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ABSTRACT
Cooling coils are heat exchangers that cool and dehumidify the air used to condition
buildings. They tend to be wet by design (due to dehumidification) and can trap particles from the
air. Some of the particles are living: biological and viable. These microbes can reproduce and
cause biological fouling of the cooling coil, commonly referred to as biofouling. Biofouling is
known to increase airside pressure drop and decrease heat transfer ability. Ultraviolet germicidal
irradiation (UVGI) is one way to mitigate biofouling, though there is little third-party literature
documenting its effectiveness. This study examines three things: field measurements of change in
coil performance after treatment with UVGI, modeled energy use impact of coil irradiation, and
monetization of UVGI benefits including first cost, energy cost, maintenance cost, and collateral
health benefits.
Air handling units with visibly fouled cooling coils at two field sites were chosen to
evaluate the effect of UVGI on biofouling: one in Tampa, FL and one in State College, PA
(referred to as the PSU site). Coil operation was monitored pre-UV and post-UV. Data collected
at the Tampa site showed a 21.65% to 21.7% decrease (95% confidence) in mean coil airside
pressure drop and a 14.5% to 14.8% (95% confidence) increase in mean overall heat transfer
coefficient (UA). Pressure drop data were controlled for airflow and latent load, while UA data
were controlled for heat exchanger entering conditions. The PSU site, which was unexpectedly
cleaned before data collection could begin, showed a 1.3% to 1.4% decrease (95% confidence) in
pressure drop, and a 45% to 50% increase (95% confidence) in heat transfer coefficient. This
counter-intuitive result is believed to be due to an increase in non-biological fouling at the coil
face with a concurrent decrease in biological fouling between the coil fins due to UVGI, but the
results were thought to be unrealistic by industry professionals. Going forward, the results from
the Tampa site are used for modeling work, while the results from the PSU site are not.
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The Tampa site reduction in airside pressure drop and increase in overall heat transfer
coefficient were then applied to a subset of the DOE (Department of Energy) Commercial
Reference Buildings in order to model the benefit of UVGI on fouled coils across seven buildings
and sixteen climate zones. It must be emphasized that this is the application of the results of a
single case study to a variety of situations, as there are currently no data available on differences
in fouling for climates and other influencing factors. The majority of energy savings (80%)
occurred in fan energy, followed by cooling (17%) and pump energy (3%). The overall savings
tended to be a fraction of a percent of total HVAC energy use, or around 0.3 kBTU/sf-yr. This is
due to the relatively low amount of fouling used in the models (20% of a 0.75 in wg coil is only
0.15 in wg). An attempt was made to bound the energy savings potential by using other sources in
the literature for the amount of pressure drop reduction. For example, one of the studies showed
an increase of 156% in coil pressure drop due to fouling, or an increase of 1.17 in wg in the case
of a nominal 0.75 in wg coil. Assuming this level of fouling increased the predicted energy
savings by an order of magnitude, closer to 2 kBTU/sf-yr. It is important to consider the
magnitude of potential airside pressure drop change, as it heavily influences the energy savings
due to the dominance of fan power.
Monetization of the IAQ benefit of UVGI (one of the components of the overall cost
analysis) is modeled using a stochastic implementation of the Wells-Riley equation. While the
UVGI wattage used for coil cleaning is lower than that of air cleaning, there is still a collateral air
disinfection benefit. Work loss days (WLDs) were the evaluation metric for office buildings,
hospital acquired infections (HAIs) for hospitals, and disability-adjusted life years (DALYs) for
schools. Based on these metrics, on average, office buildings saved $0.01/ft2 to $0.14/ft2
($0.14/m2 to $1.51/m2) per year, hospitals saved $0.02/ft2 ($0.23/m2), and schools saved between
$0.00/ft2 and $0.01/ft2 ($0.06/m2 to $0.11/m2)
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Energy use calculated from the Tampa site results, IAQ benefits, first cost, and
maintenance costs are combined in a 20 year life cycle cost analysis (LCCA). When IAQ benefits
are considered, UVGI provides the greatest value to the owner, followed by UVGI without IAQ
benefits considered, and lastly mechanical cleaning. The median net present value of cost of each
to the owner is, respectively, -$0.13/ft2, $0.12/ft2, and $0.56/ft2 (-$1.37/m2, $1.26/m2, and
$6.05/m2).
Using a literature data source to, again, bound the possible benefit changes the magnitude
of and order of results. The median net present value of cost of UVGI including the IAQ benefit
is

-$0.77/ft2

(-$8.32/m2),

of

UVGI

not

including

IAQ

benefit

is

-$0.21/ft2

(-$2.30/m2), of mechanical cleaning is $0.25/ft2 ($2.66/m2). Reviewing the differences between
these two sets of economic benefits again makes it clear that knowing potential for fouling is
important for economic evaluation, and that the literature on this is lacking.
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1

Introduction

Buildings are custom, dynamic pieces of engineering that constitute about 40% of the
yearly energy use in the United States (US Department of Energy 2012a). They house motors,
fans, pumps, lamps, computers, water, air, and people, among other things. While some building
types inherently use more energy per unit area than others (e.g., semiconductor manufacturing
versus day care), the energy efficiency of a building for a given use in a given climate is
dependent on the efficiency of individual components, as well as how they interact with one
another. Industry and governmental organizations (ASHRAE, IES, DOE, etc.) have used a variety
of carrots and sticks over a period of decades to decrease the energy use of the multitude of
components and, thereby, the buildings that house them.
However, the efficiency of components is only the first step. A building must be designed
well, constructed well, verified to work as intended, and maintained to work as intended. There
are numerous choices (and constraints) that incrementally influence a building’s energy use over
its lifetime, which can be around 30 years for commercial and 40-50 years for institutional.
This research focuses on maintaining the proper operation of a specific component: the
cooling coil, the heat exchanger typically responsible for cooling and dehumidifying the air in
buildings. The topic is framed in terms of a problem and examination of a possible solution.
The problem: biological growth on cooling coils, henceforth called biofouling, can
increase building energy use. This growth blocks the airflow paths through the cooling coil,
thereby increasing the pressure drop across it, and the fan energy needed for a given airflow. It
also reduces the heat transfer capability by insulating the coil with biological material.
The possible solution: ultraviolet germicidal irradiation (UVGI) is a way of mitigating
biofouling and thereby retaining proper system operation.(DeGraw, Firrantello, and Bahnfleth
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2012) It inactivates microorganisms, preventing further growth. This research examines the
energy IAQ, and economic effects of cooling coil biofouling and of the use of UVGI as a
mitigation strategy.

3

2

Background

The review of the current state of research and industry is divided into three sections. The
first deals with the problem: biofouling of cooling coils. To examine this, it is necessary to review
heat exchangers in general, as well as the finned-tube heat exchangers termed “cooling coils” in
the HVAC industry, followed by the specific problems of fouling and biofouling. Next, methods
for controlling biofouling are discussed. This begins with a brief review of traditional mechanical
and chemical methods, followed by a more in-depth review of UVGI technology and application.
Lastly, the methods of application of epidemiological models to quantify secondary benefits of
UVGI for coil cleaning are discussed.

2.1

The Problem of Biofouling

Biofouling is the growth of organic material in an HVAC system’s cooling equipment
that impedes operation. Heat exchangers and the associated cooling equipment are discussed,
along with the body of research on fouling in general.

2.1.1

Heat Exchangers
A heat exchanger is a device that transfers thermal energy from one stream of fluid to

another without the two streams coming into contact with one another. For the sake of
completeness, it is worth noting devices like enthalpy wheels that are designed to transfer both
thermal energy and moisture from one air stream to another. These are referred to as enthalpy or
total energy exchangers, and are not included in the discussion. The three basic types of heat
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exchangers are parallel flow, counter flow, and cross flow. Figure 2-1 provides a schematic
representation of the first two. Parallel flow is mainly useful as a conceptual tool. The ending
temperature of each stream approaches a value that is between the entering temperatures of the
two streams. With counterflow, the leaving temperature of each stream approaches the entering
temperature of the other.

(a)

(b)

(c)

(d)

Figure 2-1. Schematic representation of (a) parallel flow and (b) counter flow heat
exchangers (in color). Temperature change profile of (c) parallel flow and (b) counter flow heat
exchangers
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Crossflow occurs when two flows are perpendicular. For example, when a stream of air
flows over a bundle of pipes with cold water flowing through them (Figure 2-2). In practice,
crossflow has some aspects of counterflow built in.

Figure 2-2. Section of simple cross flow heat exchanger.
Heat exchangers are commonly analyzed using UA- log mean temperature difference
(UA-LMTD) or Number of Transfer Units-effectiveness (NTU-ε) models (ASHRAE 2009a;
ASHRAE 2012a). These are bulk analysis methods
The temperature difference between the two sides of a heat exchanger varies along its
length (Figure 2-1). Eq 2-1, the log mean temperature difference (LMTD) relationship, is an
analytical solution to the exchange between two fluids in counter or parallel flow configuration.
𝑞 = 𝑈𝐴 ∙ 𝐿𝑀𝑇𝐷 = 𝑈𝐴

∆𝑡1 − ∆𝑡2
∆𝑡
𝑙𝑛 ( 1⁄∆𝑡 )
2

where
𝑞
𝑈𝐴
𝐿𝑀𝑇𝐷
∆𝑡𝑛

= heat transfer
= heat transfer coefficient [W/°C]
= Log mean temperature difference [°C]
= temperature difference at designated end of heat exchanger [°C]

Eq 2-1
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There are important caveats regarding LMTD analysis, also noted in ASHRAE. The
above form is for ideal parallel or counter flow heat exchangers; accurate representation of other
configurations requires a correction factor. The UA-LMTD model is not valid for circumstances
where the heat transfer is not primarily sensible. The simplest example is a coil that uses
refrigerant to cool: almost all of the heat transfer on the refrigerant side is due to phase change at
constant temperature. Another is where one stream is partially condensing, e.g., hot, humid air
passing over a cooling coil. Lastly, LMTD is useful for analysis when the inlet and outlet
conditions are known. However, it cannot predict outlet conditions based on the characteristics of
the heat exchanger. This modeling out of outlet conditions is desirable, for example, when
modeling a heat exchanger in a whole building energy simulation.
The NTU-ε method predicts outlet conditions based on a number of parameters and heat
exchanger geometry. First, one defines a maximum possible heat transfer based on the stream
with the minimum amount of heat capacity:
𝑞𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛 (𝑡ℎ𝑖 − 𝑡𝑐𝑖 )

Eq 2-2

𝐶𝑚𝑖𝑛 = 𝑚𝑖𝑛(𝑚̇𝑛 𝑐𝑝,𝑛 )

Eq 2-3

where
𝑞𝑚𝑎𝑥
𝐶𝑚𝑖𝑛
𝑡ℎ𝑖
𝑡𝑐𝑖
𝑚̇
𝑐𝑝

= maximum heat transfer rate [W]
=minimum heat capacity value of the two streams [W/°C]
= inlet temperature of the hot stream [°C]
= inlet temperature of the cold stream [°C]
= mass flow rate [kg/s]
= specific heat [J/kg-°C]
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Define effectiveness by:
𝑞𝑎𝑐𝑡𝑢𝑎𝑙 = 𝜀𝑞𝑚𝑎𝑥

Eq 2-4

where
𝑞𝑎𝑐𝑡𝑢𝑎𝑙 = actual heat transfer
𝜀
= heat transfer effectiveness
Effectiveness is then calculated as
𝜀 = 𝑓(𝑁𝑇𝑈, 𝑐𝑟 , 𝐹𝑙𝑜𝑤 𝐴𝑟𝑟𝑎𝑛𝑔𝑒𝑚𝑒𝑛𝑡)

𝑁𝑇𝑈 =
𝑐𝑟 =

𝑈𝐴
𝐶𝑚𝑖𝑛

𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥

Eq 2-5
Eq 2-6
Eq 2-7

where
𝑁𝑇𝑈
𝑈𝐴
𝐶𝑚𝑎𝑥
𝑐𝑟

= Number of Transfer Units (dimensionless)
= heat transfer coefficient [W/°C]
= maximum heat capacity value of the two streams [W/°C]
= stream heat capacity ration [dimensionless]

Given the inlet conditions and actual heat transfer rate, this model can also calculate 𝑈𝐴
for a given heat exchanger.
The heat exchanger type of interest in this investigation is a water-to-air heat exchanger
in which air passes over several rows of tubes through which a transfer liquid flows. The tubes
pass through fin sheets that enhance heat transfer on the air side of the device. It is known by a
number of different names: finned tube, water-to-air, water coil, air coil, etc. The term “coil “is
henceforth used to describe this specific heat exchanger type. As displayed by the schematic in
Figure 2-3, there are aspects of both cross flow and counter flow (coils are not, and should not, be
designed as parallel flow). That is, the air flows perpendicular across the tubes, but the
arrangement is serpentine in such a way as to pair the entering water with the leaving air. Design
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of cooling coils can be an exercise in heuristics, or an interesting optimization process. Additional
coil depth enables additional heat transfer (higher UA), but this must be balanced with increased
airside ΔP. There is a similar balance between heat transfer and airside pressure drop with fin
spacing.

(a)
(b)
Figure 2-3. (a) Schematic of 4-row cooling coil (b) two row water coil (from
www.sficoils.com)

2.1.2

Energy Effects of Coil Fouling and Biofouling
Heat exchanger fouling is the buildup of organic and/or inorganic matter on the heat

transfer surfaces. A number of studies quantify the benefits of cleaning a fouled coil. Many of the
AHU (air handling unit)-specific cases involve a mechanical or chemical coil cleaning, using
equipment and a service crew, and do not address the specific realm of biological fouling.
Biofouling, for the purposes of this research, is intended to describe the growth of biological
material that has impacted on the cooling coil. That is, while deposition is the method of seeding
the coil, the effects come from the growth of organisms.
Montgomery (2006) describes a coil cleaning case study performed on two AHUs serving
part of a 34-story office building in New York City. Cleaning of coils resulted in a 14% decrease
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in pressure drop across the coils, an increase in thermal efficiency of 25% with respect to the
coil’s ability to transfer energy from sensible loads, and a 10% increase in its ability to transfer
latent loads. Coil cleaning was estimated to have the potential to save 10%-15% in HVAC system
energy consumption.
Yang, Braun, and Groll (2004; 2007b; 2007a) describe the energy effects of coil fouling.
The authors found that the energy penalty from the increased pressure drop across the cooling
coil was more significant than that from the change in heat transfer coefficient. In some cases
with lower amounts of fouling, the heat transfer coefficient was shown to increase due to an
increase in velocity, but this is balanced by the increased thermal resistance as fouling
accumulates.
The rate of coil fouling is difficult to predict. Siegel, Walker, and Sherman (2002)
suggest a doubling of evaporator pressure drop in 7.5 years, resulting in an overall system
efficiency reduction of less than 5%, but note that the value may be much larger. Waring and
Siegel (2008) address monthly particle deposition rates, possibly enabling some prediction of coil
fouling loading rates, but not of biofouling growth.
Biological particles contribute to increased energy use and IAQ problems when they
impact upon a cooling coil (Siegel and Walker 2001; Siegel and Carey 2001). Single pass
deposition in these studies ranged from 1% for 1.1 µm particles at low velocities (around 200 fpm
or 1.016 m/s) to 30% for 8 µm particles at high velocities (1024 fpm or 5.2 m/s). Impaction on
the leading edge of fins and tubing was found to be significant for particles greater than 1 µm.
The maximum face velocity at the cooling coil in an AHU is typically designed to be 400 to 500
fpm (2.032 to 2.54 m/s) to prevent carryover of condensed moisture past the condensate pan.
Velocities around 1000 fpm (5.08 m/s) are more typical of low pressure distribution ductwork.
Further research on particle impaction on coil-type heat exchangers is addressed by Siegel and
Nazaroff (2003).
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There are laboratory studies that report important data quantifying energy-related changes
in cooling coil performance due to biofouling.
Ali and Ismail (2008) collected fouling material from room air conditioners, classified its
biological and non-biological components, deposited it in increasing amounts on a DX cooling
coil in a laboratory apparatus (representing approximately one year of fouling), and measured the
degradation in performance. It is worth noting that the fouling, both biological and nonbiological, were the result of the injection and subsequent deposition, i.e., no mention was made
of allowing time for growth of biological material. A number of results related to the issue of
biological fouling were found, only some of which are reviewed here. The organic component of
the fouling material was found to occupy 18.4% of the mass on the front (upstream) face of the
coil, decreasing to 1.2% on the back face (Figure 2-4). The organic component consisted of
masses of Aspergillus fungal colonies, a not uncommon type to find in these types of studies, e.g.
Shaughnessy et al. (1998), Levetin et al.(2001), Shelton et al. (2002) The coefficient of
performance (COP) of the unit dropped from 2.82 (clean) to 1.89, 1.73, and 1.23 after the
injection of 100g, 200g, and 300g of fouling material, respectively.
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Figure 2-4. Evaporator coil (a) clean (b) fouled front face (c) fouled rear face (Ali and
Ismail 2008)
Pu et al. (2010) seeded a cooling coil with Aspergillus and recorded the airside pressure
drop and heat transfer coefficient resulting from different levels of fouling (Figure 2-5) after 28
days of accelerated growth. The exact seeding method and method for acceleration of growth was
not reported, but the fact that growth was the important factor for fouling perhaps makes this
study more relevant than Ali and Ismail (2008).
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Figure 2-5. Clean and biofouled heat exchangers after 28 days of growth (a) clean (b)
10% fouled (c) 30% fouled (d) 40% fouled (Pu et al. 2010)
The authors define heat transfer and friction fouling factor, 𝑓ℎ and 𝑓𝑑𝑝 , respectively:
𝐾𝑓 − 𝐾𝑐
∙ 100
𝐾𝑐

Eq 2-8

∆𝑝𝑓 − ∆𝑝𝑐
∙ 100
∆𝑝𝑐

Eq 2-9

𝑓ℎ =
𝑓𝑑𝑝 =
where
𝑓ℎ
𝐾𝑓
𝐾𝑐
𝑓𝑑𝑝
∆𝑝𝑓
∆𝑝𝑓

= heat transfer fouling factor
= airside heat transfer coefficient, fouled
= airside heat transfer coefficient, clean
= friction fouling factor
= airside pressure drop, fouled
= airside pressure drop, clean

Note that these “fouling factors” refer to a relative change in heat transfer or pressure
drop, though the term is usually used to refer to added thermal resistance on a coil.
The authors found a range of -15.6% to 13.1% for the heat transfer coefficient and 19.8%
to 43.1% for the air-side pressure drop fouling factors. Note that a positive value of 𝑓ℎ indicates
an increase in heat transfer coefficient; this occurred at lower fouled area percentages due to an
increase in the local velocity that outweighed the increase in thermal resistance. The air-side heat
transfer coefficient is technically for sensible transfer only, but is related to the mass transfer (i.e.,
latent load of water in the air condensing on the cold coil) by the Chilton-Colburn analogy
(Chilton and Colburn 1934) and this modified version of a method used found in the ASHRAE
Handbook of Fundamentals (ASHRAE 2009b):
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𝑄 = 𝐾𝑠 (𝐴1 + 𝜂𝑓 𝐴2 ) [(𝑇𝑎 − 𝑇𝑓𝑏 ) +

ℎ𝑓𝑔 2/3
𝐿𝑒 (𝑊𝑎 − 𝑊𝑓𝑏 )]
𝑐𝑝,𝑎

Eq 2-10

where
𝑄
𝐾𝑠
𝐴1
𝜂𝑓
𝐴2
𝑇𝑎
𝑇𝑓𝑏
ℎ𝑓𝑔
𝑐𝑝,𝑎
𝐿𝑒
𝑊𝑎
𝑊𝑓𝑏

= total heat transfer rate [W]
= airside sensible heat transfer coefficient [W/m2-C]
= coil dry fin area [m2]
= wet fin coil efficiency [dimensionless]
= coil wet fin area [m2]
= air stream dry bulb temperature [°C]
= temperature at base of fin [°C]
= enthalpy of vaporization of water [kJ/kg]
= specific heat of air stream [kJ/kg-C]
= Lewis number, relation of heat transfer to mass transfer [dimensionless]
𝐿𝑒 2/3 ≈ 1 for air/water mixture applications (ASHRAE 2009b)
= absolute humidity of air stream [kg of water / kg of air]
= absolute humidity of air stream if it was cooled to temperature at fin base [kg
of water / kg of air]

This directly relates 𝐾 to both sensible and latent heat transfer. For example, a 15%
increase in 𝐾 results in a 15% increase in overall heat transfer (as one would expect), with the
sensible and latent component of this increase discernible from the appropriate portions of the
heat transfer equation. Note that this illustrates a situation in which the heat transfer is driven by
explicit definition of both temperature and absolute humidity differences, but there is also the
opportunity to use enthalpy differences as the driving factor, which is a close approximation
(ASHRAE 2009b).

