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Biological  fouling  (biofouling)  on  wetted  cooling  coil  surfaces  decreases  heat  transfer  efficiency,  increases
air-side  flow  resistance  and  may  eventually  lead  to more  energy  consumption  by fans  and  chiller  plants.
Applying  ultraviolet  germicidal  irradiation  (UVGI)  systems  in  air  handling  units  (AHUs)  has  the  potential
to  clean  coils,  improve  coil  performance  and save  energy.  In  this  study,  the  effectiveness  of  a coil  irra-
diation  system  in improving  coil  performance  and  saving  energy  was  investigated  through  a  field  test
in a hot  and  humid  climate.  A  commercially  available  coil irradiation  system  was  installed  downstream
of  a cooling  coil  in a variable  air volume  (VAV)  AHU.  The  duration  of  the  field  test  was  14  months,  with
ooling coil
oil performance
nergy saving
ot and humid climate

four  months  before  UVGI  intervention  and 10 months  after  UVGI  intervention.  The  effectiveness  of  UVGI
was  evaluated  via  a “before  UV”  and  “after  UV”  comparison  of coil  performance.  The  coil overall  thermal
conductance  increased  by 10%  and  the  pressure  drop  decreased  by  13%,  with  the  improvement  being
most  rapid  over  the  first month  after  UVGI  intervention.  Fan  energy  use  fell  by 9%  over  the  ten  months
of  UVGI  operation.  Savings  in  fan  energy  were  39% greater  than  the  energy  used  by the  UV  lamps.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

.1. Background

The building sector, the largest energy user in many countries,
s also the largest carbon dioxide (CO2) emitter and the main con-
ributor to climate change [1–3]. Globally, buildings account for
round 40% of the total energy consumption and more than 30%
f the CO2 emissions [4]. Heating, Ventilating and Air-Conditioning
HVAC) systems are generally the largest energy end-user in build-
ngs. In Singapore, the building sector accounts for around 31% of
he whole country’s electricity consumption, of which 60% and 10%
f the electricity is used for cooling and ventilation, respectively
5].

The primary purpose of HVAC systems is to provide a com-
ortable and healthy indoor environment for building occupants

y maintaining thermal comfort and indoor air quality (IAQ) at
cceptable levels. Cooling coils that transfer heat and mass are key
omponents of HVAC systems. Cooling coils are heat exchangers

∗ Corresponding author.
E-mail address: wangyi13@u.nus.edu (Y. Wang).

ttp://dx.doi.org/10.1016/j.enbuild.2016.08.063
378-7788/© 2016 Elsevier B.V. All rights reserved.
consisting of rows of finned tubes through which coolant passes
and over which warm and humid air passes, as shown in Fig. 1. The
compact design of cooling coils makes them susceptible to fouling.
Coil fouling such as particulate fouling and biofouling affects cool-
ing coil performance. Properly selected upstream filters can prevent
particulate fouling to a large extent. However, it is very challenging
to prevent biofouling and this is particularly true in a hot and humid
climate like Singapore, where the year-round cool and humid envi-
ronments around cooling coils make them ideal places for microbes
to grow and form colonies.

Fouled coils can become reservoirs of microorganisms [6–11]
that distribute biological contaminants into indoor spaces via the
ventilation system, resulting in deteriorated IAQ and potentially
affecting human health [12–14]. In addition to its negative effects
on IAQ and human health, coil fouling may  also significantly
degrade system performance. Biofouling on coil surfaces decreases
the free flow area and increases the pressure drop across coils.
Fans consume more energy to overcome the additional pressure
to provide indoor spaces with an equivalent amount of air flow
for ventilation and thermal control. In addition, the thermal con-

ductivity of biofouling is only around 0.6 W/m  K [15,16], more than
two orders of magnitude smaller than that of the aluminum coil fin
(around 200 W/m  K). This huge difference makes biofouling effec-

dx.doi.org/10.1016/j.enbuild.2016.08.063
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
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Nomenclature

cp Specific heat capacity of air [kJ/kg K]
Di Tube inside diameter [m]
F Correction factor for flow arrangement
fi Friction factor
h Heat transfer coefficient [W/m2 K]
i Enthalpy [kJ/kg]
k Thermal conductivity [W/m K]
m Mass flow rate [kg/s]
�P Pressure drop [Pa]
Pr Prandtl number
q Heat transfer rate [kW]
Re Reynolds number
T Temperature [◦C]
UA Overall enthalpy-based thermal conductance for

cooling and dehumidifying coils [kg/s]
u Velocity [m/s]
W Fan power [kW]
x Correction factor for temperature
AFTMS Air flow temperature measuring station
AHU Air handling unit
BMS  Building management system
CCSIM Simple cooling coil
CO2 Carbon dioxide
DNA Deoxyribonucleic acid
HVAC Heating, ventilating and air-conditioning
IAQ Indoor air quality
ID-UVGI In-duct UVGI
IEP Inverse EnergyPlus
LMED Log mean enthalpy difference
LMTD Log mean temperature difference
RNA Ribonucleic acid
UR-UVGI Upper-room UVGI
UVC Ultraviolet C
UVGI Ultraviolet germicidal irradiation
VAV Variable air volume

