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Abstract: The energy reduction in chillers has been considered an important factor in the energy
efficiency improvements of cooling systems, and water-side free cooling is regarded as the key of
chiller free cooling technology. Therefore, this research aims to develop a control methodology for the
extension of the free cooling operation time in order to improve the efficiency of water cooling-type
chillers based on a WSE (water-side economizer) system for a data center and review the proper
control conditions through an energy usage analysis of the entire system. The suggested methodology
is an increase in the chilled water supply and return temperature according to the increase in the
CARH (Computer Room Air Handler) fan air flow and a decrease in the chilled water flow. A case
study was conducted according to the application of control through an EnergyPlus simulation.
The results of the simulation show that energy usage was reduced by 8.1% under 120% CRAH fan
capacity and 100% chilled water flow conditions. When applying the control plan, the free cooling
period was extended according to the increased CRAH fan capacity and decreased chilled water flow.
However, the increase in the CRAH fan energy must be considered. Also, in the case of a reduction in
the chilled water flow, it is necessary to consider a point that can guarantee the cooling treatment
heat rate in the heat exchanger.

Keywords: WSE system; cooling energy; free cooling; chilled water flow control; CRAH fan control

1. Introduction
1.1. Background and Literature Review

The traditional usage of cooling energy for a data center accounts for approximately
30–50% of the total energy consumption of a building [1–4]. In a cooling system, the energy
consumption of chillers occupies 39% of the total usage [5]. Data centers operate under a
high load year-round, and most high-load buildings require a significant amount of cooling
energy. Therefore, they employ water-cooled chiller-based systems, which utilize water
with a high thermal capacity.

Water cooling-type chiller-based cooling systems are controlled according to the
cooling process of the chillers and indoor temperature–humidity setpoints. Accordingly,
savings based on the usage of chillers have been considered the most important factor
for improving system efficiency. Therefore, research to minimize the usage of chillers has
progressed, and a WSE (water-side economizer) system has been regarded as the key of
chiller-free cooling technology. A WSE is based on a traditional water-cooled chiller system
that substitutes a heat exchanger for a WSE. Particularly, to reduce cooling energy in data
centers, which experience summer-level cooling loads even in winter, a WSE is applied to
introduce cold outside air during winter and intermediate seasons to cool the room. The
energy savings from applying a WSE range from approximately 10% to 47% [6–9]. Free
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cooling with a WSE can significantly reduce energy usage by replacing the role of the chiller
with a heat exchanger during winter. However, frequent operation mode transitions based
on outdoor air temperature increase the complexity of the control. Additionally, the energy
savings achieved can vary depending on the precision of the control.

The method to produce the chilled water using a WSE consists of two modes de-
pending on the system configuration. The first is full-free cooling, an operation mode to
cool the return chilled water by heat exchanging it with the return chilled water, which is
returned after treating the load side using condenser water produced by heat exchanging
with outdoor air utilizing a cooling tower. The temperature of the chilled water produced
in the economizer is designed to be cooled to the set point temperature of the supply
chilled water by the chiller. The second is partial-free cooling, which reduces the chillers’
load when outdoor air conditions are not sufficiently cold to produce chilled water with
only a heat exchange. The corresponding operation mode aims to produce chilled water
at a temperature lower than the return chilled water sent through a heat exchange and
condenser water produced in the cooling tower. When chilled water at a temperature lower
than that of the return chilled water of the common operation mode is supplied to a chiller,
the load of the chiller can be reduced by reducing the cooling heat load. Therefore, it is
important to achieve full/partial-free cooling and extend the operation period to increase
the energy reduction effects of free cooling.

