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Air-cooled  chiller  systems  are  commonly  used  to  provide  cooling  energy  in  commercial  buildings  but
with  considerable  electricity  consumption.  This  study  demonstrates  how  to operate  the  systems  with
sustainable  performance  under  climate  change  by  applying  optimal  condenser  fan  speed  control  coupled
with  mist  pre-cooling  of  air entering  the condensers.  The  simulation  of system  performance  was  carried
out  by  using  EnergyPlus  together  with  an experimentally  verified  chiller  model  capable  of analyzing
ir-cooled chiller
ptimal condenser fan speed control
ist pre-cooling

imulation

advanced  control  strategies.  Weather  data under  three  climate  change  scenarios  in 2020,  2050  and  2080
were  considered  in  evaluating  the cooling  demand  and  hourly  electricity  consumption  of  an  air-cooled
chiller  system  serving  an  office  building.  It is found  that  optimal  condenser  fan speed  control  coupled
with  mist  pre-cooling  of  air-cooled  condensers  can  help  maintain  a  higher  coefficient  of  performance
under  the  warmer  future  climate,  reducing  the  annual  electricity  consumption  by  16.96–18.58%  in the
reference  weather  year  and  2080.  The  ways  to implement  the  sustainable  control  have  been  discussed.
. Introduction

Chiller systems are commonly used to provide cooling energy in
he form of chilled water in commercial buildings in subtropical or
ot and arid zones. The operation of chiller systems can account for
he highest proportion of the total electricity used in commercial
uildings [1]. The energy performance of chillers depends greatly
n the heat rejection systems used. Where water conservation is
oncerned, using air-cooled chillers is unavoidable, though their
nergy performance is lower than chillers using water-cooled heat
ejection systems [2]. The energy performance of air-cooled chillers
s described by the coefficient of performance (COP)—the cooling
apacity output in kW divided by the electric power input in kW.
he variation of COP depends on the temperature of air entering
he condenser and the way to control the condensing tempera-
ure. Most existing air-cooled chillers operate under head pressure
ontrol (HPC) under which the condensing temperature is kept at
5–20 ◦C above the dry bulb temperature of outdoor air in all load-

ng conditions. This disregards an optimal trade-off between the
ompressor power and condenser fan power to maximize the COP

t part load operation. The HPC leads to the inferior performance
f air-cooled chillers compared with water-cooled chillers operat-
ng with a lower condensing temperature in the range of 30–40 ◦C.
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Depending on capacity, the nominal COP of air-cooled chillers is
2.6–2.9 at full load with the temperature of air entering the con-
denser at 35 ◦C [2], while a few modern highly efficient products
using variable speed compressors are claimed to have a nominal
COP of 3.2 with superior COP at part load operation. In fact, there
is no rapid improvement in the COP of air-cooled chillers as the
advancements are limited to the use of variable speed control to
the compressors and condenser fans, and to the enhanced heat
exchange performance of the evaporators and condensers. HPC
remains to be used even for highly efficient products.

Some studies have discussed essential design principles and
operating strategies to improve the performance of chiller sys-
tems. Chan et al. [3] addressed the need to perform accurate and
detailed calculation of a cooling load profile in order to avoid unnec-
essary spare system capacity while ensuring system reliability.
Techniques to optimize the COP of air-cooled chillers are: floating
condensing temperature control (CTC); variable primary flow to
chiller evaporators; risk-based preventative maintenance through
a sophisticated chiller plant control system. Chang [4] and Lee et al.
[5] applied an evolution strategy (an optimization tool) to solve the
optimum loading problem of multiple chillers. To allow chillers to
operate at different part load ratios, each chiller should be coupled
with a variable speed chilled water pump. However, variable flow

control is seldom applied to chillers in most existing chiller sys-
tems. This is due to the higher initial cost of variable speed drives
and a concern over the safe operation of chillers at off-design chilled
water flow rates. Sun et al. [6] proposed a fused measurement of
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Nomenclature

a0 to a5 regression coefficients for CAPFT
b0 to b5 regression coefficients for EIRFT
c0 to c5 regression coefficients for EIRFPLR
CAPFT regression function for chiller capacity
COP coefficient of performance
CTC floating condensing temperature control
Cpa specific heat capacity of air (assumed to be

1.02 kJ/kg ◦C)
Cpw specific heat capacity of water (assumed to be

4.19 kJ/kg ◦C)
E power input (kW)
EIRFT regression function for compressor efficiency
EIRFPLR regression function for compressor efficiency at part

load conditions
Effcd condenser heat transfer effectiveness
hdb specific enthalpy with dry bulb temperature (kJ/kg)
HPC head pressure control
m mass flow rate (kg/s)
OCFSC optimal condenser fan speed control
PLR chiller part load ratio
R rotating speed (% of full speed)
RH relative humidity (%)
Qcd heat rejection (kW)
Qcl chiller load (kW)
T temperature (◦C)
Va airflow provided by the operating condenser fans

(m3/s)
W moisture content (kg/kg of dry air)
�a air density (assumed to be 1.2 kg/m3)
�dc cooling effectiveness of direct evaporative cooler
�W change in moisture content of outdoor air (kg/kg of

dry air)