Subscripts
a Air
dp Dew-point
sat Saturation
w Water
in Coil inlet
out Coil outlet
mean Mean value
0 Operating condition
1 Reference condition

Greek symbols
�f Fin efficiency
� Density [kg/m3]

t
t
o
t
c
a
c
c
s
t

� Dynamic viscosity [Pa s]

ive thermal insulation, impeding the heat transfer from warm air
o coolant and decreasing the air-side heat transfer coefficient. In
rder to overcome the additional thermal insulation and maintain
he same supply air set point temperature in fouling conditions,
hilled water systems usually react in two different ways which are
ssociated with more energy usage. The first way is to increase the

hilled water flow rate without changing the chilled water supply
onditions, causing chilled water pumps to run harder and con-
ume more energy. This occurs automatically. The second way  is
o lower the chilled water supply temperature, causing chillers to
Fig. 1. A schematic of a 2-row cooling coil.

run in non-optimum conditions with reduced coefficient of per-
formance. Reset of chilled water temperature set point is normally
done by operator intervention.

Annual or semi-annual coil cleaning is commonly recommended
by manufacturers to prevent coils from fouling heavily and to
ensure that they operate under optimum conditions. The most
widely used coil cleaning methods are chemical cleaning and high-
pressure water cleaning, frequently in conjunction. For chemical
cleaning, chemicals need to be removed thoroughly to avoid poten-
tial danger to both indoor occupants and service personnel. For high
pressure water cleaning, it is very possible for fouling to be driven
into coils, making it out of sight and even harder to be removed.
Regardless of which method of conventional coil cleaning is used,
facility shutdown is required and cost is significant.

Ultraviolet germicidal irradiation (UVGI) is a well-known tech-
nology with over a century of history that uses Ultraviolet C (UVC)
radiation at the wavelength of 253.7 nm to inactive microorganisms
by altering the molecular bonds and structure of their Deoxyri-
bonucleic acid (DNA) and Ribonucleic acid (RNA). The altered
DNA and RNA prevent microorganisms from reproducing. Different
types of UVGI systems have been widely used in real world appli-
cations, including but not limited to upper-room UVGI (UR-UVGI),
in-duct UVGI (ID-UVGI) and UVGI coil irradiation systems. For UR-
UVGI, UV radiation is confined in the upper space of rooms above
the occupied zone to provide air disinfection when the air passes
through the irradiated zone. For ID-UVGI, UV lamps are installed in
AHUs for the purpose of air treatment. For coil irradiation systems,
UV lamps are installed in AHUs to provide surface disinfection for
coil surfaces. In recent years, there is a growing interest in govern-
ment agencies and HVAC communities for coil irradiation systems
due to their potential to improve coil performance, maintain coil
condition, save energy and improve IAQ.

1.2. Literature review on coil fouling

Multiple studies on the effects of particulate fouling are available
in the scientific literature. Bell and Groll [17], in a laboratory test,

found a more than 200% increase in the air-side pressure drop and a
more than 10% decrease in the heat transfer rate with the injection
of ASHRAE Standard Dust and Arizona Road Test Dust, respectively.
Yang et al. [18] injected 600 g of dust upstream of coil-filter combi-
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Table 1
Summary of the coil geometry.

Parameter Value

Number of rows 8
Number of circuits 76
Number of tubes per row 38
Number of tubes per circuit 4
Fin thickness [mm] 0.115
Spacing between fins [mm] 2.425
Fins per inch 10
Fin height [mm] 1206.0
Tube length [mm] 1517.0
Outside tube diameter [mm] 12.70
Inside tube diameter [mm] 12.02
Tube thickness [mm] 0.34
Y. Wang et al. / Energy and

ations in a laboratory test to investigate the effects of particulate
ouling. Increase in the pressure drop, ranging from 6% to 200%, was
bserved in different coil-filter combinations. Impacts on the air-
ide heat transfer coefficient were different for different coil-filter
ombinations, ranging from −14% to 4%. They found enhancement
n the air-side heat transfer coefficient for a certain coil with good
ltration and speculated that, in some cases, the presence of dust
reated additional turbulence which could enhance heat transfer. It
as also found that the majority of dust fouling was  on the leading

dges of coils. Ahn et al. [19] collected field-installed evaporators
nd tested their performance in a laboratory environment. 10–15%
eduction in cooling capacity of heat exchangers with 7 years of
sage was found.

