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Abstract
It is important to know whether SARS-CoV-2 is spread through the air-conditioning systems. Taking the
central air-conditioning system as an example, we analyze the mechanism and potential health risk of
respiratory virus transmission in air-conditioned rooms, and propose a method to study the risk of virus
transmission in central air-conditioning systems by investigating the data from medical experiments. The
virus carrying capacity and the decay characteristics of indoor pathogen droplets are studied in this
research. Additionally, the effects of air temperature and relative humidity on the virus survival in the air
or on surfaces are investigated. The removal e�ciency of infectious droplet nuclei by air-conditioning
�lter was then determined. Thus, the transmission risk during the operation of centralized air-conditioning
system is evaluated. The results show that the indoor temperature and humidity are controlled in the
range of 20-25℃ and 40%-70% by central air-conditioning during the epidemic period, which not only
bene�ts the health and comfort of residents, but also weakens the vitality of the virus. The larger the
droplet size, the longer the viruses survive. Since the �lter e�ciency of air-conditioning �lter increases
with the increase of particle size, increasing the number of air changes of the circulating air volume can
accelerate the removal of potential pathogen particles. Therefore, scienti�c operation of centralized air
conditioning systems during the epidemic period has more advantages than disadvantages.

1. Introduction
Since the end of 2019, the COVID-19 epidemic caused by SARS-COV-2 coronavirus has spread rapidly
around the world, reaching more than 200 countries and regions with global implication("WHO
announces COVID-19 outbreak a pandemic (http://www.euro.who.int/en/health-topics/health-
emergencies/coronavirus-covid-19/news/news/2020/3/who-announces-covid-19-outbreak-a-
pandemic),"). At present, epidemic prevention and control has become a major issue in China and even all
over the world. In particular, whether SARS-CoV-2 spreads through the air conditioning system has drawn
wide attention(Correia et al., 2020).

First, we need to understand how SARS-CoV-2 is transmitted. At present, it has been determined that the
main transmission routes are through droplets and physical contact(Hoseinzadeh et al., 2020). It is not
clear whether aerosols constitute one of the transmission routes, and has also been the focus of debate
among scholars. Recently, a team of 239 interdisciplinary scientists signed a document urging the WHO
and public health authorities to recognize the airborne transmission of SARS-CoV-2(Morawska et al.,
2020). Studies have shown that most people spend 90% of their lives indoors(Klepeis et al., 2020; Wang
et al., 2015). In a crowded con�ned space, the droplets exhaled by SARS-CoV-2 infected patients through
breathing, speaking, coughing and other activities will form virus-containing aerosols(Morawska et al.,
2006; Li et al., 2020), and the virus may spread through these aerosols, a risk that should not be
underestimated. For example, on February 3, 2020, a case of COVID-19 was reported in Inner Mongolia,
China. The patient had repeatedly entered the room of a symptomatic patient but did not have directly
contacted with the patient. This case suggests that SARS-CoV-2 may spread through the air(Wang et al.,
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2020). By analyzing trends of epidemic spread in Wuhan, China, Italy and New York, the results of a
recent study suggest that air contributes to the spread of SARS-CoV-2(Zhang et al., 2020).

Regarding the risk of indoor virus transmission, in 2010, Chen and Liao( Chen & Liao, 2010) studied the
transmission risk of different in�uenza viruses in an indoor environment based on the Wells Riley
mathematical model, and the results showed that the risk of indoor virus infection was negatively
correlated with the air changes per hour (ACH) rate, where ACH is the ratio of the amount of clean air
entering a room (m3/h) to the room (m3) per hour. In 2013, Cheng and Liao(Cheng & Liao, 2013) used a
multi-control measure model for in�uenza to study the risk control effect of H1N1 in indoor transmission,
and revealed that the uncontrollable rate of in�uenza decreased with increase of the ACH rate. In 2020, in
response to the outbreak of COVID-19, some scholars assessed the transmission risk of SARS-CoV-2 in
the air. The team of Buonanno(Buonanno et al., 2020) emphasized the importance of ventilation in indoor
environments in reducing the risk of infection.

Can the Coronaviruses spread through the air-conditioning systems? There are three major opinions on
this issue. 1) There is evidence showing that the viruses can spread through air conditioning systems.
Since the Philadelphia Legionnaires Incident in 1976(Farnham et al., 2014), scholars have repeatedly
argued that the operation of air-conditioning is bene�cial to the spread of germs. They believe that the
droplets produced by pathogen carriers through coughing, sneezing and other activities cannot be
effectively contained even by powerful air-conditioning air�ows. On the contrary, inappropriate air�ows of
the air conditioner will help the spread of
droplets("https://www.buildup.eu/en/practices/publications/covid-19-guidance-rehva," ; Perera et al.,
2020; Lu et al., 2020; Pan et al. , 2020; Siddiqui et al., 2020). From January to February 2020, an outbreak
of COVID-19 occurred in an air-conditioned restaurant in Guangzhou, China. Lu et al.(Lu et al., 2020)
concluded that air-conditioned ventilation promoted the spread of SARS-CoV-2 in the restaurant after
examining the potential transmission routes of the case. Correia et al.(Correia et al., 2020) also pointed
out that improper use of air-conditioning systems may lead to SARS-COV-2 transmission after reviewing
the possible impact of HVAC on building virus transmission. 2) There is no evidence showing that the
viruses can spread through air conditioning systems. The argument is that there is currently no evidence
that the viruses can spread through air conditioning systems. COVID-19 is a global pandemic, with more
than 27 million con�rmed cases("WHO, WHO Coronavirus Disease (COVID-19) Dashboard, 2020.
https://covid19.who.int/,"). Statistically speaking, the sample size is large enough, and many con�rmed
COVID-19 cases can be traced back to the origin. However, none of the medical records so far has clearly
indicated that the cause is due to the centralized air conditioning system, so it is impossible to determine
whether the air conditioning system spreads the viruses("https://health.clevelandclinic.org/does-air-
conditioning-spread-the-coronavirus/,").3) There is evidence that air-conditioning systems work against
the spread of viruses. This opinion is represented by the American Society of Heating, Refrigeration and
Air-Conditioning Engineers (ASHRAE) ("https://www.ashrae.org/technical-resources/resources," ;
"https://www.cibse.org/coronavirus-covid-19/coronavirus-covid-19-and-hvac-systems,").In a statement
("https://www.ashrae.org/technical-resources/resources," ; "https://www.cibse.org/coronavirus-covid-
19/coronavirus-covid-19-and-hvac-systems,") on the relationship between COVID-19 and HVAC in
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buildings, it is clearly stated that ASHRAE opposes the recommendation not to use the HVAC system
during the epidemic, and maintains that keeping the air conditioning on during this period can help
control the spread of the viruses. The press release issued by the German Association of
Raumlufttechnische Geraete herstellerverband e.V.(RLT) on March 26, 2020("https://rlt-geraete.de/,") also
expressed support for the viewpoint of epidemic prevention by air-conditioning operation. However, due to
the lack of academic supporting evidence, it is clearly argued that this is a minority view.

