Energy and Built Environment 5 (2024) 970-983

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: http://www.keaipublishing.com/en/journals/energy-and-built-environment/

KeAi EE==—
Energy and

Contents lists available at ScienceDirect

Built Environment

Energy and Built Environment

A systematic review on COVID-19 related research in HVAC system and

indoor environment

Yaolin Lin®*, Jiajun Wang?, Wei Yang®, Lin Tian°, Christhina Candido"

2 School of Environment and Architecture, University of Shanghai for Science and Technology, Shanghai, China, 200093
b Faculty of Architecture, Building and Planning, The University of Melbourne, Melbourne, Australia, 3010
¢ School of Engineering, RMIT University, Melbourne, Australia, 3000

ARTICLE INFO

Keywords:

COVID-19

HVAC systems

Facilities management
Building operation guidelines
Healthy indoor environments

ABSTRACT

The on-going COVID-19 pandemic has wrecked havoc in our society, with short and long-term consequences
to people’s lives and livelihoods - over 651 million COVID-19 cases have been confirmed with the number of
deaths exceeding 6.66 million. As people stay indoors most of the time, how to operate the Heating, Ventilation
and Air-Conditioning (HVAC) systems as well as building facilities to reduce airborne infections have become
hot research topics. This paper presents a systematic review on COVID-19 related research in HVAC systems and
the indoor environment. Firstly, it reviews the research on the improvement of ventilation, filtration, heating
and air-conditioning systems since the onset of COVID-19. Secondly, various indoor environment improvement
measures to minimize airborne spread, such as building envelope design, physical barriers and vent position
arrangement, and the possible impact of COVID-19 on building energy consumption are examined. Thirdly, it
provides comparisons on the building operation guidelines for preventing the spread of COVID-19 virus from
different countries. Finally, recommendations for future studies are provided.

1. Introduction

COVID-19 is airborne and as such, its transmission is closely re-
lated to the design and performance of indoor envronments, specially
in regards to Heating, Ventilation and Air-Conditioning (HVAC) systems
[1,2]. Pre-pandemic, HVAC systems in buildings are designed to provide
comfort indoors, acceptable Indoor Air Quality (IAQ), energy efficiency
and other building and indoor environment-related performance.

Post-pandemic, HVAC systems have been enlisted to fight COVID-19
and scholars have carried out studies on how to curb the virus spread
and reduce the risk of infection, especially through proper operation of
the HVAC system, including recommendations for increased ventilation,
adoption of mixed-mode and natural ventilation strategies, deployment
of ultraviolet germicidal radiation (UVGI) technology to reduce the virus
concentration in the built environment and thus the risk of infection
[3,4]. Other than enhancing ventilation and providing more fresh air
to increase viral inactivation rates, it is also possible to directly control
the indoor conditions to create an unfavorable environment for viruses,
thereby increasing the natural virus inactivation rate. For example, con-
trolling the temperature and relative humidity of the space to maintain
a harsh environment for virus [5], placing physical barriers to prevent
virus spread, thus reducing the probability of infection transmission [6].
In addition, air filtration, e.g., the use of high-efficiency particulate air
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(HEPA) filters is also effective to reduce the virus concentration through
air filtration [7].

Post-pandemic, professional associations in various countries in the
world, such as the United States, China, Europe, Japan, India, and
Canada, have issued a number of guidance documents on the operation
and management of HVAC systems during the pandemic to control the
airborne transmission. The guidelines suggest a number of measures,
such as increasing the outdoor air flow intake, using auxiliary equip-
ment, and adjusting operating strategies. While these measures have
the potential to reduce the risk of infection, they may also result in ad-
ditional energy consumption and operation costs [8].

Numerous investigations have been conducted to mitigate the risk of
COVID-19 infection through various approaches [9-12]. However, very
few papers focus on the review of associated research in HVAC systems
and the indoor environment. Berry et al. [13] conducted a review on
the methods to reduce COVID-19 transmission in ventilation systems
and enclosed spaces, including ventilation, air filtration, air ionization,
environmental conditioning, ultraviolet light, and heat, nanoparticles,
chemical, and plasma methods. Other than above mentioned aspects,
the operation strategies of the HVAC systems also need to be improved,
and the risk of infection can be reduced through proper redesign of the
envelope and air distribution system. Furthermore, the impact of the
pandemic on building energy consumption needs to be considered. Guo
etal. [14] reviewed and compared several HVAC related guidelines from
the United States, Europe, Japan, and China. It was found that the ter-
minology and advice in these guidelines are mostly consistent, but are
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Nomenclature
RO final reproduction number considering the total expo-
sure period, dimeisonless

Acronyms

ACH Air changes per hour thH

AHU Air handling unit

ASC Architectural Society of China

ASHRAE American Society of Heating, Refrigerating and Air-
Conditioning Engineers

BTGA Bundesindustrieverband technische gebdudeausriis-
tung

CAR Chinese Association of Refrigeration

CCIAQ Canadian Committee on Indoor Air Quality

CFD Computational fluid dynamics

CIBSE Chartered Institution of Building Services Engineers

COVID-19 COrona Virus Disease 2019

ECDPC European Centre for Disease Prevention and Control

ESD Electrostatic disinfector

ESP Electrostatic precipitator

FGK Fachverband Gebdude-Klima

GJ Giga Joule

HEAHUs High-efficiency air handling units

HEFS Hybrid electrostatic filtration system

HEPA High-efficiency particulate air

HVAC Heating, ventilation and air-conditioning

IAQ Indoor air quality

ISHRAE Indian Society of Heating, Refrigerating and Air Con-
ditioning Engineers

PAC Portable air cleaners

PVA PolyVinyl alcohol

PVDF Polyvinylidene fluoride

gqRT-PCR  Quantitative reverse transcription polymerase chain
reaction

REHVA  Federation of European Heating, Ventilation and Air
Conditioning Associations

RM3 Rheem’s third generation products

RTL Raumlufttechnischen

SARS Severe acute respiratory syndrome

SHASE Air-conditioning and sanitary engineers

UV-C Ultraviolet-C

UVGI Ultraviolet germicidal radiation

contradictory in details, reflecting the underlying uncertainties on the
mechanisms and characteristics of COVID-19 transmission in buildings.
In addition, all the guidelines emphasize the importance of ventilation,
but no specific ventilation rates have been identified that would elimi-
nate the risk of airborne particulate matter transmission. Therefore, this
paper further collects relevant guidelines with updated versions, and
conducts comparisons on the detailed operations strategies.