Subscripts
cc compressor
ch chiller
cd condenser or at the condenser side
cdae air entering the condenser
cdal air leaving the condenser
chwr chilled water returned to the chiller
chws chilled water supplied by the chiller
cf condenser fan
db dry bulb
db′ dry bulb with mist pre-cooling
ev evaporator or at the evaporator side
mist mist generation
w chilled water
wb wet bulb

b
e
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rated at rated conditions

uilding cooling loads and indirect indicators of cooling loads to
nhance the reliability of chiller sequencing control with improved
nergy efficiency. Yet the fused measurement relies on a compre-
ensive monitoring of operating data related to the cooling load
alculation and other operating data associated with the power of
hillers and pumps. Some existing chiller systems appear to oper-
te with sub-standard monitoring devices with incomplete data
ogging facilities. This affects the implementation of optimal chiller

equencing control. Through detailed energy audits on chiller sys-
ems serving an industrial building and an institutional building,
ong et al. [7] and Saidur et al. [8] addressed the energy saving
enefits of applying variable speed drives to chillers, chilled water
Fig. 1. Pipe and nozzle layouts of a mist system for the condenser of an existing
air-cooled chiller.

pumps, condenser water pumps and cooling tower fans. Yet the
all-variable speed design is not increasingly applied to new chiller
systems. It is admitted that system operators may  hesitate to man-
age the variable speed system components relying on sophisticated
automatic control.

Contrary to HPC, CTC has been identified to be an effective means
to improve the COP of air-cooled chillers at part load operation
[9,10]. Yet CTC is not developed as a standard feature for modern
air-cooled chiller products. The condenser fans under CTC run at
optimal number and speed to minimize the sum of compressor
power and condenser fan power for all operating conditions. Given
that the rated fan power generally accounts for less than 10% of
the rated compressor power in typical condenser design, the total
power can be minimized by allowing the condensing temperature
to be slightly above the dry bulb temperature of outdoor air under
light load conditions. Following this principle, it is possible to fur-
ther increase their COP by lowering the temperature of air entering
the condenser.

Evaporative cooling is a common means to reduce the tem-
perature of outdoor air from its dry bulb to wet  bulb [11–15] via
a constant enthalpy process. To provide the evaporative cooling
effect, Zhang et al. [12] made use of a pack of corrugated holed
aluminum foils to trap a water film in front of an air-cooled con-
denser. Such a cooler allows the dry bulb temperature of the air
stream to approach its wet bulb temperature following an adia-
batic cooling process but with an increased fan power due to the
additional airflow resistance by the cooler. The experimental study
showed that the cooling effectiveness of the cooler (�dc) was iden-
tified to be about 0.8. �dc is defined as (t1 − t2)/(t1 − tw), where
t1 and t2 are temperatures of air at the inlet and outlet of the
cooler, respectively, and tw is the wet  bulb temperature of air at the
inlet—the theoretical lowest t2. A �dc of below one suggests that t2
can never approach the corresponding tw. Given a �dc of 0.8, it is
still possible to reduce the dry bulb temperature by 3–10 ◦C under a
warm-humid climate. Hajidavalloo and Eghtedari [13] carried out
another experimental test on the performance of an evaporative
cooler with a cellulous media pad installed in front of the con-
denser of a room air-conditioner. The results indicated that the
cooler brought a 6.1–13.3% increase in the refrigeration effect and a
31.7–50.6% rise in the COP over the ambient dry bulb temperatures
ranging between 35 ◦C and 49 ◦C. The improvement in the COP is
more significant at higher ambient temperatures.

Alternatively, evaporative cooling can be achieved by spraying
mist directly in front of an air-cooled condenser [14,15]. As Fig. 1

illustrates, a mist pre-cooling system can be installed easily for an
existing chiller at no modification. The cooling effectiveness will
approach to one if a sufficient amount of mist droplets are fully
vaporized on the condenser coil. Such a mist pre-cooling system
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oes not cause any flow resistance to the air stream and there-
ore no additional fan power will be incurred. The electric power
equired to drive the high pressure pump is about 23 kW per unit
f mist generation rate in kg/s. The mist generation rate required
s around 0.0002 kg/s per unit of cooling capacity in kW.  Regard-
ng cooling towers designed with a condenser water flow rate of
.053 kg/s per unit of cooling capacity in kW [16], the water make
p rate is 0.0016 kg/s per unit of cooling capacity in kW (i.e. 3%
f condenser water flow rate). Given this, the water consumption
ate of mist pre-cooling for air-cooled chillers accounts for only
2.5% of that for water-cooled chillers. Where water conservation is
oncerned, using air-cooled chillers is more preferable than water-
ooled chillers. It is therefore worth exploiting mist pre-cooling in

 retrofit application for existing installations and in an integrated
esign with new installations, in order to enhance the low energy
eature of air-cooled chillers.

