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Abstract

Household airborne transmission can be promoted when infectious and susceptible occu-
pants share indoor air for long periods, yet practical infection-risk models often require
pathogen-specific parameters that are uncertain. This study proposes a measurement-
informed multizone/HVAC-network workflow that identifies inter-room airflow rates (q)
from CO2 tracer time series and estimates an effective first-order non-ventilation aerosol
loss rate (λ) by fitting PM2.5 concentration decay dynamics; the identified parameters
are then reused within the same whole-house recirculating network model (vtsim) to
compute a steady-state exhaled-air tracer concentration index for scenario comparison.
The workflow is demonstrated in a high-insulation, airtight detached house equipped
with a duct-type whole-house air-conditioning system with return-air recirculation. The
results indicate measurable cross-room dispersion under baseline operation and show
that a return-side filtration scenario reduces the steady-state index in non-source rooms
relative to baseline under the tested operating assumptions. These findings illustrate how
measurement-informed identification can support rapid, threshold-free relative comparison
of ventilation/HVAC operation or mitigation scenarios within a specific house, rather than
estimating absolute infection probability. Limitations include potential non-uniqueness in
inverse identification, simplified treatment of leakage and pressure-drop-induced airflow
changes, and the use of a steady-state index for inherently transient residential exposures;
further validation across additional houses and HVAC topologies is warranted.

Keywords: whole-house air-conditioning; cross-room exposure; multizone airflow-network
model; exhaled-air tracer concentration; aerosol loss rate

1. Introduction
Since the COVID-19 pandemic began, the rise in isolation at home has made household

transmission a significant public health concern. Many countries legally required isolation
at home during the COVID-19 pandemic and imposed fines or criminal penalties for
noncompliance [1–3]. Japan did not introduce a general, legally enforceable penalty for
isolation at home. Instead, the national and local governments established guidance and
support systems for home-based care, and large numbers of patients were managed at
home during major waves [4,5]. Household transmission becomes more likely when
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infectious and susceptible people share the same indoor space for long periods. Many
epidemiological studies in Japan and abroad have documented this [6–9]. Under these
circumstances, it is necessary to assess the risk of airborne transmission in homes and to
examine infection-control measures through ventilation and HVAC design.

In houses, routine activities such as breathing, talking, coughing, and singing can
cause infectious individuals to emit virus-containing aerosols—predominantly fine parti-
cles ≤ 5 µm—over time [10]; because these fine aerosols can remain airborne for extended
periods, these particles can remain suspended and are transported by indoor airflow,
and may migrate beyond the source room to other rooms through inter-room connec-
tions and HVAC-driven circulation [11]. Reports detecting SARS-CoV-2 RNA-containing
aerosols in rooms of patients under home-based care support the reality of spatial spread
in houses [12]. Outdoor-air ventilation rate, inter-room airflow paths, and recirculation
practices influence aerosol residence time and the risk of long-range airborne transmission.
Adequate ventilation and filtration can help reduce risk beyond close-contact distances (e.g.,
>1.8 m) [13–15]. Understanding and quantifying aerosol behavior—generation, transport,
dilution, deposition, and removal—is essential for estimating exposure potential in homes
and for planning and implementing practicable infection-control measures.

Under the ZEH (Net Zero Energy House) initiative, the insulation and airtightness
performance of houses has been improved in Japan as part of climate-change mitigation
efforts [16]. As sensible loads (thermal loads associated with air-temperature change,
excluding latent heat) decrease and humidity-control needs increase, interest and demand
have grown for a whole-house air-conditioning system that heats and cools the entire house
with a single air-conditioning unit and a large recirculation airflow, rather than room-by-
room units [17,18]. Field measurements and analyses show advantages of such systems
in reducing temperature nonuniformity, dehumidification performance, and coefficient of
performance (COP) [17–19]. Conversely, large recirculation flows and inter-room mixing
can provide pathways for transporting infectious aerosols; therefore, design and operational
parameters—including outdoor-air ventilation rate, filtration performance, recirculation
ratio and airflow paths, and zoning (partitioning the duct/network operation to limit
inter-room transport)—must be evaluated and managed systematically [20].

A multizone ventilation network model provides a practical framework to represent
inter-room airflows and contaminant transport in residential buildings [21–23]. Aerosols
are particulate matter; however, fine aerosols can often be treated as passive scalars for
transport, while particle-specific removal processes (deposition and filtration) must be
explicitly accounted for. Their concentrations decrease systematically in a size-dependent
manner due to deposition (walls, floors, ceilings), gravitational settling, filtration, and other
airborne removal processes [24–26]. Some prior studies approximate aerosol losses by
adding a bulk removal rate (λ) or filter efficiency to the network model [27]. Other studies
introduce size-resolved deposition velocities to describe losses as functions of surface-area
ratio and airflow conditions [28]. However, analyses based solely on nominal specifications
or forward simulations can deviate from realized behavior because airflow distributions
and system operation vary in practice, motivating measurement-informed identification
or calibration using concentration time series [29–31]. For aerosols, this challenge is com-
pounded because effective removal can deviate from assumed values under real residential
conditions [32,33]. Although inverse estimation of airflow using tracer data and charac-
terization of particle decay/deposition have been reported separately [29–33], house-scale
workflows that simultaneously identify both (i) inter-room transport parameters (airflow
rates) and (ii) an effective first-order aerosol loss term from measured time series data, and
then reuse the identified parameters consistently for scenario evaluation within the same
multizone/HVAC-network representation, remain limited in the house scale literature
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to our knowledge (Table 1). To address this gap, we employed the ventilation network
program vtsim [34], which enables flexible parameterization and inverse identification
by fitting multizone/HVAC-network simulations to measured concentration dynamics.
In contrast to forward-oriented multizone analyses where loss parameters are typically
prescribed, vtsim enables the inverse identification of key parameters by fitting simulated
concentration dynamics to measurements. Specifically, we identified unknown inter-room
airflow rates using CO2 tracer measurements and determined an effective first-order aerosol
loss rate (λ) from measured particle concentration decay, and then reused the identified
model for subsequent case comparisons under the same network representation.

