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Abstract 

Organizations such as ASHRAE and the Centers for Disease Control and Prevention (CDC) 

have proposed guidelines for controlling infectious aerosols in buildings, which can be met 

through measures such as modifed operation of the heating, ventilation, and air-conditioning 

(HVAC) system or incorporating air-cleaning technologies. However, more research is needed 

to understand the trade-ofs between health, energy, and comfort aspects when designing 

measures for these guidelines. To address this gap, this paper presents an analysis using new 

models for air-cleaning technologies, including in-duct and in-room germicidal ultraviolet 

(GUV) systems and portable air cleaners (PACs). These models are incorporated into an 

existing prototypical ofce building model and six measures are designed to meet ASHRAE 

Standard 241 and CDC clean air targets: MERV 13 HVAC fltration, maximum outdoor 

air supplied to the building, PACs, and in-duct, upper-room, and whole-room GUV. The 

measures are simulated for an ofce building in a cool and humid climate compared against 

a baseline simulation using MERV 8 fltration. The results show that all measures, except 

for the maximum outdoor air case, can meet the ASHRAE 241 standard without signifcant 

impacts on energy or comfort. The HVAC system measures were not able to meet the 

CDC target with the default system sizing and lead to signifcant energy increases, while 

the in-room measures were able to meet the CDC target with small impacts on energy 

consumption. This paper consolidates the simulation fndings and provides practical guidance 

for building operators to meet clean air targets while limiting energy and comfort impacts. 
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1. Introduction 

The COVID-19 pandemic demonstrated the signifcant risk of infection indoors and 

emphasized the need to improve indoor air quality. For example, one study [1] found that 

all 318 identifed COVID-19 outbreaks of three or more people in China occurred indoors. 

Another study [2] identifed transmission by aerosols as the likely cause of a super spreader 

event from a choir rehearsal. Indoor aerosol transmission may also be the major transmission 

route for other viruses, such as rhinovirus (virus which causes the common cold) [3]. Beyond 

mortality and public health impacts, absenteeism due to COVID-19 infections has been 

shown to have a signifcant impact on education [4, 5], labor force [6, 7], and more. 

Organizations have taken steps to address the spread of COVID-19 and other pathogens 

within indoor spaces. The Centers for Disease Control and Prevention (CDC) issued guidance 

on clean air targets in buildings in May of 2023 [8] and ASHRAE published a new standard 

for controlling infectious aerosols in buildings in June of 2023 [9]. Various measures can be 

taken to meet clean air targets and standards, such as increasing outdoor air ventilation, 

upgrading in-duct fltration, implementing germicidal ultraviolet (GUV) systems, or using 

portable air cleaners (PACs). These measures can be applied in the heating, ventilation, and 

air-conditioning (HVAC) system (e.g., HVAC fltration or in-duct GUV) or in rooms directly 

(e.g., in-room GUV or PACs). These measures not only impact occupant health, but also 

afect comfort and energy use. 

Previous research has evaluated various measures to limit the risk of infection from 

airborne pathogens indoors. Ventilation strategies have been studied extensively in healthcare 

facilities [10] and classrooms [11], but energy impacts are not usually the focus of these 

studies. Pang et al. [12] studied how increased mechanical outdoor air ventilation afects 

infection risk and energy consumption for ofce buildings in 19 climates. The results revealed 

the impacts of climate on infection risk and energy consumption when increasing outdoor air 

ventilation. Others have compared HVAC fltration with outdoor air ventilation for airborne 

pathogen mitigation. For example, one study [13] evaluated the infection risks and costs for 

various levels of fltration and outdoor air ventilation to mitigate infuenza transmission and 

found minimum efciency reporting value (MERV) 13-16 flters achieved the best level of 

reduced infection risk per cost. 
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Evaluations of the recent clean air targets and standards from the CDC and ASHRAE are 

limited, although Zaatari et al. [14] found efcient HVAC fltration to be a more cost-efective 

approach than outdoor air ventilation to meet these targets. Another study [15] compared the 

energy costs and transmission risk impacts of a transmission-controlled ventilation strategy 

with in-zone fltration and far UV designed to meet ASHRAE 241, in addition to comparisons 

with other baseline ventilation strategies (e.g., ASHRAE 62.1 [16] minimum ventilation). 

They found the combination of transmission-controlled ventilation and far UV to limit 

infection risks with low energy costs. 

Studies [17, 18, 19, 20] have demonstrated the potential of GUV technologies for inactivating 

airborne pathogens including SARS-CoV-2 (the virus that leads to COVID-19). Other 

works [21, 22] have compared GUV (either in-duct or in-room) with increased fltration, 

outdoor air ventilation, and PACs to minimize infection risks for various commercial building 

types leveraging multi-zone models. These studies highlighted the ability of in-room cleaning 

technologies (i.e., in-room GUV or PACs) to more efectively limit infection risks compared 

to in-duct treatment of air (i.e., HVAC fltration or in-duct GUV). Computational fuid 

dynamics (CFD) methods are often used to evaluate infection risk reduction for in-room 

air cleaning technologies [23, 24, 25], but are rarely used for long-term energy analyses of 

airborne pathogen mitigation measures due to high computational requirements. 

Although signifcant research progress has been made in evaluating airborne pathogen 

mitigation measures, the following research gaps exist. First, analyses of how to meet the 

recent ASHRAE 241 clean air standard and CDC clean air target are limited. More research 

is needed on how measures such as GUV and PACs compare to fltration and outdoor air 

ventilation for these clean air guidelines. Additionally, further research is needed to analyze 

and compare multiple measures including GUV technologies in terms of impacts on occupant 

health, comfort, and energy consumption. Oftentimes, studies focus on either air-cleaning 

efectiveness or energy impacts, but do not always consider both along with other impacts 

such as thermal comfort [26]. 

This paper addresses these gaps by modeling a number of airborne pathogen mitigation 

measures including HVAC fltration, outdoor air ventilation, in-duct GUV, upper/whole-room 

GUV, and PACs designed to meet the ASHRAE 241 clean air standard and CDC clean air 
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target. Previous studies by the authors [27, 28, 29] developed new models for HVAC fltration 

and virus transmission applied to a prototypical ofce building using models developed in 

Modelica [30]. This paper expands on this work by frst creating new models for in-duct 

GUV, in-room GUV, and PAC devices. These new models are then implemented alongside 

the previously developed models to assess the ability of various airborne pathogen mitigation 

measures to meet ASHRAE Standard 241 and CDC clean air targets. This paper assumes 

well-mixed zones as a computationally efcient method to assess the combination of equivalent 

clean air, energy, and comfort metrics for the measures. 

The specifc scientifc contributions of this paper include: 1) creating new models for 

in-duct GUV, in-room GUV, and PAC devices and applying them to a model of a prototypical 

medium size ofce building; 2) implementing and simulating pathogen mitigation measures 

including MERV 13 HVAC fltration, maximum outdoor air ventilation, in-duct GUV, upper-

and whole-room GUV, and PACs to meet ASHRAE Standard 241 and the CDC clean air 

target for the ofce building model in a cool and humid climate; 3) comprehensively analyzing 

the results in terms of dynamic equivalent clean airfow rates, energy consumption, carbon 

emissions, and thermal and humidity discomfort. 