The structure of the paper is shown in Fig. 1. Firstly, the research on
ventilation system, including the usage of natural ventilation and aux-
iliary measures, increasing fresh air and ventilation rate are reviewed.
Secondly, the air filtration technologies, including electrostatic disin-
fector (ESD), charged PVDF multilayer nanofiber filter, nickel foam fil-
ter, HEPA air purification device, ultraviolet-C(UV-C) air purification
device are presented. Thirdly, the evidence of virus spread through
the HVAC system and corresponding improvement measures are ex-
amined, and then the impact of the pandemic on building energy con-
sumption is analyzed. Fourthly, built environment physical design mea-
sures, such as envelope and vent locations, physical barriers, and air-
flow deflectors are evaluated. Finally, comparisons of guidelines issued
by various countries are made and suggestions on future research are
provided.
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2. Method

This article provides a systematic review of COVID-19 related re-
search in HVAC systems and the built environment, in particular the
measures to reduce the risk of infection. The advantage of this type of
review is to reduce bias by using a systematic approach to selecting stud-
ies for evaluation. However, it is relatively more time-consuming than
other types of reviews.

Firstly, all available literature data published in 2019-2022 from rel-
evant databases such as Scopus, ScienceDirect, and Google, etc. were
collected. The search keywords are “COVID-19”, “ventilation”, “air fil-
ter”, “air conditioning system”, “building energy consumption”, “build-
ing envelope”, “built environment”, and “guideline”. The papers were
categorized into “ventilation system”, “air filtration”, “HVAC system”,
“building energy”, and “physical design”. A total of 654 papers were
found in the first round. The literature that are not relevant to the re-
view topic were screened out. The remaining literature was thoroughly
checked, and the literature of poor quality were eliminated. In addition,
electronic documents on the building operation guidelines were found
from the official website of various countries. Finally, a total of 100 ref-
erences best suited to study the impact of COVID-19 on HVAC systems
and the built environment and measures to reduce the risk of infection,
including 32 electronic documents from the Internet and 68 published
papers, were selected, as shown in Fig. 2.

3. Research on ventilation system improvement
3.1. Natural ventilation and auxiliary measures

During the pandemic, poor ventilation will increase the risk of in-
fection, while effective ventilation and air filtration play an important
role in reducing virus transmission. Proper use of natural ventilation can
help reduce the risk of infection and improve indoor air quality. Adopt-
ing reasonable auxiliary equipment such as mechanical exhaust fans can
help increase the ventilation rate and thus create a healthy and comfort-
able environment. In hospitals and isolation rooms, the high ventilation
rate provided by natural ventilation can help reduce the cross-infection
of airborne diseases by providing fresh air and lowering the concentra-
tion of virus [15]. Qian et al. conducted a field measurement to study the
natural ventilation in a hospital ward in Hong Kong and found that the
air change rate was in the range of 18.5~ 69.0 ACH with windows/door
fully open to the outside and door fully open to the corridor using the
decay method. The existence of a strong wind might be the cause of
the maximum ventilation rate observed [15]. It is recommended to con-
sider converting existing wards using natural ventilation into tempo-
rary isolation rooms by installing exhaust fans. In high-density public
buildings, the air exchange rate of cross ventilation is much higher than
that of unilateral ventilation, leading to a lower risk of infection [16]. If
cross ventilation is not possible, auxiliary fans are recommended. Cheng
et al. [17] studied the potential role of cross airflow in promoting cross-
corridor virus transmission in Luk Chuen House with a typical hotel lay-
out. The results show that apartments downstream of pollution sources
had the highest risk of infection with eastern prevailing winds, and if
northern winds prevailed, the outbreaks would not occur. They con-
cluded that door openings and ventilation rates and indoor air pres-
sure play important roles in virus transmission, and maintaining posi-
tive pressure and sufficient ventilation help to minimize the infection
risk. Blocken et al. [18] performed field measurements on the aerosol
particle concentrations in a gym with 35 people exercising. Their tested
results show that ventilation alone with ACH = 2.2 has a similar ef-
fect as air cleaning with ACH = 1.39 in the room with an area of 886
m3, leading to a reduction of the aerosol particle concentration by 80%
to 90%, respectively. Therefore, air cleaning with natural ventilation
is energy efficient. Monge-Barrio et al. [3] conducted a survey on nine
Spanish schools and recommended using natural ventilation to improve
indoor environmental conditions during the pandemic. They also pro-
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Fig. 1. Structure of the paper

posed utilizing natural ventilation to compensate for mechanical venti-
lation with heat recovery during the cold days. Gil-Baez et al. [19] eval-
uated the indoor air quality (IAQ) in a representative sample of schools
in a Mediterranean climate under different occupancy patterns and ven-
tilation actions. They concluded that natural ventilation can ensure IAQ
and thermal comfort in the mild climate. Ahmadzadeh et al. [20] inves-
tigated the effects of airflow in indoor environments on the distribution
and transmission of COVID-19 virus particles. The results show that air
conditioning and opening windows close to an infected person had a
significant effect on reducing environmental pathogens. However, virus
particle concentrations near the outputs of the air flow increase greatly.

Based on the above literature survey, it can be found that natural
ventilation with auxiliary equipment can help improve indoor air qual-
ity and maintain a healthy environment. In public buildings, cross venti-
lation or ventilation with air cleaning devices should be recommended.

For schools, natural ventilation can also help to maintain the IAQ under
different occupancy patterns. For future research, attention should be
paid to the combination of reasonable natural ventilation and efficient
air purification devices, and measures to reduce cross-infection in hotels
and dormitories, such as maintaining positive pressure in corridors and
sufficient ventilation, prohibiting or reducing people’s activities outside
the room, and limiting the opening time of the door of the opposite or
adjacent room.

3.2. Increase fresh air/air change rate

During the pandemic, people tend to stay indoors for a much longer
time than usual. As SARS-CoV-2 transmission often occurs indoors, it is
very important to provide enough fresh air and increase the ventilation
rate to dilute the virus concentration, thus reducing the risk of infection.
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By supplying 100% fresh air [11,21,22], the infection risk of SARS-CoV-
2 exposure to workers can be reduced, and it is effective in addressing
potential infections in indoor environments. Increasing ventilation rates
can effectively reduce the risk of airborne infection [23-29]. Schibuola
and Tambani [23] performed an investigation on increasing ventilation
rate to contain indoor COVID-19 virus using a high efficiency venti-
lation unit combining thermal recovery by heat exchanger and ther-
modynamic recovery by heat pump. It was found that high mechanical
ventilation rates permit limited facemask use (with average filtration ef-
ficiency over 50%) to achieve a basic reproduction number (R0O) value
under one. Even with no filtration, the final risk of infection varies from
23% (8 1/s/pers) to 7.2% (32 1/s/pers). Cheng et al. [25] compared
the secondary attack rates of customers of restaurant-related COVID-
19 outbreak before and after the enhancement of indoor air dilution. It
was found that before and after enhanced indoor air dilution, the cus-
tomer reinfection rates were 28.9% and 3.4%, respectively. Ou et al.
[26] investigated the long-range airborne transmission of SARS-CoV-2
on two buses. They found that the one with an average ventilation rate
of 1.72 1/s/pers had a higher infection rate (eight person infected) than
the other one (two person infected) with an average ventilation rate of
3.22 1/s/pers. Dai and Zhao [28] estimated the association between in-
fection probability and ventilation rate using the Wells-Riley equation.
They found that when the exposure times are 0.25 hr. and 3 hr.s and
the quantum generation rate is 14-48h~!, the ventilation rate required
to ensure the infection probability of less than 1% is 100-350 m3/h per
infector and 1200-4000 m3/h per infector, respectively. If the infector
and susceptible person wear masks, the ventilation rate can be reduced
to a quarter, respectively.