Thus, research on the design and control of cooling towers has been executed to
improve the energy efficiency of a WSE. Gill et al. (2020) proposed a design and control of
a WSE system and guidelines for valves, cooling towers, and pumps during operation [10].
Beaty et al. (2018) executed research on the design of cooling towers for a WSE and
achieved an 8–10% reduction in energy usage by chillers by designing “oversize” cooling
towers [11]. Fan et al. (2021) developed a supply temperature based on the cooling mode
control sequence and a Modelica model for the condenser and chilled water of the chiller
plant, which is combined with the water of a cooling-type economizer, showing an energy
consumption reduction of 8.6–36.8% [12]. Udagawa et al. (2010) executed a simulation
analysis on the application of air-cooled and water-cooled economizers. In the case of
water-cooled economizer, the energy efficiency improved by 10% under a 200% condition
of the cooling tower capacity [13]. Li et al. (2020) suggested a model-based methodology
to maximize system performance and energy reduction by optimizing the conversion
temperature of a WSE and the cooling tower approach temperature, which resulted in
a 10% cooling system energy consumption reduction when the cooling load ratio was
0.6 [9]. Ma et al. (2020) suggested a Particle Swarm Optimization algorithm as a cooling
tower performance model of a water-cooled free cooling system, which showed a 0.66% of
optimal energy consumption change rate, verifying its high accuracy and stability [14]. Mi
et al. (2023) executed a field test and energy performance evaluation of a water-cooled free
cooling to maximize the energy usage reduction effects of cold weather and intermediate
periods and suggested three optimization plans based on temperature and the flow change
in the cooling towers in order to improve the heat transfer with the cooling towers. When
the optimization plans were applied, the free cooling period was increased by 570 h, and
the energy usage of the chillers was reduced by 8.44–21.05% [15]. WSE research has focused
on cooling tower control to minimize the condenser water temperature, which is a source
for a decreased temperature of the chilled water in the economizer. However, increasing
the supply and return temperature of chilled water, which determines the range of free
cooling operations, plays a key role in extending outdoor air conditions. Accordingly,
before executing the detailed control of each device, it is necessary to consider a plan to
increase the target setpoint of the entire cooling system.

Research has been performed to increase the chilled water supply and the return
temperature of a WSE and a traditional cooling system. Grahovac et al. (2022) applied a
chilled water setting temperature reset control sequence according to the cooling tower fan
control based on ASHRAE Guideline 36 to control a water-cooled chiller system combined
with a WSE, resulting in a 25% reduction in the annual energy usage [16]. Liu et al. (2021)
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analyzed the optimal setpoints for each climate zone of chilled water supply and return
temperatures using the TRNSYS Tool and researched the efficiency improvement of a free
cooling system. The research team reduced the annual energy usage by 23.5–60.8% and
confirmed a considerable energy reduction potential in the subtropical highlands weather
zone [17]. Lee et al. (2012) analyzed the optimal setpoints of chilled water and condenser
water by combining an energy simulation program and a hybrid optimization algorithm for
the minimization of energy usage of a chilled water system, achieving 9.4% and 11.1% of
reductions in summer and winter season energy usage, respectively [18]. Paul et al. (2018)
researched the reduction in the energy of a chiller and the improvement in the chilled water
system efficiency based on the chilled water supply temperature for a packaged air cooled
chiller system, which was applied with an economizer for the cooling of the data center.
As a result, they reduced the energy usage by 39% at 17 ◦C for the chilled water supply
temperature compared to 7 ◦C, the reference value. When the CRAH coil is optimized, a
21 ◦C chilled water supply temperature resulted in a 50% energy usage reduction [19].

However, as the supply chilled water cools the air supplied to a room through heat ex-
change with the CRAH, the chilled water supply temperature should be set in consideration
of the load of the room due to the set temperature. Estebe et al. (2014) derived the optimal
cooling setpoint to maximize the efficiency of a heat pump based on the cooling plant of a
data center using TRNSYS. When the CRAC temperature was raised from 16 ◦C to 24 ◦C,
energy usage was reduced by 10% [20]. Breen et al. (2010) developed a heat flow tool from
the rack level to the cooling tower to improve the energy efficiency of an air-cooled system
combined with a chiller for a data center. The tool shows that raising the temperature of the
air supplied to the rack improves the energy efficiency by reducing the load of the chiller
system [21]. Fan et al. (2023) established an optimal control model for determining the
chilled water supply temperature through MPC (Model Predictive Control) optimization,
achieving up to 14.3% energy savings [22]. Liu et al. (2021) proposed a high-temperature
chilled water and large temperature differential cooling system to improve the efficiency
of data centers [23]. Luis et al. (2023) conducted a comparative analysis of the energy
performance of AHUs equipped with air-side economizers and traditional CRAHs for
thermal management in data centers under various climate conditions [18].

The purpose of chilled water is to cool the temperature of the air supplied to a
room, which is achieved through heat exchange at the cooling coil of an air conditioner.
Accordingly, to increase the temperature of the supply chilled water, the temperature of
the supply air should be increased. However, the above documents focus on developing
controls and mathematical correlations between the supply air and the chilled water supply
temperature in the common cooling process, and most research is empirical. Therefore,
beyond the predominantly empirical approaches currently found in the literature, there
is a need for more rigorous mathematical modeling and analysis to clearly establish the
relationship between supply air and chilled water temperature in the cooling process.

