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Abstract: Since the 21st century, in several public health emergencies that have occurred across the
world, the humid enclosed environment of the toilet has become one of the places where bacteria,
viruses, and microorganisms breed and spread. Mobile public toilets, as a supplement of urban fixed
public toilets, are also widely used in densely populated areas. According to statistics, since the
outbreak of COVID-19 in 2019, multiple incidents of people being infected by the COVID-19 virus
due to aerosol proliferation in public toilets have been confirmed. It is an urgent issue to resolve the
internal environmental pollution of mobile public health and reduce the risk of virus transmission in
public spaces under the global epidemic prevention. This paper utilized a typical combined mobile
public toilet as the research object and measured and evaluated the indoor thermal environment in
real time over a short period of time. The diffusion mode and concentration change law of pollutants
in mobile public toilets were predicted and analyzed based on CFD. Regression analysis was also
used to clarify the relationship between indoor thermal environment variables and aerosol diffusion
paths, and a ventilation optimization scheme was proposed to reduce the risk of virus transmission.

Keywords: mobile public toilets; thermal environment; public health security; mechanical ventilation;
aerosol transmission risk

1. Introduction

Urban public toilets (UPTs), as urban infrastructures, are related to the basic physiolog-
ical needs of people; they play an important role in the construction of modern civilization
in cities, and also demonstrate the social and economic development and the government’s
attention to people’s livelihood. Around the world, countries are paying more and more
attention to the environmental conditions of public toilets. This is happening in response
to the World Public Health Summit scheduled every year to discuss the practical hygiene
improvement measures. Since the “toilet revolution” proposed by UNICEF, developing
countries, such as China, the Philippines, and India, have made extensive efforts on the
issue of public health construction. China first set off a vigorous “toilet revolution” in
the countryside by continuously improving the quality requirements for toilets and the
supporting facilities of public toilets. The Philippine government encouraged the con-
struction of toilets with septic tanks, which India made a requirement for any village
office to run. In 2011, Bill Gates also launched his “toilet reconstruction plan” to provide
low-cost, hygienic, and sustainable toilet services to approximately 260 million people
without sewers around the world. Developed countries, including Singapore, Canada, and
Germany, also have extremely high requirements regarding the appearance and internal
facilities of UPTs to create a healthy and comfortable toilet environment for people. Based
on diversified toilet needs, mobile public toilets have been widely used and popularized in
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recent years. They are environmentally friendly and energy-saving. Further, in recent times,
artificial-intelligence-based mobile public toilets have emerged. The mobile public restroom
has the advantages of being movable, combinable, and convenient for transportation. It is
almost not restricted by any working environment. It can be used as a good supplement
to the traditional fixed public toilets, in the case a sudden increase in the flow of people.
Recent research efforts have mainly focused on the design of the internal environment and
the disposal methods of excrement within them [1,2]. However, there is little research on
the thermal environment and sanitation issues in mobile toilets.

Public toilet facilities possess both hygienic, cultural, and economic values [3]. The
main pollutant gases in the toilet are hydrogen sulfide, methyl mercaptan, ammonia, and
indole. Ammonia is a colorless gas with a strong pungent odor [4]. Because of its high
solubility, ammonia is often adsorbed to the skin, mucous membranes, and conjunctiva of
the eyes, resulting in irritation and inflammation. Exposure to a large amount of ammonia
in a short period of time in public toilets can cause tears, a sore throat, and a cough,
accompanied by dizziness, headache, nausea, and other symptoms. Severe cases may be
subject to pulmonary edema, adult respiratory distress syndrome, and respiratory irritation
symptoms. Among them, the volatile “ammonia”, with a strong offensive odor, is one of
the most important pollutants in public toilets. Its pollution to air quality in small enclosed
spaces is affected by the amount of use and seasons. Ao Yongan et al. [5] analyzed the
diffusion law of toilet pollutants and found that the concentration of heavy gas is greater
when the heavy gas is closer to the pollution source, while the concentration of light gas
is the opposite. Compared with fixed public toilets, mobile public toilets are confined
and narrow, making it is easier for them to become a highly dangerous place for various
pathogens and bacteria. Because of human excretion, our environment will be forced to
accept a large influx of pollutants [6]. Many scholars have analyzed public toilets, e.g., in
hospitals and schools, and found that the surfaces of frequently contacted objects, such
as internal door handles, faucets, floors, and flush buttons, are contaminated by bacteria
and pathogens [7,8]. In the process of using public toilets, 31.6% of people are unwilling to
flush the toilets, which intensifies the pollution of the toilets. Because of human excretion,
our environment will be forced to accept a large influx of pollutants. In the 21st century,
there have been three relatively serious public health incidents in the world, namely SARS
in 2003, influenza H1N1, and the new coronavirus in 2019. In particular, SARS and new
coronaviruses have occurred in narrow confined spaces and crowd gathering events in
large spaces. The direct transmission of infectious viruses, such as the new coronavirus,
is closely related to the methods and effects of indoor natural ventilation and mechanical
ventilation. Effective urban ventilation prevents virus aerosols and other pollutants from
accumulating in indoor space and promotes their dissipation.