The situation in Chinese COVID-19 epidemic prevention and control continues to improve. Under the
conditions of normalization of prevention and control, it is required to accelerate the restoration of
production and life order, and actively promote the resumption of work and production in an orderly
manner. Commercial industries such as restaurants have opened their doors one after another. The
northern hemisphere has entered early winter after the hot summer, and the southern hemisphere has
entered an early summer. Therefore, will the operation of the centralized air conditioning system with
return air increase the risk of virus transmission during the epidemic? This is a matter of public concern,
government worry, and academic controversy, which is well worth studying. However, the three views are
now the mainstream controversy and the deadlock of opposition cannot be broken. The key reason is
that the opinions are either based on the observation of epidemiological phenomena or the empirical
inference of their respective disciplines, without the support of relevant medical virus experiments. In this
paper, we take the air conditioning system with single return air as an example and systematically study
the risk of SARS-CoV-2 spreading in a centralized air-conditioning operation room from a unique
perspective based on medical experiments, thus �lling in the gap.

2. Analysis And Methodology Of Transmission Mechanism
Medical evidence-based experiment is a method to �rst analyze the mechanism of the in�uence of
respiratory virus on indoor person-to-person transmission, then to use the medical experimental evidence
of the indoor environment for virus survival and infection among animals, further-more to study the risk
of virus transmission of the main measures for the operation and control of centralized air-conditioning
systems, and �nally the optimal operation strategy of centralized air-conditioning for prevention and
control during the outbreak to be put forward. The medical experiments include: particle size distribution
of exhaled droplets, evaporation concentration process and viral load of infected persons, the in�uence of
temperature and humidity on virus decay and animal infection, and the effect of �lter on the removal of
potential pathogen particles, etc.

The COVID-19 is a respiratory infectious disease. Its transmission in population includes three processes:
occurrence, spread, and termination. The transmission process must have three basic links: the source of
infection, the route of transmission, and the susceptible people(Lindsley et al., 2012; Zhao et al., 2010).
Individual breathing activities and interpersonal social behavior are the main sources of transmission,
and the factors affecting the transmission risk are very complex. In order to focus on the research topic,
we only analyze the transmission mechanism of respiratory viruses in the indoor space of the primary
return air centralized air conditioning system, as shown in Figure 1. Through breathing, talking, coughing,
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sneezing and other behavior, the droplets or deposits on the surface of objects are released by the
infected person into the ambient air. If the droplets or deposits are inhaled or touched by susceptible
people again through close contact or close social activities, the infection spread might occur. When the
viruses are inside of the host’s body, the temperature is appropriate, the water is su�cient, the protein
nutrition composition is rich, the salt is moderate, the acid is balanced, and the environment is optimal.
Once the droplets leave the host and enter the indoor environment, they must undergo the physical
process of increasing the water evaporation and component concentration. The temperature, relative
humidity, air speed and surface characteristics of the environmental space have a direct impact on the
droplets and droplet nuclei carrying pathogens in regard to particle size, distribution and movement
characteristics. Therefore, the new environment is also an important factor in�uencing the survival and
spread of the viruses. The centralized air-conditioning system that regulates indoor temperature and
humidity, air quality, and air�ow organization makes the mechanism of indoor virus transmission more
complicated.

The main four functions of the conventional centralized air conditioning system are as follows: The �rst
is to adjust the indoor temperature and relative humidity to an appropriate range for human comfort. The
second is to reduce the concentration of pollutants through fresh air to ensure indoor hygiene
requirements. The third is to partially remove indoor particulate pollutants through the primary and
medium-e�ciency �lters installed in the air treatment box, thereby improving indoor air quality. For
heavily polluted areas or special buildings such as hospitals, high-e�ciency air puri�ers are also installed
in the systems to further improve indoor air quality. The fourth is to enhance the system's heat and
humidity load regulation capacity through partial return air and reduce the energy consumption of the air
conditioning system. However, during the outbreak of the epidemic, some regulation functions of the
conventional centralized air-conditioning systems were questioned, which might increase the risk of
epidemic transmission. For example, the return air �ow processed by the air-conditioning systems is
returned to each room, which may cause the spread of potential pathogens. Then, after the �lters and
puri�ers in the system capture the particles of potential pathogens, they may enter each room through the
air supply again, and the pathogens collected on the �lter layer may breed multiply. In addition, due to the
various forms of air�ow organization in the centralized air-conditioning systems, small droplets and
droplet nuclei can easily �oat in the air. The contact methods of infected and susceptible individuals in
centralized air-conditioned rooms are uncertain. All of the above give people reason to doubt that air-
conditioning operation will increase the risk of transmission.