2.2

Methods for Controlling Biofouling

The detrimental effect of fouling and biofouling of coil-type heat exchangers on energy
use has been established. It can be controlled or mitigated in a number of ways. The more
traditional methods are first briefly reviewed, followed by the solution under study: UVGI.
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2.2.1

Mechanical and Chemical Methods
The ASHRAE Handbook (ASHRAE 2008a) very briefly addresses airside coil

maintenance, though it does not discuss its monetary benefit. Cleaning methods include mixtures
of pressurized water and detergent or chemical foams for in-place cleaning (Figure 2-6), and
steam/hot water/air and water if the coil is sufficiently fouled to warrant removal for cleaning.
Brushing and vacuuming is also possible. Anecdotally, adverse consequences of using these
methods include impacting fouling material through use of high-pressure methods, or incomplete
cleaning. No literature was found on the relative effectiveness of different methods of coil
cleaning.

Figure 2-6. Cleaning of an outdoor condenser coil (www.goodway.com)
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Montgomery and Baker (2006), describe fan power and operational benefits of coil
cleaning, though some detail is lacking. Any removal of fouling mentioned previously has the
potential to save energy and improve operation, as long as the coil is properly cleaned.

2.2.2

The Solution Under Study: UVGI
Each of the methods mentioned has its benefits and drawbacks, e.g., some involve more

manpower, or necessitate removing the cooling coil from the AHU (a relatively expensive and
time-consuming task), or may deal only with organic material (UVGI), or may have problems
with “deep” coils. That is, one way of describing a coil heat exchanger, whether for cooling or
heating, is the depth, referring to number of rows of piping between the upstream and
downstream side of the coil, also sometimes known as “passes”. A small heating coil may only be
two-row, i.e., the tube makes a U-turn and comes back. Cooling coils can start at three to four
rows, and can get upwards of twelve rows deep.
Though the germicidal effects of UVGI have been documented as early as 1877
(Kowalski 2009), UVGI itself does not have a rigorous literature presence in the application of
coil cleaning. After going over some of the basic history and theory of UV, the current research
relating to UVGI for coil cleaning is reviewed.

2.2.2.1 UVGI Disinfection Theory
The ultraviolet spectrum is divided into several wavelength bands, as shown in Table 2-1
(ASHRAE 2008b). 265 nm in the UVC band is the most effective for inactivation of
microorganisms. Low pressure mercury vapor lamps produce primarily 254 nm UVC, which is
near optimal in its germicidal characteristics. “Inactivation” of microorganisms refers to
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disrupting their DNA, which inhibits or prevents their reproduction and thereby renders them
unable to grow or infect. It is not correct to classify inactivated microorganisms and the carrier
particles that contain them as entirely harmless, as they may contain allergens, endotoxins, or
other biological material that could cause irritation while not being viable for reproduction.
Table 2-1. UV Light Designations
Designation

Wavelength Range
(nm)

UVA

400 – 315

UVB
UVC
Far or vacuum
UV

315 – 280
280 – 200

Most abundant in sunlight. Responsible for skin tanning
and wrinkles.
Responsible for skin reddening and cancer.
Mode effective wavelengths for germicidal irradiation

200-30

-

Notes

UVGI disinfection, to a first approximation, obeys a typical exponential dose-response
relationship (ASHRAE 2008b). The surviving fraction of a microorganism population, 𝑁𝑡 /𝑁0 , is
related to the dose of UVGI it receives (the product of radiation intensity and duration of
exposure) as well as its physical characteristics and those of its environment:
𝑁𝑡
= 𝑒 −𝑘𝐼𝑡 = 𝑒 −𝑘∙𝐷
𝑁0

Eq 2-11

where
𝑁𝑡
𝑁0
𝑘
𝐼
𝐷

= number of organisms after any time t [s]
= initial number of microorganisms
= microorganism-specific rate constant [cm2/µW-s]
= effective germicidal irradiance received by microorganisms [µW/cm2]
= Dose = It [µJ/cm2]

The coefficient k (also known as the UV Rate Constant) represents the inverse resistance
of a microorganism to UVC. Larger values indicate a greater susceptibility. The value of k varies
widely between species, and reported k values for a single species can vary widely as well. While
it is not entirely clear why there is such diversity within species, one of the most important
contributing factors is the condition under which the measurements were conducted, i.e., in water,
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in air, or on cultivation plates. There has been some research (unpublished at the time of this
writing) towards developing more consistent k-measurements by using collimated beam testing.
Kowalski (2003; 2009) lists a number of k values from a variety of sources, with the latter
reference having a relatively large data set categorized into bacteria, viruses, and fungi. The k
values listed there vary from 0.00022 to 2.2 m2/J for bacteria, 0.00076 to 2.54 m2/J for viruses,
and 0.00004 to 0.921 m2/J for fungi. Plotting the data from Kowalski (2009) makes it evident that
these values are weighted toward the lower end of the spectrum (Figure 2-7). There are two box
plots: one for raw data (thereby allowing multiple values per species), and another where all the
values for a given species are averaged to one data point, then analyzed. It is apparent that fungi
are the most resistant, followed by viruses, then bacteria. Kowalski devotes a chapter to
development, variation, influences, and prediction of k values (UV rate constants) (2009).

(a)
(b)
Figure 2-7. Meta-analysis of the Kowalski 2009 data (a) Raw data (b) Species averaged
data
Additionally, for microorganisms in air, there is evidence that the relative humidity has
an effect on UV susceptibility. Figure 2-8 demonstrates both the range of experimental k values
possible for an example species as well as the varied effects of humidity. Note that the variation
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approaches three orders of magnitude. The UV rate constant has the potential to be a source of
great uncertainty in UV inactivation calculations.

Figure 2-8. “Variation of UV k with RH for various studies on Serratia marcescens.
Average rate constant in water is shown as a single point at 100% RH.” Figure and previous
description quoted from Kowalski (2009). Numbers refer to individual studies referenced in
original text.
The complement of the survival fraction, 1 − 𝑁𝑡 /𝑁0 , is the inactivation efficiency,
analogous to the single-pass efficiency of a filter. The relationship between dose and surviving
fraction is displayed in Figure 2-9 for k = 0.0.00119 cm2/(µW•s), the value for Influenza A
(Kowalski 2003). The inactivation behavior of some microorganisms deviates significantly from
the simple exponential behavior described by Eq 2-11. In some cases, there is an initial shoulder
in the curve, suggesting the existence of a threshold below which there is little or no effect. In
others, the shape of the inactivation curve suggests the existence of less and more resistant
populations, manifested by a slower inactivation rate at higher doses. (Kowalski 2009)
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Figure 2-9. Example single-stage exponential dose response curve

2.2.2.2 UVGI For Coil Cleaning
The basics of UVGI coil cleaning systems are described by ASHRAE (2008b) and
Kowalski (2009), which both review numerous sources. Cooling coils, due to the close spacing of
fins on the air side (8 to 15 fins per inch), can act as particulate filters and trap material such as
dust, hair, debris, microbes, etc. Coil surfaces, by design, become wet during cooling season in
many climates in order to control humidity, thereby presenting growth opportunities for impacted
microbes. UVGI devices are installed before, after, or on both sides of the coil and kept on during
system operation to inactivate these microbes (Figure 2-10). They are typically of a lower power
than systems designed for air disinfection, as the air disinfection systems need to affect air that is
moving past at relatively high speeds, while surfaces are non-mobile. Bahnfleth (2011) provides a
recent review of the technology used in air handlers and summarizes published reports of its
effectiveness. At the time of its publication, there were no peer-reviewed studies of energy use
impacts of UVGI for coil treatment applications.
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Figure 2-10. Example of a UVGI coil cleaning installation (Keikavousi 2004)
The consequences of biological growth are two-fold. First, biological growth on surfaces
inside of HVAC equipment has the potential to cause unpleasant effects for occupants, ranging
from odor (Kowalski 2006) to spread of infection and reduced work performance (Menzies et al.
2003). Second, there are the fan performance and heat transfer ability impacts of heat exchanger
fouling. Increased flow resistance across the air-side of the coil can increase fan energy use or
may result in reduced air flow rate, and reduced air-side heat transfer coefficients may increase
tube-side flow rates, reduce chiller COP, and have other adverse effects. The General Services
Administration (GSA), in recognition of these potential effects, requires coil cleaning UVGI on
new Tier 3 (high performance) federal buildings (U.S. General Services Administration 2015).
A few studies describe the ability of surface cleaning UVGI to reduce coil fouling.
Kowalski (2009) cites a number of previous studies claiming that UVGI coil cleaning saves
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energy, but not all of them directly address that issue. For example, Shaughnessy, Rogers, and
Levetin (1998) documented the effectiveness of UVC in reducing contaminant concentrations on
various AHU surfaces, and did extensive microbe classification, but did not measure energy
impacts. The UVGI system was described as an installation of eight high-output UVC lamps, but
wattage and intending surface irradiance were not mentioned. Levetin et al. (2001) also
demonstrated the effectiveness of UVGI in reducing surface contamination without reporting
energy use-related data. Irradiance was reported as 158 μW/cm2 at 1 m away from the lamp, but
this does not give a precise picture of what the coil is seeing. Scheir and Fencl (1996) review the
history of UVGI and considerations for its proper application, but do not address its energy
saving potential.
A brief trade magazine article published in HPAC Engineering (Steril-Aire 2000b), also
in Electric Light & Power (Steril-Aire 2000a), reports on the energy use of coil irradiation
systems. It describes an installation of UVC surface cleaning technology in a facility’s twenty
AHUs for IAQ-related problems, and the resultant energy benefit of coil irradiation. The article
claims that the facility experienced a 28% reduction in HVAC energy use from the previous year
and it became possible for the system to meet its peak cooling load with three 300 ton chillers
instead of the four that previously had been required. The article makes several practical
observations, e.g., that savings are realized using variable frequency drives on fans (which
automatically adjust speed to maintain flow at any pressure drop within their range), that
maintenance costs decreased because the coils do not need cleaning as often, and the importance
of periodically making sure the lamps are operating correctly. Unfortunately, the reporting of
energy savings is missing many details, including weather and operational differences before and
after addition of UVGI, and other changes that may have affected energy performance. In
addition, the impact of other coil maintenance (which was not completely eliminated by the
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retrofit), was not accounted for. Specifics of the UVGI installation (wattage, irradiance used, etc.)
are not addressed.
Keikavousi (2004) describes the results of a number of coil cleaning UVGI installations
throughout a Florida hospital system. An AHU with a visible buildup of mold (estimated 50% of
coil face area) was selected for initial testing. Due to the installation, static pressure drop across
the coil changed from 1.8 in wg to 0.7 in wg, face air velocity from 230 fpm to 520 fpm, and
leaving wet bulb temperature from 57°F to 53°F. The result of this and another test AHU
prompted the hospital system to install coil cleaning UVGI in over 100 AHUs. They report
energy savings from the continuous cleaning, reduced maintenance cost vs. traditional coil
cleaning, and increased maintenance effectiveness (e.g., pressure washing sometimes impacted
fouling into the middle of 8” deep coils, and chemical cleaning did not seem to solve the fouling
problems as well as UVGI). Specifics of the UVGI installation (wattage, irradiance used, etc.) are
not addressed.
A California Energy Commission study(Arent 2006) found a 1-2% airflow improvement
due to the installation of coil cleaning UVC, which was noted as positive but not statistically
significant. No efficiency improvements were found. The study was performed on 54 schools: an
18 school control group and two study groups. They note, importantly, that fouled coils were not
targeted for this study and not much coil fouling was noticed in general, so the results were not
surprising. The study provides wattage used in installations (between 20 and 30 watts), but does
not provide intended irradiance.
Blatt, Okura, and Meister (2006) note a number of UVGI installations in schools
(including the aforementioned California Energy Commission study) and other commercial
buildings that showed energy savings through improvement in coil operation.
Recent conference papers on research in progress by Luongo and Miller (2014) and
Wang et al. (2014) present promising preliminary results of coil fouling studies.
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Other articles addressing coil cleaning case studies are similar to the cited trade magazine
articles and manufacturer case studies: essentially anecdotal reports claiming benefits in a specific
situation with limited reporting of supporting data. The end result is that there is a heavy
suggestion of an energy benefit from UVGI for coil cleaning, but there is significant room for
more independent research on the subject.

2.2.2.3 Why Study UVGI For Coil Cleaning?
To date, there appear to be two types of studies of UVGI coil irradiation that address
impact on energy use. The first is anecdotal reports and case studies published in trade
magazines. While they show promising savings, such studies are generally lacking in rigor and
missing important details. Questions such as “How are the results controlled for weather,
schedule, occupancy, etc.” are not addressed. The second are laboratory studies focusing on the
heat transfer and pressure drop characteristics of fouled vs. clean coils. While both the rigorous
analyses and results are beneficial, they can be improved upon by 1) using the results of realworld fouling and 2) presenting results in a manner more usable by the design engineer or energy
modeler.
This research aims to perform a rigorous engineering analysis of the impact on energy
use of real-world coil fouling before and after application of UVGI.

2.3

IAQ Epidemiological Models

As noted, UVGI inactivates microorganisms at a rate exponentially proportional to the
time of exposure, 𝑡. The stationary nature of the coil means that 𝑡 is very large compared to the
short time of exposure characteristic of pathogens carried along in an airstream. Systems designed
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for airborne inactivation are typically sized much larger (i.e., higher wattage or more lamps) than
coil cleaning systems. Nonetheless, some airborne inactivation does occur with coil cleaning
systems, and the benefit of this can be quantified.

2.3.1

Methods
The quantification of the epidemiological benefit starts with a classical formula in

epidemiology known as the Wells-Riley equation (Wells 1943; Nardell and Keegan 1991).
𝑃 = 1 − 𝑒𝑥𝑝 (−

𝐼𝑞𝑝𝑡
)
𝑄

Eq 2-12

where
𝑃
𝐼
𝑞
𝑝
𝑡
𝑄

= probability of infection
= number of infectives (infectors)
= quanta of disease produced per unit time per infector
= pulmonary ventilation (breathing) rate of a susceptible individual
= time
= ventilation rate

If a term 𝑆, used to denote the number of those susceptible to infection, is multiplied
through, it yields a deterministic equation for the mean number of new cases 𝑁𝑐 .
𝑁𝑐 = 𝑆 (1 − 𝑒𝑥𝑝 (−

𝐼𝑞𝑝𝑡
))
𝑄

Eq 2-13

The number of new cases grows with an increase in the number of infectors, disease
production rate, breathing rate, and time. The number of new cases decreases with an increase in
ventilation with pathogen-free (or pathogen-of-interest-free) air. This is a key point of the
relationship: ventilation is an explicit removal mechanism, meaning that recirculation or a lack of
ventilation increases the disease risk. “Quanta of disease production” represents the virulence of a
given epidemiological event. Eq 2-13 was originally used to attempt to establish the severity of an
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event from actual event data. That is, 𝑞 is back-calculated based on the illness spread pattern.
However, with some rough establishment of 𝑞 for diseases of interest, the effect of varying other
parameters can be examined.
It is important to note that the ventilation rate 𝑄 is the only removal mechanism in the
Wells-Riley equation. One may use an equivalent 𝑄 that represents multiple removal
mechanisms, as was done in Fisk et al. (2005) and Bahnfleth et al. (2009) The following
describes the concentration of a contaminant in a single well mixed zone with UVGI and
filtration in the supply stream
𝑉

𝑑𝐶
= 𝐺 − [1 − (1 − 𝑓𝑂𝐴 )(1 − 𝜂𝑓 )(1 − 𝜂𝑈𝑉𝐺𝐼 )]𝑄𝑆𝐴 𝐶
𝑑𝑡

Eq 2-14

where
𝑉
𝐶
𝑡
𝐺
𝑓𝑂𝐴
𝜂𝑓
𝜂𝑈𝑉𝐺𝐼
𝑄𝑆𝐴

= room volume [m3]
= room concentration [quanta/m3]
= time [s]
= contaminant generation rate [quanta/s]
= fraction of outdoor air
= single pass removal efficiency of a filter
= single pass inactivation efficiency of a UVGI installation
= supply air flow rate [appropriate units]

Let us assume quasi-steady state (𝑑𝐶 ⁄𝑑𝑡 = 0) and multiply through the 𝑄𝑆𝐴 𝐶 term,
yielding
0 = 𝐺 − 𝑄𝑆𝐴 𝐶 + 𝑄𝑆𝐴 𝐶(1 − 𝑓𝑂𝐴 )(1 − 𝜂𝑓 )(1 − 𝜂𝑈𝑉𝐺𝐼 )

Eq 2-15

The three terms in Eq 2-15 represent, from left to right, the contaminant generation rate,
the removal of contaminants from the room by ventilation, and the reintroduction of contaminants
via recirculation after account has been made for all removal mechanisms. 𝑓𝑂𝐴 , 𝜂𝑓 , and 𝜂𝑈𝑉𝐺𝐼 are
all known quantities in this equation, and represent all removal mechanisms. One can define an
equivalent outdoor air fraction 𝑓𝐸𝑄 so that
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(1 − 𝑓𝐸𝑄 ) = (1 − 𝑓𝑂𝐴 )(1 − 𝜂𝑓 )(1 − 𝜂𝑈𝑉𝐺𝐼 )

Eq 2-16

𝑓𝐸𝑄 = 1 − (1 − 𝑓𝑂𝐴 )(1 − 𝜂𝑓 )(1 − 𝜂𝑈𝑉𝐺𝐼 )

Eq 2-17

where
𝑓𝐸𝑄

= equivalent OA fraction that would have the same effect as all removal
mechanisms combined

The corresponding OA flow rate is then
𝑄𝐸𝑄 = 𝑓𝐸𝑄 𝑄𝑆𝐴 = 𝑄𝑂𝐴

𝑓𝐸𝑄
𝑓𝑂𝐴

Eq 2-18

where
𝑄𝐸𝑄
𝑄𝑂𝐴

= equivalent OA flow rate
= actual OA flow rate

This equivalent OA flow rate is then used in the Wells-Riley equation to evaluate the
incremental effect of adding removal mechanisms.
As noted, Eq 2-13 is a deterministic form of the Wells-Riley equation. A stochastic
implementation is also possible, as used by Noakes and Sleigh (2009) and Noakes, Sleigh, and
Khan (2012). This implementation is adapted from a more general stochastic form presented in a
volume of work by Renshaw (1995). The infection of an individual is modeled as a Poisson
process, with a randomly generated inter-event time, i.e., time to the next event

27

𝑡𝑛𝑒 = −

𝑙𝑛(𝑊)
𝐼(𝛾 + 𝛽𝑆)

Eq 2-19

where
𝑡𝑛𝑒
𝑊
𝐼
𝛾
𝛽
𝑆

= time to next event
= uniform pseudo-random variable between 0 and 1
= infectives/infectors
= rate of removal of infectives (or death rate)
= rate of remove of susceptibles
= susceptibles

The focus of modeling, in this research, is illnesses that have very low associated rates of
mortality, so the death rate 𝛾 = 0. The form used for a stochastic implementation of the WellsRiley equation is then
𝑡𝑛𝑒 = −

𝑙𝑛(𝑊)
𝐼𝑞𝑝
𝑄 𝑆

Eq 2-20

This produces a range of values for the time period of interest distributed around the
deterministic estimate (Figure 2-11).
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Figure 2-11. Results using deterministic and 𝑡𝑛𝑒 stochastic forms of the Wells-Riley
equation
The downside is that the 𝑡𝑛𝑒 method (as well as the deterministic model) cannot take into
account transient variables, e.g., populations or ventilation rate changing over time. To rectify
this, something closer to the original form of the equation is used.
𝑃𝐼𝑛𝑓 = 𝑆𝑖 (1 − 𝑒𝑥𝑝 (−

𝐼𝑞𝑝𝑡𝑖
𝐼𝑞𝑝𝑡𝑖−1
)) − 𝑆𝑖−1 (1 − 𝑒𝑥𝑝 (−
))
𝑄𝑖
𝑄𝑖−1

Eq 2-21

where
𝑃𝐼𝑛𝑓
𝑖

= probability of an infection event
= time step

For a suitably small increment of t (one where PInf < 1), 𝑃𝐼𝑛𝑓 is the probability of an
infection event at a time step 𝑖. Note that only a few variables are transient, as this study keeps
𝐼, 𝑞, & 𝑝 constant. Once 𝑃𝐼𝑛𝑓 is calculated, a uniform random number 𝑊 between 0 and 1 is
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generated, similar to the 𝑡𝑛𝑒 method previously defined in Eq 2-20. If 𝑊 < 𝑃𝐼𝑛𝑓 , then an
infection event occurs, and 𝑖 is reset to 1. If not, then 𝑖 is incremented to the next time step. As
initial verification, Figure 2-12 demonstrates a similar stochastic pattern as Figure 2-11 for
identical inputs.