1.2. Motivation and Goals

This research sought a plan to raise the chilled water temperature of a traditional chiller
plant by creating a mathematical process for application in various systems, including WSE.
The core equipment for producing chilled water in the cooling system is a chiller and a
CRAH. The operation variables of each device can be simplified into supply and return
temperatures and the refrigerant flow. Accordingly, the temperature of chilled water was
raised by controlling the flow of each device and verifying the effects of free cooling period
extension by applying a WSE system.

Therefore, this paper suggests a control plan to extend the free cooling operation time
and reviews the proper conditions of control through an analysis of the energy usage of the
entire system.
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1.3. Research Scope

This study aimed to establish a control process to maximize the free cooling operation
of a WSE. However, the existing research has primarily relied on data-driven approaches
rather than physical correlations when calculating chilled water supply temperatures.
Therefore, before establishing the control process, this paper focused on examining in detail
the changes in chilled water supply temperature according to the CRAH and chilled water
flow individually, which influence the increase in chilled water temperature.

This research calculated the temperature, which is determined according to the flow
control by analyzing a physics-based model of traditional chiller plants based on the
EnergyPlus v.23.2.0 Engineering Reference. Annual simulations were executed using
EnergyPlus, a dynamic energy simulation program for the free cooling operation analysis
of a WSE system. Moreover, the WSE system’s energy influence was analyzed according to
the extension of the free cooling operation period. In order to analyze the effects according
to changes in the chilled water temperature, the control range was limited to the air loop
and chilled water circulation loop of the cooling system, and condenser water was excluded
from the system. The total cooling energy usage was calculated as the sum of the energy
consumption of the cooling tower fan, chiller, condenser water and chilled water pumps,
and AHU fan.

Section 2 explains the research process and methodologies for deriving the control
plan. Section 3 analyzes the energy usage through the control application and presents
an outline of a simulation model for free cooling operation analysis. Section 4 shows the
simulation results and operational data analysis. Section 5 presents the conclusions of
this paper.

2. Methodology

This research sought a plan to extend the free cooling period according to the increase
in the supply and return temperature values of chilled water through the air flow and
chilled water flow control of the CRAH fan. First, the plan to raise the chilled water supply
and return temperature was derived according to the heat exchange of the CRAH cooling
coil, which determines the temperature of the chilled water among devices that compose
the WSE. Next, the plan to increase the return temperature of the chilled water according
to the chilled water flow of the chilled water circulation loop was derived. In order to
analyze the energy usage and changes in free cooling operations according to the above
two plans, a case study using EnergyPlus, a dynamic energy simulation program, was
conducted. As the target building, the Large Data Center model of Sun, 2021 was selected,
and the target region was the Seoul district of Korea, corresponding to ASHRAE Climate
Zone 4A [24]. Additionally, to build the logic for system operation control, variables were
selected by analyzing the physics-based model of the EnergyPlus Engineering Reference,
and the cooling operation control process was embedded in EnergyPlus using Python
(v. 3.11.9) EMS. Finally, the proper operation conditions were derived by analyzing the
detailed operation data after executing free cooling, including energy usage change pattern
analysis and influence analysis according to the flow control based on the simulation results.
Figure 1 simplifies the process of this research.

2.1. Free Cooling Operation Conditions of a WSE System

A WSE system is a water-cooled chiller plant to which a heat exchanger is added. The
heat exchanger reduces the energy usage by replacing the chiller or reducing the load of a
chiller in a low temperature outdoor air condition, which enables free cooling. Figure 2
shows a diagram of the WSE system and the modeling process.

A WSE operates in three cooling modes: full free cooling, partial free cooling, and
chiller cooling. The full free cooling operation mode aims to suspend the operation of the
chiller and produce supply chilled water at the temperature set by the heat exchange of the
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condenser water and return chilled water through the heat exchanger. Full free cooling can
be operated up to the outdoor air wet bulb temperature determined by Equation (1) [25].

Twb, f ull = TCHW,sup − TCT,app − THX,app (1)
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The partial free cooling operation mode performs two steps of heat exchange to
produce supply chilled water under outdoor air conditions where full-free cooling operation
is impossible. In the first step, the temperature of the chilled water is lowered by performing
the heat exchange of condenser water with return chilled water through the heat exchanger.
In the next step, chilled water is produced by removing the remaining heat from the chiller
after transferring lowered chilled water to the chiller. Here, the heat exchanger aims to
supply a temperature lower than the preset temperature of return chilled water to the
chiller. Partial free cooling can be operated below the wet bulb temperature determined
according to Equation (2).

