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 ASHRAE is a Registered Provider with The American Institute 
of Architects Continuing Education Systems. Credit earned on 
completion of this program will be reported to CES Records 
for AIA members. Certificates of Attendance for non-AIA 
members are available on request.

 This program is registered with the AIA/CES for continuing 
professional education. As such, it does not include content 
that may be deemed or construed to be an approval or 
endorsement by the AIA of any material of construction or 
any method or manner of handling, using, distributing, or 
dealing in any material or product. Questions related to 
specific materials, methods, and services will be addressed at 
the conclusion of this presentation.
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 Understand dose/response relationships associated with 
microorganisms exposed to ultraviolet energy.

 Differentiate between the different types of lamps and 
ballasts commonly used in UVGI systems.

 Recognize the various UVGI technologies used in conjunction 
with HVAC systems to improve indoor environmental quality 
and reduce airborne disease transmission.

 Compare the initial capital costs associated with UVGI 
systems to related energy savings and reductions in HVAC 
system maintenance costs.

 Understand the maintenance requirements and health and 
safety considerations associated with UVGI systems.
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 UVGI History
 UVGI Fundamentals
 UVGI Equipment
 Applications and System Design Principles
 Economics of UVGI Applied to HVAC Systems
 Photodegradation of Materials
 UVGI System Maintenance
 UV Health and Safety Considerations
 UVGI Case Study Analysis
 Summary
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Scientific Origins and 
Applications
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 1672 – Separation of light into constituent colors using prisms (Newton)

 1814 – Spectral bands of sunlight mapped (Fraunhofer)

 1835 – Mercury vapor arc lamp (Wheatstone)

 1877 – Germicidal effect of sunlight reported (Downes & Blunt)

 1889 – Erythemal effects of UV demonstrated (Widmark)

 1892 – Germicidal effect of UV on Bacillus anthracis demonstrated (Widmark)
 1900 - Use of UV to treat skin disease described (Finsen)

 1906 – First use of UV to disinfect drinking water

 1909 – First UV water treatment plant, Marseille, France
 1927 – Bactericidal action of UV quantified (Bedford and Gates)

 1928 – Viricidal action of UV quantified (Rivers and Gates)

 1929 – Fungicidal action of UV quantified (Fulton and Coblentz)
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 1936 - Overhead systems applied in hospitals (Wells and Wells, Hart)
 1937 – Upper air systems applied in schools (Wells)
 1938 – First fluorescent gas discharge UV lamp
 1940 - Application to HVAC systems (Rentschler and Nagy)
 1942 – First sizing guidelines (Luckiesh and Holladay)
 1950 – First catalog sizing methods (Buttolph and Haynes)
 1957 – Effectiveness of UV for TB control shown (Riley)
 1974 – First microbial growth control systems (Grun and Pitz)
 1999 – WHO recommends UV for TB control
 2003 – CDC sanctions use of UV for TB control
 2003 – FEMA sanctions UVGI as biodefense option
 2005 - ASHRAE Task Group 2.UVAS (later TC 2.9) Ultraviolet Air and Surface 

Treatment formed
 2009 - ASHRAE Position Document on Airborne Infectious Diseases identifies UVGI 

one of three demonstrated technologies for reducing infection risk
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• UV Spectrum
• Microbial Dose Response
• Microbial Susceptibility
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2019 ASHRAE Handbook—HVAC Applications, Ch. 62, Fig. 2
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 UVC damages DNA/RNA of microorganisms 
(virus, bacteria, fungi) 

 Exponential relation to dose, i.e., product of 
UV strength and duration of exposure

 Microorganisms inactivated, i.e., rendered 
unable to replicate
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2019 ASHRAE Handbook—HVAC Applications, Ch. 62, Fig. 3

Mainly UVC, some UVB effect, max ~265 nm UVC
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 To a first approximation:

◦ S = surviving fraction of 
initial population

◦ k = deactivation rate 
constant (cm2/µW-s)

◦ I = UV fluence (µW/cm2)
◦ t = duration of exposure (s)
◦ It = D = “dose” (µJ/cm2)

 Chick-Watson model
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 k varies by orders 
of magnitude

 Smaller k → more 
resistant

 Consistent k
measurement is 
difficult
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◦ Bacillus anthracis (bacterial spore) 
 Water: 0.000056
 Surface: 0.0002702

