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Abstract

Air-cooled chillers are widely used to provide cooling energy and yet pragmatic and simple energy efficient measures for them are still lacking.
This paper considers how their coefficient of performance (COP) can be improved by using mist to pre-cool ambient air entering the condensers.
The benefit of this application rests on the decrease of compressor power resulting from the reduced condenser air temperature with insignificant
consumption of water and pump power associated with the mist generation. Based on a simulation analysis of an air-cooled screw chiller operating
under head pressure control, applying such mist pre-cooling enables the COP to increase by up to 7.7%. Precise control of mist generation rate
and integration with floating condensing temperature control are the major challenges of using a mist system to maximize electricity savings. The
results of this study will prompt low-energy operation of existing air-cooled chillers working for various climatic conditions.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Air-cooled chillers are an inevitable choice for central cool-
ing systems in buildings whenever fresh water is considered to
be a precious resource which cannot be used freely for evapora-
tive cooling towers in the heat rejection process. They may even
be a preferable choice for most small to medium scale build-
ings due to the ease of installation, the simplicity of operation
and maintenance, and the lower installation and maintenance
costs as compared to water-cooled chillers. Yet concern has
been expressed about the considerable electricity consumed by
these chillers when in use because they are recognized as “less-
efficient” equipment compared with water-cooled chillers.

According to many studies [1–8], the deficient performance
of air-cooled chillers is mainly due to head pressure control
(HPC) under which the condensing temperature floats around
a high set point of 50 ◦C based on a design outdoor temperature
of 35 ◦C, irrespective of different chiller loads and weather con-
ditions. The condenser fan power under HPC can be kept low
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but with considerable compressor power at such high condens-
ing temperature. To overcome this, proper control of condens-
ing temperature should be developed to optimize the trade-off
between the compressor power and condenser fan power, given
that the condensing temperature can vary widely in response
to outdoor temperatures ranging between 10 to 35 ◦C. Floating
condensing temperature control (CTC) is proposed as an alter-
native to HPC to lower the condensing temperature in response
to changes of ambient and load conditions [6–8]. The condenser
fans under CTC are staged as many as possible in most operat-
ing conditions to enhance the heat rejection airflow required
to decrease the condensing temperature. Simulation analyses
on air-cooled screw or centrifugal chillers [7,8] confirmed that
the coefficient of performance (COP) of the chillers could in-
crease by up to 237.2% when variable speed condenser fans are
used to complement CTC. A COP is defined as the chiller load
in kW divided by the power input in kW. The variable speed
fans are capable of modulating smoothly the heat rejection air-
flow with reduced power while enhancing the controllability
of condensing temperature. To implement CTC, the set point
of condensing temperature should be adjusted in response to
variations of outdoor temperature and chiller part load ratios.
Although the idea of CTC is easily recognized and there should
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Nomenclature

CAPFT regression function for chiller capacity
COP chiller 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
Eff cd condenser heat transfer effectiveness
hdb specific enthalpy with dry bulb temperature . . . ◦C
HPC head pressure control
mmist mist generation rate . . . . . . . . . . . . . . . . . kg/s or l/s
mw mass flow rate of chilled water . . . . . . . kg/s or l/s
PLR chiller part load ratio
RH relative humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
Qcd heat rejection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
Qcl chiller load. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
Tcd condensing temperature . . . . . . . . . . . . . . . . . . . . . ◦C
Tcdae temperature of air entering the condenser . . . . . ◦C

Tcdal temperature of air leaving the condenser . . . . . . ◦C
Tchwr temperature of return chilled water . . . . . . . . . . . ◦C
Tchws temperature of supply chilled water . . . . . . . . . . ◦C
Tdb dry bulb temperature . . . . . . . . . . . . . . . . . . . . . . . . ◦C
T ′

db reduced temperature from dry bulb temperature
with mist pre-cooling . . . . . . . . . . . . . . . . . . . . . . . ◦C

Twb wet bulb temperature . . . . . . . . . . . . . . . . . . . . . . . ◦C
Tev evaporating temperature . . . . . . . . . . . . . . . . . . . . . ◦C
Va airflow provided by the staged condenser

fans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3/s
Wdb moisture content with dry bulb

temperature . . . . . . . . . . . . . . . . . . . . . . kg/kg dry air
W ′

db increased moisture content from
Wdb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/kg dry air

ρa air density, assumed to be 1.2 kg/m3

Subscripts
cc compressor
ch chiller
cd condenser
cf condenser fan
rated at rated conditions
be no technical difficulty in implementing the condensing tem-
perature reset, chiller manufacturers seem to be reluctant to
commercialize CTC with variable speed condenser fans operat-
ing at optimum condensing temperatures in order to maximize
the COP of air-cooled chillers.