The remainder of this paper is organized as follows. First, the studied clean air guidelines 

and airborne pathogen mitigation measures are reviewed in Section 2. Next, the new 

models and their implementation are described in Section 3. Section 4 then describes the 

evaluation methodology including key metrics and the studied scenarios. Finally, the results 

are presented and discussed in Section 5 and conclusions are drawn in Section 6. 

2. Summary of Clean Air Guidelines and Mitigation Measures 

The clean air guidelines provided by ASHRAE Standard 241 and the CDC is reviewed 

frst in this section. Then, common airborne pathogen mitigation measures are summarized. 

2.1. Clean Air Guidelines for Airborne Pathogen Mitigation 

This paper focuses on the indoor environment and specifcally the mitigation of airborne 

pathogens, and is thus supplemental to other air quality concerns such as those related to 

outdoor air, as in [31]. The term pathogen is used in this paper to describe a quantity 

of viable viruses that can lead to infection when inhaled. This work also goes beyond 

4 



more general building ventilation standards targeted at indoor pollutants, such as ASHRAE 

Standard 62.1 [16]. However, the simulation scenarios described in Section 4.2 are designed 

to meet ASHRAE Standard 62.1 ventilation requirements as well as the considered additional 

guidelines. ASHRAE Standard 241 and the CDC clean air target are identifed for this study 

and are described in the following subsections. For verbal simplicity, the term guidelines is 

used in this when referring to both ASHRAE Standard 241 and CDC’s guidance and the 

term clean air target(s) is used when referring to their specifc equivalent clean airfow values. 

2.1.1. ASHRAE Standard 241 

ASHRAE Standard 241 [9] defnes minimum equivalent clean airfow rates per person 

(ECAi) for infection risk mitigation in diferent space types. The standard defnes the 

ECAi for operation during infection risk management mode (IRMM), which may be applied 

when infection risk levels are higher or if policies require this operation. The IRMM 

design occupancy may also be diferent than typical occupancy when IRMM is implemented. 

Equivalent clean airfow can be achieved through a variety of methods, including outdoor air 

ventilation, HVAC fltration, or air-cleaning technologies (e.g., GUV or PACs). The ECAi is 

defned in terms of airfow per occupants (e.g., L/s/person), so the IRMM design occupancy 

is important in calculating the target equivalent clean airfow rate. The calculation of 

equivalent clean airfow for diferent measures is detailed in Section 4.1.1. 

2.1.2. CDC Target 

The CDC recommends at least fve equivalent clean air changes per hour (eACH) for 

occupied spaces in buildings [8] and does not specify targets for diferent space types, 

other than supplemental ventilation requirements for health-care facilities [32]. The CDC 

acknowledges large volume spaces with few occupants (e.g., warehouses) may not need 

5 eACH and spaces with high occupancy or high-risk occupants may require more than 

5 eACH [8]. Similar to ASHRAE Standard 241, the clean air changes can be achieved 

through combinations of outdoor air ventilation, HVAC fltration, and air treatment. Unlike 

ASHRAE Standard 241, the clean air target is not dependent on occupancy, but rather the 

volume of the room. For example, multiplying fve eACH by the volume of the room gives 

the (volumetric) clean airfow rate needed for that specifc room. 
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2.1.3. Comparison of ASHRAE Standard 241 and CDC Targets 

Table 1 compares the levels of eACH among ASHRAE 62.1, ASHRAE 241, and the CDC 

target for a selection of space types. This table is calculated assuming 93 m2 (1,000 ft2) 

rooms with 2.4 m (8 ft) ceiling heights and ASHRAE 62.1 design occupancy levels. The 

ASHRAE 62.1 eACH is calculated based on the outdoor air ventilation standards per foor 

area and number of occupants for these spaces. The ASHRAE 241 eACH is calculated using 

the defned ECAi for these space types (listed in the table as well) and design occupancy 

values. Depending on the space type shown in Table 1, the eACH can increase by up to six 

times for ASHRAE 241 compared to ASHRAE 62.1 and up to eight times for CDC compared 

to ASHRAE 62.1. The CDC target may be higher or lower than ASHRAE 241 depending 

on the space type, room dimensions, and IRMM design occupancy. 

Table 1: Example comparison of eACH levels among ASHRAE Standard 62.1, ASHRAE Standard 241, and 

the CDC target. 

Space Type ASHRAE 62.1 ASHRAE 241 CDC 

Ofce 

Classroom 

Restaurant dining 

0.6 eACH 

2.8 eACH 

5.3 eACH 

1.1 eACH (15 L/s/person) 

7.5 eACH (20 L/s/person) 

31.5 eACH (30 L/s/person) 

5 eACH 

5 eACH 

5 eACH 

2.2. Airborne Pathogen Mitigation Measures 

This section describes the airborne pathogen mitigation measures. Figure 1 presents 

an overview of many airborne pathogen mitigation measures to reduce transmission. Some 

of the measures are related to the operation of the HVAC system, for example increasing 

outdoor air ventilation or total air change rate. Others include treatment of the supply air 

in the HVAC system, such as using HVAC fltration or in-duct GUV. Another approach is 

to use air-cleaning technologies in the room, for example adding upper/whole-room GUV or 

PACs. The measures are categorized as HVAC system measures or in-room measures and 

described in more detail in the following subsections. 
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Figure 1: Schematic of mitigation measures. 

2.2.1. HVAC System Measures 

The frst HVAC system measure is increasing outdoor air ventilation. Increasing the 

fraction of outdoor air in the supply air relative to recirculated air can mitigate the build-up 

of indoor airborne pathogens by exhausting them more quickly to the ambient environment 

and diluting rooms with pathogen-free outdoor air. However, this strategy can lead to 

increased HVAC system power to condition the outdoor air and potential introduction of 

more outdoor air contaminants to the indoor environment. This can also lead to thermal 

comfort issues if the system is not sized to account for the increased outdoor airfow. 

Increasing the zone total airfow setpoint can fush pathogens out of the room faster and 

exhaust them to the ambient environment or recirculate them to be treated in the HVAC 

system. This can be accomplished for a variable-air-volume (VAV) system by increasing 

the minimum airfow setpoints for the zones. These minimum setpoints can potentially be 

increased from the ASHRAE 62.1 minimum ventilation setpoint [16] up to the maximum zone 

airfow setpoint based on system sizing. Raising the airfow setpoint can, however, increase 

fan energy consumption or displace pathogens to neighboring zones within the building [33]. 