Biofouling differs from particulate fouling in many aspects,
ncluding fouling site, fouling material and fouling formation con-
itions. As reported by Yang et al. [18], the majority of particulate

ouling was found on the leading edges of coils. Luongo and Miller
20] found that microbial growth on coil surfaces was depen-
ent on coil operating conditions, with higher microbial loading
n downstream coil surfaces in condensing conditions and, con-
ersely, higher loading on upstream surfaces in dry conditions.

Peer-reviewed studies on the effects of biofouling on cooling
oil performance are quite limited in the scientific literature. Pu
t al. [21] showed 21.8–41.3% increase in the pressure drop at face
elocities ranging from 0.5 m/s  to 2.0 m/s, and 7.2–15.9% reduction
n the air-side heat transfer coefficient at the face velocity of 2.0 m/s
hrough a laboratory test by artificially growing microorganisms on
oil surfaces.

.3. Motivation and objectives

Although a large body of anecdotal evidence from real-world
oil irradiation systems show promising energy saving potential,
ery few relevant peer-reviewed studies can be found in the sci-
ntific literature [22]. In order to form a better understanding of
oil irradiation system characteristics, it is important to investigate
heir effectiveness in improving coil performance and energy sav-
ng potential in real-world applications on the basis of a sufficiently
ong period of UVGI intervention. In this study, the effectiveness of

 coil irradiation system is investigated in a laboratory building in
ingapore. Singapore is near the equator and has a typically tropi-
al climate, with high temperatures and humidity levels. According
o Meteorological Service Singapore [23], temperatures and rela-
ive humidities vary very little from month to month from 1982
o 2014. The average monthly temperatures range from 26.0 ◦C to
7.8 ◦C and the mean annual relative humidity is 84.1%. The year-
ound cooling and humidity load promote microbial growth on the
oil. The whole duration of UVGI intervention is 10 months. The
rimary focus of this study is the comparison of “before UV” and
after UV” coil performance indicators such as overall enthalpy-
ased thermal conductance (UA value), air-side pressure drop and
an power, which is a crucial step towards the evaluation of energy
aving potential of coil irradiation systems.

. Methodology

This study is a field investigation aiming to characterize the
ffectiveness of coil irradiation systems under actual working con-
itions. The methodology consists of five parts: (1) cooling coil

election and UVGI system; (2) energy related measurements for
he cooling coil; (3) “before UV” and “after UV” comparison of coil
erformance; (4) pre-processing of data; and (5) uncertainty anal-
sis.
Longitudinal tube pitch [mm] 27.50
Transverse tube pitch [mm] 31.75

2.1. Cooling coil selection and UVGI system

It is important to ensure that the cooling coil under investiga-
tion is sufficiently fouled so that the effectiveness of coil irradiation
systems can be tested clearly. There is no well-defined quantita-
tive standard for defining a fouled coil. Cooling coil was selected by
the investigators based on two  selection criteria: visual evidence
of fouling and history of complaints from occupants served by the
coil. Generally, fouled cooling coils have visible fouling material on
coil surfaces, which can be easily observed. In addition, odor com-
plaints from occupants can be an indication of coil fouling. Based
on the above two criteria, a cooling coil in continuous operation in
a VAV AHU in a laboratory building was selected for this study. The
selected coil was not heavily fouled. It was maintained according to
a regular cleaning schedule. The last maintenance of the coil took
place 6 months prior to the beginning of the study. The reason for
choosing a regularly maintained coil is to have a fouling condition
representative of typical performance, rather than exaggerating the
impacts of coil irradiation systems based on the impacts on coils
with heavy fouling. A summary of coil information for the selected
system is listed in Table 1.

