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ABSTRACT
The COVID-19 pandemic increased the need for buildings to protect occupants from infection due
to airborne pathogens. This paper investigates the use of filtration to remove viral particles in the air
handling system, specifically studying trade-offs between filter quality and operational cost. While highefficiency filters remove viral particles more effectively, they also tend to increase the pressure drop and
energy use in the air handling system. Two HVAC filters are compared: (1) moderately rated MERV 10
filter and (2) more efficient MERV 13 filter. These filters are evaluated for a five-zone medium office
building in a cold and dry climate, modeled using the Modelica Buildings library. New models for the
HVAC filters and virus behavior are developed to support this study. The results show MERV 13 filtration
reduces the average virus concentration by about 10% compared to MERV 10 filtration, but increases the
annual energy consumption by about 3%.
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INTRODUCTION

Improving indoor air quality in buildings is important to reduce the risk of infection from airborne
transmission during the COVID-19 pandemic. It is well known that the risk of COVID-19 infection is
significant indoors. For example, one recent study (Qian et al., 2021) identified 318 outbreaks of three or
more COVID-19 cases in China and found all occurred in indoor environments. Consequently,
organizations like ASHRAE issued guidelines (ASHRAE, 2021) to improve indoor air quality in buildings
to reduce the risk of infection. These guidelines included recommendations for operating the heating,
ventilation, and air-conditioning (HVAC) system, such as achieving at least Minimum Efficiency Reporting
Value (MERV) 13 level filtration for recirculating air. More efficient filters are beneficial to removing
recirculating viral particles in the air handling system, but have potential negative impacts as well.
Particularly, more efficient filters may be more expensive or increase the pressure drop through the air
handling system with a higher fan energy consumption (Zaatari et al., 2014). Some HVAC systems may
not even be sized to overcome the increased pressure drop of high efficiency filters. In this paper, we discuss
the research required to quantify the trade-offs when increasing filter efficiency.
Previous literature tried to study trade-offs of HVAC filter efficiency. Azimi and Stephens (2013)
compared the trade-offs of risk reduction of influenza virus and annual cost for different HVAC filters.
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They found that increasing filtration efficiency is beneficial to reducing risk of infection, but reaches a level
of diminishing returns for risk reduction with more significant increases in annual cost for the most efficient
HVAC filters. Pease et al. (2021) investigated the effect of filtration efficiency on indoor virus
concentration and probability of infection for COVID-19 virus. They also found that increasing filtration
reduces risk of infection, but the risk reduction becomes relatively smaller beyond MERV 8 level filtration.
Although notable progress has been made in the literature to quantify the impacts of increased
filtration efficiency, further scientific advancement can be achieved. Some of the above studies may have
benefitted from the use of detailed modeling to fully account for the dynamics of the HVAC system. For
example, the supply flow rates and outdoor air fractions are often assumed to be constant for a given
scenario. Some also often assume steady-state virus concentrations when evaluating risk of infection.
However, these values are dynamic in practice and affect the predicted risk of infection and operational
cost.
This paper aims to address these considerations through detailed dynamic modeling of an HVAC
system. We develop a dynamic system model based on the Modelica Buildings library (Wetter et al., 2014)
to compare moderate MERV 10 level filtration and more efficient MERV 13 level filtration. Detailed
HVAC system modeling with the Modelica language has been used to perform dynamic analyses for
various applications, such as data center cooling energy efficiency (Fu et al., 2019) and chiller plant control
performance (Fan et al., 2021). Additionally, new models for HVAC filters and indoor virus behavior are
developed to support this study.
In Section 2 we describe the development and implementation of new models for HVAC filtration
and indoor virus behavior into an existing HVAC system model for a medium office building located in a
cold and dry climate. The results for indoor virus concentration and energy consumption are then
summarized in Section 3. Finally, conclusions are drawn in Section 4.
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MODEL IMPLEMENTATION