Poor indoor air quality reduces the comfort experienced in the environment and can
also harm our physical health [9]; this long-distance air transmission method is called
aerosol transmission, which is one of the main forms of disease transmission [10–13]. The
aerosol is a gaseous suspended dispersion system. From the perspective of fluid mechanics,
the aerosol is essentially a multi-phase fluid with a continuous gas state and dispersed
solid and liquid phases [14]. Among them, those that carry pathogens or bacteria are
called microbial aerosols [15]. Viruses are the smallest micro-organisms with a diameter
of 0.02–0.3 µm. Although viruses only survive in host cells, they can still attach to the
respiratory secretions and other droplets to form virus aerosols without host cells and
spread through the air, leading to infectious diseases, such as chickenpox, tuberculosis,
measles, etc. [16]. The cleanliness of water closets not only has a visual effect, but the
systematic cleaning of surfaces in any locations significantly reduces the risks of infection
and the spread of various diseases [17]. In Hong Kong, following the Amoy Garden
incident during the SARS outbreak in 2003, the virus entered the sewage pipe through
feces and then entered the bathroom of the household from the floor drain, infecting more
than 300 people within just ten days. The outbreak of the new coronavirus in 2019 proved
the possibility of viruses and other microorganisms spreading through aerosols again. The
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aerosol transmission of the new coronavirus is regarded as droplets mixed in the air to form
aerosols and cause infection after inhalation. “Stool-oral transmission” is most likely to be
transmitted through breathing and aerosols. The sixth edition of the “New Corona-virus
Diagnosis and Treatment Plan” was issued by the National Health Commission of China.
This plan also proposed that “The new corona-virus can be isolated in feces and urine” and
that “attention should be paid to the aerosol and contagious transmission by feces and
urine”. In addition, viruses such as SARS and PV-1 have also been proven to survive in
the water environment. It takes 10 days for PV-1 to decrease in wastewater. Therefore, the
water environment that contains the virus source in the bathroom is more dangerous [18].

In summary, improving the internal environment and sanitation of mobile public
toilets is the main goal. Many scholars have conducted experiments on reducing the con-
centration of indoor pollutants and found that airflow can affect the escape probability of
microorganisms and affect the diffusion of pollutants [19]. Li Cheng et al. [20] simulated
the toilets in the World Expo and found that the use of mechanical ventilation and airflow
organization with up and down distributed exhausts can ensure that the pollutant con-
centration and thermal comfort in the toilet meet the requirements. Li et al. [21] proved
that optimizing the form of ventilation in hospitals can reduce the aerosol transmission of
pathogens. Yue Gaowei [22] proposed that the use of same-side return air can effectively
reduce the indoor formaldehyde concentration. Ji Shaojie [23] proposed that the H2S con-
centration gradually decreases when the height of the partition increases, and the toilet
that is located in the building with a high wind pressure can effectively improve the air
quality in the bathroom. Liu Haoran [24] observed that when the wind pressure is 25 Pa
and above, determined as the best wind pressure value, the indoor pollutants will not flow
back. Tung et al. [25,26] concluded that the removal efficiency of pollutants was higher
with the shorter distance between the toilet and the exhaust vent, and the ceiling exhaust
can effectively remove the polluted gas from the toilet by gas tracing. Chung et al [27].
predicted the airflow rate and the characteristics of aerosol particle transmission in the toilet
and analyzed that the use of floor air supplies can create a comfortable and appropriate
internal environment for the next user. To improve the sanitary environment inside the
toilet, Seo et al. proposed an exhaust method that directly sucks odor and bacteria from the
inside of the toilet [28].

Although many studies have been carried out on indoor odor intensities, most have
only focused on improving indoor ventilation efficiency. In previous reports, many efforts
have been dedicated to urban fixed toilets. However, there are few studies on the internal
hygiene of mobile public toilets and residential toilets. This paper is based on measuring
the indoor thermal environment of mobile public toilets, using CFD to simulate the indoor
thermal environment distribution and pollutant diffusion of mobile public toilets, find the
main influencing factors of indoor pollutants in mobile public toilets, predict the spread of
viruses (such as COVID-19) in mobile public toilets in emergencies to reduce the further
transmission of viral aerosols, and provide an important reference for virus transmission
risk and environmental quality control in mobile public toilets.

2. Field Test Method for the Thermal Environment

The most common types of mobile public toilets are single mobile toilets and composite
mobile toilets. In densely populated urban areas, composite mobile toilets are used as a
supplement to urban fixed mobile toilets, which is the same as the single mobile public
toilets used in cabin hospitals during the global COVID-19 outbreak.