Evaporative cooling of ambient air is not a new concept for
air-conditioning systems, but its application on pre-cooling air
entering air-cooled condensers is not common. As some stud-
ies indicated [9,10], evaporative pre-coolers, when installed in
front of air-cooled condensers, can pre-cool outdoor air before
entering the condensers while consuming less than 15% of the
cooling water required by cooling towers and evaporative con-
densers. For an evaporative pre-cooler, hot air flows across a
porous wetted surface with a film of cool water. That air absorbs
and evaporates moisture on the surface when leaving the pre-
cooler, and then its dry bulb temperature drops and approaches
its wet bulb temperature. The pre-coolers enable the condens-
ing temperature to drop in response to a reduction in outdoor
temperature. However, the pressure drop across the pre-coolers
incurs additional fan power. Another power will be taken up
by a small pump which operates to produce a low flow rate of
circulating water in order to maintain the wetted surface. The
potential and benefits of using evaporative pre-coolers hinge on
the extent to which the condensing temperature can drop and
whether the decrease in compressor power due to this drop can
outweigh the pump power in addition to the fan power. Zhang et
al. [9] have indicated that the use of evaporative pre-coolers can
bring about a 14.7% increase in the COP of air-cooled chillers
working in a hot and dry environment. According to a simu-
lation study [11], a 1.4–14.4% decrease in chiller power and a
1.3–4.6% increase in the refrigeration effect could be achieved
when an air-cooled reciprocating chiller with an evaporative
pre-cooler operated under HPC. When CTC replaced HPC, the
chiller power could be further reduced by 1.3–4.3% in certain
operating conditions. The pre-coolers are expected to have high
effectiveness when cooling outdoor air in a hot and dry climate,
but they can function properly even when the climate is hot and
humid [11].

Apart from installing an evaporative pre-cooler in front of
an air-cooled condenser, the evaporative cooling of ambient air
can be done more directly via a water mist cooling system.
The system produces a cloud of very fine water droplets via
atomization nozzles, which allows the ambient air entering the
condenser to cool from its dry bulb temperature to wet bulb
temperature while the droplets are fully vaporized. The system
does not cause any flow resistance to the air stream and there-
fore no additional fan power will be incurred. It takes up only a
small amount of electric power to drive the high pressure pump
and negligible amount of water for mist generation. Yet there
is a lack of research into how to reap the benefits of such mist
pre-cooling for air-cooled chillers.

The aim of this paper is to investigate how the COP of air-
cooled chillers can be improved by mist pre-cooling. First, the
typical arrangement of a mist system and its use with air-cooled
condensers will be explained. Second, a simulation analysis
will be made on how a mist system should operate with an
air-cooled screw chiller and the subsequent change in part load
performance under various load and ambient conditions. Fol-
lowing that, the cooling load profile of an institutional building
will be considered to identify electricity savings of the chillers
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with mist pre-cooling. Challenges of taking a definite advantage
for the chillers with mist pre-cooling will be discussed. The sig-
nificance of this study is to present a possible scheme to make
the operation of air-cooled chillers more sustainable.

2. Description of mist system and pre-cooling of condenser
air

Fig. 1 shows a schematic diagram of a water mist instal-
lation, which contains basically atomization nozzles, water
pipework, a filter assembly and a high pressure pump. An UV
lamp may be inserted before the filters to disinfect ordinary
water for mist generation. When the constant speed pump oper-
ates to deliver water through the pipework at a high pressure of
around 70 bars, the water is released through the low flow atom-
ization nozzles to form a mist of very fine droplets in 10-micron
size. These droplets can be easily vaporized by ambient air be-
fore entering the condenser and a reduction in the temperature
of that air follows the adiabatic cooling process with constant
specific enthalpy.

Depending on the layout of the condenser coil, the nozzles
should be evenly distributed in front of the entire condenser sur-
face in order to ensure that all the air entering the condenser can
be pre-cooled by vaporizing the mist. Fig. 2 shows an exam-
ple of pipe and nozzle layouts for an existing air-cooled screw
chiller. A distance of 500 to 750 mm should be maintained be-
tween the nozzles and the condenser in order to prevent the mist
which the air stream carries from falling on the condenser fins
and coil without undergoing the vaporization process.

The number of nozzles, water circuits and pump sets de-
pends on how much mist is required to generate and how the
mist system operates with the chiller. Each refrigeration circuit
within a chiller should be designed with an individual mist in-
stallation in order to avoid unnecessary mist generation when
some of the refrigeration circuits are idle while the chiller is
operating at partial load conditions. The design outdoor con-
ditions and the total heat rejection airflow rate of a chiller are
the two major parameters for determining the peak mist gen-
eration rate required. Regarding the local design conditions of
35 ◦C dry bulb and relative humidity (RH) of 70%, the mois-
ture content required to cool the air adiabatically at 90% RH
is 0.0015 kg/kg of dry air. For a given total heat rejection
airflow rate (Va,rated), the peak mist generation rate will be
(0.0015 ×Va,rated ×ρa) kg/s. Based on the mist generation rate
calculated, the number of nozzles required and the pump power
rating can be decided according to the specifications given by
system suppliers.

Given a fixed mist generation rate, the extent to which the
dry bulb temperature can drop depends on load and ambient
conditions and on how the heat rejection airflow varies to main-
tain the condensing temperature at its set point under various
operating conditions. The following section will report a de-
tailed analysis on how mist pre-cooling influences the COP of
an existing air-cooled chiller and on what parameter should be
considered to optimize the control and operation of the mist
system with the chiller.
Fig. 1. Typical water mist installation.

Fig. 2. A picture showing pipe and nozzle layouts of a mist system for the
condenser of an air-cooled chiller.

