval number optimization problem [24].

Many scholars have put forward different methods for
the comparison of interval numbers, which can be roughly
divided into two categories: one is the ranking method based
on interval order relations, which can determine the size
of interval numbers qualitatively through the defined order
relations; the other is the ranking of interval numbers based
on the possibility degree of interval, which can determine the
probability value of the comparison of the size of two interval
numbers through certain calculation and describe a region
quantitatively. The number of intervals is greater (or better)
than the other.

Nakahara et al. first introduced the concept of probabil-
ity into the construction of interval probability [25]. They
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divided the positional relations of two interval numbers into
six cases, which can be expressed as follows:

() a" <d® <bt <b® (ii)ak < bt <a® < bR
Giiya" < b < bR <d® (iv) b* < at < af < bR
(v)bL SaLgbRSaR (vi)bLgbRSaLfaR

On the basis of the above probability method, C. Jiang
put forward a commonly used improved interval number
possibility construction model [26], [27], which is as follows:

P(A < B)
1 aR < bt
bt aR_%(aR—-bL)(bR-—aR)
ak —qgl (aR—aL) (bR—bL
al — bL) (a® — b
+QJR 2&Rb% a" < bt <d® <D*
ak —a —
bt —d bl){ - b* L L R R
= 0.5 a <b” <b"<a
R _ L R L =
+ 0.5 b"<a <a' <b
R _ 1L R _ 1L =
b (bR aL) (blly? all)‘)
0.5 bL<aL§bR<aR
(F—bF) (@ =)
0 R < at
(16)
1) TRANSFORMATION OF THE OBJECTIVE FUNCTION
m
Zin = Mz + Z ijGf
j=1
m
Zmax = Mz + ) _ pFGF (17)
j=1

Here, the objective function Z = [Znin, Znax]-

To solve the objective function more clearly, we introduce
the risk factor ¢ to express that the actual value is not less
than the risk of the optimal solution A due to the existence of
uncertain parameters. For any value in Z, we define the risk
factor as € = Z:;—%“Z“‘:m e e0,1].

It can be seen from the above formula that the risk value ¢
increases with the increase in v. In the minimization problem,
when v = Zpnin, the risk factor ¢ = 0, this means that the
objective function value larger than Znyi, can be obtained;
when v = Zax, the risk factor ¢ = 1, this means that it is the
most risky to obtain the objective function value larger than
Zmax- By transforming the formula, the follow is obtained:

V = &Zmax + (1 — &)Znin (18)

v is the actual value, so we need to determine the minimum
value as follows:

minZ = eZmax + (1 — €)Zmin 19)

Among them, this risk factor ¢ represents the risk that the
decision-maker can bear. The interval number belongs to the
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uncertain parameter, so the result will have certain deviation.
To make the deviation controllable, we set the maximum
deviation to dmax and make d < dpax; among them d =

Zmax — Zmin-

2) DETERMINACY TRANSFORMATION OF CONSTRAINTS

In this article, by using the possibility degree formula given
above, the possibility degree of two interval numbers is
limited by giving the confidence level. Then, the interval
constraint is transformed into the definite constraint.

For general interval number constraint function, it can
be described as gi(X,U) < B; and g(X,U) > By.
Where X is the n-dimensional decision variable, U =
{u|u is the interval number}, and B; and By, are the allowable
interval of interval constraint. For the inequality constraint,
given the fixed signal level 0 < A; < 1, the inequality
constraint can be transformed into the following:

P(gi(X,U) = B)) = (20)

For the “>"" inequality constraint, such as gx (X, U) > By,
it can be transformed into the “<” inequality constraint:
By < gr(X,U), and then it can be transformed into the
following:

P(Bx < g(X,U)) = Ak 2D
Therefore, for equation (10) determining the constraint
function, the calculation steps are as follows:
Ny Ngi+Nyj
p> 8505+ Y sl-jQZ’;_j"f < Onan)) = 1 (22)
= Nyj = Ngj+Ny;

PQOminj < Y _SiQ5+ > Sj—

i=1 i=1 y

Oninij

)= A (23)

According to the corresponding position of the two interval
numbers, the interval probability formula (16) and the confi-
dence interval A(0 < A < 1) that the decision maker can
accept are used to solve the problem.