◦ Legionella pneumophila (vegetative bacteria)
 Water: 0.0016178
 Surface: 0.0044613

◦ Mycobacterium tuberculosis (vegetative bacteria)
 Water: 0.0004773
 Surface: 0.002132

◦ Influenza A: 0.0010103 (RNA virus, water)
◦ MHV Coronavirus: 0.003770 (RNA virus, air @ 50% RH)

Source: Kowalski, Wladyslaw. 2009. Ultraviolet Germicidal 
Irradiation Handbook. Berlin: Springer-Verlag Berlin Heidelberg.
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 Behaves as if population has a more resistant 
fraction (f ) and a less resistant one (1-f )

 Resistant fraction typically <10%,
frequently <<10%

ItkItk feefS 21)1(  
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 Streptococcus pyogenes
 Two-stage
◦ k1 = 0.00287cm2/W-s

k2 = 0.0001670 cm2/W-s
f = 0.1484

 I = 2000 W/cm2
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 Slow initial response
 “Multi-hit model”

◦ n = multi-target 
exponent

 1 1
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 Can generalize multi-hit model
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 Staphylococcus 
aureus
◦ k1 = 0.000500 cm2/W-s
◦ k2 = 0.000108 cm2/W-s

n1 = n2 = 4.9
◦ f = 0.0860

 I = 2000 W/cm2
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 Conditions under which k is determined are 
important, not always documented or 
controlled
◦ Medium of test—water, surface, air
◦ Humidity (but not temperature within normal limits)
◦ Viability of test samples
◦ Handling of test samples

 Photoreactivation—repair of damaged 
DNA/RNA due to exposure to sunlight
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 Photoreactivation 
may partially 
reverse UV effects

 Knudson (1986) 
shows effect of light 
on survival of 
irradiated anthrax

Appl. Environ. Microbiol. (1986) 52(3): 444-449
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 Some data suggest impact of humidity on k
 More pronounced for bacteria than viruses
 Evidence not definitive for fungi

Viruses Bacteria

Source: Kowalski, Wladyslaw. 2009. Ultraviolet Germicidal Irradiation 
Handbook. Berlin: Springer-Verlag Berlin Heidelberg.
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 Over 100 years of science evidence and 
applications to disinfection of water, air, and 
surfaces

 Multiple scientific studies indicating positive 
impacts on health outcomes:
◦ Control of epidemic disease
◦ Reduction of sick building syndrome symptoms
◦ Reduction in asthma attacks in children

 Recent studies show effectiveness of cooling 
coil maintenance
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 Four years of testing in 
schools in Philadelphia, 
PA area

 Upper-room UVGI 
installed in classrooms

 Tracked infections of 
susceptible students

 Significantly lower 
rates of infection of 
susceptibles in 
irradiated classrooms
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 UVGI in AHUs on 
12 weeks, off 4 for 
total of 48 weeks

 771 subjects
 Self-reported 

symptoms
 Microbial and 

endotoxin 
measurements
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 Findings
◦ 99% reduction of microbial and endotoxin 

concentrations on irradiated surfaces
◦ No adverse effects
◦ Statistically significant reduction of symptoms
◦ “The cost of UVGI could in the long run prove cost-

effective compared with the yearly losses from 
absence because of building-related illness”
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 Double-blind study 
with central UVGI in 
homes of 19 mold-
sensitized asthmatic 
children

 Statistically significant 
improvement in 
morning and evening 
peak expiratory air 
flow rate with UVGI 
operation
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 Comparison of normal cleaning and UVC room decontamination 
no HAI pathogens (Wong, et al. 2016)

 Conventional cleaning (peroxide and detergent) or automated UV
 Cleaning - no significant change in number of rooms where 

contamination was detected
 UV – large reduction in contaminated rooms and in counts
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 Field studies of two 
chilled-water coils 
before and after coil 
UVGI

 Energy-use related 
measurements

 Tampa, Florida science 
building
◦ ~22% reduction in P
◦ ~15% increase in overall 

conductance
◦ Results similar to Yi, et al. 