3. Example of applying mist pre-cooling to air-cooled
chiller

3.1. Description of the chiller and its mist installations

The air-cooled chiller equipped with a water mist system (as
shown in Fig. 2) is based on one of the five chillers operat-
ing for an institutional building. It has a nominal capacity of
1152 kW and a COP of 2.8 at full load with an outdoor tem-
perature of 35 ◦C. The power input for calculating that COP
includes the compressor power, condenser fan power and con-
trol circuit power. The chiller uses the refrigerant R134a and has
two identical refrigeration circuits, each of which contains two
screw compressors. The shell-and-tube flooded type evaporator
is designed to produce chilled water at a constant flow rate of
50 kg/s with supply and return temperatures of 7 and 12.5 ◦C,
respectively. The cooling output is modulated from 15 to 100%
in steps via adjusting the number of compressors operating and
their sliding valve positions while controlling the temperature
of supply chilled water at a set point of 7 ◦C. Each refrigeration
circuit is equipped with an electronic expansion valve to main-
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tain proper level of the refrigerant in the evaporator when the
chiller load varies.

The heat rejection capacity of the air-cooled condenser is de-
signed to control the condensing temperature (Tcd) at around
50 ◦C when the temperature of air entering the condenser
(Tcdae) is 35 ◦C. Under this design condition, the heat trans-
fer effectiveness of the condenser (Eff cd), defined by (Tcdal −
Tcdae)/(Tcd − Tcdae), was identified to be 0.8, where Tcdal is the
temperature of air leaving the condenser. The number of staged
condenser fans is based on the heat rejection airflow required to
maintain the condensing temperature at its set point under HPC.
The air-cooled condenser contains 16 identical condenser fans
to deliver a total airflow rate of 85.52 m3/s. The fans are di-
vided into eight groups and each refrigeration circuit operates
with four fan groups. Under this arrangement, heat rejection air-
flow is regulated from 10.69 through 85.52 m3/s in eight steps,
depending on the ambient and load conditions. Each fan is of
the high static type with a power rating of 4.1 kW and the total
fan power is 65.6 kW when all the fans are operating.

The measured variables of the chiller included the percent-
age load, temperatures of supply and return chilled water (Tchws
and Tchwr), power of each compressor (Ecc) and each refriger-
ation circuit (Ech), evaporating temperature (Tev) and condens-
ing temperature (Tcd) of each refrigeration circuit. They were
monitored and logged at 15-min intervals by a building man-
agement system. Readings of the percentage load were taken
from the chiller microprocessor which controlled the capac-
ity step required to maintain Tchws within the dead band of
1 ◦C from its set point at various cooling loads. Resistance
type temperature sensors were used to measure the temperature
variables at an uncertainty of ±0.1 ◦C of readings. Regard-
ing the measurements of Tchwr and Tchws, the probes of the
sensors were immersed in the chilled water flowing through
the evaporator’s inlet and outlet. There was no meter to mea-
sure directly the chilled water flow rate (mw) but an estimation
of the actual value was made based on the monitored differ-
ential pressure across the constant speed pump dedicated to
the chiller and the pressure-flow characteristics of the pump.
For many operating conditions mw was found to comply with
its nominal value of 50 kg/s. The chiller load (Qcl), com-
puted by mwCpw(Tchwr − Tchws), was determined accordingly.
Considering the use of a fixed reading for mw, the uncer-
tainty of the calculated Qcl is due to the measurement er-
rors of Tchwr and Tchws. The percentage measurement error
of Tchws was 1.43% at the reading of 7 ◦C for all operating
conditions, while that of Tchwr was 0.8 % at the reading of
12.5 ◦C with full load and 1.28% at the reading of 7.83 ◦C
with the lowest percentage load of 15%. The root sum square
error of Qcl due to all these measurement errors was calcu-
lated to be 1.64% with full load and 1.92% with 15% of full
load.

Ecc and Ech were metered by power analysers with an un-
certainty of ±0.1 kW at the measured range of 1 to 999 kW.
The analysers were located next to the switchgears serving the
whole chiller unit and individual compressors and they mea-
sured the voltage, running current and power factor of each
phase of the electrical circuits. The chiller COP was then com-
puted by Qcl divided by the measured Ech. Regarding the
chiller part load ratios ranging from 0.15 to 1, Ech could vary
from 48.4 to 409 kW, so its percentage measurement error could
change from 0.21 to 0.024%. The root sum square error of
chiller COP due to all the measurement errors of Tchws, Tchwr
and Ech was calculated to be 1.64% with full load and 1.93%
with the 15% of full load.

An uncertainty analysis was carried out on the COP com-
puted based on the Tchws, Tchwr and Ech measured with individ-
ual uncertainties. Table 1 shows how the measurement error of
each input variable (i.e. input uncertainty) influences the cal-
culated results of chiller COP when the chiller was operating
at full load and the lowest part load ratio (PLR) of 0.15. The
selection of minimum and maximum perturbations is based on
the possible change of each measured variable. Based on the
dead band setting, Tchws can deviate by 1 ◦C from its set point
of 7 ◦C for all operating conditions, so its minimum and max-
imum perturbations are 6 and 8 ◦C, respectively. Following the
deviation of Tchws, the minimum and maximum perturbations
of Tchwr are 11.5 and 13.5 ◦C for the base value of 12.5 ◦C at
full load, and 6.83 and 8.83 ◦C for the base value of 7.83 ◦C at
a PLR of 0.15. When Tchws and Tchwr are maintained at their
base values at a given PLR, Ech can vary in response to the
ambient conditions. The minimum and maximum perturbations
of Ech are associated with an outdoor dry bulb temperature of
10 to 35 ◦C, respectively. The output change of chiller COP
was evaluated with respect to the input change of each mea-
sured variable. The unit-bearing sensitivity coefficient, defined
as the output change over input change, was then computed
for each of the variables. Given the uncertainty (measurement
error) of each input variable, it is possible to identify the un-
Table 1
Uncertainty analysis of operating variables

Input variable Base case Perturbations Input uncertainty Sensitivity coefficient Uncertainty of chiller COP

Min. Max.