Table 1. Point-by-point comparison of common approaches and the measurement-informed multi-
zone workflow proposed in this study.

Approach
Category

Primary Data
Used

Identify
Inter-Room
Airflow (q)

from
Measurements

Identify
Effective

Aerosol Loss
(λ) from

Measurements

Explicit
Representation
of Recirculating

Airflow and
Interzonal

Flows

Reuse
Identified

Parameters for
Scenario

Comparison

Representative
References

Forward
multizone
simulation
(prescribed
parameters)

Nominal/design
inputs - - ± ✓ [21–23]

CO2-based
exposure proxy

(rebreathed
CO2/CO2 proxy)

CO2 only -
(proxy only) - - ± [35]

Inverse
multizone using
tracer time series

(airflow
identification)

CO2/tracer
time series ✓ - ± ± [29–31]

Particle de-
cay/deposition

studies
(residential PM

dynamics)

PM time
series -

✓
(effective

decay)
- - [32,33]

Multizone with
prescribed λ or
filter efficiency

Mixed (model
+ assumed
removal)

± -
(assumed) ± ✓ [27,28]

This study
(vtsim-based,
measurement-

informed
workflow)

CO2 + PM
time series +

operating
modes

✓
✓

(effective λ) ✓ ✓ This study, [34]

Notes: [✓] indicates explicitly implemented in the referenced approach; [-] indicates not implemented or out of
scope; [±] indicates potentially feasible depending on the specific study/implementation (not generally required).

Infection-risk models such as Wells–Riley are useful, but practical applications often
require pathogen- and case-specific parameters (e.g., quanta emission rate, viability, and
infectious dose), which can be highly uncertain, especially during the early stages of an
emerging infectious disease [36–39]. Accordingly, this study does not aim to quantify
absolute infection probability or to claim that any single countermeasure is universally
optimal. Instead, we present a measurement-informed, exposure-oriented approach for
rapid, relative comparison of residential ventilation/HVAC design and operation options
without relying on pathogen-specific inputs. This approach identifies inter-room airflow
rates from CO2 tracer measurements and an effective non-ventilation aerosol loss rate from
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measured aerosol concentration dynamics; it then computes a steady-state exhaled-air
tracer concentration index as a physical surrogate for cross-room exposure potential. By
incorporating an effective first-order loss rate (λ), the index accounts for removal processes
(e.g., deposition and filtration) in addition to transport and dilution. As summarized
in Table 1, the novelty of this work lies in an end-to-end workflow that identifies inter-
room airflow rates from CO2 tracer time series and identifies an effective aerosol loss rate
from measured particle concentration dynamics and then reuses the identified parameters
within the same whole-house recirculating network model for scenario comparison (case
demonstration). A return-side filtration case is included only to demonstrate the approach’s
comparative capability, rather than to advocate a specific countermeasure or to quantify
absolute infection risk.

2. Methods
2.1. Overview of the House

The case house is a detached house in Hokkaido, Japan, equipped with a whole-house
air-conditioning system. It has a total floor area of 119.25 m2, an airtightness C-value of
0.3 cm2/m2, and a UA value of 0.17 W/(m2·K), indicating a highly insulated and airtight
house. Here, the C-value denotes the equivalent leakage area per floor area (cm2/m2),
and the UA value denotes the overall heat loss coefficient per floor area (W/m2·K), both
commonly used indices in Japan. Figure 1 shows an overview of the whole-house air-
conditioning system, and Figure 2 presents the floor plan and the locations of the supply
and exhaust outlet (abbreviations: AC = air conditioner; LEV = local exhaust ventila-
tion; 1F/2F = first/second floor; WC = toilet (water closet); UB = bathroom (unit bath);
UT = utility room; ACR = air-conditioning room; WIC = walk-in closet).

 

Room WC ACR Hall
Atrium Bedroom

KitchenLiving room
Dining room

Entrance
hallWCUTUB

AC

Under floor chamber

Insulation

HEX

LEV
LEV

Exhaust air path
Supply air path
Fan air path
Exhaust outlet
Supply outlet

Figure 1. Overview of the whole-house air-conditioning system.

The house employs a balanced ventilation system and performs heat exchange with a
total heat exchanger (HEX). Supply air is introduced from the atrium, and exhaust air is
extracted from the 1F WC, 2F WC, entrance hall, and corridor. Return air from the rooms
mixes in the air-conditioning room (ACR) with outdoor air after heat exchange, and the
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air conditioner heats or cools the mixed air. A DC fan delivers the conditioned air to each
room through ducts and chambers; air is supplied via the fan outlets (floor grilles on the
first floor and ceiling grilles on the second floor) (Figure 2).

 

Room2 WIC

ACR

Room1

Bedroom

2FWC

UT
UB

1FWC

Dining
room

Japanese
-style 
room

Entrance
hall

Living
room

Kitchen

1F 2F

Hall Atrium

Corridor

Location：Hokkaido, Japan

Total floor area：119.25m2

Structure：Wood-frame house

Air tightness：0.3cm2/m2

Fan outlet Exhaust outlet Supply outlet

Figure 2. Overview of the house.

Table 2 summarizes the operating conditions and boundary assumptions used for the
measurements and identification.

Table 2. Operating conditions and boundary assumptions.