In this study, a commercially available coil irradiation system
was installed downstream of the cooling coil and above the drain
pan. Two low pressure mercury vapor double-ended germicidal
UV lamps (GTD 40 VO) were installed inside the AHU as shown in
Figs. 2 and 3. The input power of each lamp is 109 W.  For coil irradi-
ation systems, UV lamps can be installed either on the upstream or
downstream side or on both sides of cooling coils. Positioning UV
lamps on both sides may  be the best approach for coil surface dis-
infection as radiation from one side only may be greatly attenuated
before reaching the opposite surface of the coil. In most cases, UV
lamps are installed on the downstream side because the conden-
sate water moves towards the downstream side and the condensate
drain pan can be irradiated at the same time.

2.2. Energy related measurements for the cooling coil

Air-side and water-side parameters of the cooling coil such as
air flow rate, on/off coil temperatures, on/off coil relative humidi-
ties, pressure drop, chilled water flow rate, fan power, and chilled
water supply/return temperatures were continuously measured by
relevant sensors and recorded by a building management system
(BMS). Data were logged as 6 min average data. During the period
of measurements in this study, on-coil temperatures ranged from
21.5 ◦C to 28.0 ◦C; on-coil relative humidities ranged from 45% to

81%.

The airflow was measured by an electronic thermal dispersion
type airflow temperature measuring station (AFTMS, EAMP) with a
grid of 2 × 2 (2 probes with 2 sensors per probe). The mean airflow
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Table 2
Summary of the uncertainties of measured values.

Parameter Uncertainty

Air flow rate [m/s] ±2% of reading
Air  temperature [◦C] ±0.15
Water temperature [◦C] ±0.2
Relative humidity [%] 0–90: ±1.5; 90–100: ±2.5
Pressure drop [Pa] ±0.4% of reading

Hence, any variation in coil performance after UV intervention can

F
U

Fig. 2. A schematic of the coil irradiation system.

ver the grid was used for further calculation of air-side heat trans-
er rate. The air temperatures upstream and downstream of the
ooling coil were measured by rigid averaging sensor probes fully

overed by continuous sensing element (ST-AV81H). The mean air
emperature was used in the calculation of enthalpy. Water tem-
erature was measured by an immersion sensor (ST-W71E-XW).

ig. 3. Test apparatus (A: Chilled water return pipe; B: Chilled water supply pipe; C: Sup
V  lamps).
Water flow rate [L/s] ±0.25% of reading
Fan power (kW) ±0.1% of reading

The relative humidity was  also measured upstream and down-
stream of the cooling coil using humidity transmitters (HMT 120).
The pressure drop across the cooling coil was measured by using
a differential pressure transmitter (CXLdp). The chilled water flow
rate was  measured with an electromagnetic flow sensor (SITRANS
F M MAG  5100 W).  Table 2 summarizes the uncertainties of the
measured values.

2.3. “Before UV” and “after UV” coil performance comparison

In order to characterize the effectiveness of coil irradiation sys-
tems in improving energy performance of cooling coils, a “before
UV” and “after UV” comparative approach was used. Field measure-
ments commenced around four months before turning on the UV
lamps and continued for 10 months subsequently. The measure-
ment schedule is summarized in Table 3. During the UV irradiation
period, no other intervention took place in the coil. Upstream fil-
ters were replaced according to the normal maintenance schedule.
only be attributed to the effects of the coil irradiation system.
Three key indicators of coil performance: overall enthalpy-

based thermal conductance (UA value), air-side pressure drop and

ply air duct; D: Return air duct; E: Outdoor air duct; F: UV switch and interlock; G:
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Table  3
Summary of the measurement schedule.

UV status Time
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Before UV 2013/11/01−2014/02/25
Turning on UV 2014/02/26
After UV 2014/02/26−2014/12/31

an power were examined. For pressure drop and fan power, a clas-
ic power law relationship was employed to correlate them with
ace velocity, as shown in Eqs. (1) and (2), respectively. The regres-
ion results make it possible to quantify the effectiveness of coil
rradiation systems in reducing pressure drop and fan power at
ifferent face velocities.

P  = buca (1)

 = duea (2)

here ua is the face velocity, �P  is the air-side pressure drop, W is
he fan power, b,c,d,e are the coefficients.