Figure 2-12. Results using deterministic and time-step stochastic forms of the WellsRiley equation
It is worth noting that there potentially important IAQ effects that are not addressed in the
modeling. It is possible that organisms on the coil may have an effect on health and comfort, or
that shedding of their non-viable material (post-inactivation) may have an effect (e.g., allergic
reaction), but this is not an issue sufficiently addressed in the literature. For example, organisms
such as Aspergillus are known to harmful to individuals with weakened immune systems.
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2.3.2

Quantifying Effects
Two general approaches to quantifying health effects are discussed. First there is the

possibility to evaluate impact by relatively straightforward quantification of cost. Second, there is
the concept of years of life lost as expressed through the Disability Adjusted Life Year, or DALY.
Fisk et al (2005) analyzed the energy and health benefits of economizer systems, i.e., the
use of increased outdoor air flow up to 100% for free cooling when outside temperatures permit.
This increases the ventilation past “normal” values, which (according to the Wells-Riley
equation) would reduce the number of new cases of illness in an outbreak. Fisk et al. used the
Wells-Riley model to establish a relative risk to occupants by comparing pre and post
intervention Wells-Riley results.
If the worker absence rate of an office building is assumed to reflect the effect of the preintervention ventilation rate, then a reduced absence rate is calculated by multiplying by the
relative risk for the higher ventilation rate. The cost benefit of this reduced absence rate is
estimated based on typical salary data. In the end, the increased ventilation due to the use of an
economizer is converted into the monetary benefit of reduced sick leave.
A typical counterpoint is that occupants take the number of sick days available to them,
regardless of illness patterns.
The World Health Organization (WHO 2015) defines DALYs as follows. Quoted:
One DALY can be thought of as one lost year of “healthy” life
𝐷𝐴𝐿𝑌𝑠 = 𝑌𝐿𝐿 + 𝑌𝐿𝐷
where
𝑌𝐿𝐿

= years of life lost (to premature death)

𝑌𝐿𝐷

= years lost to disability

Eq 2-22
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There are life expectancy tables for the calculation of 𝑌𝐿𝐿 (Mathers, Lopez, and Murray
2006). There has been some indoor air quality (IAQ) related research that has used 𝑌𝐿𝐿, but it
was conducted for certain specific contaminants where health effect studies exist: ozone, PM2.5,
and PM10. In this research, the aim is exploration of “general sickness” as one might experience
a few times per year, not mortality inducing situations. Therefore, 𝑌𝐿𝐿 is set to zero, leaving

𝑌𝐿𝐷 = 𝐼 ∙ 𝐷𝑊 ∙ 𝐿

Eq 2-23

where
𝐼
𝐷𝑊
𝐿

= number of incident cases, or rate [incidence/year]
= disability weight
= average duration of case until death or remission [years]

𝐼 and 𝐿 are simple enough conceptually, but 𝐷𝑊 is discussed first.
Disability Weight “reflects the severity of the disease on a scale from 0 (perfect health) to
1 (dead)”(WHO 2015). Values exist for diseases, cancers, and injuries. They were developed by
multiple panels of health experts, and in many cases refer back to the original 1990 Global
Burden of Disease report by WHO. The vast majority of the entries are not relevant to the class of
illnesses addressed in this study, i.e., those whose primary impact is reflected in increased
absenteeism. The disability weights also tend to be higher as more serious situations are
addressed. For example, the 𝐷𝑊 of Alzheimer’s is 0.666, tuberculosis is 0.271, facial fractures
(treated and untreated) are 0.043, asthma (treated) is 0.043, and upper respiratory infection is
0.000, which could be thought of as < 0.0005.(Hofstetter 1998)
The illnesses of interest are encompassed by concepts referred to in Ostro et al. (1989),
Hofstetter (1998), and EPA (2008) (the EPA document references the first and related work).
These concepts are Minor Restricted Activity Days (MRADs), RADs (Restricted Activity Days,
and Work Loss Days (WLDs). MRADs are days where individuals may have to lessen their
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normal activity, but not to such a degree that they miss work or school. WLDs are days where
activity must be restricted to the point that work or school is missed, and seem to be used
similarly to RADs. Possible 𝐷𝑊 and 𝐼 values are listed in Table 2-2. For length of time, the
values are defined as being for one day, so 𝐿 = 0.00274 (1 day) for all cases.
Table 2-2. Incidence Rates and Disability Weights
Condition
MRAD
MRAD
MRAD
RAD
WLD (ages 18-64)

Use of paid sick days

WLD (ages 18-64)

Incidence Rate 𝐼
7.8/person-year
2.172/person-year

4.2/person-year

3.67/person-year

Disability
Weight 𝐷𝑊
0.05
0.1825
0.10
-

Reference

Hofstetter (1998)
Ostro et al. (1989)
Aldred et al. (2015)
Hofstetter (1998)
US EPA(2008) from Adams et
al. (1999) and US Bureau of the
Census (1997)
- BLS (Bureau of Labor
Statistics) (Barthold and Ford
2012)
- CDC (Center for Disease
Control) (Blackwell, Lucas, and
Clarke 2014)

It is worth noting that the Hofstetter reference lists these values for respiratory-related
MRADs and RADs “…in the absence of more precise information on the relative health states”,
but they still provide what one could consider appropriately small numbers when combined with
duration and incidence. The Ostro reference, though not recent, is still referenced for values in the
EPA BENmap: Environmental Benefits Mapping and Analysis software (US Environmental
Protection Agency 2008). The Aldred reference uses an MRAD DALY per incident of 0.0005.
With a duration of 1/365 years, this works out to a DW of 0.1825 (though the source of this has
been difficult to locate in the literature). The BLS data are an average of selected work categories:
education and health services, professional and business services, financial activities, information,
trade, transportation and utilities. Not included are leisure and hospitality, manufacturing, and
construction (these are excluded due to building categories of interest that are defined at a later
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point). The CDC number is the average of the 18-44 and 45-64 age groups, weighted by
population.
In summary, total DALYs are calculated from the size of the affected population, the
incidence per person-year, the length of the incident, and the disability weight. These values are
chosen, and the DALY amount is calculated.
Determining the monetary value of a DALY is not as simple as looking up a value in a
table. A section of a WHO report on water treatment strategies summarizes the issue (Edwards
2011). The monetary worth of DALYs should not be thought of as a single number, as purchasing
value varies by country. This is tied to per capita GDP in some way, but the value of a DALY
used has ranged from 0.4 to 5 times the per capita GDP of the country of interest. Equating the
monetary worth of a DALY to the per capita GDP was deemed a reasonable solution.
Additionally, one can compare interventions in terms of cost per DALY (a bit of a
sounder analysis), but this necessitates that one has alternatives to compare.
Lastly, a WLD can simply be quantified as a lost day of productivity a la the Fisk et al.
reference.
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3

Objective, Scope, and Research Plan

The objective is to perform third-party experimental research quantifying the energy
benefit of UVGI for coil cleaning, and modeling research quantifying the energy, IAQ, and
economic benefits to a set of building models representative of a portion of the U.S. building
stock. The experimental research will quantify the pressure drop and heat transfer coefficient
improvements resulting from applying UVGI to an already fouled coil in an operating AHU. The
modeling research will use the experimental research to establish the energy benefit, the
monetization of the IAQ benefit, and the overall economic benefit for a variety of buildings and
locations.
The scope of the experimental work is collecting and analyzing data from two field sites,
one in central Pennsylvania and one in Tampa, FL. The scope of the modeling work is energy
modeling, informed by the experimental work, using a subset of the DOE (Department of Energy)
Commercial Reference Buildings, and epidemiological modeling using the same subset. The
scope does not include biological sampling or characterization.
The research plan has two parts: experimental and modeling.
For the experimental part, two operating AHUs with visibly biofouled cooling coils are
the field sites. These sites are instrumented to characterize cooling coil airflow vs. pressure drop,
and heat transfer ability1. The coils are characterized as-is, in their fouled state. UVGI is installed,
and they are then characterized as the UVGI mitigates (in theory) whatever biofouling exists. The
data collected are used to compare the before/after UVGI states of the coil.

1

The term “ability” is chosen purposefully as not having a specific technical definition. The
question of how to characterize heat transfer is addressed at a later point.
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The increase in pressure drop across the coil and the decrease in heat transfer ability
results from the experimental sites are used to inform the energy modeling. A subset of the DOE
Commercial reference buildings are modeled in a “clean” and “fouled” state in order to compare
energy and economic benefit across climate zone and building type. The same subset is used in
stochastic epidemiological modeling in order to quantify the secondary health benefits of UVGI
for coil cleaning. First cost, maintenance cost, energy cost, and IAQ costs are then combined
together in a twenty year life cycle cost analysis (LCCA).

36

4

Field Study

The field study portion of the research involved monitoring and data reduction using
operating AHUs as experimental sites. Methodology is reviewed, followed by results and
discussion.

4.1

Methodology

Information on the field sites is reviewed, followed by the data collection setup, and
explanation of data comparison methods.

4.1.1

Field Sites
Two field sites were used for experimental testing of UVGI for coil cleaning: one in

Tampa, FL and the other in State College, PA (the latter will be referred to as the “PSU” site).
Both were chosen based on a combination of factors: visibly fouled cooling coil, owner interest,
researcher access, and climate. Climate aids in acquiring a broad range of airflows, sensible loads,
and latent loads. The relatively long cooling season of the Tampa site also aids with accruing
sufficient data. Tampa is generally a hotter and humid climate and could require cooling yearround, which could influence the potential for biological growth. While the PSU site could
experience hot and humid summers, it is generally cold in the winter and may not require use of
the cooling coil year-round.
The Tampa site is an AHU in an occupied laboratory classroom building on a college
campus. The VAV (variable air volume) AHU has a design flow rate of approximately 6000 cfm
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(2.832 m3/s), which was estimated based on coil face area and typical design velocity due to lack
of design documents. The chilled water coil is 60 in. wide by 33 in. high (1.52 m by 0.84 m) and
6 rows deep. Outdoor airflow rate varies from 500 to 1500 cfm (0.24 to 0.71 m3/s) due to an
interlock with fume hoods in the classrooms. Occupants are assumed to mainly students and
teachers, with operating hours likely from morning until evening to teach classes. OA intake is
located 10-15 feet off the ground. Filter is unlabeled flat with a plastic mesh media, appearing to
be mainly for coil protection rather than indoor air quality, but the amount and composition (e.g.,
insects) of upstream coil fouling indicates limited success in that aim. The AHU had a notable
hole on the upstream site of the coil (before the filter) that likely did not help the fouling
potential. System maintenance related to the coil was likely not done on a regular basis, given the
appearance of the coil (Figure 4-1).
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Figure 4-1. Close-up of Tampa site fouling, downstream side of coil
The PSU site is an AHU in an occupied office and fitness center. The AHU itself
primarily serves a fitness center (including a weight room and a treadmill room), a general
purpose fitness room, and some corridor space. The CAV (constant air volume) AHU has a
design flow rate of 17,000 cfm (8.02 m3/s). The fan itself is constant speed. The AHU has
staggered chilled water coils (Figure 4-2). The lower coil is 81 in. wide by 30 in. high (2.06 m by
0.76 m), and the upper coil is 81 in. wide by 27 in high (2.06 m by 0.69 m). Design minimum
outdoor airflow rate is 5,000 cfm (2.36 m3/s). Occupants are mainly students with some staff.
Occupancy hours vary but tend to be from early morning to late in the evening. OA intake is
located on the roof of the building. Filter banks are MERV 8 in a typical “W” type formation, and
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had noticeable gaps. System maintenance on the coil side was also likely not done on a regular
basis, given the appearance of the coil (Figure 4-3). Note that the type of fouling is notably
different in appearance compared to that found on the Tampa site.

Figure 4-2. Schematic of PSU site airflow in AHU

Figure 4-3. Close-up of PSU site fouling, upstream side of coil
Coil information is summarized in Table 4-1.
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Table 4-1. Field Site Coil Information
Coil
Tampa
PSU (Upper)
PSU (Lower)

Height
33 in.
0.84 m
27 in.
0.69 m
30 in.
0.76 m

Width
60 in.
1.52 m
81 in.
2.06 m
81 in.
2.06 m

Rows
6
6
6

Fins
8 per inch
3.15 per cm
11 per inch
4.33 per cm
11 per inch
4.33 per cm

UV lamp information is summarized in Table 4-2. Lamps for both sites are sized by the
manufacturer for an average coil intensity of 200 μW/cm2 and minimum allowable coil intensity
of 50 μW/cm2 using a factor of 80% for end-of-life lamp output. Coil irradiance for the Tampa
site was verified after six months of operation at an average of 291 μW/cm2 and a minimum of 35
μW/cm2 in one of the upper corners. This minimum of less than 50 μW/cm2 could be cause for
concern, but the next highest value was around 200 μW/cm2, so the reading may have been
inaccurate. Coil irradiance for the PSU site was not verified. UV placement is based on location
of visible fouling.
Table 4-2. Field Site Lamp Information
Site
Tampa

Rows
2

PSU

2

4.1.2

Per Row
21” lamp
61” lamp
24” lamp
36” lamp

Lamp Output
23 W
72 W
17 W
30 W

UV placement
Downstream of
Coil
Upstream of Coil

Data Collection
Figure 4-4 presents a schematic of measurement locations within the system.

Measurement points are listed in Table 4-3. Most of the measurement points pertain to airside
pressure drop and heat transfer coefficient. The pressure drop is primarily influenced by airflow,
but also by the amount of water on the coil (ASHRAE 2012b). Quite simply, the addition of
water flowing down the fins results in additional obstruction for the airflow. One way to quantify
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this is latent load, which is calculated from the airflow and the upstream and downstream air
conditions. Air and water flow rates and state points are needed to calculate the heat transfer
coefficient. Fan power is measured for correlation with airflow. UV power is measured for energy
analysis.

Figure 4-4. Schematic of measurement locations
Table 4-3. Measurement Points
Measurement
Supply Air Flow Rate
Airside Pressure Drop
Airside
Entering and Leaving Air Temp
Entering & Leaving RH
Chilled Water Flow Rate
Entering and Leaving Water
Waterside
Temp
Waterside Pressure Drop
Fan Power
Power
UV Ballast Power

Accuracy
±2% of reading
±0.14% of full scale (5 in wg)
±0.11°F (±0.2°C)
1% RH
1% of reading
±0.11°F (±0.2°C)
±0.14% of reading
±0.1% of reading
±0.1% of reading

Supply airflow rate for the Tampa site is measured using Ebtron thermal dispersion
sensor installations. Due to field conditions that reached the limits of manufacturer recommended
straight duct run, airflow was independently verified using handheld velocity traverses following
ASHRAE Standard 111 (ASHRAE 2008c). Supply airflow rate for the PSU site is measured
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using Ebtron fan inlet sensors and was not independently verified. Airside pressure drop
equipment is NIST-traceable calibrated. Airside pressure drop is measured on either side of the
cooling coil at each site, i.e. so the pressure drop of the cooling coil is the only thing measured.
Entering and leaving air temperature are measured using IEC class A RTDs (resistive temperature
devices) arranged in a “Z” pattern across each face of the coil. Humidity sensors are NISTtraceable calibrated and are installed on either side of the coil with their port a few inches from
the casing of the AHU.
Chilled water flow rate at the Tampa site is measured using an ultra-sonic flow meter
installed on a straight length of pipe according to manufacturer instructions. Chilled water flow
rate at the PSU site is also measured using an ultra-sonic flow meter installed on a straight length
of pipe according to manufacturer instructions. Chilled water temperature was measured using
IEC class A RTDs inserted in thermos-wells. Waterside pressure drop was measured using NISTtraceable calibration equipment with ports installed as close to either side of the coil as possible.

4.1.3

Data Comparison
Comparison methods to compare before/after airflow vs. pressure drop, airflow vs. fan

power, and heat transfer ability are discussed.