Category Item Setting/Value Notes

Ventilation (outdoor air)
HEX AVH-95 Operated at level 5

(continuous)
SA 173 m3/h SA was supplied to the atrium

EA 173 m3/h
EA was exhausted from 1F
WC, 2F WC, corridor, and

entrance hall

Whole-house
recirculation

Air-distribution fans
DC fan FY-27JDS DC fans were installed in the

ACR

Fan setting Low (continuous) Three speed modes
(High/Medium/Low)

Total recirculating
airflow

1861 m3/h
(measured, low setting)

Reported total circulation
airflow

at weak setting

Rated airflow
(catalog)

FY-27JD8/83 (Panasonic
(Osaka, Japan)): L/M/H =

100/200/305 m3/h
Catalog/reference values

Opening Interior door All closed Pass/undercut exists
Windows All closed -

Airtightness/leakage Infiltration/exfiltration Neglected (set to 0) Explicit modeling assumption
for the network model.

Airtightness reference
(C-value)

C = 0.3 cm2/m2

(after completion)
reference values
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2.2. Modeling Methodology
2.2.1. Modeling Procedure

We built an indoor concentration simulation model using the thermal and ventilation
network program vtsim [34]. vtsim is based on a thermal and ventilation network calcu-
lation. It operates with nodes, connections, and user-defined conditions. We performed
a Newton–Raphson method to minimize the residuals between measured and simulated
indoor concentrations and thereby identified the inter-room airflow rates q and the effective
non-ventilation aerosol loss rate λ. Here, the aerosol loss rate λ denotes the effective first-
order removal rate excluding ventilation, aggregating all non-ventilation loss processes
(e.g., deposition/attachment to surfaces and other unmeasured or apparent losses). The
Newton–Raphson method was employed because the coupled airflowtransport system is
nonlinear, and a Jacobian-based update provides stable and efficient convergence.

Table 3 outlines the model-building procedure. Step 1 constructs Model 1 from the
inputs—nodes (room volumes), connections (inter-room paths), and known supply airflow
rates. Step 2 involves the identification of the unknown inter-room airflow rates (q) by
fitting measured CO2 concentration dynamics to Model 1 and updating the network to
construct Model 2. Step 3 involves the identification of the room-specific aerosol loss rate (λ)
by fitting measured aerosol concentration dynamics to Model 2, yielding Model 3, which
includes particle losses.

Table 3. Modeling procedure.

Description Identified Parameter Output Model

Step 1 Input of network data
(Node: volume, Connection: path and airflow). - Model 1

Step 2
Unknown inter-room airflow rates were identified by
calibrating the model to measured CO2 concentration
dynamics.

Inter-room airflow rate q Model 2

Step 3 The aerosol loss rate was identified by calibrating the
model to measured aerosol concentration dynamics. Aerosol loss rate λ Model 3

2.2.2. Convergence Calculation Procedure

The convergence calculation procedure is shown in Figure 3.
Figure 3 shows the procedure for model construction and parameter identification. In

this process, network data (node volumes, airflow connections) were first entered, and a
data frame df_i was constructed. The measured concentration data were then loaded as
a data frame (df_measurement). In Figure 3, the df_i shown under “Calculate residuals”
denotes the simulation outputs recomputed and updated by vtsim at each iteration. The
model to be identified at each stage was calibrated against the measured CO2 or aerosol
concentration dynamics. Unknown inter-room airflow rates (q) and the aerosol loss rate
(λ) were identified through iterative optimization. During each iteration, the residual
vector (ε)—defined as the difference between simulated and measured concentrations—
was evaluated, and parameter updates were performed using a Jacobian approximation
and LU decomposition to solve the normal equations.

Parameters were updated as follows (example for q):

qnew = qold + α ∆q (1)

where α is the relaxation (damping) coefficient controlling the step size of the update. The
aerosol loss rate λ was updated in the same manner (λnew = λold + α∆λ). Convergence
was judged using the root-mean-square error (RMSE) between simulated and measured

https://doi.org/10.3390/buildings16030583

https://doi.org/10.3390/buildings16030583


Buildings 2026, 16, 583 7 of 21

concentrations; the iteration was terminated when the change in RMSE between successive
steps became smaller than a prescribed threshold (τ). RMSE was used as the objective
function and a goodness-of-fit indicator for calibration.

 

Figure 3. Flowchart of the convergence calculation.

The RMSE is defined as follows:

RMSE =

√√√√ 1
N

N

∑
k=1

(ŷk − yk)
2 (2)

where yi and ŷi denote the measured and simulated values, respectively, and N is the
number of samples.

The rate of change of particle concentration in room i is given as follows:

dCi
dt

=
Mi
Vi

− λiCi +
1
Vi

(
∑

j

(
1 − ηij

)
CjQ+

ij − ∑
j

CiQ−
ij

)
(3)

where Ci is the tracer concentration in room i [ppm for CO2; µg/m3 for aerosols]. The
governing equation is identical in form, but for CO2, the loss terms (βi, ηij) are set to zero.
Mi is the particle release rate in room i [m3/s or µg/s]; Vi is the room volume [m3]; λi is
the aerosol loss rate in room i [1/s]; Q+

ij is the airflow rate into room i from room j [m3/s];

Q−
ij is the airflow rate out of room i to room j [m3/s]; ηij is the dust collection (filtration)

efficiency on the path between room i and j; and t is time [s].
The aerosol loss rate λ is determined by the combined action of gravitational settling,

