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Abstract: The measurement of carbon dioxide (CO,) has emerged as a cost-effective and straightfor-
ward technique for indirectly managing indoor air quality, aiding in the reduction of the potentially
pathogen-laden aerosol concentrations to which we are exposed. Unfortunately, inadequate prac-
tices often limit the interpretation of CO, levels and neglect methodologies that ensure proper
air renewal. This study presents a novel methodology for measuring and controlling indoor CO,
levels in shared spaces, comprising four stages: analysis, diagnosis, correction protocols, and moni-
toring/control/surveillance (MCS). This methodology underwent validation in practical settings,
including a cultural center (representing spaces with uniform activities) and 40 commercial spaces
(with diverse activities) in Zaragoza, Spain. The results indicate the feasibility of swiftly implementing
measures to enhance shared air renewal, with the immediate opening of doors and windows being
the most direct solution. The proposed methodology is practical and has the potential to mitigate
the risk of the aerosol transmission of respiratory diseases. Consequently, we anticipate that this
work will contribute to establishing methodological foundations for CO, measurement as a valuable,
standardized, and reliable tool.

Keywords: carbon dioxide; CO;,; infectious diseases; environmental engineering; COVID-19;
airborne transmission

1. Introduction

Since the global recognition of COVID-19 transmission via aerosols [1], various strate-
gies have emerged to mitigate air quality deterioration. These strategies can be categorized
into air renewal and air purification techniques. Air renewal focuses on optimizing air
exchange in enclosed spaces, while air purification employs physical or chemical methods
to combat airborne pathogens. Despite sharing the goal of reducing respiratory disease
spread, air purification, particularly against bioaerosols, lacks robust testing [2—4]. Afford-
able and high-performance options like high-efficiency portable air cleaners, such as HEPA
filters, have shown promise by filtering up to 99.9% of submicron particles and reducing
SARS-CoV-2 aerial viral load by 80% [5,6]. However, achieving optimal performance
requires careful consideration of equipment workflow and placement in actual conditions.

Ideally, measuring aerosols would enable the assessment of air quality and the estima-
tion of contagion risk. However, direct aerosol measurement is inherently complex and
costly, necessitating specialized equipment. To address these challenges, carbon dioxide
(CO,) measurement has been proposed as an indirect indicator of the risk of transmission
of respiratory infectious diseases [7]. The measurement of metabolic CO; (CO; produced
by human respiratory activity) was proposed prior to the COVID-19 pandemic to control
the airborne spread of diseases, as it signifies a higher likelihood of breathing air previously
exhaled by others [8]. Consequently, in the absence of other CO, sources, measuring indoor
metabolic CO; is suggested as a reasonable ventilation proxy. The percentage of air exhaled
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by an individual (y) can be determined using the expression y = C, x + Ca(1 — x), where
C. represents the concentration of CO, in exhaled air (estimated at 40,000 ppm), C, is the
ambient CO, concentration, and x is the fraction of exhaled air. For example, assuming a
baseline value of 440 ppm for fresh outdoor air, which increases indoors to 2000 ppm, the
approximate percentage of air that individuals have already breathed will be 3.9%.

One of the significant limitations of CO, level measurement is that it cannot be directly
correlated with the concentration of aerosols in the environment, as the generation of
bioaerosols depends on the type of respiratory activity [9]. For instance, aerosols produced
during sustained vocalization (e.g., singing) are not comparable to those generated during
silent breathing [10-13]. Nonetheless, CO, concentration thresholds have been proposed
to reduce COVID-19 airborne transmission (without considering other contagion routes),
typically ranging between 700 and 1000 ppm, irrespective of the activity. This is equivalent
to an increase (metabolic CO,) of 300 to 600 ppm compared to fresh air [14,15].

SARS-CoV-2 is highly efficient in airborne transmission, covering long distances and
durations. An average of 3.1 &= 2.9 copies/L of viral RNA in the air is inferred from a
total of 313 samples [16-30]. Close-contact transmission is established as predominant,
with fomites and aerosols explaining specific propagation events, as per CDC guide-
lines [31,32]. Superspreading events, linked to massive infections, present a challenge for
complex epidemiological management, and to date, they have been exclusively reported
indoors [17,33-51]. The distinction between superspreaders and non-spreaders remains
challenging due to the unknown propagation capacity of individuals [17,52]. Therefore, it
is imperative to enhance air quality in public and shared spaces. Implementing appropriate
measures can potentially reduce respiratory disease cases in the community and mitigate
the risk of future pandemics with devastating effects.

Many countries have adopted CO, measurement as a standard practice in various
settings, including collective transport [53-56], or university and school classrooms [57-62].
In the U.K,, the government distributed over 300,000 CO, meters in schools to enhance
air renewal during classes [63]. Similarly, in Germany, a comprehensive approach was
undertaken, with an investment exceeding EUR 17 million to ensure the availability of
meters in schools [64]. Recent reports indicate a substantial investment of $350 billion
for state and local governments and $122 billion for schools, specifically directed towards
supporting upgrades in ventilation and air filtration [65].

This article introduces a methodology for the effective measurement and control of
indoor CO; levels in shared spaces. The approach enables the interpretation of air renewal
patterns, providing an estimation of whether the renewal is suitable for the specific activity
and type of space. Furthermore, the method has undergone validation as a pilot project in
a three-story building with multiple teaching rooms and cultural activities, along with a
subset of 40 local businesses in Zaragoza, Spain.

2. Materials and Methods
2.1. Measurement of Metabolic CO;

Aranet 4 Home (Aranet Wireless Solutions, Mallorca, Spain) and Signos (Signos.io,
Barcelona, Spain) CO, meters were utilized for measuring CO, levels, temperature and
humidity. The technical specifications of these measuring devices are detailed in Table 1.

Table 1. Technical specifications of Aranet and Signos SIO; CO; meters.