4.1.3.1 Airflow and Pressure Drop
As noted previously, pressure drop is a function of airflow and latent load, with a -33%
change in pressure drop on a coil that changes from fully wet to fully dry (ASHRAE 2012c). A
simple comparison (such as a t-test, if a normal population can be assumed) of all pressure drop
data from the fouled (pre-UV) period to all pressure drop data from the fouled (post-UV) period
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would be valid only if near-identical distributions of airflow and latent load occurred both pre and
post UV. This is unlikely to be the case outside of a laboratory environment (and did not occur, as
will be discussed later), so other methods that control for airflow and latent load are necessary.
A relatively straightforward binning method was developed to compare pre/post-UV
pressure drop while controlling for airflow and latent load.
1. Establish a range of airflow and latent based on limits of collected data
2. Divide range into a “reasonable” number of intervals, or bins
3. Compare pre/post-UV pressure drop data that are in the same bins
There are a few details that need to be expanded upon.
The first is the comparison periods for the pre/post-UV pressure drops. Comparing all pre
data to all post data is simple, but neglects transients in the data. That is, there may be a pre
period, a transitory post period when the UVGI is cleaning the coil, and a steady state (or
approximate steady state) post period when the UVGI has cleaned the coil as much as it is going
to. An attempt was made, visually, to establish when this steady state period occurs by graphing
the post period in one month intervals. The graph output is then a series of mean pressure drops
(mean pre-UV pressure drop followed by each month following the UV activation) for each
airflow/latent load bin. The comparison is ideally between the pre-UV data and an obvious steady
state period of post-UV data.
The second detail is the exact nature of the comparison method used. This will be
discussed further in 4.1.3.4.
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4.1.3.2 Airflow and Fan Power
Fan power is monitored concurrently with other system variables. The objective is to
compare fan power pre and post UV at given airflow rates. One way to accomplish this is the
aforementioned bin method, thereby comparing fan powers for given intervals of airflow.
Another option is to compare regression equations, using the form typical of component
models in energy simulation software, e.g.,
2
3
4
𝑓𝑝 = 𝑐0 + 𝑐1 𝑓𝑓𝑙𝑜𝑤 + 𝑐2 𝑓𝑓𝑙𝑜𝑤
+ 𝑐3 𝑓𝑓𝑙𝑜𝑤
+ 𝑐4 𝑓𝑓𝑙𝑜𝑤

Eq 4-1

where
𝑓𝑝
𝑓𝑓𝑙𝑜𝑤
𝑐𝑛

= fraction of full load power (i.e., part load factor)
= fraction of design airflow rate
= regression coefficients

One can then calculate fractional power given fractional airflow.
The fundamental flaw in this method is that power is a function of both airflow and fan
pressure drop. The coefficients of the regression equation assume that there is only one pressure
drop for a given airflow (i.e., a unique system curve). This is a tolerable approximation for wholebuilding energy analysis during design, as one need not define the layout, control points, etc. in
order to model a VAV system. However, this assumption is not a good one with respect to real
systems. It therefore should not be employed when attempting to compare the relationship of
airflow and fan power before and after UVGI intervention unless there are fan pressure drop data
to justify it. These fan pressure drop data were not collected, and therefore there are no such data.
For these reasons fan power data were not used to evaluate the benefit of UVGI
intervention.
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4.1.3.3 Heat Transfer
Two methods of quantifying heat transfer are reviewed. The first is heat transfer
effectiveness. The second is a form of overall heat transfer coefficient. Use and limitations of
each are defined. The ideal method used to compare heat exchange ability before and after the
application of UVGI would be fully independent of entering conditions, thereby representing
purely the physical state of the heat exchanger.
Heat transfer effectiveness is defined as
𝜂𝑒𝑓𝑓 =

𝑞𝑎𝑐𝑡𝑢𝑎𝑙
𝑞𝑚𝑎𝑥

Eq 4-2

where
𝑞𝑎𝑐𝑡𝑢𝑎𝑙
𝑞𝑚𝑎𝑥

= actual heat transfer
= maximum possible heat transfer

In heat exchangers with different working fluids, the maximum heat transfer is defined by
the stream with the minimum heat capacity.
𝑞𝑚𝑎𝑥 = 𝑚𝑖𝑛(𝑚̇1 𝐶𝑝1 , 𝑚̇2 𝐶𝑝2 ) ∙ (𝑇𝑖𝑛,ℎ𝑜𝑡 − 𝑇𝑖𝑛,𝑐𝑜𝑙𝑑 )

Eq 4-3

where
𝑚̇1
𝑚̇2
𝐶𝑝1
𝐶𝑝2
𝑇𝑖𝑛,ℎ𝑜𝑡
𝑇𝑖𝑛,𝑐𝑜𝑙𝑑

= mass flow of stream 1
= mass flow of stream 2
= specific heat of stream 1
= specific heat of stream 2
= temperature of “hot” stream entering heat exchanger
= temperature of “cold” stream entering heat exchanger

The largest temperature change that can occur is defined by the entering temperatures of
each stream, and the total heat transfer possible is defined by stream that can hold less heat.
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For a cooling coil, effectiveness is defined as
𝜂=

𝑚̇𝑎𝑖𝑟 (ℎ𝑎𝑖𝑟,𝑖𝑛 − ℎ𝑎𝑖𝑟,𝑜𝑢𝑡 )
𝑚𝑖𝑛 (𝑚̇𝑎𝑖𝑟 (ℎ𝑎𝑖𝑟,𝑖𝑛 − ℎ𝑤,𝑠𝑎𝑡,𝑖𝑛 ), 𝑚̇𝑤𝑎𝑡𝑒𝑟 𝐶𝑝,𝑤𝑎𝑡𝑒𝑟 (𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛 ))

Eq 4-4

where
𝑚̇𝑎𝑖𝑟
ℎ𝑎𝑖𝑟,𝑖𝑛
ℎ𝑎𝑖𝑟,𝑜𝑢𝑡
ℎ𝑤,𝑠𝑎𝑡,𝑖𝑛
𝑚̇𝑤𝑎𝑡𝑒𝑟
𝐶𝑝,𝑤𝑎𝑡𝑒𝑟
𝑇𝑎𝑖𝑟,𝑖𝑛
𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛

= mass flow of air
= enthalpy of air entering the coil
= enthalpy of air leaving the coil
= enthalpy of air if it was cooled to the entering water temperature
= mass flow of water
= specific heat of water
= temperature of air entering coil
= temperature of water entering coil

The structure of Eq 4-4 is specific to cooling coils due to some of the physical
phenomena inherent in cooling coil heat transfer. E.g., the enthalpy of the air is a function of both
temperature and humidity. Effectiveness is theoretically independent of exchanger inlet
temperatures (ASHRAE 2009a), but not of mass flow rates. Dependence of effectiveness on
enthalpy is not mentioned in this reference. While the use of a straightforward method such as
effectiveness is attractive, the dependence on inlet data does not meet the desired criteria of
purely representing the coil’s physical condition.
Overall coil heat transfer coefficient (𝑈𝐴) is another measure of performance that can be
used. Though it is also dependent on inlet conditions (inlet water and air flow rates, inlet water
and air conditions), there are methods available to transform arbitrary operating conditions to a
nominal condition. The method below has two steps, as detailed below. The first is to calculate
the UA at all time steps from the AHU actual operating conditions. The second is to convert the
UA to a reference UA based on nominal inlet conditions.
The calculation of the UA value for a given condition is explained in the Engineering
Reference for EnergyPlus (US Department of Energy 2014a) as well as the available source code

47
(US Department of Energy 2015). A full list of references used is available in the Engineering
Reference for EnergyPlus.
The calculation of UA from a given set of conditions is an iterative implementation of an
NTU-ε method, and the basic procedure is as follows
1. Establish the enthalpy of the air leaving the coil ℎ𝑎𝑖𝑟,𝑜𝑢𝑡 from collected data
2. “Guess”2 a value for, 𝑈𝐴: 𝑈𝐴𝑔𝑢𝑒𝑠𝑠 [W/C]
3. Based on 𝑈𝐴𝑔𝑢𝑒𝑠𝑠 , calculate an enthalpy based 𝑈𝐴𝑒𝑛𝑡ℎ [kg/s]
4. Calculate NTU based on 𝑈𝐴𝑒𝑛𝑡ℎ and the heat capacity of the minimum stream
(Eq 4-5)
5. Calculate the ratio of the stream capacities (Eq 4-6)
6. Calculate the effectiveness based on NTU and the ratio of the stream capacities
(Eq 4-7)
7. Use the effectiveness to calculate the enthalpy of the air leaving the coil for
𝑈𝐴𝑔𝑢𝑒𝑠𝑠
8. Check to see if 𝑈𝐴𝑔𝑢𝑒𝑠𝑠 resulted in ℎ𝑎𝑖𝑟,𝑜𝑢𝑡 (Eq 4-8, Eq 4-9)
9. Modify 𝑈𝐴𝑔𝑢𝑒𝑠𝑠 and return to step 1 if necessary.
𝑁𝑇𝑈 =

𝑈𝐴𝑒𝑛𝑡ℎ
𝑀𝑖𝑛𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑡𝑟𝑒𝑎𝑚

Eq 4-5

where
𝑁𝑇𝑈
= number of transfer units (dimensionless)
𝑈𝐴𝑒𝑛𝑡ℎ
= enthalpy based UA [kg/s]
𝑀𝑖𝑛𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑡𝑟𝑒𝑎𝑚 = minimum heat capacity stream as calculated using EnergyPlus
methods [kg/s]

2

While the EnergyPlus code uses an internal Regula Falsi method, the method used in the data
analysis makes use of the implicit equation solving software EES (Engineering Equation Solver)
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𝑅𝑎𝑡𝑖𝑜𝑆𝑡𝑟𝑒𝑎𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

𝑀𝑎𝑥𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑡𝑟𝑒𝑎𝑚
𝑀𝑖𝑛𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑡𝑟𝑒𝑎𝑚

Eq 4-6

where
𝑅𝑎𝑡𝑖𝑜𝑆𝑡𝑟𝑒𝑎𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑀𝑎𝑥𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑡𝑟𝑒𝑎𝑚

𝜂𝐶𝑟𝑜𝑠𝑠𝐹𝑙𝑜𝑤 = 1 − 𝐸𝑥𝑝 (

= ratio of stream capacities [dimensionless]
= maximum capacity stream as calculated using EnergyPlus
methods [kg/s]
𝐸𝑥𝑝(−𝑁𝑇𝑈 ∙ 𝑅𝑎𝑡𝑖𝑜𝑆𝑡𝑟𝑒𝑎𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝑁𝑇𝑈 −0.22 ) − 1
)
𝑅𝑎𝑡𝑖𝑜𝑆𝑡𝑟𝑒𝑎𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝑁𝑇𝑈 −0.22

Eq 4-7

where
𝜂𝐶𝑟𝑜𝑠𝑠𝐹𝑙𝑜𝑤

= effectiveness of a cross flow heat exchanger (dimensionless)

ℎ𝑎𝑖𝑟,𝑜𝑢𝑡 = ℎ𝑎𝑖𝑟,𝑖𝑛 − 𝜂𝐶𝑟𝑜𝑠𝑠𝐹𝑙𝑜𝑤

𝑀𝑎𝑥𝐻𝑒𝑎𝑡𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟
𝑆𝑡𝑟𝑒𝑎𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐴𝑖𝑟

𝑀𝑎𝑥𝐻𝑒𝑎𝑡𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝑀𝑖𝑛𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑡𝑟𝑒𝑎𝑚 (ℎ𝑎𝑖𝑟,𝑖𝑛 − ℎ𝑤,𝑠𝑎𝑡,𝑖𝑛 )

Eq 4-8
Eq 4-9

where
𝑆𝑡𝑟𝑒𝑎𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐴𝑖𝑟

= stream capacity of air as defined by the EnergyPlus methods
[kg/s]

The end result of this process is a coil UA value that matches the enthalpy (and close to
the temperature) of the coil outlet condition. After the establishment of UA, the next major part of
the procedure is to convert this value of UA to a value of UA at reference temperatures and flow
rates. This is done using a method outlined in the EnergyPlus Engineering Reference (US
Department of Energy 2014b). The structure of this method is shown in Eq 4-10 through Eq 4-14.
In short, a temperature adjustment factor and a mass flow rate adjustment factor are calculated for
airside and waterside UA values. These adjustment factors are used to calculate the new airside
and waterside UAs, which are then used to calculate the new overall UA value.
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𝑥𝑎 = 1 + 4.769 ∙ 10−3 (𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑖𝑛,0 )

Eq 4-10

where
𝑥𝑎
𝑇𝑎𝑖𝑟,𝑖𝑛,0
𝑇𝑎𝑖𝑟,𝑖𝑛

= air temperature adjustment factor
= air temperature being converted from [°C]
= air temperature being converted to [°C]
𝑚̇𝑎𝑖𝑟
𝑈𝐴𝑎 = 𝑥𝑎 (
)
𝑚̇𝑎𝑖𝑟,0

0.8

𝑈𝐴𝑎,0

Eq 4-11

where
𝑚̇𝑎𝑖𝑟,0
𝑚̇𝑎𝑖𝑟
𝑈𝐴𝑎,0
𝑈𝐴𝑎

= air mass flow rate being converted from [kg/s]
= air mass flow rate being converted to [kg/s]
= airside UA being converted from [W/°C]
= airside UA being converted to [W/°C]
𝑥𝑤 = (

0.014
) (𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛 − 𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛,0 )
1 + 0.014𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛,0

Eq 4-12

where
𝑥𝑤
𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛,0
𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛

= water temperature adjustment factor
= water temperature being converted from [°C]
= water temperature being converted to [°C]
𝑈𝐴𝑤 = 𝑥𝑤 (

𝑚̇𝑤𝑎𝑡𝑒𝑟
)
𝑚̇𝑤𝑎𝑡𝑒𝑟,0

0.85

𝑈𝐴𝑤,0

Eq 4-13

where
𝑚̇𝑤𝑎𝑡𝑒𝑟,0
𝑚̇𝑤𝑎𝑡𝑒𝑟
𝑈𝐴𝑤,0
𝑈𝐴𝑤

= water mass flow rate being converted from [kg/s]
= water mass flow rate being convert to [kg/s]
= waterside UA being converted from [W/°C]
= waterside UA being converted to [W/°C]
𝑈𝐴𝑛𝑒𝑤 =

1
1
1
(𝑈𝐴 + 𝑈𝐴 )
𝑤
𝑎

where
𝑈𝐴𝑛𝑒𝑤

= UA value at new operating conditions [W/°C]

Eq 4-14
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4.1.3.4 Statistical Method to Calculate the Average Difference in Pressure Drop and UA
Establishing a confidence interval of the difference between the pressure drop and UA
values is not as simple at performing a t-test, as each value has its own known uncertainty value.
That is, the sample standard deviation is not adequate as an estimate, because the uncertainty of
each pressure drop and UA value is known due to uncertainty propagation. It can be argued that,
due to the knowledge of measurement uncertainty, the true population standard deviation is
known and therefore can be used. The uncertainty propagation is carried through the calculation
of the mean values of the fouled and clean populations, and then the calculation of the difference
between the two.
Uncertainty propagation follows the procedure outlined by ASHRAE (2004a)
𝑠𝑓 = √∑ (

𝜕𝑓 2 2
) 𝑠𝑥𝑖
𝜕𝑥𝑖

Eq 4-15

where
𝑠𝑓
𝑓
𝑥𝑖
𝑠𝑥𝑖

= standard deviation of calculated value
= calculated value
= independent variable used in calculation of f
= standard deviation of variable 𝑥𝑖

This form assumes that 1) errors are normally distributed and 2) errors are uncorrelated.
These are reasonable assumptions for most measurement equipment. Error propagation
calculations are primarily performed by EES software (Klein 2016) and R statistical software.
Using Eq 4-15 to calculate the uncertainty of calculating a mean results in the following:
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𝑚𝑒𝑎𝑛 =

𝑠𝑚𝑒𝑎𝑛 = √(

∑ 𝑈𝐴 𝑈𝐴1 + 𝑈𝐴2 + ⋯ + 𝑈𝐴𝑛
=
𝑛
𝑛

𝜕𝑚𝑒𝑎𝑛 2 2
𝜕𝑚𝑒𝑎𝑛 2 2
𝜕𝑚𝑒𝑎𝑛 2 2
) 𝑠𝑈𝐴1 + (
) 𝑠𝑈𝐴2 … (
) 𝑠𝑈𝐴𝑛
𝜕𝑈𝐴1
𝜕𝑈𝐴2
𝜕𝑈𝐴𝑛
𝜕𝑚𝑒𝑎𝑛 1
=
𝜕𝑈𝐴
𝑛
𝑠𝑚𝑒𝑎𝑛 =

Eq 4-16

1
2
√∑ 𝑠𝑈𝐴𝑛
𝑛

Using (again) Eq 4-15 to calculate the uncertainty of mean(UAclean) – mean(UAfouled)
results in
2
2
)𝑐𝑙𝑒𝑎𝑛 + (𝑠𝑚𝑒𝑎𝑛
)𝑓𝑜𝑢𝑙𝑒𝑑
𝑠𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = √(𝑠𝑚𝑒𝑎𝑛

Eq 4-17

With sDifference calculated, one can determine the approximate 95% confidence interval of
the difference between the clean and fouled UA values. Again, due to the knowledge of
measurement uncertainty, this value can end up being quite small.
It must be noted that Eq 4-17 assume no covariance between terms. This is a simplifying
assumption, but not technically correct due to the fact that the measurements are not truly
independent: the same instrumentation was used for both the pre- and post-UV, so the variances
of each are related. Eq 4-17, conveniently, presents an upper bound on the standard deviation, if a
positive covariance can be assumed. The equation for the standard deviation of the difference of
two terms with a covariance term is shown in Eq 4-18, adapted from Box, Hunter, and Hunter
(1978), and also mentioned more generally in ASHRAE (2004a). Note that the negative value of
the covariance term means that sDifference will decrease overall when the covariance is positive.
2
2
)𝑐𝑙𝑒𝑎𝑛 + (𝑠𝑚𝑒𝑎𝑛
)𝑓𝑜𝑢𝑙𝑒𝑑 − 2𝜌𝑐𝑙𝑒𝑎𝑛,𝑓𝑜𝑢𝑙𝑒𝑑 𝑠𝑐𝑙𝑒𝑎𝑛 𝑠𝑓𝑜𝑢𝑙𝑒𝑑
𝑠𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = √(𝑠𝑚𝑒𝑎𝑛

where
ρ

= correlation coefficient

Eq 4-18
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4.2

Results

The results of the field study cover the raw data, pre-processing, and data reduction for
both sites. Photos of before/after at the Tampa site are at the end of the section. Before/after
photos of the PSU site are not included due to lack of visual change.

4.2.1

Experimental Site Data
This section presents raw experimental data of interest from the Tampa and PSU sites. It

is intended to demonstrate the general data trends and point out where some pre-processing of
data is necessary.

4.2.1.1 Tampa Site
Data were collected for about 91,000 time steps at one minute intervals before the UV
lamps were turned on, and about 530,000 time steps after. This corresponds to about 63 days and
368 days, respectively. Pre-UV data were collected 06/11/13-07/08/13 and 09/18/13-11/01/13.
Post-UV data were collected 11/01/13-12/19/14.
Plotting the coil airside pressure drop versus airflow (Figure 4-5 and Figure 4-6) suggests
a general “quadratic cloud” shape, though the after UV data have more points and therefore a
more “filled in” appearance. There are, however, clear instances of questionable data (e.g.,
negative airside pressure drops) and some question about how low a measurement can be taken
without sacrificing accuracy. The negative airside pressure drops, and unrealistic pressure
drop/flow relationships (e.g., flows of a few thousand cfm with a pressure drop near zero), could
be the results of instrument error, measurement error (e.g., values near zero recorded as negative),
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or unit/instrument maintenance that could require the doors being open, resulting in relationships
outside of typical unit operation.

Figure 4-5. Tampa, pre-UV airside pressure drop versus airflow, raw data, 05/15/1311/01/13
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Figure 4-6. Tampa, post-UV airside pressure drop versus airflow, raw data, 11/01/1312/29/14
Plots of coil leaving air temperature versus water flow rate (Figure 4-7 and Figure 4-8)
show the trend one would expect from a VAV system. There is near-constant temperature at high
flow rates (and therefore cooling loads) with a trend of increasing temperature at lower flows that
may indicate supply air temperature reset controls or the unit turning on or off. Sorting and
graphing all of the leaving air temperature data shows a smooth variation between 50°F and 60°F
(10°C and 15.6°C), indicating the likely use of supply air temperature reset (Figure 4-9). As with
the previous graphs, there are some questionable data in Figure 4-7 and Figure 4-8. Negative flow
rates are likely bad data, as they are infrequent (on the order of a few points or less). High flow
rates with a high leaving air temperatures are likely transient situations when maximum amount
of cooling is called for, e.g., if the unit is shut off for some time then turned on. Similarly,
situations with a zero flow rate are likely transient situations when the unit is turning on or off.
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Figure 4-7. Tampa, pre-UV coil leaving air temperature versus water flow rate, raw data,
05/15/13-11/01/13
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Figure 4-8. Tampa, post-UV coil leaving air temperature versus water flow rate, raw data,
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Figure 4-9. Tampa, Percentile of leaving air temperature after UV, raw data, 11/01/1312/29/14
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Figure 4-10 and Figure 4-11 show the relationship between water flow rate and waterside
ΔT. As the coil water flow decreases, the ΔT increases: the expectation of an appropriately sized
cooling coil. Again, it is apparent that there are some physically unrealistic values that should be
removed (e.g., negative flow rates). The negative flow rates are, again, likely bad data due to the
fact there appears to be very limited instances of them. Water flows near zero that have an
associated ΔT are likely transients from the unit turning on/off, as are the points with high flow
rate and abnormally low ΔT (e.g., around 2°F).

Figure 4-10. Tampa, pre-UV waterside ΔT versus water flow rate, raw data, 05/15/1311/01/13
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Figure 4-11. Tampa, post-UV waterside ΔT versus water flow rate, raw data, 11/01/1312/29/14
Though the system is VAV, the supply air flow rate does not vary a great deal. Figure
4-12 is an example time series graphs over a period of two days. It shows variation from about
83% of design flow to 60% of design flow (design flow assumed to be 6000 cfm based on coil
size and typical design velocities, as design data was not available).
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Figure 4-12. Example time series of Tampa pre-UV airflow10/06/13-10/08/13, raw data
Percentile graphs of airflow and pressure drop (Figure 4-13 and Figure 4-14) show that
both airflow and pressure drop tend to be higher during the fouled collection period.
Examinations such as those were the original impetus for not simply using a t-test on the pre-UV
data versus the post-UV data. Figure 4-13 includes measurement uncertainty to illustrate the
range of 2% of airflow in relation to the range of measured airflow.

