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ABSTRACT

Background: Poorly ventilated enclosed spaces pose a risk for airborne transmission of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and other respiratory viruses. Limited
information is available on ventilation in motor vehicles under differing driving conditions.
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Methods: We conducted carbon dioxide measurements to assess ventilation in motor vehicles un-
der varying driving conditions with 2 to 3 vehicle occupants. During routine driving, carbon di-
oxide produced by the breathing of vehicle occupants was measured inside 5 cars and a van under
a variety of driving conditions with or without the ventilation fan on and with windows open or
closed. Carbon dioxide readings above 800 parts per million (ppm) were considered an indicator
of suboptimal ventilation.

Results: Carbon dioxide levels remained below 800 ppm in all vehicles if the ventilation fan was
on and/or the windows were open while parked or during city or highway driving. With the
ventilation system set on non-recirculation mode, carbon dioxide levels rose above 800 ppm in all
vehicles when the fan was off and the windows were closed while parked and during city driving,
and in 2 of the 6 vehicles during highway driving. With the ventilation system set on recirculation
mode, carbon dioxide rose above 800 ppm within 10 minutes in all vehicles tested.

Conclusion: Carbon dioxide measurements could provide a practical and rapid method to assess
ventilation in motor vehicles. Simple measures such as opening windows, turning on the fan, and
avoiding the recirculation mode greatly improve ventilation.
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INTRODUCTION

Shared motor vehicle travel poses a risk for transmission of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and other respiratory viruses [1-4]. In an outbreak in China in
January 2020, an infected source passenger in a bus was linked to multiple infections in fellow
passengers, including individuals seated more than 2 meters away [4]. Recently, we reported 2
episodes of SARS-CoV-2 transmission from infected van drivers to multiple passengers despite
masking and physical distancing [1]. With the heater operating, it was demonstrated that fluores-
cent microspheres were transported by airflow more than 3 meters from the front to the back of
the van [1].

In addition to masking and physical distancing, the Centers for Disease Control and Prevention
(CDC) recommends that efforts be taken to improve ventilation in motor vehicles when possi-
ble by opening windows and setting the ventilation system on non-recirculation mode [3]. Al-
though relatively little published information is available on ventilation in motor vehicles, there
is evidence that ventilation and risk for viral transmission may vary considerably under different
driving conditions and in different types of vehicles [5, 6]. To reduce the risk for transmission of
respiratory viruses, there is a need for practical, inexpensive, and rapid tools to assess ventilation
in motor vehicles.

Carbon dioxide levels are often used as an indicator of ventilation in occupied indoor environ-
ments [7-12]. The concentration of carbon dioxide in outdoor air is approximately 400 parts per
million (PPM) versus approximately 40,000 ppm in exhaled breath [9]. Thus, carbon dioxide lev-
els rise in occupied spaces that are poorly ventilated. The goal of the current study was to examine
the use of carbon dioxide levels as a practical tool to assess ventilation in motor vehicles under
varying driving conditions.
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METHODS

Test vehicles

The test vehicles included 5 cars and a van. The cars included 3 compact cars (defined as between
100 to 109 cubic feet of combined passenger and cargo space) and 2 midsize cars (defined as
between 110 and 119 cubic feet of combined passenger and cargo space). For the purposes of the
study, the cars were numbered 1 through 5 and the make/model was not identified; car 1 was a
midsize sedan, car 2 was a compact sports utility vehicle, car 3 was a midsize sedan, car 4 was a
compact hatchback, and car 5 was a compact sports utility vehicle. The van had approximately
160 cubic feet of combined passenger and cargo space. The cars had air vents allowing air entry to
the car interior through the front foot-wells and dashboard when the car was moving or when the
ventilation fan was on. For each of the cars, air exits through rear vents providing a constant flow
of air through the interior when driving or when the fan is on; the airflow is single pass unless on
recirculation mode. The van had front and side air vents for air entry and rear vents for air exit.