Lam et al. [17] illustrated that the electricity consumption of a
hiller plant varies with climatic variables. The future warmer cli-
ate can cause a severe rise in energy use by the building sector

f the COP of chiller systems has no improvement. While vari-
ble speed drives facilitate the COP improvement of water-cooled
hillers, there is no significant increase in the COP of modern air-
ooled chillers as constrained by HPC and the conventional design
f multiple condenser fans at fixed speed. It is an under research
rea on how mist pre-cooling of air-cooled condensers coupled
ith optimal condenser fan speed control helps alleviate the energy

mpacts of air-cooled chiller systems under climate change. The
otential benefits of mist pre-cooling of condenser air have been

dentified in some existing air-cooled chillers under HPC [14,15,18].
et the fixed condensing temperature setting in the existing chillers
lace a constraint on exploring further improvement in the COP
hen mist pre-cooling is integrated with optimal condenser fan

ontrol. To promote mist pre-cooling to be a standard feature for
mproving the COP of air-cooled chillers in new design in a long
un, the effectiveness of a mist system under climate change sce-
arios should be addressed. Different from previous research work
y authors on mist-precooling for air-cooled chillers [14,15,18–20],
his study further explores the potential benefits of air-cooled
hillers integrated with a mist pre-cooling system throughout their
perating life under climate change. A parametric study in terms of
orrelation analysis will be carried out to examine how to achieve
n optimal mist generation rate in response to the condenser
an speed control under various combinations of chiller load and
eather conditions.

Drawing on previous experimental and simulation studies on
ir-cooled chiller systems, this study aims at providing a detailed
nalysis on how the advanced control enables air-cooled chillers to
perate with sustainable performance throughout their working
ife under climate change. First, the generation of climate change
cenarios will be described. The typical arrangement of a mist
ystem with air-cooled condensers will be explained. Simulation
rocedures will then be given on how EnergyPlus was  used to
odel an air-cooled chiller system serving a reference office build-

ng and to identify the electricity consumption of chillers operating
ith conventional and advanced controls. Discussions will be made

n how to optimize the control of mist pre-cooling for air-cooled
hillers operating under the HPC and the optimal condenser fan
peed control. The significance of this study is to demonstrate how
o enhance the sustainability of air-cooled chiller systems under
limate change.
. Generation of climate change scenarios

A typical meteorological year (TMY) weather file is often
equired for hour-by-hour building energy simulation. Chan et al.
ings 64 (2013) 162–171

[21] developed a TMY  weather file for Hong Kong which is in the
epw format for use in EnergyPlus [22]. The TMY  file forms the
present-day file representing typical weather data over a 25-year
period from 1979 to 2003. It contains composite sets of hourly
weather data from multiple years in the monitoring period. Each
month comprising the TMY  was selected to represent prevailing
weather conditions of the same month over the entire period.
Table 1 shows some key variables and their ranges for Hong Kong.

Given a TMY  weather file, it is possible to generate future
weather data under climate change. According to Guan’s review
[23], approaches to generating future weather data were classi-
fied as the extrapolating statistical method, the stochastic weather
model, the imposed offset method and the global climate model.
The statistical method is limited to forecast degree-day data by
extrapolating historical data, which is not applicable for generat-
ing hourly data in the TMY  format. The stochastic weather model
draws on only inputs of a few weather variables to generate an
artificial meteorological database for many years through a compli-
cated modeling process. Because of the stochastic nature, accuracy
is not ensured in modeling many climatic variables and the possi-
ble relationship between the climatic variables is discounted. This
may  fail to consider the link between the various weather variables
and certain temperature rise scenarios due to global warming.

In the imposed offset method, hourly weather data are fore-
casted based on a set of current reference data in the TMY  or other
similar formats. The algorithms for generating individual weather
parameters involve morphing the current data by three operations:
(1) shifting; (2) linear stretching (scaling factor); and (3) shifting
and stretching. The monthly delta values of the shifting and stretch-
ing components can be predicted from General Circulation Models
(GCMs) for weather forecasting. A new weather file presenting cli-
mate change scenarios is formed with the forecasted hourly dry
bulb temperature, humidity ratio, and global, direct normal and dif-
fuse horizontal solar radiation, etc., based on the projected potential
temperature increase with different assumptions to link the vari-
ation of absolute humidity with the increased temperature. The
global climate model draws on historically observed weather data
for model calibration and considers the continuous change of atmo-
spheric carbon dioxide concentration which is not readily available
from the TMY  file. Compared with the imposed offset method, the
global climate model is more complicated as it is based on funda-
mental physical models developed by meteorologists. Considering
the simplicity of modeling procedure and the data format require-
ment for detailed building simulation, the imposed offset method
would be the most preferable method to project future weather
data modified from current data in a TMY  weather file.

The weather generator program CCWorldWeatherGen [24] was
used to generate climate change scenarios for Hong Kong in three
future periods (2010–2039, 2040–2069 and 2070–2099) repre-
sented by three benchmark years of 2020, 2050 and 2080. The
program drew on the imposed offset method and was  developed
based on the Hadley Center Coupled Model, version 3 (HadCM3)
under the third assessment report of the Intergovernmental Panel
on Climate Change (IPCC) [25]—the leading international body for
the assessment of climate change. Among various prediction mod-
els based on GCMs, the HadCM3 model is based on about 300 km
grid spacing [26] and contains a set of climate change data for
four different global carbon emission scenarios: low, medium–low,
medium–high and high emissions. These four correspond to the
IPCC scenarios B1, B2, A2 and A1F1 which are typically considered to
investigate the impact of climate change on energy use in buildings
[27]. Lee and Levermore [28] used the HadCM3 model to generate

weather data for climate change in order to analyze the trend of
building design in South Korea. It is reasonable to draw on some
global climate change scenarios like HadCM3 for building energy
simulation, in case regional climate change data are not available.
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Table  1
Key climatic variables and their ranges in the TMY  weather file of Hong Kong.