(2016, 2017) in Singapore 
laboratory building
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• Mercury Vapor Lamps
• Ballasts
• Impact of Ballast Selection
• Operating Characteristics
• Effects of Important Environmental Factors
• Emerging Technologies
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 Current generation uses same technology as fluorescent lamps

 Typical lamp
◦ Low pressure Hg vapor or amalgam lamp
◦ Electric field excites vapor, which emits UVC mainly at 253.7 nm
◦ UVC nominally ~20%–30% of input power
◦ Quartz or soft glass tube with high UVC transmittance
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 Lamp shapes
◦ Single tube
◦ Biaxial (twin tube)
◦ U-tube
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Reflective enclosure greatly improves performance
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 Output Level
◦ Standard output (425 ma)
◦ High output (800-1200 ma)
◦ High output lamps may operate at higher temperature than 

standard output lamps, with benefit for some applications

38

Note: 1 m/s  198 fpm
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 Cathode types
◦ Hot cathode
 Coated filament, 

thermionic effect
 Higher output than cold 

cathode
 Starts affect life

◦ Cold cathode
 High-voltage potential 

ionizes gas in lamp
 Lower power/output 

than hot cathode
 Long life, not affected by 

starts

© 2020 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission. 39



 Ballast = power supply
 Provides high starting 

voltage, then controls 
to safe operating 
current

 Ballasts should be 
matched with lamp per 
manufacturer’s 
recommendations

 Starting mode
◦ Preheat
◦ Rapid start
◦ Instant start

 Types
◦ Magnetic
◦ Electronic

 Dimming ballasts 
are available but 
not in common use
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 Ballast selection affects lamp…
◦ Output
◦ Life
 Hot cathode ~5000 – 10,000 h (affected by cycling)
 Cold cathode ~20,000 h
◦ Efficiency (e.g., high frequency electronic vs. 

electromagnetic)
 Ballast may also create audible noise 

(electromagnetic), EMI/RFI (electronic), and 
affect power quality
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 Lamp output depends on vapor pressure inside lamp
 Vapor pressure controlled by the coldest temperature 

on the lamp tube—“cold spot temperature”
 Cold spot temperature depends on:
◦ Lamp shape
◦ Lamp orientation
◦ Air velocity and temperature
◦ Power input to lamp

 Standard rating conditions—room temperature, still 
air—often do not represent application conditions

 Sleeved lamps reduce wind chill but at significant cost
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Center (flow left to right) Socket end
(hot spot at cathode)
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1 m/s = 196 ft/min, 15.6°C = 60°F, 35°C = 95°F
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Cross flow to airstream Parallel flow
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 Factors
◦ Depreciated output
◦ Peak capacity adjusted 

for wind chill
 Example
◦ Depreciation of 20%
◦ 15°C, 2 m/s wind chill

(59°F, 394 fpm) → 
~55% max
◦ Output = 0.80 × 0.55

=  44% of max

© 2020 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission. 49



 Humidity affects microbial resistance
(as seen previously)

 Effect on lamp performance is negligible
◦ Air viscosity and conductivity effects - small
◦ Optical path is generally short, so additional 

attenuation at high RH is also small
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 LEDs should take 
over much of the 
market
◦ Long life
◦ Configuration flexibility
◦ More wavelength 

options
◦ Dimmable
◦ Cyclable
◦ Better in typical 

thermal environments
◦ No mercury

 Current market 
barriers
◦ Low output (mW)
◦ Cost
◦ Durability
◦ Standards
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Source: International Light Technologies
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 Shorter 
wavelengths

 Good germicidal 
effectiveness

 Safe for human 
exposure

 Kr-Cl Excimer 
lamps produce 
~222 nm UV-C
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Kr – Cl excimer lamp
Buonanno, et al. (2017)

Institute of High Current Electronics SB RAS
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• Upper-Air Disinfection
• In-Duct Surface Disinfection
• In-Duct Air Disinfection
• In-Room Surface Disinfection
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 Fixtures located 
above occupied zone

 Fixture directs UVC 
horizontally to create 
a disinfection zone

 Natural or forced air 
movement brings 
contaminated air into 
zone

ASHRAE Handbook – 2019 HVAC Applications, Ch. 62, Fig. 5
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 Air distribution 
system not required, 
but good mixing 
ventilation helps

 Safety a concern 
because lamps are in 
occupied space

 Test for acceptable 
occupied zone 
exposure

2019 ASHRAE Handbook—HVAC Applications, Ch. 62, Fig. 6
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 Oldest type of air disinfection system
 Good application for standard lamps
 Approved by U.S. Centers for Disease Control/ 