Twb,part = TCHW,ret − TCT,app − THX,app (2)

Chiller cooling is operated identically to a common cooling system by suspending
heat exchanger operations under outdoor air conditions where free cooling operation is
impossible. The free cooling operation mode is determined according to the chilled water
supply and return temperatures, the approach temperature of the cooling tower, and the
heat exchanger. The approach temperature of the cooling tower refers to the difference
between the outdoor wet bulb temperature and the outlet temperature of the cooling tower,
and it is affected by the cooling tower fan air flow and UA factor. The approach temperature
of the heat exchanger refers to the difference between the chilled water temperature and
the condenser water inlet temperature, and it is determined by the efficiency, surface area,
and chilled water flow rate.

2.2. Free Cooling Period Extension Plan
2.2.1. Plan 1: Increase in the CRAH Fan Air Flow

In order to extend the full free cooling period, the chilled water supply temperature
should be increased according to Equation (1). In addition, if the temperature difference
is constant, the chilled water return temperature increases according to the chilled water
supply temperature. An extension of the partial free cooling period is also available
(Equation (2)).

In order to increase the chilled water supply temperature, the increase in the supply
air temperature should proceed as shown in Figure 3, and to increase the supply air
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temperature under an identical load condition, the CRAH fan air flow should be increased
according to Equation (3) [26].
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Tair,sup = Tair,ret −
Qcoil

mair·Cp,air
(3)

where Tair, ret is the value of the return air temperature returning from the room determined
by the indoor temperature setting; therefore, the only controllable variable in Equation (3)
is the air flow. When the supply air temperature is determined according to the air flow, the
supply and return temperatures of the chilled water are calculated by the heat exchange
of the air and chilled water entering the cooling coil. The efficiency of the cooling coil
(Equation (6)) is determined according to the proportion (Equation (5)) of the thermal
capacity (Equation (4)) of the air and the chilled water in the cooling coil.

(Min, Max)StreamCapacity =
(
m·Cp

)
air,water (4)

RatioStreamCapacity =
MinStreamCapacity
MaxStreamCapcity

(5)

ηcross = 1 − exp

exp
(
−NTU·RatioStreamCapacity·NTU−0.22

)
− 1

RatioStreamCapacity·NTU−0.22

 (6)

where NTU represents the heat transfer coefficient per unit area and is calculated by the
minimum heat capacity compared to the coil area (Equation (4)) of Equation (7).

NTU =
CoilUA

MinStreamCapacity
(7)
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Accordingly, the maximum heat transfer of the coil is determined by the minimum
heat capacity and temperature difference between the air and the chilled water supplied to
the coil, according to Equation (8).

MaxHeatTransfer = MinStreamCapacity·
(
Tair, sup − TCHW,ret

)
(8)

The temperature of the return chilled water and the supply air produced after heat
exchange in the coil is determined according to the heat transfer, efficiency, and heat
capacity of the chilled water and air.

TCHW,ret = TCHW,sup + ηcross·
MaxHeatTrans f er

StreamCapacitywater
(9)

Tair,sup = Tair,ret − ηcross·
MaxHeatTrans f er

StreamCapacitywater
(10)

Arranging Equations (9) and (10) in an equation concerning the chilled water supply
temperature results in Equation (11).

TCHW,sup =
mCp,air

mCp,air − MinStreamCapacity·ηcross
·
(

Tair,sup +
ηcross·MinStreamCapacity·Tair,ret

mCp,air
−

∆Twater·mCp,water

η·MinStreamCapacity

)
(11)

2.2.2. Plan 2: Reduction in the Chilled Water Flow

Even if the supply air temperature is not increased, the partial free cooling period can
be extended by raising the chilled water return temperature according to the increase in
the temperature difference of the chilled water (Equation (2)).

This means an increase in the upper limit of the temperature should be decreased at
the heat exchanger before cooling the chilled water in the chiller. A method to increase the
temperature difference of the chilled water is to decrease the flow of the chilled water, as
shown in Figure 4 (Equation (12)).
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Qcoil = mwater·Cp,water·
(
TCHW,ret − TCHW,sup

)
(12)

The chilled water temperature is a variable determined by the load side; so, the
return temperature of the chilled water can be increased to the extent of the increase in the
temperature difference.