HVAC fltration is another measure, which can remove pathogens that have been recirculated 

through the HVAC system into the supply airfow from the zones. There are diferent levels of 

fltration, often defned by a MERV rating (ranging from 1-16) or very efcient flters certifed 

as high-efciency particulate air flters (HEPA) [34]. Higher rated flters are designed to 
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capture smaller particles more efciently, but can also impose a greater resistance (pressure 

drop) on the HVAC system airfow. Although, a higher MERV rating does not always 

result in an increased pressure drop, especially for flters below MERV 12 ratings [35]. The 

increased resistance can lead to higher fan energy use or lower airfow rates, especially if the 

system is not sized for a more efcient flter with a higher pressure drop. ASHRAE Standard 

241 estimates the efciency values of various flters considering the distribution of airborne 

pathogen particle sizes. These efciencies can be used to calculate ECAi for diferent flters 

to meet the standard. 

The last HVAC system measure is use of in-duct GUV irradiation to inactivate aerosolized 

pathogens in the supply airfow. This technology can treat the supply airfow with little 

additional pressure drop in the HVAC system, compared to fbrous flters [36]. However, 

unlike fltration, it is used for inactivating biological contaminants and does not reduce the 

concentration of pollutants such as PM2.5. Its efectiveness is also dependent on the dose of 

irradiation received by the pathogens, which is dependent on the supply airfow rate. 

2.2.2. In-room Measures 

Air-cleaning measures can also be applied in rooms directly, such as through use of GUV 

technology. Upper-room and whole-room GUV systems are used to inactivate aerosolized 

pathogens within rooms. Upper-room GUV typically uses higher wavelength (e.g., 254 nm) 

UV-C radiation only in the upper portions of the room, since this wavelength of energy 

is less safe compared to 222 nm radiation to direct at occupants. In contrast to 222 nm 

radiation, higher doses of irradiation can be used in the upper-room since it is not directed 

towards occupants. Whole-room GUV uses lower wavelength (e.g., 222 nm) UV-C radiation 

mounted on ceilings or upper walls and directed downward to disinfect air in the occupied 

zone. Lower wavelengths of UV-C have higher threshold limit values (TLVs) specifed by 

ACGIH than 254 nm, and therefore are safe to be directed at occupants if ACGIH TLVs are 

not exceeded in occupied zones. 

The GUV systems typically do not consume a signifcant amount of energy, for example 

30-72 W per fxture [37, 38, 39]. Considerations of the GUV strategies include initials costs to 

design and implement these systems and potential concerns of secondary chemistry efects 

resulting in indoor volatile organic compounds and secondary organic aerosols [40]. The 
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efectiveness of upper-room GUV may also be particularly sensitive to the air mixing and 

distribution of pathogens in the rooms [41, 42, 43], since it only disinfects the upper portion 

of the room. 

The other common in-room measure is use of PACs. PACs intake air within the room, 

pass the air through a flter and/or GUV radiation, then exhaust the air back into the room. 

They can be placed on a foor/surface or mounted to a wall/ceiling. These devices consume 

a small amount of energy, for example 23-87 W [44, 45]. Important considerations of PACs 

include noise, drafts, and recapture of just processed air (short-circuiting), especially when 

designed to produce high levels of clean air relative to room volume [46, 47]. PACs are 

also subject to being turned of, operated at lower settings, or unplugged by occupants. 

Lastly, the location of the PAC is also important to its efectiveness, which depends on the 

ventilation design and source location of contaminants [25]. 

3. Model Implementation 

The implementation of models used for the simulation analysis in this study are detailed 

in this section. First, new models for air-cleaning technologies are introduced. These models 

facilitate analyses for comparing the efectiveness and energy use of air-cleaning devices with 

other measures such as fltration and ventilation. Then, a previously developed model for 

HVAC fltration is described. All of these models are developed in Modelica language [30] 

using the Modelica Buildings library [48, 49]. 

3.1. New Models for Air-cleaning Technologies 

3.1.1. Portable Air Cleaners 

First, the modeled fltration of airborne pathogens from PACs is described by Equation 

1: 

˙ ˙CP AC = ηP AC VP AC czone, (1) 

˙where CP AC is the rate of pathogen removal by the PAC, ηP AC is the pathogen removal 

˙efciency of the PAC, VP AC is the volumetric airfow rate of the PAC, and czone is the 

pathogen concentration in the zone where the PAC is located. The pathogen concentration 

is denoted as c while the total quantity of pathogens is C in this paper. In this study, the 
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PAC airfow rates are constant when the device is on during the simulation. The PACs are 

also modeled to consume energy using a constant power rating and heat is dissipated into the 

zone by the PAC based on the consumed power. A switch is included in the model to turn 

the PAC on or of (i.e., the airfow and power are zero when the device is of). This model 

also assumes well-mixed zones with uniform concentrations. A verifcation of the model 

compared to an analytical solution of a case with PAC(s) in an empty room is included in 

Appendix A. 

3.1.2. In-room GUV 

Next, inactivation of airborne pathogens by either upper- or whole-room GUV devices is 

described by Equation 2: 

Ċ 
GUV = EavgkradfradVzoneczone, (2) 

where Ċ 
GUV is the inactivation rate of airborne pathogens by the GUV device, Eavg is the 

average fuence rate of the GUV device (in units of power per area), krad is the susceptibility 

of the pathogens to the GUV irradiation (in units of area per energy), frad is the fraction 

of irradiated volume in the zone, and Vzone is the total volume of the zone. This equation 

is often used for modeling the inactivation of pathogens in well-mixed zones using GUV [41, 

39, 42]. The parameters Eavg, krad, and frad are constant for a given simulation in this study 

(when the device is on). Similar to the PAC, the GUV devices consume energy based on a 

constant power rating, which is ultimately dissipated into the zone as heat. Also, a switch 

is implemented to turn the GUV device on or of. 

3.1.3. In-duct GUV 

Finally, inactivation of airborne pathogens in the supply air using in-duct GUV devices 

is described by Equation 3: 

cout = [1 − ηGUV (V̇ 
GUV )]cin, (3) 

where cout is the pathogen concentration exiting the fow past the device, ηGUV (V̇ 
GUV ) is 

the pathogen inactivation of the GUV device as a function of the fow rate, and cin is the 
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pathogen concentration in the fow entering the irradiated space of the device. The pathogen 

inactivation efciency as a function of fow rate is modeled based on the dose of GUV [39, 50]: 

ηGUV (V̇ 
GUV ) = 1 − exp(−EavgkradVrad/V̇ 

GUV ), (4) 

where Vrad is a the volume of irradiated space in the duct. This equation is then simplifed 

by combining terms into fewer model parameters: 

ηGUV (V̇ 
GUV ) = 1 − exp(−kGUV V̇ 

nom/V̇ 
GUV ), (5) 

˙where kGUV is a dimensionless combination of the parameters from Equation 4 and Vnom is 

the nominal fow rate of the system. This enables the efciency to be determined by the 

ratio of the nominal system fow rate (V̇ 
nom) to the simulated dynamic fow rate through the 

irradiated space (V̇ 
GUV ) and one additional parameter describing the rate of the irradiated 

dose (kGUV ). The parameter kGUV is determined algebraically as EavgkradVrad/V̇ 
nom and is 

unitless. 