National Institute for Occupational Safety and 
Health for control of tuberculosis

 NIOSH (2009): Environmental Control for 
Tuberculosis: Basic Upper-Room Ultraviolet 
Germicidal Irradiation Guidelines for 
Healthcare Settings

http://www.cdc.gov/niosh/docs/2009-105/pdfs/2009-105.pdf
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 Irradiance
◦ Arrange lamps for 

uniform irradiance
◦ 30 µW/cm2 to 

50 µW/cm2 average
◦ Suggested 

simplification
 1.87 W/m2 (0.17 W/ft2) 

of lamps for floor area
 6 W/m3 (0.18 W/ft3) of 

lamps for upper zone 
volume
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 Ventilation
◦ Mixing preferred
◦ Additive to 6 ach

 Humidity: <60% RH
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 Older guideline for sizing (First, Nardell, et. al, 1999)
◦ 30 W of input power per 200 ft2 (19 m2) of floor area; i.e., 

0.15 W/ft2 or 1.58 W/ m2—very similar to NIOSH

 Key is getting good air distribution, uniform 
irradiance distribution
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 Irradiance 
distribution is 
critical 

 UVC irradiance 
distribution
◦ Measurements
◦ Calculation
 View factor
 Ray tracing
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 Irradiate coil or filter surfaces to 
control growth—upstream/ 
downstream/both

 Reduces air-side flow resistance, 
increases heat conductance

 GSA P100 (2018 ed., 5.1, 5.2.6)
◦ “Tier 3 High Performance” systems

◦ Required for cooling coils, condensate 
pans, and other wetted AHU surfaces

 Wide range of opinions on sizing: 
◦ 5 W/cm2 on opposite side of coil
◦ 200-2000 W/cm2 on irradiated face
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 Multiple choices for 
lamp configuration
◦ Downstream
◦ Upstream
◦ Both

 Considerations:
◦ Irradiate condensate pan
◦ Treat coil and filter bank
◦ Impact of air temperature 

on lamp output
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 Deactivate airborne 
microorganisms “on 
the fly”

 Typically installed in 
AHU and do dual coil/ 
filter cleaning duty

 Sizing of dual systems 
dictated by air 
disinfection 
requirements

© 2020 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission. 67



Downstream coil surface/air installation

Commercial In-Duct
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 Factors that affect design:
◦ Design scenario
 Design microorganism or generic k
 Performance goal

◦ UVGI location in HVAC system
 Airflow rate

 Velocity
 Residence time

 Air temperature

◦ Exposure zone
 Dimensions
 Reflectivity 

◦ Lamp/ballast options
◦ Lamp configuration

© 2020 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission. 70



 Process
◦ Establish design scenario
◦ Determine UV-C dose
◦ Identify equipment selections that deliver design 

dose for candidate locations and conditions (work 
with manufacturer)
◦ Evaluate energy use, cost, and possibly outcome
◦ Select best system based on performance, 

economics, and other criteria
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 Performance goals for UVGI systems
◦ Specified design single-pass efficiency is typical
 Methods to determine “design” conditions vary greatly
 Single-pass efficiency (1-S) does not directly indicate 

the effect of the system on occupied zone conditions

◦ Other possible metrics:
 Airborne concentration
 Exposure dose
 Sick days/lost productivity
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 Design conditions
◦ Design dose achieved at…
 Uncorrelated worst-case velocity and temperature

(may be more extreme than actual worst case)
 Actual worst case velocity/temperature combination
 Statistically extreme conditions
 For example, dose not achieved 5% of time
 “85% single-pass inactivation for 5th percentile conditions”

◦ Choice of UVGI location and approach to design 
temperature and velocity affects lamp power required 
 Wind chill
 Residence time
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 Power required for design dose depends on 
wind chill and residence time effects:

 Ex.: 15C/1.5 m/s reference vs. 20C/2.0 m/s

% ,

%

max ref

Equalref max ref
Dose

LampOutputP V
P LampOutput V

 
   

 

53% 2.0 0.828 1.333 1.10
64% 1.5ref

P m s
P m s
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Design percentile has strong effect on lamp power requirement

Relative power requirement for 85% inactivation 
at different design percentiles
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 Determination of lamp power required 
typically requires manufacturer input

