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Abstract

During the COVID-19 pandemic, airborne transmission of SARS-CoV-2 via respiratory aerosols was
a critical concern in indoor environments. In the city of Santander, Spain, an outbreak in a multi-
family residential building during a period of low community transmission revealed vertical
clustering of 15 cases in four homes. The building’s design included single interior bathrooms
without windows in each home, ventilated by a shared vertical bathroom duct system. Field
measurements, computational fluid dynamics (CFD) simulations, and multi-zone airflow modeling
were performed to evaluate vertical disease transmission potential in the Santander building.
Epidemiological and genetic data combined with the field-collected data and modeling indicated
that the most plausible transmission route was the bathroom vertical ventilation duct system,
which facilitated movement of infectious aerosol between vertically connected homes.
Additionally, operating the kitchen exhaust fan can augment the movement of aerosols between
occupied spaces increasing the potential for infection. Recommendations for mitigating future

risks include the installation of forced air exhaust fans with non-return flaps in bathroom ducts.

Introduction

SARS-CoV-2, the causative agent of COVID-19, is primarily transmitted by individuals infected with
the virus exhaling viable aerosols containing the virus [1]. These respiratory aerosols can remain
suspended in the air and travel with the air currents, potentially infecting individuals who inhale
them at short and long distances from the infected source, especially in insufficiently ventilated
indoor spaces [2].

In addition to transmission in shared indoor spaces, virus spread without close contact has

been documented. In 2003, a SARS-CoV-1 outbreak in Hong Kong’s Amoy Gardens infected around

3
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320 people in separate homes [3]. In Seoul (2020), COVID-19 cases clustered along two vertical
shafts of a multi-family building, linked by a single bathroom ventilation duct lacking individual
extractor fans [4]. Similarly, a 2022 Hong Kong study found that 8.7% of residents in high-rise
buildings were affected by Omicron due to vertical transmission [5].

In the city of Santander, Spain, a SARS-CoV-2 outbreak occurred in the early summer of
2020 in a seven-story residential building with 56 homes. Following Spain’s partial lockdown and
subsequent easing of restrictions, a sudden cluster of 15 cases emerged in four vertically stacked
homes connected by a shared bathroom ventilation duct. This clustering happened during a period
of almost zero community transmission, suggesting an internal transmission pathway.

This study investigates how air moves through shared vertical bathroom ventilation ducts in
bathrooms and windows of the Santander building, evaluating its role in the transmission of SARS-
CoV-2 aerosols between homes. Prompted by a building resident — an engineer — who identified the
issue, the study was led by a multidisciplinary international team of professors and students from
the University of Valencia, the University of Cantabria, the University of Colorado Boulder, and

Concordia University.

The Study

The investigation into the COVID-19 outbreak linked to bathroom ventilation ducts in the Santander
residential building began with formal approval from the building’s homeowners’ association.
Residents supported the study (see Supplemental Information, S1-S4). The University of Valencia
research team collaborated with the Regional Ministry of Health to obtain anonymized outbreak
data, while additional epidemiological details were sourced from official statements and media

reports due to limited online access. The outbreak was first identified by a resident and co-author
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of this paper, David Higuera, who noted a cluster of cases on his floor; subsequent reports
revealed that the second affected apartment was directly above the first, aiding in tracing the
spread.

To understand how the outbreak could have happened, the research team then conducted
a comprehensive study that included indoor airflow measurements in a typical home, a simplified
CFD model, and 3D multi-zone airflow simulations to evaluate aerosol movement between homes.
The study also presents details about the outbreak, the building characteristics, and testing for
COVID-19. Based on these findings, technical solutions are proposed to mitigate vertical disease

transmission, along with recommendations for updates to Spain’s building inspection standards.

Outbreak in the Santander building

A COVID-19 outbreak occurred in a building in Santander after Spain imposed a partial lockdown
starting March 14, 2020. On March 30, a country-wide two-week mandatory confinement period for
all non-essential workers was implemented. Lockdowns began easing on April 28, and the state of
alarm ended on June 21. Fig 1 illustrates the timeline for the number of confirmed COVID-19 cases
in Santander starting on March 20, and by June, cases had dropped to zero. [6]. On June 21, the
regional health authority detected an outbreak of COVID-19 in the Santander building. Fifteen (15)
people became infected in four different homes vertically stacked [7]. The outbreak began
suddenly and rapidly after a period of virtually no community transmission of the virus in the city

(population 172,000).
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Fig 1. Timeline of confirmed COVID-19 cases in Santander from March 2020 through October 2021.