Full load
Tchwr (◦C) 12.5 11.5 13.5 0.1 ◦C (0.8%) 0.025 ◦C−1 0.0025 (0.089%)
Tchws (◦C) 7 6 8 0.1 ◦C (1.43%) 0.025 ◦C−1 0.0025 (0.089%)
Ech (kW) 409 589.8 409 0.1 kW (0.024%) 0.010 kW−1 0.0010 (0.035%)
Part load ratio of 0.15
Tchwr (◦C) 7.83 6.83 8.83 0.1 ◦C (1.28%) 0.005 ◦C−1 0.0005 (0.034%)
Tchws (◦C) 7 6 8 0.1 ◦C (1.43%) 0.005 ◦C−1 0.0005 (0.034%)
Ech (kW) 116.4 48.4 116.4 0.1 kW (0.086%) 0.031 kW−1 0.0031 (0.208%)
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certainty of chiller COP—the input uncertainty multiplied by
sensitivity coefficient. As Table 1 illustrates, the percentage un-
certainty of chiller COP due to Tchws or Tchwr is much lower
than their respective percentage measurement errors. Ech is
the most influential parameter among the three input variables,
which tends to enlarge the percentage uncertainty of chiller
COP to up to 0.208% when the chiller part load ratio dropped
to 0.15.

The dry bulb temperature (Tdb) and relative humidity (RH)
of ambient air were monitored along with the measured vari-
ables of the chiller. They were used to control two identical
water mist installations, each with a high pressure pump rated
at 0.75 kW and dedicated to one refrigeration circuit. The mist
systems were designed to provide a total mist generation rate of
0.067 l/s which accounts for only 43% of 0.154 l/s computed
based on the calculation of peak mist generation rate mentioned
in Section 2. This suggests that the designer made a conserva-
tive estimate on the required mist generation rate in an attempt
to make sure that all the mist generated are fully vaporized by
the air entering the condenser without being carried over the
condenser fins and coil. It is noted that the water consumption
rate of 0.067 l/s is very small, compared with 0.93 l/s required
for a hypothetical cooling tower serving the chiller. The calcu-
lation of 0.93 l/s is based on an assumption that the water loss
accounts for 1.5% of the condenser water flow rate designed at
0.054 l/s per kW cooling capacity specified in standard rating
conditions for chiller performance rating [12].

3.2. Simulation analysis of chiller COP

The performance of the chiller with and without using mist
pre-cooling has to be analysed with the aid of chiller modelling
in view of the absence of measured data on the heat rejec-
tion airflow and temperature of air leaving the condenser. A
regression model based on DOE-2 [13] was developed to simu-
late the part-load and off-design COP of the chiller. The model
was calibrated by using 1585 sets of the actual operating data
collected from the chiller over the period of January to Au-
gust 2007. This data set covers various operating conditions in
terms of different combinations of dry bulb temperatures from
11.0 to 30.7 ◦C and chiller part load ratios (PLR) from 0.30
to 0.93. Eqs. (1) to (5) give the five regression curves used to
predict compressor power (Ecc), given the chiller load (Qcl),
the temperature of air entering the condenser (Tcdae), chilled
water supply temperature (Tchws), full load compressor power
(Ecc,rated) and chiller nominal capacity (Qcl,rated) at rated con-
ditions.

CAPFT = − 0.09464899 + 0.0383407 × (1.8Tchws + 32)

− 0.00009205 × (1.8Tchws + 32)2

+ 0.00378007 × (1.8Tcdae + 32)

− 0.00001375 × (1.8Tcdae + 32)2

− 0.00015464 × (1.8Tchws + 32)

× (1.8Tcdae + 32) (1)
EIRFT = 0.13545636 + 0.02292946 × (1.8Tchws + 32)

− 0.00016107 × (1.8Tchws + 32)2

− 0.00235396 × (1.8Tcdae + 32)

+ 0.00012991 × (1.8Tcdae + 32)2

− 0.00018685 × (1.8Tchws + 32)

× (1.8Tcdae + 32) (2)

PLR = Qcl/(Qcl,rated CAPFT) (3)

EIRFPLR = 0.0084 + 0.9615PLR + 0.0706PLR2 (4)

Ecc = Ecc,rated × CAPFT × EIRFT × EIRFPLR (5)

The two adjustment factors (CAPFT and EIRFT) for full
load conditions with variations in Tchws and Tcdae are based on
the default equations used in DOE-2. The adjustment factor (i.e.
Eq. (4)) for compressor efficiency at part load operation was the
best-fit regression curve with the coefficient of determination
(R2) of 0.89 based on the correlation between the EIRFPLR
and PLR calculated by the measured data. The accuracy of the
chiller model was examined by comparing the COP (expressed
here as Qcl/Ecc) calculated directly by the measured data with
that predicted by Eqs. (1) to (5). The mean bias error (MBE)
and root mean square error (RMSE) were used to quantify the
difference between the predicted and actual COP. They were
determined to be 0.0733 (1.77% of the mean COP of 2.83) and
0.3475 (8.38% of the mean COP of 2.83), respectively. The
smaller value of MBE may be due to the mutual cancellation
between over-estimation and under-estimation among the pre-
dicted results of the COP. Both the MBE and RMSE normalized
by the mean COP are well below 10%, suggesting that the re-
gression model is fairly accurate in the prediction of COP.