Due to the concerns about these potential risks, some professional institutions may suggest the following
strategies when formulating guidelines for the operation and prevention of centralized air-conditioning
systems in public buildings during the epidemic(Pan et al., 2020; "REHVA_COVID-
19_guidance_document_ver2_20200403_,"). Firstly, turn on as little as possible or completely stop the use
of centralized air-conditioning systems. However, the downside is huge, because the amount of public
buildings with air-conditioning systems is massive, and the air-conditioning system operation is the basic
guarantee for restoring the social order of business. Stopping the operation of the air conditioning system
may cause the indoor temperature and humidity too high or too low, and the indoor air quality will
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decrease, thus affecting the health of indoor personnel. Secondly, it is recommended to close the return
air, and operating all fresh air instead. However, since the design air volume of the fresh air system can
only take a small part of the total load of the building, it is far from achieving indoor thermal comfort. The
third is to transform and increase the fresh air systems, but this is a complex system project. For existing
public buildings, the expansion of the pipeline system and equipment room is subject to large space
constraints, and the practical conditions are limited. In particular, the increase of the fresh air volume has
a signi�cant impact on the air-conditioning heating load, but the original matching host is di�cult to bear,
resulting in most of it impossible to implement. Fourth, it suggests to try to open doors and windows for
ventilation when the air-conditioning heating system is running. However, since the amount of natural
ventilation entering the room through doors and windows is greatly affected by the outdoor wind speed
and is hard to control, the magnitude of fresh air changes (ACH) may be as high as 30~50/h( Haquin et
al., 2013) even when the doors and windows are 10% open. This approach may cause the air-
conditioning load sharply increasing. At this time, even if the system matched with the original design is
running at full capacity, it is only a drop in the bucket. Therefore, this proposal not only wastes energy, but
also sacri�ces the comfort of indoor personnel.

The experts in the �eld of built environment concerned that the operation of centralized air-conditioning
systems may increase the risk of transmission is not groundless, and the prevention and control
technology recommendations are also based on the common sense of environmental disciplines and are
well-founded. However, the transmission of the epidemic is a very complex interdisciplinary issue. It not
only needs to conform to the common sense of indoor environmental control disciplines, but also needs
to respect the basic laws of virus survival and spread. Only when these two are combined and the main
contradiction of indoor transmission risk is recognized, can the prevention and control technology
strategies be more accurate. Evidence-based medical experiment is not only the blind spot of the current
research, but is also the key to realize the breakthrough of knowledge.

Based on the above analysis, we propose a speci�c method of evidence-based medical experiments. First
of all, droplets (droplet nuclei) are not only the pollution sources that diffuses in indoor environment with
the air supply and return air of centralized air-conditioning systems, but also are the potential pathogen
particles captured by the air �lters and puri�ers, the source of respiratory diseases such as the SARS-COV-
2 virus. Through the medical experiments, we can understand the viral load of the mouth, nose and throat
�uids of infected persons, the number and distribution of particle sizes of droplets released by various
respiratory activities (breathing, speaking, coughing and sneezing) of infected persons, and the difference
of the potential virus carrying amount of different particle sizes. These form the basis for discriminating
and analyzing the �oating, settling and moving trajectory of indoor pathogen particles, and then allow
studying the transmission risks of air conditioning system return air and �lter operation.

Secondly, with the goal of keeping human health and comfort, the regulation of indoor temperature and
relative humidity is the most important part of the operation of air-conditioning systems. However, which
kind of temperature and relative humidity is the most unfavorable for the survival of respiratory viruses
and the most unfavorable for the spread of viruses are the questions that must be answered through



Page 7/36

evidence-based medical experiments. Only by combining the advantages of human health and comfort
with the disadvantages of virus survival and transmission can a more scienti�c and precise control
strategy can be proposed for the operation air-conditioning systems during the outbreak. The indoor
temperature and humidity largely determine the physical fate of droplets exhaled from an infected
person. Because under a certain temperature and humidity conditions, the water evaporation rate and the
increase rate of the concentration of each component of the viral-containing liquid drops with different
volume or diameter in the air or on the surface of the object are different, which directly affects the speed
of the decay process. While opening doors and windows or increasing the fresh air volume during the
operation of the air conditioning system can reduce the concentration of indoor pathogens, it will
signi�cantly increase the air conditioning heating and cooling load and energy consumption. The
coupling changes of indoor temperature and humidity will lead to changes in the law of virus survival and
transmission, which is an important proposition that requires medical evidence to answer.

Thirdly, the �lter is also an important device in the air-conditioning systems to remove particulate
pollutants and improve air quality. During the epidemic, the one-time removal e�ciency of potential
pathogen particles and the potential risk of transmission also must be evidence-based through medical
experiments. The moisture of the droplets exhaled by an infected person evaporates quickly and
becomes a droplet nucleus, which may �oat in the air for a long time and �ow with the air-conditioning
systems, causing spread risk. More than 98% of the droplets are water, and the rest are protein nutrients
and trace components. The ratio of the droplet core particle size to the initial particle size after
evaporation is about 0.25~0.35(Mao et al., 2020). Because the size of droplets varies widely, and the
volume of droplets of different particle sizes is proportional to the cube of the particle size, for example,
the volume of a 10μm particle is equivalent to more than 1000 times that of 1μm, so the spread risk
varies greatly. Therefore, for the transmission risk assessment of �lters or air puri�ers in air-conditioning
systems during the epidemic, attention should not only be paid to the �ltration e�ciency at the rated
working condition (0.3), but also to the removal e�ciency of particulate matter with a large particle size
range, and the global analysis of the survival behavior of the viruses on the object surfaces (�lter layers)
should also be considered. These all need the support of medical experiment evidence.

Finally, based on the above methodology, the transmission risk of the operation of primary return air
centralized air-conditioning systems is discussed in depth.

