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Abstract: Poor indoor air quality reduces the comfort experienced in the environment and can also
harm our physical health. Mechanical ventilation design plays an important role in improving the
indoor environment and the safety of public toilets. Therefore, in this study, we aimed to evaluate
public toilet ventilation design schemes through a digital twin to determine the most effective scheme
for reducing indoor pollutant concentrations. In this study, we used Autodesk Revit to create a
digital twin BIM of different ventilation systems. We simulated the diffusion of pollutants in these
models using computational fluid dynamics (CFD)-based methods, and we used DesignBuilder to
simulate building energy consumption. From the perspective of architectural design, we determined
measures important for reducing the concentration of air pollutants by increasing the number and
volume of air exchanges and controlling the installation height of exhaust vents. The results show
that the ventilation design of an all-air air conditioning system with an exhaust height of 400 mm
can remarkably improve the indoor environmental health and ventilation efficiency of public toilets,
while consuming 20.4% less energy and reducing carbon emissions by 30,681 kg CO,.

Keywords: public toilets; ventilation; digital twin; concentration of indoor pollutants; computational
fluid dynamics (CFD)

1. Introduction

Indoor air quality (IAQ) is closely related to human lives. Poor indoor air quality not
only reduces environmental comfort but can also harm our health [1]. As an indoor space
with a unique service type, the air environment in toilets is often neglected due to the short
time people spend there [2,3]. Therefore, maintaining high environmental quality in toilets
is a matter of concern. Since the frequency of use and the time people occupy public toilets
are much higher than those of residential toilets, guaranteeing the air quality of public
toilets is more challenging [4]. According to the hygienic standard for communal toilets
in cities, the main pollutants in public toilets are ammonia (NHj3) and hydrogen sulfide
(H»S) [5]. Ammonia and hydrogen sulfide can easily irritate people’s skin, respiratory tract,
and eyes, and may cause headache, dizziness, blurred consciousness, and even coma in
severe cases [6]. In the process of designing the ventilation of public toilets, selecting an
appropriate ventilation system that can effectively improve the IAQ and avoid the harmful
gas emissions that adversely affect the surrounding environment is key [7,8]. Therefore, in
this study, we simulated different air distributions during the design phase of public toilets
to find a ventilation method that can effectively reduce the air pollutant concentration
inside public toilets.
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Numerical simulations based on computational fluid dynamics (CFD) are widely
used in the field of building ventilation design. CFD can be used to more accurately
simulate indoor airflow organization, pollutant propagation paths, and other phenomena
to reduce both the costs and risks during the design phase [9]. Gu et al. [10] used CFD
to simulate the influence of harmful gases in the toilets of temporary hospitals on the
indoor environment of the building, and further analyzed and evaluated the influence
of different ventilation system design schemes on the diffusion of harmful gases. Zhang
et al. [4] showed that standard k-¢, RNG k-¢, realizable k-¢, and low-Re k-¢ models consider
the natural buoyancy-driven convection during the diffusion process and can be used
to simulate indoor pollutant diffusion. Lee et al. [9] performed a steady-state analysis
of temperature and flow velocity inside the building using the turbulence model of the
standard k-e model. Therefore, this study will use the standard k-¢ model to simulate
indoor pollutant dispersion.

Wan and Chao [11] studied the importance of ventilation systems on pollutant dif-
fusion and found that one-way upper and one-way lower ventilation systems are more
effective in reducing the influence of aerosol distribution. The ASHRAE study showed
that heating, ventilation, and air conditioning (HVAC) systems can effectively reduce the
concentration of viruses and harmful gases in the air, thus reducing the risk of virus and
harmful gas transmission [12]. However, few researchers and designers have studied the
effective ventilation system design and the factors influencing building space ventilation in
order to reduce the impact of harmful gases and indoor pollutants [13,14]. Given the effects
of the IAQ in public toilets on human health, studying the distribution law of pollutant
concentration in public toilets is important. Digital twin models of public toilets have
been constructed to simulate different indoor ventilation systems, providing guidance for
reasonably designing the ventilation of public toilets [15,16]. These models are essential for
improving hygiene in public toilets and for reducing the risk of infection.

A digital twin refers to the construction of models in digital virtual space to enable
the analysis and optimization of entities in physical space [17]. In the architectural design
phase, digital twin technology can be used to improve the accuracy of ventilation design
and to verify the real-world performance of the design scheme [18]. Building Information
Modeling (BIM) is a data-, information-, and knowledge-sharing center; in the architectural
design process, BIM can provide rich information. As a digital technology in the construc-
tion industry, BIM is used to simulate building information through numerical simulation
in the design phase. Zhao et al. [19] integrated BIM models with DesignBuilder to eval-
uate the feasibility of nearly zero-energy building retrofit schemes for existing buildings.
Delavar et al. [20] proposed a digital twin evaluation framework in the architectural design
phase and found that the BIM and CFD models of the level of development (LOD) 300 can
be effectively integrated. Therefore, in this study, we used the BIM LOD300 model coupled
with CFD software to simulate the performance of different ventilation design schemes,
and DesignBuilder to simulate building energy consumption and the indoor comfort of the
design scheme.