Heat rejection (Qcd) was calculated directly by using
Eq. (6). The variation of the condensing temperature (Tcd) at
part load conditions could be expressed by Eq. (7), based on
a plot of the measured Tcd against the PLR calculated by the
measured data. Given Eq. (7), it is possible to evaluate the ef-
fective heat rejection airflow (Va) by Eq. (8), where the heat
transfer effectiveness of the condenser (Eff cd) of 0.8 identified
at full load was used for all operating conditions. The total con-
denser fan power was determined by using Eq. (9), considering
that the airflow is directly proportional to the power of a fan
running at constant speed.

Qcd = Qcl + Ecc (6)

Tcd = 34.982 + 0.1493PLR + 16.087PLR2 (7)

Va = Qcd

ρaCpaEff cd(Tcd − Tcdae)
(8)

Ecf = Ecf,ratedVa/Va,rated (9)

In the absence of mist pre-cooling, Tcdae is simply equal to
the ambient dry bulb temperature (Tdb) which is independent
of Va, so all the equations can be solved directly based on the
given inputs. While the mist system operates, Tcdae refers to
the temperature (T ′

db) reduced from Tdb, of which the increased
moisture content W ′

db is dependent on Va and the mist gener-
ation rate (mmist). Their relationship is given by Eqs. (10) to
(12). The validity of Eq. (10) is based on an assumption that no
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Fig. 3. Procedure for evaluating operating variables of the chiller with mist pre-
cooling.

mist is lost to the surroundings. In cases where the calculated
W ′

db is greater than the maximum allowable moisture content
at the saturation state (i.e. Twb at 100% RH), T ′

db becomes Twb
and the surplus mist may be carried over the condenser coil.

�W = mmist/(Vaρa) (10)

W ′
db = Wdb + �W (11)

T ′
db = (hdb − 2501W ′

db)/(1.006 + 1.805W ′
db) (12)

Due to the interdependence of the variables in the presence
of mist pre-cooling, the whole set of Eqs. (1) to (12) has to be
solved through an iterative process shown in Fig. 3. For any
given inputs, Tdb was taken to be the initial value of Tcdae. All
variables were determined by using Eqs. (1) through (12). If
the difference between the T ′

db and Tcdae was less than a spec-
ified tolerance of ±0.005 ◦C, all the variables calculated were
convergent to their own values with the required accuracy. Oth-
erwise iterations were performed by replacing Tcdae with T ′

db in
order to meet the convergent criterion.

3.3. Part load performance of the chiller with mist pre-cooling

Drawing on the chiller model, the influence of mist pre-
cooling on the chiller COP was investigated with respect to a
complete set of 21481 operating conditions for the period of
January to August 2007 with various combinations of chiller
loads (PLR from 0.1 to 1), dry bulb temperatures (Tdb from 9.4
to 36 ◦C) and relative humidity (RH from 37.3 to 100%). In
this part, the COP calculation is based on the overall power in-
put to the compressors, condenser fans and high pressure pumps
when operating. Based on the frequency distribution shown in
Table 2, there is no clear correlation between RH and Tdb under
the local subtropical climate. RH exceeds 80% for 58.1% of the
total operating time and Tdb of above 28 ◦C accounts for 25.8%
of the total operating time. If the mist system operates based
on the supplier’s recommendation (Tdb > 28 ◦C at RH < 77%),
mist pre-cooling will take effect for only 11.4% of the total op-
erating time.

Figs. 4 and 5 show the simulation results of the percentage
change of COP from baseline (without mist pre-cooling) with
respect to different weather parameters, when the chiller op-
erated at part load ratios (PLRs) of 0.5–0.6 (with 2645 data
sets) and of 0.9–1 (with 3160 data sets). The wide spread of
the percentage change of COP is mainly due to various com-
binations of the weather parameters with the PLRs. A change
of chiller COP depends only on the combination of PLRs and
dry bulb temperatures in the absence of the mist system. This
is because the heat rejection airflow required to maintain head
pressure control is unique for a given combination of PLR and
dry bulb temperature. While the chiller operated with the mist
system, the heat rejection airflow interacted with not only the
dry bulb temperature but also the moisture content which could
vary independently with each other. This results in various de-
grees of the COP improvement for a given PLR. Regarding the
Table 2
Frequency distribution of relative humidity (RH) at different dry bulb temperatures (Tdb)

RH (%) Dry bulb temperature (Tdb) (◦C) Sub-total

8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24 24–26 26–28 28–30 30–32 32–34 34–36

