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a b s t r a c t

A data-driven approach is utilized to model a chiller plant that has four chillers, four cooling towers, and
two chilled water storage tanks. The chillers have varying energy efficiency. Since the chiller plant model
derived from data-driven approach is nonlinear and non-convex, it is not practical to solve it by using the
traditional gradient-based optimization algorithm. A two-level intelligent algorithm is developed to
solve the model aiming at minimizing the total cost of the chilled water plant. The proposed algorithm
can effectively search the optimum under the non-convex and nonlinear situation. A simulation case is
conducted and the corresponding results are discussed.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

A chiller plant normally consists of chillers, cooling towers,
pumps and chilled water storage tanks. It is frequently used to air
conditioning large office buildings or campuses with multiple
buildings [1]. More than 40% of the total electricity in a building is
consumed by the chiller system. Thus effective energy manage-
ment of chiller plants is becoming important to save energy con-
sumption and reduce environmental impact [2].

Managing a chiller plant is a complex and challenging task.
Many work and research have been reported in literature for
optimizing one of the components in a chiller plant [3e8]. For
example, Chan and Yu developed a chiller model based on a
simulation program [9]. Optimum set point of condensing water
temperature for chillers was found and controlled to reduce fluc-
tuation in chiller efficiency in different operating conditions.
Fisenko et al. [10] presented a mathematical model of a control
system of the mechanical draft cooling tower. The control system
was able to optimize the performance of the cooling tower under
changing atmospheric conditions. Mathematical models associ-
ating with cooling loads and energy consumption were established
by Lu et al. [11] to calculate optimal set points based on sensor

information. Operating the chilled water system at optimized
chilled water supply temperature, chilled water pump head and
other set points was found with significant reduction in energy
consumption.

For the chiller plant having multiple chillers, not all chillers are
running at the same time. Optimal sequencing chillers can improve
energy efficiency of the chiller plant [12e14]. Chang [15e17] used
different methods to search optimal chiller sequence, such as dy-
namic programming, neural networks, branch and bound method.
The results indicated that energy savings can be obtained simply by
changing chiller sequences. A robust chiller sequencing control
strategy was proposed by Huang et al. [18] for central chiller plants.
Data fusion scheme and fault detection and diagnosis scheme were
developed to improve the reliability. The control strategy was
validated by the dynamic simulation of the central chiller plant.

For those improvements based on optimization of single
component of a chiller plant, the interactions among components
are neglected. In fact, a chiller plant is a system in which compo-
nents affect and are affected by the operation of the plant. In
addition to equipment themselves, many other factors influence
chiller plant's energy consumption. Such factors include weather,
number and type of operating time, building use and cooling loads
[19]. It is critical to consider the interactions and factors when
managing a chiller plant to improve the energy efficiency.

In this paper, a chiller plant that has four chillers, four cooling
towers of varying energy efficiency is considered. The plant also has
two chilled water storage tanks that can be used to store the chilled
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waterunder the following twocases:first, theplant canproducemore
chilled water when the electricity price is low; second, the plant can
produce more chilled water when the demand is not high and this
excessive chilledwater can be usedwhen the demand ismore than it
can produce. A data-driven approach [20e22] is employed to model
this plant based on the dataset collected from the historical operation
of this plant. Since the model derived from data-driven approach is
nonlinear and non-convex, the traditional gradient-based optimiza-
tion algorithmcannot solve it efficiently. Thus, a strengthenedgenetic
algorithm is designed to solve the model aiming at minimizing the
total cost of the chilledwater plant. A simulation case is conducted in
the last section and the corresponding results are discussed.

2. Chiller plant modeling

2.1. Chiller plant description

Fig. 1 illustrates the schematic diagram of a typical chiller plant.
The chiller plant is usually consisted of chillers, cooling towers,
condensing water pumps, chilled water distribution pumps, chil-
led water storage tanks, and distribution pipes. The chillers in the
plant can be connected in series or in parallel. The components
that consume energy in the chiller plant include chiller com-
pressors, cooling tower fans, condensing water pumps, and chilled
water distribution pumps. A chiller plant that includes four
chillers and four cooling towers connected in parallel is consid-
ered in this research. In addition, the plant has two chilled water
storage tanks that can store excess chilled water when electricity
price or demand is low. The stored chilled water can be used when
electricity price or demand is high. By using the chilled water
storage tanks, the cost of the plant can be saved. Fig. 2 shows a
fluctuated hourly electricity price in a typical day. Thus an oper-
ation schedule of the chiller plant could be arranged over a de-
mand period to minimize the total cost. Fig. 3 shows a chilled
water demand for one typical day. To make the system simple,
energy consumption of the pumps is not considered since it only
accounts for a small part of the total energy consumption of the
entire system. Assume that the energy consumed by unit i (a
chiller and a cooling tower) at time t is uit. Also, the electricity
price at time t can be expressed as pt. A decision variable xit is
introduced to turn on or turn off chiller i at time t for the following
reason: The four chillers have different energy efficiency. There-
fore it is necessary to decide which chiller should be used when
the plant does not need to turn on all chillers. Thus, the total cost
of the plant over one period (T) can be expressed as Eq. (1):

Ptotal ¼
XT
t¼0

 
pt
XN
i¼1

uit,xit

!
(1)

where Ptotal is the total cost of the plant, N is the number of the
chillers.

The goal of this research is to minimize the total cost of the
chiller plant. To achieve this goal, a schedule over a demand period
to control the chillers should be made first and then two control-
lable variables of each chiller should be set at each time set p. The
two controllable variables are chilled water flow ( qit) and the
temperature difference of the condensing water ( Dtit). Thus, it is
necessary to model the energy consumption for each unit. A data-
driven approach is employed to build the model and the corre-
sponding conceptual data-driven expression is presented in Eq. (2):

uit ¼ fiðqit ;Dtit ;ht�1Þ (2)

Where ht�1 represents the enthalpy of ambient air at time step t�1.

Chiller 1

Tank 1Cooling
tower 1

Tank 2Chiller 1

Cooling
tower 1

Chiller 1

Cooling
tower 1

Chiller 1

Cooling
tower 1

Supply water

Return water

Fig. 1. Schematic diagram of a typical chiller plant.
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Fig. 2. The fluctuated hourly electricity price in a typical day.

Fig. 3. The demand of cooling load in a typical day.
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