Annotation T Temperature RH Relative Humidity

3. Results

3.1 Transmission risk of indoor pathogens
(1) The differences in virus concentration of different particle sizes

In the indoor environment, the source of the risk of virus transmission is that when there are virus carriers
in the room, toxic droplets exhaled through coughing, sneezing and other behaviors may be inhaled by
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susceptible people, thus causing the spread of the viruses(Olsen et al., 2003; Qu et al., 2020). We need to
understand the viral load of the mouth, nose, and throat swabs of infected persons (or asymptomatic
patients) through the medical measurements, as well as measuring the particle size range and volume
distribution of droplets released by respiratory activities into the room. It is the basis for the air-
conditioning and ventilation system to transmit the virus-containing droplets and nuclear particles, and
investigating the risk of virus disease transmission.

In medicine, the real-time RT-PCR virus nucleic acid test of the swab of the mouth, nose and throat of the
population or patient is generally used to judge the infection and its severity(Guarnieri & Balmes, 2014).
Since the outbreak of the COVID-19 epidemic, there have been many reports on the viral load data of
patients. Zou et al. (Zou et al., 2020) and Cao et al.(Cao et al., 2020) tested 6 patients and 199 SARS-CoV-
2 patients who participated in the treatment of throat swab viral load concentration in the early stage of
the epidemic outbreak. The results showed that individual differences were signi�cant in different
patients, and viral load differences were signi�cant on different dates after admission. Pan et al.( Pan et
al., 2020) found that viral load reached peak value 5-6 days after the onset of symptoms in the throat
swabs of con�rmed patients in Beijing. Wang et al.(Wang et al., 2020) tested saliva samples from 23
patients of different ages in two hospitals in Hong Kong and found that the viral load peaked in the �rst
week after symptom onset and then decreased over time. Figure 2 presents a representative comparison
of viral load changes in mouth, nose and throat swabs from 5 medical reports involving 51 patients. It
can be seen that the viral concentration of the COVID-19 patients (asymptomatic) varies greatly among
different patients, and the same patient varies greatly at different time periods after infection, generally
reaching the peak at 4-6 days after onset, with the maximum of 109copies/ml. This suggests that if there
are asymptomatic patients in a centrally air-conditioned indoor space, the virus concentration and
transmission risk of the sprayed droplets or saliva droplets greatly differ.

Affected by the degree of infection, time and other factors, although the virus concentration exhaled from
different parts of the respiratory tract of an infected person is different, for a certain respiratory activity,
the virus concentration in the exhaled droplets of various particle sizes can be considered to be the same.
Therefore, when discussing the transmission risk of exhaled droplets, the number of viruses contained in
droplets of different particle sizes is positively correlated with the total volume of droplets in the range of
particle sizes, which can represent the initial level of virus concentration and transmission risk of such
droplets.

Figure 3 shows the analysis of total volume and volume ratio of the exhaled droplets in different particle
size ranges based on �ve medical reports, such as breathing, sneezing and coughing (Chen et al., 2020;
Duguid et al., 1946, 1954; Lindsley et al., 2012; Morawska et al., 2009). It can be seen that although the
size distribution of droplets reported in different studies is different due to differences in instruments and
methods(DuguidJP; "Guidelines for preventing the transmission of Mycobacterium tuberculosis in health-
care facilities, 1994," 1994; LoudonRG & RobertsRM, 1967), the overall rules are similar. Infected persons
exhale a large number of small-size particles, but a small number of large-size droplets, with a large
particle size range (1~2 000μm). Although the number of small particle size droplets is much higher than
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that of large particle size droplets (60~100μm), because of their small single size, the cumulative volume
of small particle size droplets is much smaller than that of large particle size droplets. Therefore, the risk
of virus transmission of large droplets is much higher, with a difference of up to 3 to 4 orders of
magnitude. It reminds us that the number of small droplets �oating with the air in the air conditioning
system may be much larger than that of larger droplets, but the total volume of the small droplets is
much smaller than the total volume of the large droplets, so the small droplets are not the main
contradiction of propagation.

(2) Survival rate of spittle with different particle sizes

The droplets with a smaller particle size emitted by indoor infected persons �oat in the air, while those
with a larger particle size settle on the surface. What are the effects of air conditioning on the survival
and transmission risk of virus droplets with different particle sizes? Only through medical experiments,
can this question be answered. In medicine, the virus culture solution which is similar to human saliva is
usually atomized by a nozzle and then released into a small chamber, or titrated to the surface of an
object. After a certain period of time, samples are taken to detect changes in concentration to �nd the
decay behavior.

Figure 4 shows the change of relative survival rate of respiratory viruses in the air with atomized droplet
size according to 6 groups of experiments conducted by 5 scholars(Ge et al., 2014; Ijaz et al.,2018;
Pyankov et al., 2012; Sattar et al. , 1984). In order to eliminate the coupling effects of other factors, the
selected experimental conditions are all air-conditioned environmental experimental conditions with a
temperature of 18~25℃ and a relative humidity of 40~60%, and are basically similar. The value C in
C/C0 is the concentration value that aerosolized for 1 hour after the virus atomization. It can be seen that
the survival rate of the atomized droplet viruses in the air is positively correlated with the particle size,
that is, the larger the atomized droplet size, the higher the survival rate and the greater the risk of
transmission. The larger the particle size of the atomized droplets, the more viruses they can carry.
Moreover, the longer the water takes the evaporate due to the heat and mass transfer between the
droplets and the environment, the slower the survival environment of the virus deterioration, leading to a
signi�cant increase in the risk of transmission. The results suggest that although a small particle size
droplet nucleus can �oat in the air for a longer period of time, and the transmission risk is far inferior to
the initial stage just after leaving the host.