Characteristics Aranet 4 Pro Signos (SiOy)
CO; measurement <9999 ppm (£50 ppm) <5000 ppm (£50 ppm)
Temperature measurement 0-50 °C (+0.3°C) —60-80 °C (£0.2 °C)
Humidity measurement 0-85% (£3%) 0-95% (£2%)
Atmospheric pressure 0.3-1.1 atm (£0.003 atm) 0.3-1.1 atm (4-0.003 atm)

Sensor N-DIR N-DIR
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Determination of
the CO, threshold

Table 1. Cont.

Characteristics Aranet 4 Pro Signos (SiO»)
Sampling frequency 1 min 11 min
Transmission Bluetooth (—12—4 dBm) LoRa
Dimensions/weight 70 x 70 x 24 mm/104 g 100 x 100 x 23 mm/170 g

2.2. General Description of the Methodology

A methodology based on four standard stages with specific goals has been developed,
outlined as follows:

2.2.1. Analysis Phase

The initial step involves establishing an acceptable CO, threshold based on the charac-
teristics of a given space and the indoor activity performed (see Figure 1). Estimating this
value requires knowledge of various factors, including the number of occupants, building
characteristics (volume, doors, windows), room conditions (temperature, relative humidity,
and CO; levels or ACH), and the nature of the activity (number of occupants, type of
activity, mask usage, and exposure time). With these variables, it becomes possible to
estimate the personalized relative risk of infection parameter (Hr) using the Wells—Riley
model, adapted in web app format (COVID Risk”irPome) to facilitate its calculation [66]. By
using this tool (or following the calculation proposed by Wells-Riley [67] and adapted by
Peng and Jiménez [7] and Buonano et al. [68]), it is feasible to determine CO; threshold
levels (or air changes per hour, ACH) to reduce the probability of aerosol transmission to an
acceptable limit [8]. It is important to note that this mathematical approximation simplifies
the real problem, and as such, it should be considered an estimate and interpreted within
the context of the specific scenario.

Personalized

CO, threshold based
on the number of
infected individuals

Ve ]—

The number of infected
individual is known

—[Ves ]———

Tipically, when the activity
in the space is homogeneous
(e.g. schools, work

[No |———

The number of occupants’,
the building characteristics?,
the room conditions?, and the

offices, kindergarten) Personalized

CO, threshold based
on the accumulated

events characteristics*are known incidence
Yes |
" Number of occupants: the number of people These parameters
who il attend that event - m can be estimated
2 Building characteristics: the volume of the space Tipically, when the activity
¥ Room conditions: temperature, relative humidity, ’ :
and CO. [e: ’ rACH. in the space is heterogeneus | Standardized
¢Event char s: level of activity (sedentary/ (e.g. commercial spaces, COZ threshold
light/intens of masks, and duration. gyms, pubs, restaurants)

Figure 1. Decision tree to establish the acceptable CO, threshold depending on the event and
space characteristics.

The Hr parameter represents the overall risk of airborne transmission to be analyzed
in terms of size of outbreak. Hr, measured in h?>-m~3, is defined by Equation (1). Where
tss is a multiplicative factor applicable if under no presence of infectious quanta at the
beginning of the event (especially in short events to reach steady state), rg is the relative
increase of the emission with activity, rp is the relative breathing rate enhancement factor,
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fe is the penetration efficiency of particles through masks for exhalation, f; is the penetration
efficiency of particles through masks for inhalation, D is the exposure time, V' is the volume
of the space, and A is the rate of removal of quanta [69].
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According to Peng et al. [69], in terms of attack rate, the relative risk considering
the wild-type variant could be established as follows: Hr < 0.001 h?-pax/m? (low risk),
Hr < 0.01 h?.pax/m? (medium risk), and Hr > 0.01 h?.pax/m? (high risk). Neverthe-
less, considering the SARS-CoV-2 Alpha (B.1.1.7) variant, an adjustment is suggested to
Hr < 0.0007 hz-pax/ m? (low risk), Hr < 0.0064 h2~pax/ m®  (medium risk),
and Hr > 0.0064 h?-pax/m?3 (high risk). At this point, a target should be selected to achieve a
space with a higher or lower risk of contagion, depending on the current epidemiological situ-
ation. For instance, if the goal is to set a space with a moderate risk of airborne transmission,
the limit of Hr < 0.0064 h?-pax/m? will be selected for the Alpha variant.

Another parameter of interest is the risk of infection parameter (H), which is an
indicator of the absolute probability of infection based on the amount of potentially in-
fectious aerosols inhaled. H determination can be carried out following Equation (2),
where L is equivalent to the ventilation plus air cleaning rate per person present in the
space (L-s™1-occup™!). Peng et al. [69] established acceptable thresholds for H < 0.05
(low airborne risk), H < 0.5 (medium risk), and H > 0.5 (high risk). Nevertheless, for
the Alpha (B.1.1.7) variant, this parameter is readjusted to H < 0.035 (low airborne risk),
H < 0.32 (medium risk), and H > 0.32 (high risk).

_ Vss'VE'rB'fe'fi'D

H
L

@)

Finally, the AR attack rate parameter represents the probability of infection per in-
dividual in percentage, and is defined as follows (Equation (3)) [69]. Where, C is the
number of infection cases, S is the number of exposed susceptible individuals, and # is the
infectious dose inhaled by a susceptible individual during the exposure time. Ideally, the
determination of the CO, threshold to minimize the risk of contagion by SARS-CoV-2 will
be adjusted to achieve an AR lower than 0.01%, as proposed by Peng and Jiménez [7].

AR=S—(1—em 3
S

If, on the other hand, a homogeneous activity is not conducted in the indoor space, and
the climate/building/event parameters are unknown, two alternative options are available.
On one hand, if the parameters can be estimated, it is possible to establish an adjusted CO,
threshold to achieve a minimum Hr in the most unfavorable scenario. Conversely, if the
activity is heterogeneous and it is not possible to estimate the parameters, the alternative is
to set a CO; level that ensures reasonable ventilation. This CO; level must be tailored to the
type and intensity of the activity taking place. For instance, the aerosol emission from an
individual in a gym (intense activity) is not comparable to that of an individual in a library
(sedentary with calm breathing). Therefore, a stricter CO; limit should be established as
the intensity of the activity increases.