The UA value is a function of coil operating conditions. Differ-
nt operating conditions will result in different UA values, making
irect “before UV” and “after UV” comparison in a field test chal-

enging. In order to evaluate the change in UA, it is necessary to
ompare UA values at a reference operating condition before and
fter application of UVGI. According to the existing literature, there
s no published method capable of converting UA values from oper-
ting conditions to a reference condition. However, there are a
ouple of methods (EnergyPlus method [24] and Morisot method
25]) to calculate UA values at different operating conditions given

 UA value at a reference condition. They are mainly developed for
nergy simulation tools to simulate yearly energy consumption.
nergyPlus method utilizes Simple Cooling Coil (CCSIM) model to
alculate the overall UA value at a reference condition and then
onverts the UA value from a reference condition to different oper-
ting conditions according to different water-side and air-side coil
nlet conditions. The CCSIM model, presented in ASHRAE HVAC2
oolkit, was developed by Brandemuehl et al. [26] to simulate coils
hen detailed geometrical data is not available. In this study, the
ethod used in EnergyPlus is inversely employed for calculating

he UA value at a reference condition. Given the UA values at vary-
ng operating conditions, the UA value at the reference condition is
alculated via an inverse application of the EnergyPlus model. This
pproach was previously applied with good results to analysis of
ata from a coil irradiation installation in Tampa, FL in the United
tates by Firrantello et al. [27].

There are two reasons for choosing the inverse EnergyPlus
IEP) method over Morisot method. The first reason is that the
EP method considers four parameters (water/air flow rate, chilled

ater supply temperature and entering air temperature) during
onversion, while Morisot method only considers two  (water/air
ow rate). The second reason is to keep conversion method con-
istent when it comes to conducting simulation in EnergyPlus at a
ater stage. The procedure of IEP method is listed below. Subscript

 and 1 mean operating conditions and the reference condition,
espectively.

. Calculate the overall enthalpy-based UA ((UA)0) at operating
conditions

. Calculate the temperature-based air-side UA ((�f (hA)a)0) and
water-side UA ((hA)w,0) at operating conditions

. Calculate the air-side correction factor xa and water-side correc-
tion factor xw
. Calculate the temperature-based air-side UA ((�f (hA)a)1) and
water-side UA ((hA)w,1) at the reference condition

. Calculate the overall enthalpy-based UA ((UA)1) at the reference
condition
ings 130 (2016) 321–329 325

The enthalpy-based UA values at operating conditions can be
determined from measured data using the log mean enthalpy dif-
ference method, described in Eqs. (3) and (4). Using log mean
enthalpy difference (LMED) method in this study is due to that the
cooling coil under investigation is associated with both sensible
and latent cooling. For heat exchangers with only sensible load, the
log mean temperature difference (LMTD) method will be used.

(UA)0 = q

F · LMED
(3)

LMED = (ia,in,0 − iw,out,0) − (ia,out,0 − iw,in,0)

ln
ia,in,0−iw,out,0
ia,out,0−iw,in,0

(4)

where q is the heat transfer rate of the cooling coil, LMED is the
log mean enthalpy difference, ia,in,0 and ia,out,0 are, respectively,
the entering and leaving air enthalpy, iw,in,0 and iw,out,0 are, respec-
tively, the saturated air enthalpy at chilled water supply and return
temperature, and F is the correction factor for flow arrangement.
Coils with two or more rows can be considered as counter flow heat
exchangers for which the correction factor F is unity [28]. It is to be
noted that F is dimensionless, heat transfer rate q has a unit of kW
and LMED has a unit of kJ/kg. Hence, the unit of overall enthalpy-
based thermal conductance UA is kW/(kJ/kg), representing the rate
of heat transfer per unit log mean enthalpy difference. After unit
conversion, kW/(kJ/kg) is reduced to kg/s. kg/s is used as the unit of
overall enthalpy-based UA in this paper for simplification purpose.

The enthalpy-based UA is related to the conventional
temperature-based UA by the specific heat. Hence, the enthalpy-
based thermal resistance balance for a cooling coil at operating
conditions is described in Eq. (5), whose derivation procedure can
be found in HVAC2 Toolkit [26].

1
(UA)0

= cp,sat,0
(hA)w,0

+ cp,a
(�f (hA)a)0

(5)

where 1
(UA)0

is the overall enthalpy-based thermal resistance

between air and water,
cp,sat,0
(hA)w,0

and cp,a
(�f (hA)a)0

are the water-side and

air-side thermal resistances, respectively; cp,a is the specific heat of
dry air and cp,sat,0 is an effective specific heat capacity of saturated
air, defined by Eq. (6).

cp,sat,0 = ia,in,dp,0 − iw,in,0
Ta,in,dp,0 − Tw,in,0

(6)

where ia,in,dp,0 is the saturated air enthalpy at the dew-point tem-
perature of entering air (Ta,in,dp,0) and Tw,in,0 is the chilled water
supply temperature. Compared with the air-side and water-side
convective resistances, the tube conductive resistance is much
lower. Hence, it can be neglected in the thermal resistance balance
expressed above by Eq. (5).