 Dose can be estimated by software based on 
radiation view factor methods or by ray 
tracing

 Some manufacturers have proprietary 
software for evaluating configuration options
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 Cycle lamps or modulate capacity?
◦ Cycling saves energy, reduces lamp life
◦ Modulation adds cost for dimming or switching and may 

require UV measurement for feedback
◦ Many systems operate continuously

 For air-handler installation, upstream or 
downstream of coil, or both?
◦ Downstream irradiates condensate pan, but environment 

may require more lamp power
◦ Upstream may permit irradiation of coil and filters and 

provide better lamp environment
◦ Upstream air disinfection (high power) + downstream coil 

treatment (low power) may be best
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 Permanently installed 
fixtures

 Healthcare 
application

 May have 
occupied/unoccupied 
modes
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 Standalone, portable
 May have ability to 

sense dose 
delivered

 Otherwise, use 
dosimeters
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 Lamps and fan in a 
module

 May have high 
single-pass 
inactivation, but 
effectiveness 
depends on ability 
to recirculate space
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 Lamps in enclosure
 Fan – 450 /1000 cfm 

(212 / 472 L/s)
 Filtration can be 

added
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• Typical Upper-Air Costs
• Typical In-Duct Costs
• Coil Surface Disinfection Costs
• Life-Cycle Cost
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 First cost: equipment and installation
 Operating cost
◦ Energy cost
 Electric power to lamps
 Increased cooling load
 Decreased heating load
 Increased fan power
◦ Lamp replacement and other maintenance

 Benefits
◦ Health and productivity
◦ Energy savings relative to alternative technologies
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• Using Riley, et al., rule of thumb: 30 W per 200 ft2

• Typical fixture 36 W (12 W UV)
• Equipment cost $3 – 4/ft2

• Installation cost can vary widely – 0.5 – 2 hrs. per fixture at electrical 
contractor rates of $75 -100/hr.

• Operating cost: $0.13/ft2 ꞏ yr. for continuous operation @ $0.10/kWh 
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 Typical air/coil system
◦ $0.10 - $0.25/cfm equipment cost
◦ At $0.10/kWh, annual cost for continuous operation 

~$0.018/cfm, also $0.018/ft2

◦ Clearance for 0.25 s exposure @ 500 fpm is ~2 ft
◦ Full flow temperature rise ~0.06°F
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 Montgomery and Baker (ASHRAE Journal, November 2009)
◦ ~10% – 15% HVAC efficiency improvement possible for clean vs. dirty coils
◦ Not specific to UVGI

 Keikavousi (Engineered Systems, February 2004)
◦ Badly fouled nominal 6000 cfm unit in Orlando FL,
◦ ~$2000 installation cost, estimated $4900 annual savings

 Firrantello and Bahnfleth (ASHRAE RP-1738, 2017)
◦ Simulation based on field measurements and Keikavousi’s article
◦ 0.5%–4.5% reduction in HVAC energy use—mostly fan energy
◦ Significant collateral air quality benefit, reduce need for mechanical cleaning
◦ Median benefit including IAQ benefit ~$0.15/sf NPV vs. $0.51/sf cost for 

conventional cleaning…depends on many parameters
 Yi, Sekhar, Bahnfleth, Cheong, Firrantello (2016, 2017)
◦ Simulation based on measurements in Singapore laboratory
◦ Energy savings and maintenance cost savings can result in net economic benefit
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Singapore Laboratory
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Singapore Laboratory

11.5-14.5%  3.3-3.8% 

3.3-3.8%  0.4-0.6C 

© 2020 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission. 88



 Apply experimental 
results to EnergyPlus 
models

 Singapore:
◦ Fan energy  9.1%
◦ Pump energy  6.2%
◦ Chiller energy  0.41 %

 Energy and economic 
impact vary with 
climate and 
occupancy

48%

14%

38%

Fan Pump Chiller
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 Wells-Riley equation
 Metrics varied with occupancy—HAI incidence, 

absentee rate, DALY…
 Larger than energy and maintenance cost savings
 Benefit sensitive to system effects

R² = 0.9122
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 Lee and Bahnfleth (2013)
 Performance simulation
◦ Thermal/energy (whole-building—eQUEST)
◦ IAQ control (components, system—custom MATLAB)

 Economic analysis
◦ First-cost
◦ Annual labor and equipment cost
◦ Energy cost (direct/indirect)
◦ Benefit?