90–100 0 0 169 312 515 575 440 498 907 904 335 4 0 0 4659
80–90 16 28 130 275 334 975 1386 632 807 1287 1503 440 0 0 7813
70–80 3 34 55 191 279 446 878 1123 463 480 897 984 434 0 6267
60–70 0 4 38 89 158 233 186 217 281 111 45 173 437 204 2176
50–60 0 0 28 4 48 89 95 68 33 29 0 9 29 52 484
40–50 0 0 0 0 0 0 21 33 20 1 0 0 0 0 75
30–40 0 0 0 0 0 0 0 0 7 0 0 0 0 0 7
Sub-total 19 66 420 871 1334 2318 3006 2571 2518 2812 2780 1610 900 256 21481

Data were collected at 15-minute intervals.
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Fig. 4. Percentage change of chiller COP at part load ratios of 0.5–0.6 against different weather parameters.
two PLR ranges, the extent to which the COP can increase is
different, though the spreads of the data are similar in some
way with respect to each weather parameter. When the mist
system was applied, the COP could increase more noticeably
at lower PLRs than at near full load. This is because at lower
chiller loads, the degree of modulating the heat rejection air-
flow is much higher when not all condenser fans are switched
on under HPC. At near full load with the operation of all con-
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Fig. 5. Percentage change of chiller COP at part load ratios of 0.9–1 against different weather parameters.
denser fans, the increase of chiller COP depends mainly on a
reduction in the condenser air temperature which is limited by
the relative humidity of outdoor air.

The chiller COP could increase in varying degrees by up to
7.7% for 92.1% of the total operating time in the period of Jan-
uary to August 2007, though it could drop from baseline by up
to 1.3% for 7.9% of the total operating time. The reduction of
the chiller COP was always associated with the excessive mist
carried over the condenser coil without undergoing vaporiza-
tion by the condenser air stream. The reduced COP, indeed, is
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Fig. 6. Schematic of the chiller system.
due to the extra pump power while evaporative cooling has lit-
tle or no effect on the decrease in the condenser air temperature
because of the minimal difference between the dry bulb and wet
bulb temperatures. It is possible to ensure a definite increase of
chiller COP when mist pre-cooling was applied at RH < 65% or
(Tdb −Twb) > 3.2 ◦C. Yet these two criteria screen out many op-
erating conditions according to the frequency distribution of Tdb
and RH shown in Table 2 and the increase of COP would not
be realized for 96.4% of the total operating time for RH < 65%
and 73.5% of the total operating time for (Tdb − Twb) > 3.2 ◦C.
On the other hand, the absolute increase of chiller COP was
guaranteed when all the mist generated was fully vaporized by
the ambient air before entering the condenser. Furthermore, the
percentage increase of COP appeared to be higher in the per-
fect vaporization process. Yet no single or composite weather
parameters was found to be suitable for illustrating the com-
plete vaporization process for any given operating condition,
with regard to the provision of the fixed mist generation rate for
each of the refrigeration circuits activated.

4. Potential benefits from using mist pre-cooling

An assessment was made on the potential electricity savings
by using mist pre-cooling based on the cooling load profile of
an existing chiller plant serving an institutional building. Fig. 6
gives the arrangement of the chiller plant. It contains five iden-
tical air-cooled screw chillers equipped with mist systems as
described in Section 3, each of the chillers is dedicated with one
constant speed chilled water pump to maintain a fixed chilled
water flow rate passing through it when operating. The deter-
mination of the electricity consumption of the primary loop
pumps is based on their rate power and the number of chillers
operating. For a given building cooling load, the flow rate of
chilled water required at the secondary loop was identified from
measurements and the least number of secondary loop pumps
operated at equal flow to meet this flow rate. The electricity
consumption of the secondary loop pumps was then determined
based on their rated power and the cubic relationship between
the power and flow. To meet the changing building cooling
load, conventional chiller sequencing was implemented so all
the chillers are operating at the same load, and no additional
chillers start to operate until each of the running chillers is op-
erating at full load. That means two, three, four and five chillers
were operating when the system cooling load exceeded 1152,
2304, 3456 and 4612 kW, respectively. The load which each
operating chiller carried was determined accordingly.

The building load profile refers a total set of 21481 data on
the building cooling load and the coincident dry bulb temper-
ature and relative humidity measured at 15-min intervals over
the period of January to August 2007. Each of the load data
was computed directly by the flow rate and temperatures of
chilled water measured at the supply and return headers of the
secondary chilled water loop. Table 3 represents the frequency
distribution of the building cooling loads expressed as ratios
(BLR) to the peak level of 4928 kW in various dry bulb temper-
ature bins. The total cooling energy was 3,005,797 kWh over
the period studied. Lower building load ratios appeared to scat-
ter over a wide range of dry bulb temperatures. Data of higher
building load ratios were generally gathered at higher outdoor
temperatures with a narrower range. The building load ratios
are 0.5 or below for 75.5% of the total operating time. Based
on conventional chiller sequencing, the percentages of the total
operating time in which one, two, three, four and five chillers
running were 48.64, 23.53, 24.84, 2.97 and 0.02%, respectively.