Brownian diffusion, and airflow-driven wall impaction, among other processes [40]. In
this study, we identified an effective aerosol loss rate λ by fitting the measured aerosol
concentration dynamics to the model, thereby aggregating all non-ventilation loss mech-
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anisms. However, during the convergence procedure, λ tended to be overestimated
in the air-conditioning room (ACR), through which all recirculation flows pass, while
λ converged to zero in the other rooms. We therefore constrained λ by imposing a physi-
cally motivated lower bound λmin, given by the equation below, and reran the solver to
convergence under this constraint. Because we focused on inter-room airborne transport
and analyzed PM2.5 (particles with relatively long residence times), we derived λmin from
the minimum first-order deposition loss expected within the sensor’s PM2.5 size range
(0.3–2.5 µm), considering only gravitational settling and Brownian diffusion. Specifically,
λmin was set to the minimum value of the theoretical deposition loss rate over this diameter
range, as follows:

λmin =
U
H

+
D′S
δV

(4)

U =
Cmd2(ρp − ρ

)
g

18µ
(5)

D′ =
CmkBT
3πµd

(6)

where λmin is the theoretical lower bound of the aerosol loss rate [1/s]; U is the terminal
settling velocity [m/s]; H is the room height [m]; D′ is the diffusion coefficient [m2/s];
S is the room surface area [m2]; δ is the boundary-layer thickness [m]; V is the room
volume [m3]; d is the particle diameter [m]; ρp is the particle density [kg/m3]; ρ is the air
density [kg/m3]; g is the gravitational acceleration [m/s2]; µ is the dynamic viscosity of
air [Pa·s]; kB is the Boltzmann constant [J/K]; and T is the absolute temperature [K]. The
terminal settling velocity U is obtained from Equation (5), and the diffusion coefficient
D′ is determined using Equation (6).

Cm = 1 + Kn

(
A + Bexp− C

Kn

)
(7)

Kn =
2↕
d

(8)

where Cm is the Cunningham slip correction factor; Kn is the Knudsen number; and ↕
is the mean free path of air molecules [m]. The Cunningham correction Cm is obtained
from Equation (7), and the Knudsen number Kn is determined using Equation (8). The
boundary-layer thickness δ was set to 1.6 × 10−4 [41]. We used the following parameters:
A = 1.165, B = 0.483, C = 0.997, and ↕ = 67.3 × 10−9 [42].

2.2.3. Input Parameters

We specified the simulation conditions as vtsim node settings (volume, concentration,
etc.), connection settings (path, airflow, etc.), and other settings (dust source, air cleaner,
etc.). These settings are listed in Table 4.

Table 4. vtsim input parameters.

Category Parameter Symbol/Setting Unit Description

Node settings
(sn)

Concentration
flag

c_ f lag (0: none,
1: calc, 2: fixed) - Specifies whether concentration is

calculated or fixed
Concentration c m3/m3 µg/m3 Initial or fixed concentration
Room volume v m3 Volume of each zone

Source Strength m m3/s µg/s Release rate from dust source

Aerosol loss rate λ 1/s Represents particle loss
(deposition/removal)
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Table 4. Cont.

Category Parameter Symbol/Setting Unit Description

Ventilation
network (vn)

Flow path node1- > node2 - Direction of airflow

Airflow rate vol m3/s
Supply/exhaust airflow rate
through each path

Others
Dust source dust source m3/s µg/s Node and release rate of dust

source

Air cleaner air cleaner - Target path for removal and
effi-ciency (η)

2.3. Airflow Measurement Methods

We measured the supply and exhaust airflow rates using an anemometer (KANOMAX,
Osaka, Japan; 6750). Direct anemometer measurement of the fan airflow rate in the air-
conditioning room was difficult because the room is highly turbulent and narrow. There-
fore, we used the tracer-gas method [43]. Specifically, we released CO2 as a tracer at a
constant mass flow from the duct inlet using a mass flow controller (FCON, Kochi, Japan;
C1005, 5 SLM-Air), and we measured CO2 concentrations at the duct outlet and in the
air-conditioning room. Using the concentration difference and the CO2 release rate, we
calculated the fan airflow rate according to the following equation:

Q =
k

∆C
=

k
Ci − C0

(9)

where Q is the fan airflow rate [m3/h]; k is the CO2 release rate [m3/h]; Ci is the CO2 con-
centration at the duct outlet [m3/m3]; and C0 is the reference (background) concentration
measured in the air-conditioning room [m3/m3]. Using the measured supply/exhaust
airflow rates and the fan airflow rate, we defined the ventilation–recirculation network and
constructed Model 1.

2.4. Measurements of CO2 and Aerosol Dynamics

We measured the CO2 concentration and aerosol concentrations used for identifi-
cation in Steps 2 and 3. We placed a CO2 logger (T&D, Nagano, Japan; TR-76Ui) and
a PM sensor (Watty, Tokyo, Japan; HYPM) at approximately 1.2 m above the floor near
the room center. The PM sensor is based on a laser light-scattering method and reports
PM mass concentrations for size fractions PM1.0 (0.3–1.0 µm), PM2.5 (0.3–2.5 µm), PM4.0