First case: Cultural building. Scheduled and regular activities (homogeneous) take
place in this space, ensuring that the variables related to climate /building/event are known.
Consequently, desirable CO, thresholds were established to achieve an
Hr < 0.0064 h?-pax/m?, taking into account the pandemic status. In the event of a high cu-
mulative incidence and poor immunity, it would be preferable to set Hr < 0.0007 h?-pax,/m?3.
In this case, as an illustration, the CO, threshold was calculated considering both scenarios.

Considering one infected person in the classroom (this could be adjusted if the number
of infected is known). Note that this simulation may be more unfavorable than using the
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cumulative incidence. In the example, given that teaching activity is carried out in all cases,
four different scenarios were considered, as proposed by Rodriguez et al. [70]:

e  Scenario la. The infected person is the teacher (40 years old) and everyone wears a
surgical mask.
Scenario 1b. The infected person is the teacher (40 years old) and no one wears a mask.
Scenario 2a. The infected person is a student (18 years old) and everyone wears a
surgical mask.
Scenario 2b. The infected person is a student (18 years old) and no one wears a mask.
To carry out the statistical estimation, Alpha (B.1.1.7) has been considered the predom-
inant variant. In scenario 1, it has been assumed that the teacher performs a sedentary
activity, speaking and emitting aerosols in the 75% percentile of viral exhalation rate
from the mean value of 2.0 g-h~! (~259 quanta/h). In scenario 2, the student performs
a sedentary activity, with oral breathing and emitting aerosols in the 75% percentile
of viral exhalation rate from the mean value of 2.0 q-h~! (~49 quanta/h). In both
scenarios, the efficiency of surgical masks against aerosol retention has been close
to 32.5% (in the exhalation of the infected individual) and 25% (in the inhalation of
susceptible individuals).

Considering the cumulative incidence of the moment it is important to note that the
calculation of the parameters was conducted using retrospective information from the study
period: predominance of the Alpha variant (B.1.1.7), assuming a cumulative incidence
in Aragon (Spain) of 434 per 100,000 cases, and an immunity of 80% (with an individual
acquired immunity of 40%).

Second case: Commercial retail. In the second case, 40 commercial spaces with various
activities were included, as described in Section 2.4. The activity and the number of
people varied depending on the day and time in each commercial space, rendering the
establishment of personalized CO; thresholds impractical.

2.2.2. Diagnosis

The aim is to gain detailed knowledge of how CO, concentration levels evolve during
events and how they adapt to the threshold established in the previous phase. The initial
diagnosis encompasses a description of the space, indicating the measures of the shared
space (e.g., size, volume, and architectural geometry), other CO, sources (e.g., gas stove,
combustion processes), the presence and location of windows and doors, as well as the
availability of heating, ventilation, and air conditioning (HVAC) systems and hoods. Ana-
lyzing the regular operation of the HVAC system is crucial in designing ventilation patterns,
as this can be an effective ventilation strategy. Conversely, if the HVAC system cannot
be modulated, it will be necessary to invest more significant efforts in other ventilation
strategies. During this process, it is also advisable to identify the “person in charge” and
provide minimal instruction about the project and concepts such as air renewal, ventilation,
metabolic CO,, and how to measure it.

First case: Cultural building. Selected spaces were analyzed for four days
(24-27 February 2021) by placing 10 CO, meters (Aranet 4) in strategic locations, as shown
in Figure 2a. A CO, meter was placed outdoors so that it was possible to calculate the
increase in CO; (ACO,) associated with human activity according to Equation (4); where
(COy)ext corresponds to CO; outside and (COy)ing to CO, indoors.

ACO; = (CO2);1q — (CO2) oyt (4)
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Figure 2. (a) General distribution of CO, meters in the educational building and (b) classroom 1
in detail. CO, meter #10 was placed outside the building to determine the increase in CO;, (ACO,)
relative to the outside air measurement.

In the initial approach, the data revealed frequent high CO, concentration levels,
likely associated with specific activities. Subsequently, the shared spaces underwent
careful monitoring for an additional six days (from 27 February to 5 March 2021) to
validate the hypotheses generated during the initial analysis. This process allows for the
characterization of air renewal patterns in each space based on activity and capacity. For
measurement consistency, at least one CO, meter was positioned every 20 m? at a minimum
height of 1.5 m and a maximum height of 2.5 m, ensuring they were more than 2 m away
from occupants to avoid direct exhalation. Ideally, meters were placed near exhaust
fans (to measure a representative air sample) and/or in locations with poor air turnover
(e.g., corners), far from windows and doors.

Second case: Commercial retail. One, two, or three CO, meters (Aranet 4) were strate-
gically placed at specific points (following the criteria established in the first case section)
for 2 or 3 days in each business (October-November 2021). These meters were selected for
their ability to record the CO; level every minute. The CO; curves were analyzed during
the business hours of each establishment. This phase enabled us to determine if the sensors
captured representative measurements of the entire space and provided a comprehensive
overview of air quality within the volume area.

2.2.3. Correction

Based on the knowledge acquired in the diagnosis stage, customized protocols and
procedures were designed to enhance air renovation, leading to variations in CO, concen-
tration. Continuous monitoring of CO, levels with a meter was implemented to prevent
surpassing a defined threshold for an acceptable risk of an airborne outbreak, as proposed
in the Analysis phase.

First case: Cultural building. In one of the classrooms in the basement (Classroom 1)
exhibiting inefficient ventilation patterns, dry ice was utilized to saturate the room with
CO,, enabling the identification of effective strategies to enhance air renewal. As shown in
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Figure 2b, 10 CO, meters (Aranet 4) were placed in the classroom to analyze the impact of
changes in HVAC and natural ventilation (through doors and windows opening or closing).