Month Year used Dry bulb temperature (◦C) Global horizontal radiation (MJ/m2) Wind speed (m/s)

Max. Mean Min. Max. Mean Min. Max. Mean Min.

January 1995 22.5 16.1 9.3 717 106 0 7.0 2.8 0.5
February 1988 23.3 16.3 10.2 856 112 0 8.0 3.6 0.5
March 2003 26.4 19.0 11.7 881 121 0 8.5 2.9 0.1
April  1986 30.1 22.6 14.8 919 140 0 9.0 3.4 0.0
May  1997 31.3 26.1 21.4 969 153 0 8.0 2.6 0.4
June  1990 32.5 27.9 23.1 936 161 0 11.0 3.3 0.5
July  2000 32.8 28.8 25.0 972 205 0 9.5 3.0 0.4
August 2002 32.7 28.4 24.6 953 180 0 9.0 2.8 0.4
September 1982 32.8 27.5 23.6 933 167 0 9.5 3.7 0.0
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October 1984 31.0 25.3 20.6
November 1989 27.8 21.5 12.4 

December 1993 24.8 17.1 9.2 

The TMY  weather file for Hong Kong downloaded at [29] was
n input file for the program. The HadCM3 model drew on a mor-
hing procedure to forecast weather data based on data in the
resent-day file [30]. The assumption involved in the morphing
rocedure is that the relative humidity will maintain the same for
oth the current and climate change scenarios. The rationale for
he assumption is that the earth temperature under global warming
ill increase which would lead to more water evaporating to atmo-

phere to maintain a constant relative humidity. This assumption
as supported by Sturman and Tapper [31] and Aguiar et al. [32]

f information on future humidity change due to global warming
s not available. The IPCC scenario A2 representing medium–high
lobal carbon emissions was used with a rise in the annual aver-
ge daily mean temperature of 0.74 ◦C in 2010–2039, 1.69 ◦C in
040–2069 and 3.00 ◦C in 2070–2099.

The hourly data (x) to be morphed include the dry bulb
emperature, dew point temperature, global horizontal radiation,
irect normal radiation, diffuse horizontal radiation, atmospheric
ressure and wind speed. These data influence the cooling load
alculation and the operating performance of chiller systems. The
lgorithm of morphing future hourly data (x) involves shifting and
tretching the corresponding present-day data (x0), as illustrated
y Eq. (1), where �xm represents the shift part and ˛m represents
he stretch part for x0 in the month m.  〈x0〉m is the monthly mean
f x0 for month m.  Detailed equations for morphing each variable
re given in [33].

 = x0 + �xm + ˛m(x0 − 〈x0〉m) (1)

Fig. 2 shows simulation results of the key climatic variables (dry

ulb temperature and global horizontal radiation) in 2020, 2050
nd 2080 in relation to the baseline (TMY). Due to global warming,
he dry bulb temperature rises by various degrees from the corre-
ponding baseline. The temperature rise in the later years tends to

Fig. 2. Change of monthly mean weather data i
864 169 0 7.0 3.1 0.0
797 144 0 8.0 2.9 0.5
725 127 0 8.0 2.9 0.0

be higher in winter months than in summer months. One reason for
this may  be associated with the lower temperatures with greater
fluctuation in winter months. In 2020, 2050 and 2080, the monthly
mean global horizontal radiation has a different variation pattern
in summer and winter months. The decreased radiation in sum-
mer  months is probably due to a situation where the percentage of
cloud cover and the concentration of suspended particulates could
increase in the future. The increased radiation in winter months, on
the contrary, could be associated with more days with a brighter
sky and fewer suspended particulates.

Figs. 3 and 4 show the frequency polygon of the morphed hourly
weather data (dry bulb temperature and global horizontal radi-
ation) in January (a typical winter month) and in July (a typical
summer month). With a positive �xm in Eq. (1), the forecasted
hourly dry bulb temperatures increased from their original val-
ues in the TMY. This generally results in a rightward shift in the
frequency polygon. Regarding the hourly global horizontal radia-
tion, non-sunshine hours were excluded in the plots. The forecasted
hourly data have no significant change in January but was  morphed
irregularly in July, based on the combination of the varying shift
component �xm and stretch component ˛m.

3. Description of mist pre-cooling to air-cooled condensers

Fig. 1 shows an example of pipe and nozzle layouts that produce
mist in front of the condenser of an existing air-cooled chiller. As
Fig. 5 illustrates, a cloud of very fine water droplets in 10-micron
size (mist) are released from low flow atomization nozzles when

the pump delivers water along the pipework at a high pressure
of around 70 bars. The mist facilitates the evaporative cooling pro-
cess, allowing the temperature of air entering the condenser to drop
from its dry bulb to near wet bulb.

n 2020, 2050 and 2080 from the baseline.
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Fig. 3. Frequency distribution of hourly weather data in January in the TMY, 2020, 2050 and 2080.
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The design mist generation rate depends on the total heat rejec-
ion airflow rate of a chiller and the potential increase in moisture
ontent based on the difference between the dry bulb and wet
ulb temperatures. Over-provision of mist causes frequent damp-

ng and, in turn, scaling problems on condenser fins and coils while
n insufficient amount of mist has no effect on the drop in the dry
ulb temperature. Based on each set of hourly weather data in the
MY, the maximum increase in moisture content at 100% relative
umidity was identified to be 0.0038 kg/kg of dry air and a mod-

rate level of 0.0018 kg/kg of dry air (at the 80th percentile) was
onsidered to evaluate the design mist generation rate. Given the
otal heat rejection airflow rate of 140 m3/s or 168 kg/s for a chiller
ated at 1511 kW,  the peak mist generation rate was  calculated to