The ventilation design of public toilets mainly considers the use of negative pressure
to discharge the foul smells generated by the toilet. Under natural ventilation conditions,
ensuring that the public toilet is in a negative pressure state relative to other public areas is
difficult, and the air in the surrounding public areas can be easily polluted [21]. Therefore,
the standard for the design of civil buildings requires the installation of a mechanical
exhaust system to ensure the air quality in public toilets and the surrounding areas [22].
At present, a clear value in the relevant specifications for the selection of the frequency of
air exchanges in public toilets is not provided, and most of the values are derived from
engineering practice experience. This has led to the waste of energy due to excessive
ventilation in the public toilets, and the pollutants in the toilets cannot be effectively
discharged with insufficient ventilation [22,23]. Different design codes describe various
requirements regarding the frequency of air exchanges in the toilet (Table 1). Although the
relevant specifications stipulate the corresponding values for the frequency of air exchanges
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and the ventilation volume in the toilet, they do not describe the form of the exhaust system,
the frequency of air exchanges, or the installation height of the exhaust vents [6,22,24].
Therefore, in this study, we adopted a numerical simulation to analyze the influence of
different ventilation system design schemes of public toilets on the IAQ.

Table 1. Recommended ventilation parameters for public toilets.

Number Technical Standard Frequency of Air Exchanges (h—1)
1 Standard for design of urban public >5and
toilets (CJJ14-2016) >(Db x 40 + Xb x 20)/V
Design code for heating ventilation and
2 air conditioning of civil buildings 5-15

(GB50736-2012)

National Technical Measures for Design
3 of Civil Construction Heating, 10-20
Ventilation and Air Conditioning

Note: Db, stool; Xb, urinal; V, ventilated space volume.

The design of public toilet ventilation systems plays a crucial role in improving indoor
air quality and reducing the diffusion of pollutants [7,13]. In the public toilet design stage,
various air supply, and exhaust schemes are simulated, and the most reasonable airflow
organization and ventilation strategy to prevent the spread of pollutants are selected. CFD
is used to simulate the ventilation performance of different HVAC systems [23,25,26]. To
verify numerical simulations, grid-line-independent verification of the digital twin model
is performed. Then, the validated numerical method is used to analyze the effects of
different ventilation systems (with different numbers of air exchanges, ventilation modes,
and exhaust vent heights) on the IAQ. Quantitative analysis and evaluation of the average
concentration of indoor pollutants (ACIPs), ventilation efficiency, and the age of air (AOA)
in ventilation design schemes are conducted. DesignBuilder is used to simulate public toilet
energy consumption. Finally, different ventilation design schemes are evaluated through a
digital twin, and a ventilation design scheme that reduces the ACIPs is constructed. The
ventilation design scheme of the ideal HVAC system in the public toilet is explored.

2. Materials and Methods

This study mainly studied the influence of different ventilation design schemes on the
distribution of pollutants in public toilets. We established corresponding digital twin mod-
els for different ventilation systems designed, and supplemented the design of ventilation
systems by quantitative assessment of the diffusion of harmful gases to effectively improve
the indoor air quality in public toilets. Figure 1 shows the framework of our digital twin
evaluation method for public toilets.

BIM can be regarded as a collaborative tool used in different disciplines in the architec-
tural design phase (Figure 1). BIM provides shared geometric data for CFD, the building
energy model (BEM), and indoor comfort simulations, and attribute information provides
the boundary conditions, such as velocity, temperature, and concentration required for
the simulation. In this study, we used the Revit of Autodesk to create a BIM, and Revit
software provided the interface for collaborative software data transfer. We divided thermal
zones in Revit and exported the gbXml data to Design Builder to simulate building energy
consumption. We exported SAT-format data to ICEM CFD for meshing and part division.
Finally, we used the Ansys Fluent commercial software to numerically simulate the airflow
distribution in public toilets. We mainly focused on the numerical simulation and energy
consumption simulation analysis of the air environment in public toilets, and selected a
suitable ventilation design system based on the evaluation index.
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Figure 1. Digital twin evaluation method framework.

2.1. Evaluation Method

The criteria used to evaluate the IAQ mainly include the pollutant concentration in
the personal breathing zone, ventilation rate, the AOA, building energy consumption,
and the thermal comfort index. The indices used to evaluate indoor thermal comfort
mainly include the predicted mean vote (PMV) and the predicted percentage of dissat-
isfied (PPD) to express the percentage of those satisfied and dissatisfied with the indoor
environment, respectively.

2.1.1. Pollutant Concentration

The concentration of pollutants in a personal breathing zone directly reflects whether
human health requirements are met. As people squat and stand when they go to the toilet,
we selected the vertical heights of 0.9 m (Z900) and 1.6 m (Z1600) from the ground as the
height of the breathing zone [1,16]. We used the maximum concentration of pollutants
specified in the Hygienic Standard for Communal Toilets in Cities as the reference limit
for concentrations of NH3 (<0.30 mg/ m3) and H,S (<0.01 mg/ m?) in public toilets [5].
Therefore, as pollutants, we considered the harmful gases NH3 and H,S from toilets in
this study.