Figure 5 shows the relative survival rate of respiratory viruses obtained from 12 groups of experiments in
6 reports with the change of titration volume on different surfaces(Chin et al., 2020; Doremalen et al.,
2020; Doremalen et al., 2013; Greatorex et al., 2011; Sakaguchi et al., 2010; Warnes et al, 2015). In order to
eliminate the coupling effects of other factors, the selected experimental conditions were all air-
conditioned conditions with a temperature of 18~25℃ and a relative humidity of 40~60%, which are
basically similar. C in C/C0 is the concentration value that aerosolized for 1 hour after the virus
atomization. It can be seen from this �gure that the volume of the venomous droplet has a very obvious
effect on the survival of the viruses on different surfaces: as the volume of the surface titrated liquid



Page 10/36

decreases, the survival rate of the virus on the surface drops rapidly. Speci�cally, the survival rate of the
virus in a 1μL droplet is 3 orders of magnitude lower than that in 500μL droplet. These medical measured
data strongly prove that the larger the volume of the surface droplets, the greater the risk of transmission,
and therefore they are the focus of epidemic prevention and control. The mechanism is that the size of
the droplet volume directly affects the physical process of the viruses on the surface, and then has a
signi�cant impact on virus decay. According to related literature research and testing, it takes only a few
minutes for 1μL droplets to reach equilibrium on the surface, while it may take several hours for 500μL
droplets to reach equilibrium, which creates better conditions for the survival of the viruses.

3.2 Temperature and humidity control method based on the medical
experiments
Controlling the indoor temperature and relative humidity is the most important aspect of air-conditioning
systems. At present, we already know what temperature and relative humidity is most conducive to
human health and comfort, and we have accumulated a wealth of knowledge in the �eld of building
environment regulations. However, what temperature and humidity environment is the most unfavorable
to the survival and transmission of respiratory viruses is a question that can only be answered through
evidence-based medical experiments.

(1) Medical experiments on the effect of temperature on virus survival

In terms of the in�uence of environmental temperature on virus viability, Casanova et al.(Casanova et
al.,2010) inoculated 10μL of TGEV and MHV containing 104~105mpn into cell culture medium similar to
human secretion at 4 ℃, 20 ℃ and 40 ℃, respectively, and then placed them on stainless steel surface
carrier. After that, an appropriate sampling interval (1-24 hours or 7-28 days) was selected for each
working condition, and then the samples were taken out for physical examination of virus survival.
Prussin et al. (Prussin et al., 2018) titrated 10μL Phi6 virus solution with the concentration of 108 ~ 1010

pfu·ml-1 into the polystyrene cell culture dish, and cultured at different temperatures for two hours, then
the samples were taken out to analyze the survival of the viruses. They all found that higher temperature
can reduce the relative survival rate of the viruses, and low temperature was more conducive to the
survival of viruses, and this rule was also veri�ed in the virus survival experiment of Chin(Chin et al.,
2020). Chin et al.(Chin et al., 2020) �rst incubated SARS-CoV-2 in virus medium for 14 days (the �nal
concentration was 106.8 TCID50·ml-1), and then they were placed in the environment of 4 ℃, 22 ℃ and 37
℃, respectively, and the stability of sars-cov-2 at different temperatures was measured.

Figure 6 presents the medical comparative experiment results of virus survival rate under �ve different
temperature working conditions with 50-70%relative humidity which is a relatively comfortable air-
conditioned environment. It can be seen that when the relative humidity is at a certain condition and the
temperature is low, the survival rate of the surface viruses is very high. With the increase of temperature,
the relative survival rate decreases signi�cantly, and when the temperature rises to above 35 ℃, most of
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the viruses have lost their threat. This is mainly because the higher temperature leads to the faster
evaporation rate of the surface droplets; and the more rapidly increase of various salt concentrations that
is suitable for the survival of virus droplets, and acid-base imbalance, causing the decline of the viruses.
The effect of temperature on the virus survival rate of virus in air is similar, that is, with the increase of
temperature, the survival rate of viruses decreases signi�cantly, but in the air, when the temperature
reaches above 25 ℃, the virus is basically inactivated(Colas de la Noue et al., 2014; Happer, 1961).

 

(2) Medical experiments on the effect of relative humidity on virus survival

In terms of the in�uence of relative humidity on virus viability, Lin et al.( Lin et al., 2020) carried out
surface titration experiments on MS2 and Φ 6 phage viruses. They titrated 10μL high concentration virus
suspension with concentration of 1010~1011pfu·ml-1 to polystyrene cell culture plate, cultured for 1 hour
under seven levels of relative humidity conditions in the range of 23%~100%, and compared the ratio of
virus concentration after exposure to that before exposure in the �xed droplet. The results showed that
the relative survival rate of the MS2 virus was the lowest when the relative humidity was 55%, and the
relative survival rate of Φ 6 virus was the lowest when the relative humidity was 75% ~ 85%.Prussin et al.
(Prussin et al., 2018) and Casanova(Casanova et al., 2010) also found similar behavior for virus survival
in the range of 20% - 98% RH. Aiming at SARS-CoV-2, Smither(Smither et al., 2020) and Biryukov(Biryukov
et al., 2020) respectively tested the survival of SARS-CoV-2 on tissue culture medium and different pore
free surfaces under different relative humidity conditions. The study also found that the survival rate of
the viruses was low at medium relative humidity, but higher at high relative humidity.

Figure 7 presents the results of medical comparative experiments on the effect of relative humidity on the
relative survival rate of surface viruses obtained from �ve reports. In order to exclude the in�uence of
other complex factors, the indoor temperature selected in the diagram is in the laboratory conditions with
the temperature from 19 ℃~25 ℃ which is more comfortable for the human body. It can be seen that
the in�uence of relative humidity on the relative virus survival rate is generally U-shaped, although the
virus types are different. In other words, the relative virus survival rate is high when the relative humidity is
low or extremely high. When the relative humidity is in the range of 50%~70%, the relative survival rates
of most viruses are low, which indicates that controlling the relative humidity at a medium level
(50%~70%) is bene�cial to reducing the virus survival and inhibiting the virus transmission.