Second case: Commercial retail. A correction phase was implemented in spaces where
necessary, and preventive measures were introduced to improve indoor air renewal. In
most instances, this phase coincided with monitoring to assess the advantages gained.
In our case, a measurement >30 min was defined by the meter’s sampling rate (11 min)
(see Section 3). If three consecutive measurements exceeded 800 ppm, it was considered
potentially risky during the pandemic. Additionally, as our methodology includes notices
or alerts to commercial spaces, real-time knowledge of the establishment’s ventilation was
essential. Another effective strategy could involve defining the risk based on the percentage
of time that the established threshold is exceeded, providing a comprehensive assessment
over a specific period.

2.2.4. Monitoring, Control, and Surveillance (MCS)

Continuous monitoring of CO, concentration was conducted to ensure that the shared
space consistently maintains low-risk levels. If CO, concentrations reach the maximum
level, an alert is triggered, prompting the individuals responsible for the shared space to
activate the protocols and procedures defined in the previous stage to address the situation.

First case: Cultural building. This monitoring stage was executed until 15 May 2022
using 10 CO, meters (Signos). Whenever the cultural center surpasses the established CO,
levels, it receives a telematic alert or phone call, prompting the “person in charge” to rectify
the situation.

Second case: Commercial retail. The monitoring stage took place during January and
February 2022. For this stage, CO, meters (Signos) were installed in each establishment.
These CO, meters incorporate IoT technology, enabling remote access to streaming data.

2.3. Description of First Case Space (Cultural Building)

As a case study, the methodology for improving air quality was implemented in a
cultural center. The building spans 1200 m? and is divided into three floors (Figure 2a).
A 132 m? room situated in the basement (Classroom 1) was chosen as the study case. To
analyze ventilation patterns and the effectiveness of corrective measures, we deployed the
10 m in Classroom 1, as depicted in Figure 2b.

2.4. Description of Second Case Spaces (Commercial Spaces)

Subsequently, the method was applied to 40 commercial spaces located in the city
center of Zaragoza (Spain). These spaces included: one optician, twelve clothing stores,
two childrens’ clothing stores, five shoe stores, two jewelry stores, four food stores, two
restaurants, five home stores, two consultancies, two dietary and health centers, and two
florists. The selection of commercial spaces was made to cover different typologies. For
example, customers spend long periods in restaurants, while their exposure to indoor
air in flower retailers is minimal. CO, meters (one, two or three) were placed in each
establishment, totaling 85 CO, meters.

3. Results
3.1. First Case: Cultural Building
3.1.1. Analysis: Determining Personalized CO, Thresholds

The CO, threshold considering the presence of an individual infected with the Alpha
variant (B.1.1.7) in the classroom, has been calculated for various classroom scenarios. In
cases where the use of masks is unknown, it is advisable to employ the most unfavorable
values. The values in scenarios with an infected student are less restrictive due to the
reduced generation of aerosols from respiratory activity. However, incorporating this
information can be beneficial to obtain a comprehensive understanding of the scenario.

Considering an Hr < 0.0064 h?-pax/m? for an acceptable risk in terms of outbreak
size, the CO, threshold is defined in Table 2. Specifically, the CO, threshold is observed to
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decrease as time increases to align with the concentration of bioaerosols at the end of the
event. Conversely, as the number of occupants increases, the CO, threshold rises. This is
because a single infectious individual has been assumed and, therefore, the metabolic CO,
of the other occupants is not potentially dangerous for the same attack rate.

Table 2. Example of the CO, threshold determination, considering that there is an infected person
and the cumulative incidence in the classroom for an Hr < 0.0064. The temperature (Ta) has been
established at 22 °C, the relative humidity (RH) at 40% for all cases, and a CO, outdoors of 400 ppm.

(a) Estimation Considering that One Occupant is Infected

Fixedvariables

Hypothetical Variables

Calculated Variables

Scenario 1: Teacher (Infected) Scenario 2: Student (Infected)

Location 0“‘;::“‘5' Duration min Scenario Aﬁg} ’;‘::I“ ’?,f’ H, hZ pax/m3 Hr, h2/m3 Aigf '}:‘::I“ AR, % H, h2-paxim3 Hr, h2/m3

(a) Surgical masks 90-196 2.8 0.0175 0.0064 180-540 09 0.0055 0.006

° % (b) No masks 38-65 2.8 0.0174 0.0064 180-540 18 0.0110 0.0064

(a) Surgical masks 38-60 2.8 0.0174 0.0063 359-1073 4.4 0.0152 0.0055

° 150 (b) No masks 17-26 2.8 0.0172 0.0064 105-273 4.9 0.0172 0.0063

(a) Surgical masks 181-393 2.8 0.0395 0.0064 361-1081 0.9 0.0124 0.002

Classroom 1 10 % (b) No masks 77-131 2.8 0.0390 0.0064 361-1081 18 0.0248 0.004

(330 m3) (a) Surgical masks 76-121 2.8 0.0392 0.0063 719-2146 238 0.0342 0.0055

10 150 (b) No masks 36-55 2.8 0.0402 0.0064 294-588 2.8 0.0400 0.0065

(a) Surgical masks 272-590 28 0.0614 0.0064 542-1621 0.9 0.0193 0.002

15 % (b) No masks 119-205 2.8 0.0628 0.0065 542-1621 18 0.0386 0.004

(a) Surgical masks 114-181 2.8 0.0610 0.0064 1079 -3219 1.0 0.0532 0.0055

15 180 (b) No masks 52-80 2.8 0.0600 0.0063 241-882 19 0.0623 0.0065

(b) Estimation Considering the C: lative Incid: (434 Persons per 100,000 Citizens)
Fixed X . Calculated Variables
_ Hypothetical Variables
variables Scenario 1: Teacher (Infected) Scenario 2: Student (Infected)

Location Occl:lfxants, Duration min Scenario ﬁg}, :‘::1 ef' H, h2~paxlm3 Hr, h%/m3 iﬁg(z, r;;‘:‘n AR, % H, h? -pax/m3 Hr, h%/m3