This study conducted a field test of three UPTs in Zhengzhou in August 2019. Zhengzhou
is located in the south of the warm temperate zone and experiences a continental monsoon
humid climate. The average daytime temperatures in Zhengzhou are 33.4 ◦C in August.
The permanent resident population is 10.352 million.
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2.1. Research Subjects

The main objective of this study was to investigate UPTs in Zhengzhou. Considering
the current wide application of mobile public toilets in the city and the risk to public
health security caused by using the frequency of mobile public toilets, this paper selected
three groups of composite mobile public toilets located in Zhengzhou, China. The three
groups of measured objects were all located in the high-density population area. Object A
was located near the city’s university town, while B was located in Zhengzhou Railway
Station. Zhengzhou Railway Station is a comprehensive transportation hub integrating
a high-speed railway, an inter-city railway, EMU trains, general-speed trains, and other
passenger transportation services. It sends more than 40,000 passengers a day, and the
number of people passing by is close to 150,000 every day. Object C was located in a local
industrial park. The three groups of measured objects had the same structure and building
materials, but different forms of ventilation, as shown in Table 1.

Table 1. Details for testing objects.

Object Structure Material Towards Shelter Ventilation
Opening
Size (mm)

Structure Size
(mm)

External Internal

A

Composite
Metal

Carved
Board

North 350◦ No Natural
ventilation 20 × 20 1100 × 1100 × 2300 970 × 970 × 2300

B Southeast 149◦ Yes Mechanical
ventilation 29 × 29 1420 × 1540 × 2630 1120 × 1370 × 2000

C West 285◦ No
Intermittent
mechanical
ventilation

14.4 × 14.4 1250 × 1500 × 2250 1200 × 1400 × 2000

2.2. Test Principles

According to typical meteorological year (TMY) data, the high-temperature period for
actual measurements was acquired from 11 August 2019 to 17 August 2019. Considering
the effect of cloudy and sunny days on the indoor environment of the mobile public toilets
and the accuracy of the test, the 72 h continuous test data were selected for analysis, with
an interval of 5 min. The indoor and outdoor temperature and humidity; the temperature
of the inner roof, the inner wall, and the floor; and the exhaust air velocity were measured.
The actual measurement process was divided into three parts. The first measurement was
temperature and humidity (indoor and outdoor). The second was the temperature of the
internal roof, wall, and ground. The third was the air velocity at the exhaust outlet.

The indoor temperature was selected as the same value satisfying more than 80 percent
of a person from the following equation performed by Ashrae [29]:

tin = 0.31tpma(out) + 21.3 (1)

The high-comfort indoor environment elements and control values are defined in ISO
7730 “Ergonomics of the thermal environment—Analytical determination and interpreta-
tion of thermal comfort using calculation of the PMV and PPD indices and local thermal
comfort criteria”. It is instructed that the indoor temperature should be no lower than
20 ◦C in winter and no higher than 26 ◦C in summer, and the indoor relative humidity is
maintained between 40% and 60%.

According to “Urban Public Toilet Hygiene Standards” [30], for II UPTs, the indoor
temperature should not be lower than 10 ◦C, the relative humidity should not be higher
than 80%, and the odor intensity should not exceed level 2. It is required that the indoor
temperature is maintained at 22–28 ◦C in summer, and the relative humidity at 40–80% in
the standard. According to the “Healthy Building Evaluation Standard” (T/ASC 02) [31],
“Mold can grow and spread fungal diseases when it is kept at a temperature of 25–30 ◦C,
a humidity above 80% with sufficient oxygen conditions”. It is recommended that the
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relative humidity is maintained in the range of 30% to 70% to reduce the cutaneous and
visual stimulation of damp and dryness, as well as avoid the harm of static electricity,
bacterial growth, and respiratory diseases, in order to help create a comfortable and healthy
indoor air environment for the human body [32–34].

2.3. The Layout of the Test Point

The data collection interval was carried out in a shaded place to avoid direct sunlight.
The indoor air temperature and humidity were measured at a height of 1100 mm from the
ground (ASHRAE55-2013); the indoor roof, wall, and ground temperatures were measured
in the middle area where the value was relatively stable. In addition, it was important
to close the gate to reduce the impact on the outdoor environment. The wind speed of
the exhaust outlet was selected at the center of the exhaust outlet, allowing the data to
be recorded once the instrument was stable. During the test, the mobile public toilets
were in normal use to achieve a more realistic evaluation and comparison of the indoor
temperature, humidity, and thermal sensation of the mobile public toilets.

2.4. Test Instruments

Table 2 lists the instrument types and related errors for the test.

Table 2. Measurement equipment.

Equipment Measuring Parameter Equipment
Parameter

Equipment
Photos

FLUKE 971 temperature and
humidity recorder

The indoor temperature and
humidity

Temperature range: −20∼60 ◦C,
accuracy: ± 0.5 ◦C (0∼45 ◦C);

relative humidity range: 10∼90%,
accuracy: ± 2.5% (23 ◦C)