Similar to the previous models, the in-duct GUV consumes energy based on a constant 

power rating, which is dissipated into the airfow as heat, and a switch is implemented to 

turn the device on or of. The pressure drop the device imposes on the system airfow 

is modeled using the same method as the HVAC flter (described in the next section), 

although it typically imposes a much smaller pressure drop compared to an HVAC flter. 

A demonstration of the model is included in Appendix A. 

3.2. HVAC Filtration 

A previously developed HVAC fltration model [27] is applied for this work. The fltration 

is modeled similar to the in-duct GUV: 

cout = (1 − ηfilter)cin, (6) 

where cout and cin are the pathogen concentration in the airfow exiting and entering the 

flter, respectively, and ηfilter is the flter efciency. Unlike the in-duct GUV device, the 

fltration efciency is not a function of the fow rate and the flter does not directly consume 

any power. However, the flter imposes a signifcant pressure drop on the system airfow. 
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This pressure drop is calculated as the product of a constant and the square of the system 

airfow rate. The constant is determined based on the nominal settings for the flter, for 

example an efcient flter with a higher pressure drop has a higher value for the constant in 

this equation. More about the HVAC flter model is described in [27]. 

4. Evaluation Methodology 

This section describes the evaluation methodology. First, relevant evaluation metrics are 

detailed. Then, the studied simulation scenarios are summarized. 

4.1. Evaluation Metrics 

4.1.1. Clean Air Metrics 

The clean air metrics in this study are described in this section using equivalent clean air 

changes per hour (eACH). The contributions of eACH from the HVAC system and in-room 

devices are calculated separately before being combined to determine the total eACH. First, 

the eACH from the HVAC system is computed as: 

eACHHV AC = [1 − (1 − fOA)(1 − ηfilter)(1 − ηGUV )]V̇ 
zone/Vzone, (7) 

where eACHHV AC is the eACH from the HVAC system, fOA is outdoor air fraction in the 

supply airfow, and V̇ 
zone is the airfow rate supplied to the zone. This calculation is consistent 

with the method for determining equivalent clean airfow from in-duct air cleaning systems 

provided in ASHRAE Standard 241. This accounts for dilution, fltration, and/or disinfection 

of the supplied air by the outdoor air, HVAC flter, and/or in-duct GUV. Furthermore, if 

any of fOA, ηfilter, or ηGUV are equal to one or 100%, then the other two values do not impact 

the calculation as the zone airfow is already pathogen free. Only increasing the airfow rate 

supplied to the zone can increase eACHHV AC in this scenario. Also, the eACH becomes zero 

when all of fOA, ηfilter, or ηGUV are zero, since the supplied airfow is not cleaned at all. 

ASHRAE Standard 241 determines the equivalent clean airfow from in-room air cleaning 

systems using only mechanical fbrous flters based on a weighted-average of clean air delivery 

rates (CADRs) for tobacco smoke, dust, and pollen. CADR for PACs using mechanical 

fbrous flters can be calculated as: 
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˙CADRP AC = ηfilterVP AC . (8) 

The eACH contribution from the PACs (eACHP AC ) in this study is calculated based 

on the CADRP AC (as determined based on ASHRAE Standard 241) and the volume of the 

zone, as described in Equation 9. 

eACHP AC = CADRP AC /Vzone, (9) 

Lastly, the contribution of eACH from the in-room GUV devices is determined based on 

the model parameters used to determine pathogen inactivation, as shown in Equation 10. 

eACHGUV = fradEavgkrad. (10) 

The total eACH from the HVAC and in-room devices, eACHtot, is calculated as described 

in Equation 11. It should be noted this does not account for any potential interference or 

redundancy among the methods of pathogen removal. 

eACHtot = eACHHV AC + eACHP AC + eACHGUV . (11) 

4.1.2. Energy and Emission Metrics 

Next, the energy-based metrics are described in this section. Energy metrics are an 

important secondary consideration for comparing measures that improve IAQ and do not 

introduce additional discomfort indoors. First, the energy consumption for the scenarios is 

calculated as: 

Etot = Eheating + Ecooling + Efan + Edevice, (12) 

where Etot, Eheating, Ecooling, Efan, and Edevice are the total, heating, cooling, fan, and device 

energy consumption. The device energy consumption accounts for the energy consumed by 

the GUV or PAC devices. 

The energy per clean air change can be calculated based on the total energy consumption 

and total eACH according to Equation 13. Similarly, Equation 14 computes the incremental 
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increase in energy consumption per increase in eACH for a specifc measure (i) compared to 

the baseline simulation. 

E/eACH = Etot/eACHtot. (13) 

Etot,i − Etot,base
∆E/∆eACH = . (14)

eACHtot,i − eACHtot,base 

The CO2 emissions are calculated using hourly emission factor data from the Cambium 

project [51]. The emission factor data varies during the day and throughout the year 

depending on the electricity sources used in the studied region. The hourly CO2 emissions 

are determined by multiplying the hourly energy consumption by the hourly emission factor. 

More about calculating the CO2 emissions can be found in [28]. 

4.1.3. Discomfort Metrics 

Next, the discomfort metrics are described. Indoor temperature and humidity discomfort 

is a primary consideration for the measures since maintaining occupant comfort is critical. 

First, thermal discomfort in a zone is computed as the integral of the deviation below the 

heating setpoint or above the cooling setpoint during occupied hours: 

Z 
Tdis = [max(Tzone(t) − Tcoo,set, 0) + max(Thea,set − Tzone(t), 0)]dt, (15) 

where Tdis is the thermal discomfort, Tzone is the zone temperature, Tcoo,set is the cooling 

setpoint temperature, and Thea,set is the heating setpoint temperature. This metric describes 

the magnitude of temperature discomfort over time by accounting for discomfort during 

both heating and cooling scenarios and has been used in previous studies evaluating building 

controls [52, 53]. 

Humidity discomfort is proposed as a new metric to quantify excessive humidity in a zone 

and is calculated similarly as thermal discomfort. According to ASHRAE 62.1 [16], the dew 

point shall not exceed 15 ◦C, so humidity discomfort is calculated as: 

Z 
Humdis = max(Tdp,zone(t) − 15◦C, 0)dt, (16) 

where Humdis is the humidity discomfort and Tdp,zone is the zone dew point temperature. 
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4.2. Simulation Scenarios 

4.2.1. Prototypical Ofce Building System Model 

The mitigation measures are studied for the middle foor of a prototypical fve-zone, 

medium-sized ofce building located in Chicago, IL (cool and humid climate, ASHRAE 

climate zone 5A) based on the United States Department of Energy prototype [54]. The 

foor layout and system schematic for this building are shown in Figure 2. The foor has one 

core zone and four perimeter zones with ceiling heights of 2.74 m and a total foor area of 

1,664 m2 . The area of the core zone is 985 m2 and the area of the perimeter zones is 679 

m2 . The system model is based on a prototype from the Modelica Buildings library [55]. 