5 o (a) Surgical masks 90-196 0.1 0.0218 0.0064 180-540 0.1 0.0069 0.0064

(b) No masks 38-66 0.1 0.0218 0.0064 180-540 0.1 0.0137 0.0064

(a) Surgical masks 38-60 0.1 0.0218 0.0064 359-1073 0.1 0.0189 0.0064

> 180 (b) No masks 18-27 0.1 0.0335 0.0064 105-273 0.1 0.0214 0.0063

(a) Surgical masks 181-393 0.1 0.0437 0.0064 361-1081 0.1 0.0138 0.0002

Classroom 1 10 % (b) No masks 77-131 0.1 0.0428 0.0064 361-1081 0.1 0.0275 0.0004

(330 m?) (a) Surgical masks 76-121 0.1 0.0433 0.0064 719-2146 0.1 0.0379 0.0055

10 180 (b) No masks 36-55 0.1 0.0440 0.0064 294-588 0.1 0.0443 0.0064

(a) Surgical masks 272-590 0.2 0.0655 0.0064 114-181 02 0.0650 0.0064

15 % (b) No masks 119-201 0.2 0.0661 0.0065 54-83 0.2 0.0667 0.0063

(a) Surgical masks 114-181 0.2 0.0206 0.0020 1079-3219 0.2 0.0568 0.0055

15 150 (b) No masks 54-83 0.2 0.0412 0.0040 418-820 0.2 0.0642 0.0063

In the scenario without masks, the CO, threshold is lower to account for the retention
of aerosols during inhalation/exhalation of individuals. For instance, in a scenario where
the teacher is infected in Classroom 1 (with 15 occupants, 180 min), and no one is wearing
a mask, the desirable metabolic CO, threshold would be 52 ppm on average (452 ppm in
absolute terms) and 80 ppm at maximum (480 ppm). This threshold increases to an average
of 114 ppm on increment (514 ppm) and 181 ppm at maximum (581 ppm) if occupants
wear masks.

Note that the CO, range considering that one occupant is infected (Table 2a) and in a
cumulative incidence scenario (Table 2b) is the same. In the Hr calculation (see Equation (1)
for more information), the risk is estimated considering a person exhaling bio-charged
aerosols and another person inhaling those aerosols. It remains independent of the potential
number of infected people within the space. Therefore, for the same volume and exposure
time, the ACH rate will be equivalent if Hr is taken as a fixed parameter, and the CO,
threshold will not vary because the quanta removal rate will be higher as ACH increases.
Figure 3 represents the relative infection risk parameter Hr vs. the CO, level (ACH),
considering the four possible scenarios in Classroom 1.
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Figure 3. Hr values vs. metabolic CO; levels in one studied case (15 occupants, 180 min). As an

example, the CO,; threshold proposed for Classroom 1 is labeled.

Contrastingly, the attack rate is defined as the ratio between infected individuals
and susceptible individuals (Equation (3)), so this index is reduced in the case of the
calculation with the accumulated incidence. To determine individual risk, this value is
more informative. Considering the cumulative incidence scenario, it is observed that all
ARs are between <0.1 and 0.2%. An AR < 0.01% has been established to consider a low
risk, although not under any circumstance [7,69]. However, this should be modulated
depending on the vulnerability of the people in the event. The estimated AR in case reviews
calculated by Peng et al., the lowest value for reported outbreaks was 6%. Therefore, to
consider individual risk, in this case we will take 5% as the AR threshold.

Figure 4 shows the attack risk rate vs. the CO; level (simulating the ventilation rate)
for the studied case of Classroom 1. In the case of the infected Teacher, ACHs of 3 to 7 are
required, in case of carrying or no mask, respectively. In a mask, the minimum ACH is
0, while with masks a minimum ACH of 2 is required. In terms of CO, threshold, in the
case of the infected student, with the professor infected, a maximum increase of 162 ppm
on average and 103 ppm (without a mask) and a maximum of 418 ppm on average and
243 ppm (with a mask) would be established.
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Figure 4. AR values vs. metabolic CO, levels in one studied case (15 occupants, 180 min).
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3.1.2. Diagnostic Phase of the Space

The diagnosis should be conducted over a sufficiently long time interval to capture the
specific and regular occurrences of the establishment. For example, in the cultural center,
the classrooms are typically occupied for daily classes. Therefore, selecting days when
the classrooms are in use is adequate. In this case, four days were chosen for the space
diagnosis. A general overview is depicted in Figure 5, showing peaks in the CO, increment
associated with the activity of each room.
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Figure 5. General overview of CO; patterns in the cultural center. Increment of CO; values recorded
in the diagnostic period.

Table 3 presents the data collected and calculated from Classroom 1, following the
example of previous sections. In the first class (10 occupants, 90 min), maximum CO,
increases of 153 ppm (553 ppm absolute) were recorded. Since the individuals were
wearing masks, for an Hr < 0.0064, the threshold should not exceed an increase of 393 ppm
(793 ppm in absolute) and 181 ppm (581 ppm) on average. Therefore, during this class, the
established CO, thresholds were not exceeded, and the Hr could approach 0.0006-0.0036
h?-pax/m3 considering that the student/teacher are infected (with masks), respectively.
Table 3. Determination of H, Hr and the attack rate from records during three classes in Classroom 1.
Where Ta refers to temperature, and RH to relative humidity.

Known Variables Calculated Variables
Scenario 1: Teacher Scenario 2: Student
(Infected) (Infected)

Locati Occupants, Duration, Ilzllcesn Al\(/[jg' Ta. °C RH. % S . AR, H, Hr, AR, H, Hr,

ocation pax min 2z z & . cenario % h*pax/m® h?/m? % h%pax/m® h*m3
ppm ppm

10 9% 89 4 18 153 23697i 0o (a) Surgical masks 1.6 0.0221 00036 03 00042  0.0006
: (b) No masks 31 00437 00071 0.6 00083  0.0013
Claslsroom 8 120 76+ 22 140 24(508i 4442 (a) Surgical masks 2.2 0.0236 0.0049 04 0.0045 0.0009
(330 m?) : (b) No masks 43 00467 00098 08 00089 00018
18 150 2159; 312 231,03¢ Bia (a) Surgical masks 32 00851  0.0073 0.6 00162  0.0014
: (b) No masks 62 01682 00145 12 0032 0.0027

In the second case, an approximation has been used following the previously men-
tioned boundary conditions. If the teacher had been infected and everyone wore a mask,
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the CO; increase threshold would be 99 ppm on average and 175 ppm at maximum
(Hr = 0.0063 h?-pax/m?3). During this class, average increases of 76 4- 22 ppm and maxi-
mums of 140 ppm were recorded, which reached an Hr of 0.0009-0.0049 h?-pax/m?3.