IV. SOLUTION OF THE PUMP STATION OPTIMIZATION

PROBLEM

A. ANALYSIS OF OPTIMIZATION PROBLEMS

The mathematical description of the problem is as follows:

it is required to find an N-element vector and n N-element

vectors corresponding to N working conditions in this set of

m

vectors to minimize the objective function min ) x;P; when
m m =l

constraints Y x;S; < S and ) xy;Q; < Oy are met. The

optimal solliﬁ(l)n of the optimligzlition problem is determined
from all the solutions that satisfy the constraints and mini-
mize the objective function. Combined with the optimization
design model obtained in Chapter 3, the problem is analyzed
to be a nonlinear integer programming problem.

This optimization problem involves the overall selection
and number of pumps, the number of pumps selected under
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start

»
>

A 4
Determine the overall selection and number
of pumps

>
v

Number of pumps under specific
working conditions

N
s
v
Determination of working speed of

variable frequency pump

N
Meet speed termination conditions

<_Meet the optimal termination of overall selection

Y

Output optimal solution

FIGURE 3. Optimization solution flow chart.

each working condition and the working speed of the variable
frequency pump under a working condition. It can be seen
that the optimization problem has a three-layer optimization
solution structure, as shown in Figure 3 below.

B. OPTIMIZATION DESIGN SIMULATION OF PUMP
STATION

The ultimate purpose of the optimal design of the pump
station is to provide the overall design scheme of the pump
station, which includes the overall pump selection of the
pump station and the operation and scheduling of the pump
under various working conditions. If it is a variable-frequency
pump, the speed of the variable-frequency pump under spe-
cific working conditions should also be given. The coding
method of the overall combination scheme solution of the
pump station is determined as follows:

[ZD1,ZD>,ZDs, ... ,ZD,, ZT, ZT>, ZT3, . . ., ZT,]

D;(i =1,2,...,n)represents the specific quantity of fixed
speed pump in L pump combination plan. The range of value
should be limited to ZD;(i = 1, 2, ..., n). If it is not selected,
it will be expressed in 0. T;(i = 1, 2, ..., m) represents the
specific quantity of the speed governing pump in the L pump
combination scheme. The range of the value should be limited
to ZT;(i = 1,2,...,m), and if it is not selected, it will be
expressed in 0. The coding mode of speed regulating pump is
as follows:

161708

TABLE 4. Statistics of water pump information.

Information statistics of constant speed water pump

Model rated | head | Maxi Mini Area Price

flow m mum | mum 2 yuan

m*h effici | effici m

ency ency
% %
BL(T)2 2 45 55 43 3 1657
BL(D4 4 45 57 35 5 1795
BL(T)8 3 43 62 47 6 2671
BL(T)12 12 50 63 55 8 3592
BL(T)16 16 52 66 54 7 4023
BL(T)20 20 47 67 53 6 5371
BL(T)32 | 32 53 70 58 7 6312
BL(T)45 45 50 74 64 6 8048
BL(T)64 64 51 75 61 8 9423
BL(T)0 | 90 49 76 60 9 11667
Information Statistics of variable speed water pump

rated Maxi Mini

flow head | Mum | mum Rated
Model m3/h © effici | effici | speed | Area | Price

m ency ency r/min
% %
BWE2 2 46 69 64 2780 7 3937
BWE4 4 48 70 65 2750 6 3828
BWES 8 52 71 64 3000 6 5297
MHil6O 16 50 70 62 3100 7 6200
CDL16 16 52 68 60 | 3000 6 6399
1 2 Dy, 1 2 D, 1 2
D[rD],rD],...,rD, Fpos T s Tpps wevs Fpis Thjs v+ v s
i 1 2 i :
rpil Tri 77 - .., Ty Tepresents the speed corresponding to

the i-th speed regulating pump of 7; number. Since the speed
regulation of the water pump is downward, its specific value
should be limited to the rated speed of the corresponding
speed regulating pump.

To optimize the water supply pump station of the clean
circulating water system in the steel plant established in this
article, as it is necessary to select the optimal solution. This
solution should meet the design requirements of the water
supply condition of the pump station from all the pump type
warehouses or all the pump type warehouses of the same
manufacturer, and the particle swarm optimization algorithm
can better solve this kind of combined optimization problem.

C. PUMP TYPE STATISTICS

At present, the five major brands of pumps are available in
the Chinese market including Grundfos pumps, Weile pumps,
Nanfang pumps, Boshan pumps and new territories pumps.
In this article, some pump models with similar range of
head parameters and different flow and other performance
parameters are counted and stored in an Excel file, as shown
in Table 4. In the table, the statistics of a constant speed
pump and a variable speed pump are examined separately.
The statistical information of a constant speed pump mainly
includes the model, rated flow, head, efficiency range of
efficient work, floor area and unit price of the water pump.
The statistics of a variable speed pump increase the rated
speed statistics compared with those of a constant speed
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Initialize all parameters

>
\ 4

Calculate the operating cost of speed regulating
pump

v

Update pbest, gbest and particle speed and
position

N //Y\

—— Max .
Maximum number of iterations?