FLUKE VT02 infrared
thermometer The temperature of the wall

Temperature range: −10∼250 ◦C,
accuracy: ± 2 ◦C (14∼482 ◦F);

infrared band: 6.5 µm to 14 µm

FLUKE 923 hot-wire
anemometer The airflow rate of the outlet

Wind speed range: 0.2∼20 m/s,
accuracy: 5% ± 0.05 m/s;

temperature range −20∼60 ◦C,
accuracy ± 0.1 ◦C

2.5. Aerosol Transmission Risk Assessment Approach Using Gas Tracers

The risk of aerosol transmission during the COVID-19 pandemic cannot be underesti-
mated. Ge Zi-Yu et al. [35] argued that the routes of transmission are direct contact, as well
as droplet and possible aerosol transmissions. Gorbunov [36] found that aerosol particles
generated by coughing and sneezing can travel over 30 m. Based on the coupling effect
between the CFD modelling of bioaerosol dispersion and the calculation of probability of
contact events, Maria Portarapillo et al. [37] proposed a methodology to perform risk anal-
ysis of the virus spread. The use of tracer gas to simulate and discuss aerosol propagation
risk is one of the main research methods. Rencken Gerhard K et al. [38] used tracer gases to
approximate the flow and dispersion of aerosol–air mixtures.

Tracer gases are gases that can be mixed with air; they do not undergo chemical
changes and can be detected at low concentrations [39]. Common tracer gases are carbon
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dioxide, hydrogen, and so on. C.J. Ghazi et al. [40] locally measured air leakage rates
using carbon dioxide as a tracer gas. Aditya Togi et al. [41] proposed a new method of
estimating the mass of total molecular gas in galaxies directly from pure mid-infrared
rotational radiation using hydrogen as a tracer gas. Hydrogen sulfide and ammonia can
be used as tracers for aerosols. Zhao J. et al. [42] used hydrogen sulfide as a tracer gas to
investigate the effectiveness of forced ventilation strategies for eliminating the toxic and
oxygen deficient atmospheres in confined-space manure storages. Kirk Helen et al. [43]
considered that ammonia is an excellent tracer. Furthermore, the use of hydrogen sulfide
and ammonia can not only simulate the aerosol propagation, but can also fully illustrate
the distribution law and level of pollutants in the mobile public health. It is a novel topic
worthy of discussion in this study.

3. Results and Discussion
3.1. Field Test Results for the Thermal Environment
3.1.1. Indoor Temperature and Humidity Distribution

To find the degree of indoor temperature and humidity affected by the outdoor
environment, the curves of indoor and outdoor temperature and humidity were measured,
as shown in Figures 1 and 2. The indoor temperature and humidity in summer were
greatly affected by the outdoor temperature and humidity, and the indoor temperature and
humidity were higher than the outdoor temperature and humidity, which shows that the
material had poor heat storage properties. The indoor and outdoor temperatures showed
the same changing trend. The indoor temperature ranged from 28.5 ◦C to 35.5 ◦C. The
highest indoor temperature was 35.5 ◦C when the solar radiation was the strongest, while
the lowest was 28.5 ◦C when the solar radiation was the weakest. Moreover, it is shown
that the indoor temperature of samples A and B both exceeded the ASHRAE and indoor
air quality standards, and thus only the temperature of sample C in the initial period meets
the ASHRAE standard.

In summer, the maximum indoor humidity of the mobile public toilets could reach
60% in the peak off-duty period with a large flow of people. The changing trend of the
indoor and outdoor relative humidity of A was the same because A was in a sparsely
crowded area and indoor natural ventilation was adopted; the relative humidity of C
suddenly rose at 16:30 with the largest flow of people. Among the three subjects, only UPT
B used continuous mechanical ventilation; thus, B had the lowest relative humidity. It can
be shown that the indoor humidity meets the highest ISO standard, but C does not meet
the lowest ISO standard.

Figure 1. Air temperature and relative humidity changes in tested UPTs.
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Figure 2. Combination of relative humidity changes in tested UPTs.

Living conditions of fungi were 22–36 ◦C and relative humidity was 95–100%. From
the measurement data, the temperature in the mobile public toilets was just suitable for
fungi growth. Some fungi, such as Cryptococcus neoformans and Aspergillus, etc., could
infect the lungs of the human and cause harm to the body.

The pollutant gas molecules inside the toilet were always in constant motion. As the
temperature increased, the movement speed of the pollutant molecules accelerated, which
increased the concentration of air pollutants where the personnel breathes in the toilet. The
increase in humidity was predicted to affect people’s comfort, and the effective control
of humidity could alleviate the growth of fungi in the building, but a proper increase in
indoor humidity could reduce the survival period of the virus.

It has also been found that too low or too high humidity could increase the survival
time of virus-carrying aerosols. The survival and inactivation time of viruses depended
more on the humidity. When the relative humidity was close to 80%, the virus was the
most active and had the longest survival time. Therefore, if the temperature and humidity
inside the public toilets were effectively controlled, people’s comfort could be improved
and the growth of pathogens in the public toilets could be reduced.

3.1.2. Indoor Air Temperature Vertical Stratification

The temperature measurement of the inner roof, inner wall, and ground inside the
mobile public toilets are shown in Figure 3. The temperature of the three groups of
objects had obvious vertical stratifications. The temperature change trend of the inner roof
and inner wall surface was the same, while that of the floor temperature was relatively
large. The temperature decreased from the top to the bottom in the vertical direction.
The inner roof had the highest temperature. This is mainly because the outer roof was
exposed to strong solar radiation and was then transferred to the inner roof through heat
conduction; the ground temperature was the lowest, but it was strongly affected by the
outside environment. The floor temperature of C rose sharply at 11:50 and exceeded the
temperature of the inner wall surface after using the toilet.
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Figure 3. Indoor air temperature vertical stratification of tested UPTs.