We developed an HVAC system model for a medium office building that incorporates new models
to support this study. First, we describe the prototype medium office building. We then describe the new
models for HVAC filtration and indoor virus behavior.
2.1

Description of Building System

The building model is based on the DOE commercial reference medium office building (Field et al.,
2010; DOE), with a focus on expressing the bottom floor. This floor contains five zones as shown in Figure
1, which are assumed to be well-mixed in the model. The Core zone has a volume of 2,698 m3, the North
and South zones have volumes of 569 m3, and the East and West zones have volumes of 360 m3. The HVAC
system consists of a central air handling unit with heating and cooling coils that serve this floor. Each zone
has variable-air-volume (VAV) terminal boxes with reheat coils, as well. The HVAC system is sized for
the studied climate of Denver, Colorado, USA, which is a cold and dry climate. Cooling is provided using
a chilled water system and heating is provided via a hot water system. The system is controlled based on
the VAV 2A2-21232 control sequence from the Sequences of Operation for Common HVAC Systems as
described in (Wetter et al., 2018).
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Figure 1. Floor layout of medium office building.
2.2

HVAC Filter Model

An HVAC filter model was developed to support this study. This model incorporates two key features:
1) the filtration of viral particles based on a defined efficiency value and 2) the added system pressure drop
due to the filter. First, the removal of viral particles from the airflow through the filter is described as:
ܿ௨௧ = ൫1 − ߟ௧ ൯ܿ ,

(1)

where cout is the virus concentration in the airflow leaving the filter, ηfilter is the defined filter efficiency, and
cin is the virus concentration in the airflow entering the filter.
Next, the static pressure drop across the filter is calculated as:
ଶ
,
Δ௧ = ݇௧ ݉ሶ௧

(2)

where Δpfilter is the static pressure drop caused by the filter, ݉ሶ ݂݈݅ ݎ݁ݐis the mass flow rate of airflow through
the filter, and the constant kfilter is determined as:
݇௧ =


మ
ሶ

,

(3)

where Δpnom is the nominal pressure drop for the nominal mass flow rate, ݉ሶ . As the inputs to the filter
model, these values depend on the filter rating and are shown in Table 1. The filter efficiency values come
from ASHRAE Standard 52 (ASHRAE, 2017) assuming viral particle diameters in the range of 1-3 μm.
The values of the nominal pressure drop come from data for MERV 10 (Dwyer, a) and MERV 13 (Dwyer,
b) filters. The nominal pressure drop settings are chosen based on the average initial resistance and final
resistance for the nominal flow rate. A summary of the filter simulation settings is shown in Table 1.

Table 1. HVAC filter model values.

2.3

Filter

Nominal Pressure Drop (Pa)

Efficiency

MERV 10
MERV 13

143
162

50%
85%

Virus Transport Modeling

In addition, we develop new models to represent virus behavior indoors. First, we model a single
“sick” person in each zone working from 9:00 AM to 5:00 PM, Monday through Friday throughout the
year. These sick people generate viral particles based on a constant quanta generation rate of 100 quanta/hr,
where a quantum is the dose of viral droplet nuclei that is expected to cause infection in 63% of susceptible
people (Buonanno, 2020). The viral particles were generated in the well-mixed zones when the sick people
were present.
Viral decay due to death of airborne virus was also modeled in this study. The viral decay is described
as:
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ܿሶௗ௬,௭ = ݇ௗ௬ ܿ௭ ,

(4)

where ܿሶௗ௬,௭ is the rate of viral decay in the zone, kdecay is the constant rate of viral decay, and czone is
the virus concentration in the zone. This equation has been used to model viral decay in well-mixed zones
in the literature (Pease, 2021).
Finally, risk of infection based on the virus concentration is calculated using the Wells-Riley
approach (Riley et al., 1978) as:
௧

ܴሺݐሻ = 1 − exp(− ܴܫ௧ ܿሺݐሻ݀) ݐ,

(5)