People spend about 90% of their time indoors, and the respiratory disease infection is realized by the
infected and susceptible individuals in the process of indoor social activities. However, due to the human
ethics restriction, it is impossible to carry out human experiments on virus infection, so animal
experiments are widely used in medicine. Generally, infected animals and susceptible animals are
exposed in a closed space with comfortable temperature and humidity to simulate social behavior and
observe the infection status. For example, same cage experiments(Mubareka et al., 2009; Sia et al.,
2020) adjacent cage experiments(Kim et al., 2020; S et al., 2009), short-distance exposure downstream(S
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et al., 2009), exposure to virus liquid smearing on the surface(Deng et al., 2020; Sia et al., 2020), and
aerosol exposure of virus suspension(Kim et al., 2020; Sia et al., 2020), respectively correspond to
common close contact, close propagation, media transmission and air transmission that are common in
interpersonal social activities. Although in air-conditioned indoor spaces, the activity space for
interpersonal social behavior is not as limited as in animal experiments, social distance and contact
behavior are more random. Infected persons who enter the public buildings after investigation by various
means are fewer than those who have participated in the experiment, and the virus concentration is
generally not that high, but the evidence-based medical experiments can help readers understand the risk
of virus transmission in the operation of the air-conditioning system from another level. Some scholars
have also carried out medical experiments on the in�uence of the temperature and humidity environment
on the transmission of infection between animals, exposing a number of experimental animals that have
been diagnosed with the viruses and a number of healthy animals in a limited box space with the same
temperature and adjustable relative humidity. The changes in the viral load, infection rate or mortality of
the animals on each day after exposure were observed. It was found that the infection rate or mortality
rate with the change of indoor air temperature and relative humidity has an in�uence similar to that of the
virus survival rate(Herlocher et al., 2004; Marr et al., 2019).

(3) Temperature and humidity control strategy based on medical experiment

The above medical experiments of the indoor temperature and humidity environment on virus survival
and animal infection transmission suggest that during the outbreak of respiratory viruses, especially in
the winter, raising the indoor air temperature through the air-conditioning or heating systems can achieve
thermal comfort for the human body, which is more conducive to inhibit virus activity and reduce the risk
of infection between people. The suggestion to stop air conditioning or heating in winter will cause the
indoor temperature too low, which is not good for the health of indoor personnel, and may increase the
risk of virus transmission. It is recommended that when the air-conditioning or heating systems are
running, opening windows for ventilation or increasing the amount of fresh air may cause the indoor
temperature too low or even resulting in the existing system having di�culty in bearing the heavy load. At
this time, the indoor temperature is close to the outdoor, causing a great waste of energy and may
increase the risk of virus transmission. Since most air-conditioning or heating systems, especially split
air-conditioners, do not humidify, the relative humidity in the room drops rapidly after heating, which may
increase the risk of virus transmission. Therefore, an appropriate increasing in relative humidity is a very
important means. In summer, the operation of the air-conditioning systems reduces the room
temperature, although it may increase the virus activity and transmission risk to a certain extent, but due
to its dehumidi�cation effect, the indoor relative humidity can be brought to a moderate state, thereby
generally inhibiting the virus activity. In particular, the pathogens released indoors by infected persons are
in the form of droplets, so dehumidi�cation can collect the potential pathogens in the air from the source,
avoiding them from �oating in the air, greatly reducing the harm to people indoors and reducing the
spread risk.
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Although based on the evidence-based medical experiments and combined with the basic principles of
indoor environment regulation, the temperature and humidity regulation strategies of the air-conditioning
or heating systems during the outbreak of the epidemic has been establishes, due to the coupling
complexity of the problem, there are still many issues worthy of more in-depth study.

3.3 One-time removal effect of the �lter layers on particles containing
pathogens
Whether in distributed or centralized environmental control equipment and systems, there are �lters of
various levels including primary e�ciency, medium e�ciency, and high e�ciency. In some areas with
more serious pollution, the owners of residential and public buildings will also install air puri�ers to meet
the requirements of higher indoor air quality. From the previous analysis, it is not di�cult to �nd that the
size of the droplets exhaled by indoor infected persons has a wide distribution range, and the droplet
nuclei are formed after the water evaporates rapidly and �oats in the air with the air�ow generated by the
air conditioner, which leads to the risk of transmission. Since the risk of virus transmission of droplet
nuclei of different particle sizes is different, searching for the in�uence of �lters (�lter layers) on the
removal of particles with different particle sizes based on related experiments is an important scienti�c
basis for risk assessment of the spread of air-conditioning system �lters or air puri�ers during the
epidemic.

Some scholars(Emmerich et al., 2013; Miller-Leiden et al., 1996; Williamw et al., 1998) have found that
particle �lters commonly used in Heating, Ventilation and Air Conditioning (HVAC) systems can also be
used to reduce the risk of airborne infectious diseases. For particles less than about 50μm in diameter,
the evaporation usually takes place within a few seconds(Chen & Zhao, 2010). After rapid evaporation,
the droplet core containing mixed solid particles (including any infectious particles) still exists, and its
particle size is related to the initial droplet diameter, which is generally 26~35% of the initial
diameter(Nardell et al., 2001). Relevant experimental studies have been carried out(Blachere et al., 2009;
Lindsley et al., 2010; Lindsley et al., 2010; Noti et al., 2012; Yang et al., 2011), testing the one-time removal
e�ciency of different grades of �lters for infectious droplet nucleuses with particle sizes ranging from 0.3
to 10μ. The results show that HVAC �lters can effectively remove infectious droplet nuclei in the
environment, and some high e�ciency �lters can even reach more than 90%. Figure 8 summarizes the
data of one-time �ltration e�ciency of HVAC �lters of different grades on infectious droplet nuclei in the
above studies. It can be seen from the �gure that: 1) The average �ltration e�ciency of infectious droplet
nuclei ranges from 10.5% of MERV 4 �lter to 99.9% of HEPA �lter, and the �ltration e�ciency is
signi�cantly different.2) The higher the �lter level is, the better is the �ltering effect. However, when the
�lter level reaches a certain level (MERV 13 and above), the �ltering e�ciency will be basically stable at
above 90%. Therefore, regardless of the level of the air conditioner used indoors, it can achieve the effect
of removing infectious droplets and reduce the risk of infection.
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The �lter e�ciency of different �lter layers varies with the particle size, as shown in Figure 9(Davies et al.,
2013; Lee et al., 2008; Macintosh et al., 2008; Oberg et al., 2008). From this �gure, it can be further seen
that different �lter layers have different �ltering effects on particles of different sizes in actual use. It can
be found that for the same �lter layer, the smaller the particle size, the lower the �ltration e�ciency. As the
particle size increases, the �ltration e�ciency increases rapidly until a certain particle size where it
becomes stable. Therefore, this �gure can fully illustrate that the range of indoor pollutant particles
removed by �lters and air puri�ers in air conditioning systems is mainly for larger particle sizes, and their
�ltering and puri�cation effects are very signi�cant, with an average e�ciency of more than 80%.