The water-side heat transfer coefficient is calculated using the
Gnielinski correlation [29], which is valid for smooth tubes over a
large Reynolds number range including the transition region. It is
valid for 0.5 ≤ Pr ≤ 2000 and 3000 ≤ Re ≤ 5 × 106.

hw,0 = (
kw
Di

)
(ReDi − 1000)Pr(fi/2)

1 + 12.7
√
fi/2(Pr2/3 − 1)

(7)

where Di is the inside tube diameter, Pr is the Prandtl number, kw
is the thermal conductivity of water, Re is the Reynolds number
defined in Eq. (8), and fi is the friction factor defined in Eq. (9).

ReDi = �wuwDi/�w (8)
fi = (1.58 ln(ReDi ) − 3.28)−2 (9)

where �w is the density of water, uw is the water velocity and �w
is the dynamic viscosity of water.
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Table 4
The reference condition of the cooling coil.
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Table 5
UA at the reference condition (mean ± uncertainty).
Parameter Ta,in,1 [ C] RHin ,1 [%] ua,1 [m/s] Tw ,in,1 [ C] Qw,1 [L/s]

Value 26.7 50.8 2.12 7.0 5.118

The water-side heat transfer area can be calculated from tube
eometrical data. Hence, the air-side UA (�f (hA)a)0 can be calcu-
ated from Eq. (5).

The air-side and water-side correction factor can be calculated
rom entering air temperature and chilled water supply tempera-
ure, respectively. They account for the effects of temperature on
ir and water thermal properties.

a = 1 + 4.769 · 10−3(Ta,in,1 − Ta,in,0) (10)

w = 1 + (
0.014

1 + 0.014Tw,in,0
)(Tw,in,1 − Tw,in,0) (11)

here xa is the air-side correction factor, xw is the water-side cor-
ection factor, Ta,in is the entering air temperature, and Tw,in is the
hilled water supply temperature.

The air-side UA (�f (hA)a)1 and water-side UA (hA)w,1 at the ref-
rence condition can be derived from Eqs. (12) and (13).

�f (hA)a)1 = xa(
ma,1
ma,0

)
0.8

(�f (hA)a)0 (12)

hA)w,1 = xw(
mw,1
mw,0

)
0.85

(hA)w,0 (13)

here ma is the air mass flow rate and mw is the water mass flow
ate.

Hence, the overall enthalpy-based UA value at the reference
ondition can be calculated from Eqs. (14) and (15)

1
(UA)1

= cp,sat,1
(hA)w,1

+ cp,a
(�f (hA)a)1

(14)

p,sat,1 = ia,in,dp,1 − iw,in,1
Ta,in,dp,1 − Tw,in,1

(15)

The reference condition of the cooling coil is listed in Table 4.

.4. Pre-processing of data

In the field test, the coil was in continuous operation and data
as collected continuously. The advantage of a field test is the abil-

ty to capture the nature of the real-world condition, while the
isadvantage is the associated significant data noise, which needs
o be evaluated and processed properly before analysis. There are
wo steps during data pre-processing. The first step is to remove
ero or negative values, which may  be collected during AHU shut-
own or result from sensor signal transmission problems. The
econd step is to remove additional unrealistic data, such as leav-
ng air temperature higher than entering air temperature, or chilled

ater return temperature lower than chilled water supply temper-
ture.

.5. Uncertainty analysis

The uncertainty of a calculated variable is determined by com-
ining the uncertainties in the independently measured variables
hrough uncertainty propagation [30], as shown in Eq. (16).
R =
[

n∑
i=1

(
∂R
∂Xi

· UXi

)2
]1/2

(16)
Before UV After UV Increase

UA [kg/s] 7.632 ± 0.007 8.361 ± 0.005 9.552% ± 0.120%

where UXi is the uncertainty in a measured variable Xi, R is the
function of the measured variables, and UR is the uncertainty in the
calculated variable.

Once the uncertainty of every UA is determined, the uncertainty
of the mean of UA can be determined using the same uncertainty
propagation method, as described in Eqs. (17)–(20).