(0.3–4.0 µm), and PM10 (0.3–10 µm). The measurement range is 0–1000 µg/m3, with a
stated accuracy of ±10 µg/m3 for 0–100 µg/m3 and ±10% for 100–1000 µg/m3 (±15% at
≤10 ◦C or ≥40 ◦C) [44]. Concentrations were logged at 1 min intervals. As measurement
conditions, we set the total heat exchanger (HEX) to its minimum setting and stopped
the DC fan in the air-conditioning room before starting the measurement. In the bed-
room, we released CO2 gas and aerosols for 3 min and then returned the HEX and the DC
fan to normal operation. During the measurement, we kept all room doors closed and
recorded data for 1 h. After the measurement, we retrieved the data from all the devices.
We generated aerosols using a nebulizer (Omron, Kyoto, Japan; NE-C28) by nebulizing
an oral rehydration solution (Otsuka Pharmaceutical, Tokyo, Japan; OS-1). According
to the manufacturer’s specifications, the nebulizer produces an aerosol with a mass me-
dian aerodynamic diameter (MMAD) of approximately 3 µm and a nebulization rate of
0.4 mL/min (aerosol output 0.4 mL) [45]. The generated aerosol was used as a physical
tracer for particle transport and loss, rather than as a direct surrogate for infectious virus.
OS-1 was selected because it is safe for use in occupied buildings and has been adopted in
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Japanese field studies of aerosol dispersion [46]. Prior reports have used non-hazardous
surrogate aerosols (e.g., salt particles) to mimic the spreading and removal behavior of
virus-laden aerosols in indoor environments; therefore, we used OS-1 as a practical tracer
aerosol in transport tests [47].

2.5. Calculation Method for the Exhaled-Air Tracer Concentration

Infection risk is considered to be related to the inhaled viral dose, which depends on
both the airborne virus concentration and the duration of exposure. The amount of virus
contained in exhaled breath varies greatly with factors such as virus type, symptom severity,
and the immune status of the infected individual. Moreover, the quantitative relationship
between the inhaled viral dose and the actual infection risk has not yet been clarified.
Therefore, instead of relying on the infection quanta emission rate as in probabilistic
infection models (e.g., the Wells–Riley equation), this study used the exhaled-air tracer
concentration formed when a single infected person’s exhalation is treated as a constant
source. This concentration was employed as a relative indicator of exposure potential in
indoor air environments.

The time variation of the exhaled-air tracer concentration in each room is expressed
by Equation (3) based on the multizone ventilation network model. Under steady-state
conditions (dCi/dt = 0), the steady concentration in room i, Csteady

i , is calculated by the
following equation:

Csteady
i =

Mi + ∑j
(
1 − ηji

)
CjQji

λiVi + ∑j Qij
(10)

Assuming that one infected person is present in the bedroom, we assigned a constant
release rate, Mi, and computed the steady-state concentration Csteady

i in each room using
the ventilation-network program vtsim. We then used the computed steady concentrations
as a relative indicator of exposure potential in indoor air environments. Because the method
evaluates the exhaled-air tracer concentration itself, it does not rely on pathogen-specific
infection thresholds or probabilistic infection models. It therefore enables quantitative,
relative evaluation of infection-control measures’ effectiveness based on ventilation condi-
tions and the indoor environment. In addition, since it is grounded in room concentrations
originating from exhalation, the method retains generality and can be applied in the early
phase of emerging or re-emerging epidemics for like-for-like comparison and verification.

3. Results
3.1. Results of Airflow Measurements and the Ventilation–Recirculation Network (Step 1)

Based on the measured supply and exhaust airflow rates, the computed inter-room
airflow rates, and the connection/path information, we constructed the ventilation–
recirculation network (Figure 4). Among the inter-room airflow rates shown in the figure,
several paths (q(0)–q(3)) could not be obtained directly from measurements and were
therefore treated as unknowns to be identified in Step 2.

3.2. Identification of Inter-Room Airflow Rates (Step 2)

In Step 1, the supply and exhaust airflow rates and the fan flow rates were measured,
and the overall airflow balance was checked for consistency. However, several inter-room
airflow rates could not be measured. Accordingly, in Step 2, we calibrated Model 1 to the
measured CO2 concentration dynamics to identify the unknown inter-room airflow rates
and thereby constructed Model 2. Within vtsim, the variables q(0)–q(3) (Figure 4) were
treated as parameters to be identified; we minimized the RMSE between simulated and
measured concentrations to estimate the inter-room airflow rates.
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Figure 4. Ventilation–recirculation network (Model 1).

Figure 5 presents the comparison between measured and simulated concentrations
at 15 measurement points, and Figure 6 shows the ventilation–recirculation network of
Model 2.
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Figure 5. Comparison between measured and simulated concentrations (CO2).
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3.3. Identification of the Aerosol Loss Rate (Step 3) and Verification of Model Applicability

Using Model 2 constructed in Step 2, we calibrated the model against the measured
aerosol concentration dynamics and identified the aerosol loss rate λ for each room. The
identified values are summarized in Table 5. The identified effective non-ventilation
aerosol loss rate (λ) was of similar magnitude across rooms under the present experimental
conditions. These values serve as effective parameters for reproducing aerosol dynamics
under the present conditions.

Table 5. Aerosol loss rates.

Room Aerosol Loss Rate λ [1/s]

ACR 0.0000018
Living room 0.0000017

Bedroom 0.0000018
Room 1 0.0000018
Room 2 0.0000018

Japanese-style room 0.0000017

Figure 7 compares aerosol concentrations from measurements and simulations. Con-
centration calculated with Model 3 showed adequate agreement with the measurements,
confirming the validity of the identification. To examine model generality, we conducted an
additional measurement with the release source relocated from the bedroom to the living
room and performed a simulation with Model 3 under the same settings; the results are
shown in Figure 8. The simulation again agreed well with the measurements, indicating
that the model is applicable under different source locations/conditions. As a quantitative
method, the agreement between simulations and measurements was evaluated using RMSE
(Equation (2)).
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Figure 7. Comparison between measured and simulated concentrations (aerosol).
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Figure 8. Comparison between measured and simulated concentrations (source: living room).