The foor is serviced by a VAV system with one central AHU, which includes a heating 

coil, cooling coil, supply fan, and HVAC flter. The in-duct GUV is added to the AHU for 

those scenarios as well. Each zone has a VAV terminal box equipped with reheat coils and 

dampers to control the zone airfow. An economizer is used to control the amount of outdoor 

airfow and use free-cooling when advantageous. Cooling is provided via a chilled water plant 

with an assumed COP of 5 and heating is provided via a gas-powered hot water plant with 

an assumed efciency of 0.8. The system is sized using design loads, design occupancy, and 

ASHRAE Standard 62.1 ventilation requirements [16]. The fan is also sized based on the 

system pressure drops assuming a MERV 8 flter. The system sizing is the same for all cases, 

since re-designing an existing HVAC system is often infeasible. Each zone is assumed to be 

instantaneously and perfectly well-mixed (i.e., the temperature and concentration is uniform 

in each zone). 

Additional changes to the baseline system model are described below. First, the static 

pressure reset control in the AHU was replaced with a constant static pressure setpoint of 

250 Pa (1 inch of water). This was done to simplify the controls, especially since no other 

reset controls (e.g., supply air temperature reset) are used for the system, and allow for 

more control over the airfow rates to meet the clean air targets in the evaluation. The 

HVAC system was also modifed to run the system 24/7 to prevent the excessive humidity 

in the zones during unoccupied hours for this climate, especially during the summer. This 

is accomplished by running the HVAC system during unoccupied hours and resetting the 

heating setpoint from 20 ◦C to 12 ◦C and controlling the cooling coil to ensure the relative 
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humidity of the return airfow does not exceed 60%. 

(a) Layout of the studied foor. 

(b) System schematic. 

Figure 2: Floor layout and system schematic for the prototypical fve zone medium ofce building system. 

4.2.2. Design of Measures to Meet Clean Air Targets 

The studied mitigation measures are designed to meet the ASHRAE 241 and CDC clean 

air targets for this ofce building. Simulations are conducted assuming IRMM operation 

(i.e., operated to meet the clean air targets) for an entire year, but the results are analyzed 

for various temporal scales in Section 5. A baseline case that does not include IRMM 

operation and is not designed to meet either of the clean air targets is also included for 

comparison. This case uses MERV 8 fltration without any additional measures and only 

provides eACH via baseline outdoor airfow. Relevant parameters for the baseline and 
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mitigation measures in the simulations scenarios are summarized for the ASHRAE 241 cases 

in Table 2 and the CDC cases in 3. Many of the parameters remain the same between 

the ASHRAE 241 and CDC scenarios, while others are designed diferently between the 

two sets of scenarios. Additionally, SARS-CoV-2 (the virus that leads to COVID-19) is 

chosen as the studied pathogen in this paper and many of the parameter values are specifc 

to this pathogen. Although ASHRAE Standard 241 specifes using Bacteriophage MS2 

as the challenge organism for testing procedures (because it is a relatively safe infectious 

pathogen), this study uses SARS-CoV-2 as a more representative infectious pathogen for 

indoor transmission scenarios. Additionally, the experimental design in this paper can be 

applied to study other pathogens by changing the pathogen-specifc parameter values. 

The following parameters are held constant for their relevant measures between the two 

sets of scenarios. The fltration efciencies for MERV 8 and MERV 13 flters in this study 

use the recommended values from ASHRAE Standard 241. This assumes the following 

weighted distribution of diameters for the aerosolized pathogens: 30% 0.3-1 µm, 30% 1-3 

µm, and 40% 3-10 µm. The majority of the analysis uses the recommended value of 0% 

fltration efciency for MERV 8 flters by ASHRAE Standard 241, but certain results are 

included using an MERV 8 efciency value of 34%, which is determined using the weighted 

distribution above and values from ASHRAE 52.2 [56]. The nominal pressure drop values for 

the flters are estimated based on the nominal (maximum) system fow rate and the average 

of the initial and fnal pressure drops. Using data for MERV 8 [57] and MERV 13 [58] flters, 

the recommended fnal pressure drop is 249 Pa (1” w.c.) for both flters and the estimated 

initial pressure drop is 95 Pa (0.38” w.c.) and 124 Pa (0.5” w.c.). The simulated pressure 

drop across the flters are determined as a quadratic relationship between pressure drop and 

fow rate based on the nominal settings, as described in Section 3.2. 

The parameter kGUV for the in-duct GUV cases is estimated based on data in [50, 21] 

and gives an inactivation efciency of 88% at half of the nominal system fow rate. The 

power rating of the in-duct GUV is estimated to be 200 W for this system [59]. The 

pathogen susceptibility to GUV is estimated assuming radiation of wavelength 222 nm for the 

whole-room (WR) GUV and 254 nm for upper-room (UR) and in-duct GUV from [19]. The 

fraction of irradiated space, which is the volume encompassing the averaged GUV intensity, 
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is assumed to be 20% of the volume for UR GUV and 100% of the room for WR GUV. Since 

the ceiling heights are 2.74 m (9 ft) in this study, then the UR GUV fraction of irradiated 

space starts at 2.2 m (7.2 ft). The PACs are modeled with HEPA flters using a removal 

efciency value of 99% from ASHRAE Standard 241. 

Next, either the system operation or design of specifc measures changes between the 

ASHRAE 241 and CDC scenarios. As noted in Section 2, the CDC clean air target is higher 

than the ASHRAE 241 standard for ofce buildings. This is the case in this study as the 

zones have a target eACH of 0.93 for the ASHRAE 241 cases (based on design occupancy) 

and 5 eACH for the CDC cases. The target eACH is the same for all zones for the ASHRAE 

241 cases because the zones are the same space types (ofces) with the same design occupant 

density values (0.05 occupants per m2) and the same ratio of foor area to total volume (i.e., 

same ceiling heights). 

The HVAC system measures including MERV 13, maximum outdoor air (referred to as 

max OA for the remainder of this paper), and duct GUV are implemented without any other 

changes to the operation for the ASHRAE 241 cases, since they are found to be sufcient by 

themselves to meet the standard. The exception is for the max OA case, which sometimes has 

an outdoor air fraction below 100% due to the controls overriding the dampers to prevent 

freezing of the coils or discomfort in the zones. This is done by using controls for the 

outdoor airfow to prevent the mixed air from dropping below 4 ◦C and ensuring the return 

temperature does not exceed the cooling setpoint (unless this occurs when the minimum 

outdoor airfow according to ASHRAE 62.1 is provided). Otherwise, the fraction of outdoor 

air is 100% during occupied hours for the max OA case. However, the implementation of 

the HVAC system measures alone is not sufcient to meet the CDC clean air target. This is 

because the total airfow rates to the zones is insufcient to meet the target, even when the 

supply airfow is treated or mostly outdoor air. To account for this, the zone airfow setpoints 

are set to their maximum values based on the default system sizing (for both heating and 

cooling operation) to provide enough clean airfow to the zones to meet the CDC target. 