UAmean =

n∑
i=1

UAi

n
= UA1 + UA2 + · · · + UAn

n
(17)

UUAmean =

√(
∂UAmean
∂UA1

)2

U2
UA1

+
(
∂UAmean
∂UA2

)2

U2
UA2

+ · · ·
(
∂UAmean
∂UAn

)2

U2
UAn

(18)

∂UAmean
∂UA1

= ∂UAmean
∂UA2

= · · · = ∂UAmean
∂UAn

= 1
n

(19)

UUAmean = 1
n

√√√√ n∑
i=1

U2
UAi

(20)

3. Results

3.1. Overall enthalpy-based thermal conductance (UA)

The “before UV” and “after UV” comparison of UA values at the
reference condition is shown in Fig. 4. As can be seen in Fig. 4, there
is a sharp break at around 5 kg/s at the lower end, and another sharp
break at around 12 kg/s at the higher end for both “before UV” and
“after UV” distribution. The extreme values at the upper end are
associated with higher-than-normal chilled water flow rate, which
may  be collected during periods of significant water-side flow rate
fluctuation. The extreme values at the lower end are associated
with very high chilled water supply temperature, which may  be
collected when a chiller was off or a pump was just turned on. These
extreme values were collected during extreme or unsteady operat-
ing conditions and should be removed to refine the data set so that it
can better represent normal operating conditions. The outlier elim-
ination removed around 700 data points, approximately 0.7% of the
total after pre-processing. The difference between “before UV” and
“after UV” mean UA value after outlier removal is given in Table 5.
UA value increases by approximately 10% at the reference condition
after applying the coil irradiation system.

The small uncertainty of the mean UA is due to the fact that the
mean of multiple measurements of a given quantity will converge
to the expected value regardless of the uncertainty of the individual
measurement due to the law of large numbers. The reported UA is
mean value averaged over around 94,000 data points.

3.2. Pressure drop

In Fig. 5, a distinct reduction in pressure drop occurs after UV
intervention. This is attributed to an increase in the free flow area
of the cooling coil with the biofouling being reduced due to the ger-
micidal effects of UVGI, and consequently, the pressure drop being

reduced. The regression results are reasonable for a field test with
R2 being 0.88 and 0.95 for “before UV” and “after UV” regression,
respectively. At the reference face velocity of 2.12 m/s, the pressure
drop decreases by about 13%, from 40.6 Pa to 35.3 Pa.
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Fig. 4. Comparison of UA at the reference condition.

Fig. 5. Pressure drop vs. face velocity.
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“after UV” regression results. The fan energy savings of every 6 min
Fig. 6. Pressure drop vs. face velocity (breakdown).

Although a clear and distinct reduction in pressure drop can
e observed after UV intervention, the “after UV” regression line
epresents the average condition over ten months. In order to dif-
erentiate the effects of the coil irradiation system at different
tages, the “after UV” data is divided into ten different one-month
roups. The 1st group (1st month after UV) and 10th group (10th
onth after UV) are compared with “before UV” data, as shown in

ig. 6.
As can be seen in Fig. 6, the regression results are quite good

ith R2 being 0.98 and 0.97 for “1st month after UV” and “10th
onth after UV” scenario, respectively. At the reference face veloc-

ty of 2.12 m/s, the average pressure drop after UV is 36.1 Pa over

he 1st month and 33.0 Pa over the 10th month. Compared to the
before UV” condition, the percentage reductions are 11% and 19%,
espectively.
Fig. 7. Fan power vs. face velocity.

Table 6 summarizes the pressure drop at the reference face
velocity under different scenarios. As presented in Table 6, the per-
centage reduction in pressure drop over a period of ten months after
UV is 13%. However, the reduction is already as high as 11% over
the first month, indicating that the coil irradiation system is able
to reduce the pressure drop for this fouled coil rapidly. Although a
19% reduction can be achieved after ten months of UV intervention,
it takes nine months to achieve this additional 8% reduction.

3.3. Fan power

In VAV AHUs, when fouling materials accumulate on cooling coil
surfaces, fans have to work harder to overcome the increased pres-
sure so as to provide the same amount of airflow, which can result
in more energy use by the fans. In Fig. 7, a distinct reduction in
fan power can be observed after UV, which is in good agreement
with the aforementioned reduction in pressure drop. It reduces
by approximately 5%, from 2.35 kW to 2.23 kW,  at the reference
face velocity of 2.12 m/s. In order to estimate the fan energy sav-
ings for the whole period of ten months after UV, the “before UV”
condition is assumed to be the baseline. It is to be noted that this
is a conservative assumption because fan power is likely to con-
tinuously increase over the next ten months in normal operating
environment without UV as the coil fouls. For every 6-min aver-
age data point, it is assumed that face velocity is constant, and
the fan energy savings are evaluated based on the “before UV” and
are summed over ten months, and the result is the estimated fan
energy savings over a period of ten months after UV intervention.
Following the above assumption, the fan energy use reduces by
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Table 6
Pressure drop at the face velocity of 2.12 m/s  under different scenarios.