60

Figure 4-13. Percentile of airflow with measurement uncertainty, Tampa raw data

Figure 4-14. Percentile of coil airside pressure drop, Tampa raw data
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4.2.1.2 PSU Site
Data were collected for about 117,000 time steps at one minute intervals before the lamps
were turned on, and about 473,000 time steps after. This corresponds to about 81 days and 328
days, respectively. Pre-UV data were collected 04/14/14-07/17/14. Post-UV data were collected
07/17/14-10/01/15.
Contrary to plan, the Penn State site cooling coil was chemically cleaned in July 2013,
about nine months before the baseline data collection began. There was visible reduction in
fouling, but it was not completely removed. The decision was made to continue with the planned
collection of data, although with the expectation that there might be little or no improvement. It
was felt that post-UV data might shed some light on the effectiveness of conventional chemical
cleaning on removal of biofouling.
The PSU data have a wide range of airflow for what is nominally a CAV system. This
could be due to changing flow resistance of filters as they load, exhaust fan operation, interaction
with other air handling systems, opening of windows/doors, or some other system adjustment.
The data do not suggest a “quadratic cloud” shape as well as the Tampa data (Figure 4-15 and
Figure 4-16), though a before UV trend line at least shows increasing pressure drop for increasing
flow. It is clear that some of the data (e.g., points with zero pressure drop at non-zero flow) are
candidates for elimination on physical grounds.
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Figure 4-15. PSU pre-UV airside pressure drop versus airflow, raw data, 04/19/1407/17/14
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Figure 4-16. PSU, post-UV airside ΔP versus airflow, raw data, 07/17/14-10/01/15
Figure 4-17 shows a good clustering of data around 55°F (mean of 55.16°F, standard
deviation of 2.22°F) relative to the noise and questionable readings of Figure 4-18. The latter has
many candidates for elimination from the data set; -50°F readings in a commercial air
conditioning system are not physically possible given a typical chilled water supply temperature
of around 44°F (6.67°C). These data (attributed to a faulty sensor) represent around 4.7% of the
total, and are removed.
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Figure 4-17. PSU pre-UV coil leaving air temperature versus water flow rate, raw data,
04/19/14-07/17/14
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Figure 4-18. PSU post-UV coil leaving air temperature versus water flow rate, raw data,
07/17/14-10/01/15
Figure 4-19 and Figure 4-20 do not show an obvious relationship between coil flow rate
and waterside temperature difference, i.e., an increase in ΔT as flow decreases, as was shown in
Figure 4-10 and Figure 4-11. The addition of trend lines does not show the expected relationship,
either. Additionally, there are candidates for removal from the data set in terms of negative
waterside temperature differences.

66

Figure 4-19. PSU pre-UV waterside ΔT versus water flow rate, raw data, 04/19/1407/17/14
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Figure 4-20. PSU post-UV waterside ΔT versus water flow rate, raw data, 07/17/1410/01/15
The system is nominally CAV, but there is a large unexpected variation in airflow rate.
Figure 4-21 is an example time series graphs over a period of one day. Flow varies from 67% of
design flow to 81% of max flow, smaller but similar in range to the VAV system at Tampa. This
could be due to exhaust fan operation, opening of windows/doors, or some other system
adjustment changing the relationship between fan and the overall airflow paths in the building. It
is worth noting that this is not how such a system is expected to operate.
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Figure 4-21. Example time series of PSU pre-UV airflow 05/22/14, raw data. Nominally
supposed to be a constant air volume (CAV) system, the changes in airflow are unexplained, but
could be related to the turning off/on of other systems, opening of/closing of doors, or other short
term changes that affect system operation.
Percentile graphs of airflow and pressure drop (Figure 4-22 and Figure 4-23) show that
both airflow and pressure have similar frequencies, though the clean airflow has some occurrence
of lower values. Note, again, that this is supposed to be a CAV system. Figure 4-22 includes
measurement uncertainty to illustrate the range of 2% of airflow in relation to the range of
measured airflow.
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Figure 4-22. Percentile of airflow with measurement uncertainty, PSU raw data

Figure 4-23. Percentile of coil airside pressure drop, PSU raw data
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4.2.2

Data Pre-Processing
Pre-processing of data from both sites is necessary for a variety of reasons. The pre-

processing of Tampa data is fairly straightforward, with a few items specific to the data set (Table
4-4). The approach to filtering was based predominantly on eliminating physically impossible or
highly unlikely values.
Table 4-4. Tampa Data Pre-Processing
Value
Airflow

Filtered
< 3500 cfm
< 1.652 m3/s

Water flow

< 1 gpm
< 6.31e-5 m3/s
< 0.4°F
< 0.22°C
< 0.4°F
< 0.22°C
<0
<0
> 3200 cfm & < 0.25
in wg
> 1.51 m3/s & < 62.3
Pa
> 8000 cfm
> 3.776 m3/s

Airside ΔT
Waterside ΔT
Coil ΔP
Latent load
Airflow & ΔP

Airflow

Reasoning
Limits of measurement accuracy according to
ASHRAE Standard 111 (ASHRAE 2008c) for
installed measurement setup. Different than
measurement accuracy, Standard 111 defines a
minimally acceptable velocity contour (75% of
velocity pressure measurement points greater than
10% of the maximum velocity pressure) for
measurement. Though pressure-based
instrumentation was not used, Standard 111 was
used as guidance to establish a minimum cutoff.
Filter near zero flow
Limits of detection for ΔT (0.2°F per instrument)
Limits of detection for ΔT (0.2°F per instrument)
Filter negative pressure drop, not physically possible
Filter negative latent loads
Clustering of implausible combination of flow and
pressure drop given bulk of data defining system
operation
Small number of points far outside of reasonable
range of system operation. The system design
airflow is estimated to be around 6000 cfm (2.832
m3/s) based on a face velocity of 450 fpm (2.286
m/s)

The approach taken for the PSU data is also fairly straightforward, with the exception of
airflow (Table 4-5). In this case, the system is supposed to tend towards having one value of flow
(CAV). Boxplot limits of ±1.5 interquartile range (IQR) are used to filter outliers.
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Table 4-5. PSU Data Pre-Processing
Value
Airflow
Water flow
Airside ΔT
Waterside ΔT
Coil ΔP
Latent load
Supply Air
Temp (SAT)

Filtered
< mean – 1.5 IQR
> mean + 1.5 IQR
<0
< 0.4°F
< 0.22°C
< 0.4°F
< 0.22°C
<0
<0
Interval of known
measurement instrument
malfunction

Reasoning
Filter outliers
Filter zero flow
Limits of detection for ΔT (0.2°F per instrument)
Limits of detection for ΔT (0.2°F per instrument)
Filter negative pressure drop, not physically possible
Filter negative latent loads
Known issue, abnormally low readings

Data were collected at 1 minute intervals. In order to smooth out some of the transients, a
15 minute centered moving average was applied to all the data.

4.2.3

Tampa Pressure Drop Data Reduction
Post-filtering, there are data for about 75,000 time steps (about 52 days) before the lamps

are turned on, and 505,000 (about 350 days) after the lamps are turned on. These remaining data
show a clear difference in airside P (Figure 4-24), but this could easily be explained by
differences in airflow (Figure 4-25) and latent load (Figure 4-26). As mentioned previously, since
a simple “before/after” comparison does not control for airflow, latent load, or transients in
fouling amount, a bin method is used for comparison.
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Figure 4-24. Percentile of airside ΔP, Tampa

Figure 4-25. Percentile of airflow, Tampa
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Figure 4-26. Percentile of latent load, Tampa
In accordance with the methodology in 4.1.3.1, the first step is to establish the range of
airflows and latent loads that will be used for the binning comparison of airside pressure drop.
This is accomplished visually by plotting latent load versus airflow for the pre and post UV data
(Figure 4-27 and Figure 4-28). Based on these figures, the analysis range for airflow is 3800 cfm
to 5000 cfm, and the range for latent load is 10 kW to 30 kW. Intervals for airflow are 200 cfm
(e.g., 3800-4000cfm, etc) and intervals for latent load are 1 kW (e.g., 10-11 kW, etc.). The code
used to develop the graphs and perform the comparisons is sensitive to the number of data points
available in each bin. For the purpose of this analysis, at least 5 data points are required for a
comparison to be made. As noted in 4.1.3.4, the standard deviation, and therefore the 95%
confidence interval, is heavily reliant on the number of data points. The large amount of data
collected, and the relatively small measurement uncertainty of 0.14% of full scale (5 in wg.), or
0.007 in wg., enables a relatively small 95% interval to be calculated for many of the mean
pressure drops.
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Figure 4-27. Range of airflow and latent load in pre-UV data, Tampa

Figure 4-28. Range of airflow and latent load in post-UV data, Tampa
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Around 145 graphs of pressure drop versus time for intervals of airflow and latent load
were generated, most of which will not be reviewed here due to repetition of general trends.
Figure 4-29 and Figure 4-30 are two typical graphs of pressure drop vs. time. Month 0 denotes
the mean of all pre-UV data, while the rest denote the months following the activation of UV.
Note that the calculated 95% confidence intervals are quite small, to the point of not being
visible. Again, this is due to the confidence intervals being calculated via the methods described
in 4.1.3.4. In Figure 4-29 there is no post-UV “transition” period to speak of. All of the change
occurs in the first month, a typical pattern. This is not unexpected given undocumented reports
from manufacturers regarding the time frame in which UVGI will reduce fouling. Figure 4-30 is
less straightforward. One can see the drop off in the first month, but then a rise in later months.
This is believed to be due to an increase in non-biological fouling on the upstream side of the coil
(i.e., the side without the UVGI). Dust, particulates, bugs, and leaves had been observed on the
upstream side, and it can assumed that the accumulation of these would increase. That is, it is not
physically likely that the later increase in pressure drop would be due to the application of UVGI,
but to other factors affecting system operation.
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Figure 4-29. Tampa mean airside pressure drop vs. time
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Figure 4-30. Tampa mean airside pressure drop vs. time
Due to the lack of transition period, the focus is on the difference between the pre-UV
(month 0) and the first month post UV (month 1). Of the 145 bins, 66 have enough data at the 0th
and 1st months to compare the mean pressure drops. Using these 66 bins, one can than calculate
the mean difference among them. Again using the uncertainty propagation discussed in 4.1.3.4,
one can calculate an approximate 95% confidence interval (two standard deviations) of the mean
difference in pressure drop. This works out 0.2093 to 0.2096 in wg improvement, or a 21.65% to
21.7% improvement. The percentile graph of these 66 bins is presented in Figure 4-31, with the
solid line indicating the calculated mean and the dashed line indicating the median of values.
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Figure 4-31. Tampa mean pressure drop improvement in 66 bins (solid line denotes
mean, dashed line denotes median)

4.2.4

Penn State Pressure Drop Data Reduction
Post-filtering, there are data for about 52,000 time steps (about 36 days) before the lamps

are turned on, and 247,000 (about 171 days) after the lamps are turned on. The remaining data
show a clear difference in airside ΔP pre and post-UV (Figure 4-32), but, as before, it could be
argued that the cause is difference in airflow (Figure 4-33) and latent load (Figure 4-34), not
through a change in the coil’s physical state. It is necessary to control for airflow and latent load
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when evaluating pressure drop so, again, a simple t-test of the before/after conditions does not
suffice.

Figure 4-32. Percentile of airside ΔP, PSU

Figure 4-33. Percentile of airflow, PSU
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Figure 4-34. Percentile of latent load, PSU
In accordance with the methodology in 4.1.3.1, the first step is to establish the range of
airflows and latent loads that will be used for the binning comparison of airside pressure drop.
This is accomplished visually by plotting latent load versus airflow for the pre and post UV data
(Figure 4-35 and Figure 4-36). Based on these figures, the analysis range for airflow is 14000 cfm
to 15000 cfm, and the range for latent load is 10 kW to 45 kW. Intervals for airflow are 200 cfm
(e.g., 14000-14200cfm, etc) and intervals for latent load are 2.5 kW (e.g., 10-12.5 kW, etc.). As
noted in 4.1.3.4, the standard deviation, and therefore the 95% confidence interval, is heavily
reliant on the number of data points. The large amount of data collected, and the relatively small
measurement uncertainty of 0.14% of full scale (5 in wg.), or 0.007 in wg., enables a relatively
small 95% interval to be calculated for many of the mean pressure drops.
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Figure 4-35. Range of airflow and latent load in pre-UV data, PSU

Figure 4-36. Range of airflow and latent load in post-UV data, PSU

82
Around 70 graphs were generated, most of which will not be reviewed here. Figure 4-37
and Figure 4-38 are two typical graphs of pressure drop vs. time. Month 0 denotes the mean of all
pre-UV data, while the rest denote the months following the activation of UV. Note that the
calculated 95% confidence intervals are quite small. Again, this is due to the confidence intervals
being calculated via the methods described in 4.1.3.4. Also, it is necessary to remember that the
PSU site was somewhat “cleaned” before the data collection started, so not a lot of change is
anticipated. In Figure 4-37, again, there is no post-UV “transition” period. There appears to be
very little change, but it is there, and it stays changed through the remainder of the data collection
period. Figure 4-38, however, shows the opposite effect: a slight uptick in the pressure drop.
Since the PSU site did not have a lot of apparent biological fouling to begin with, but did have
apparent hair/dust/etc. fouling, it is anticipated that some amount of non-biological fouling
continued to occur over the course of the testing.
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Figure 4-37. PSU mean airside pressure drop vs. time
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Figure 4-38. PSU mean airside pressure drop vs. time
The focus, again, will be on the difference between the pre-UV (month 0) and the first
month post UV (month 1). Of the 70 bins, 60 have enough data at the 0th and 1st months to
compare the mean pressure drops. Using these 60 bins, one can than calculate the mean
difference among them. Again using the uncertainty propagation discussed in 4.1.3.4, one can
calculate an approximate 95% confidence interval (two standard deviations) of the mean
difference in pressure drop. This works out 0.008 to 0.009 in wg improvement, or a 1.3% to 1.4%
improvement. The percentile graph of these 60 bins is presented in Figure 4-39, with the solid
line indicating the calculated mean and the dashed line indicating the median of values.
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Figure 4-39. PSU mean pressure drop improvement in 60 bins (solid line denotes mean,
dashed line indicates median)

4.2.5

Example Analysis of Tampa Pressure Drop Using Standard Statistical Tests
The reasons for using uncertainty propagation in lieu of standard statistical tests are

discussed in 4.1.3.4, the main one being knowledge of uncertainty (standard deviation) of each
measurement point due to the knowledge of measurement uncertainty of the instruments. That is,
it can be argued that the population standard deviation is known. However, it is still instructive to
examine results from standard statistical tests. The main difference will be that the measurement
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uncertainty is not explicitly used. Instead, it is assumed that the range of uncertainty in a sample
will, itself, address the measurement uncertainty. This can result in wider confidence intervals.
For example, Figure 4-40 shows the same results presented in Figure 4-29 with error bars
showing the sample standard deviation, as if the true population standard deviation is not known.
The 95% confidence intervals for each value are much larger.

Figure 4-40. Tampa mean airside pressure drop vs. time using sample standard deviation
Though the range of the 95% confidence intervals is large, the large number of samples
collected combined with the difference in means allow conclusions to be drawn when comparing
the pre-UV data (month 0) to the post-UV data (month 1), with 443 and 1644 data points,
respectively. The result of a typical two-sample t-test is presented in Table 4-6.
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Table 4-6. Example t-test Summary
Test type
Two-sample, two sided t-test
t statistic
29.194
Degrees of freedom
476.64
p-value
< 2.2e-16
Mean of pre-UV pressure drop
0.93 [in wg]
Mean of post-UV pressure drop
0.62 [in wg]
95% CI of difference in means
0.29-0.33 [in wg]

The benefit of the large amount of data collected is also apparent in the power
calculations (Table 4-7). Power calculations for the above test were done in a “worst case”
fashion in order to estimate the power. That is, the smaller of the two sets of data was used for the
number of data points, and the larger of the two standard deviations was used as the standard
deviation value.
Table 4-7. Power Calculation Summary
Test type
n
Delta (difference in means)
Standard deviation
Significance level of t-test
Power

Power of two-sample, two sided t-test
443
0.31 [in wg]
0.22
0.05
1

The majority of the t-tests had a power of 1 due to the large sample sizes used, again a
benefit of many measurement points.
The limitation of the t-test is the assumption of a normal population, which cannot
necessarily be assumed with the collected data. In this case, a Wilcoxon rank sum test to estimate
the difference in medians may be more appropriate (Table 4-8).
Table 4-8. Summary of Wilcoxon rank sum test
Test type
Two sample, two-sided Wilcoxon rank sum
W statistic
647000
p-value
< 2.2e-16
95% CI of difference in medians
0.37-0.38 [in wg]

88
It shows a qualitatively similar result, but a slightly higher value for the difference.

4.2.6

Tampa Heat Transfer Coefficient Data Reduction
Using the methods outlined in 4.1.3.3, nominal UA values were calculated for the

following inlet conditions: air temperature = 26.67°C (80°F), inlet air wet bulb temperature =
19.44°C (67°F), inlet chilled water temperature of 6.67°C (44°F), and air at 6000 cfm (2.83 m3/s)
and water at 50 gpm (0.0032 m3/s). These values of temperature are the ones used in EnergyPlus
to calculate nominal UA values, and therefore necessary to use if one wants to apply the UA
results to this software. Air and water flow values are chosen as close-to-design values (specific
information on coil design flows are not available). Boxplot limits (1.5 times the interquartile
range) were used to eliminate outliers, as the UA values are, in theory, supposed to be the same at
the reference condition, but this is not the case. Figure 4-41 shows UA vs. time, with the red line
denoting when the UV lamps were turned on.
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Figure 4-41. Tampa UA vs. time. Red line denotes when UV is turned on
At first look, a difference between pre and post UV is clear. However, there is notable
periodicity in the data. This periodicity is correlated with variation in sensible heat ratio (SHR,
the ratio between the sensible load and the total load) (Figure 4-42), total load (Figure 4-43), and
latent load (Figure 4-44). This is an unexpected result, because (as noted previously) this value of
UA is supposed to be nearly identical at reference conditions, independent of load. That it is not
may simply reflect a shortcoming of the model.
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Figure 4-42. Tampa SHR vs. time. Red line denotes when UV is turned on

91

Figure 4-43. Tampa total load vs. time. Red line denotes when UV is turned on
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Figure 4-44. Tampa latent load vs. time. Red line denotes when UV is turned on
The periodicity appears to be seasonal, though UA should be dependent only on the coil
entering parameters, not any outside factors. An attempt was made to correct for the periodicity
via time series decomposition, an SHR correction factor, a latent load correction factor, and a
correction factor including SHR, latent load, and total load. None of these attempt were fulling
successful in removing the periodicity.
SHR is not accounted for in the procedure for calculating UA at a reference condition, so
results are analyzed by binning via intervals of SHR (similar to dividing up pressure drop data by
airflow and latent load). Bins start at an SHR of 0.5 and end at 0.85 in an increment of 0.05.
These are displayed in Figure 4-45 through Figure 4-52. Much like the pressure drop data, the
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95% confidence interval for these average UA values is small due to the calculation method
outlined in 4.1.3.4. In all of these figures excepting Figure 4-45, there is a marked increase in UA
after the first month of UV, similar to the pattern shown in the decrease in pressure drop after the
first month. So, again, there is no transition period at this scale, and the interest becomes the
examination of the difference between the pre-UV data (month 0) and the initial post-UV data
(month 1).

