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�J i � Ji �J M10 � 1� (9)

where�J i is the percent increase in costs associated with
a strategyi relative to MERV 10 �ltration,Ji is the costs
for strategyi, andJM10 is the costs for MERV 10 �ltration
in that location.

(a) Hourly energy consumption.

(b) Hourly emission factors.

(c) Hourly CO2 emissions.

Figure 3. Calculation of CO2 emissions based on electricity and
natural gas usage for Jan 1, 2020 in San Diego.

The percent improvement in IAQ relative to the percent
increase in costs can then be calculated as:

�IAQ ��J i � � 1� IAQi�IAQ M10���J i � (10)

where�IAQ ��J i is the marginal improvement in IAQ per
increase in costs for a strategyi relative to MERV 10 �l-
tration,IAQi is the IAQ metric for a strategyi, andIAQM10
is the IAQ metric for the MERV 10 strategy.

4 Scope
We describe the scope of our analysis in this section, in-
cluding the selected mitigation strategies and summary of
the chosen geographic locations.

4.1 Mitigation Strategies

Three mitigation strategies are chosen for this study, in-
cluding use of MERV 10 and MERV 13 �ltration, or sup-
ply of 100% outdoor air into the building. MERV 10 �l-
tration may be used in existing buildings, while improved
MERV 13 �ltration has been recommended for use during
the COVID-19 pandemic by ASHRAE (ASHRAE Epi-
demic Task Force2021). The 100% outdoor air strategy
also uses MERV 10 �ltration, since �ltration is needed for
outdoor contaminants as well. This study assumes the vi-
ral particles have diameters between 1-3� m, and a con-
stant, typical removal ef�ciency is chosen based on �l-
ter data for particles of this size. Table1 shows the set-
tings for the HVAC �lters used in the simulations. The
�ltration ef�ciencies come from ASHRAE technical re-
sources (ASHRAE2017) and the pressure drop values
come from data for MERV 10 (Dwyern.d.[a]) and MERV
13 (Dwyern.d.[b]). It should be noted the pressure drop
across the �lter can increase over time as the �lter accumu-
lates particles (Xia and Chen2021) and the pressure drop
can vary for �lters with the same rating, depending on the
depth or type of �lter (Ben-David and Waring2018). For
simplicity, a constant nominal pressure drop for each �lter
is chosen based on the average of the typical initial and
�nal pressure drops.

Table 1. HVAC �lter simulation settings.

Filter Nominal
Pressure
Drop (Pa)

Filtration
Ef�ciency

MERV 10 143 50%
MERV 13 162 85%

The costs of the HVAC �lters, which are obtained
from (Azimi and Stephens2013), are shown in Table2.
The total annual costs are determined by the purchase and
labor costs throughout the year based on the expected life
of the �lters.

4.2 Studied Locations

International Falls, MN, San Diego, CA, and Tampa, FL
are the locations studied in this paper. A summary of the
climates, electricity sources, energy prices, and average
electricity emission factor is shown in Table3. The elec-
tricity (U.S. Energy Information Administration2021b)
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Table 2. HVAC filter costs.

Filter Purchase
Cost
(USD)

Replacement
Labor Costs
(USD)

Expected
Life

Total
Annual
Costs

MERV
10

$7 $17 4 months $72

MERV
13

$11 $17 4 months $84

and natural gas (U.S. Energy Information Administration
2021a) prices for each location are also included. The
natural gas price is based on the total price paid by end-
users per thousand cubic feet of natural gas, and is inclu-
sive of all taxes and other fees. Compared to International
Falls and Tampa, San Diego has a lower average electric-
ity emission factor. San Diego is able to utilize significant
renewable energy, such as solar power, and limit its fos-
sil fuel usage. International Falls and Tampa instead rely
more on fossil fuels such as coal and natural gas for elec-
tricity generation.

5 Results and Discussion
We first show an overview of the results for the three mit-
igation strategies in the three locations in terms of IAQ,
HVAC costs, and CO2 emissions. We then discuss the
tradeoffs between IAQ and totals costs.