Before UV After UV 1st month after UV 10th month after UV

Pressure drop at 2.12 m/s  [Pa] 40.6 35.3 

Reduction – 13% 

Table 7
A summary of regression coefficients.

Coefficients

b c d e

Before UV 14.78 1.345 0.6388 1.736
After UV 12.36 1.396 0.6977 1.547

a
f
w
l
i
t

i

4

n
a
m
a
c
m
t
l
U
u
c
p
p
T
p
f
c

p
i
f
p
a
t
r
o
l
t
t
e
s
e
a

T
i
I

1st  month after UV 13.38 1.322 – –
10th month after UV 10.92 1.472 – –

pproximately 9%, from 22587 kWh  to 20532 kWh. The calculated
an energy savings are 2055 kWh. UV lamps consume energy as

ell. The input power of UV lamps used in this study is 109 W per
amp. Over the period of ten months, the energy use by two lamps
s 1476 kWh. Thus, the savings in fan energy alone are 39% greater
han the energy used by the UV lamps.

The regression coefficients in Eqs. (1) and (2) are summarized
n Table 7.

. Discussion

The results presented in this paper demonstrate the effective-
ess of UVGI systems in enhancing coil performance in buildings
nd its associated energy saving potential in a hot and humid cli-
ate. In order to capture the nature of real fouling conditions

nd eliminate the bias resulting from investigating heavily fouled
ooling coils, a cooling coil operating in a laboratory building and
aintained on a regular schedule is tested in this study. For a field

est, the inability to control test conditions poses a great chal-
enge to make a valid “before UV” and “after UV” comparison of
A value. The Inverse EnergyPlus method used to convert UA values
nder different operating conditions to a value at a single reference
ondition is a promising method for comparing coil heat transfer
erformance before and after UV intervention. Proper data pre-
rocessing to eliminate irrelevant and unrealistic data is required.
he 10% increase in UA value after UV intervention reveals the
otential of the coil irradiation system to improve coil heat trans-

er performance, which may  eventually lead to energy savings on
hiller side.

For this specific coil, the reduction in pressure drop and fan
ower after UV intervention is very distinct, indicating the coil

rradiation system’s potential to reduce flow resistance and save
an energy. At the reference face velocity of 2.12 m/s, the average
ressure drop reduction over a period of ten months is 13% and
n 11% reduction is achieved after only one month of UV interven-
ion, suggesting that the coil irradiation system is able to rapidly
educe pressure drop. Although the additional reduction is only 8%
ver the next nine months, the pressure drop is kept at a lower

evel constantly, indicating the ability of the coil irradiation system
o maintain coil performance for several months and its potential
o decrease coil maintenance frequency. In addition, savings in fan
nergy alone for this coil exceed the energy used by UV lamps,
howing that the application of coil irradiation systems can be an
nergy-efficient way to improve and maintain coil performance
nd reduce energy cost.
The results of this study are based on a coil with regular cleaning.
he major finding of this study is the evidence of energy sav-

ng potential by using coil irradiation systems even for such coils.
mprovement could be significantly greater for a coil that is other-
36.1 33.0
11% 19%

wise poorly maintained. However, the results reported in this paper
are only limited to a hot and humid climate, a specific coil geometry
and a specific coil irradiation system. In a hot and humid climate,
the coil is likely to be wet whenever operating, which promotes
biofouling. Less biofouling would be expected on coils in temper-
ate climates. Coil geometric dimensions such as coil depth and fin
density vary and may  be significant. To date, the design irradiance
for coil irradiation systems is set by empirical guidelines. No studies
quantifying the effects of irradiance on performance, although it is
easy to envision that there is a threshold value below which a sys-
tem would be ineffective. Future studies are necessary to establish
a relationship between the effectiveness of coil irradiation systems
and the above factors.

5. Conclusions

The main conclusions of this field study on the effectiveness of
a coil irradiation system in improving coil performance and saving
energy in a hot and humid climate are:

• The application of a coil irradiation system for a period of ten
months increases coil overall enthalpy-based thermal conduc-
tance by 10% and reduces pressure drop by 13%.

• Improvement in coil performance is most rapid initially and may
continue for several months.

• Fan energy use reduces by 9% over a period of ten months with UV
irradiation. Savings in fan energy are 39% greater than the energy
used by the UV lamps; there can be a net reduction in energy cost
after applying a coil irradiation system.

• The Inverse EnergyPlus method is a promising method to investi-
gate coil heat transfer performance at a reference condition when
there is lack of control over coil inlet conditions.
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