Carbon dioxide levels in the cars and a van under varying driving conditions

The MetroHealth Medical Center’s Institutional Review Board determined that the study proce-
dures were exempt. Consent was obtained from the drivers, but no identifying information was
recorded, and the specific make and model of vehicles was not disclosed. Human experimentation
guidelines of the institution were followed. The participants measured carbon dioxide levels in the
cars and van when parked and under a variety of driving conditions during routine driving trips
such as commuting to and from work or driving for personal business. For the cars, measure-
ments were taken during trips when a driver and 1 passenger occupied the vehicle; for the van,
measurements were taken when a driver and 2 passengers were in the vehicle. The carbon dioxide
was naturally produced by the driver and passengers through respiration. The carbon dioxide
levels were continuously monitored using an IAQ-MAX CO2 Monitor and Data Logger (CO2Me-
ter, Inc) that was placed in the back seat of the car or in the middle section of the van; the monitor
allows readings to be downloaded after completion of trips. In preliminary experiments, carbon
dioxide readings were demonstrated to be similar when the monitor was placed in different loca-
tions within the vehicle. Based on recommendations from the CDC for ventilation benchmarks
for buildings, carbon dioxide readings above 800 ppm were considered an indicator of suboptimal
ventilation requiring intervention [13].

The drivers were asked to obtain carbon dioxide readings with the vehicle parked under different
ventilation conditions. The ventilation conditions included fan off and windows closed, fan on
and windows closed, and fan off and 1 front window fully opened. In preliminary experiments in
1 vehicle, the increase in carbon dioxide levels inside the vehicle was equivalent to the increase
observed in a non-ventilated 41.7 m® room (ie, >2,000 ppm within 15 minutes).

The drivers were asked to adjust the ventilation conditions in the vehicle during driving trips and
to record the route traveled, ventilation settings, and the driving conditions. Before the start of
each trip, the driver opened a front window for 5 minutes to adjust the carbon dioxide level to
approximately 400 to 450 ppm. Preliminary experiments demonstrated that carbon dioxide levels
within the vehicles rapidly equilibrated within 1 to 2 minutes to levels measured in outdoor air
when 1 front window was opened either fully or partially (ie, 6 inches down) during highway or
city driving, consistent with rapid inflow of outdoor air; when parked, carbon dioxide levels equil-
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ibrated within 5 minutes to levels measured in outdoor air with the window fully opened. The
ventilation conditions included, 1) city driving with fan on and windows closed; 2) city driving
with fan oftf and windows closed; 3) highway driving with fan off and windows closed; 4) high-
way driving with fan on and windows closed; and 5) city driving with fan off and 1 front window
either partially or fully open. Driving routes were classified as city driving if the route included
primarily city streets with a speed limit of 25 miles per hour with frequent stops. Highway driving
was at a speed of 60 to 70 miles per hour. Driving with the window open served as a control for
carbon dioxide levels in outdoor air. For each of these driving conditions, the ventilation system
was set on non-recirculation mode. When the fan was on, the medium setting was chosen. The
carbon dioxide readings were recorded at 1-minute intervals. Data was only included in the anal-
ysis if at least 10 minutes of readings were recorded for a given driving condition. For each vehi-
cle, data was obtained for at least 2 separate driving episodes under each driving condition.

For 3 of the cars (cars 1 to 3), carbon dioxide measurements were also collected during highway
driving for 20 to 25 minutes with the ventilation system set on recirculation mode. The rationale
for this assessment was that the CDC recommends the ventilation system of motor vehicles be set
on non-recirculation mode when multiple occupants are present [3].

Air flow from the air vents

For the van and 2 of the cars (car 1 and car 2), air flow from the front air vents was measured
under the different driving conditions using a mini thermo anemometer (EXTECH, AN100).
The purpose of this assessment was to determine if differences in air flow from the vents would
explain differences in carbon dioxide accumulation for 3 of the vehicles during highway driving
with the fan off.

RESULTS

Carbon dioxide levels in parked vehicles under different ventilation conditions

Figure 1 shows the carbon dioxide levels in the 5 cars (2 occupants) and van (3 occupants) when
parked under different ventilation conditions. With 1 front window open, the carbon dioxide
levels remained approximately 400 ppm consistent with outdoor air. With the fan oft and win-
dows closed, the carbon dioxide levels rose gradually from approximately 400 ppm to greater
than 1,300 ppm in all the vehicles. With the fan on and windows closed, the carbon dioxide levels
rose to greater than 500 but remained below 700 ppm in all vehicles (peak carbon dioxide levels
ranged from 529 to 681).