Figure 4-45. Tampa UA vs. time, 0.50-0.55 SHR
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Figure 4-46. Tampa UA vs. time, 0.55-0.60 SHR

Figure 4-47. Tampa UA vs. time, 0.60-0.65 SHR
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Figure 4-48. Tampa UA vs. time, 0.65-0.70 SHR

Figure 4-49. Tampa UA vs. time, 0.70-0.75 SHR
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Figure 4-50. Tampa UA vs. time, 0.75-0.80 SHR

Figure 4-51. Tampa UA vs. time, 0.80-0.85 SHR
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Figure 4-52. Tampa UA vs. time, 0.85-0.90 SHR
Using the method for uncertainty propagation in calculation of means outlined in 4.1.3.4,
one can calculate the mean difference in UA for all of the intervals of SHR. The approximate 95%
confidence interval (2 standard deviations) of the difference is 0.917 to 0.937 kg/s, or an
improvement of 14.5% to 14.8%. Plotting the fractional improvement in UA versus sensible heat
ratio makes it apparent that more improvement occurs at higher sensible heat ratios, i.e. situations
with less latent load (Figure 4-53).
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Figure 4-53. Tampa fractional improvement in UA versus SHR

4.2.7

Penn State Heat Transfer Coefficient Data Reduction
Using the methods outlined in 4.1.3.3, nominal UA values were calculated for the

following inlet conditions: air temperature = 26.67°C (80°F), inlet air wet bulb temperature =
19.44°C (67°F), inlet chilled water temperature of 6.67°C (44°F), and air at 17000 cfm (8.02
m3/s) and water at 89.3 gpm (0.0056 m3/s). Air and water flow values are design values. Given a
perfect model and perfect data, the UA values at arbitrary conditions should all map into the same
reference value, but this is not the case. Boxplot limits (1.5 times the interquartile range) were
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used to eliminate outliers. Figure 4-54 shows UA vs. time, with the red line denoting when the
UV lamps were turned on.

Figure 4-54. PSU UA vs. time. Red line denotes when UV is turned on
Like the Tampa site, there appears to be a clear delineation between pre and post UV, but
later data points indicate degradation in UA. This is likely periodicity similar to what was
discussed for the Tampa site. This periodicity is, again, matched by sensible heat ratio (SHR)
(Figure 4-55), total load (Figure 4-56), and latent load (Figure 4-57).
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Figure 4-55. PSU SHR vs. time. Red line denotes when UV is turned on
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Figure 4-56. PSU total load vs. time. Red line denotes when UV is turned on
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Figure 4-57. PSU latent load vs. time. Red line denotes when UV is turned on
As discussed in 4.2.6, the periodicity appears seasonal, so results are analyzed by binning
via intervals of SHR. Bins start at an SHR of 0.5 and end at 0.95 in an increment of 0.05. These
are displayed in Figure 4-58 through Figure 4-66. In all of these figures excepting Figure 4-58,
there is a marked increase in UA after the first month of UV, similar to the pattern shown in the
decrease in pressure drop after the first month. So, again, there is no transition period at this scale,
and the interest becomes the examination of the difference between the pre-UV data (month 0)
and the initial post-UV data (month 1).
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Figure 4-58. PSU UA vs. time, 0.50-0.55 SHR

Figure 4-59. PSU UA vs. time, 0.55-0.60 SHR

104

Figure 4-60. PSU UA vs. time, 0.60-0.65 SHR

Figure 4-61. PSU UA vs. time, 0.65-0.07 SHR
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Figure 4-62. PSU UA vs. time, 0.70-0.75 SHR

Figure 4-63. PSU UA vs. time, 0.75-0.80 SHR
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Figure 4-64. PSU UA vs. time, 0.80-0.85 SHR

Figure 4-65. PSU UA vs. time, 0.85-0.90 SHR
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Figure 4-66. PSU UA vs. time, 0.90-0.95 SHR
Using the method for uncertainty propagation in calculation of means outlined in 4.1.3.4,
one can calculate the mean difference in UA for all of the intervals of SHR. The approximate 95%
confidence interval (2 standard deviations) of the difference is 9.3 to 10.3 kg/s, or an
improvement of 45% to 50%. These results are much larger, percentage-wise, than those found
with the Tampa site, which is puzzling given the relatively small improvement in pressure drop
(1.3% to 1.4%) at the PSU site. Similar to the Tampa site, there is generally an increase in UA
improvement as sensible heat ratio increases (Figure 4-67).
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Figure 4-67. PSU fractional improvement in UA versus SHR

4.2.8

Tampa Before/After Photographs
Figure 4-68 and Figure 4-69 show close up photographs of the Tampa site pre and post

UV. The post pictures are after about 13 months of irradiation. Note that the fouling is not
completely gone, but noticeably changed, appearing desiccated. It is worth noting that UVGI
industry practice is typically to mechanically clean coil, then rely on UVGI to keep the coil clean
after. These results appear to support that practice.
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Figure 4-68. Close-up of Tampa site fouling before application of UVGI

Figure 4-69. Close-up of Tampa site fouling after 13 months of UVGI
An attempt was made to measure and visually capture the penetration of the coil by UV
light when the lamps were originally turned on and at the conclusion of the cleaning period.
Unfortunately, measurement at both times yielded no results. An attempt to visually capture
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penetration right after the lamps were turned on also yielded no results. At the end of the thirteen
month cleaning period, however, there was some penetration by the UV light (Figure 4-70).

Figure 4-70. UV light penetration after 13 months, 5 minute exposure
The Tampa site was chemically and mechanically cleaned by the owner after the thirteen
month period. This resulted in much greater penetration by UV light (Figure 4-71). The visual
results also lend credence to the UV industry practice of cleaning the coil first and then installing
UVGI.
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Figure 4-71. UV light penetration after chemical and mechanical cleaning, 5 minute
exposure

4.3

Discussion

Field sites were chosen instead of laboratory sites so as to have realistic fouling
conditions. The trade-off was the need to deal with the data noise and remote access issues that
come with field studies, and the inability to employ a rigorous experimental design for the data
collection. The results are for two buildings, in two difference climates, and may or may not
generalize well to different types of buildings in different climate zones.
The results from the Tampa site are clear in their implications. Biological fouling was
causing an increase in airside pressure drop and a decrease in heat transfer. The application of
UVGI reduces the pressure drop and increases the heat transfer coefficient. The visual appearance
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of the coil fouling is markedly different. The outcome is consistent with what is seen by industry
professionals in the field, what is seen in the literature, and (anecdotally) what is seen in
unpublished work at a sister experimental site in Singapore.
The Penn State results are more difficult to interpret. There is nothing in the data that
appear consistently out of the ordinary (e.g., pressure drops, airflow, or other parameters out of
range or in significantly unexpected relationships). It is possible that the unexpected results are
due to the unplanned-for cleaning. If most of the fouling originally on the coil was non-microbial,
baseline measurements on the coil began when it was relatively clean, while the period of
irradiation began after several months during which the non-microbial material could have reaccumulated on the coil, resulting in a very small decrease in flow resistance despite the
beneficial effect of UV on any biological growth present.
A plausible explanation for the large increase in heat transfer coefficient combined with
the small decrease in flow resistance is more difficult to construct. Yang, et al. (2004, 2007a,
2007b) observed increase in heat transfer coefficient that they attributed to increased velocity due
to low levels of fouling. However, the improvement was around 5%, rather than 47.5% as
observed at the PSU site. One could speculate that UV resulted in removal of biological fouling
that affected heat transfer while non-biological fouling was the controlling factor with respect to
pressure drop, but there is no definitive support for this in the data.
Moving forward, the results from the Tampa site will be used in the energy modeling,
while the results from the PSU site will not due the fact the coil had been previously cleaned.

113

5

Modeling and Parametric Study

The aim of the modeling work is to use the data gleaned from the Tampa experimental
work and apply it to a large set of buildings, as well as to examine the collateral IAQ benefits of
UVGI for coil cleaning. Finally, a life cycle cost analysis (LCCA) will be used to examine longterm economic benefit. The benefit will also be bounded using pressure drop (not heat transfer
coefficient) improvement data from literature.

5.1

Methodology

The modeling portion of the research employs EnergyPlus (US Department of Energy
2012b) whole building simulation software to model the building energy use, and custom code to
model the benefits of improved indoor air quality. These both tie into economic benefits.

5.1.1

Energy Modeling
One of the uses of the field site data is to provide parameter values to use in energy

models. In this case, energy modeling is used to assess the type and magnitude of effects across a
range of building types and climates.
EnergyPlus (US Department of Energy 2012b) is the primary software used to
accomplish this. EnergyPlus is the US DOE’s flagship whole building energy simulation
software. It is an engine used by researchers and engineers that simulates yearly building energy
use based on a variety of input parameters: weather, building geometry, building envelope,
internal and external loads, ventilation and conditioning system types, etc. Specifically, it has the
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capability to model a variety of fan operation types (including CAV and VAV) with a user input
fan pressure rise. Additionally, it has the capability to model the explicit entry of cooling coil heat
transfer coefficient through a cooling coil fouling module that was recently added to the software.

5.1.1.1 Models and Climates
A range of model test cases are needed to examine the range of energy and IAQ effects
resulting from the application of UVGI for coil cleaning. Rather than develop these from scratch,
an existing set of test cases are used. The DOE (Department of Energy) Commercial Reference
buildings, developed by NREL (National Renewable Energy Laboratory) and others, (Deru et al.
2011) are used in the continuous updating of ASHRAE Standard 90.1 – Energy Standard for
Buildings Except Low-Rise Residential Buildings by Pacific Northwest National Laboratory
(PNNL) in support of the standard (US Department of Energy 2014c). They were created to
represent approximately 70% of the commercial building floor area in the US (Deru et al. 2011).
The stated purpose of the Commercial Reference Buildings (Deru et al. 2011) is (emphases
added):
The purpose of these models is to represent new and existing buildings. The
reference building models will be used for DOE commercial buildings research to assess
new technologies; optimize designs; analyze advanced controls; develop energy codes
and standards; and to conduct lighting, daylighting, ventilation, and indoor air quality
studies. They also provide a common starting point to measure the progress of DOE
energy efficiency goals for commercial buildings. DOE’s Building Energy Code Program
and PNNL use these models for the analytical support in the development of new versions
of ASHRAE Standard 90.1. The models provide consistency in modeling approaches and
implementation across commercial buildings.
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The building simulation software files (EnergyPlus input files, and compatible TMY2
climate data) are available free of charge from the DOE (US Department of Energy 2011). While
these are not an exhaustive set of building types, they offer a wide range of building, system, and
climate types to examine. Potentially, 16 building types and 16 climate zones would generate 256
simulations. If “no UVGI”/”UVGI” (clean coil/fouled coil) instances of each year-long
simulation is performed, the possible total increases to 512 model runs. However, there are ways
to reduce the model set in an intelligent fashion.
Table 5-1 lists basic information about the DOE Commercial Reference buildings. From
some simple assumptions about the application of UV and the analyses being performed, the nonhighlighted (i.e., white) rows are ruled out of the analysis. The interest is primarily in situations
where the typical system types used made sense for the application of UV. Large or medium
offices have centralized, multi-zone systems where the application makes sense. Small offices
may not see as much benefit, but there is still some interest in terms of IAQ results (e.g., sick
days or productivity). Warehouses are not included due to lack of a cooling system. Stand-alone
Retail stores or Strip Malls typically have smaller single-zone rooftop, DX units, and it is
assumed that the owners would have little to no interest in the application of UV.

116
Table 5-1. DOE Commercial Reference Buildings (Deru et al. 2011), shaded rows included in
study
Building Type Name
Large Office
Medium Office
Small Office
Warehouse
Stand-alone Retail
Strip Mall
Primary School
Secondary School
Supermarket
Quick Service Restaurant
Full Service Restaurant
Hospital
Outpatient Health Care
Small Hotel
Large Hotel
Midrise Apartment

Floor Area [ft2]
498,588
53,628
5,500
52,045
24,962
22,500
73,960
210,887
45,000
2,500
5,500
241,351
40,946
43,200
122,120
33,740

Floor Area [m2]
46,344
4,985
511
4,838
2,320
2,091
6,875
19,602
4,183
232
511
22,434
3,806
4,015
11,351
3,136

Number of Floors
12
3
1
1
1
1
1
2
1
1
1
5
3
4
6
4

Schools have centralized units (whether ventilation and thermal or ventilation alone), and
IAQ is of interest. Supermarkets (similar to big box stores) have multiple rooftop units spread
throughout the store, and the large open space makes single or multi-zone IAQ modeling less
appropriate. Restaurants are not a prime target due to use, size, and issues with the single or
multi-zone IAQ modeling of a primarily open space. Hospitals and Outpatient Care services have
larger, centralized units. Hotels and apartments typically have smaller units (e.g., through-thewall packaged terminal air conditioners, or PTACs) for each individual room/dwelling, and these
small systems are not within the scope of the study, though some manufacturers are selling the
technology for PTAC use.
Additional aspects of the chosen selected systems are given in Table 5-2. There are a
number of system types and a number of systems per building. The latter point is important
because it presents a more realistic picture of building internal airflows, in addition to a more
realistic picture energy-wise.
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Table 5-2. Further Information on Selected DOE Commercial Ref. Buildings (Deru et al. 2011)
Building
Type Name

Floor
Area (ft2)

Number
of Floors

Heating

Cooling

Air
Distribution

# of
Systems

Large
Office

498,588

12

Boiler

Chiller (2) –
water cooled

MZ VAV

4 VAV
Sys

Medium
Office

53,628

3

Furnace

PACU
(packaged airconditioning
unit)

MZ VAV
(multi-zone
variable air
volume)

3 VAV
Sys

Small
Office

5,500

1

Furnace

PACU

SZ CAV
(single-zone
constant air
volume)

5 SZ Sys

Primary
School

73,960

1

Boiler

PACU

CAV and VAV 3 CAV &
4 VAV

Secondary
School

210,887

2

Boiler

Chiller – air
cooled

MZ VAV

Hospital

241,351

5

Boiler

Chiller – water CAV and VAV 2 VAV
cooled
and
2 CAV

3

Furnace

PACU

Outpatient
40,946
Health Care

VAV

5 CAV &
4 VAV

2 VAV
Systems

The sixteen climate zones (Table 5-3) are addressed through representative cities. The
delineation between climate zones is based on a combination of heating-degree days, coolingdegree days, and humidity (ASHRAE 2004b). ASHRAE (2013) defines the first two as “the sum
of the differences between daily average temperatures and the base temperature”, where the base
temperature is indicated when the values are given.
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Table 5-3. Commercial Reference Buildings Model Locations (Deru et al. 2011)
Climate Zone
1A
2A
2B
3A
3B-CA
3B-other
3C
4A
4B
4C
5A
5B
6A
6B
7
8

Representative City
Miami, Florida
Houston, Texas
Phoenix, Arizona
Atlanta, Georgia
Los Angeles, California
Las Vegas, Nevada
San Francisco, California
Baltimore, Maryland
Albuquerque, New Mexico
Seattle, Washington
Chicago, Illinois
Denver, Colorado
Minneapolis, Minnesota
Helena, Montana
Duluth, Minnesota
Fairbanks, Alaska

TMY2 Weather file location
Miami, Florida
Houston, Texas
Phoenix, Arizona
Atlanta, Georgia
Los Angeles, California
Las Vegas, Nevada
San Francisco, California
Baltimore, Maryland
Albuquerque, New Mexico
Seattle, Washington
Chicago-O’Hare, Illinois
Boulder, Colorado
Minneapolis, Minnesota
Helena, Montana
Duluth, Minnesota
Fairbanks, Alaska

A map of the climate zone boundaries and designations in the US (Figure 5-1) originally
developed by Briggs, Locas, and Taylor (2003) provides a geographic representation of the
climate zones and a better idea of the humidity designation
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Figure 5-1. ASHRAE Climate Regions (in color) (EERE and PNNL 2013)
All climate zones are used in the simulations in order to classify the range of climate
effects, making the total number of simulations 256. Unfortunately, data on the effect of climate
on the growth rate/severity of biofouling are not available, though the experimental data seem to
suggest that a climate zone with higher latent loads (i.e., Tampa, FL) has more severe biofouling.
While the same relative fouling factors are applied in each climate zone, this unknown is noted in
the discussion and results.
The Commercial Reference Buildings are available in three envelope construction
categories (Deru et al. 2011): new construction (as of 2004), existing buildings constructed in or
after 1980, and existing buildings constructed before 1980. While the effects of different building
construction may be worthwhile to examine, the use of one envelope “era” is adequate to address
differences due to building use, system types, and climate. Due to this focus, it was opted to not
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pursue the threefold increase in simulations necessary to cover all envelope types, and instead just
use the new construction (2004) envelope category.

5.1.1.2 Modeling Fan Power Changes
The starting point of the EnergyPlus fan model is a design fan power established by user
inputs (e.g., pressure drop, fan efficiency) and calculated inputs (design airflow rate). Part load
power is defined as a function of fraction of design airflow, and defined through empirically
determined relationships that are included with the software.
Fan power in is defined as
𝑊𝑑𝑒𝑠 =

𝑚̇∆𝑃
𝜌𝑎𝑖𝑟 𝑒𝑡𝑜𝑡

Eq 5-1

where
𝑊𝑑𝑒𝑠
𝑚̇
∆𝑃
𝜌𝑎𝑖𝑟
𝑒𝑡𝑜𝑡

= fan power at design conditions
= mass flow rate
= system pressure drop at design flow rate
= air density
= total fan efficiency

For variable speed fans, part load power is defined as
𝑊𝑝𝑎𝑟𝑡 = 𝑊𝑑𝑒𝑠 ∙ 𝑓𝑝
where
𝑊𝑝𝑎𝑟𝑡 = part load power
𝑓𝑝
= fraction of full load power (i.e., part-load factor)

Eq 5-2
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As defined previously in Eq 4-1,
2
3
4
𝑓𝑝 = 𝑐0 + 𝑐1 𝑓𝑓𝑙𝑜𝑤 + 𝑐2 𝑓𝑓𝑙𝑜𝑤
+ 𝑐3 𝑓𝑓𝑙𝑜𝑤
+ 𝑐4 𝑓𝑓𝑙𝑜𝑤

Eq 5-3

where
𝑓𝑝
𝑓𝑓𝑙𝑜𝑤
𝑐𝑛

= fraction of full load power (i.e., part load factor)
= fraction of design airflow rate
= empirically determined coefficients

Values for the coefficients are included with the DOE Commercial Reference Buildings
(Table 5-4 and Figure 5-2). An exact reference for these values was not found; they are assumed
to be the result of an internal DOE laboratory project.
Table 5-4. Commercial Reference Buildings Part Load Coefficients
Value
0.040759894
0.08804497
-0.07292612
0.943739823
0

f_p (fraction of full load power)

Coefficient
c0
c1
c2
c3
c4

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.2
0.4
0.6
0.8
f_flow (fraction of full airflow rate)

1

Figure 5-2. Plot of power/flow curve used for VAV systems in Commercial Reference Buildings
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The difference between pre and post-UV fan energy is modeled as a change in pressure
drop for identical flow rates. In execution, it means using two different design pressure drops in
Eq 5-1. The clean or post-UV models use the design pressure drop in the Commercial Reference
Building files. The fouled or pre-UV models use that design pressure drop plus an amount
dictated by the experimental results and an assumption about cooling coil pressure drop. Cooling
coil pressure drop is assumed to be 0.75 in wg (187 Pa), and 20% (0.15 in wg or 37.4 Pa) is added
to the total system pressure drop to simulate a fouled coil. The contribution to airstream heat and
pressure drop by the UV installation is treated as negligible.
In an attempt to bound the high end of possible improvement from what is found in the
literature, the 61% reduction in fouling from Keikavousi (2004) will also be used in energy
modeling. This works out to adding 1.17 in wg (291 Pa) to a 0.75 in wg (187 Pa) coil, resulting in
a 1.92 in wg (478.3 Pa) coil.

5.1.1.3 Modeling Coil Heat Transfer Changes
EnergyPlus has a water heating and cooling coil fouling module (under the Operational
Faults subsection) that allows direct specification of the UA of the coils used in EnergyPlus. This
is what is described as a “nominal” UA at the rating conditions: inlet air dry bulb temperature =
26.67°C (80°F), inlet air wet bulb temperature = 19.44°C (67°F), and inlet chilled water
temperature of 6.67°C (44°F) (US Department of Energy 2014d).
The calculation of the UA, and of the nominal UA, is described in detail in Chapter 4.
One of the results of the field study is a percentage decrease in UA due to fouling. This
percentage decrease is applied to the design UA of the two DOE Commercial Reference building
models that are able to use the built-in EnergyPlus coil fouling module: the Large Office and the
Secondary School.
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It is expected a version of “low ΔT syndrome” will result, in which the reduced UA
results in a reduced ΔT, an increased flow rate, and therefore an increase in pump energy.
While literature data is available from Keikavousi on pressure drop, heat transfer
coefficient was not calculated, so the heat transfer coefficient change used with the literature
pressure drop data is the same as the heat transfer coefficient change used with the Tampa
pressure drop data.