The pollutant gases inside the mobile public toilets were mainly ammonia and hy-
drogen sulfide. The density of ammonia gas was lower than air and mainly gathered in
the upper layer of the public toilets, while the density of hydrogen sulfide was higher
and mainly gathered in the lower layer of the public toilets. The movement rate of the
ammonia molecules was faster with higher temperature, which was predicted to increase
the concentration of ammonia in the breathing height of the personnel in toilets. The
internal temperature ranged between 25 and 45 ◦C in the mobile public toilets. For the
coronavirus, 40 ◦C was more likely to be inactivated than 20 ◦C under the same humidity.
Therefore, viruses were mostly distributed in the lower space in the mobile public toilets.
In addition, virus aerosols were also more stable at lower temperatures.

3.1.3. Evaluation and Analysis of Odor Intensity

An evaluation of the indoor odor intensity of mobile public toilets was mainly based
on the subjective judgment of the human sense of smell. Eight people involved in scoring
were all college students. The number of men and women was equal and they were in
good health and had a sensitive sense of smell. The evaluation process was completed
synchronously with the measured time node. The odor intensity adopted a six-level
intensity representation: level 1 is odorless; level 2 is a weaker odor that can determine the
properties of the odor; level 3 is an obvious odor that is easy to smell; level 4 is a strong
odor; and level 5 is very strong odor. When the odor intensity exceeded level 3, it was
considered that the atmosphere was foul-smelling. Figure 4 shows that the odor intensity of
the three groups had the same changing trend. UPT A had the highest odor intensity, and
was not in the odor pollution stage only 7.69% of the time. UPT A used natural ventilation
and hot indoor conditions, resulting in a difficulty to discharge the odor, while UPTs B and
C were not in the odor pollution stage 19.23% and 26.92% of the time, respectively. UPTs B
and C both used mechanical ventilation. UPT B was located in the railway station with a
large flow of people, while C was located in the suburbs far away from the city with a low
flow of people, and the number of users was small.

The main pollutants in the toilet were ammonia, hydrogen sulfide, etc. The pollutant
that caused bad smells was mainly hydrogen sulfide. When the concentration of hydrogen
sulfide reached 0.00041 ppm, people already started to smell the odor. Therefore, when
the room was polluted by bad odors, the hydrogen sulfide content in the mobile public
toilets was already high. This shows that, in summer, indoor aerosol pollutants are easy
to accumulate inside mobile public toilets, causing the rapid deterioration of the internal
environment and posing a threat to people’s health.

Figure 3. Indoor air temperature vertical stratification of tested UPTs.

The pollutant gases inside the mobile public toilets were mainly ammonia and hy-
drogen sulfide. The density of ammonia gas was lower than air and mainly gathered in
the upper layer of the public toilets, while the density of hydrogen sulfide was higher
and mainly gathered in the lower layer of the public toilets. The movement rate of the
ammonia molecules was faster with higher temperature, which was predicted to increase
the concentration of ammonia in the breathing height of the personnel in toilets. The
internal temperature ranged between 25 and 45 ◦C in the mobile public toilets. For the
coronavirus, 40 ◦C was more likely to be inactivated than 20 ◦C under the same humidity.
Therefore, viruses were mostly distributed in the lower space in the mobile public toilets.
In addition, virus aerosols were also more stable at lower temperatures.

3.1.3. Evaluation and Analysis of Odor Intensity

An evaluation of the indoor odor intensity of mobile public toilets was mainly based
on the subjective judgment of the human sense of smell. Eight people involved in scoring
were all college students. The number of men and women was equal and they were in
good health and had a sensitive sense of smell. The evaluation process was completed
synchronously with the measured time node. The odor intensity adopted a six-level
intensity representation: level 1 is odorless; level 2 is a weaker odor that can determine the
properties of the odor; level 3 is an obvious odor that is easy to smell; level 4 is a strong
odor; and level 5 is very strong odor. When the odor intensity exceeded level 3, it was
considered that the atmosphere was foul-smelling. Figure 4 shows that the odor intensity of
the three groups had the same changing trend. UPT A had the highest odor intensity, and
was not in the odor pollution stage only 7.69% of the time. UPT A used natural ventilation
and hot indoor conditions, resulting in a difficulty to discharge the odor, while UPTs B and
C were not in the odor pollution stage 19.23% and 26.92% of the time, respectively. UPTs B
and C both used mechanical ventilation. UPT B was located in the railway station with a
large flow of people, while C was located in the suburbs far away from the city with a low
flow of people, and the number of users was small.