https://doi.org/10.3390/buildings16030583

https://doi.org/10.3390/buildings16030583


Buildings 2026, 16, 583 14 of 21

Table 6 summarizes the RMSE between measurements and simulations for each model.
For CO2, the RMSE decreased from 85 ppm to 75 ppm after calibration (Model 2). Given
the CO2 logger accuracy (±50 ppm or ±5% of reading, whichever is greater), the remaining
discrepancy is within—or comparable to—expected measurement uncertainty, suggest-
ing that further reductions may be constrained by measurement noise and unmodeled
dynamics. For the bedroom-source aerosol case, the RMSE improved from 14.4 µg/m3 to
5.6 µg/m3, demonstrating the validity of Model 3. For the living-room source scenario, the
RMSE was 6.4 µg/m3, showing similarly good agreement under a different source location
within the same house and operating modes. Because Model 3 is calibrated directly to the
PM mass concentration time series, the achievable agreement is inherently bounded by the
instrument-stated PM measurement accuracy (±10 µg/m3 for 0–100 µg/m3, and ±10%
for 100–1000 µg/m3; ±15% at ≤10 ◦C or ≥40 ◦C). Therefore, the remaining discrepancies
should be interpreted as a combination of measurement uncertainty and model simplifi-
cations (e.g., room-mean representation, spatial non-uniformity, and unmodeled sinks).
Taken together, these results support the consistency of Model 3 for relative, measurement-
informed comparisons across the tested source locations, while not implying universal
applicability beyond the present case-study setting.

Table 6. RMSE values.

Source Room Index Before Calibration After Calibration

Bedroom
CO2 [ppm] 85 75

Aerosol [µg/m3] 14.4 5.6
Living room Aerosol [µg/m3] - 6.4

3.4. Exhaled-Air Tracer Concentration

By comparing the steady-state exhaled-air tracer concentration, we examined a method
to evaluate in-room dispersion behavior and the effectiveness of infection-control measures.
The bedroom occupied by the infected individual was treated as the isolation room (source
room), and two cases were analyzed, as described below.

Case 1 assumes standard operation of the whole-house air-conditioning system. The
supply–exhaust balance and recirculation airflow were maintained under normal operat-
ing conditions, and no additional infection-control measures were implemented. Case 2
assumes that the bedroom occupied by the infected person functions as an isolation room.
Based on the configuration of Model 3, a high-efficiency filter was introduced into the
return-air path from the isolation room (bedroom) to the air-conditioning room. The ther-
mal environment and recirculation airflow provided by the whole-house air-conditioning
system were assumed to be maintained, while air inflow from the isolation room to other
rooms was suppressed, and the pressure balance was preserved. In this study, the return-
path filter was assumed to be a HEPA (high-efficiency particulate air) filter with a collection
efficiency of η = 99.95%. HEPA filters exhibit high capture performance even at the most
penetrating particle size (MPPS, ≈0.3 µm) and provide sufficient removal capacity under
the return airflow of 150 m3/h considered here.

In all cases, a single infected individual was assumed to stay in the isolation room for
an extended period. The exhalation flow rate, representing the emission source, was fixed
at 6 L/min, corresponding to normal breathing.

Table 7 lists the steady-state exhaled-air tracer concentrations in each room. In Case
1, exhaled air released in the source room dispersed to other rooms, resulting in elevated
concentrations throughout the house. In Case 2, the return-path filter captured a portion of
the exhaled-air tracer circulated through the HVAC network, and the average concentration
in non-source rooms decreased by approximately 85% relative to Case 1 under the tested
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operating conditions. These room-by-room steady-state concentrations are used here as
a relative indicator of cross-room exposure potential for comparing ventilation/HVAC
countermeasures, rather than for estimating absolute infection probability or relying on
infection thresholds.

Table 7. Steady-state exhaled-air tracer concentrations [ppm].

Room Case 1
[ppm] Bounds Case 2

[ppm] Bounds Reduction
(Relative to Case 1) [%]

ACR 402.1 361.9–442.3 (±10%) 58.6 48.6–68.6 (±10%) 85.4
Living room 401.5 361.4–441.7 (±10%) 58.5 48.5–68.5 (±10%) 85.4
Dining room 385.1 346.6–423.6 (±10%) 56.1 46.1–66.1 (±10%) 85.4

Kitchen 397.1 357.4–436.8 (±10%) 57.9 47.9–67.9 (±10%) 85.4
Room 1 401.4 361.3–441.5 (±10%) 58.5 48.5–68.5 (±10%) 85.4
Room 2 401.4 361.0–441.2 (±10%) 58.4 48.4–68.4 (±10%) 85.5

Bedroom 3020.8 2718.7–3322.9 (±10%) 2683.8 2415.4–2952.2 (±10%) 11.2

To provide a first-order uncertainty characterization consistent with the measurement-
informed workflow, we report uncertainty bands for the steady-state concentrations based
on the instrument-stated PM measurement accuracy used in Model 3 calibration (reported
as conservative bounds rather than statistical confidence intervals). These bands reflect
measurement accuracy only and do not capture additional uncertainties such as airflow-rate
uncertainty, sensor placement/representativeness, or model-structure uncertainty.

4. Discussion
4.1. Dispersion Risk in Recirculating Duct-Type Whole-House Air-Conditioning Systems

The filtration scenario in this study is presented only as a demonstration of the pro-
posed measurement-informed multizone evaluation approach; the main contribution is the
workflow for identifying inter-room transport and enabling rapid, relative comparison of
design/operation options without relying on pathogen-specific parameters. Under normal
recirculating operation (Case 1), the non-source rooms exhibited a non-negligible steady-
state exhaled-air tracer concentration, indicating that the duct network and recirculation
can promote inter-room mixing and cross-room transport in this configuration. This finding
is consistent with the general understanding that contaminant fate indoors is governed by
interzonal airflows, recirculation pathways, and removal processes such as filtration and
deposition. In the demonstration case (Case 2), introducing a return-side high-efficiency
filter reduced the steady-state tracer concentration in non-source rooms substantially, illus-
trating how the proposed approach can quantify the relative effect of a mitigation option
within a given house and HVAC configuration. Importantly, the magnitude of reduction
should be interpreted as case- and implementation-dependent: actual performance may
be influenced by non-idealities such as filter bypass, duct leakage, infiltration/exfiltration,
and changes in system operating point after filter installation (e.g., airflow reductions due
to added pressure drop) [48].