A 4

Calculate the operating cost of the selected pump
under each working condition

A 4

Update pbest, gbest and particle speed and
position

Maximum number of iterations ?

Y

Calculate the overall investment cost and operation
cost of pump station

Update pbest, gbest and particle speed and
position
Maximum number of iterations?

Y
A 4

Output optimal solution

FIGURE 4. Three level particle swarm optimization.

pump, because a variable speed pump changes its speed to
change the flow.

D. ALGORITHM INTRODUCTION AND SOLUTION

Particle swarm optimization (PSO) simulates the foraging
behavior of birds in flight and optimizes the population
through the collective cooperation among birds. This algo-
rithm was proposed by Kennedy and Eberhart [28], [29].
It is simple and easy to implement. It needs fewer parame-
ters to be adjusted and does not need gradient information.
PSO is an effective optimization tool for combinatorial opti-
mization problem and integer nonlinear optimization prob-
lem [30], [31]. The PSO algorithm first initializes the particle
swarm at random, and then the particle finds the global opti-
mal solution through iteration in the solution space. In each
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FIGURE 5. Change in the target value.

iteration, particles update their speed and position according
to equations (24) and (25):

k k—1 k—1 k—1
vl(»d) = wvgd ) + c1r1(pig — xi(d )) + cora(pga — xl-(d ))

24

k k—1 k
Xy =xg vy (25)
where d = 1,2,...,D; w is the inertia weight; ¢ is the

number of iterations; r, and r, are the random numbers
between [0, 1]; ¢1 and ¢, are the learning factors. According
to equation (24) and (25), the individual fitness value of
each particle is calculated, and the individual extreme value
and global extreme value are updated by comparing with
the previous iteration. When the stop condition is satisfied,
the iteration stops and the global optimal solution is found.
The problem is solved by three-level particle swarm optimiza-
tion. Initialize all parameters, enter first-level particle swarm,
calculate the operating cost of the speed regulating pump
at the current speed, update the corresponding parameters,
enter the second-level particle swarm when the maximum
number of iterations is satisfied, calculate the running cost
of the selected pump under each condition, update the cor-
responding parameters, enter the third-level particle swarm
when the maximum number of iterations is satisfied, calculate
the investment cost and operating cost of the pump station and
update the corresponding parameters to output the optimal
solution. The flow of algorithm is shown in Figure 4.

According to the working conditions in Table 1, the particle
swarm optimization algorithm is used to solve the problem,
and the annual comprehensive cost is 113853 yuan. The
change of the objective function value is shown in Figure 5.
The overall model of the pump station is BL(T)32 con-
stant speed pump, BL(T)45 constant speed pump, and
BL(T)64 constant speed pump. The overall design scheme
of the pump station and the use of specific pumps under
each operating condition are shown in Table 5. The water
consumption range for each working condition and the
flow indication diagram of water pump operation is shown
in Figure 6.

According to Table 2, considering the working conditions
affected by air temperature, the annual comprehensive cost of
the scheme is 87428 yuan when solving with particle swarm
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TABLE 5. Optimized design scheme of the pump station without
considering the influence of atmospheric temperature.

Overall Model | BL(T)32 | BL(T)45 BL(T)64
design
scheme of the
pump station | Number 1 4 3
Operation Number 1 4 0
scheme
of condition 1 Speed constant constant No work
speed speed
Operation Number 1 4 3
scheme
of condition 2 S constant constant constant
peed
speed speed speed

Operation of water pump

400
300
200

100

condition] condition2

BL(T)32 ®mBL(T)45 mBL(T)64 B Water consumption range

FIGURE 6. Flow indication diagram of water pump operation.

value
: i

B

10" Change sequence of historical optimal solution
T e T T T T T

12

10 20 30 40 50 60 70 80 90 100
[teration times

Optimal value of objective function

-~

FIGURE 7. Change in the target value considering temperature.

optimization algorithm.The change of the objective function
value considering temperature is shown in Figure 7. Three
BL(T)45 constant speed pumps, four BL(T)64 constant speed
pumps and one CDL16 variable speed pump are selected as
the whole pump station. The specific operation of the pump
station is shown in Table 6.

The design scheme of pump station selection is mainly
used to meet the demand of water volume change in actual
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TABLE 6. Optimized design scheme of the pump station considering the
influence of atmospheric temperature.