The main pollutants in the toilet were ammonia, hydrogen sulfide, etc. The pollutant
that caused bad smells was mainly hydrogen sulfide. When the concentration of hydrogen
sulfide reached 0.00041 ppm, people already started to smell the odor. Therefore, when
the room was polluted by bad odors, the hydrogen sulfide content in the mobile public
toilets was already high. This shows that, in summer, indoor aerosol pollutants are easy
to accumulate inside mobile public toilets, causing the rapid deterioration of the internal
environment and posing a threat to people’s health.
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Figure 4. Subjective evaluation of indoor odor intensity in tested UPTs.

4. Numerical Simulation
4.1. Simulation Model

A numerical model was built based on the actual mobile public toilets size and room
layout. The three-dimensional numerical model used using an Airpak design modeler, as
shown in Figure 5. A mobile toilet with x × y × z = 1100 mm × 1100 mm × 2300 mm
dimensions was also used, and the mobile toilets were modeled with a down-supply and
up-supply ventilation mode. A 1730 mm male standing model, a 200 mm × 100 mm air
inlet, a 200 mm × 200 mm air outlet, and a 420 mm × 220 mm pollutant release source
were placed in the center of the ground. The main pollutant was released as ammonia and
hydrogen sulfide.

Figure 5. The three-dimensional numerical model: (a) standing position; (b) sitting position.

4.2. Model Equations

The air in the toilet was assumed to have low velocity, impressible, and turbulent
fluid characteristics. Therefore, airflow can be regarded as continuous fluid and can be
represented by the followed equation.

Ideal gas law:
P = ρRT (2)

Continuity equation:
∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (3)
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Energy conservation equation:

u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

= a
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
(4)

After a comprehensive consideration of simulation reliability, a standard zero equation
was used to generate the turbulence model.

Zero Equation

This is a model that does not apply differential equations but uses algebraic relations
to connect the vortex viscosity coefficient to the time means value [44]. The zero-equation
model can accurately determine the indoor air distribution, air temperature, and pollutant
concentration [45,46], and the turbulent viscosity can be determined from

µt = ρl2S (5)

where ρ, l, and S are the fluid density, mixed length, and modulus of the average strain rate
tensor, respectively. l and S are given by l = min(kd, 0.09dmax) and

S =
√

2SijSij

where k = 0.0417 is the von Kármán constant; d, dmax, and Sij are a respective distances from
the wall, the maximum distance, and average strain rate tensor, given by:

Sij =
1
2
(

∂uj

∂xi
+

∂ui
∂xj

) (6)

where u is the velocity.

4.3. Boundary Conditions

The isothermal boundary condition was employed in the walls of mobile toilets in
this simulation when λ was 0.4. The air temperature outside the wall was based on the
experimental data. The measured data were used in the temperature of the floor. The
solar radiation intensity (W/m2) on a typical day at 12 a.m. had a strong influence on
the wall heating process. The inlet boundary conditions of the domain, including a free
inlet, experimental velocity, and air temperature, were used in the outlet boundary with a
standard intensity of pressure of 101.325 kPa. In addition, the following assumptions were
made in the present simulation:

(1) It could be assumed that the air is uniformly in compressible;
(2) In the steady state, the 3D flow could be fully developed;
(3) The influence of cold air penetration could be ignored on the heat transfer process;
(4) All thermo-physical fluid properties could be considered constant.

4.4. Meshing and Model Validation

Considering the room size, the maximum size of the fine grid in the X, Y, and Z
directions was set to 0.2 m. The grid at the exhaust outlet, air inlet, and pollution source
was finely processed. After calculation, the parameters of the fine grid were reported as
follows: NODES: 25134, HEXAS: 21761, QUADS: 6634, Faces + solids: 43. The meshing of
the field was carried out using structural mesh, as shown in Figure 6.
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Figure 6. Structured mesh of computational domain: (a) XZ plane view; (b) XY plane view.

The parameters representing the quality of the mesh were as follows: Face alignment
= 0.986928 > 1; Quality = 0.882239 > 1 min (quality (volume)) = 1.10135 × 10−6 max (quality
(volume)) = 0.986928 > 1 when the mesh quality is good [47].

Correlation analysis was performed by combining the measured data of indoor air
temperature and humidity with the simulated results. The coefficient of determination
R2 = 0.6987 > 0.5 and R2 = 0.891 > 0.5 was obtained by regression analysis (as shown
in Figure 7). This indicates that the simulated results have a good correlation with the
measured results and that the constructed physical model is reliable.

Figure 7. Correlation analysis between experiment and simulation: (a) air temperature; (b) relative
humidity.

4.5. Simulation Results
4.5.1. Pollution Distribution

According to the World Health Organization’s “Air Quality Guidelines”, when the stay
interval is within ten minutes, the average sulfide content should not exceed 500 ug/m3.
According to the “Urban Public Toilet Hygiene Standards”, for class II public toilets, the
indoor ammonia concentration should not exceed 1 mg/m3, and the hydrogen sulfide
concentration should not exceed 0.01 mg/m3. According to the “Indoor Air Quality
Standard” [48], indoor ammonia should not exceed 0.2 mg/m3.