2.1.2. Pollutant Concentration

Ventilation efficiency is an indicator that expresses the ability of ventilation to remove
pollutants, and is commonly referred to as sewage efficiency [27]. For the same pollutant,
the airflow that can maintain a lower indoor pollutant concentration or can quickly reduce
the initial concentration of indoor pollutants with the same air supply volume has a high
pollutant discharge efficiency. The ventilation efficiency is expressed as:

o Ce — Cin

E- =
cTc-¢,

M

where E. is the ventilation efficiency, C, is the concentration of pollutants in an exhaust
vent, C;, is the concentration of pollutants in the air supply vent, and C represents the
average concentration of pollutants in indoor personal breathing zones.

2.1.3. Age of Air

Air age refers to the time elapsed from the time the air particles enter the room to a
certain point in the room, reflecting the freshness of the indoor air. Air age can be used to
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comprehensively measure the ventilation effect in a room and is an important indicator for
evaluating the IAQ [28]. In general, the younger the age of the air, the higher the IAQ.

2.1.4. PMV and PPD

PMYV is an index used to evaluate the thermal response of the human body (the feeling
of heat and cold) and represents the average feeling of cold and heat of most people in the
same environment. When PMV = 0, the indoor thermal environment is in the best thermal
comfort state [29-31]. The design code for heating ventilation and air conditioning of civil
buildings stipulates that the thermal comfort in heating and air-conditioned rooms should
be evaluated using PMV and PPD in accordance with moderate thermal environments.
PMYV and PDD indices must be determined to ensure the specifications of the conditions
for thermal comfort are met. Acceptable values are: —1 < PMV < +1 and PPD < 27% [32].

PMV = [0.303 x exp(—0.036 x M) + 0.0275] x TL @)

where M is the energy metabolism rate of the human body, which is determined by the
amount of activity of the human body (unit: W/m?); TL is the difference between the
amount of heat produced by the human body and the amount of heat the body emits to the
outside world. Table 2 show the thermal sensation scale of the PMV.

Table 2. Thermal sensation scale of the PMV.

PMV -3 -2 -1 0 1 2 3
Therrr}al cold cool slightly cool neutral slightly warm hot
sensation warm

The PPD is the average vote of the population that is dissatisfied with their ther-
mal environment. The PPD index predicts the feeling of being too warm or too cold in
a population [32]:

PPD = 100 — 95 x exp[(0.03353 x PMV* 4 0.21 x PMV?)] 3)

where PMV is the evaluation index that characterizes the human body’s thermal response
(feeling of heat and cold).

2.2. Digital Twin Models

We conducted our study case in Nanjing, China. The toilet consisted of four floors,
each with an area of 92.7 m?. The architectural design plan and BIM of this study case
are shown in Figure 2. According to the architectural design scheme, we established the
public toilet to determine the air supply and exhaust design plan (as shown in Figure 2)
and created the corresponding BIM. To not affect the calculation, we reasonably simplified
the shape of the urinals and toilets. We took the room length as the x-axis (9800 mm), the
room width as the y-axis (9600 mm), and the room height as the z-axis (3000 mm, with a
ceiling height of 2600 mm). The public toilet contained 5 urinals and 14 toilets. The size
of the urinal was 350 x 350 x 600 mm3, and the urinals were 600 mm from the ground.
Each urinal was evenly spaced 800 m apart, and the corresponding hole diameter of the
urinal was 70 mm. The size of the toilet was 350 x 350 x 100 mm?3, with partitions around
each toilet to form a semi-closed toilet seat. The length of a single toilet seat was 1500 mm
and the width was 1000 mm, the height of the partition was 1900 mm (150 mm from the
ground), and the diameter of the corresponding opening of the toilet was 110 mm. The size
of the door opening was 2000 x 2200 mm?.
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Figure 2. Three-dimensional view and layout of a typical floor of the public toilet facility. (a) De-
scription of three-dimensional view; (b) Description of primary air fan—coil system; (c) Description of

all-air air conditioning system.

To study the influence of the air supplied in the public toilet ventilation system and the
layout of the exhaust vents on the diffusion of harmful gases, we considered two different
ventilation systems in the analysis (Figure 2). These two ventilation systems were the
primary air fan—coil system and the all-air air conditioning system, which have different
airflow organizations. To ensure the negative pressure in public toilets, the air supply
volume of all-air air conditioning systems must be 80% of the exhaust air volume, and the
remaining air volume is supplemented by door opening [22].