UV lamp
Water inlet

5m        10m      20m

Triplex micron filter unit

High pressure,

low flow pumps
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network
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P

Fig. 5. Schematic diagram of mist system for each chiller.
ata in July in the TMY, 2020, 2050 and 2080.

be 0.0018 × 168 = 0.30 kg/s. Following the specifications given by a
system supplier, nine sets of high pressure pumps rated at 0.75 kW
each with a flow rate of 0.033 kg/s were used for the mist system
of each chiller. The mist generation rate could vary from 0.033 to
0.30 kg/s in nine steps in order to match different ambient condi-
tions and heat rejection airflow rates of the chiller. The total pump
power accounts for only 19% of the rated condenser fan power.

The proliferation of Legionella by aerosols would be a concern
in the evaporative cooling process when using cooling towers and
evaporative condensers for heat rejection. This is because they
operate normally with circulating water at 32–42 ◦C which is the
ideal growth range of Legionella. Dedicated water disinfection and
prevention of stagnant water are required to comply with the local
code of practice for prevention of Legionnaires’ disease [34]. With
regard to mist systems, the threat of spreading Legionella can be
minimized by maintaining the water at below 25 ◦C under which
Legionella is dormant. Furthermore, the amount and size of mists
should be precisely controlled to facilitate full evaporation by the
warm ambient air. To enhance water disinfection, each mist system
can be provided with a UV lamp and its power rating is in a range
of 40–120 W which accounts for only 0.6–1.8% of the total pump
power.

4. Simulation of an office building and its chiller system

EnergyPlus [22] is a popular building energy simulation pro-
gram [35] and was used to model a reference office building and its

chiller system. It contains many innovative simulation features like
user-configurable modular systems and building components that
are integrated with a heat and mass balance-based zone simula-
tion. This enhances the integrity of simulation results. With various

https://www.researchgate.net/publication/222517509_EnergyPlus_Creating_a_New-Generation_Building_Energy_Simulation_Program?el=1_x_8&enrichId=rgreq-c690557153907bd1e0ee372aaff89f40-XXX&enrichSource=Y292ZXJQYWdlOzI1NzIyNzc1MTtBUzozNjc2Mzc2NzE0OTc3MjhAMTQ2NDY2MzA1OTM5NA==
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Table  2
General information on the reference office building.

General
Gross floor area (GFA) (m2) 51,840
Total air-conditioned area (m2) 42,840 (82.6% GFA)
Floor dimension (L × W)  (m)  36 × 36

Area per floor (m2) 1296
Air-conditioned area per floor (m2) 1071

Floor to floor height (m)  3.2
External walls orientation N/E/S/W

Construction details
Window to wall ratio 0.5
U-value of wall (W/m2 ◦C) 2.3
U-value of window (W/m2 ◦C) 5.5
U-value of roof (W/m2 ◦C) 0.7
Shading coefficient of glass 0.45

Zone design criteria
Temperature (◦C) 24
Relative humidity (%) 50
Ventilation rate (L/s/person) 10
Occupancy (m2/person) 9
Equipment power density (W/m2) 25
Lighting power density (W/m2) 20

Air-conditioning system operating hours
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Wdb’ <= Wmax ?

Inputs Qcl, Tchws , Tcd, Tdb, Twb, Wdb, hdb

Parameters Qcl,rated, Ecc,rated, Va,rated, Ecf,rated

 |Tdb’ - Tcdae| < 0.005 ?

Calcu late CAPF T, EIR FT,

PLR,  EIR FPLR, Ecc

 Calculate Qcd, Tcd, Va, Rcf

 Ca lcul ate   W, Wdb’

Ecf, COP

 END

Dete rmi ne Wmax at Twb, 100  % RH

from  Psychrome tric  chart

N

Y

Tcdae = Twb

 ITER = 0, Tcda e = Tdb

Calcu late Tdb’

NTcdae = Tdb’

ITE R=ITE R+1
Y

Weekdays 08:00–19:00
Saturdays 08:00–13:00
Sundays Closed

ystem templates and the “autosize” feature, energy analysis on
arious system design options can be carried out expeditiously.
able 2 summarizes the general information on the building. The
rrangement of the building is adopted to study the average energy
erformance of local office buildings [15]. It is a 40-floor building
nd each floor contains one internal thermal zone and four perime-
er thermal zones facing North, East, South and West. The design
riteria and operating schedules of various functional areas fol-
ow the specifications given in a local performance-based building
nergy code [36].

Table 3 shows basic information on the chiller and airside sys-
ems in the building. The chiller system contains four identical
ir-cooled centrifugal chillers designed to meet the peak cooling
emand of 6044 kW calculated based on the cooling design dry
ulb temperature and its coincident wet bulb temperature from
he TMY. Chiller sequencing is implemented under which no addi-
ional chiller in the system starts to operate until each of the
perating chillers is running at full load when meeting the chang-
ng building cooling loads. Each operating chiller runs at identical
oads. The chilled water distribution circuit is designed with a pri-

ary loop having constant speed pumps coupled to the chillers
nd a secondary loop having variable speed pumps. A variable air

olume (VAV) airside system is provided for all areas requiring air-
onditioning. The systems were constructed by selecting proper
ystem templates completed with the “autosize” feature and some
efault and built-in data. The sizing factor of one was specified in

able 3
eneral information on the air-conditioning system.