Twater,ret = Twater,sup +
Qcoil

mwater·Cp,water
(13)

Additionally, the heat transfer performance of the heat exchanger for free cooling
operation is determined according to the flow of the condenser water and chilled water
inflow in the heat exchanger. As shown in Equations (14) and (15), after calculating the heat
capacity of the supply- and the demand-side refrigerant of the heat exchanger, the heat
capacity proportion (Equation (18)) is calculated according to the minimum and maximum
heat capacity of Equations (16) and (17), respectively.(

mCp
)

suploop = msuploop·Cpsuploop (14)
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(
mCp

)
dmdloop = mdmdloop·Cpdmdloop (15)(

mCp
)

min = Min
((

mCp
)

suploop,
(
mCp

)
dmdloop

)
(16)(

mCp
)

max = Max
((

mCp
)

suploop,
(
mCp

)
dmdloop

)
(17)

Rc =

(
m·Cp

)
min(

m·Cp
)

max
(18)

The efficiency of the heat exchanger is determined according to the heat capacity
proportion and the NTU.

ϵ =
1 − exp[−NTU·(1 − Rc)]

1 − Rc·exp[−NTU(1 − Rc)]
(19)

When the efficiency of the heat exchanger, the minimum heat capacity, and the tem-
perature difference between the chilled water and condenser water inflow in the heat
exchanger are calculated, the heat rate of the chilled water treated in the heat exchanger is
determined.

QWSE = ϵ·
(
mCp

)
min·

(
Tsuploop,in − Tdmdloop,in

)
(20)

According to Equation (20), the treatment heat load of the heat exchanger decreases
with the reduction in the chilled water flow; so, if the chilled water is under identical
temperature conditions, the range of full/partial free cooling operation can be extended
according to the performance of the heat exchanger. The flow of chilled water should be
controlled so that the minimum flow required by the pump and the chiller is secured.

3. Simulation Modeling

In this research, a control simulation was executed for a data center introducing a WSE.
The Large Data Center of [Sun, 2021] was applied as the data center model. The area was
540 m2, and the IT devices’ load density was 5382 W/m2 [27]. The data center exhibited a
high cooling load due to the accumulation of IT devices, and its annual load variation was
approximately 0.6%. The indoor setting temperature of the data center was 26 ◦C according
to the recommended conditions for the Datacom devices of ASHRAE 90.1 (Table 1) [28].
For weather data, a typical meteorological year (TMYx) data was applied [29].

Table 1. Summary of the target building model.

Aspect Content
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(ASHRAE 2015a)

Use Data center
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IT load density 5382 W/m2
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3.1. HVAC Physics-Based Model
3.1.1. Cooling Tower

In a WSE system, a cooling tower lowers the temperature of the return chilled water,
which returns after treating the heat on the load side by supplying a cold heat source to
the heat exchanger and the chiller. The temperature of the condenser water produced in
the cooling tower is a factor that determines the free cooling operation mode. The cooling
tower of the WSE system is connected to the chiller and the heat exchanger in parallel, and
the cooling tower connected to each device is turned on/off according to the operation
state of the device. In this research, an open type cooling tower model based on Merkel’s
theory was applied, and the model calculates the total heat transfer between the air and
water inflow in the cooling tower according to Equations (21)–(25).

dQtotal = UedA(Tcw − Twb) (21)

dQtotal = mwCp,cw

(
Tcw,ret − Twb,sup

)
(22)

Qtotal = maCpe∆Twb (23)

Cpe =
∆h

∆Twb
(24)

Ue =
UCpe

Cpa
(25)

3.1.2. Water-Cooled Chiller

The chiller performs the role of removing the load of chilled water in the partial free
cooling operation and the chiller cooling operation. In the partial free cooling operation, a
chiller evaporator is connected to the WSE in parallel for combined operation with the heat
exchanger, and the condenser consists of a closed loop connected to the cooling tower. Three
curves determine the performance of the chiller, and the corresponding curves determine
the cooling output and power consumption according to the chilled water temperature,
condenser water temperature, and partial load factor of the chiller (Equations (26)–(29)).