In the third case, for an Hr of 0.0064 hz-pax /m?3, the CO, increase threshold would
be 239 ppm (average) and 623 ppm (maximum). The recorded increment values were
lower; 219 ppm (at average level) and 312 ppm (as maximum level). Hr parameters ranged
from 0.0014 to 0.0073 h?-pax/m?, exceeding the Hr value for considering a low risk of
size outbreaks.

Note that certain gaps may go unnoticed during the diagnostic phase. Due to atmo-
spheric conditions or activity during the diagnosis, the CO; levels may decrease. Although
we recommend analyzing 3—4 critical days, subsequent days (e.g., 5-6 days) should be
closely monitored to ensure representative results.

3.1.3. Correction Phase: Improving Ventilation Patterns

Faced with the conditions established during a state of the COVID-19 pandemic,
the diagnostic phase indicates that the space does not pose a risk space for the airborne
transmission of SARS-CoV-2. However, considering that Classroom 1 should be prepared
for a post-pandemic environment (where masks are not mandatory), it is advisable to
characterize the ventilation patterns of the space to identify effective strategies. Based on
the results in Table 3, when individuals do not wear masks, Hr > 0.0064 hz-pax /m3 in
2/3 scenarios where the Teacher is infected. Additionally, the AR is increased in these cases,
especially in the class of 150 min and 18 occupants.

After identifying that the ventilation patterns in Classroom 1 could be improved, it
is advisable to analyze the effectiveness of corrective measures to ensure adequate air
renewal. An experiment was conducted by saturating the space with CO, using dry
ice, and the concentration stabilized as a function of the amount that evaporated. Two
scenarios were evaluated with an activated HVAC system: one with the doors closed
and the other with the doors open. Figure 6 shows the results obtained. With closed
doors, it takes approximately 37 min to reduce the CO, concentration from ~1600 ppm to
~800 ppm, at a rate of 22 ppm/minute. Meanwhile, with open doors, the reduction from
~1600 ppm to ~800 ppm occurs in approximately 17 min, at a rate of 47 ppm/min. Opening
doors with the HVAC system active represents a significant improvement in ventilation in
this classroom.

2900 = A\ —cClosed doors
S < HVAC: On — Opened doors
% X [Rate 2 ppm/min HVAC: On .
2400 T |© ACH: 2.03 Rate: 47 ppm/min
8N ACH: 4.42

1900 +

C0,—saturation

ACO, (ppm)

1400 +

900 +

|

400

Figure 6. Results of the experiment with dry ice in Classroom 1, with and without open doors.

Additionally, this method helps calculate the actual ACH in the space. The HVAC
flow in Classroom 1 is 750 m3/s. For a volume of 363 m® corresponding to the space,
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a theoretical ACH of 2.06 (door closed) is estimated. An ACH of 4.42 (with opened
doors) and 2.03 (closed doors) has been determined by dry ice tests. It suggests that
the tests have been carried out correctly and that the opening of the doors represents a
considerable improvement in air renewal compared to the closed space. As a conclusion,
it has been found that the ACH when the doors are open with the HVAC activated is
twice as effective as when the doors are closed. This information could be very useful in
a post-pandemic scenario or as a corrective measure if excessive CO, values are detected
during the monitoring phase.

3.1.4. MCS: Monitoring, Control, and Surveillance

From May to July 2021, 13 excess CO; alerts were recorded (an increase of more than
320 ppm), as depicted in Figure 7. Given the high number of incidents, it was considered to
reinforce the ventilation measures. In the case of Classroom 1, the following hypotheses
were prepared:

2100
1779
1600 |
-+ 964
1100 858 874 oo
678 |2 760742 749 777
600 l
S
E 1k g = |
o
8N ——— 00—
< April May June July

Figure 7. Incidences (CO, excess) in Classroom 1 from April to July 2021. 13 excess CO, alerts were
registered.

Hypothesis 1. The activities studied in the initial diagnosis were not representative, and the high
activity in the classroom resulted in more CO, being exhaled. To test this, the following 12 English
classes in Classroom 1, comprising the months of April to June, were analyzed. In the studied
activities, there was no significant increase in CO, except for the classes held in June, where an
increase of 522 ppm was reached. Figure 8 shows the evolution of average CO, from April to June,
indicating an increase in concentration in the latter month. However, CO, exhalation in the records
studied is similar, so this hypothesis was ruled out.
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Figure 8. Evolution of average ACO, in English classes from April to June.

Hypothesis 2. The weather conditions during the initial diagnosis were favorable for air re-
newal ratios. The impact of weather on ventilation ratios was assessed by analyzing the incidents
recorded from April to July (regardless of the activity carried out). Of the 13 incidents found,
46% (6) occurred in July, while 31% (4) occurred in June, and the remaining 23% (3) occurred in
May. Climatic variations have influenced the ventilation performance of the space.

Therefore, it was decided to mandate the opening of doors and the activation of the
HVAC system during class hours. Sometimes, the subsequent monitoring phase can be
used to assess the benefit of the corrective actions imposed. In the base case, opening
the doors in Classroom 1 was sufficient to achieve adequate air renewal, even during
the summer months, with no incidents registered between August and September 2021.
Ideally, during monitoring, it would be necessary to implement a system that alerts those
responsible for the space if the established CO; limits are exceeded. This strategy allows
for preventing potential incidents and correcting CO, levels exceeded in real-time, thus
guaranteeing adequate air quality.