If benefit cannot be quantified with sufficient accuracy, an alternative 
approach is to compare with cost of alternative methods (e.g., 
filtration, dilution) to achieve the same level of contaminant control
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 New York City
 4 floors @ 2380 m2 (25,600 ft2)
 1 VAV system/floor
◦ 8 m3/s (17,000 cfm) SA, 10°C (50°F) SAT, 2.5 m/s 

(472 ft/min) face velocity, 1.8 m3/s (3800 cfm) OA
◦ MERV 6 filtration (base)
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 Base HVAC system (minimum OA, MERV 6) + UVGI 
downstream of cooling coil

 Base HVAC system + UVGI upstream of cooling coil
 Base HVAC system + filtration equivalent to UVGI (MERV 12)
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 Size for worst-case 85% inactivation of S. aureus
◦ k = 0.0035 cm2/µJ
◦ d = 1 µm (f = 15%, 82%, 90% for MERV 6, 12,13)
◦ Constant source during business hours (0900 – 1700)

 Philips TUV PL-L 60W HO lamps in cross flow, modelled per 
Lau, et al. (2009)
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 Required dose: 542 µJ/cm2

 Input power required depends on location
 Supply air is colder, causes greater derating of lamp

Supply Air Mixed Air

Temperature, ˚C (˚F) 10 (50) 10 (50)

Velocity, m/s (fpm) 2.5 (500) 1.5 (300)

Exposure time (s) 0.3 0.5

Lamp Output (%) 27.8 32.9

Irradiance (μW/cm2) 6499 3295

Input power (W) 718 364
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- Inactivation efficiency varies less than dose due to 
exponential nature of disinfection process

- Inactivation efficiency is  >95%  almost 80% of the time, 
much higher than design
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 First cost and operating cost of IAQ control 
equipment can be estimated reasonably well

 Benefits of good IAQ are not well quantified
◦ 10,000 m (30,000 ft) view: $24-$69 billion (2020) 

per year impact in U.S. (Fisk 2002)
◦ Detailed models based on uncertain dose-response 

models and cost assumptions (Fisk, et al. 2005)

 Application of IAQ technology is limited by 
underdeveloped economic case
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 Costs
◦ Initial costs: design, installation of fixtures, initial

lamping
◦ Recurring costs: lamp replacement, cleaning
◦ Energy cost: lamps, heating/cooling, fan

 Sizing affects all of the above
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 UVGI equipment
◦ $10/input W initial installed cost
◦ $1/input W annual maintenance and lamp replacement
◦ Continuous operation (8760 hrs/yr)

 Enhanced filtration
◦ MERV 12: $1650/face m2 ($15/ft2) initial cost, $220/face m2

($20/ft2) per replacement, change every 6 months
◦ 250 Pa (1 in H2O) additional pressure drop

 Electric power
◦ $0.10/kWh

 Discount rate
◦ 3% real rate
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 Based on Wells-Riley equation
◦ Probability of infection related to 

air-change rate, v

◦ Compute equivalent UVGI air 
change rate, UVGI

◦ Relative risk impact calculated 
following Fisk, et al. (2005), 
including filtration and dilution

 Costs
◦ $200/person day average sick 

leave rate
◦ 2% base sick leave rate
◦ 5 person/93 m2 occupant density

1 exp

1 exp v
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Annual Energy 
Consumption UVGI @ SA UVGI @ MA MERV 12 

Filtration

Power to lamps (kWh) 6290 3189 -

Cooling (kWh) 1175 575 9975

Fan (kWh) 400 200 17175

Heating-electric (kWh) –3063 –1487 –506

Net (kWh)
kWh/m2 (kWh/ft2)

4802
2 (0.2)

2477
1 (0.1)

26,644
11 (1)

Cost ($)
$/m2

($/ft2)

480
0.20

(0.019)

248
0.10

(0.010)

2664
1.12

(0.104)
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 Unit costs in $/m2 ($/ft2)
 Does not include IAQ benefit credit

UVGI in
Supply Air

UVGI in
Mixed Air

MERV 12
Filtration

Installation 0.25 (0.024) 0.13 (0.012) 0.18 (0.017)