In addition, this case illustrates why a measurement-informed workflow is valuable
in practice: flow distributions and realized operating conditions can deviate from nominal
specifications, and such deviations can materially affect cross-room transport and the
relative performance of operational options. Accordingly, the present discussion focuses
on interpreting the measured-house results and on the proposed comparison workflow,
rather than on prescribing a universally optimal countermeasure.
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4.2. Positioning of the Concentration Index for Relative Evaluation

Airborne infection risk depends on pathogen emission, viability, host susceptibility,
activity, and time-varying exposure. In contrast, the exhaled-air tracer concentration
index used here is intended as a physical surrogate for cross-room exposure potential,
not as a direct measure of infection probability. CO2 has been widely used as a proxy for
rebreathed air to interpret exposure to exhaled air in indoor environments, providing a
practical basis for comparing ventilation and air-cleaning strategies when pathogen-specific
parameters (e.g., quanta emission rate or infectious dose) are uncertain or unavailable [49].
Accordingly, this study focuses on relative evaluation: under comparable occupancy and
source assumptions, relative changes in the steady-state exhaled-air tracer concentration
can be interpreted as relative changes in long-term average exposure potential attributable
to ventilation/HVAC conditions and mitigation options. Nevertheless, steady-state is an
idealization for residential settings where transient emissions, door operations, and HVAC
cycling can be important [50–52]; therefore, the present index should be interpreted as a
design-oriented or long-term-average comparator rather than a predictor of short-term
peaks or near-field exposure.

For aerosols, we identified an effective non-ventilation aerosol loss rate (λ) from
measured concentration dynamics, aggregating multiple loss mechanisms (e.g., deposition,
size-dependent measurement losses, and other unmeasured sinks) into a first-order term.
This “effective” λ is not necessarily equal to a purely physical deposition rate for each room,
and the convergence behavior (overestimation in the air-conditioning room and near-zero
values elsewhere) indicates practical identifiability limitations when calibrating a simplified
loss parameter from room-mean PM2.5 measurements. The imposed lower bound (λmin)
serves as a physically motivated regularization to exclude nonphysical solutions while
maintaining the intended purpose of the approach: robust relative comparison of scenarios
within a measured house–HVAC system.

Notably, the identified λ values in Table 5 are very small in magnitude (≈1.7–1.8 × 10−6 s−1,
i.e., ≈0.006–0.007 h−1), and several rooms effectively converged to the imposed lower bound, λmin,
indicating that λ was not strongly identifiable from the available room-mean PM time series under
the adopted simplified representation. Because λ is defined here as a non-ventilation effective
loss term, it should not be directly compared with “total decay constants” reported in PM decay
studies unless ventilation removal is explicitly included (i.e., total decay = ventilation + λ).

Although the present study intentionally avoids pathogen-specific assumptions, the
proposed tracer-based index can, in principle, be linked to disease-specific infection risk
models when the relevant parameters become available. By combining the predicted
inhalation exposure (e.g., time-integrated rebreathed-air fraction) with external informa-
tion such as pathogen concentration in exhaled air and dose–response (or quanta-based)
relationships, one may estimate scenario-dependent infection risk for a given exposure du-
ration. Such estimates, however, would remain highly uncertain and should be interpreted
as approximate, because infection outcomes depend on large inter-individual variability
(susceptibility, immune status) and other factors not represented in the present framework.

4.3. Interpretation and Robustness of the Effective Loss Rate λ

In this study, λmin was derived as a conservative minimum deposition-related loss
within the 0.3–2.5 µm size range (where deposition can be minimized around the lower end
of this range), and it was used as a stabilizing bound when the inverse identification tended
to drive λ toward near-zero values. Therefore, the small λ values reported for several rooms
primarily reflect a regularized lower-bound estimate rather than uniquely determined
physical deposition rates. This modeling choice is also linked to the tested HVAC topology:
a whole-house recirculating system in which air repeatedly passes through the HVAC/air-
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handling room, so the effective removal represented by λ can be strongly influenced by
processes along the recirculation path and by the measurement/sampling configuration.

Because the primary goal is relative comparison within the same measured house–
HVAC network, the workflow is intended to be most reliable when scenario differences
are dominated by changes in transport and/or removal that are well represented in the
identified model. A systematic sensitivity analysis of scenario ranking to plausible λ ranges
(and to uncertainties in q and source strength) was not conducted here; this remains an
important next step to demonstrate robustness of scenario ordering under uncertainty.

4.4. Mitigation Is Not Elimination: Practical Implications and Limitations

Even with a high-efficiency return-side filter, dispersion was not eliminated in the
present demonstration. This is expected because filtration is only one component of ex-
posure control, and residual transport can persist via imperfect mixing, short-circuiting,
leakage/infiltration pathways, and time-varying operation [53–56]. Moreover, adding
high-efficiency filtration can increase pressure drop and alter airflow rates and pressure bal-
ance, potentially affecting both thermal performance and contaminant transport; therefore,
practical implementation requires consideration of fan capability, operating point changes,
bypass leakage control, and maintenance (e.g., loading) [57–60]. These considerations
motivate fundamental design principles for residential infection control beyond “adding
a filter,” including controlling airflow directionality between rooms, ensuring adequate
outdoor-air ventilation, providing dedicated exhaust for source spaces when feasible, and
adopting measurement-informed commissioning to verify intended performance.