The building layout and ventilation system were independent of each other, and the
ventilation design followed the building layout. We designed different ventilation design
schemes and designed them according to the frequency of air exchanges, the ventilation
method, and the height of the exhaust vent. The main aspects of this study included:
(1) examining the distribution of pollutants in public toilets for different ventilation times
by changing the frequency of air exchanges, the ventilation method, and the height of the
exhaust vent; (2) according to the frequency of air exchanges, differing the air-conditioning
system and the height of the exhaust vent to analyze the change in energy consumption in
each scenario; (3) analyzing the concentrations of indoor pollutants, the AOA, ventilation
efficiency, and PMV-PPD evaluation indicators in different scenarios, and recommending
suitable ventilation schemes.

2.3. Digital Twin Models

CFD technology can be used to quantitatively analyze the diffusion trajectory of
harmful gases and the concentration distribution of harmful gases in space, which can
provide a reference for public toilet ventilation design. In this study, we established a CFD
calculation model for the design process of public toilets, and simulated the air flow using
the standard k-¢ turbulence model.

2.3.1. Boundaries

Because ammonia and hydrogen sulfide are harmful, in-person experiments are not
advisable. These dangerous experiments can be effectively replaced by the combination
of a BIM and digital twin evaluation and the use of numerical simulation experiments.
Table 3 shows the boundary conditions for door openings, walls, and major pollutants in
this study. Table 4 shows the boundary conditions of the primary air fan—coil system.
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Table 3. Door openings, walls, and pollutant boundary conditions.

Number Boundary Description

door Set the door opening as a free outflow boundary, the temperature in

! openings winter is 20 °C, and the design temperature in summer is 26 °C [22].

Set the walls and partitions around the room as wall boundary

2 walls conditions, and the heat transfer coefficient is 0.6 W/ (m?2 K) [22].
NHj3; release rate from the urinal is 0.065 m/s,
0.00005 kg/m3 [1,4].
3 pollutants NH; NHj release rate from the ’;oilet is 0.05 m/s at
0.00005 kg/m® [1,4].
H,S release rate of the toilet is 0.03 m/s,
H,S

0.00002 kg/m3 [1,4].

Table 4. Mechanical exhaust and door opening boundary conditions.

Multi-Connected Indoor Unit

Air supply Return air

Velocity (m/s) Tuyere area (m?) Velocity (m/s) Tuyere size
(mm)
Primary air 3.148 0.0353 2.778 400 x 400
fan-coil system .
Fan coil

Air supply Return air

Velocity (m/s) Tuyere size(mm) Velocity (m/s) Tuyere size(mm)
3.08 120 x 750 3.08 120 x 750

2.3.2. Calculation Model Validation

Using a suitable number of grids ensures a small calculation error, so that accurate
simulation results can be obtained. A structured grid can better ensure the quality and
quantity of the grid. Therefore, in this study, we used a tetrahedral-structured grid to
divide the model of the public building, and the air supply vents, exhaust vents, pollution
sources, and door openings were properly locally encrypted. We used CFD to divide the
space that required a numerical model into a finite number of meshes to calculate fluid
flow, so an appropriate mesh design is crucial for the calculation results. To ensure the
accuracy and feasibility of the numerical simulation, the mesh of the model needs to be
properly optimized. In this study, the computer of Lenovo P50 was used as the computing
resource. The grid independence verification of the primary air fan—coil system with 15 air
exchanges is shown in Table 5.

Table 5. Mesh sensitivity.

Maximum Velocity Averaged Velocity

Frequency of Air

Meshing Number of Cells 1 Height (mm) Velocity  Relative  Velocity = Relative
Exchanges (h™) (m/s) Error (%) (m/s) Error (%)
900 0.44 22.73 0.42 21.43
Coarse 2,975,007 1600 0.45 15.56 0.44 20.45
. 900 0.34 8.82 0.33 9.09
Middle 4,286,976 s 1600 0.38 —263 0.35 571
i 900 0.31 —323 0.3 333
Fine 9,313,280 1600 0.39 0 0.37 2.70
Finest 11,439,669 900 0.32 / 0.31 /

1600 0.39 / 0.36 /
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To determine the appropriate number of computing grids, we conducted correspond-
ing simulation calculations for four different grid numbers: 2,975,007, 4,286,976, 9,313,280,
and 11,439,669 (shown in Table 5). The same simulation conditions were set for the four
mesh numbers and each was iterated until the simulation converged. Comparing the maxi-
mum and average velocities of points in the toilet, the results showed that 9,313,280 grids
were sufficient to achieve grid independence, and the relative error between the maximum
and average velocities was less than 5%. The average speed complied with the requirement
of the design code for heating ventilation and air conditioning of civil buildings of less
than 0.5 m/s.

3. Results

Public toilets are places where people gather, and indoor pollutants are difficult to
control if ventilation is poor. We used CFD technology to simulate the air flow of different
ventilation systems to verify the accuracy of the computational model simulation. On
this basis, we analyzed the influence of different numbers of air exchanges, different air
conditioning systems, and different exhaust vent heights on the diffusion of indoor air
pollutants to determine the optimal ventilation method and the most appropriate exhaust
vent installation positions.