Chiller system
Chiller type Air-cooled centrifugal
Number of chiller and pump sets 4
Nominal COP at full load 2.7
Design chilled water supply/return

temperature (◦C)
7/12.5

Design chilled water flow rate (m3/s) 0.22
Chilled water loop Constant primary-variable secondary

Airside system
Type Variable air volume (VAV)
Minimum airflow fraction 0.2
Fan motor efficiency 0.9
Fig. 6. Procedure for evaluating operating variables of the chiller with mist pre-
cooling.

determining the capacity of system components. EnergyPlus com-
puted the design capacity of each component and then performed
hour-by-hour simulation of operating variables and electricity con-
sumption. Simulation cases for different climate change scenarios
were done by loading the respective weather files generated by
CCWorldWeatherGen into EnergyPlus.

A standard template for chillers with default performance char-
acteristics is available to model the performance of air-cooled
centrifugal chillers under head pressure control. Yet there is no
standard template capable of simulating air-cooled chillers with
optimum condenser fan speed control (OCFSC). This analysis drew
on the experimentally verified model given in [15]. Table 4 summa-
rizes a list of equations inside the model to simulate the operating
variables of the chillers with mist pre-cooling of air-cooled con-
densers. The model parameters were calibrated to represent the
chillers with a nominal capacity of 1511 kW.  Fig. 6 gives a flowchart
showing how the operating variables were evaluated. To model the
chiller performance with mist pre-cooling and OCFSC, the condens-
ing temperature Tcd was  no longer at a fixed set point of 45 ◦C. For
a given combination of chiller loads and weather conditions, the
rotating speed of the condenser fans was searched from a range of
5–100% of full speed that minimized the sum of compressor power,
condenser fan power and mist pump power. Based on the optimal
fan speed, the condensing temperature hovered closely above the
dry bulb temperature within its operating boundaries.

5. Results and discussion

5.1. Monthly total system load under climate change scenarios
Fig. 7 shows the monthly total system load profiles in 2020,
2050 and 2080 in relation to the baseline (TMY). The monthly
total system load will vary with the monthly mean dry bulb

https://www.researchgate.net/publication/229397877_Improved_energy_performance_of_air-cooled_chiller_system_with_mist_pre-cooling_Mist_improvement_on_air-cooled_chillers?el=1_x_8&enrichId=rgreq-c690557153907bd1e0ee372aaff89f40-XXX&enrichSource=Y292ZXJQYWdlOzI1NzIyNzc1MTtBUzozNjc2Mzc2NzE0OTc3MjhAMTQ2NDY2MzA1OTM5NA==
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Table  4
Modeling equations and parameters for air-cooled centrifugal chillers with advanced control.

Equations
CAPFT = a0 + a1(1.8Tchws + 32) + a2(1.8Tchws + 32)2 + a3(1.8Tcdae + 32) + a4(1.8Tcdae + 32)2 + a5(1.8Tchws + 32)(1.8Tcdae + 32)
a0 = −0.09464899; a1= 0.0383407; a2 = −0.00009205; a3 = 0.00378007; a4 = −0.00001375; a5 = −0.00015464

EIRFT = b0 + b1(1.8Tchws + 32) + b2(1.8Tchws + 32)2 + b3(1.8Tcdae + 32) + b4(1.8Tcdae+32)2+ b5(1.8Tchws + 32)(1.8Tcdae + 32)
b0 = 0.13545636; b1 = 0.02292946; b2 = −0.00016107; b3 = −0.00235396; b4 = 0.00012991; b5 = −0.00018685

PLR = Qcl/(Qcl,rated CAPFT)

EIRFPLR = c0 + c1PLR + c2PLR2 + c3Tcd + c4Tcd
2 + c5PLR Tcd

c0 = 0.90961903; c1 = 0.4989617; c2 = 0.27488842; c3 = −0.05064711; c4 = 0.00086166; c5 = −0.00554122

Ecc = Ecc,rated × CAPFT × EIRFT × EIRFPLR (kW)
Qcd = Qcl + Ecc (kW)
Va = Qcd/(�a CpaEffcd(Tcd − Tcdae)) (m3/s)
Rcf = 100 Va/Va,rated (%)
Effcd = (Tcdal − Tcdae)/(Tcd − Tcdae)
Ecf = Ecf,ratedRcf/100 (kW)
Wdb

′ = Wdb + mmist/(Va�a) (kg/kg of dry air)
Tdb

′ = (hdb − 2501 Wdb
′)/(1.006 + 1.805 Wdb

′) (◦C)
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chillers in response to climate change.
Parameters
Qcl,rated = 1151 kW;  Ecc,rated = 560 kW;  Va,rated = 140 m3/s; Ecf,rated = 36 kW

utdoor temperature with the highest value in July and the
owest value in January or February. The annual total system
oads are 9,538,200 kWh  in the TMY, 10,494,165 kWh  in 2020,
1,464,932 kWh  in 2050 and 12,884,487 kWh  in 2080. This indi-
ates that the annual system load increases by 10.0–14.9% over

 period of 30 years. The annual electricity consumption of the
hiller system will increase by 5.0–7.5% over an operating span of 15
ears without a major retrofit if the system COP remains unchanged
nder the climate change scenarios.