5.1.2

IAQ Effects Modeling
The modeling of IAQ effects of coil irradiation is a 3-step process that varies based on

the building type of interest. This is due to different metrics being used to evaluate different
building types by conversion to a monetary value.
1. Calculate baseline yearly value of metric (e.g., WLDs, DALYs, or HAIs). The
type of metric depends on building type being investigated. Calculate the
monetary value of each metric.
2. Using the stochastic Wells-Riley model, back calculate the daily probability of an
infector being present in the building that results in the aforementioned baseline
value of each metric.
3. Using the same daily chance of infector presence, calculate new metric value
based on increased equivalent ventilation due to UVGI
In short, the simulations examine the effect of the equivalent ventilation (equivalent aircleaning) rate on measures such as WLDs, DALYs, and HAIs.
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5.1.2.1 The Baseline Measure and Its Monetary Value
For the Office buildings (Small, Medium, and Large), work-loss days (WLDs) are used.
The average, pre-intervention amount is set to approximately 3.7 WLDs/person-year, per the
CDC reference value (Blackwell, Lucas, and Clarke 2014). Recall that this is the middle value in
the literature. Assuming more sick days will mean that any intervention will have a greater
monetary effect, assuming less will mean less effect. Assuming a five day work week and a 52
week year with two weeks of vacation, the value of a WLD is
𝑀𝑊𝐿𝐷 =

1
∙ 𝐺𝑁𝐼
5 ∙ 50

Eq 5-4

where
𝑀𝑊𝐿𝐷 = monetary value of a work loss day, approximately $212 US
𝐺𝑁𝐼

= gross national income per capita (approximately $53,000 US in 2015)3

For school buildings, DALYs are used. The DALY value of a lost day of school is 0.0007
(Aldred et al. 2015) and the base incidence rate (illness related absences, averaged over the US) is
2.8 school absences/student-year (US Environmental Protection Agency 2008). As noted in 2.3.2,
the value of a DALY is estimated from 0.4 to 5.0 times the per capita GNI.
For hospitals, HAIs (hospital acquired infections) are used. On any given day, 1 in 25
patients contract at least one hospital acquired infection4 (Center for Disease Control 2014), of
which 10% are airborne (Eickhoff 1994). From this, one can calculate the number of airborneinfection-caused HAIs in a hospital per year:
𝑎𝑖𝑟𝑏𝑜𝑟𝑛𝑒 𝐻𝐴𝐼
𝑑𝑎𝑦𝑠
1 𝐻𝐴𝐼
1 𝑎𝑖𝑟𝑏𝑜𝑟𝑛𝑒 𝐻𝐴𝐼
= 365
∙ 𝑛 𝑝𝑎𝑡𝑖𝑒𝑛𝑡𝑠 ∙
∙
𝑦𝑒𝑎𝑟
𝑦𝑒𝑎𝑟
25 𝑝𝑎𝑡𝑖𝑒𝑛𝑡𝑠
10 𝐻𝐴𝐼𝑠

3

Eq 5-5

Formerly known as GDP per capita, per http://data.worldbank.org/indicator/NY.GNP.PCAP.CD
For the purpose of this simulation study, situations in which patients contract more than one HAI
are not considered.
4
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Given the number of patients, the average number of HAIs is then calculated. The value
of an HAI is approximately $3000 (Noakes, Sleigh, and Khan 2012), converted from £2000. This
is low compared to values in other sources. Scott (2009) gives HAI cost estimates of $13,000 to
$17,000 per HAI, but notes the monetary value depends greatly on type of infection.

5.1.2.2 Back Calculation Using Stochastic Wells-Riley
With the baseline metrics established, the next step is to back-generate the daily
probability of infector presence that results in these yearly baseline numbers. There are two steps
to examine. The first step is calculating the probability that someone is in the building with an
illness, i.e., the chance that an infector is in the building on a given day. The second is modeling
the probability of infection after it is know that an infector exists.
The second is possible via Eq 2-21, which contains values that are assumed or calculated
from the model. The number of infectors 𝐼 is set to one. Situations where the number of infectors
is 2 or more are not considered. This makes the initial number of susceptibles 𝑆 equal to the total
population minus 𝐼. The rate of quanta production 𝑞 is set equal to 10, a value for rhinovirus (the
common cold) from Noakes et al. (2012) referencing Rudnick and Milton (2003). Though the k
value of rhinovirus is not specifically used for UV disinfection, this rate of quanta production was
chosen for being still virulent, but less so than serious diseases, e.g., tuberculosis has a q of
approximately 30. Though the quanta production could vary based on disease of interest and
setting (e.g., secondary school versus hospital), it is kept the same in all simulations to enable the
examination of other effects. The pulmonary ventilation rate 𝑝 is roughly 6 L/min (0.36 m3/h),
from an average of the median values in the EPA Exposure Factor Handbook (2011) for age 21 to
71 sedentary males. 𝑄 is set equal to the equivalent ventilation (i.e., ventilation plus filtration) at a
given time step, calculated from Eq 2-18.
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The unknown is therefore the probability that an infector is present. This is adjusted via
trial and error until it results in the previously calculated value of the baseline measure. For
example, for the Small Office the daily probability of an infector is changed until the average of
the stochastic simulations results in 3.7 WLDs/person-year. If the probability required is greater
than unity, a multiplier is used post-calculation to generate the correct rate of infection. For
example, if one infector daily in the Large Office building resulted in an average 3
absences/person-year instead of the baseline of 3.67, then a multiplier of 3.67/3 = 1.22 would be
applied to both the baseline and post-intervention results. This keeps the percentage improvement
resulting from intervention identical, while ensuring the actual value makes sense.

5.1.2.3 Post-Intervention Outside Air (OA )Flow Rates
The new OA rate at each time step is calculated by Eq 2-18. QOA and fOA are transient
outputs from the energy model. Filter efficiency ηf is 0.182, based on the approximate removal
rate of a 70 nm virus using a MERV 8 filter (Kowalski and Bahnfleth 2002). 70 nm is the median
diameter of viruses tabulated by Kowalski (2003).
Single-pass UVGI inactivation efficiency ηUVGI is a time-varying value that requires a few
steps to calculate. First, a UV system is sized for the given air system using proprietary
manufacturer software that calculates both surface irradiance and average enclosure irradiance
(for calculating the dose received by organisms in the airstream) using view factor methods
developed by Kowalski (2003). This requires assumptions about coil size and enclosure
geometry. Coils are sized at a 1:1.4 ratio, 500 fpm (2.54 m/s) face velocity, and dimensions
rounded up to the next 6 in (0.15 m). Enclosure depth is set to 24 in (0.61 m), and the single UV
lamp spans the width of the enclosure and is placed at a depth of 12 in (0.30 m). UV lamp power
was sized to provide an average of 200 μW/cm2 irradiance on the coil face, with an allowable
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minimum of 50 μW/cm2, at an air speed of 500 fpm (2.54 m/s) and temperature of 55°F (12.8°C).
Derating of the lamp output due to the airspeed and temperature was calculated by an equation
from Lau (2009). Output values are considered to be post “burn-in”. UV lamps are assumed to
add negligible heat and pressure drop to the airstream.
2
𝑓𝐷𝑅 = 5.59 + 5.66𝑇𝑎𝑖𝑟 − 20.3𝑈𝑎𝑖𝑟 − 0.0107𝑇𝑎𝑖𝑟 + 4.01𝑈𝑎𝑖𝑟

Eq 5-6

where
𝑓𝐷𝑅
𝑇𝑎𝑖𝑟
𝑈𝑎𝑖𝑟

= power derating factor (dimensionless)
= air temperature (°C)
= air velocity (m/s)

This rated, reference 𝑓𝐷𝑅 is used to calculate the power at any other set of conditions
𝐼1 =

𝑓𝐷𝑅,1
𝐼
𝑓𝐷𝑅,0 0

Eq 5-7

where
𝐼

= average irradiance (μW/cm2)

The intensity is used to calculate the inactivation rate of a given organism via Eq 2-11.
The k value was set to 0.0002996 cm2/µJ, the median value of viruses tabulated by Kowalski
(2003). It should be noted that the determination of what k value (UV rate constant) to use is an
important choice when performing modeling performance of UV inactivation. Given the large
range of k discussed in 2.2.2.1, and the non-linear relationship between k and the inactivation rate,
disinfection results can vary greatly based on the organism of interest. However, a single k value
is used in all simulations in order to evaluate the effect of other building characteristics.

5.1.2.4 Treatment of the OutPatient Building
As noted previously, WLDs are used as a metric for the Small, Medium, and Large
Office buildings. HAIs are used for the Hospital building. DALYs are used for the Primary and
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Secondary School buildings. The OutPatient Building is, unfortunately, not well-suited for any of
the metrics. WLDs do not apply due to the transitional nature of patient visits. HAIs do not apply
because “…data describing risks for HAI are lacking for most outpatient settings…”(CDC 2015).
There is no recorded DALY information for an outpatient acquired infection.
Without selecting a particular metric, the benefit of UVGI cannot be monetized.
However, the nature of the modeling (comparing infection risk before/after UVGI and then
monetizing it) means that the reduction in risk can still be quantified. For this reason, data from
the OutPatient building simulations will be addressed in terms of general risk reduction, but not in
terms of monetization.

5.1.3

Economic Modeling
A number of components go into the economic results. In the area of energy, there is the

fan power used to drive the necessary airflow, as well as the components that supply the
conditioning system on the water side (e.g., pumps, chillers). The additional air cleaning benefit
(i.e., reduction of viable microorganisms) of the UV lamps can result in quantifiable health
benefits. These items are combined with the other economic factors (installation cost,
maintenance, the time value of money, changing electric rates, etc.) in order to evaluate economic
feasibility.
An economic life cycle cost analysis (LCCA) is performed to compare the use of UVGI
to mechanical cleaning of the coil. The analysis is net present value (NPV), constant dollar. The
parameters used are listed in Table 5-5.
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Table 5-5. LCCA Parameters
Parameter
Inflation Rate

Value
0%

Real Discount Rate

3%

Analysis Period
UVGI
First Cost
Annual Replacement (capital)
Annual Replacement (labor)

20 years

Annual UVGI Lamp Energy

$10/installed watt
$1/installed watt
$50 per person-hour, 0.5
person-hours per coil
Varies

Annual Utility Savings
Energy Rates

Varies
Varies

Annual IAQ Related Savings

Varies

Mechanical Cleaning
Annual Cost

$750 per coil, total

Notes
Constant dollar analysis, so interest
rate is zero
Based on value established by
Department of Commerce (NIST
2015)
Assumed.
Estimate from industry
Estimate from industry
Estimated labor and time
Uses installed total lamp wattage.
Is running whenever the building is
occupied.
From energy model comparisons
Tariffs included in DOE
Commercial Reference Building
models are used (i.e., locationspecific tariffs). Census Regionspecific energy rate escalation
factors are used. (NIST 2015) For
reasons of simplicity, the factor for
electricity is applied to the total
energy cost. That is, gas is not
separated out and treated
individually. This has the effect of
slightly underestimating the value
of energy savings.
Calculated via stochastic analysis
as described previously
Approximate cost to clean Tampa
field site coil once per year
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Annual costs are converted to present costs via the series present worth function, Eq 5-8
(Fuller and Petersen 1995).
𝑓𝐴𝑃 =

(1 + 𝑑)𝑛 − 1
𝑑(1 + 𝑑)𝑛

Eq 5-8

where
𝑓𝐴𝑃
𝑑
𝑛

= factor to convert from uniform annual series of values to present value
= discount rate (%)
= number of periods (years)

The following NPVs are calculated for comparison:
1. NPV of UVGI (IAQ not included)
2. NPV of mechanical cleaning
3. NPV of UVGI (IAQ included)
These are defined in Eq 5-9 and Eq 5-10. Note that positive is defined as a net cost to the
owner, whereas negative is a net benefit. NPV of the IAQ benefit is included in Eq 5-9 to avoid
redundant equations.
𝑁𝑃𝑉𝑈𝑉𝐺𝐼 = 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝐶𝑜𝑠𝑡 + 𝑁𝑃𝑉𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 + 𝑁𝑃𝑉𝐸𝑛𝑒𝑟𝑔𝑦𝐿𝑎𝑚𝑝𝑠
− 𝑁𝑃𝑉𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝑖𝑓𝑓 − 𝑁𝑃𝑉𝐼𝐴𝑄

Eq 5-9

where
NPVUVGI
InstallCost
NPVReplacement
NPVEnergyLamps
NPVEnergyDiff
NPVIAQ

= net present value of use of UVGI
= capital cost of UVGI installation
= NPV of annual replacement cost (labor and equipment)
= NPV of annual energy cost used by UVGI lamps
= NPV of difference between before/after UV energy cost
= NPV of IAQ benefit (included where noted)

𝑁𝑃𝑉𝑀𝑒𝑐ℎ𝐶𝑙𝑒𝑎𝑛 = 𝑁𝑃𝑉𝐶𝑜𝑖𝑙𝐶𝑙𝑒𝑎𝑛 − 𝑁𝑃𝑉𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝑖𝑓𝑓 /2
where
NPVMechClean
NPVCoilClean

= NPV of mechanical cleaning
= NPV of cost to clean coils

Eq 5-10

131
In Eq 5-10, it is assumed that the energy benefit received from mechanical cleaning is
about half that of UVGI. That is, the coil is cleaned once per year, and gains some benefit that
degrades linearly over time until it reaches zero.
As with the energy modeling, economic modeling will be performed using results from
the Tampa field site data and results from the literature in an attempt to bound the potential
benefit.

5.2

Results

Energy modeling results using the data from Tampa are presented first, followed by
energy modeling results using pressure drop data found in literature (Keikavousi 2004). The IAQ
results are discussed after that. Both energy modeling results are combined with IAQ results,
maintenance, and first cost in economic analyses. Graphs for the results using the Tampa increase
in airside pressure drop are labeled “Tampa data”, and those using the value from Keikavousi are
labeled “literature data”.

5.2.1

Energy Model Results Using Tampa Data
Energy modeling predicted a mean (of all buildings and climate zones) HVAC energy

savings of 0.68% (median 0.47%), with the largest subsystem savings occurring in fan energy
(Table 5-6). Note that subsystem percentage improvement in Table 5-6 are for that subsystem
alone. Heating energy use increased, as the reduction of fan heat added to the airstream means a
small amount of additional heating is needed. The median is consistently smaller than the mean,
indicating that a few larger values are skewing the mean.
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Table 5-6. Summary of Energy Modeling Results Using Tampa Data
Percentage Improvement
from UVGI Use
Mean
Median
0.68%
0.47%
0.63%
0.44%
3.59%
3.39%
0.47%
0.34%
-0.35%
-0.11%

HVAC Overall
Cooling Alone
Fans Alone
Pumps Alone
Heating Alone

Figure 5-3 displays the average contribution to total HVAC savings, with fan energy as
the clear leader. Pump energy is under-estimated slightly, as not all buildings modeled have
pumps, but the trend is still clear.

3%

17%

Cooling
Fan

Pumps

80%

Figure 5-3. Contribution to HVAC savings, modeled using Tampa results (in color)
Comparison of absolute energy savings also indicate fans as the largest contributor to
mean reduced energy use (Figure 5-4), which is expected given published reports of savings from
fouling reduction. Of note is the heating savings in Phoenix and Las Vegas, which is unexpected
and counter-intuitive. One expects the use of UVGI to result in an increase in heating energy (as
shown for the majority of sites) due to less fan pressure drop, less fan power, and less fan heat
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added to the airstream. The locations where the EnergyPlus coil fouling module was used (the
Large Office and Secondary School) showed the expected increase in pump energy for a fouled
coil versus a clean one, but an unexplained increase in reheat energy. The possible cause of this
unexplained increase in reheat energy was investigated (e.g., it could have been possible that
some overcooling was occurring), but no cause was found.
0.5

Absolute improvement in EUI
(kBTU/sf-yr)

0.4
0.3
0.2
0.1
0
-0.1
-0.2
Cooling

Fan

Pumps

Heat

Figure 5-4. Modeled mean absolute improvement in yearly energy use due to UVGI
using Tampa data (in color). Positive values indicate energy savings and negative values indicate
energy detriment. Detriment, in this case, is due to a slight increase in heating necessary to offset
fan heat decrease.
The next series of graphs are presented for evaluation of general trends. For most
buildings and locations, HVAC energy savings are under 0.50%, with the exception of subsets of
the Small Office, Large Office, and Secondary School buildings locations (Figure 5-5). The
higher Small Office savings are the result of the cooling coil taking up a relatively larger portion
of the fan pressure drop. Therefore, a given change in coil pressure drop leads to a
proportionately larger fan energy use improvement, and could be considered unrealistic in this
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case. Larger energy savings for the latter two are due to the (unexplained) heating energy savings
predicted when the EnergyPlus coil fouling model is used. Cooling energy shows a similar trend
with the Small Office having the greatest improvement (Figure 5-6). Fan energy improvement is
predominantly flat across locations, which is not surprising given that a constant increase in
pressure drop due to fouling was applied in all locations (Figure 5-7). The variation shown for the
Primary School is likely due to different fan total pressure drops being used for different sized
systems. Pump energy use was predominantly saved in the Secondary School building, and for
drier climates (Figure 5-8). The negative pump energy savings for the Primary School is likely
due to the increase in heating energy use and associated heating system pump energy use. Heating
energy use increases the most for the Small Office (Figure 5-9), which is consistent with the large
effect than fan power has on its energy use. The heating energy savings in the buildings using the
EnergyPlus cooling coil fouling module are included with the caveat that they are likely due to an
error in the software.
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Figure 5-5. Percentage improvement in predicted yearly HVAC energy use using Tampa
data (in color)
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Figure 5-6. Percentage improvement in predicted yearly cooling energy use using Tampa
data (in color)
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Figure 5-7. Percentage improvement in predicted yearly fan energy use using Tampa data (in
color)
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Figure 5-8. Percentage improvement in predicted yearly pump energy use using Tampa
data (in color)
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Figure 5-9. Percentage improvement in predicted yearly heating energy use using Tampa data (in
color)
The results thus far have not addressed the question “When does UVGI save more energy
than it uses?”. The answer is, unfortunately, “it depends”. Figure 5-10 shows a graph of the ratio
of energy saved by UVGI to energy spent by UVGI across the climates and building types. It is
on a log scale so it is more clear that everything less than 1 is “good” (i.e., UVGI saves more
energy than it spends), and everything greater than 1 is “bad”. Not included in the graph is the
Primary School in the Fairbanks location, as it has negative savings due to the increase in heating
energy needed outweighing the fan energy saved.

Ratio Between UV Energy Used/Energy Saved
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Figure 5-10. Ratio between energy used by UVGI and energy saved by UVGI (in color)
There is a clear relationship between climate zone and ratio, with UVGI performing
comparatively better in the warmer climate zones. One could theorize that more full-load fan
hours would influence the difference between climate zones, but this does not explain the results
of the Small Office buildings, where all systems are CAV. The relationship between building
types is more difficult to analyze. One could theorize that the hospital realizes more savings due
to its two CAV and two VAV systems, rather than having all VAV, but that does not explain why
the OutPatient building (with all VAV systems) does similarly. The ratio is not correlated to
hours of operation, nor to OA fraction. The main takeaway of the graph is that, irrespective of
other economic benefit (discussed in 5.2.3 and 5.2.4), UVGI saves more energy than it uses in
about 62% of situations.
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5.2.2

Energy Model Results Using Literature Data
It is important to remember that the amount of increased pressure drop assumed on a

fouled coil is driving the economic viability, in terms of energy cost savings, of UVGI. The
pressure drop change previously discussed is 0.15 in wg (37.4 Pa). Anecdotal reports have noted
pressure increases approaching 1 in wg (249.1 Pa). Keikavousi (2004), particular, showed a
decrease in pressure drop of 61% due to the use of UVGI, which would amount to a decrease
from 1.92 in wg (478.3 Pa) to 0.75 in wg (187 Pa), or a decrease of 1.17 in wg (294.4 Pa),
significantly more than was found in the Tampa data. This was modeled and results in
significantly more energy savings in HVAC and associated subsystems Table 5-7.
Table 5-7. Summary of Energy Modeling Results Using Literature Data

HVAC Overall
Cooling Alone
Fans Alone
Pumps Alone
Heating Alone

Percentage Improvement
Mean
Median
4.59%
3.53%
4.50%
3.20%
22.20%
21.49%
1.89%
2.53%
-3.69%
-1.07%

Fan energy is still clearly the largest contributor to HVAC savings (Figure 5-11).
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Figure 5-11. Contribution to HVAC savings, modeled using literature results (in color)
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Comparison of the predicted absolute energy savings using the literature data (Figure
5-12) to the same using the Tampa field site data (Figure 5-4) shows an increase in savings of
almost an order of magnitude.
3

Absolute improvement in EUI
(kBTU/sf-yr)

2.5
2
1.5
1
0.5
0
-0.5

-1
-1.5
Cooling

Fan

Pumps

Heat

Figure 5-12. Modeled mean absolute improvement in yearly energy use due to UVGI
using literature data (in color). Positive values indicate energy savings and negative values
indicate energy detriment. Detriment, in this case, is due to a slight increase in heating necessary
to offset fan heat decrease.