3.1. Effect of the Frequency of Air Exchanges

Good airflow organization is the main measure used to control the diffusion of pollu-
tants through ventilation, and the specific frequency of air exchanges is difficult to deter-
mine. Table 6 shows the boundary conditions for the different numbers of air exchanges
that we used to study their effect on the ACIPs.

Table 6. Boundary conditions for the frequency of air exchanges.

Scenario Ventilation ]IE{xI}aust Vent Frequency of Air Exhaust Volume (m3/h) EXhal.ISt Vent
eight (mm) Exchanges (h~1) Velocity (m/s)

1 5 1390.5 2.10

2 primary air 10 2781 2.10

3 fan-coil system 2600 15 41715 2.10

4 20 5562 2.10

Figure 3 shows the concentration cloud map of indoor pollutants for Scenario 1. The
average concentrations of H,S are 0.0229 (Z900) and 0.0225 mg/ m3 (Z1600). The average
concentrations of NHj3 are 0.76 (Z900) and 0.6755 mg/m3 (Z1600).

Figure 4 shows the concentration cloud map of indoor pollutants for Scenario 2. The
average concentrations of H,S are 0.0126 (Z900) and 0.0124 mg/ m3 (Z1600). The average
concentrations of NHj are 0.298 (Z2900) and 0.2933 mg/ m?3 (Z1600).

Figure 5 shows the concentration cloud map of indoor pollutants for Scenario 3. The
average concentrations of H,S are 0.0079 (Z900) and 0.0078 mg/m3 (Z1600). The average
concentrations of NHj are 0.2032 (Z2900) and 0.1971 mg/ m? (Z1600).

Figure 6 shows the concentration cloud map of indoor pollutants for Scenario 4. The
average concentrations of H,S are 0.0063 (Z900) and 0.0062 mg/m3 (Z1600). The average
concentrations of NHj are 0.1583 (Z2900) and 0.1549 mg/ m? (Z1600).

With the increase in the frequency of air exchanges, the overall pollutant concentration
in the toilet substantially improves, the urinal room has better air mobility because there is
no partition, and the exhaust effect is much stronger than that of the toilet room. When
the frequency of air exchanges increases to 15 h~! (Scenario 3), both H,S and NH; meet
the requirements of the Hygienic Standard for Communal Toilets in Cities, but part of the
partition does not meet the requirements.
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Figure 3. Concentration cloud map of pollutants in Scenario 1. (a) HyS concentration fraction (Z900);
(b) H,S concentration fraction (Z21600); (c¢) NH3 concentration fraction (Z900); (d) NH3 concentration
fraction (Z1600).
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Figure 4. Concentration cloud map of pollutants in Scenario 2. (a) H,S concentration fraction (Z900);
(b) H,S concentration fraction (Z1600); (c) NH3 concentration fraction (Z900); (d) NH3 concentration
fraction (Z1600).
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Figure 5. Concentration cloud map of pollutants in Scenario 3. (a) H,S concentration fraction (Z900);
(b) H,S concentration fraction (Z1600); (c) NH3 concentration fraction (Z900); (d) NH3 concentration
fraction (Z1600).
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Figure 6. Concentration cloud map of pollutants in Scenario 4. (a) HyS concentration fraction (Z900);
(b) H,S concentration fraction (Z1600); (c) NH3 concentration fraction (Z900); (d) NH3 concentration
fraction (Z1600).

Figure 7 shows the variation trend in the average ACIPs with the frequency of air
exchanges. As the frequency of air exchanges increases, the ACIPs gradually decrease, but
the downward trend gradually slows. With the increase in the frequency of air exchanges,
the difference between the concentrations of Z900 and Z1600 pollutants gradually de-
creases. The ACIPs do not decrease obviously when the frequency of air exchanges in-
creases from 15 to 20 h~!; especially, the pollution concentration in the partition tends to be
stable. Therefore, from the perspective of energy savings and emission reduction, in the
following, we adopted 15 h~! as the frequency of air exchanges.

3.2. Effect of Exhaust Vent Velocity

The air velocity of the exhaust vent is an important factor controlling the ACIPs. If the
air velocity of the exhaust vent is too low, indoor pollutants cannot be effectively removed.
If the air velocity of the exhaust vent is too high, indoor air disturbances increase, resulting
in air stagnation. Table 6 shows the boundary conditions of the air velocity of the exhaust
vent used to simulate the effect of the exhaust vent velocity on the diffusion of indoor
pollutants. According to the National Technical Measures for Design of Civil Construction:
Heating, Ventilation and Air Conditioning, the wind speed of the exhaust vents in public
toilets should be 1-5 m/s, so we used this wind speed for the exhaust vents in this study,
as shown in Tables 6 and 7.
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Figure 7. Variation trend in the ACIPs with the frequency of air exchanges. (a) Average concentration
of HS; (b) Average concentration of NHj3.

Table 7. Boundary conditions for air velocity at exhaust vent.