Carbon dioxide levels in cars with ventilation on recirculation mode

Figure 2 shows carbon dioxide levels for cars 1 to 3 when driven on the highway with the ventila-
tion system set on recirculation mode. The carbon dioxide levels rose gradually in all 3 cars peak-
ing at 1760 ppm or higher after 20 to 25 minutes. The carbon dioxide levels rapidly decreased to
below 500 ppm when 1 front window was opened while driving. Carbon dioxide levels increased
similarly in each of the vehicles when driven in the city at 25 to 35 miles per hour with frequent
stops (data not shown).
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Figure 1. Parked Vehicles. Carbon dioxide levels in the parked motor vehicles under 3 different
ventilation conditions. The 5 cars had 2 occupants and the van had 3 occupants. Ventilation conditions
included 1 front window fully open with fan off, windows closed with fan on at medium speed, and
windows closed with fan off. Carbon dioxide readings above 800 parts per million were considered an
indicator of suboptimal ventilation.
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Figure 2. Highway driving on recirculation mode. Carbon dioxide levels in 3 cars when driven on the
highway with the fan on and the ventilation system set on recirculation mode. *, 1 front window partially
or fully opened. Carbon dioxide readings above 800 parts per million were considered an indicator of
suboptimal ventilation.
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Carbon dioxide levels in cars during car trips under varying driving conditions

Figure 3 shows the carbon dioxide levels in the 5 cars (2 occupants) and van (3 occupants) under
differing driving conditions. With 1 front window open while driving in the city, the carbon diox-
ide levels remained approximately 400 ppm consistent with outdoor air. With the fan off and win-
dows closed while driving in the city, the carbon dioxide levels rose gradually from approximately
400 ppm to greater than 1,100 ppm in all the vehicles. With the fan off and windows closed while
driving on the highway, the carbon dioxide level rose but remained below 800 ppm in all vehicles
except car 2 and the van. With the fan on and windows closed, the carbon dioxide levels remained
below 800 ppm in all vehicles during highway and city driving.
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Figure 3d. Car 4
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Figure 3e. Car 5
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Figure 3. Carbon dioxide levels in motor vehicles driven under differing ventilation conditions. The 5 cars
had 2 occupants and the van had 3 occupants. Windows were closed unless otherwise specified. Windows
open indicates that 1 front window was partially or fully open. Carbon dioxide readings above 800 parts
per million were considered an indicator of suboptimal ventilation.

Air flow from the front air vents of 3 vehicles

Figure 4 shows the measured airflow from the front vents for 2 cars (cars 1 and 2; the same cars 1
and 2 from Figures 1 and 3) and the van under varying driving conditions. No airflow was detect-
ed while the vehicles were parked with the fan off, whereas high flow rates were detected when
the fans were on. Substantial airflow was detected when the fan was off in the cars during highway
driving and to a lesser extent during city driving at 25 miles per hour; during city driving airflow
was detected only while the vehicle was moving (ie, no airflow was detected while stopped at stop
signs/traffic lights). The airflow measurements for car 1 while driving with the fan off were high-
er than for car 2; carbon dioxide levels rose above 800 ppm during highway driving with the fan
off in car 2 but not in car 1 (Figure 3). No airflow was detected in the van while driving with the
fan off, consistent with the finding that carbon dioxide levels rose to a much greater extent under
these conditions in the van but not in the cars (Figure 3). For the van, similar airflow was detected
for the side vents (data not shown).
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Figure 4. Measured airflow from the front vents for 3 test vehicles under varying driving conditions.

DISCUSSION

We found that carbon dioxide levels remained under 800 ppm in all vehicles tested if the fan was
operated on non-recirculation mode or if 1 front window was partially or fully open. Carbon
dioxide levels rose above 800 ppm in all motor vehicles during city driving or while parked if the
windows were closed and the ventilation fan was off. During highway driving with the windows
closed and fan off carbon dioxide levels rose above 800 ppm in 1 of 5 cars and in the van. The
carbon dioxide was produced through natural respiration by vehicle occupants and the concen-
tration was easily and rapidly measured with an inexpensive carbon dioxide meter (<$100).