PChiller = QRe f
1

COPre f
fCAP fEIR fPLR (26)

fCAP = a1 + a2TCHW,sup + a3TCHW,sup
2 + a4TCW,sup + a5TCW,sup

2

+a6TCHW,supTCW,sup
(27)

fEIR = a7 + a8TCHW,sup + a9TCHW,sup
2 + a10TCW,sup + a11TCW,sup

2

+a12TCHW,supTCW,sup
(28)

fPLR = a13 + a14PLR + a15PLR2 (29)

3.1.3. Heat Exchanger (Economizer)

The heat exchanger operates according to Equations (14)–(20). At partial free cooling,
the heat exchanger is connected to the outlet of the cooling coil in order to lower the
temperature of the chilled water inflow in the chiller. The heat exchanger was designed
with a capacity and flow identical to the chiller. The minimum temperature difference for
operation activation was 2 K and a cooling differential on/off control was applied.

3.1.4. CRAH Fan

The CRAH fan supplies cooled air to the room by heat exchanging the return air
with the chilled water produced in the chilled water loop. The total heat load determines
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the consumption power of the fan according to the air flow, partial load factor, and static
pressure of the fan.

Qtotal = fplmdesign
∆P

εtotalρair
(30)

fpl = c1 + c2 f f low + c3 f f low
2 + c4 f f low

3 + c5 f f low
4 (31)

f f low =
m

mdesign
(32)

3.1.5. Pumps

The pumps in the chilled water and condenser water loops dynamically calculate
the pump power based on the pressure drop and flow rate. The pump power curve is
expressed by Equation (33).

PPump = mwater
Pump Head
E f f iciency

(33)

3.2. HVAC System Summary (Baseline)

The system capacity calculated according to the above-mentioned chiller plant model
is shown in Table 2. The HAVC system consists of four sets of water-cooled chillers,
cooling towers, chilled water and cooling water pumps, a CRAH fan, and a heat exchanger
(economizer). The efficiency of the heat exchanger was set to 0.9; the supply air temperature
for the baseline model to apply an air flow increase and water flow decrease control was set
to 12.8 ◦C; and the chilled supply and return temperature to 7 ◦C and 12 ◦C, respectively.

Table 2. Target HAVC system summary.

Equipment Design Parameters Value

Chiller
[EA: 4]

Capacity 847 kW
COP 5.5

Chilled water flow rate 0.0413 m3/s
Condenser water flow rate 0.0537 m3/s

Chilled water outlet/inlet temperature 7/12

Cooling tower
[EA: 4]

Capacity 1100 kW
Air flow rate 44.75 m3/s
Fan power 12 kW

Condenser water outlet/inlet temperature 29/34

Pump

[CHW pump EA: 4/
Condenser pump EA: 4]

Chilled water pump Power 15 kW

Condenser water pump power 19 kW

CRAH fan
[Supply fan EA: 4/
Return fan EA: 4]

Air flow rate 56.82 m3/s
AHU air outlet/inlet temperature 12.8/24

Fan power 68.6 kW

Heat Exchanger (WSE)
[EA: 4]

Capacity 847 kW
Efficiency 0.9

4. Simulation Results and Discussion

This research established a plan to extend the free cooling period by utilizing an
increase in the supply air temperature according to the increase in the air flow and the
increase in the chilled water return temperature according to the decrease in the chilled
water flow. In order to perform a quantitative analysis, the energy usage was calculated
by increasing the fan air flow compared to the baseline at a 10% increment in the range of
100–150% and by decreasing the chilled water flow at an decrement of 10% in the range of
50–100%.
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4.1. Energy Usage and Free Cooling Operation Time

Figure 5a shows changes in the free cooling time and energy usage according to an
increased CRAH fan air flow. When the CRAH fan air flow is increased at an increment of
10%, the free cooling time consistently increases, and the total energy usage of the system
decreases according to the increase in the air flow. A section appears where the energy
usage rebounds after reaching 120%. Figure 5b shows the energy usage of the chiller and
the CRAH fan according to the changes in the air flow. The white area is where the energy
usage decreases, and the gray area is where the energy usage increases. The energy usage
of the chiller shows a trend of consistently decreasing as the air flow increases. This is due
to the increase in the free cooling operation time. However, as shown in the gray area, the
energy usage of the CRAH fan increases due to the increase in the air flow, and a section
that offsets the decrease in the energy usage of the chiller appears at the point of 120% of
air flow.
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Figure 6a shows changes in the free cooling operation time and energy usage according
to the decrease in the chilled water flow.
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When the chilled water flow is decreased by an decrement of 10%, the partial free
cooling time consistently increases, and the full-free cooling operation time is secured
from the point of 60% flow. The total energy usage of the system decreases according to
the changes in the flow and then rebounds again from 60%. Figure 6b shows the energy
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consumption of the chiller and the CRAH fan according to the changes in the flow. The
energy usage of the chiller decreases as the flow decreases, and the usage of the chiller
and the CRAH fan increases after 50% flow. This is because the reduction in the chilled
water flow is insufficient to remove the load on the cooling coil adequately, resulting in an
increase in the supply air temperature. Consequently, the chilled water return temperature
rises, increasing the load on the chilled water circulation loop.