Overall
design Model BL(T)45 BL(T)64 CDL16
scheme
of the pump Number 3 4 1
station
Operation Number 2 0 1
scheme
f conditi
° COI; 1tion Speed constant No work 2897
speed
Operation Number 0 2 0
scheme
f conditi
ot concition Speed No work constant No work
2 speed
Operation Number 3 0 1
scheme
of condition
3 Speed constant No work 3000
speed
Operation  Nymper 1 3 0
scheme
of condition
. Speed constant constant N
speed speed
Operation Number 0 3 1
scheme
f conditi
0 cor; 1tion e No work constant 2434
speed
Operation Number 0 4 0
scheme
of condition
6 Speed No work constant No work
speed
Operation Number 1 4 0
scheme
f conditi
o COI; 1tion Speed constant constant N
speed speed
Operation Number 3 4 1
scheme
f conditi
@) coré 1ton Speed constant constant 2585
speed speed

working condition by selecting pumps with various perfor-
mances. Pumps with different flow rates are selected at the
same time, and the constant speed of a large pump and
the speed regulation of a small pump are generally used to
meet the continuous changes of working conditions to solve
problems that are difficult to coordinate when only using
large pumps. In Table 5, there are few flow types and large
range differences under working conditions, and the flow
requirements under working conditions can be met through
several constant speed pump combinations with different
flow sizes. Under working condition 1, one constant speed
pump with a flow of 32 m® and four constant speed pumps
with a flow of 45 m? are selected; under working condition 2,
one constant speed pump with a flow of 32 m3, four constant
speed pumps with a flow of 45 m> and three constant speed
pumps with a flow of 64 m? are selected. Table 6 considering
the influence of air temperature on the working condition
flow, the working condition division is more detailed, the
range of working condition water consumption is narrowed,
and the flow difference between different working conditions
is small, so it is difficult to meet the actual demand simply
through the combination of different constant speed pumps.
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FIGURE 8. Operation of the water pump.

TABLE 7. Comparison of annual costs.

. . Annual Annual Annual
Considerations . .
mvestment cost operating cost | total cost
Temperature not 13355 100498 113853
considered
Considering 13610 73818 87428
temperature

As shown in Table 6, working condition 1, the actual water
consumption interval is 94 to 114 m3, and the optimal scheme
chooses 2 sets of fixed speed pumps with a flow rate of 45 m>.
The residual flow is supplemented by the speed regulating
pump with a rated flow of 16 m>. In the case of conditions 3,
5, and 8, the speed governing pump also plays the same role,
and the flow indication diagram of water pump operation is
shown in Figure 8.

Through the overall design of the pump station, the annual
investment cost can be obtained. A comparison of costs is
shown in Table 7 whether the influence of atmospheric tem-
perature is taken into account. In the past, without considering
the influence of temperature on the operating flow, the water
consumption of a certain operating condition needs to meet
the water demand of the system under the worst tempera-
ture conditions. In this article, considering the influence of
temperature on the operating condition flow, the operating
condition flow is more detailed divided by different temper-
ature intervals, and the actual water demand of the system
under different temperature intervals is obtained. The overall
design scheme of the pump station and the operation scheme
of the pump under different working conditions are obtained
by the particle swarm optimization algorithm. The water
consumption under each working condition is less than that
under the worst working condition. Even though the annual
investment cost for purchasing water pumps is increased from
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13355 yuan to 13610 yuan, the operation cost of the system
has been decreased to meet the worst working conditions.
The operation cost has been reduced from 100498 yuan to
73818 yuan, and 26680 yuan has been saved. Therefore,
the total cost of each year has been reduced from 113853 yuan
to 87428 yuan, with remarkable cost savings.

V. CONCLUSION

Given that the influences of temperature are not considered
in existing studies, this article makes a statistical analysis
on the temperature of city J and finds that the fluctuation
range of daily temperature is large, and the temperature has
a great impact on the actual flow. To ensure the economic
operation of the water supply of the cooling water system,
this article takes the minimum annual cost of the investment,
repair and operation of the pump station as the objective
function, establishes the optimal design model of the pump
station, selects the particle swarm optimization algorithm
to solve such nonlinear integer programming problems, and
finally gives the whole plan of a water supply pump station
and operation scheduling under various working conditions.
The simulation results show that the particle swarm optimiza-
tion algorithm can solve this kind of combined optimization
problem quickly and effectively. Compared with previous
design schemes of water supply pump stations that do not
consider the influence of temperature on working conditions,
the annual cost is reduced by 23%. Therefore, the research
results of this article are verified to achieve optimal design
of a pump station and have better practical significance for
improving economic benefits.
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