3.2. Second Case: Commercial Spaces
3.2.1. Analysis: Determining Standard CO, Thresholds

To conduct a more extensive application of the methodology for analyzing, diagnos-
ing, correcting, and monitoring CO,, a study was carried out in 40 commercial spaces.
In this case, absolute CO, concentrations were measured instead of the outdoor-indoor
CO; increase, as it was not feasible to install additional CO, meters outside due to the
considerable distance between the shops.

The activity is heterogeneous within the same commercial space and among different
spaces. Since it was not possible to estimate the necessary parameters to simulate an ac-
ceptable CO, threshold, the same range was established for all shopping centers. Generally,
all the spaces exhibited light activity and low exposure times, unlike the case of the cultural
center. However, determining a representative number of occupants was not feasible.

The acceptable CO, threshold was established based on the standards set in Zaragoza
(Spain) [14]. Given that these are small commercial establishments (low-occupancy zone),
the value of 800 ppm was taken as the reference value, aligning with Spanish RITE reg-
ulations (regulation of thermal installations in buildings) applicable in Zaragoza (Spain),
in no case should never exceed the CO; level of 1200 ppm. Specifically, RITE estab-
lishes four categories based on the type of space and its Indoor Air Quality (IDA), in
absolute values: IDA 1 (average: 350 ppm; maximum: 750 ppm), IDA 2 (500-950 ppm),
IDA 3 (800-1200 ppm), and IDA 4 (1200 ppm on average). While IDA 1 should be applicable
in hospitals, laboratories or nurseries, IDA 2 is reserved for offices, residences, museums
or classrooms, IDA 3 for commercial buildings, theaters, restaurants or gyms and IDA 4
should not be applicable. Following this standard, the selected commercial spaces should
exhibit CO; levels up to 800-1200 ppm. However, for the pandemic, it is recommended
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to reach an optimal air level (IDA 1). This CO; thresholds also align different standards
worldwide [71].

3.2.2. Analysis: Determining Standard CO, Thresholds

Initially, a preliminary characterization (diagnosis) of the participating businesses was
conducted. Twenty-three businesses with CO, values above the maximum recommended
threshold (800 ppm) were identified. Eight of them did not require specific follow-up inter-
ventions as the increases were minimal and discrete. The other 15 participants underwent
a thorough evaluation, leading to the design and implementation of a series of preventive
measures aimed at improving air recirculation in the commercial spaces.

3.2.3. Corrective Measure Implementation

The implementation of corrective measures was modified from the original approach.
Instead of experimenting in situ, it was decided to assess the improvement of the proposed
measures throughout the MCS stages. Thus, we evaluated the air renewal patterns from
week to week. In our case, it was sufficient to agree on the terms with each person in charge
through fortnight reports and phone calls. This strategy allowed us to reduce the costs of
the project and evaluate several stores simultaneously.

3.2.4. MCS Phase and Corrective Measure Validation

In the period studied (January—February 2022), the average CO, levels across all
businesses were 547 & 87 ppm in the first fortnight of January, 559 4 86 ppm in the second
fortnight of January, 531 & 82 ppm in the first fortnight of February, and 529 + 89 in the
second half of January (Figure 9a). Substantial differences were observed based on the type
of store, as depicted in Figure 9b. Specifically, the highest CO, peaks were observed in
childrens’ clothing stores (691 & 209 ppm with maximums of 2297 ppm). This could be
associated with limited opening of doors or windows to maintain the thermal comfort of
the children. In contrast, florists reported the lowest CO; levels (mean of 466 + 47 ppm
with a maximum of 874 ppm), possibly due to reduced customer dwell time during service.

A total of 15 businesses were selected for exhaustive monitoring. Among them, only
five agreed to implement the corrective measures. The following sections describe the
evolution of 3 establishments under the three typical scenarios:

e  Retail stores with good starting air quality. Initially, 17 shops showed a renewal of
the air appropriate to the architecture of the space and the type of activity carried out.
Three cases are shown below as an example.

(Example 1) In a shoe store, the limit of 800 ppm was not exceeded during the recorded
period (Figure 10a). Specifically, it obtained an average CO, value of 441 £ 42 ppm,
reaching a maximum value of 776 ppm.

(Example 2) A food store was kept below 800 ppm (Figure 10b). Despite the large influx
of customers, the levels maintained an average of 454 £ 39 ppm, reaching a maximum
value of 782 ppm

(Example 3) In one of the clothing stores, the maximum established by the scientific
community of 800 ppm was not exceeded (Figure 10c). On average, it reached a value
of 469 £ 33 ppm, reaching a maximum value of 783 ppm.

e  Businesses with improvable air quality that did not implement corrective actions. Of
the 23 stores that showed levels above 800 ppm during the first week, only 15 of them
did so continuously and with values above 900 ppm. The remaining eight stores
were recommended to maximize the frequency of opening doors and windows. This
section shows the evolution of CO; in a business that refused to establish the proposed
corrective measures.

(Example 1) On average, a clothing store reached a value of 709 =+ 295 ppm, reaching a
maximum of 2956 ppm (Figure 10d).



COVID 2023, 3

1811

(Example 2) A restaurant establishment reached an average value of 589 + 139 ppm,
reaching a maximum value of 1976 ppm (Figure 10e).

(Example 3) The mean of CO, in a children’s clothing store was 762 & 229 ppm, reaching
a maximum of 2297 ppm (Figure 10f).

Spaces with improvable air quality that implemented corrective actions. After imple-
menting the prevention measures (especially the reinforcement of natural ventilation),
the reduction of CO; in the establishments was substantial. Three cases are described
below. The values of the first weeks concerning the final weeks are comparable, given
that similar trends and averages are observed in the previous section.

(Example 1) In a clothing shop, the mean of CO, was reduced from 605 £ 78 ppm
(maximum of 1100 ppm) to 529 + 78 ppm (745 ppm) after trying different measures.
The increase in the frequency of door opening (Figure 10g) was more effective in the
fourth fortnight. In this period, no values over 800 ppm were registered.

(Example 2) CO; levels on average were reduced from 536 + 89 ppm (maximum of
1001 ppm) to 485 £ 51 ppm (714 ppm) from the third fortnight in a food store, as
shown in Figure 10h.