Lastly, the in-room measure cases including UR GUV, WR GUV, and PAC are calculated 

to meet the clean air targets using Equations 7-11. Since the HVAC system measures provide 

clean airfow for all the zones, the in-room measures are implemented in all the zones. 
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However, the parameters for the UR/WR GUV and PAC cases included in Tables 2 and 3 

refer to the parameters used in the South zone, which is selected as a focus for the analysis. 

Many parameters are the same or similar in all the zones because of their equal values of 

occupant density, eACH targets, etc. For example, Eavg is similar in value for all the zones 

for a given case. While the PAC fow rate and power rating is diferent among the zones, 

normalizing those values by the zone foor area results in similar values across the zones. 

A “worst case outdoor air fraction scenario” based on the minimum outdoor airfow and 

maximum total airfow (i.e., lowest fOA) is used to determine the minimum eACHHV AC . 

Then, the GUV or PACs are designed to achieve the remainder of the eACH targets. For 

the UR/WR GUV cases, this is done by determining how much average fuence (Eavg) 

is needed, while holding the parameters frad and krad constant. The average fuence also 

impacts the GUV power rating by using an estimated efciency of 3% [39]. The occupant 

exposure to 222 nm UV-C light for the WR GUV cases does not exceed safety standards 

described in [60]. In fact, the values of Eavg are lower than typical design values for UR/WR 

GUV, for example UR GUV may have Eavg values in the range of 30-50 µW/cm2 [37]. The 

PAC fow rate is adjusted to meet the eACH targets for the PAC cases, while holding the 

PAC flter efciency constant. An assumed fan efciency of 80% and pressure drop of 400 

Pa [61] is used to correlate the PAC fow rate and power rating. The total PAC fow rate 

in the South zone for the CDC case corresponds to about 7 PACs with individual airfows 

around 400 m3/hr over a foor area of 208 m2 , which is about one PAC per 30 m2 (320 ft2). 
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Table 2: Simulation scenarios for the ASHRAE 241 cases. 

Mitigation measure Relevant parameters or description 

MERV 8 (Baseline) ηf ilter = 0% [9]; ∆pfilter = 172 P a [57] 

MERV 13 ηf ilter = 77% [9]; ∆pfilter = 187 P a [58] 

Max OA fOA is targeted at 100% 

Duct GUV kGUV = 1.09; PGUV = 200 W [59] 

UR GUV frad = 20%; krad = 2.8 cm2/mJ [19]; Eavg = 0.39 

µW/cm2; PGUV = 3.6 W 

WR GUV frad = 100%; krad = 3.8 cm2/mJ [19]; Eavg = 0.058 

µW/cm2; PGUV = 4 W 

PAC ˙ηP AC = 99.97% [62]; VP AC = 448 m3/hr; PP AC = 62 W 

Table 3: Simulation scenarios for the CDC cases. 

Mitigation measure Relevant parameters or description 

MERV 8 (Baseline) ηf ilter = 0% [9]; ∆pfilter = 172 P a [57] 

MERV 13 ηf ilter = 77% [9]; ∆pfilter = 187 P a [58]; zone airfow 

setpoints are at maximum 

Max OA fOA is targeted at 100%; zone airfow setpoints are at 

maximum 

Duct GUV kGUV = 1.09; PGUV = 200 W [59]; zone airfow setpoints 

are at maximum 

UR GUV frad = 20%; krad = 2.8 cm2/mJ [19]; Eavg = 2.4 

µW/cm2; PGUV = 22 W 

WR GUV frad = 100%; krad = 3.8 cm2/mJ [19]; Eavg = 0.35 

µW/cm2; PGUV = 25 W 

PAC ˙ηP AC = 99.97% [62]; VP AC = 2, 765 m3/hr; PP AC = 384 

W 

20 



5. Results and Discussion 

The results of the simulations are presented and discussed in this section. First, an 

overview of the results at annual or monthly scales is provided. This includes eACH, 

energy-based, and discomfort results. Next, sample day results are analyzed in detail. 

5.1. Overview of Results 

5.1.1. eACH Results 

Figure 3 shows violin plots representing the hourly distribution throughout the year of 

eACH for the various measures to meet the clean air targets. It should be noted that, 

although the occupancy varies during each day, the ASHRAE 241 minimum is calculated 

based on the design occupancy since it is assumed that the system does not know the number 

of occupants at each time. The eACH values are shown for the South zone and the darker 

horizontal bars represent the median values. The shapes of the distribution are dependent on 

the dynamic outdoor and total airfows at the AHU as well as the dynamic airfow supplied 

to the zone. Additionally, the dynamic duct GUV efciency based on the AHU airfow rate 

impacts the eACH for the duct GUV cases. 

Many of the distributions appear to be bimodal with two peaks corresponding to diferences 

in operation based on season. This distribution is a result of the outdoor air usage for the 

in-room measures and baseline case since there is no fltration or inactivation of pathogens 

in the AHU for those cases. Thus, the two peaks correspond to the shoulder seasons (higher 

outdoor air usage) and hot or cold seasons (lower outdoor air usage). The two peaks for 

the HVAC system measures are dependent on the total airfow since they can provide higher 

equivalent clean air regardless of the outdoor air usage or because the outdoor airfow is 

already maximized for the max OA case. In this case, the two peaks correspond to the 

warmer months (higher total airfow to provide enough cooling) and colder or shoulder 

months (lower total airfow during heating mode or when less cooling is required). The 

distributions also often tail upwards because of occasional high airfows when the system 

turns on in the morning, especially when heat builds up overnight in the summer. 

The MERV 8 baseline case meets the ASHRAE 241 clean air standard 74% of the time 

during occupied hours and never meets the CDC standard. The other measures always 
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meet the ASHRAE 241 standard. The HVAC system measures cannot meet the CDC target 

despite increasing the zone airfow setpoints to their maximum. This is because the standard 

size of the prototypical ofce building system in this study is unable to provide enough airfow 

to meet the CDC target in all the zones simultaneously. For other buildings, especially those 

with over-sized HVAC systems, meeting the CDC clean air target can be more feasible. 

Conversely, the in-room measures can meet the CDC clean air target in this study because 

they are not limited by how much airfow is supplied to the zones. In other words, the 

UR/WR GUV and PACs can be feasibly designed to meet the CDC target with the normal 

operation of the HVAC system. 

(a) ASHRAE 241. (b) CDC. 

Figure 3: Hourly distribution of eACH in the South zone for the two clean air targets. The horizontal, darker 

bars represent the median values. 

Table 4 compares the MERV 8 eACH results in the South zone for two values of fltration 

efciency: 0% based on ASHRAE 241 and 34% calculated using values from ASHRAE 52.2. 

The higher efciency value increases the median eACH by 36% and results in the system 

meeting the ASHRAE 241 minimum 97% of the time compared to 74%. The system never 

meets the CDC target for either efciency value. 

Table 4: Comparison of MERV 8 eACH results in the South zone for two fltration efciencies. 