Following the analysis on the percentage change of chiller
COP with mist pre-cooling, some weather parameter settings
may be applied to filter out certain operating conditions in
which the unfavorable use of mist systems caused a decrease
in the COP. Six cases described below were considered when
calculating the total electricity consumption of the chillers op-
erating for the building load profile. Case 1 (C1) refers to the
base case where the mist system was idle (switched “OFF”) all
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Table 3
Frequency distribution of building cooling load data in different dry bulb temperature bins

BLR Dry bulb temperature (Tdb) (◦C) Sub-total

8–10 10–12 12–14 14–16 16–18 18–20 20–22 22–24 24–26 26–28 28–30 30–32 32–34 34–36

0.9–1 0 0 0 0 0 0 0 0 0 0 3 0 0 0 3
0.8–0.9 0 0 0 0 0 0 0 1 7 34 21 9 1 0 73
0.7–0.8 0 0 0 0 3 4 3 20 70 118 167 118 75 5 583
0.6–0.7 0 0 0 5 3 14 45 42 156 322 554 447 494 160 2242
0.5–0.6 0 0 1 6 27 98 158 124 216 383 555 499 200 86 2353
0.4–0.5 0 0 2 7 66 198 284 258 246 305 412 254 68 3 2103
0.3–0.4 0 0 13 16 110 174 367 446 303 232 318 105 18 1 2103
0.2–0.3 0 5 29 82 204 387 541 601 392 386 270 94 43 1 3035
0.1–0.2 5 15 183 420 453 949 1244 903 1054 990 468 76 0 0 6760
0–0.1 14 46 192 335 468 494 364 176 74 42 12 8 1 0 2226
Sub-total 19 66 420 871 1334 2318 3006 2571 2518 2812 2780 1610 900 256 21481

Data were collected at 15-minute intervals.

Table 4
Electricity consumption of chillers at different operating schedules of mist system

Case C1 C2 C3 C4 C5 C6

Chiller consumption (kWh) 2,664,629 2,587,451 2,587,739 2,645,923 2,630,835 2,661,959
% saving from C1 – 2.90 2.89 0.70 1.27 0.10
% of total time with mist pre-cooling 0 92.1 100 11.4 26.5 3.6
% of total time with chiller energy savings – 92.1 92.1 11.4 26.5 3.6
% of total time with extra chiller energy use – – 7.9 – – –
the time for each chiller operating. Cases 2 to 6 refer to different
strategies for switching “ON” the mist system for each chiller
operating: (C2) “ON” only when the COP could increase—
virtual optimum control; (C3) “ON” all the time even when the
COP dropped from the base case; (C4) “ON” only when the
dry bulb temperature was higher than 28 ◦C at a relative hu-
midity of less than 77%—adopted by the mist system supplier;
(C5) “ON” only when the difference between the dry bulb and
wet bulb temperatures (Tdb −Twb) exceeded 3.2 ◦C; (C6) “ON”
only when the relative humidity was below 65%.

The total electricity consumption was calculated to be
144,210 kWh for the primary loop pumps and 196,958 kWh
for the secondary loop pumps for all the cases where the
same schedule of staging chillers was applied. It is noted that
the overall electricity consumption of the pumps accounts for
11.4% of the electricity consumption of the chiller plant, with
regard to the base case with the total electricity consumption
of 2,664,629 kWh taken up by the chillers. Table 4 shows the
annual electricity consumption of the chillers under different
cases. Optimizing the operation of the mist systems enables the
total electricity consumption of the chillers to drop by 2.9% or
77,178 kWh. However, it is difficult to implement the optimum
mist control based directly on any ambient and load conditions.
It is interesting to note that near optimal mist control can be
achieved simply by interlocking the operation of the mist gen-
erating pumps and the chillers, as in case 3. The unfavorable
mist generation resulted in an increase of 0.01% or 288 kWh
only in the total chiller electricity consumption. It seems unwise
to use some weather parameter settings to limit the unfavorable
mist generation, based on the relatively small chiller energy
savings in cases 4 to 6. Indeed, the limited operation of the mist
systems brings very little chance to increase the chiller COP by
mist pre-cooling in many operating conditions.

It is possible to assess the economic benefit of implementing
mist pre-cooling in relation to the resultant electricity savings
of 76,890 kWh in case 3 with a small degree of COP improve-
ments. Considering an electricity tariff of HK$ 1 per kWh,
the electricity cost savings of the chiller plant is HK$ 76,890
over the 8-month period. Assuming that the total capital cost
is HK$ 150,000 for installing all the five chillers with mist in-
stallations, the simple payback period would be shorter than
2 years, suggesting that it is economically viable to consider
mist pre-cooling as a standard energy saving measure for air-
cooled chillers.

Based on the results in Table 4, more chiller energy use can
be reduced when the mist systems run longer, suggesting that
the mist systems should operate in line with the chillers in or-
der to achieve maximum energy savings. The advantage and
potential of applying mist pre-cooling have been fully realized
for air-cooled chillers operating under subtropical regions. It is
envisaged that energy savings from mist pre-cooling would be
more significant if the chillers operate in a hot and arid environ-
ment in which the difference between the dry bulb and wet bulb
temperatures is much higher.