5.1 Overview of Results

The annual results for IAQ, HVAC costs, and CO2 emis-
sions are shown in Figure 4. The virus concentrations are
normalized by the annual average virus concentration for
the MERV 10 case in International Falls. The HVAC costs
in this section include costs associated with filters and
HVAC energy consumption, while the total costs includ-
ing those associated with CO2 emissions are used in the
next section. The results show dependencies on mitigation
strategy, climate, and electricity sources. The trends for
emissions and costs can be seen in Figure 4a. San Diego
has lower costs and emissions compared to Tampa, due to
less HVAC energy consumption in the milder climate. The
breakdown of HVAC energy consumption for the three
mitigation strategies in the three locations is shown in Fig-
ure 5. International Falls has lower costs but more emis-
sions compared to San Diego. This is because natural
gas heating is the dominant energy consumption in the
very cold climate of International Falls, which has much
lower costs compared to electricity. Due to its climate, San
Diego uses very little heating and most of the HVAC en-
ergy consumption comes from electricity to provide cool-
ing and power the fan. The lower emissions in San Diego
compared to International Falls can be explained by the
lower HVAC energy consumption, as well as the lower
average electricity generation emission factor.

(a) Annual CO2 emissions vs HVAC costs.

(b) Average virus concentration vs annual HVAC costs.

(c) Average virus concentration vs annual CO2 emissions.

Figure 4. Results for average virus concentration, annual HVAC
costs, and annual CO2 emissions for the three mitigation strate-
gies in the three locations.
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Table 3. Summary of selected locations.

Location Climate Electricity Price
(cents/kWh)

Natural Gas Price
(cents/kWh)

Avg. Electricity Emission
Factor (kg CO2/MWh)

International Falls, MN Very Cold 10.57 2.18 302
San Diego, CA Warm and Marine 18.00 3.34 196
Tampa, FL Hot and Humid 10.06 3.93 338

(a) International Falls.

(b) San Diego.

(c) Tampa.

Figure 5. Breakdown of HVAC energy consumption for the
three strategies in the three locations.

(a) Virus concentration.

(b) Predicted number of infections.

Figure 6. Virus concentration and predicted number of infec-
tions in the Core zone for the three strategies on June 24, 2020
in Tampa.

Figures 4b and 4c similarly show the trends based on
climate and electricity sources, as well as the IAQ trends
for the different mitigation strategies. The 100% out-
door air strategy provides the best IAQ in Tampa and San
Diego, but not in International Falls. This is because the
economizer only decreases the outdoor air usage for the
100% outdoor air strategy when it is very cold outside to
prevent freezing, which happens more often in the very
cold climate of International Falls. The 100% outdoor
air strategy leads to significant increases in costs and CO2
emissions in International Falls and Tampa, but not as sig-
nificantly in San Diego. This is because significant energy
is required either to cool and dehumidify the outdoor air in
the hot and humid Tampa climate or to heat the very cold
outdoor air in International Falls. In San Diego, however,
the weather is milder throughout the year, so the 100%
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outdoor air strategy leads to smaller increases in costs and
emissions. Figure 5 shows the increase in energy con-
sumption for the 100% outdoor air case in Tampa and
International Falls, as well as overall higher energy con-
sumption in these two locations compared to San Diego
because of climate.

To compare the impact of the differences in virus con-
centrations for these strategies, an example of the virus
concentration and predicted number of infections in the
Core zone for a hot summer day (June 24, 2020) in Tampa
is shown in Figure 6. The minimum outdoor airflow is
used for the MERV 10 and MERV 13 cases on this day.
Use of MERV 13 filtration reduces the peak virus concen-
tration on this day by 22% compared to MERV 10 filtra-
tion, and use of 100% outdoor air reduces the peak virus
concentration by 27% compared to MERV 10 filtration.
The predicted number of infections is above one for all
three strategies in this zone during this day, which means
at least one infection is expected to occur. MERV 13
filtration reduces the expected chance of a second infec-
tion occurring by 39% compared to MERV 10 filtration,
while supply of 100% outdoor air decreases the expected
chance of a second infection occurring by 50% compared
to MERV 10 filtration.

MERV 10 filtration is the cheapest and lowest emission
strategy due to having the lowest energy consumption, but
also provides the worst IAQ in all locations. MERV 13 fil-
tration improves the IAQ relative to MERV 10 filtration,
but with moderate increases in costs and emissions be-
cause of the increase in fan energy consumption. It can be
seen that the improvement in IAQ for the other strategies
relative to MERV 10 filtration differs between the two lo-
cations. Additionally, the costs and emissions for the mit-
igation strategies also differ for these locations. Analysis
of these tradeoffs is performed in the following section.