Overall, the proposed approach is best viewed as a diagnostic-and-comparison work-
flow that can support such commissioning and design decisions by quantifying cross-room
exposure potential under defined operating modes, rather than as a tool for asserting
absolute infection risk or universally optimal measures.

4.5. Limitations and Applicability

The inverse identification of inter-room airflow rates (q) and an effective aerosol
loss rate (λ) is not guaranteed to yield a unique solution. Multiple parameter sets can
reproduce the measured concentration time series with similar goodness-of-fit, particularly
when measurement noise, unmodeled dynamics, and model simplifications are present.
Therefore, the identified parameters should be interpreted as effective values conditional
on the adopted model structure and operating assumptions. Their plausibility should
be checked by comparing model-measurement residuals with expected measurement
errors and, when possible, by validation against independent measurements or alternative
operating periods. In some cases, additional constraints or regularization (e.g., bounds
derived from physical considerations) are needed to avoid non-physical solutions. In this
study, because λ aggregates multiple sinks (deposition, filtration, sampling losses, and
other unmodeled removal), we introduced a lower bound (λmin) based on an assumed
minimum deposition rate to stabilize the identification and avoid unrealistically small losses.
This choice is pragmatic rather than universal: λmin is not a required component of the
proposed workflow, and alternative constraints (or no lower bound) may be appropriate
depending on the building, instrumentation, operating conditions, and target particle
size range. Moreover, the present case is a whole-house recirculating system in which
air repeatedly passes through the HVAC/air-handling room; thus, the identified λ is
particularly influenced by removal along the recirculation path. Accordingly, the present
identification settings and resulting parameter values should be viewed as a case-study
implementation for this specific system.
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The nebulizer aerosol had a reported MMAD on the order of a few micrometers
(≈3 µm), whereas λ was identified using room-mean PM2.5 dynamics as a practical mea-
surement surrogate. This particle-size mismatch may bias the effective λ because depo-
sition and filtration are size-dependent, and a single first-order λ cannot fully represent
size-resolved fate processes. In addition, the use of an oral rehydration solution (OS-1) for
nebulization can affect drying and crystallization behavior, potentially altering the resulting
dry particle size distribution relative to human respiratory aerosols. These factors introduce
uncertainty in mapping the experimental aerosol to a single effective λ and should be
considered when interpreting absolute values, while the present work emphasizes relative
comparison within the tested setup.

Uncertainties in airflow rates, tracer release rates, sensor placement, and model struc-
ture can affect both the identified parameters and the derived steady-state exhaled-air
tracer concentration index. While the present study emphasizes a measurement-informed
workflow and relative scenario comparison, a full uncertainty propagation analysis (e.g.,
Monte Carlo simulation) was not conducted across all uncertain inputs. Consequently,
the reported exposure index values should be interpreted as estimates conditional on the
adopted assumptions, and the robustness of scenario ranking under plausible uncertainty
ranges should be further examined in future work. A practical next step is to propagate un-
certainty in q, λ, and source strength through the steady-state index and report uncertainty
bands on scenario differences.

Residential exposures are inherently transient due to door opening/closing, occupant
movement, intermittent source emissions, and HVAC operational cycling. The steady-
state exhaled-air tracer concentration used here is intended as a comparative metric for
scenario ranking under the tested operating modes, rather than as a direct representation
of time-varying exposure in real households. Therefore, the practical interpretation should
be limited to relative comparisons under controlled conditions, and the extent to which
scenario ranking persists under typical transient behaviors remains an open question for
future studies.

Filtration performance was represented by an effective efficiency term in the modeled
recirculation path. In practice, realized filtration effectiveness can depend on bypass
leakage, installation quality, and pressure-drop-induced flow changes interacting with the
fan curve, particularly in residential systems. If airflow is reduced by filter pressure drop,
both transport and removal can change concurrently. Although the filtration case in this
study is included to demonstrate comparative capability rather than to advocate a specific
countermeasure, future work should explicitly quantify filter-induced flow changes and
evaluate a range of effective efficiencies to better represent field performance.

The present results are based on a single detached house with one HVAC topology and
a specific airtightness/operational setting. Therefore, general claims should be avoided:
the findings primarily demonstrate the proposed measurement-informed workflow and its
use for relative scenario comparison in this particular system. To establish transferability,
additional cases are needed with varying key determinants such as HVAC topology (e.g.,
different recirculation architectures), building airtightness and leakage distribution, door
configurations, and operating modes across seasons.

5. Conclusions
This study presented a measurement-informed multizone evaluation approach for

the relative assessment of inter-room airborne transport and mitigation performance in
residential environments. By identifying inter-room airflow rates from CO2 tracer mea-
surements and an effective non-ventilation aerosol loss rate from measured aerosol con-
centration dynamics, the approach enables rapid quantification of the relative impacts of
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ventilation and air-conditioning design/operation options without relying on pathogen-
specific thresholds.

As a demonstration in a detached house equipped with a duct-type whole-house
air-conditioning system with recirculation, the identified model indicated measurable
inter-room dispersion under normal operation. In contrast, a return-side filtration scenario
substantially reduced the steady-state exhaled-air tracer concentration in non-source rooms.
These case results are presented to illustrate the approach’s comparative capability rather
than to advocate a specific countermeasure.

The present model centers on concentration calculations identified from measurements
and does not fully account for coupled thermal circuits, pressure differentials, leakage, or
transient operations. Future work will incorporate coupled thermal-pressure modeling and
additional validations across different house layouts and HVAC configurations to assess
dispersion-control strategies more rigorously.
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