5. Challenges of using mist per-cooling

It is possible to retrofit a mist system for any kind of air-
cooled chiller system, regarding its simple design and installa-
tion and its independence with sequencing control of chillers
and pumps. The present simulation analysis confirms that it is
economically viable to consider mist pre-cooling as a standard
energy saving measure for air-cooled chillers working even un-
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der HPC with a low COP at part load operation. As far as
energy saving is concerned, it is desirable to implement mist
pre-cooling for all the operating time of chillers. Yet for many
of the operating time mist could be carried over the condenser
fins and coil as shown in Figs. 4 and 5, due to the excessive
mist generation and incomplete vaporization by the condenser
air. It remains to be investigated whether scaling and corrosion
will be accelerated on the condenser fins and coil in a persis-
tent damp environment. More research and survey should be
done on what coating or special treatment on the heat trans-
fer surfaces may be required to cope with the wet environment
and on how proper maintenance practice should be developed to
ensure the heat transfer effectiveness of air-cooled condensers
with mist pre-cooling.

It is theoretically sound, but may not be practical, to ad-
just the mist generation rate in response to various ambient and
chiller load conditions in order to avoid excessive mist which
causes damping to the condenser fins and coil and even a re-
duction in the chiller COP. With regard to the pumps operating
at high pressure and low flow, the possible means to adjust the
mist generation rate rests on switching them on and off. A step
adjustment on the mist generation rate may be feasible by in-
stalling multiple sets of water mist installations for a chiller.
Yet it seems difficult to determine the required rate as surplus
mist on the condenser coil means incomplete vaporization but
still brings an increase in the COP for many operating condi-
tions. Furthermore, no explicit indicator is available to judge if
the actual rate matches with the required rate. Frequent switch-
ing of the pumps for adjusting the mist generation rate could
accelerate the wear and tear problem. More importantly, the
intermittent variation of the mist generation rate can cause a
fluctuation in the reduced condenser air temperature, which in
turn disturbs the stability of the condenser fans staged to deliver
the heat rejection airflow required for controlling the condens-
ing temperature at its set point. Although near-optimum per-
formance can be achieved simply by interlocking the operation
of the chillers and mist systems, it may still be worth consid-
ering precise control of mist generation rate with regard to the
concern over the wet condenser conditions and to the possible
change of air dryness under various climatic conditions.

This analysis indicates that mist pre-cooling helps boost a
small increase of COP for chillers operating under HPC. Given
the interaction between the mist generation rate, the heat re-
jection airflow required and the extent of reduction in the con-
denser air temperature, it is worth investigating how the use
of mist pre-cooling can complement CTC to further enhance
the COP of air-cooled chillers. Unlike HPC under which the
heat rejection airflow tends to drop in response to the reduced
chiller loads or ambient temperatures, the heat rejection airflow
under CTC is generally kept at its maximum level in many op-
erating conditions. The full vaporization process of mist can
occur more often under operating conditions with the maxi-
mum heat rejection airflow. This suggests that mist pre-cooling
can be used more effectively to increase the chiller COP. Due
to the gentler change of the heat rejection airflow under CTC
at various operating conditions, there should be less demanding
on the fine adjustment of mist generation rate. It is speculated
that a definite advantage with optimum energy savings can be
achieved from the simple interlocking operation of mist sys-
tems and chillers under CTC. Detailed analysis on integrating
mist pre-cooling with CTC will be the future research work in
order to learn better the ultimate improvement in the COP of
air-cooled chillers.

6. Conclusions

This paper investigates how mist pre-cooling helps improve
the energy performance of air-cooled chillers. The advantage
of this application rests on the decrease of compressor power
when the dry bulb temperature of air entering the condenser
drops to approach its wet bulb by mist vaporization with in-
significant consumption of water and pump power associated
with the mist generation. A simple regression-based model was
developed to simulate the part-load and off-design performance
of an existing chiller with mist installations. The use of mist
pre-cooling could increase the COP in various degrees by up to
7.7%, with regard to an air-cooled screw chiller operating un-
der HPC in subtropical regions. Yet up to a 1.3% reduction in
the COP could result from the extra pump power with exces-
sive mist generation when the evaporative cooling has little or
no effect on the decrease in the condenser air temperature be-
cause of the minimal difference between the dry bulb and wet
bulb temperatures.

Regarding the greatest percentage uncertainty of 1.93% in
the chiller COP computed from the temperature and power
variables with their own measurement errors, the increase of
chiller COP can be distinguishable when its percentage change
is above 1.93% which accounts for 66.7% of the total operat-
ing time. In cases where the percentage increase of chiller COP
is less than 1.93%, the energy savings brought from mist pre-
cooling can be identified more directly by noting a reduction in
the chiller power measured with an error of 0.09% at most. Al-
though mist pre-cooling could bring about a savings of 2.9%
only in the total chiller electricity consumption, its economic
benefit was verified based on a simple payback period of shorter
than 2 years. It is envisaged the COP improvements made by
mist pre-cooling would be more considerable for chillers oper-
ating under CTC or under the hot and arid environment with
a large difference between the dry bulb and wet bulb tempera-
tures.

It is simple and easy to design and install a mist system for
any given air-cooled chiller system. A straightforward means
to maximize electricity savings is to operate the mist system
continuously with the on-line chiller, regardless of ambient and
load conditions. The interlocking operation of the chiller and
mist system is free of control inaccuracy associated with the
measurement error of the temperature and power variables. Yet
the major challenges of operating a mist system may involve
identifying the potential impacts on the wet condenser condi-
tions resulting from unavoidable excessive mist generation and
assessing the importance of the precise adjustment of mist gen-
eration rate in response to various operating conditions. These
should be addressed in order to foster mist pre-cooling as a
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standard energy efficient measure for air-cooled chillers and
constitute the future research work.
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