Exhaust Vent . Exhaust Exhaust Vent
i ilati Frequency of Air
Scenario Ventilation System Height (mm) Exgmngeys (h-1) Volume (m3/h) Velocity (m/s)
> primary air 4.03
? fan-coil system 2600 15 4171.5 i)(l)g

According to the simulation results of Scenarios 3, 5, 6 and Scenario 7, the ACIPs in
the public toilet vary with the velocity of the exhaust vent, as shown in Figure 8. Since
NHj is less dense than air and H,S is denser than air, when the velocity of the exhaust vent
is lower, the power of mechanical exhaust is also weaker. At this time, rising buoyancy
plays a leading role in the diffusion of pollutants. With the increase in the velocity of
the exhaust vent, the indoor air disturbance increases and the pollutants are not easily
discharged outdoors.
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Figure 8. Variation trend in the ACIPs with different exhaust vent air velocities. (a) Average
concentration of H,S; (b) Average concentration of NHj3.

Compared to Scenario 3, the H,S concentration in Scenario 6 decreased by -1.22%
(Z2900) and 0% (Z1600), and the NH3 concentration decreased by 6.76% (Z900) and 9.86%
(Z1600). Although the average H,S concentration in Scenario 3 is higher than that in
Scenario 6, the decrease in the average concentration of NHj in Scenario 3 is larger than
the increase in H,S in Scenario 6. Therefore, in subsequent studies, we adopted an exhaust
vent velocity of 3.03 m/s in Scenario 6.
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3.3. Effect of Air Conditioning System
According to the all-air air conditioning system shown in Figure 2, the boundary
conditions of the all-air air conditioning system are shown in Table 8. The frequency of
air exchanges was 15 h~! and the velocity of the exhaust vent was 3.03 m/s to study the
influence of different air conditioning systems on indoor pollutants.
Table 8. The all-air air conditioning system boundaries.
. o Exhaust Vent Frequency of Air Exhaust Volume Supply-Air
Scenario Ventilation System Height (mm) Exchanges (h—1) Velocity (m/s)
8 All-air air conditioning 2600 15 313

system

Figure 9 shows the concentration cloud map of indoor pollutants for Scenario 8. The
average HjS concentrations are 0.0078 (Z900) and 0.0068 mg/ m3 (Z1600). The average
concentrations of NHj are 0.1810 (Z900) and 0.1515 mg/m? (Z1600).

HCF(2900)

0.0100
0.0080
0.0060
0.0040
0.0020
0.0000

HCF(21600)
00100
0.0080
00060
0.0040
0.0020
00000
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03000
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0.1800
0.1200
0.0600
0.0000

(©

NCF(Z1600)
0.3000
0.2400
0.1800
0.1200
0.0600
0.0000

(d)

Figure 9. Concentration cloud map of pollutants in Scenario 8. (a) HyS concentration fraction (Z900);
(b) H,S concentration fraction (Z1600); (c) NH3 concentration fraction (Z900); (d) NHj3 concentration

fraction (Z1600).

The air supply speed in Scenario 8 is 3.13 m/s, which is close to the air supply velocity
in Scenario 6. However, in Scenario 8, the air supply from the door opening only accounts
for 20% of the total air supply and the rest is sent into the room through the indoor air vent.
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Compared to Scenario 3, the distribution of air supply vents in Scenario 8 is more dispersed
and the ACIPs are lower.

The numerical simulation results for Scenarios 6 and 8 are shown in Table 9. The
calculation results showed that the all-air air conditioning system can reduce the ACIPs
by more than 5%. Therefore, we used the all-air air conditioning system to study the
distribution of indoor pollutants.

Table 9. The ACIPs with an all-air air-conditioning system in different scenarios.

ACIPs Scenario 6 Scenario 8 Reduction (%)
7900 0.0083 0.0078 5.77
3
HS (mg/m”) 71600 0.0078 0.0068 13.18
7900 0.2013 0.1810 10.08
3
NH; (mg/m”) 71600 0.1881 0.1515 19.46

3.4. Effect of Supply-Air Velocity

The Section 3.3 calculation results showed that the all-air air conditioning system has
advantages over the primary air fan—coil system in reducing the ACIPs. The boundary
conditions of the all-air air conditioning system are shown in Table 10 to demonstrate the
influence of different supply-air velocities of the all-air air conditioning system on the
distribution of indoor pollutants.

Table 10. Boundary conditions of supply-air velocity.

. S Exhaust Vent Frequency of air Exhaust Volume Supply-Air
Scenario Ventilation System Height (mm) Exchanges (h—1) (m3/h) Velocity (m/s)
9 1.05
10 e 2600 15 4171.5 2.02
1 conditioning system 112

Figure 10 shows the variation in the ACIPs in a public toilet facility with an all-air air
conditioning system with different air supply vent velocities. With the increase in supply-
air velocity, the average concentration of indoor NH3; showed a downward trend, but the
downward trend gradually decreased. The average concentration of H,S first decreased
and then increased with the increase in supply-air velocity. The average concentrations of
indoor pollutants in Scenarios 8, 10, and 11 are basically the same. Therefore, to minimize
the average concentration of NH3, we selected 3.13 m/s as the supply-air velocity.
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Figure 10. Variation trend in the ACIPs with supply-air vent velocities. (a) Average concentration of
H,S; (b) Average concentration of NHj.
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3.5. Effect of the Height of the Exhaust Outlet

Scenario 8 has a clear advantage over the other scenarios with the all-air air condition-
ing system. Table 11 shows the boundary conditions of the height of the exhaust vent of
the all-air air conditioning system that we used to study the effect of different exhaust vent
heights on indoor pollutant concentrations.