Based on the above literature survey, it can be found that increasing
the amount of fresh air and ventilation rate can dilute the virus concen-
tration to reduce the risk of infection. Providing 100% fresh air, increas-
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ing the ventilation rate, and reducing the amount of recirculation air,
will lead to a paradigm shift in ventilation design. In the future, attention
should be paid to the determination of optimal fresh air and mechanical
ventilation rates to achieve a low infection risk while maintaining low
energy consumption.

4. Research on air filter improvement

Air cleaning devices play an important role in reducing the indoor
transmission of COVID-19 virus. According to different filtration mecha-
nisms, they can be divided into electrostatic disinfectors, charged PVDF
multilayer nanofiber filters, nickel foam filters, UV-C, HEPA, and ion
filters, etc.

4.1. Non-conventional filters

4.1.1. Electrostatic disinfector (ESD)

The ESDs use corona discharge-generated air ions to remove particu-
late matter and sanitize bioaerosols. For the traditional air purification
method, electrostatic precipitator (ESP) has two functions of physical
removal and biological disinfection [30]. The corona discharge gener-
ated by the ions can inactivate bacteria and microorganisms [31]. When
an ESP is used to inactivate biological contaminants, it is called an ESD.
However, there are very few studies on ESDs. Feng et al. [32] proposed
a numerical model to simulate the disinfection efficiency of biological
ions in the air during electrostatic discharge. They found that with an
applied voltage of 6.5 kV, inlet velocity of 1 m/s, channel length of 0.5
m, channel width of 0.067 m, and 5 wires in the channel, the disinfection
efficiency was close to 100%. Compared with HEPA, ESD can achieve
99% of energy reduction without sacrificing removal/disinfection effi-
ciency.
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4.1.2. Charged PVDF multilayer nanofiber filter

Filters made of polyvinyl alcohol (PVA) nanofibers have been used
for aerosols filtration, which relies on mechanical diffusion [33]. At a
face velocity of 5.5 cm/s, its efficiency can reach 70.6% for 100nm nano-
aerosols. Charged polyvinylidene fluoride (PVDF) nanofibers can be
used to improve its filtration efficiency. Stably charged PVDF nanofiber
filters have been developed based on tests with NaCl aerosols [34].
For uncharged nanofiber filters, the filtration relies on diffusion and
interception. Dielectrophoresis further helps trap aerosols when the
nanofibers are charged. But there is no evidence that charged nanofiber
filters will work against ambient aerosols, therefore, Leung and sun
[35] carried out research to test the filtration effectiveness of using
PVDF nanofibers to capture COVID-19 + airborne carrier simulated
as ambient aerosols 100 nm. By testing the filter with 2,4,6 multiple-
modulesstacking-up to minimize the electrical interference among the
nanofibers and reduce the flow resistance, it was found that the 6-layer
filter can achieve 88%, 88%, and 96% at ambient aerosol sizes of 50,
100, and 300 nm, respectively, with a pressure drop of only 26 Pa and
can be consistently maintained, which is much lower than conventional
filters.

4.1.3. Nickel Foam Filter

Traditional glass fiber or aluminum metal mesh filters cannot effec-
tively capture and inactivate viruses contained in aerosols [36]. An ideal
filter should be self-heating, which requires the filter itself to be conduc-
tive. Nickel foam is highly porous and conductive. In addition, the filter
device composed of multi-layer nickel foam folded sheets is electrically
connected in series to increase the resistance to a manageable level and
can possibly be used for virus inactivation. Yu et al. [37] fabricated
a self-heating filter device based on nickel foam, and tested its ability
for catching and killing aerosolized SARS-CoV-2 and anthrax spores in
air-conditioning systems. They found that when the filter was heated
to 200°C, the viral load of the aerosolized SARS-CoV-2 was reduced by
99.8% with a single pass. In another test, 99.9% of Bacillus anthracis
was caught and killed by the same filter. The advantage of the filter is
that the nickel foam is highly porous and can form a very large surface
area that effectively traps airborne particles. In addition, heating is con-
centrated on the nickel foam, which has minimal heat transfer with the
air due to the short contact time between the air and the nickel foam.

4.1.4. UV-C air clean device

The UV+ filter system can effectively capture the virus-carrying
aerosol in the air through the filter and inactivate the deposited virus
aerosol by ultraviolet light applied to the filter medium. Corréa et al.
[38] proposed a portable, low-cost UV-C air purification device to re-
move the droplets or aerosols in the air. This device generates negative
pressure to allow particles to be inhaled faster and exposed to strong
UV-C radiation. After being purified, the air is released to the environ-
ment via the upper part of the device. A Gram-negative bacteria strain,
Escherichia coli, was used as a model micro-organism for testing. Re-
sults show that the UV-C device was effective in removing microor-
ganisms in the laboratory environment with 99.9% efficiency, and in
the hospital environment study, the reduction rate was 84-97%[38].
Irradiation shade spots, exposition of people to UV-C light, and insuffi-
cient light delivery can hinder the expected removal effect. Srivastava
et al. [11] proposed to use an ultraviolet-C (UV-C) air disinfection de-
vice (Rheem’s third generation products, RM3) Rheem’s third generation
products, RM3) in the HVAC ducts to clean the air carrying COVID-19
virus (severe acute respiratory syndrome coronavirus 2, SARS-CoV-2).
According to the numerical results, using a combination of 100% fresh
air with RM3 UV-C units could reduce the risk of infection in the office
to less than 2%. Feng et al. [39] proposed a UV+ filter system to con-
trol SARS-CoV-2 through three processes: (1) physical capture by fiber
filters; (2) UV disinfection before reaching the fiber filters; (3) steriliza-
tion of the aerosol deposited in the filter medium by applying UV dose.
Numerical simulation shows that with proper design, UV+ filters have
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100% filtration efficiency but with high energy consumption compared
with Fibrous-filter, electrostatic precipitator (ESP) and hybrid electro-
static filtration system (HEFS).