.2. Electricity consumption of the chiller system under climate
hange scenarios

Using EnergyPlus with a sophisticated chiller model, the elec-
ricity consumption of the chiller system serving the reference
ffice building was evaluated on an hourly basis under the four
perating schemes: HPC; HPC with mist pre-cooling; OCFSC; OCFSC
ith mist pre-cooling. Fig. 8 illustrates how the monthly total

lectricity consumption of chillers varied with different operat-
ng schemes in the TMY  (baseline). Mist pre-cooling to air-cooled
ondensers performed very well with HPC or OCFSC in summer
onths, resulting in an apparent drop in the monthly total chiller

lectricity consumption. However, when mist pre-cooling was con-
idered for chillers operating under HPC, a slight increase in the

lectricity consumption was observed in winter months due to a
ituation where the additional mist pump power outweighed the
ecrease of compressor power associated with a minor drop in the
emperature of air entering the condenser.

ig. 7. Variation of monthly total system load in the TMY, 2020, 2050 and 2080.
Fig. 9 shows how the monthly total chiller electricity consump-
tion under the climate change scenarios increases from the baseline
(TMY). Regardless of the operating schemes, the higher increase in
the electricity consumption occurs in winter months and this tends
to correlate with the increase in the dry bulb temperature shown in
Fig. 2. Different operating schemes lead to slightly different impacts
on the chiller electricity consumption under the climate change
scenarios. The use of mist pre-cooling to air-cooled condensers
would temper the increasing chiller electricity consumption under
the three climate change scenarios, when comparing Fig. 9(b) with
(a) and (d) with (c). Indeed, Tables 5–8 show that from the TMY  to
2080, a 16.96–18.58% decrease can be achieved in the annual elec-
tricity consumption of the system when applying OCFSC and mist
pre-cooling. The average COP—the annual total system load in kWh
divided by the total chiller electricity consumption in kWh—had
a slight improvement in the operating schemes with mist pre-
cooling. Without mist pre-cooling, the average COP tended to drop
under the warmer climate, even when OCFSC was applied. Further-
more, the potential benefit of mist pre-cooling could be magnified
under OCFSC, as reflected from Tables 5–8 that the percentage
electricity savings from OCFSC + mist always exceed the sum of per-
centage electricity savings from OCFSC and HPC + mist. All these
confirm that mist pre-cooling is a sustainable feature for air-cooled
Fig. 8. Monthly total chiller electricity consumption with different operating
schemes in the TMY.
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Fig. 9. Percentage increase in monthly total chiller electricity consumption in 2020, 2050 and 2080 from baseline under different operating schemes.

Table 5
Annual electricity consumption of chiller system in the TMY.

Operating scheme HPC (baseline) HPC + mist OCFSC OCFSC + mist

Pump consumption (kWh) 477,619 477,619 477,619 477,619
Chiller consumption (kWh) 3,147,486 3,020,814 2,876,675 2,613,631
Total  system consumption (kWh) 3,625,105 3,498,434 3,354,294 3,091,250
Actual saving from baseline (kWh) – 126,672 270,811 533,855
Percentage saving from baseline chiller consumption (%) – 4.02 8.60 16.96
Average COP 3.03 3.16 3.32 3.65

Table 6
Annual electricity consumption of chiller system in 2020.

Operating scheme HPC (baseline) HPC + mist OCFSC OCFSC + mist

Pump consumption (kWh) 512,564 512,564 512,564 512,564
Chiller consumption (kWh) 3,468,822 3,290,619 3,164,285 2,867,417
Total system consumption (kWh) 3,981,386 3,803,183 3,676,849 3,379,981
Actual saving from baseline (kWh) – 178,203 304,537 601,405
Percentage saving from baseline chiller consumption (%) – 5.14 8.78 17.34
Average COP 3.03 3.19 3.32 3.66

Table 7
Annual electricity consumption of chiller system in 2050.

Operating scheme HPC (baseline) HPC + mist OCFSC OCFSC + mist

Pump consumption (kWh) 558,665 558,665 558,665 558,665
Chiller consumption (kWh) 3,808,972 3,565,318 3,475,912 3,127,831
Total system consumption (kWh) 4,367,637 4,123,983 4,034,577 3,686,496
Actual saving from baseline (kWh) – 243,654 333,060 681,141
Percentage saving from baseline chiller consumption (%) – 6.40 8.74 17.88
Average COP 3.01 3.22 3.30 3.67
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Table  8
Annual electricity consumption of chiller system in 2080.

Operating scheme HPC (baseline) HPC + mist OCFSC OCFSC + mist

Pump consumption (kWh) 613,776 613,776 613,776 613,776
Chiller consumption (kWh) 4,316,804 3,967,698 3,941,826 3,514,755
Total  system consumption (kWh) 4,930,580 4,581,474 4,555,602 4,128,531
Actual saving from baseline (kWh) – 349,106 374,979 802,050
Percentage saving from baseline chiller consumption (%) – 8.09 8.69 18.58
Average COP 2.98 3.25 3.27 3.67

Table 9
Results of correlation analysis on mist generation rate with climatic and operating variables.