To explore the distribution of indoor pollutants in mobile public toilets, the distribution
of indoor pollutants is shown in Figure 5. NH3 was released from the pollution source. Due
to the effect of the air inlet, NH3 diffused along the ground surface at the rear of the mobile
toilets and then spread upwards along the back wall, so the ammonia concentration at the
bottom of the mobile toilets was lower. The ammonia concentration around the human
body was 2.8 ppmv (2.16 mg/m3). Thus, this meets the sanitary standards of three types
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of UPTs, but the indoor air quality does not meet the standard requirements. The NH3
concentration was higher near the wall.

As shown in Figure 8, after H2S was released from the pollution source, outdoor air
entered the room from the air inlet. H2S diffused toward the rear of the mobile toilets and
then spread upward along the wall. At the two corners of the rear of the mobile toilets,
the H2S concentration was higher. This is probably because the pollutant H2S tended to
accumulate in the corners. The H2S concentration around the human body was 0.03 ppmv
(0.046 mg/m3). The H2S in the mobile public toilets does not meet the standards, and when
the H2S concentration exceeded 0.0041 ppmv, the odor could be smelled. If 0.41 ppmv was
reached, a strong odor could be smelled.

Figure 8. Concentration distribution of (a) NH3 and (b) H2S in the UPTs.

4.5.2. Effects of Indoor Pollutant Concentration

To study the effect of indoor temperature on the concentration of pollutants, corre-
lation analysis between temperature and the concentration of pollutants was carried out
(Figure 9a), and the determination coefficient of ammonia was R2 = 0.6876 > 0.5, showing
that the concentration of ammonia has a positive and strong correlation with temperature.
As the ambient temperature increased, the ammonia concentration increased, but the deter-
mination coefficient of hydrogen sulfide was R2 = 0.027 < 0.09, indicating that there is a
scarce correlation between the hydrogen sulfide concentration and temperature.
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Figure 9. (a) Regression analysis of pollutant concentration with indoor air temperature; (b) regres-
sion analysis of pollutant concentration with relative humidity; (c) regression analysis of pollutant
concentration with airflow.

To study the effect of indoor humidity on the concentration of pollutants, correlation
analysis between humidity and the concentration of pollutants was carried out (Figure 9b),
and the determination coefficient of ammonia gas was R2 = 0.3404 < 0.5, while the determi-
nation coefficient of hydrogen sulfide was R2 = 0.2063 < 0.5 Therefore, the concentration of
ammonia and hydrogen sulfide has a weak negative correlation with humidity.

To study the effect of the wind speed at the exhaust outlet on the concentration of pollu-
tants, correlation analysis between the wind speed and the concentration of pollutants was
carried out (Figure 9c), and the determination coefficient of ammonia was R2 = 0.9783 > 0.8,
while the determination coefficient of hydrogen sulfide was R2= 0.9748 > 0.8. Therefore,
the concentration of ammonia and hydrogen sulfide has a strong negative correlation with
the wind speed. As the wind speed increased, the exhaust air volume from the exhaust
vent increased and the indoor pollutant concentration decreased.

4.5.3. Indoor Air Velocity Distribution

It can be seen that the concentration of pollutants has a strong correlation with wind
speed. The higher the wind speed is, the lower the concentration of indoor pollutants. The
air velocity around the human body was 0.06 m/s, as shown in Figure 10, which does not
meet the quality standards [48]. The air velocity on the left side of the human body was
high, with low pollutant concentration on the same side of the human body. When fresh air
entered the room, the wind speed gradually decreased from the direction of the air outlet,
and the wind speed close to the human body reached 0.71 m/s.

Figure 10. Cloud chart at Y = 0.15 m.
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4.5.4. Indoor Air Age Distribution

The age of air reflected the freshness of indoor air, making it an important indicator for
evaluating indoor air quality. The air quality in the lower part of the mobile public toilets is
clearly shown in Figure 11. With the increase in pollutants, the air quality in the upper part
worsened. The air quality was the worst behind the head of the users where bacteria were
most likely to grow. In addition, the air quality at the breathing height of the human body
was also poor, which is the main factor leading to the high odor intensity.

Figure 11. Air age distribution at (a) Z = 0.55 m, (b) X = 0.55 m, and (c) Y = 1.1 m.

5. Ventilation Methods for Reducing Public Health Safety Risks
5.1. H2S and NH3 Mass Concentrations in Different Ventilation Modes

It was shown that the concentration of pollutants has the strongest correlation with
wind speed, so the airflow was reorganized by changing the indoor ventilation form
(Figures 12 and 13). In Figure 12, the indoor NH3 concentration decreased when the
downward ventilation mode was adopted, and that of the human breathing height was
2 ppmv (1.5 mg/m3), which meets the hygienic standards of the second-class UPTs. Heavy
ammonia was discharged outdoors after it was released from the pollution source, and
part of it was diluted by indoor fresh air. The indoor concentration of H2S was also re-
duced, and the concentration of hydrogen sulfide around the human body was 0.015 ppmv
(0.023 mg/m3), which still does not meet the sanitary standards of UPTs.