4.2. HEPA filter

The air filter is used to remove fine particles in the air. When the
diameter of the particles is larger than the gap between the fibers, it
can effectively intercept the particles without producing ozone or other
harmful by-products. A HEPA filter can theoretically remove at least
99.97% of dust, pollen, mold, bacteria, and any airborne particles with
a size of 0.3 um [40]. Air filter is considered to be a supplementary mea-
sure to remove airborne SARS-CoV-2 [41]. If outdoor air is infected, the
use of high-efficiency filters or HEPA filters is an effective measure to
reduce the risk of infection [42]. A number of studies have been carried
out to evaluate the effectiveness of HEPA filters in COVID-19 virus re-
moval and were confirmed with high efficiency [7,43-45]. For example,
Rodriguez et al. [7] assessed the ability of Portable Air Cleaners (PAC)
with HEPA filter to remove coronavirus and 80% of effectiveness was
found through testing. They recommended to used Portable HEPA clean-
ers when ventilation is inadequate. Zacharias et al. [43] used (phiX174
phage) to simulate SARS-CoV-2 and other human pathogenic respiratory
viruses, and the efficiency of an air purifier with a HEPA filter under a
flow rate of 1000 m?/h was tested and found to be 99.9974-99.9999%.
Waring et al. [45] found through an experiment that the efficiencies of
HEPA filters and ESPs are higher than those of the ionizers. In addition,
portable HEPA filter can effectively remove particulate matter without
producing ozone or other harmful by-products. To achieve the best virus
removal efficiency, it is advised to place two portable air purifiers on ei-
ther side of the walls [44]. When the infection probability is less than
10%, the portable air purifier needs to be positioned in the center of
the room while supplying sufficient air flow [9]. The HEPA filters can
be installed on ventilation grills to clean the circulation air and reduce
the risk of hospital transmission of SARSCoV-2 through operating room
ventilation systems [46].

Table 1 presents the comparison on the efficiencies, working princi-
ples, advantages and disadvantages of different air cleaning devices.

The above literature survey shows that the portable filters have high
purification efficiencies by using electrostatic, charged PVDF multi-layer
nanofibers, nickel foam, ultraviolet rays and other improved methods,
but they can generate certain by-products. Although electrostatic filters
are energy efficient, they also generate small amounts of ozone and bring
the risk of electrical breakdown. The performance of HEPA is reduced as
the filter gets loaded over time due to small air flow and high pressure
drop. Meanwhile, although filter efficacy assessments were performed,
bacteria or viruses other than SARS-CoV-2 were used. Therefore, in the
future, it is advised to avoid using dangerous filtering measures such
as ozone generation, rationally use HEPA air purification devices, and
re-examine the filtering effect of SARS-CoV-2.

5. Research on HVAC system improvement
5.1. Evidence of COVID-19 virus spread through the HVAC system

Surface transmission, droplet or aerosol transmission, airborne trans-
mission, and fecal-oral are suggested to be the ways that coronavirus can
spread through. The research on the impact of HVAC system operation
on the transmission of coronavirus and maintaining a healthy indoor
environment have attracted some researchers [42,47-51]. Yin [47] be-
lieved that central air distribution flow is an important cause of clus-
ter infection, and with effective preventive measures in the central air
conditioning system the indoor virus concentration can be minimized.
Mouchtouri et al. [48] collected environmental samples from a ferry-
boat, a nursing home, three COVID-19 isolation hospital wards, and a
long-term care facility isolating asymptomatic COVID-19 cases during
the outbreak. SARS-CoV-2 was detected in swab samples collected from
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Table 1
Comparison on the efficiencies and working principles of different air cleaning devices
Type Photo description Working principle Effect Pros/Cons Ref.
Electrostatic Use corona Airborne bacteria/virus Pros: Energy efficient [32]
disinfector - o discharge-generated air ions disinfection efficiency as high ~ Cons: Release a small amount of ozone
& - to remove particulate matter as 100% with multiple wires.
Gromdel pl D e and sanitizes bioaerosols.
Charged PVDF Use electrostatic Disinfection efficiency of the Pros: minimizes electrical interference [35]
Multilayer polyvinylidene fluoride 6-layer (6L) electrostatically between adjacent charged nanofibers and
Nanofiber Filter (PVDF) nanofibers to capture charged reduces flow resistance in the filter; 100%
ambient aerosols. multilayer/multimodule to 180% more equivalence of existing
nanofiber filters can reach mechanical efficiency without additional
88%, 88%, and 96% at pressure drop.
ambient aerosol sizes of 50,
100, and 300 nm,
respectively.
Nickel Foam Capture and kill SARS-CoV-2 When heated to 200°C, the Pros: Nickel foam is highly porous and [37]
Filter =Jf — or anthrax spores in air viral load in the device in a can form a very large surface area to
E-: J‘“’“" conditioning systems by single pass was reduced by effectively trap air particles; the heating is
e L heating nickel foam. 99.8%; Can capture and kill concentrated on the nickel foam, and the
99.9% of anthrax spores. heat transfer through the air is minimal
due to the short contact time between the
air and the nickel foam.
UV purification Helps eliminate droplets or Under the laboratory Pros: Portable and low cost [11,38]
device aerosols in the environment environment, the removal Cons: Radiant shadow spots, exposure of
by circulating air in the UV-C efficiency of microorganisms people to UV-C light, and insufficient
reactor. was 99.9%, and in the light transmission may reduce the
hospital environment study, decontamination effect.
the efficiency was 84-97%;
Using 100% outdoor air and
UV-C, the risk of infection
can be reduced to less than
2%.
UV-C+ fiber Physical capture by fiber With proper design, the filter Pros: Reliable and safe [39]
pleated filter = filter due to filtration efficiency of UV+ filter can Cons: High energy consumption
mechanism; UV disinfection reach 100%.
before fiber filter; UV dose
applied to aerosols deposited
in filter media.
HEPA Bacteriophages nebulized Disinfection efficiency of Pros: No production of ozone or other [4319,[44]

directly into air purifiers

99.9974-99.9999% with
phiX174 phage, 80% of

harmful by-products; low cost and easy
installation.

effectiveness with
coronavirus samples.

the surface of ferries, nursing homes, hospital isolation wards, exhaust
duct screens, air conditioning filters, sewage treatment units, and air
samples. Sousan et al. [49] carried out a study on the detection of SARS-
CoV-2 in air samples from student dormitories. Air samples were col-
lected from filter boxes, push button samplers, biosamplers and aerosol
sensor samplers combined with direct QRT-PCR SARS-CoV-2 analysis.
When a PCR-positive COVID-19 student lived on the same floor as the
sampling site, SARS-CoV-2 was detected in air samples with a detection
rate of 75%. For the isolation dormitory, the detection rate of SARS-
CoV-2 using the AerosolSense sampler was 100%. Pease et al. [42] used
a well-mixed model to study the potential impact of central ventila-
tion systems on aerosol transmission and infectivity of SARS-CoV-2, and
found that in connected spaces, increasing filtration helps reduce infec-
tion rate, while higher air exchange rates lead to higher infectivity, and
only when outside air is virus free, more fresh air leads to lower virus
concentration. Lu et al. [51] inspected the potential transmission routes
in a restaurant in Guangzhou during COVID-19 outbreaks and found
the most likely cause was droplet transmission, which is consistent with
the flow direction. To prevent the spread of coronavirus in restaurants,
they recommended increasing the distance between tables, and improv-
ing ventilation.