 

4. Transmission Risk Of Central Air Conditioning System Operation
The centralized air-conditioning systems with return air is representative. The principle of indoor
temperature and humidity environment and air quality control is shown in Figure 10. The heat and
humidity loads generated by the envelope structure of each room and indoor personnel equipment enter
the air conditioning unit through the return air. After passing through the primary (or middle) e�ciency
�lter layer, the heat exchange is conducted with hot or cold water, and then the humidi�cation or
dehumidi�cation treatment is carried out. Finally, it is pressurized by the fan and sent to each room
through the pipeline. In order to meet indoor hygiene requirements, a certain amount of outdoor fresh air
must be introduced to dilute and reduce the concentration of indoor pollutants. The fresh air ratio is
related to building functions, outdoor pollution, indoor load, etc. Civil buildings, the fresh air ratio can be
as low as 5-10%, or con�gured according to the minimum indoor air volume per person, and for hospital
infectious wards can be as high as 100%. Installing primary (medium) e�ciency �lters in air-conditioning
units (general civil buildings), as well as additional air puri�ers for rooms in severely polluted areas, and
even some special hospital buildings also install high-e�ciency air puri�ers to further improves indoor air
quality. For a general air-conditioning system, when the temperature of the cold and heat source is
constant, the supply air temperature and relative humidity are basically determined, and the dynamic
demand of the room air conditioning load is mainly adjusted by the supply air volume. When the amount
of fresh air that meets the sanitary requirements of the room is constant, it is an inevitable choice to
increase the number of return air cycles to enhance the heat and moisture load adjustment capacity of
the air conditioning system. The corresponding number of cycle air changes (ACH) may be as high as ten
times. The processed return air �ow is sent to each room again, questioned by increasing the risk of virus
transmission during the outbreak. Therefore, according to the aforementioned experimental evidence of
the particle size distribution characteristics of the droplet nuclear particles exhaled by the indoor infected
person and the �ltration e�ciency of the �lter layer on different particles, and combined with the
operating characteristics of the centralized air-conditioning system of ordinary public buildings, the
propagation risks of different operating conditions corresponding to the typical �lter puri�er con�guration
are analyzed.
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The air-conditioning unit of the centralized air-conditioning systems is generally equipped with primary
and medium-e�ciency �lters, and there are also some better-con�gured medium-e�ciency �lters. It is
assumed that the comprehensive �ltration e�ciency of the full particle size range of the �lter is 30%, 50%,
and 70%. Due to the aggravation of environmental haze and PM2.5 pollution, more and more air puri�ers
are used independently in public buildings and the call for designing air puri�cation equipment in the
system is gradually increasing. It is assumed that the comprehensive �ltration e�ciency of the full
particle size range of the air puri�er is 40%, 75% and 95%(Cui et al., 2017), as shown in Table 1. In order to
focus on the risk of transmission of droplets (droplet nuclei) particles released into the room by the
infected person during the epidemic period through the air-conditioning system, we use the viral load of
the infected person's cough and the total volume of each exhaled droplet(Chen et al., 2020) to obtain the
concentration C0 of potential pathogenic particles discharged by the indoor infected person. It is
supposed that the droplets are uniformly distributed in the indoor air and exist in the return air �ow. After
mixing with fresh air, they pass the �lter or/and air puri�er of the air-conditioning unit, and �nally are sent
to each room for continuous circulation. During the process, the natural settlement and reproduction of
the droplets in the indoor and air-conditioning system pipe network are not considered. Fresh air has a
certain dilution effect on potential indoor pathogenic particulates, but the number of fresh air changes
(usually 0.5~2 times) is much smaller than that of return air. Therefore, the impact of this is ignored when
analyzing the risk of air conditioning system transmission.

Table 1 The e�ciency of different �lter/puri�cation equipment in air conditioning system

    Filtration e�ciency α1 Puri�cation e�ciency α2

Minimum Con�guration 30% 40%

Medium Con�guration 50% 75%

Top Con�guration 70% 95%

Since the transmission risk of centralized air-conditioning mainly comes from the circulation of air, �gure
11 shows the different grade �lter and air puri�er con�gurations of the air conditioning system, and the
corresponding indoor air circulation system's removal effect on potential pathogens after one air change.
In the �gure, the relative concentration ratio C/C0 represents the relative size of indoor concentration of
particulate matter of potential pathogen after one cycle. As it can be seen  1) regardless of the level of air
conditioning system con�guration, it can effectively reduce the concentration of indoor pathogen
particles, that is, effectively reduce the risk of indoor virus transmission.2) For an ordinary centralized air-
conditioning system with only a �lter, after the indoor air is circulated once, the relative concentration of
pathogenic particles will decrease as the e�ciency of the �lter increases, thereby reducing the risk of
transmission. 3) If an air puri�er is installed on the basis of an ordinary air-conditioning system, the effect
of reducing the relative concentration of indoor pathogenic particles will be more obvious, and one cycle
can reduce the risk of transmission by up to 98.5%.
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In fact, in order to take away the waste heat and humidity in the room, the number of air changes of the
circulating air of the central air conditioning system increases with the increase in load. Figure 12 is a
diagram showing the relative concentration of pathogen particles corresponding to the change of the
system running time under different air changes of circulating air when the air conditioning system is
only equipped with a primary and medium-e�ciency �lter (that is, the medium con�guration α1=50%,
α2=0 in Table 1). It can be seen that 1) When the different air changes with the circulating air is 3 times/h,
the relative concentration of pathogen particles can be reduced by about 90% after one hour. When the
number of air changes of the circulating air reaches 7 times/h or more, the relative concentration of
pathogen particles is only 0.1% in one hour. The risk of infection is very low. 2) Although the air�ow
organization of the centralized air conditioner may send the air from the room with the infected person to
other rooms, after the circulating air is processed by the �ltering device, most of the potential pathogen
particles are captured and removed, which greatly reduces the risk of transmission. It is not di�cult to
predict that if an air puri�er is independently purchased and put into operation in a centralized air-
conditioning system, it can achieve a better effect on removing potential indoor pathogen particle
pollutants.