Replacement 0.30 (0.028) 0.15 (0.014) 0.57 (0.053)

Energy 0.19 (0.017) 0.10 (0.009) 1.04 (0.096)

Total 0.74 (0.069) 0.38 (0.035) 1.79 (0.166)
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85% UVGI or additional MERV 12 filtration 
reduce relative risk by 50%–55%
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Operating Scenario Health Benefit 
$/m2 ($/ft2)

Health Benefit 
$/person

UVGI @ SA 40.4  (3.75) 750

UVGI @ MA 39.9  (3.71) 742

MERV 12 filtration 38.0  (3.53) 706

Estimated benefit  >> annualized cost – but 
analysis rests on many assumptions and 
tends not to sway decision making
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• Affected Materials
• ASHRAE RP-1509
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 UVC can degrade organic materials, for example,
◦ Electrical insulation
◦ Elastomers and sealants
◦ Filter media
◦ Gaskets and pipe insulation
◦ Furnishings and finishes

 Severity for given exposure varies widely
 More known about UVA and UVB (found in sunlight)
 Basic approach is to use UV-resistant materials 

whenever possible and shield materials that will 
degrade significantly

 Can be a problem for retrofits
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 Investigated 54 materials
 Assumed accelerated tests would be valid
◦ Literature review confirmed “reciprocity law”
 Degradation dependent only on total incident energy
 Should have similar results if I × t = constant

 Criteria for photodegradation
◦ Loss of surface mass—stylus or optical profilometer
◦ Physical property changes—thermo-mechanical analyzer (TMA)
◦ Composition changes—Fourier transform infrared analyzer (FTIR)

 Developed classification scheme for susceptibility to 
degradation
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 Polished polymers
◦ HDPE, aluminum tape

 Elastomers
◦ EPDM (ethylene propylene diene monomer) O-ring, 

silicone O-ring
 Filter media and support materials
◦ Cardboard, lofted fiberglass, industrial HEPA

 Miscellaneous materials
◦ Elastomeric V-belt, polyurethane door gasket, foam 

pipe insulation
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 Samples masked by aluminum, except for 
1/8-in. diameter exposed circle
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Foil tape unaffected, PBT degraded significantly
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 Test predicts rate of material loss from surface
 Does not predict time to failure directly
 Failure depends on application, especially 

thickness of material
 For example, for polybutylene terephthalate (PBT) 

irradiated for 1200 h with 11,000 m/cm2

254 nm UVC:
◦ 50 m wire insulation loses 40% of mass
◦ 1 cm panel loses ~0.2% of mass
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- Linear relationship to irradiance confirms
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 A – No effect

 B – Minor effect (mainly 
cosmetic changes)

 C – Moderate effect (some 
cracking/pitting)

 D – Severe effect (structural 
damage, use not 
recommended)

 Based on rate of crater growth 
per unit of UVC energy

C

D
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Rating B Rating C Rating D
Aluminum tape

(A Rating)
Polyimide (30) Acrylic (80)

Formvar (4) LDPE (30) PET (90)
Nylon black (10) ABS (30) PBT (90)

Natural nylon (10) Cast epoxy (40) Polypropylene (200)
Perfluoroethylene (20) Polyvinyl chloride (40) HDPE (400)

Polycarbonate (60) Polyacetal (700)
Phenolic resin

Numbers in parentheses are rate of crater formation per unit of irradiance
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Rating B Rating C Rating D
Copper/petroleum RTV Acetic Acid RTV

Latex Rubber
Buna-N O-ring
EPDM O-ring

Silicone O-ring
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Rating B Rating C Rating D
Kimwipe (10) Printer paper (100) Polyester* (400)

Hot melt adhesive (70) Polyurethane strips 
(100)

Cardboard (1000)

Industrial HEPA
(100-200)

Lofted fiberglass* 
(7000)

HEPA consumer (200)
Electret (300)

Numbers in parentheses are rate of crater formation per unit of irradiance

*Structural damage, lost fibers, etc.
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Rating B Rating C Rating D
Elastomeric isolator 

(30)
Polyurethane door 

gasket (20)
Fiberglass pipe 
insulation* (90)

Elastomeric V-belt (70) Mastic duct sealant 
(400)

Neoprene door 
gasket* (100)