Variable Tdb RH Twb Wdb hdb PLR Va

HPC + mist
Pearson correlation −0.052 −0.911 −0.139 −0.230 −0.118 0.232 0.412
p-Value 0.004 0.000 0.000 0.000 0.000 0.000 0.000

OCFSC + mist
Pearson correlation 0.442 −0.274 0.437 0.353 0.422 0.561 0.538
p-Value 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Fig. 10. Plots of mist generation rate against 

.3. Control of mist generation rate

Having identified the benefit of applying mist pre-cooling to
ir-cooled condensers, it is important to understand how to con-
rol the mist generation rate under various operating conditions.

 bivariate correlation analysis [37] was conducted between the
equired mist generation rate mmist and a set of climatic and oper-
ting variables: Tdb, RH, Twb, Wdb, hdb, PLR and Va. This analysis
elps ascertain if the required mmist can be determined by any
ne of the variables. Table 9 summarizes the Pearson correlation
oefficients and p-values of their correlation under the operat-
ng schemes: HPC + mist and OCFSC + mist. The correlation of mmist

ith all the variables is considered significant because all the p-
alues are below 0.005—a significant level of 0.01 (2-tailed).

Fig. 10 shows scatter plots of mmist against the variables with
he highest Pearson correlation. When the chiller operated under
PC, it is possible to adjust the mist generation rate based on rel-
tive humidity to obtain near optimal mist control. Indeed, if the
egression curve in Fig. 10(a) is used to determine the required
ist generation rate, the mist system will operate more frequently,

nabling the annual chiller electricity consumption to drop by
.98% which is only 0.04% less than the saving of 4.02% in the case
f HPC + mist with the TMY  shown in Table 5. Yet for the chiller
perating under OCFSC, the adjustment of mist generation rate is

ore complicated as the mist generation rate tends to spread out
hen plotting against each of the variables. An example of scat-

ering between the mist generation rate and chiller part load ratio
s provided in Fig. 10(b). It is not feasible to achieve optimal mist
riables with the highest Pearson correlation.

control based on a single variable like the chiller part load ratio. Fur-
thermore, it may  not be feasible to use a combination of measured
variables to evaluate the required mist generation rate and imple-
ment the feed-forward control. Alternatively, it is possible to apply
the feed-back control to regulate the mist generation rate based on
the temperature of pre-cooled air entering the condenser. The mist
generation rate can be increased until the air temperature moni-
tored after precooling reaches the lowest level—the coincident wet
bulb temperature. Indeed, the mist system control, the condenser
fan control and the compressor control interact with each other.
All these call for development of an advanced optimization control
strategy so as to determine the number of mist generation pumps
required to minimize the sum of the compressor power, condenser
fan power and mist pump power in all operating conditions. It is
important to measure the rate of change of the individual power
of the compressor, condenser fans and mist generation pump to
examine the optimal number and speed at which the aggregate
power is minimized. The effectiveness of the mist system under
different heat rejection airflow rates remains to be investigated and
this constitutes the future experimental work by the authors.

6. Conclusions
This paper demonstrates how mist pre-cooling to air-cooled
condensers helps enhance the sustainability of air-cooled chiller
systems under climate change. Weather data of three climate
change scenarios in 2020, 2050 and 2080 were generated by

https://www.researchgate.net/publication/268626645_Bivariate_Data_Analysis_A_Practical_Guide?el=1_x_8&enrichId=rgreq-c690557153907bd1e0ee372aaff89f40-XXX&enrichSource=Y292ZXJQYWdlOzI1NzIyNzc1MTtBUzozNjc2Mzc2NzE0OTc3MjhAMTQ2NDY2MzA1OTM5NA==
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CWorldWeatherGen. In simulating the cooling demand and
ourly electricity consumption of an air-cooled chiller system
erving a reference office building, EnergyPlus was used together
ith an experimentally verified chiller model capable of analysing

dvanced control strategies. It is found that mist pre-cooling of air-
ooled condensers can complement optimal condenser fan speed
ontrol to boost the chiller COP under the warmer future cli-
ate, resulting in an electricity savings of 16.96–18.58% in the

MY  and 2080. When the chillers operate under HPC, the control
f mist generation rate is straightforward and done by operating
he mist pump based on relative humidity which can be measured
irectly. To implement optimal condenser fan speed control with
ist pre-cooling, more sophisticated feed-back control is required

o regulate the mist generation rate in order to maximize the over-
ll chiller COP. It remains to be carried out experimental tests of
n air-cooled chiller equipped with a mist system to identify the
ynamic characteristics of cooling effectiveness when operating
nder the optimal condenser fan speed control. The experimental
ndings will help fine-tune the control algorithm of a mist system
nd hence to verify the improvement of an actual chiller COP under
he optimal control.

The significance of this study is to promote mist pre-cooling
s a sustainable feature for air-cooled chillers under climate
hange, considering that their application is still unavoidable where
ater conservation is concerned. Given the potential benefits of

he mist application, chiller designers and manufacturers should
evote further development on design and installation guidelines
n mist systems used for air-cooled chillers. It remains to be
ormulated an assessment method to quantify the effectiveness
f mist pre-cooling for chillers operating under various climatic
ones.
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