Figure 7 shows energy sensitivity according to the case combination of changes in the
CRAH fan air flow and the chilled water flow. In each case, the energy reduction increases
compared to the baseline.
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The energy reduction portion was due to the decrease in the chiller usage according
to the free cooling operation time extension. The energy increase was due to the increase
in the energy usage of the entire system by increasing the chilled water loop load and
the CRAH fan air flow according to the decrease in flow. Accordingly, proper operation
conditions, which can maximize the free cooling effects, are 120% of the CRAH fan air flow
and 100% of the chilled water flow.

4.2. Detailed Analysis of the Operation Data

In order to analyze the influence of the free cooling operation time on the energy usage
by a device, a detailed analysis was executed on the operation data for the red boxes in
Figure 7, whose energy reduction is relatively high.

4.2.1. Increase in the CRAH Fan Air Flow

As mentioned above, increasing the CRAH fan air flow extends the full/partial free
cooling operation time by increasing the supply of air and the chilled water temperature.
Figure 8 shows the operation data in the winter and intermediate seasons, when the CRAH
air flow is increased from 110% to 130% under an 100% flow condition.

In the winter season, the temperature of the supply air and the chilled water increases
as air flow increases from 110% to 130%, and accordingly, the full free cooling operation
time is extended. The supply air temperatures achieved are 13.4 ◦C, 14.9 ◦C, and 15.8 ◦C
under 110–130% conditions and the operating chilled water supply temperatures are 8.6 ◦C,
9.7 ◦C, and 10.8 ◦C, respectively. Therefore, the energy usage of the chiller decreases, but
the energy usage of the CRAH fan increases. In the intermediate period, the partial free
cooling operation time is extended with the increase in the chilled water return temperature
due to an increased air flow. Overall, with the strategy of increasing the CRAH fan air flow,
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both the supply air temperature and chilled water temperature tend to rise. Additionally,
during full free cooling operation, the chiller is shut down, and in partial free cooling
operation, the increased chilled water supply temperature leads to grater reductions in
chiller usage.
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However, during partial free cooling, both cooling towers on the heat exchanger
and chiller side are operated simultaneously, leading to an increase in the total energy
consumption. Additionally, to cool the maximum amount of chilled water through heat
exchange, the flow rate of the chilled water is operated at its maximum, which also increases
the energy consumption of the chilled water pumps.



Energies 2024, 17, 2804 14 of 17

4.2.2. Reduction in the Chilled Water Flow

If the chilled water flow decreases, increasing the chilled water return temperature
can extend the partial free cooling period. Additionally, the full free cooling operation
time can be extended according to the flow condition by decreasing the treatment heat
rate of the heat exchanger. Figure 9 shows the operation data in winter and intermediate
seasons of a case where the chilled water flow is reduced from 100% to 80% under a 110%
air flow condition.

Energies 2024, 17, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 9. Changes in the temperature and energy usage under a 110% CRAH fan capacity and 80–
100% chilled water flow. 

5. Conclusions and Future Work 
In this study, we propose a mathematical process to improve the chilled water supply 

temperature in order to extend the free cooling operation time of the WSE and to apply it 
to various systems. In this research, a plan to extend the free cooling operation time ac-
cording to the CRAH fan air flow and the chilled water flow control was suggested for 
increasing the supply and return temperature values of the chilled water and we derived 
the proper operation conditions through an energy–influence analysis according to 
changes in two variables. One of control plans is increasing the chilled water temperature 

Figure 9. Changes in the temperature and energy usage under a 110% CRAH fan capacity and
80–100% chilled water flow.



Energies 2024, 17, 2804 15 of 17

As the flow condition is reduced from 100% to 80%, the temperature difference between
the chilled water supply and the return increases. Under 80–100% chilled water flow
conditions, the chilled water supply and return temperature difference operate at 5.8 K,
6.5 K, and 7.3 K. Therefore, the return temperature of the chilled water is 14.4 ◦C, 15.1 ◦C,
and 15.6 ◦C, respectively. In turn, the partial and full free cooling in the intermediate season
will be extended, and the energy used by the chilled water pump will be reduced. This
is because the wet bulb temperature condition, where free cooling operation is possible,
is extended as the treatment heat rate of the heat exchanger is reduced according to the
decrease in the flow.