The above literature survey shows that current studies focus on col-
lecting samples to find evidence of air-conditioning system on the spread
of COVID-19 virus. The COVID-19 virus can move with air flow and
deposit on surfaces through respiratory droplets/nuclei of an infected
person. When HVAC systems are operating during the pandemic, high
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efficiency air cleaning devices need to be installed to minimize virus
spread.

5.2. HVAC system improvement measures

It has been acknowledged that inappropriate operation of HVAC sys-
tem operation could contribute to the spread of COVID-19 virus, and
how to improve HVAC system design and operation has received wide
attention [5,23,53-59]. Pang et al. [52] discussed the appropriate HVAC
operation mode in civil buildings based on engineering experience, and
proposed specific operation strategies to increase the fresh air flow rate
for fan coil + fresh air system and all air system for virus dilution. They
suggested that each room should have an openable external window,
and the HVAC system should have a backup fan. A larger fresh air fan
configured with variable speed should also be provided to deal with
emergency situations. Rezaei et al. [5] proposed a clean room HVAC sys-
tem using longitudinal air-to-air heat exchangers for waste heat recovery
from chiller condensers. The temperature and relative humidity of the
exiting exhaust air is in the range of 50°C-80°C and 40%-50%, respec-
tively. It was found that SAR-CoV-2 disappears rapidly under such a con-
dition. Aviv et al. [53] proposed an approach that coupled membrane-
assisted radiant cooling panels with natural ventilation to provide fresh
air to address COVID-19 concerns. For conventional systems, increased
fresh air may double the energy cost while the new approach could re-
duce the HVAC energy demand by 10%-45% and would still maintain
thermal comfort in all major climate zones. Lee et al. [54] proposed
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Table 2
Improvement measure of HVAC system under the pandemic
Improvement Measures Effect Ref.
Waste heat recovery from the chiller The system the exiting temperature and [5]
condenser using a longitudinal air-to-air relative humidity of the exhaust air are in
heat exchanger to heat the exiting exhaust  the ranges of 50°C-80°C and 40%-50%,
air under such conditions, SAR-CoV-2
disappears quickly.
Combining membrane-assisted radiant The system is able to meet thermal [53]
cooling panels with natural ventilation comfort needs in all major climatic zones,
and reduce the HVAC energy demand by
10-45% while mitigating COVID-19
spread.
Heat Pump Driven Liquid Desiccant Under ventilation mode, cooling and [54]
(HPLD) Air Conditioning Systems dehumidification mode, and heating and
humidification mode, the bacterial
inactivation efficiencies were found to be
0.6, 0.74 and 0.94, respectively.
Combining dilution ventilation with If occupants follow proper protections, it [55]
ventilation cooling can help reduce energy consumption by
around 40%.
An air-to-water heat pump is installed The high energy consumption due to a [23]
downstream of the recovery unit of the significant increase in ventilation rates
Air Handling Unit (AHU) relative to standard HVAC systems can be
reduced by adopting this high-efficiency
air handling units (HEAHUs). In naturally
ventilated classrooms, the reductions
could achieve 60% to 72% based on
simulation.
Install non-metallic electrostatic Sterilization and removal of volatile [56]

purification filter device and independent
plenum non-metallic electrostatic
purification filter device for FCU system

organic pollutants

a heat-pump-driven liquid-desiccant air-conditioning system to inacti-
vate airborne microbial contaminants. Under ventilation, cooling and
dehumidification, and heating and humidification modes, the bacterial
inactivation efficiencies were found to be 0.6, 0.74, and 0.94, respec-
tively. This study demonstrates the ability of desiccant solutions to the
inactivation of airborne microbial contaminants during various air con-
ditioning processes. Sha et al. [55] proposed a demand ventilation con-
trol ventilation strategy for dilution and ventilative cooling, where a
safe dilution ventilation rate that reduces the risk of new coronavirus-
19 infection to an acceptable range is determined through a modified
Wells-Riley model, and cooling ventilation rate is calculated through
energy model. Schibuola and Tambani [23] proposed installing an air-
to-water heat pump downstream of the recovery unit of the existing air
handling unit (AHU) to increase the exhaust air recovery rate and en-
able flexible use of the heat from the recooling condenser to produce hot
water. In terms of energy performance, simulations of automated high-
efficiency air handling units (HEAHUSs) installed in naturally ventilated
classrooms have shown a 60% to 72% reduction in energy consumption.
Xu and Wang [56] proposed installing non-metallic electrostatic purifi-
cation filter inside the fan coil unit and independent plenum non-metal
electrostatic purification filter. Shen and Liu [57] suggested installing
air filter at the return side of the AHU. Saccani et al. [58] performed ex-
periments on the ability of different types of air filters to stop the spread
of the SARS-CoV-2 virus. Installation of a coarse filter followed by a fine
filter is confirmed to be a good practice to minimize the spread of SARS
CoV-2. Meanwhile, the presence of mist eliminators can provide pro-
tection for high performance air filters. Katramiz et al. [59] proposed a
ductless personalized ventilation/ exhaust system embedded in a chair
integrated with displacement ventilation and assess contaminants’ dis-
persion through Computational Fluid Dynamics (CFD) modeling. They
concluded that the system could protect occupants at close proximity
against cross-contamination.

Table 2 list the improvement measures on system design proposed
by the researchers.

Based on the literature survey, it can be concluded that the research
on the HVAC system improvement measures focuses on the following
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two aspects: (1) the increase of fresh air and air cleaning device to
stop/mitigate virus spread, (2) the installation of heat recovery and us-
ing other energy efficiency measures to reduce the energy consumption
caused by increased ventilation rate. Future studies could focus on how
to design HVAC systems that can both work under normal conditions
and pandemic conditions with low energy consumption while maintain-
ing a healthy indoor environment.

6. The impact of Covid-19 on building energy consumption

The pandemic also affects occupants’ indoor activity patterns. For
example, Yan et al. [60] evaluated the behavior of Wuhan residents on
air conditioner operation before and after the COVID-19 lockdown from
January 23, 2020 to April 8th, 2020. They found that during the lock-
down period, air-conditioner continued to operate part-time intermit-
tently, despite residents staying at home longer. During the lockdown,
the trigger indoor air temperature for occupants to turn on or adjust the
air conditioner was generally 1-2°C higher than before the lockdown. In
addition, people spent more time at home. Therefore, the pandemic has
a certain impact on building energy consumption.