Figure 12. Concentration distribution of NH3 in different ventilations: down-supply and down-
exhaust, up-supply and up-exhaust, up-supply and down-exhaust, respectively. (a–c): Pollution
distribution at X = 0.55 m.
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Figure 13. Concentration distribution of H2S in different ventilations: down-supply and down-
exhaust, up-supply and up-exhaust, up-supply and down-exhaust, respectively. (a–c): Pollution
distribution at X = 0.55 m.

Figure 12 shows that most of the indoor ammonia gas accumulated in the lower
part of the mobile public toilets and the back wall when the up-supply and up-discharge
ventilation mode was adopted. The concentration of ammonia gas around the user was
about 0.67 ppmv (0.52 mg/m3), which conforms to the hygienic standards for second-class
UPTs. The distribution of H2S concentration was similar to NH3, and the concentration in
the breathing area of users was about 0.004 ppmv (0.007 mg/m3), which meets the norms
for first-class urban toilets.

Figure 13 shows that the ammonia concentration around the indoor user was about
0.0017 ppmv (0.0013 mg/m3) when the up-supply and down-exhaust ventilation mode
was adopted. The concentration of H2S at the breathing height of the toilet users was
about 8.6 × 10−6 ppmv (1.3 × 10−5 mg/m3); thus, this pollutant concentration meets
the standards for first-class UPT sanitation. The toilet users in the mobile public toilets
could hardly smell the odor. The concentration of pollutants in mobile public toilets was
drastically reduced, and the health threat to the human body also decreased. The aerosol
concentration at the height of breathing under different ventilation modes is shown in
Figure 14.

Figure 14. The aerosol concentration at the height of breathing under different ventilation modes.
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5.2. Indoor Air Age in Different Ventilation Modes

Figure 15 shows that when the downward ventilation mode was adopted, although it
could expel pollutants quickly, the indoor airflow organization was poor and the fresh air
entering the room could hardly reach the breathing height of toilet users.

Figure 15. Age of air in the UPTs at Z = 1.15 m with (a) down-supply and down-exhaust,
(b) up-supply and up-exhaust, and (c) up-supply and down-exhaust ventilation modes.

When the up-supply and down-exhaust were adopted, the fresh air entered the room
from the top inlet and then the fresh air sank, resulting in better air quality in the toilet.
When the up-supply and down-exhaust ventilation mode was used, the air quality was
good and the indoor airflow organization was suitable.

6. Conclusions

Unlike the outdoor open environment which is usually cleaned automatically by wind,
mobile toilets are continuously closed with the pollution released from its source; thus,
contamination may severely accumulate and eventually raise the risk of infection and lower
the comfortability. In the present review, the design of humanization was discussed. The
innovation of the study was to utilize CFD simulation to analyze the problem of tracer gas
to reflect the danger of aerosol transmission, and the pollution distribution of urban mobile
public health was studied for the first time. The results can be summarized as follows.

(1) There is no obvious difference in the change rules of thermal environment in the three
mobile public toilets. Temperature and humidity have the same large amplitude and
short delay, the values of which are acceptable for people based on GB/T 17217-1998.
However, odor intensity indicates that the environment in the mobile public toilets is
unadopted but suitable for bacteria.

(2) Different characteristics in the thermal environments can affect pollution dispersion.
An increase in the temperature increases the intensity of ammonia. The tempera-
ture increased by 1 ◦C and the ammonia concentration increased by 0.036 mg/m3.
While the hydrogen sulfide concentration does not have a significant correlation
with temperature, and an increase in humidity does not drastically change the pol-
lution concentration in mobile public toilets. This shows that this aerosol pollution
dispersion will be stronger when the temperature is varied.

(3) The pollution concentration level increases linearly with air velocity. Exhaust air
volume and pollutant concentration show an obvious inverse relationship. With an
increase of 0.1 m/s in the wind speed at the exhaust air outlet, the indoor ammo-
nia concentration and hydrogen sulfide concentration were reduced by 0.1 mg/m3

and 0.002 mg/m3, respectively. Thus, it is possible to reduce the aerosol pollution
concentration with enough ventilation.

(4) It is best to use up-supply and down-exhaust for pollution discharge in mobile
public toilets. Compared to the measured object, ammonia and hydrogen sulfide
concentration decreased by 2.2 mg/m3 and 0.046 mg/m3, respectively, indicating that
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there is a higher potential for improving the indoor environment in mobile public
toilets. Therefore, the air distribution mode of mobile toilets is extremely important.
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Nomenclature

Parameters
tin The indoor temperature of the object, ◦C
µt The turbulent viscosity, N·s/m2

ρ The fluid density, kg/m3

l The mixed length of the fluid, m
S The modulus of the average strain rate tensor of the fluid, s−1

k The von Kármán constant
d The respective distance from the wall, m
u The fluid velocity, m/s
P The fluid pressure, Pa
R The molar gas constant
T The thermodynamic temperature of the fluid, K
Abbreviations
UPT Urban public toilet
EMU Electric multiple unit
TMY Typical meteorological year
A, B, C Object A, object B, and object C
HVAC Heating, ventilation, and air conditioning
CFD Computational fluid dynamics
Subscripts
max Maximum of data
min Minimum of data
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