5. Conclusions and Future Work

In this study, we propose a mathematical process to improve the chilled water supply
temperature in order to extend the free cooling operation time of the WSE and to apply it to
various systems. In this research, a plan to extend the free cooling operation time according
to the CRAH fan air flow and the chilled water flow control was suggested for increasing
the supply and return temperature values of the chilled water and we derived the proper
operation conditions through an energy–influence analysis according to changes in two
variables. One of control plans is increasing the chilled water temperature by increasing
the CRAH fan air flow, and the other is increasing the chilled water return temperature
by reducing the chilled water flow. Based on the results of the energy analysis through a
combination of two controls, energy consumption is reduced by extending the free cooling
period according to an increase in the air flow. However, if the air flow increases to 120%
or higher, the increase in the CRAH fan’s energy consumption offsets the chiller’s energy
reduction; so, the total system energy usage rebounds. Likewise, the free cooling period is
extended with a reduction in the flow, but if the flow is reduced to 60% or less, the period of
partial free cooling is extended, leading to an increase in the number of operating cooling
towers. Additionally, as both the condenser water flow and supply air flow increase, the
total energy usage of the system rebounds. Therefore, it is shown that the proper operation
conditions in this simulation model are 120% air flow and 100% chilled water flow. The
energy reduction ratio compared to the baseline of the corresponding condition is 8.1%.
Therefore, the suitability of the derived chilled water temperature increase process was
confirmed through simulations.

In future research, we aim to expand the control range to the entire cooling loop and
develop a cooling setpoint control sequence for efficient WSE operation. This will be based
on the current strategy and will consider the relationship between energy consumption
and variable control for different equipment.
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Nomenclature

Model Variables Physics Model Equations

Twb, f ull
Upper limit of the wet bulb temperature during
full free cooling operation (◦C)

Tcw Temperature of cooling water (◦C)

Twb, part
Upper limit of wet bulb temperature during partial
free cooling operation (◦C)

Twb Temperature of outdoor air web bulb (◦C)

TCHW,sup Chilled water supply temperature (◦C) Tcw,ret Cooling water return temperature (◦C)
TCHW, ret Chilled water return temperature (◦C) Tcw,sup Cooling water supply temperature (◦C)
TCT,app Cooling tower approach temperature (◦C) Qtotal Treatment calorie of the equipment (kW)
THX,app Heat exchanger approach temperature (◦C) QRe f Load of rated condition (kW)
Tair,sup Supply air temperature (◦C) mw Flow of cooling water (kg/s)
Tair,ret Return air temperature (◦C) ma Air flow of the cooling tower fan (kg/s)

Tsuploop,in
Supply-side inlet temperature of the heat
exchanger (◦C)

mdesign Air flow of designed condition (kg/s)

Tdmdloop, in
Demand-side inlet temperature of the heat
exchanger (◦C)

∆hCT Air enthalpy of the cooling tower (J/kg)

∆Twater Temperature difference of water (K) Cp, cw Specific heat of cooling water (kJ/kg·K)
Qcoil Treatment calorie of coil (kW) f f low Air flow of the CRAH fan (kg/s)
QWSE Treatment calorie of the heat exchanger (kW) fpl Operation ratio of the CRAH fan
mair Airflow of the air (kg/s) εtotla Efficiency of the CRAH fan
msuploop Supply-side flow of heat exchanger (kg/s) ρair Density of the air (kg/m3)
mdmdloop Demand-side flow of heat exchanger (kg/s) PChiller Electrical power of the chiller (kW)
Cp,air Specific heat of the air (kJ/kg·K) COPRe f Performance coefficient of rated condition
Cp,water Specific heat of water (kJ/kg·K) fCAP Cooling capacity function of the temperature curve

Cp suploop
Specific heat of water at the supply side of the heat
exchanger (kJ/kg·K)

fEIR
Energy input to cooling output ratio function of
the temperature curve

Cp dmdloop
Specific heat of water at the demand side of the
heat exchanger (kJ/kg·K)

fPLR
Energy input to cooling output ratio function of
the part load ratio curve

ηcross Efficiency of the crosstype heat exchanger PLR Part load ratio
Rc Heat capacity ratio
ϵ Efficiency of the heat exchanger
NTU Number of transfer units
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