144
The next series of graphs are presented for evaluation of general trends. Qualitative
results are the same as those mentioned in 5.2.1, but the percentage of energy saved is quite
different. Again, with fan energy as a driving factor, it is important to consider what ΔP
improvement one could expect from coil cleaning.
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Figure 5-13. Percentage improvement in predicted yearly HVAC energy use using
literature data (in color)
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Figure 5-14. Percentage improvement in predicted yearly cooling energy use using
literature data (in color)
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Figure 5-15. Percentage improvement in predicted yearly fan energy use using literature data (in
color)
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Figure 5-16. Percentage improvement in predicted yearly pump energy use using
literature data (in color)
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Figure 5-17. Percentage improvement in predicted yearly heating energy use using
Tampa data (in color)
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Again, the question “When does UVGI save more energy than it uses?” is relevant. Using
the literature values in an energy model results in the UVGI energy used being less than the
energy saved in all situations (Figure 5-18). The two negative values are situations in Fairbanks,

Ratio Between UV Energy Used/Energy Saved

AK where, again, the need for more heating energy outweighs the decrease in fan energy.
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Figure 5-18. Ratio between energy used by UVGI and energy saved by UVGI using literature
data (in color)

5.2.3

IAQ Modeling Results
Findings are presented in cross-section rather than a display of results from all 112

models at once. Figure 5-19 is a cross section of results for the Chicago location. Qualitatively,
the results for Chicago are similar to those for other locations. Results for the Medium Office
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across all climate zones are shown in Figure 5-20. The range in metric improvement from
essentially zero to 3.5% for different building types in the same location and zero to 2% for one

Metric Improvement

type in multiple locations shown by these results invites further analysis to identify the cause.
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Figure 5-19. Metric improvement in Chicago location. Labels above designate type of
metric used.
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Figure 5-20. Metric improvement for Medium Office building across climate zones
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The difference across building types is explained to a great extent by the effect of average
outdoor air (OA) fraction (Figure 5-21) in which it is seen that metric improvement is related to
OA fraction. It can be shown using Eq 2-17 that the incremental benefit of a UVGI system of
fixed efficiency will decrease as outside air fraction increases, approaching zero as outside air

Metric Improvement

fraction approaches 100%.
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Figure 5-21. Relation between OA fraction and metric improvement in Chicago location
The difference across climate zones can also be explained somewhat in terms of the
effect of OA fraction (Figure 5-22), though not as clearly as for variation across building types in
Chicago. Locations with the greatest potential to use air-side economizer controls, which increase
outdoor air fraction to as much as100% when it can directly condition the space (mild climates
like those of San Francisco and Los Angeles) show less improvement than those areas where
potential is low (hot, humid climates such as Miami or Houston). Although the design outside air
fraction is similar for all locations, economizer operation increases the average annual fraction.

153

2.5%

1.5%

Los Angeles

2.0%

Helena &
Boulder

Miami

Metric Improvement

3.0%

1.0%
R² = 0.4551
0.5%
San Francisco
0.0%

0.1

0.15

0.2
0.25
0.3
0.35
Average Outdoor Air Fraction

0.4

0.45

Figure 5-22. Relation between OA fraction and metric improvement for Medium Office
Average per area benefits show the largest effect in the Small Office, followed by the
Medium office, Hospital, Large Office, Primary School, and Secondary school (Table 5-8 and
Table 5-9). The large benefits at the Small Office are explained by the low OA fraction resulting
in increased incremental benefit of using UVGI. The relationship between the three office
building values are further explained by occupant density: The densities of the Small, Medium,
and Large Office buildings are 18.3 m2, 18.5 m2, and 69 m2 per occupant, respectively. Denser
occupancy results in more savings per unit area, all other things being equal. The relatively small
benefit for the Primary School and Secondary School is due to the relatively small DALY value
of a school absence. The range is fairly wide for all building types, with the ratios between
minimums and averages being -0.17 (a negative value is an unrealistic side effect of the stochastic
simulation and will not be included in the conclusions) to 0.24, and the ratios between maximums
and averages between 1.5 and 2.23. While a formal sensitivity analysis is not performed, the
range of possible benefit is worth noting.
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Table 5-8. Benefit per m2 per Year by Building Type
Building Type
Small Office
Medium Office
Large Office
Hospital
Primary School
Secondary School

Min
[$/m2]
0.22
0.12
0.01
0.05
0.00
-0.02

Average
[$/m2]
1.51
0.61
0.14
0.23
0.06
0.11

Max
[$/m2]
3.11
0.91
0.23
0.40
0.12
0.25

Min/Avg

Max/Avg

0.14
0.20
0.10
0.24
0.02
-0.17

2.06
1.50
1.65
1.79
2.22
2.23

Min/Avg

Max/Avg

0.14
0.20
0.10
0.24
0.02
-0.17

2.06
1.50
1.65
1.79
2.22
2.23

Table 5-9. Benefit per ft2 per Year by Building Type
Building Type
Small Office
Medium Office
Large Office
Hospital
Primary School
Secondary School

5.2.4

Min
[$/ft2]
0.020
0.011
0.001
0.005
0.000
-0.002

Average
[$/ft2]
0.140
0.056
0.013
0.021
0.005
0.010

Max
[$/ft2]
0.289
0.084
0.021
0.038
0.012
0.023

Economic Model Results Using Tampa Field Data
Three sets of twenty-year NPVs of cost are evaluated as defined in 5.1.3. Mean and

median NPVs of cost to the owner are presented in Table 5-10 and Table 5-11. For the set of
parameters considered, UVGI with credit for the IAQ benefit has the most value to the owner,
with negative NPVs of cost, followed by UVGI not including IAQ benefit, then annual
Mechanical Cleaning. The large monetary effect of including the IAQ benefit is consistent with
the body of work of IAQ research: productivity/absence costs tend to be one to two orders of
magnitude higher than energy costs. Note that the max values are quite large and skew the mean
results, so medians are used for comparison. These max values are from the Secondary School in
Los Angeles, and are the result of a situation where increased energy use due to fouling bumped
the facility into a different rate tariff, thus saving money by using more energy. This is

155
counterintuitive, but, anecdotally, the author has heard of facilities using load banks for the
purpose of eligibility for a more beneficial electrical rate. The Secondary School in Los Angeles
is the only situation where this occurs, should be viewed as a fluke, and is excluded from the
graphs shown in this section and the next.
Table 5-10. NPV of Economic Analysis Options Using Tampa Field Data
Min [$/ft2]
UVGI w/o IAQ
Benefit
Mechanical Cleaning
UVGI w/ IAQ
Benefit

Net Present Value of Cost
Mean [$/ft2]
Median [$/ft2]

Max [$/ft2]

-0.06
0.06

0.28
1.89

0.12
0.56

11.38
10.11

-3.66

-0.24

-0.13

11.40

Table 5-11. NPV of Economic Analysis Options Using Tampa Field Data
2

Min [$/m ]
UVGI w/o IAQ
Benefit
Mechanical Cleaning
UVGI w/ IAQ
Benefit

Net Present Value of Cost
Mean [$/m2] Median [$/m2]

Max [$/m2]

-0.61
0.64

3.00
20.37

1.26
6.05

122.38
108.76

-39.41

-2.63

-1.37

122.66

Figure 5-23 through Figure 5-25 break down the data by building type and location,
though it is clear that differences are more between building types than climates. The NPV/ft2
costs when using UVGI (no IAQ benefit taken into account) range from $0.00/ft2 to $0.20/ft2
($0.00/m2 to $2.15/m2) for the majority of the models (Figure 5-23). The Small Office ends up
skewing the results with its relatively small footprint for the amount of UVGI equipment
installed. This trend of the Small Office having results that differ significantly continues
throughout the rest of the results.

156
$1.00

NPV/ft^2

$0.80
$0.60
$0.40
$0.20
$$(0.20)

Small
Office

Medium
Office

Large
Office

Primary Secondary Hospital OutPatient
School
School

MIAMI

HOUSTON

PHOENIX

ATLANTA

LOS ANGELES

LAS VEGAS

SAN FRANCISCO

BALTIMORE

ALBUQUERQUE

SEATTLE

CHICAGO

BOULDER

MINNEAPOLIS

HELENA

DULUTH

FAIRBANKS

Figure 5-23. NPV of using UVGI without taking into account IAQ benefit, Tampa data
(in color)

157
The NPV/ft2 of mechanical coil cleaning is generally less than $1.00/ft2 ($10.76/m2), with
a noticeable jump to around $10/ft2 for the Small Office building (Figure 5-24). This is due to an
assumption of a flat price per mechanical coil cleaning ($750). The Small Office, with a number
of smaller coils, likely has its total cleaning price over-estimated due to this, and better estimates
of coil cleaning cost would improve the accuracy and applicability of results.
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Figure 5-24. NPV of mechanical coil cleaning, Tampa Data (in color)
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The majority (67%) of buildings have a negative NPV of cost, i.e., net benefit to the
owner (Figure 5-25), when including the monetary benefit of IAQ. The exaggeration of the IAQ
benefit to the Small Office building is discussed in 5.2.3.
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Figure 5-25. NPV of using UVGI with taking into account IAQ benefit, Tampa Data (in
color)

5.2.5

Economic Model Results Using Literature Data
Three sets of twenty-year NPVs of cost are evaluated as defined in 5.1.3. Mean median

NPVs of cost to the owner are presented in Table 5-12 and Table 5-13. Again, negative values
indicate a net benefit to the owner, and median value is used because the mean is skewed by a
single building’s (Los Angeles Secondary School) results as discussed in 5.2.4. This building is
removed from the graphs in this section, for reasons also discussed in 5.2.4.
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Table 5-12. NPV of Economic Analysis Options Using Literature Data
Min [$/ft2]
UVGI w/o IAQ
Benefit
Mechanical Cleaning
UVGI w/ IAQ
Benefit

Net Present Value of Cost
Mean [$/ft2]
Median [$/ft2]

Max [$/ft2]

-3.15
-1.10

-0.39
1.56

-0.21
0.25

11.03
9.86

-5.34

-0.91

-0.77

11.06

Table 5-13. NPV of Economic Analysis Options Using Literature Data
2

Min [$/m ]
UVGI w/o IAQ
Benefit
Mechanical Cleaning
UVGI w/ IAQ
Benefit

Net Present Value of Cost
Mean [$/m2] Median [$/m2]

Max [$/m2]

-33.89
-11.85

-4.14
16.80

-2.30
2.66

118.67
106.12

-57.49

-9.77

-8.32

118.95
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Figure 5-26 through Figure 5-28 break down the data by building type and location.
Again, it is clear that differences are more between building types than climates. The NPV/ft2
costs when using UVGI (no IAQ benefit taken into account) range from $0.35/ft 2 to -$3.15 ft2.
Most are negative costs, indicating a net benefit to the owner. The general shape of this graph is
markedly different from Figure 5-23, demonstrating that the amount of pressure drop increase
resulting from fouling is an important choice to consider in the analysis.
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Figure 5-26. NPV of using UVGI without taking into account IAQ benefit, literature data
(in color)
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The NPV/ft2 of mechanical coil cleaning is generally less than $1.00/ft2 ($10.76/m2), with
a noticeable jump to around $10/ft2 for the Small Office building (Figure 5-27). Again, this is due
to an assumption of a flat price per mechanical coil cleaning ($750) as discussed in 5.2.4.
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Figure 5-27. NPV of mechanical coil cleaning, literature data (in color)
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When taking IAQ benefits into account, the vast majority (98%, or all but 2 out of 111)
have a negative NPV of cost, meaning a net benefit to the owner (Figure 5-28). Again, the
exaggeration of the IAQ benefit to the Small Office building is discussed in 5.2.3.
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Figure 5-28. NPV of using UVGI with taking into account IAQ benefit, literature data (in color)

5.3

Discussion

Energy modeling of biofouling was simplified in a number of ways. Not all standard
building types were considered. For those that were analyzed, results were not weighted by the
portion of total building population they comprise. While all DOE climate zones were considered,
assumptions about the degree of fouling were based on measurements at the Tampa field test site
and reported literature results from a Florida hospital. This could overestimate the fouling that
would occur in a location with a cooler, less humid climate, for example Minneapolis. Further
research on the degree of biofouling to expect in different climate zones would be valuable. Little
information is available on the influence of temperature, airflow, and latent load on fouling
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generation rate, an important topic for further research. The energy savings are driven by a
number of assumptions: cooling coils with a pressure drop of 0.75 in wg and a 20% increase in
that pressure drop. Assuming a cooling coil with a different pressure drop, or a different increase
in pressure drop due to fouling, significantly changes the results, e.g., using a 156% increase in
pressure drop (a value reported from literature, and an attempt to bound possible benefit).
Multiple assumptions had to be made in the course of epidemiological modeling. Air
systems were considered well-mixed zones for the purpose of disease spread. Inter-system or
non-air transmissions were not considered. The consequences of infections were simplified: an
occupant became sick, was absent for one day, and returned. More complicated models are
available for more sophisticated analysis. Median values of virus k value and diameter were
considered; varying the disease of interest affects the outcome. Specific particle sizes and k
values may be of use for the investigation of specific pathogens, such as specific HAIs. It must
also be observed that not all “sick leave” is due to actual illnesses, a factor which could not be
quantified in this analysis. The monetary value of, and appropriateness of, DALYs as a metric of
performance is also somewhat uncertain.
The bulk of assumptions made for the economic models are covered in the methodology
section. The real discount rate and energy cost escalation rates, though the same used by the U.S.
Government when evaluating projects, are not ironclad and influence the resultant values. A
shorter or longer analysis period would be influenced less or more by energy savings,
respectively. Capital installed cost and replacement cost of UVGI lamps are rough values. The
cost of mechanical cleaning is a rough value, and the NPV cost of mechanical cleaning could
change based on how often an owner typically cleans their cooling coils. The amount of fouling
assumed is the sole influence on the energy cost over the period of years. More fouling would
result in more savings, less fouling in less savings. The significant influence of the assumption of
the degree of fouling on the economic results must be noted: different fouling levels change the
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absolute value of the results as well as their relationships to one another. No sensitivity analysis
on the economic results was performed.
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6

Conclusions and Recommendations

Monitoring of two field sites, one in Tampa, FL and one in University Park, PA, was
conducted before and after application of UVGI for mitigation of cooling coil biofouling. The
cooling coil airside pressure drop at the Tampa site decreased 21.7% due to UVGI, and the heat
transfer coefficient increased 14.65%. The cooling coil airside pressure drop at the PSU site
(where some amount of chemical and mechanical coil cleaning had already occurred) decreased
1.35%, while the heat transfer coefficient increased 47.5%. The small post-UV decrease in
pressure drop may be due to the nature (primarily non-biological) of the fouling at the PSU site: a
reduction of biological material between the coil fins with a concurrent increase in non-biological
material on the upstream face of the coil. Discussion with industry professionals has not yielded
an explanation, but it was agreed by industry professionals that the PSU results were unrealistic.
Moving forward, only the Tampa results were used to inform the modeling (the 1.35% decrease
in pressure drop and 47.5% increase in heat transfer coefficient are not used).
Analysis of energy models of seven building types in sixteen different climates using the
results from the Tampa field site showed mean energy savings of 0.68% of total HVAC energy,
0.63% of cooling energy, 3.6% of fan energy, 0.47% of pump energy, and -0.35% of heating
energy, all before deducting lamp energy spent. It is important to note that the results from a
single site (Tampa) are applied across a variety of building sites and climates. The amounts of
savings are the same magnitude across building types, with Small Office buildings being the
exception. The Small Office result is likely due to the increase in pressure drop being relatively
large compared to the Small Office systems total system pressure drops, and so the energy benefit
for the Small Office is likely overestimated. A survey of coil pressure drops by building type and
location would enable a more accurate estimation of energy saved.
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An attempt was made to bound the possible energy benefit by using one of the higher
pressure values found in the literature: an increase in pressure drop due to fouling of 156% from a
case study in Florida. Using this value in the seven buildings models in sixteen climate zones
resulted in the following savings from UVGI: 4.6% of HVAC energy overall saved, 4.5% cooling
energy saved, 22% of fan energy saved, 2% of pump energy saved, and -3.7% heating energy
saved, all before subtracting out the energy used by the UV lamps. Due to the dominance of fan
power, reliable numbers for pressure drop increase due to fouling is important in an evaluation of
the application of the technology.
IAQ modeling using the same buildings showed an inverse relationship between mean
outdoor air fraction and incremental benefit from adding UVGI. That is, one can expect to see
less incremental benefit from UVGI when the existing benefit from ventilation is already high.
Savings range from $0.00/ft2-yr to around $0.29/ft2-yr ($3.11/m2-yr) from IAQ benefits, with an
average of $0.042/ft2-yr ($0.45/m2-yr) and a median of $0.017/ft2-yr ($0.18/m2-yr).
In a 20 year life cycle cost analysis (using the data from the Tampa field site), UVGI coil
treatment (without the IAQ benefit) has a median NPV cost of $0.14/ft2 ($1.51/m2) to the owner,
mechanical cleaning has a median NPV cost of $0.62/ft2 ($6.67/m2), and UVGI coil treatment
including the IAQ benefit has a median NPV cost of -$0.12/ft2 (-$1.29/m2).
If the pressure drop data from the literature is again used to bound potential savings, the
economic results change significantly. UVGI coil treatment (without the IAQ benefit) has a
median NPV cost of -$0.21/ft2 (-$2.30/m2) to the owner, mechanical cleaning has a median NPV
cost of $0.25/ft2 ($2.66/m2), and UVGI coil treatment including the IAQ benefit has a median
NPV cost of -$0.77/ft2 (-$8.32/m2). As with the energy results, the assumptions made about the
effect of fouling on pressure drop significantly influence the results, and should not be decided
lightly.
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There are numerous avenues for further research. With the limited number of third-party
studies of UVGI for coil cleaning, the monitoring and study of experimental sites in different
climates is an obvious next step. Due to the associated simplification of site selection, data
collection, and system control, there is still a prominent place for lab work involving biofouling.
This could be similar in nature to the work that has been performed here, i.e., collecting data on
the effect of biofouling on pressure drop and heat transfer. Or, it could solve other questions such
as “What is the rate of fouling buildup and what factors (e.g., latent load, temperature, humidity,
geographical area) influence it?”. Both of the field sites used chilled water coils; while the
pressure drop data would still apply, research on the change in operation of a refrigerant system
would be useful. Also, epidemiological modeling with more advanced transport and infection
models could be performed.
In conclusion, this research evaluates the effect of UVGI for cooling coils in an energy,
IAQ, and economic sense. It finds energy and economic benefit in a site with obvious fouling,
and no real benefit in a site that had already been already cleaned by a maintenance crew. Fouling
contribution to pressure drop is a particularly important influencing factor, and changes the
economic viability significantly. Analysis of the specific application is encouraged in order to
evaluate the technology for a given situation. It is hoped that the data and analysis methods are of
use to practicing engineers when evaluating the economics of UVGI systems in new and existing
buildings.
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