బ

where R(t) is the risk of infection in terms of percentage, IR is the volumetric inhalation rate of air for an
௧
occupant, and ௧ ܿሺݐሻ݀ ݐis the integral of virus concentration in the room since time t0. The predicted
బ
number of infections in a zone can be calculated based on the risk as:
ܴ ሺݐሻ = ܴܵ()ݐ,

(6)

where R0(t) is the predicted number of infections over time and S is the number of susceptible occupants in
the zone.
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RESULTS

The heat maps in Figure 2 show the magnitude of normalized concentration during different times
of the day throughout the entire year. The normalized concentration, c0, is the annual average concentration
for MERV 10 level filtration and is used throughout this study. The heat maps show MERV 13 level
filtration reduces the magnitude of virus concentration compared to MERV 10 level filtration, as seen by
the overall darker magnitudes of concentration for the MERV 10 heat map. Both heat maps follow similar
trends, where the concentration increases quickly at 9:00 AM when the sick people arrive, reaches its peak
during the day, then falls when the sick people leave and the virus decays and is flushed out of the building.
Additionally, a higher concentration can be seen during the middle of the year, especially for MERV 10
level filtration. This is because during the summer the system tends to supply the minimum outdoor air to
save on cooling energy. Since these filters do not remove 100% of viral particles, the amount of fresh
outdoor air supplied also affects the virus concentration, and more so for the less efficient MERV 10 filter.
Overall, MERV 13 level filtration reduces the average virus concentration throughout the year by about 10%
compared to MERV 10 level filtration.

Figure 2. Heat maps showing normalized virus concentration throughout the year for MERV 10
(left) and MERV 13 (right) filtration.
Next, sample concentration results for a hot summer day in the North zone are shown. This day was
chosen to show the results when the ventilation system supplies the minimum outdoor airflow, and thus
relies more on the filter to remove viral particles from the building air. Figure 3 shows the results for
normalized concentration and predicted number of infections for this day. The virus concentration results
show MERV 13 level filtration reduces the peak concentration by about 17% compared to MERV 10 level
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filtration for this day. Additionally, MERV 13 level filtration reduces the predicted number of infections
on this day by about 0.31 compared to MERV 10 level filtration. This means that at least one infection is
predicted in the zone for both filtration strategies, but the probability of a second infection is reduced by
about 30% using MERV 13 level filtration.

Figure 3. Normalized concentration (left) and predicted number of infections (right) for the two
filters during a hot summer day.
Next, the annual energy consumption results are shown in Table 2. For this system, the fan energy is
dominant, followed by the heating energy, then cooling energy. The resistance of the filters is significant
to the fan energy consumption and the increased resistance of the MERV 13 filter shows about a 12%
increase in fan energy usage. Interestingly, the system with the MERV 13 filter uses more cooling energy
and less heating energy. This is due to the fan which dissipates heat from the motor. As the fan works harder,
the amount of dissipated heat increases, which is why the MERV 13 case sees a reduction in heating energy
but an increase in cooling energy. The total energy consumption increased by about 3% using MERV 13
level filtration compared to MERV 10.

Table 2. Annual Energy Consumption.
Filter

MERV 10
MERV 13
4

Fan Energy
(MWhr)
32.8
36.7

Cooling Energy
(MWhr)
13.2
13.5

Heating Energy
(MWhr)
26.3
24.3

Total Energy
(MWhr)
72.3
74.5

CONCLUSION

Use of MERV 10 and MERV 13 level filtrations during the COVID-19 pandemic were investigated
for a medium office building in a cold and dry climate. The results showed MERV 13 level filtration
provided better indoor air quality compared to MERV 10 level filtration and could reduce the predicted
number of infections. However, use of MERV 13 level filtration increased the annual energy consumption
by about 3% due to the increase in fan energy caused by the higher resistance of the MERV 13 filter. The
provided models can be used to evaluate the trade-offs of strategies to improve indoor air quality during
the COVID-19 pandemic, including different levels of filtration or ventilation. Furthermore, these models
can be used to analyze strategies to improve indoor air quality for other virus scenarios.
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