The above analysis shows that the centralized air-conditioning system operating normally during the
epidemic has obvious effects of removing pathogenic particles and reducing the risk of transmission.
First of all, the temperature and relative humidity are adjusted to the thermal comfort zone of the human
body. Medical experiments have shown that it can accelerate the decline and death of a viruses to a
greater extent, and is not conducive to the spread of the viruses between animals or persons. Secondly,
the �lter or air puri�er in the air conditioning system has a better �ltering and removal effect on the larger
particle sizes of the pathogen particle carrier, and the medical experiments show that the larger the
droplet nuclear virus load, the higher the virus load and the longer the survival time. This is the main
contradiction of the respiratory virus transmission, so the risk of transmission after captured and
removed can be greatly reduced. The droplet nuclei remaining in the circulating air of the air-conditioning
system are mainly of small size. Although the number is large, the cumulative volume is small, and the
decay is faster, the risk of transmission is lower. Of course, it does not mean that the droplet nuclei sent
into each room in the circulating air are completely free from the risk of transmission. Small particles
captured on the �lter layer may be swept up by the air�ow again, causing secondary diffusion. It is
necessary to further understand the living environment and reproduction rules of the viruses from the
medical perspective, especially the decay characteristics of the viruses in the external environment from
the moment it leaves the host, and to �nd a more scienti�c answer by combining with the movement
rules of droplet nuclei particles caused by air circulation in the centralized air conditioning system.

5. Conclusions And Tips
In this paper, based on the existing medical experimental studies, the risk of the indoor SARS-COV-2
transmission is analyzed from three basic links of virus transmission. On the basis of the above, the risk
is combined with the operation of the air-conditioning systems. Taking the primary return air-conditioning
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system as an example, the effect of air-conditioning operation on the spread of SARS-CoV-2 in the indoor
environment is comprehensively analyzed. The research results show that:

1) Among three basic links of virus transmission, large particle size droplets exhaled by an infected
person at the source of infection have the greatest risk in the process of indoor virus transmission, and
the risk in the transport path comes next. For susceptible people, the risk is greater only if they have close
contact with infected persons without adequate respiratory protection measures.

2) When the temperature is 20~25℃ and the relative humidity is 50%~70%, the viability of the viruses in
the air and on the surface is weak, and the inactivation is faster. Therefore, in an air-conditioned room, the
air-conditioning system can adjust the temperature and humidity to ensure human comfort and to create
an indoor environment that is not conducive to the survival of SARS-CoV-2, thereby effectively inhibiting
the spread of the viruses to a certain extent and reducing the risk of indoor virus transmission.

3) Because the virus content is proportional to the cube of the particle size, and the e�ciency of the �lter
or air puri�er in the centralized air conditioner increases rapidly with the increase of the diameter of the
pathogen-containing particles, increase in the number of air changes of the circulating air accelerates the
removal of potential pathogen particles. Therefore, the operation of the air-conditioning system is helpful
to solve the main contradiction. The return air circulation may also accelerate the mixing of the air in
each room, but the small particle size, long �oating time, and rapid decay of these droplet nuclei are
secondary to the spread of the epidemic.

4) The operation of the air-conditioning system can effectively reduce the concentration of potential
pathogens in an air-conditioned room. The quantitative analysis shows that even under relatively poor
cycle condition of 1 time/h, the residual rate of potential pathogens is only 40% after air conditioning
operation for 1 hour, and the risk of infection is effectively reduced, while under the condition of good
ventilation of 7 times/h and above, within 1 hour of air conditioning operation, the virus survival rate is
only about 0.1% of the initial situation, and the infection risk is only one thousandth of the initial
situation.

5) During the epidemic, people do not need to worry too much about whether SARS-CoV-2 will be
transmitted through the air-conditioning system. Scienti�c, reasonable and safe use of air-conditioner can
not only create a comfortable living environment, but also effectively reduce the risk of indoor infection.
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Figure 1

Annotation T Temperature RH Relative Humidity Schematic diagram of indoor SARS-CoV-2
transmission and air conditioning operation regulation



Page 26/36

Figure 2

Trend of viral load in the body �uids of infected persons over time
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Figure 3

Volume distribution and proportion of droplet corresponding to different particle sizes
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Figure 4

The relative survival rate of respiratory viruses in the air varies with particle size
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Figure 5

The relative survival rate of respiratory viruses in the air changes with the titration volume
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Figure 6

Ambient temperature affects the survival of viruses on surfaces
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Figure 7

RH affects the survival of viruses on surfaces



Page 32/36

Figure 8

Comparative chart of infective-particle-size-weighted �ltration e�ciency for various HVAC �lters
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Figure 9

Variation rule of primary �ltration e�ciency of different �lter layers with particle diameter
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Figure 10

Air �ow chart of primary return air conditioning system
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Figure 11

Comparison of potential pathogen concentration changes in different con�gurations of air conditioning
systems after one cycle of indoor air
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Figure 12

Changes in the relative concentration of pathogen particles with time under different cycles
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