MERV 8 Median eACH Time meeting ASHRAE Time meeting CDC 

efciency value 241 minimum target 

0% 1.2 74% 0% 

34% 1.6 97% 0% 
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5.1.2. Energy-based Results 

Next, Figure 4 shows the total annual energy consumption and Table 5 shows the annual 

CO2 emissions for the scenarios. This assumes IRMM is in place for an entire year. The 

energy consumption does not increase signifcantly for the ASHRAE 241 cases compared 

to the baseline, except for the max OA case. This is because signifcant heating/cooling 

energy is needed to condition the higher amount of outdoor air. This study is applied for 

a cool and humid climate, so this increase in energy can be smaller for a milder climate 

or more signifcant for a climate with more extreme weather conditions. There are larger 

increases in energy for the HVAC system measures to meet the CDC target as well. This is 

because of high increases in fan energy to supply enough airfow to attempt to meet the CDC 

clean air target, which is not needed for the ASHRAE 241 cases. This increase in energy 

depends on the system sizing and may be less severe depending on the system design. The 

energy increases between the CDC and ASHRAE 241 cases are much smaller for the in-room 

measures, because these devices do not consume as much power and the operation of the 

HVAC system does not need to be modifed. The emissions and energy trends align closely 

because the emission factors for gas and electricity are more similar for the studied location 

(Chicago, IL). They can deviate more when the electricity and gas emission factors difer 

greatly, for example in locations that use more renewable energy for electricity generation. 

Figure 4: Total annual energy consumption for the mitigation measures to meet the two clean air targets. 
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Table 5: Annual CO2 emissions for the measures to meet the two clean air targets. 

Mitigation measure CO2 emissions (kg) 

ASHRAE 241 CDC 

MERV 8 21,887 (baseline) 

MERV 13 21,956 55,211 

Max OA 35,378 76,980 

Duct GUV 22,190 55,785 

UR GUV 21,902 21,965 

WR GUV 21,919 22,055 

PAC 22,368 24,677 

The total monthly energy consumption for the mitigation measures to meet the clean air 

guidelines is shown in Figure 5. This data is relevant to assess the impacts of implementing 

IRMM during diferent times of the year, for example during the winter months when 

infection risk may be higher. First, the most energy is consumed by this building during the 

winter because of the cold climate. Increasing the outdoor air usage to meet the ASHRAE 

241 standard leads to a large energy increase during this time compared to a smaller increase 

during the summer and almost no change in the shoulder seasons. The increase in energy for 

the MERV 13 and duct GUV cases to meet the CDC target is more consistent throughout 

the year because the higher energy is a result of increased fan energy to provide enough 

total airfow to the zones to meet the target. Interestingly, the PAC case to meet the CDC 

target can consume less energy than the baseline during the colder months but more during 

the warmer months, because the power consumed by the PACs is modeled to be completely 

dissipated as heat into the rooms, so this lessens the heating demand during the colder 

seasons but increases the cooling demand during the warmer seasons. 
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(a) ASHRAE 241. (b) CDC. 

Figure 5: Total monthly energy consumption for the mitigation measures to meet the two clean air targets. 

The hourly distributions of energy consumption per eACH of the entire foor are shown 

for the diferent measures in Figure 6. Their median values are represented by the darker, 

horizontal bars and are also included in Table 6 along with the median incremental increase 

in energy per eACH, which are calculated as described in Section 4.1.2. The energy per 

eACH is similar for the ASHRAE 241 cases, except for the max OA case which consumes 

the most energy. The MERV 13 and duct GUV cases can have lower energy per eACH for 

these cases by providing very high eACH in an energy-efcient manner when the total supply 

airfow is high for all scenarios in the warmer months. However, the increase in fan energy 

throughout the year to supply enough airfow for these cases to meet the CDC target results 

in a higher average energy usage per eACH. Conversely, the in-room measures can increase 

their eACH in a much more energy efcient manner compared to ventilation, resulting in 

very low energy per eACH values for these cases to meet the CDC target. As a result, the 

median energy consumption per eACH can be up to 80% lower for the in-room measures 

compared to the HVAC system measures for the CDC cases. 
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(a) ASHRAE 241. (b) CDC. 

Figure 6: Hourly distribution of energy consumption per eACH of the entire foor for the two clean air 

targets. The horizontal, darker bars represent the median values. 

Table 6: Median values of hourly energy consumption per eACH and incremental increase in energy per 

eACH relative to the MERV 8 case for the mitigation measures. 

Mitigation measure Energy per eACH (kW h/eACH) ∆ Energy / ∆ eACH 

ASHRAE 241 CDC ASHRAE 241 CDC 

MERV 8 3.3 N/A 

MERV 13 1.4 2.7 0.002 0.7 

Max OA 2.0 2.8 0.9 1.4 

Duct GUV 1.4 2.9 0.006 0.8 

UR GUV 2.0 0.6 0.001 0.001 

WR GUV 2.0 0.6 0.003 0.003 

PAC 2.0 0.7 0.05 0.05 

5.1.3. Discomfort Results 

Next, the annual temperature and humidity discomfort values in the South zone are 

shown in Table 7. First, there is some temperature and humidity discomfort for the baseline 

case because the system may take time to meet the temperature setpoint, especially when 

the setpoint changes once occupants arrive in the morning. The temperature and humidity 

discomfort is similar for the ASHRAE 241 cases, except the max OA case. This is because 

it becomes difcult to control the outdoor air usage to provide clean air while maintaining 

comfort for this case. This is exacerbated for the CDC case when the total airfow is also 
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increased. Interestingly, the MERV 13 and duct GUV cases reduce the discomfort for the 

CDC scenarios. This is because increasing the total airfow for these cases often results 

in over-cooling of the zones during the warmer months, which prevents occasional times of 

discomfort due to temperatures exceeding the cooling setpoint. Temperature and humidity 

heat maps are included in Appendix B to show these trends. 

Table 7: Temperature and humidity discomfort in the South zone for the mitigation measures to meet the 

two clean air targets. 

Mitigation measure Temperature Discomfort (◦C · hr) Humidity Discomfort (◦C · hr) 

ASHRAE 241 CDC ASHRAE 241 CDC 

MERV 8 131 (baseline) 64 (baseline) 

MERV 13 132 75 64 31 

Max OA 533 268 805 1226 

Duct GUV 132 78 64 32 

UR GUV 132 131 64 64 

WR GUV 131 131 64 64 

PAC 131 141 64 65 

5.2. Detailed Analysis 

Figure 7 shows the dynamic eACH results in the South zone during three representative 

days across diferent seasons: August 28 (summer), December 26 (winter), and May 1 

(spring). The results show the HVAC system measures have higher eACH values during 

the summer day for the ASHRAE 241 standard. This is because they supply a high amount 

of equivalent clean airfow during this time while the total airfow is also high. On the other 

hand, while the total airfow is also high for the baseline and in-room cases, the equivalent 

clean airfow is not as high because the outdoor air fraction is lower during this time and 

there is no additional cleaning of the supply airfow. All of the measures tend to have lower 

eACH values for the ASHRAE 241 standard during the winter day because of the low total 

airfow and low outdoor air usage. Lastly, the in-room measures can have higher eACH 

values for the ASHRAE 241 standard during the spring day, because all of the cases use 

similar levels of high outdoor airfow for economizing on this day. As a result, all of the cases 
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have similarly high eACHHV AC values, but the in-room cases beneft from the additional 

eACH provided by the in-room devices. 