Many studies have been conducted on the impact of COVID-19
pandemic on the total and building energy consumption in different
countries and climate zones [8,58,59,61-69]. For example, Kang et al.
[61] investigated the relationship between COVID-19 and building en-
ergy consumption using the empirical big data from 2019 to 2020 in
South Korea. The average electricity and gas energy consumption were
found to decrease by -4.46% and -10.35% respectively compared with
the previous year. The energy consumption tends to decrease in most
types of buildings but increase in residential buildings. Rouleau and Gos-
selin [62] compared the space heating, domestic hot water and electric-
ity energy consumption of a 40-dwelling social housing building in Que-
bec City, Canada, during 4 months of lockdown with one full year prior
to lockdown. It was found that during the first month of lockdown, elec-
tricity and hot water consumption increased significantly, by 46% and
103%, respectively. However, no obvious changes were found for space
heating. Zhou et al. [63] conducted research on the impact of lockdown
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Impact of energy consumption due to COVID-19 pandemic in different countries

Country Building type Impact

Ref.

South Korea All buildings

Average electricity and gas energy consumption decreased by

[61]

-4.46% and -10.35% respectively compared with the previous

year.
Canada Social housing

building

In the first month of lockdown, electricity and hot water
consumption increased significantly in the middle of the day,

[62]

by 46% and 103% respectively. No major changes were
observed for space heating usage.

United
States

Standard high-rise
office building

The relative energy use intensity increased by 21.72% in the
"mixed humid" to "subarctic" climate zones, and decreased by

[8]

11.92% in the "warm and dry" climate to "very mild" climate.

Households

There are no morning and evening peaks in electricity

[65]

consumption on weekdays, 48.3% of the respondents reported
higher or much higher consumption while 41.3% remain about

the same.
Smart community

Weekend energy usage patterns were similar before and after

[66]

the pandemic. During weekdays they changed significantly,
especially the electricity usage from HVAC and water heaters,
which are the largest consumers of electricity in a home,
experienced further increases.

Residential buildings

HVAC system energy use increased during the pandemic.

[67]

Energy use increased most in the highest and lowest income

families.

China A dormitory building

Electricity consumption was increased by 41.05%; Hourly

[63]

consumption decreased from 0:00AM to 8:00AM and increased
from 9:00AM to 23:00AM; Morning peak demand time was
postponed from 8:00AM ~ 9:00 AM to 10:00AM to 12:00AM
and evening peak demand time shifted from 22:00AM to 21:00

AM.
Public buildings

Energy use of the HVAC system would increase by 128% under

[68]

the operation guidelines issued during the pandemic.

Indonesia Households

The average annual energy consumption of all samples during

[70]

the pandemic is about 23.5 GJ, which is 3.0 GJ higher than
before the pandemic.

from 25 December 2021 to 24 January 2022 on the electricity consump-
tion of a 28-floor dormitory building at a University in Xi’an using the
survey and buiding energy simulation method. It was found that elec-
tricity consumption increased by 41.05% during the period. The hourly
consumption decreased from 0:00AM to 8:00AM and increased from
9:00AM to 23:00AM. The morning peak demand time was postponed
from 8:00AM ~ 9:00 AM to 10:00AM ~ 12:00AM and evening peak
demand time shifted from 22:00AM to 21:00 AM. Corticos and Duarte
[8] performed an analysis on the impact of applying new HVAC settings
to mitigate the virus’s spread on the building energy consumption of a
standard high-rise office building in the nine climate zones in the United
States. The energy consumption, CO, emissions and operating costs in
nine climate zones were compared, and the relative energy use inten-
sity was found to increase by 21.72% in the "mixed humid" to "subarctic"
climate zones (colder zones) and decreased by 11.92% from “warm and
dry” climate to “very mild” climate zones (hotter zones) [64]. Chen et al.
[65] conducted a survey on the energy use pattern, social-psychological
factors, climate change issues and residents’ willingness to pay for home
energy management system of 632 households in the New York area. Re-
sults show that there were no morning and evening peaks in electricity
consumption on weekdays; most households had above-average electric-
ity consumption; most residents’ perceptions of climate change issues
during COVID-19 stayed unchanged; and residents perceived moderate
risk of getting COVID-19 virus were more willing to pay for home energy
management system than others. Chinthavali et al. [66] studied energy
usage patterns before and after the COVID-19 pandemic in smart com-
munities in Alabama. The results show that during weekends the energy
usage patterns look alike, however, there were significant changes dur-
ing the weekdays. HVAC and water heaters were found to be the largest
consumers of electricity in homes, with higher electricity consumption
during the COVID-19 pandemic. Kawka and Cetin [67] investigated the
energy use of 225 residential buildings in the United States, and found
that HVAC systems consumed more energy during the pandemic. Mean-
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while, energy consumption increased most in the highest and lowest
income families. Zheng et al. [68] performed an analysis on the HVAC
system energy consumption in China under the operation guidelines is-
sued during the pandemic and found a 128% increase compared with
that under normal operation. Surahman et al. [70] conducted an inves-
tigation on 311 urban residential building energy usage in three major
cities (Jakarta, Bandung and Semarang) of Indonesia during the pan-
demic. The results show that the average annual energy consumption
of all the samples during the pandemic is about 23.5 GJ, which is 3.0
GJ higher than before the pandemic. This change is mainly attributed
to the use of air conditioning and cooking facilities.

Table 3 list the studies on the impact of energy consumption COVID-
19 pandemic from different countries.

Based on the literature survey, it can be seen that most of the studies
focus on the energy consumption change and usage patterns before and
after the pandemic. More in-depth studies on the occupants’ behavior
are needed to help develop more effective strategies to combat COVID-
19 in the future.

7. Vent location, building envelope and physical barriers design
to mitigate virus transmission

Other than natural ventilation and the operation of the HVAC system,
proper arrangement on the vent locations, adding physical barriers, new
sanitizing Trombe walls, modular breathing wall system, and airflow
deflectors are the ways to mitigate virus transmission.

Dao and Kim investigated the impact of positions of the exhaust air
outlets on the virus removal efficiency through CFD simulation, and
found that the efficiency is the highest when the grill is placed above
the patient’s head [71]. Mirzaie et al. [72] found through CFD simula-
tion that the installation of a transparent barrier in front of the seats
could help to reduce the average cough droplet concentration to a cer-
tain extent. Ren et al. [12] suggested placing a physical barrier with a



Table 4

Comparisons on the building operation guidelines

ASHRAE REHVA, BTGA, FGK, CIBSE
(United ASC, CAR SHASE ECDC RIT ISHRAE (United CCIAQ

Item Specification States) (China) (Japan) (Europe) (Germany) (India) Kingdom) (Canada)

Increase outdoor air intake. v v

Increase ventilation rate through ventilation systems and operable windows.

The fresh air to return air ratio should be higher than 40% when operating \/

under maximum fresh air mode.

The total central exhaust air flow rate for each floor should not be less than \/

70% of the design fresh air flow rate.

The air change rate per hour (ACH) should be maintained at >2.0 with the \/

window fully open for several minutes at least once every 30 minutes.