Table 11. Boundary conditions for exhaust vent height.

Scenario System Exhaust Vent Frequency of Air Supply-Air Air-Outlet
Height (mm) Exchanges (h—1) Velocity (m/s) Velocity (m/s)
12 100
13 400
14 all-air air 700
15 conditioning system 1000 15 3.13 3.03
16 1300
17 1600

According to the calculation results using the boundary conditions listed in Table 11,
as shown in Figure 11, we found that the ACIPs gradually increases with the increase in
the height of the exhaust vent. Therefore, the closer the exhaust vent to pollutants, the

more indoor pollutants are removed. Therefore, the side exhaust has advantages over the
top exhaust.
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Figure 11. Variation trend in the ACIPs for different exhaust vent heights. (a) Average concentration
of H;S; (b) Average concentration of NHj.

Figure 11 shows the average concentration of indoor pollution as a function of the
exhaust vent height. The ceiling limit value is the maximum ACIPs specified in the Hygienic
Standard for Communal Toilets in Cities.

4. Discussion

In the traditional architectural design field, the experience of architectural design-
ers is often vague and difficult to grasp, so this experience is difficult to use as the basis
for accurate judgments. BIM contains the geometric information and attributes informa-
tion of buildings. The combination of BIM, BEM, and CFD modeling can reduce data
inconsistencies and errors.

4.1. Sensitivity Analysis

Studies have continuously been conducted to improve the IQA in public toilets. Ac-
cording to Section 3.1, the ACIPs are negatively correlated with the frequency of air ex-
changes, and the energy consumption gradually increases with the increase in the frequency
of air exchanges. Therefore, according to the calculation results in Section 3.5, Table 12
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shows the frequency of the air exchange boundary conditions for the all-air air conditioning
system that we used to study the effect of different air exchange frequencies on the ACIPs.

Table 12. Boundary conditions of side exhaust air for different frequencies of air exchanges.

Scenario EXh‘f‘USt Outlet Frequency of Air Frequency of Air Supply-Air Velocity Air-Outlet
Height (mm) Exchanges (h—1) Exchanges (h—1) (m/s) Velocity (m/s)
18 14 3893.4
19 13 3615.3
20 12 3337.2
21 11 3059.1
22 10 2781.0
23 100/400/700 9 2502.9 3.13 3.03
24 8 2224.8
25 7 1946.7
26 6 1668.6
27 5 1390.5

Figure 12 shows the negative correlation of energy consumption with the ACIPs with
different air exchange frequencies in the all-air air conditioning system and the positive
correlation between the building energy consumption with the frequency of air exchanges.
The intersection of the ACIPs and building energy consumption occurs in Scenario 22
(i-e., the frequency of air exchange is 10 h~!). According to the calculation results, when
the frequency of air exchange is between 11 and 15 times per hour, the ACIPs meets the
requirements of the Hygienic Standard for Communal Toilets in Cities.
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Figure 12. Relationship between energy consumption and the ACIPs. (a) Relationship between energy
consumption and the average concentration of H,S; (b) Relationship between energy consumption
and the average concentration of NHs;

In the design phase of public toilets, the use of digital twins can improve the accuracy of
the design and verify the impact of the diffusion of indoor pollutants in real environments.
Digital twin evaluation can be combined with the building information models, CFD
simulations and building energy consumption simulations to evaluate the current state,
diagnose problems in different design scenarios, produce analyses results, simulate various
possibilities, and provide more comprehensive decision support.

4.2. Evaluation Analysis

Our aim was to study the effects of different air exchange frequencies and exhaust
vents heights on the diffusion of pollutants in public toilets. By simulating variations in
parameters such as ventilation methods, air exchange frequency, and exhaust vent height
and comparing ventilation efficiency and concentrations of indoor pollutants, a reasonable
working plan could be constructed to guide the actual project.
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The variation trend in the ventilation efficiency with different exhaust vent heights
and air exchange frequencies is shown in Figure 13 (H100 represents that the height of
the exhaust outlet is 100 mm). With the increase in ventilation frequency, the ventilation
efficiency gradually increased, but the maximum increase in H,S is 0.13, and the ventilation
efficiency of ammonia gas increases by 2.94%. With the increase in the frequency of air
exchanges, the ventilation efficiency gradually increases, but the maximum increase in
H,S is 0.13% and the maximum increase in NH3 ventilation efficiency is 2.94%. With the
increase in the height of the exhaust vent, the ventilation efficiency gradually decreases,
and the maximum reduction in H,S and NHj ventilation efficiency is 0.42% and 5.25%,
respectively. Therefore, the closer the exhaust vent to the pollution source and the higher
frequency of air exchange, the more conducive it is to the removal of pollutants.
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Figure 13. The relationship between ventilation efficiency and the frequency of air exchange. (a) Ven-
tilation efficiency of H,S; (b) Ventilation efficiency of NHs.