The seasonal efects are slightly diferent for the CDC cases. Since the MERV 13 and 

duct GUV measures provide similar levels of total airfow throughout the year for these cases, 

they become more sensitive to the outdoor air usage. For example, their eACH values are 

highest during the spring day. The max OA case shows a diferent pattern for the winter 

day compared to the other days, because the fraction of outdoor air is reduced in the winter 

months to prevent freezing of the coils. The in-room measures show similar sensitivities to 

the outdoor air usage for the CDC cases compared to the ASHRAE 241 cases. 

(a) Summer day; ASHRAE 241 standard. (b) Summer day; CDC standard. 

(c) Winter day; ASHRAE 241 standard. (d) Winter day; CDC standard. 

(e) Spring day; ASHRAE 241 standard. (f) Spring day; CDC standard. 

Figure 7: Plots of dynamic equivalent clean air changes per hour in the South zone for the two clean air 

target cases during three representative days. 
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5.3. Limitations of This Work 

The following limitations exist for this study. First, the simulations were conducted for 

an ofce building in one climate, so the fndings in this paper may be diferent for other 

buildings and climates. For example, the increase in energy for the maximum outdoor air 

case is strongly correlated with the climate and the ability of the HVAC system measures to 

meet the CDC target is dependent on the HVAC system design. ASHRAE Standard 241 also 

recommends diferent equivalent clean air targets depending on the space type. An infection 

risk analysis was not performed in this study, but the models used in this paper can be used 

to quantify infection risk for the diferent measures. A range of quanta emission rates and 

infector locations can be used to perform a detailed infection risk analysis when designing 

the measures to meet the clean air targets. This also allows for comparisons between eACH 

and infection risk, which can lead to interesting results since eACH does not depend on 

parameters such as the location in the building or strength of the pathogen source while 

infection risk is signifcantly impacted by those parameters. This study also assumes each 

zone is instantaneously and perfectly mixed (i.e., uniform temperature and concentration in 

each zone), which introduces a degree of uncertainty in the results [63] because aspects such 

as the location of the occupants, imperfect mixing, localized airfow patterns caused by the 

PACs, and more, are not modeled. Lastly, this study used the building design occupancy to 

determine the ASHRAE 241 clean air target during IRMM, but occupancy may be reduced 

during IRMM (e.g., increased remote workers for an ofce building), which would lower the 

clean air target. 

6. Conclusion 

This paper analyzed airborne pathogen mitigation measures including increased outdoor 

air ventilation, use of HVAC fltration or in-duct GUV, or application of GUV or PAC 

devices in rooms. The measures were designed to meet ASHRAE standard 241 and CDC 

clean air targets for one foor of a prototypical ofce building in a cool and humid climate. To 

support these analyses, new models were developed for GUV and PAC devices using Modelica 

language. The simulation scenarios were compared using a variety of metrics including 

eACH, energy consumption, CO2 emissions, and thermal discomfort. The simulations were 
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conducted assuming IRMM operation for an entire year and the results were analyzed for 

annual, monthly, and daily temporal scales. 

The results showed the various measures can meet the ASHRAE 241 standard for this 

ofce building without signifcant impacts on energy consumption and discomfort, except for 

the max OA case. The max OA case resulted in signifcant increases in energy consumption 

as well as high indoor temperatures and humidity during the peak of summer. Since 

maintaining comfort in buildings is a primary consideration, the results suggest increasing 

outdoor air ventilation should be done cautiously to avoid causing discomfort. The HVAC 

system measures were not able to meet the CDC clean air target because the system is not 

sized to deliver enough total airfow to the zones simultaneously in order to meet this target. 

Increasing the supply airfow to its maximum also resulted in signifcant energy penalties 

because of the increase in fan energy. However, the in-room GUV and PACs were able to 

meet the CDC target by directly cleaning the air in the room without the need to increase 

the airfow supplied to the zones. The energy consumption also did not increase signifcantly 

for these cases and the median energy consumption per eACH was up to 80% lower for the 

in-room measures compared to the HVAC system measures for the CDC cases. 

The developed models and methods in this paper support future analyses. First, this 

study focused on a prototypical ofce building, but eACH standard for ASHRAE 241 can 

difer signifcantly depending on space type. For example, it can be higher than the CDC 

target for space types such as dining areas in restaurants. Future work can study the design 

of these measures to meet the clean air targets for diferent building types. Additionally, this 

study only considered one climate, but the impacts of ventilation or other measures can vary 

greatly across diferent climates. The CO2 emission factor also depends on location, so future 

work can apply this methodology to multiple climates. Finally, this study focuses on applying 

measures to mitigate indoor airborne pathogens, specifcally SARS-CoV-2. However, the 

studied measures have difering impacts when considering other pathogens or contaminants. 

For example, GUV is not efective against particulates such as smoke and fltration is not 

efective for gases such as CO2. Future work can holistically study the measures for multiple 

contaminant scenarios and consider other pathogens to provide practical guidance to building 

operators for improving indoor air quality. 
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Appendix A: Verifcation of New Models for Air-Cleaning Technologies 

3Figure A1: Verifcation of PAC model for a 500 m room with an initial pathogen concentration of c0 and 

without generation or removal of pathogens other than removal by PACs for two PAC fow rates: 400 m3/hr 

and 800 m3/hr. 

(a) In-duct GUV inactivation efciency with varying fow rate. (b) Concentration in the fow through the in-duct GUV. 

Figure A2: Demonstration of in-duct GUV pathogen inactivation as a function of fow rate using a kGUV 

˙ ˙value of 1.09 and fow rate varying linearly from 25% of Vnom up to Vnom. The pathogen concentration in 

the fow entering the irradiated volume of the in-duct GUV (cin) is a constant value of c0. The pathogen 

concentration in the fow exiting the irradiated volume of the in-duct GUV (cout) depends on ηGUV , as 

expected based on Equations 3-5. 
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Appendix B: Temperature and Humidity Results 

(a) MERV 13 temperature. (b) Max OA temperature. 

(c) MERV 13 humidity. (d) Max OA humidity. 

Figure B1: Temperature and humidity heat maps in the South zone for the MERV 13 and Max OA scenarios 

to meet the ASHRAE 241 standard. 

(a) MERV 13 temperature. (b) Max OA temperature. 

(c) MERV 13 humidity. (d) Max OA humidity. 

Figure B2: Temperature and humidity heat maps in the South zone for the MERV 13 and Max OA scenarios 

to meet the CDC target. 
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