Use 100% outdoor air. v

Avoid the use of economizer, such as demand control ventilation through \/

timer or CO, sensor.

Increase outdoor air intake and reduce air recirculation rate. v

Evaporative coolers must draw air from the outside. v/

Increase outdoor air intake and exhaust air flow rate. \/

Use natural ventilation. Vv

Increase outdoor air intake, preferred 100% outside air and 100% exhaust \/

air.

Humidify or dehumidify the air seasonally. Vv
HVAC Disable demand-control systems. V/ v
system Prolong system operation (24/7 if possible). \/

§ operation Turn on the system two hours before occupied mode starts. \/

24 hour proper operation of the ventilation system. \/ \/

Use summer ventilation technology. \/

No change on heating, cooling and humidity setpoints of the HVAC system. \/

Recirculation air should be used with proper air filtration. \/

It is recommended to limit the return air circulation; \/

If no fresh air is provided, it is recommended to introduce a fresh air duct \/

on the central in-line fan filter unit, and distribute the fresh air to the space

or near the indoor unit through the grille.

Avoid air recirculation. v v v

If a room or area has little or no outside air ventilation, it is recommended \/

to turn off the fan coil unit and chilled water beam.

Install new passive (blinds/air bricks) or mechanical (extraction fans, new \/

HVAC) systems.

Upgrading ventilation system or installation of new systems. Vv
Temperature  Reset the setpoints according to the actual situation. \/
and Supply air temperature setpoints in winter and summer should be raised \/
humidity and lowered, respectively.
settings The minimum indoor temperature should not be lower than 16°C-18°C. v

The indoor air temperature and relative humidity should be in the ranges of
17°C-28°C and 40%-70%, respectively.

Humidification is not effective in infection risk reduction.

The indoor relative humidity should be in the range of 40%~60%.

The indoor air temperature and relative humidity should be in the ranges of
24°C-30°C and 40%-70%, respectively.

Proper temperature and relative humidity at above 40%.

(continued on next page)
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Table 4 (continued)

Item Specification ASHRAE ASC, CAR SHASE REHVA, BTGA, FGK, ISHRAE CIBSE CCIAQ
(United (China) (Japan) ECDC RIT (India) (United (Canada)
States) (Europe) (Germany) Kingdom)

Special Maintain negative pressure in isolation wards. \/

building The design pressure difference between the isolation ward (with lowest \/

Air Filtering

pressure) and its adjacent buffer room, buffer room and corridor (with
highest pressure) should not be less than 5 Pa.

Based on the Building Management Act, the building must be maintained
and managed in accordance with the relevant environmental regulation
standards.

The bathroom exhaust system should be operating 24/7 to maintain
negative indoor pressure. Actively use operable windows for buildings
without mechanical ventilation system.

Minimize or avoid spillage in different zones (if possible, maintain air
balance in each zone)

A minimum of 10-15 ACHs is recommended for industrial facilities; The
mechanical exhaust air flow rate is 70% ~ 80% that of the outside air flow
rate. In the air-conditioned wards where the normal exhaust system cannot
be installed, or using unit air conditioners, an isolation hood can be
installed in the ward, and the exhausted air is filtered by HEPA filters and
provide negative pressure indoor.

The exhaust fans (if installed) in the toilets should be operating
continuously, and the windows in the toilet should be closed.

Install special exhaust system in the high infection risk areas; Install high air

volume exchange ventilation systems in buildings with limited mechanical
ventilation or air conditioning system; 100% outdoor air for medical
facilities.

Increase the grade of the central air filter to MERV-13 or the highest level
compatible with the filter frame and seal the edges of the filter to limit
bypass air; Consider Ultraviolet Germicidal Radiation (UVGI) or a portable
HEPA filter.

The air-conditioning and heating system serving the clean room configured
with sub-high efficiency or higher level filter, the system can be used
normally in the original way; Open windows frequently for ventilation; Use
portable HEPA filter.

Use HEPA filters; Use high-performance air purifiers.

No recommendation on replacing the existing outdoor air filter; Consider
adding UVGI to the HVAC system; Consider using HEPA filter; Place the air
purifier close to the breathing zone.

Use filters with ePM1>60% to replace F7 filters;Use double filters;
Application of air humidification; Use dilution ventilation.

Use MERV 13 or higher grade filters; Slightly open the window to allow
outdoor air infiltration/exfiltration when air-conditioner is operating; Use a
suitable air purifier, ideally, it can achieve 3-4 ACHs.

Design according to the actual situation; Use HEPA or UVC purifiers;
Ozone-generating filters are not recommended.

Upgrade the fan filter unit to include a MERV 13 or higher grade filter, or a
HEPA filter; Increase the ACH; Check and adjust the position of the diffuser
and clear any blockage; Consider changing or removing partitions that
interfere with air circulation and create airflow stagnation area; Consider
upstream and downstream airflow distribution when placing local fans or
air purifiers.

\/

(continued on next page)
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Table 4 (continued)

Item

Specification

ASHRAE
(United
States)

ASC, CAR SHASE REHVA,
(China) (Japan) ECDC
(Europe)

BTGA, FGK, ISHRAE
RIT (India)
(Germany)

CIBSE CCIAQ
(United (Canada)
Kingdom)

Heat
recovery

Other

Ref.

The heat recovery unit can be used if air leakage rate is acceptable

Rotary heat recovery units and the ones that involve mass transfer are not
recommended to be used.

Heat recovery units can be used when air leakage rate is below 5%.

Check heat recovery unit, including differential pressure and temperature,
to ensure air leakage is under control.

Supply and exhaust systems should be separately designed.

Keep rotation wheel in OFF mode, when restarting, the wheel must first be
sanitized

Avoid any leakage from the supply side to the exhaust side.

Prevent leakage and use when safe enough.

Disinfect high-touch areas of HVAC and other building service systems (e.g.,
on/off switches, thermostats); Disinfect the interior of refrigeration
equipment (such as refrigerators); The bathroom exhaust fans should
operate continuously; The toilet lid should remain closed.

Clean or replace the filter in the air-conditioning room where it is located;
Packaged in a sealed plastic bag before taking it out, if it needs to be taken
out of the air-conditioning room for cleaning (or replacement, destruction,
etc.); Laundering is strictly prohibited in the occupied area (including
public restrooms). Seal the equipment during reinstallation after cleaning
and replacement; Inspect and clean the condensate pan in accordance with
the requirements of the operation management specification; Clean the
HVAC system before and during operation.

Reduce occupant density; Reasonable management and thorough
disinfection of public goods; Flush the toilet with the lid closed; Keep the
exhaust fan running continuously, and check the water seal regularly.

Duct cleaning has no real effect in disinfection; Replace and maintain the
filters regularly; Introduce indoor air quality sensor network.

Wear personal protective equipment (PPE) and safety glasses when
performing maintenance and replacement of the filters.