Figure 14 shows the effect of different exhaust vent heights as a function of the
frequency of air exchange. With the increase in the frequency of air exchange, the AOA
gradually decreases, and the maximum reduction produced with an air exchange rate of
15 h~! is 3.79% (Z700) compared to 11 h~!. The height of the exhaust vent is 400 mm,
which has advantages over other heights, which reduces the age of the air by 0.49% (Z100)
and 0.84% (Z700). Therefore, the higher the height of the exhaust vent (i.e., 400 mm), the
better the IAQ. Figure 15 shows the values of indoor comfort indicators PMV and PDD
for different frequencies of air exchange. The results show that PMV and PDD tend to be
stable with an increase in the frequency of air exchange.
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Figure 14. Age of air.
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Figure 15. Comfort evaluation.

To optimize the airflow of public toilets and improve their IAQ, we adopted linear
normalization (Xnew = (Xi — Xmin)/ Xmax — Xmin) to analyze the combined effect of the
ACIPs (concentrations of NH3 (CNH) and H,S (CHS)), ventilation efficiency (ventilation
efficiency of NH3 (VENH) and H,S (VEHS)), the AOA, thermal comfort (PMV and PDD),
and building energy consumption (BEC).

The purpose of indoor ventilation is to ensure human safety, comfort, health, and IQA.
Figure 16 shows the normalized impact value for different vent heights and the air exchange
frequencies. The normalized comprehensive influence value is the smallest when the height
of the exhaust vent is 400 mm and the frequency of air exchanges is 12 h™! (Figure 17).
Therefore, the best form of air conditioning, in this case, is an all-air air conditioning system,
with a frequency of air exchange of 12 h~1, a supply-air velocity of 3.13m/s, and an exhaust
vent height of 400 mm, and an exhaust vent velocity of 3.03m/s.
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Figure 16. Normalized analysis.
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5. Conclusions and Future Work

We proposed an integrated BIM, CFD, and BEM method for indoor pollutant optimiza-
tion. We proposed solutions to ensure low concentrations of indoor pollutants in public
toilets, optimal thermal comfort, low energy consumption, and low carbon emissions. We
used Fluent and Design Builder software to simulate the indoor environment and energy
consumption of public toilets, and compared and analyzed the effects of two common venti-
lation and air conditioning systems (primary air fan—coil system and all-air air conditioning
system) on indoor pollutant diffusion, and we drew the following conclusions:

The computational results showed a series of simulations that were performed using a
BIM-based digital twin. These simulation results were used to determine the airflow orga-
nization and changes in the concentrations of indoor pollutants in a public toilet through
the digital twin model to recommend the design of the ventilation system. BIM-based
digital twins can be used to evaluate the distribution of the ACIPs in public toilets, and
obtain a large amount of valuable data regarding the air conditioning system, the frequency
of air exchange, and the exhaust vent height. According to the ACIPs, ventilation efficiency,
the age of the air, PMV, and PDD, the simulation results provide a basis for designers to
make decisions, thereby helping designers to select the most effective ventilation design to
improve the environment and safety of public toilets.

BIM-based digital twins can also be used for a range of other building design improve-
ments and decisions because BIM can provide rich geometric, attribute, and relationship
information. By establishing a BIM of different indoor ventilation scenarios and simu-
lating public toilets with their digital twin models, a reference can be provided for the
ventilation design of public toilets. These simulations can be extended to evaluate other
types of building ventilation designs. For example, changing the population density and
ventilation method will impact the distribution of aerosols in the room, so a reasonable
population density and ventilation control method can be devised to reduce the current
risk of COVID-19 infection.

The all-air air conditioning system and air discharge using an exhaust vent height of
400 mm can considerably reduce the ACIPs in public toilets and ensure the IAQ. A 12 h~!
air ventilation frequency can reduce energy consumption by 25.55% compared to 15h 1,
and reduce carbon emissions by 39,130.54 kg CO,.

In future work, this study will be extended to building cost and construction simula-
tions. Based on these data, the cost of the building can be considered to predict the cost
information for different scenarios. These data must be obtained to ensure the smooth
implementation of public toilets. These additional simulation data will be provided by
professional companies, which will allow for more realistic simulations. The future study
will focus on a collaboration with the IOTWINS (Distributed Digital Twins for industrial
SMEs: a big-data platform), which provides cloud-based tools and services for (but not
limited to) the hybrid digital twins. Adopting cloud-based services can improve the quality
and definition of digital twins, reducing computation time and results sharing. In the
future, machine learning to speed-up computation can be used, and a GPU can be used to
run simulation tools to improve efficiency.
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