Our findings suggest that carbon dioxide measurements could provide a simple, inexpensive,
and rapid method to assess ventilation in motor vehicles. Previous studies have demonstrated the
potential value of carbon dioxide monitoring as an indicator of ventilation and viral transmis-
sion risk in buildings [7-13]. Huang et al [9] found that air changes per hour varied considerably
in dental procedure rooms, and carbon dioxide accumulated above 800 ppm in rooms with low
ventilation (<6 air changes per hour) and overcrowding, but not in those with higher ventilation.
Elevated carbon dioxide levels have not been directly linked to SARS-CoV-2 transmission risk,
but poorly ventilated indoor spaces are generally considered high-risk areas [3, 8, 14]. According
to the CDC, carbon dioxide monitoring can provide information on ventilation in indoor spaces,
which can be used to enhance protection against COVID-19 transmission [13]. Carbon dioxide
levels below 800 ppm were cited as a potential target benchmark for good ventilation to reduce
the risk for viral transmission [13].

We found that carbon dioxide levels under differing ventilation conditions correlated well with
measurement of airflow from vents allowing air entry for 3 vehicles where airflow was assessed (2
cars and the van). When the vehicles were parked with the fan off no airflow was detected from
the vents and carbon dioxide levels rose. In contrast, when the fan was on while parked or when
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driving, high airflow (>300 feet/min) was detected, and carbon dioxide levels remained low. More
modest airflow was detected during highway driving with the fan off in both cars (>175 feet/min),
but no airflow was detected under these conditions in the van; peak carbon dioxide levels were
below 1,000 ppm in both cars, whereas the carbon dioxide level increased to nearly 1,500 ppm in
the van. Even lower levels of airflow were detected in the cars during city driving at 25 miles per
hour with the fan off (<135 feet/min), and no airflow was detected when the cars were stopped at
stop signs/traffic lights; during city driving carbon dioxide levels peaked above 1,100 ppm.

Our findings have several practical implications for efforts to improve ventilation to reduce the
risk for transmission of SARS-CoV-2 when more than 1 occupant is in a motor vehicle. First, the
ventilation system should be set on non-recirculation mode as recommended by the CDC [3].
Second, windows should be opened, or the fan should be operated when vehicles are parked or
during city driving. Under these conditions, opening windows even partially or running the fan
can markedly improve ventilation. Third, because ventilation may differ substantially in different
vehicles, using a carbon dioxide monitor to measure carbon dioxide levels could be used to pro-
vide real-time feedback to improve ventilation. In schools, such feedback on carbon dioxide levels
has been used to indicate when windows should be opened to improve classroom air quality [12].

Our study has some limitations. Only 6 motor vehicles were included in the study and carbon di-
oxide levels were monitored for relatively short periods. Additional studies are needed with a wid-
er range of vehicles and with assessments during longer trips. In a recent report, transmission of
SARS-CoV-2 from an infected driver to passengers in a van occurred despite physical distancing
and continuous operation of the ventilation system [1]. Simulations demonstrated that airflow in
the van facilitated transfer of fluorescent microspheres from the front to the back of the van [1].
Studies are needed to determine if interventions other than improved ventilation will be required
to minimize viral transmission risk in motor vehicles. The CDC has recommended that barriers
such as plexiglass shields be installed in work situations where distancing cannot be maintained
[15-17]. Additional studies are needed to determine if such barriers could be useful in decreas-
ing the risk for viral transmission in motor vehicles. In a simulation study, it was suggested that
sneeze shields placed between passengers in an airplane could reduce the risk for aerosol trans-
mission [16]. Finally, we cannot exclude the possibility that factors such as position of the vents or
age of the vehicle might affect ventilation. However, similar results were obtained for each of the 6
study vehicles.

In summary, our findings suggest that carbon dioxide measurements could provide a simple,
inexpensive, and rapid method to assess ventilation in motor vehicles. Studies are needed to
determine if real-time carbon dioxide monitoring could be used to provide feedback to improve
ventilation in motor vehicles and to reduce the risk for viral transmission.
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