(Example 3) In a shoe store, the mean of CO, was reduced from 528 + 67 ppm (maxi-
mum of 946 ppm) to 473 + 45 ppm (764 ppm). Although, at one point, 800 ppm was
exceeded (Figure 10i).
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Figure 9. (a) Mean of CO, value (inbox) of all businesses based on the fortnight and (b) mean of CO,
and maximum measurement depending on the type of business where the mean value (blue) and the
maximum values (pink label) are shown.
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Figure 10. Evolution of CO, levels in the monitoring period (January-February 2022) in
(a—c) businesses with good starting air quality, (d—f) businesses with improvable air quality that did
not implement corrective measures, and (g-i) businesses with improvable air quality that imple-
mented corrective actions. The pink dots indicate the CO; curves of stores with poor air renewal,
while the blue dots represent CO; curves of establishments with good air renewal.

4. Discussion

Despite the relentless monitoring of ‘foodborne’ and ‘waterborne’ disease transmission
and the high standards on which it is based [72], there is still no regulation of airborne
disease transmission. The measurement of metabolic CO; has been an efficient an efficient
measure for monitoring indoor air quality since its measurement acts as an indirect indicator
of the presence of potentially pathogenic aerosols [7,8].

During the pandemic, the installation of meters in shopping malls [73], in public
transportation [53-55], in offices [57], and in educational institutions [57-62] allowed
spaces to be ventilated judiciously and more efficiently, thereby reducing the potentially
risk of infectious disease transmission [74]. At this time, international initiatives appeared,
such as Aireamos [66,75], a group of scientists that joined forces to promote the efficient
measurement and interpretation of CO, levels. However, airborne transmission cannot
be forgotten after the pandemic period. COVID-19 stressed the importance of airborne
transmission of pathogens, and airborne control is necessary to prevent future outbreaks of
this and other respiratory diseases.

This work presents and discusses a new methodology for measuring CO, in shared
spaces based on analysis, diagnosis, correction, and MCS (monitoring, control, and surveil-
lance phases). Briefly, the methodology can be sequenced in four stages:

1.  Analyzing. In this phase, acceptable CO, thresholds will be established to reach
areas of low risk of transmission. If the activity is homogeneous and the fundamental
variables are known, it is possible to approximate the CO, threshold following the
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Wells—Riley model [67] modified by Peng and Jimenez [7] to determine the risk
of the space. In spaces with heterogeneous activities and/or unknown variables,
it will be necessary to apply threshold values that could guarantee reasonable air
renewal. Typically, CO, thresholds have been established in a standard manner,
without considering the variables related to the outbreak, the airborne pathogen,
the parameters of the event, and the building [71]. However, as proposed in this
methodology, the detailed study of the CO, results can be crucial to interpret the
event and the risk of transmission [62,70,76].

2. Diagnosing. After training the responsible person, the diagnostic phase was carried
out. A first assessment of the shared space is made by placing CO, meters for a
time interval long enough to address the maximum possible casuistry. Usually, 3 or
4 activity days are enough. Ideally, placing more than one CO, meter will let us know
if the measurement represents the space. Additionally, it will bring preliminary, but
not definitive, information about how the air renewal occurs in the shared space.
After an in-depth analysis of the evolution of CO; levels in the diagnosis phase, it
is necessary to follow up in subsequent days (typically 6 or 7 days) to ensure that
the diagnosis is representative of the space. Analyzing ventilation patterns under
different boundary conditions can be key to establishing effective measures [56,77-79].

3.  Correcting. Poor air renewal must be identified once an exhaustive analysis of the
space has been carried out. After detecting these incidences (CO, levels exceeding
the established threshold), it is necessary to look for the cause of the problem. It
is helpful to raise possible hypotheses and try to rule them out to propose efficient
corrective measures. Ideally, these proposed measures can be validated by conducting
experiments (e.g., saturating with CO, and analyzing the advantage of each one) or
carrying out a detailed follow-up in the monitoring phase. Note that this phase can
be performed linearly (e.g., after diagnosis), or it can also be implemented during
monitoring if necessary. The results obtained from the validation in 40 retail stores
in the center of Zaragoza (Spain) suggest that it is possible to quickly implement
measures that favor the renewal of shared air. In this work, opening doors and
windows was one of the most straightforward and immediate methods applied in
almost any situation, according to previous reports [80,81]. In this sense, other authors
suggest that continuous and cross-ventilation is effective to maintain an adequate
ventilation in school classrooms [77]. Considering the ease of adopting these measures,
it is necessary to start establishing definitive strategies to improve ventilation in
indoor spaces.

4. MCS. A monitoring and follow-up phase is crucial to warn of any incident where the
COg limit is exceeded. It is the only strategy that ensures good indoor air quality. It
is possible that, in spaces where natural ventilation influences the space air renewal,
the CO; concentration fluctuates depending on the weather. In these cases, it may
be necessary to re-implement the correction phase to maintain adequate air renewal.
Ideally, an alert system can be valuable for the monitored center, allowing it to
prevent the accumulation of CO; or modulate the capacity and, ultimately, correct
the situation.

This methodology was validated in a subset of 40 local businesses in Zaragoza (Spain).
As previously mentioned, the COVID-19 pandemic has underscored the necessity to recon-
sider epidemiological control strategies. Specifically, the growing understanding of airborne
disease transmission makes it imperative to implement new public health strategies that
ensure air quality adheres to specific standards.

5. Conclusions

Strategies based on the measurement of metabolic CO, present a simple and effective
alternative for controlling air quality and air renewal. This methodology is structured
into three phases: diagnosis, correction, and monitoring, control, and follow-up. The
protocol was successfully validated in local businesses in Zaragoza, Spain, where the
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proper implementation of each phase resulted in a significant improvement in air quality
and air renewal. We have demonstrated that the methodology is practical and can reduce
the risk of aerosol-transmitted respiratory diseases by enhancing air circulation. We hope
this work contributes to establishing the methodological foundations for CO, measurement
to become a valuable, standardized, and reliable tool.
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