Fiberglass pipe 
insulation with 

foil-backed wrap

Polyethylene foam 
pipe insulation* (300)

Styrofoam* (300)
Numbers in parentheses are rate of crater formation per unit of irradiance

*Structural damage, lost fibers, etc.
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 Provides information on effect of UVC on 
common materials

 Rates resistance according to a somewhat 
arbitrary classification

 Provides a better basis for selecting materials 
or making decisions about shielding
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• Lamp Replacement
• Lamp and Ballast Disposal
• Visual Inspection
• Radiation Testing
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 Lamps should be replaced at end of “useful life”
◦ Nominal life specified by manufacturer (6000–10,000 h 

of operation)
◦ No less than annually for continuous operation
◦ As needed based on measured output

 Lamp disposal
◦ Hg is a hazard—recycle lamps properly
◦ Learn and follow applicable regulations

 Ballast disposal
◦ Old (pre-1979) ballasts contain PCBs—hazardous waste
◦ Recycling of all ballasts preferred—reclaim Cu, AL, steel
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 Use viewing port and/or appropriate 
protective gear

 Check for
◦ Burned out/failing lamps/fixtures (replace)
◦ Excessive dust/dirt accumulation (clean—lint free 

cloth/glass cleaner/isopropyl alcohol—leave no 
residue)
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 Radiometer measurements
◦ Confirm acceptable output level
◦ Confirm acceptable occupied zone exposure for 

upper-air systems

 In-situ sensors may be considered for fault 
detection
◦ Check relative output level after calibration by 

high-accuracy instrument

 Highly accurate measurements require costly 
instrumentation
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• UV Exposure
• Ozone Generation
• Lamp Breakage
• Protective Measures
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 Consequences of UVB 
and UVC exposure
◦ Eye irritation (photokeratitis 

and conjunctivitis)
 Blurred vision, blinking, 

tearing, light sensitivity
 Develops 4-12 h after 

exposure
 Painful but generally 

reversible
 Effects may last 48 h

◦ Skin irritation (erythema)
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Spectral variation of eye irritation
(Source: ICNIRP Guidelines. 2004. Health Physics 87(2):171-186.
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Spectral variation of skin irritation
(Source: ICNIRP Guidelines. 2004. Health Physics 87(2):171-186.)
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 NIOSH Limits for 253.7 nm UVC
◦ 1 s: 600 W/cm2

◦ 1 min: 100 W/cm2

◦ 1 hour: 1.7 W/cm2

◦ 8 hours: 0.2 W/cm2 (standard for upper-air)
 In-duct systems may produce 1000–10,000 W/cm2

 Safe exposure for in-duct range is ~10 s or less
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 Oxidizing pollutant created by breakup of
stable O2 molecules to form O3

+

 OSHA PEL/NIOSH REL—0.1 ppmv

 254 nm UVC does not produce ozone—
wavelengths below 240 nm can

 Ozone production of low pressure Hg lamps is
small because most radiation is 254 nm—
small amount of O3

+ producing 185
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 Ozone producing UVC can be filtered by properly selected 
tube materials or coating

 Periodic testing or continuous monitoring can confirm safe 
operation

Helios Quartz - http://www.heliosquartz.com
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 Lamp breakage releases Hg
 Must be treated as hazardous waste
 Sleeved lamps reduce likelihood of breakage 

and retain lamp fragments if one does break
 Care must be used in cleanup to remove tube 

fragments and vacuum up Hg

© 2020 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.132



 Use full protective clothing
when servicing or inspecting
operating equipment

 Upper-air
◦ Warning signs
◦ On/off switches and disconnects

 In-duct
◦ Warning labels—doors/access

panels
◦ Lamp disconnects outside lamp

chamber
 Positive disconnects preferred
 If switched, locate away from

room lighting
◦ UV-absorbing view ports
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 ASHRAE values your comments about this course. You 
will receive your Certificate of Attendance when you 
finish the online course evaluation form at this URL: 
https://www.ashrae.org/2020gtc9sept
Be sure to add your appropriate license numbers.

 If you have any questions about ASHRAE Certificates, 
please contact Kelly Arnold, Professional Development 
Coordinator, at karnold@ashrae.org.

 If you have any questions about ASHRAE courses, 
please contact Tiffany Cox, Course Administrator, at 
tcox@ashrae.org. 
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