Do not provide fresh air provided by fans; Actively use operable windows;
Flush the toilet with the lid closed.

Reduce occupant density when possible; When pressure drop or service time
exceed the limits, the filter must be replaced.

Thorough cleaning prior to re-occupancy with an area-specific cleaning plan
in place; Ensure that the barrier to intercept potentially infectious droplets
has at least 30 cm of open space on the floor and sufficient clearance
between the top of the barrier and the ceiling; Check exhaust/return
regulators and clear blockages.

v

[75-83]

[84-87] [88-92] [93-98]

[98,99] [100]

[101-104] [105,106]
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height of at least 60 cm over the desk (80 cm in height) to reduce the
risk of infection in open office space. Xie et al. [6] proposed a disin-
fected Trombe wall that has a glass cover, small air gap and back plate
with high absorptivity to heat the circulation air to high temperature for
virus inactivation and space heating. The Trombe wall was tested with
an average thermal efficiency of 0.45. The maximum single pass inac-
tivation ratios of SARS-CoV-1, SARS-CoV-2 and MERS-CoV were 0.893,
0.591 and 0.893, while the total clean air productions were 112.3, 63.8
and 114.7 m3, respectively. Che et al. [73] proposed installing an air
flow deflector to external windows to diffuse the natural ventilation air
flow and reduce the infection risk. When the pollution source is located
at the center of the classroom and the side wall, the risk of infection can
be reduced by 19.29 and 17.47%, respectively. Kumar et al. [74] carried
out parametric studies on the vertical void configurations of a double-
loaded apartment building for ventilation improvement in tropical de-
veloping countries. Through CFD simulation, they concluded that the
optimal combination of fin size and aspect ratio could maximize venti-
lation under prevailing wind direction.

Based on the literature survey, it can be concluded that vent loca-
tion, physical barrier, building envelope design, and flow deflector can
all play a role in preventing virus spread. Future research can also look
into the building layout as well as the combination of those improve-
ment measures together with HVAC operations to minimize the risk of
infection.

8. Building operation guidelines during Covid-19

In order to ensure that the building operation can help to main-
tain a healthy indoor environment to prevent the spread of COVID-
19 virus, various guidelines have been issued by relevant associations
and governments in different countries, including ASHRAE, the Chi-
nese Association of Refrigeration (CAR), the Architectural Society of
China (ASC), the Society of Heating, Air-Conditioning and Sanitary En-
gineers (SHASE) of Japan, the Federation of European Heating, Ventila-
tion and Air Conditioning Associations (REHVA), European Centre for
Disease Prevention and Control (ECDPC), the Bundesindustrieverband
Technische Gebaudeausriistung (BTGA), Fachverband Gebdude-Klima
(FGK) and Raumlufttechnischen (RTL), the Indian Society of Heating,
Refrigerating and Air Conditioning Engineers (ISHRAE), the Chartered
Institution of Building Services Engineers (CIBSE), the Canadian Com-
mittee on Indoor Air Quality (CCIAQ), etc.

Table 4 makes a detailed comparison on the building operation
guidelines issued from various countries and organizations. There are
some subtle differences among the guidelines. For example, regarding
the ventilation, ASHRAE recommended local exhaust for source con-
trol and opening the outside air damper to 100% when occupied and to
a minimum outside air position when unoccupied [75]; ASC and CAR
recommended the all-air system to operate with 100% fresh air and the
total exhaust air flow exceeding 70% of the total designed fresh air flow
for each floor [87]; SHASE recommended the ACH to be >2.0. However,
all the guidelines agree that increasing fresh air supply is helpful for re-
ducing the risk of infection. Regarding the range of indoor air relative
humidity, ASHRAE does not make explicit recommendations for indoor
temperature and humidity set points; REHVA casts doubt on the effec-
tiveness of moderate relative humidity (40~60%) on reducing the sur-
vival rate of SARS-CoV-2 and does not recommend air humidification;
CIBSE recommended relative humidity to be >40%; SHASE, BTGA, FGK,
RIT, and CCIAQ recommended to control the indoor air relative humid-
ity to be in the range of 40%~60%; ISHRAE recommended the relative
humidity to be 40%~70%. Regarding fecal-oral transmission, ASHRAE,
SHASE, REHVA and ISHRAE all recommended to close the lip of the
toilet when flushing.

All the guidelines emphasize that HVAC systems should be inspected
and adjusted as necessary, and maintained in accordance with respective
national technical recommendations. Compared with the pre-pandemic
stage, current guidelines have an agreement on the transmission mech-
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anism of the COVID-19 virus. Although they differ in the operation of
HVAC systems and filter applications, they tend to agree that air con-
ditioning and ventilation systems and air purifiers can help reduce the
spread of airborne viruses. It is recommended to increase air exchange
rate, avoid air recirculation, run the HVAC systems for 24 hours, natu-
rally ventilate enclosed spaces for frequent air exchange through win-
dow opening, and run the heat recovery units when the air leakage rate
is below 5%.

9. Conclusions

This paper presents a review on the relevant research of the impact
of COVID-19 on HVAC system and indoor environment, including ven-
tilation system, air filtration device, HVAC system, building envelope
design, and vent location arrangement, etc. The impact of COVID-19 on
building energy consumption and building operation guidelines issued
from various countries are also presented. The following conclusions can
be made:

1) Natural ventilation with auxiliary equipment can help improve in-
door air quality and maintain a healthy environment. However,
100% fresh air supply leads to increased building energy consump-
tion. Future research should focus on how to provide enough fresh
air through the combination of reasonable natural ventilation and
efficient air purification to achieve a low infection risk while main-
taining low energy consumption during the pandemic.
Considerations must be given to the by-products that may arise
when using certain high-performance filters. Additonally, bacteria
or viruses other than SARS-CoV-2 were often used in the efficiency
assessment. Therefore, future research should prioritize reevaluating
the filtering efficiency using SARS-CoV-2 samples.

Current research focuses on the increase of fresh air and air clean-
ing device to stop/mitigate virus spread, as well as heat recovery
and new air-conditioning system to reduce the energy consumption
caused by increased ventilation rate. Future studies could focus on
how to design HVAC system that can both work in normal condi-
tions and during a pandemic with low energy consumption while
maintaining a healthy indoor environment.

Most of the studies focus on the energy consumption change and
usage patterns before and after the pandemic. However, more in-
depth studies are needed on the occupants’ behavior to help develop
more effective strategies to combat COVID-19.

Vent location, physical barrier, building envelope design, and flow
deflector can all play a role in preventing virus spread. Future re-
search can explore the impact of building layout and the synergistic
effects of combining these improvement measures with HVAC oper-
ations to effectively minimize the risk of infection.

It is recommended to increase air exchange rate, avoid air recircula-
tion, run the HVAC systems for 24 hours, naturally ventilate enclosed
spaces for frequent air exchange through window opening, and run
the heat recovery units when air leakage rate is below 5%.
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