5.2 Analysis of Tradeoffs
The tradeoffs between IAQ and costs for the mitigation
strategies relative to MERV 10 filtration are analyzed for
the three locations in this section. Associating a cost with
CO2 emissions allows us to directly compare the marginal
improvement in IAQ to both costs and emissions simulta-
neously, as described in Section 3.4. This is shown for the
two strategies relative to MERV 10 in the three locations
in Figure 7.

Use of 100% outdoor air outperforms MERV 13 fil-
tration in San Diego. This is because supply of 100%
outdoor air is able to provide better IAQ compared to
MERV 13 with less of an increase in costs in this loca-
tion. The milder weather in San Diego allows for lim-
ited increases in heating/cooling costs throughout the year,
while the increase in fan energy for the MERV 13 case
slightly increases the overall costs compared to 100% out-
door air. On the other hand, MERV 13 filtration appears
to be the most beneficial strategy in International Falls and
Tampa. Unlike San Diego, use of 100% outdoor air sig-
nificantly increases the costs due to the energy required to

heat or cool and dehumidify the outdoor air in these loca-
tions. MERV 13 filtration also shows a more significant
improvement in IAQ in the two locations relative to San
Diego due to the limited amount of outdoor air usage in
those climates.

Figure 7. Marginal improvement in IAQ relative to total costs
for the three locations.

(a) International Falls.

(b) San Diego.

(c) Tampa.

Figure 8. Dynamic usage of outdoor air using MERV 10 filtra-
tion in the three locations.
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Figure 8 shows the outdoor air usage for the MERV 10
cases in the three locations. Because of its milder weather,
the MERV 10 case in San Diego can use high outdoor air-
flow rates most of the year, except in the peak of sum-
mer in July - September. In International Falls, the MERV
10 case uses less outdoor air during the very cold win-
ter, as well as during the peak of summer around July.
In Tampa, much less outdoor air is used for the MERV
10 case throughout the year, with an exception during the
cooler winter mornings. Because of these trends for the
MERV 10 cases, the additional filtration in the MERV 13
case or outdoor air usage in the 100% outdoor air case
significantly improves the IAQ in International Falls and
Tampa.

6 Conclusion
The tradeoffs between IAQ and sustainability for three
strategies to mitigate indoor virus are compared for three
locations in the United States. The mitigation strategies
include different levels of filtration, such as MERV 10
or MERV 13 filtration, as well as supply of 100% out-
door air into the building. The locations have differing
climates and their electricity profiles are also comprised
with varying portions of renewable energies and fossil fu-
els for generating electricity. The strategies are evaluated
using a prototypical medium office building model ini-
tially sized for MERV 10 filtration, developed using the
Modelica Buildings library.

The results show the tradeoffs between IAQ and costs
for the different strategies have a strong dependency on
climate and electricity sources. MERV 10 filtration is al-
ways the cheapest option, since this strategy tends to use
the least energy, but also provides the worst IAQ. Use of
100% outdoor air provides the best IAQ in San Diego and
Tampa, and significantly increases costs in the hot and hu-
mid climate of Tampa and very cold climate of Interna-
tional Falls. Use of 100% outdoor air can be a good option
in the relatively milder climate of San Diego, where the in-
crease in costs and emissions is limited. MERV 13 filtra-
tion can improve IAQ with limited increases in costs in all
locations due to its high virus filtration efficiency and rela-
tively smaller increases in energy consumption. This strat-
egy outperforms use of 100% outdoor air in International
Falls and Tampa, since it avoids the significant increase in
cooling/dehumidification or heating of the outdoor air.

Future studies can be conducted based on the work in
this paper. The models we used in this study can be ap-
plied to other contaminant scenarios, for example PM2.5
which can infiltrate the building from outdoor air. They
can also be used to evaluate advanced control strategies
to improve IAQ, such as occupant-based strategies. Fi-
nally, this study focuses on applying mitigation strategies
to an existing building, since redesigning an HVAC sys-
tem is costly. However, the models can be used to evaluate
HVAC system designs for new buildings, for example to
study a system designed for high-efficiency filters.
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