Characteristics Of the building

Constructed in 1969, the building comprises seven floors with eight homes per level, grouped
around four patios (Fig 2a). The building was constructed in 1969; it predates the 1970s
Technological Standards and Basic Building Standards in Spain [8]. Allcommon areas, including
the elevators, are used by all building residents. Each home has a single interior bathroom (without
a window). The bathrooms were originally built with natural convection exhaust ventilation via a
construction opening on the vertical wall behind the toilet near the ceiling. This opening, with
dimensions of 12 x 12 centimeters (cm), is connected to a vertical bathroom duct measuring 70 x
20 cm that serves as a conduit for natural convection airflow to the roof of the building. This
bathroom ventilation duct is shared by pairs of homes with the same patio (Fig 2b), and it also
serves as a conduit for the wastewater and sewage pipes. Some homes had modified their
ventilation by installing extraction fans or blocking the exhaust due to odor concerns before the

outbreak.
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Fig 2. Plan view of one of the floors of the multi-family housing building in Santander (a), and vertical
diagram of the natural ventilation opening of the bathroom and the duct that connects to the roof (b).
There are four homes on each floor, grouped two by two around four patios. The red box represents the
affected homes and patio that share the same vertical bathroom ventilation duct.

Testing

On June 21, 2020, the regional health authority detected the outbreak through polymerase chain
reaction (PCR) testing, initially in a third-floor home where all six inhabitants tested positive (Error!
Reference source not found.). On June 25, a positive PCR test confirmed that COVID-19 was
detected in the home immediately above, on the fourth floor, and all three inhabitants of this home
were infected [9]. On June 26, the health authorities carried out a general PCR screening of the
entire building’s occupants (some homeowners were away on travel) that yielded four new positive
cases. The next day, general confinement of the building for 97 residents was mandated for ten
days. Unaffected homes may have had prior immunity, but this remains unconfirmed. No public
report fully explained the vertical clustering; possible contributing factors such as lapses in
hygiene or mask use were noted, but no direct contact between non-cohabitants was identified.
The health officials collected samples of the surfaces in the common areas and tested

them for SARS-CoV-2. However, all these samples were negative. Authorities also ordered the
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surfaces of the common areas of the building to be disinfected. Additionally, approximately 500
PCR tests were performed on three consecutive dates on close contacts visiting the building
(grandparents, cousins, friends, etc.), occasional visitors (postman, cleaner, maintenance staff),
parish priests, shopkeepers, and hoteliers, all with negative results. No positive PCR tests were
detected among the residents of the homes surrounding the three other patios of the building. The
lack of infection around the other courtyards is likely due to the absence of an Index Case in those
homes. PCR tests were conducted in the whole building (not only to the A and B sections of the
building; Fig. 2).

On July 1, a second round of PCR testing was conducted among building occupants,
detecting two new positive cases. Most individuals experienced only mild symptoms; however, one
elderly woman required hospitalization. On July 8, during the third and final round of PCR testing,
residents who tested negative were released from confinement. Ultimately, 15 cases were
identified in four homes along the same bathroom duct (Fig 3). No residents from other parts of the
building were affected [10], although it remains unknown whether the unaffected homes
(connected to the same bathroom duct) had developed immunity from prior exposure.
Interestingly, the occupants of three homes (floors 1, 3, 4) in which the bathroom ventilation had
been modified (by installing an exhaust fan with a no-return flap) did not get infected (Fig 3).
Occupants in a fourth home (5™ floor) that had the bathroom exhaust vent covered did not get
infected either. The contagious potential is defined as C/I, where C is the number of new cases,
excluding the index cases, and | is the number of infectors. An outbreak is considered possible
when C/l exceeds one [11]. In this case, there were 15 total cases, minus the 6 infectors, resulting

in nine new cases. The contagious potentialis 9/6 = 1.5, indicating an outbreak.
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Fig 3. Side and three-dimensional view of the Santander building. The index cases were on the 3 floor-
Home A (dark red), testing positive on Jun 21, 2020. Subsequent infections (light red) occurred on floor 1-
Home B, floor 4-Home A, and floor 6-Home A. Letters A and B indicate that the infection occurred in Home A
or Home B on that floor. Homes A and B shared a vertical bathroom duct and patio area. The other 10 homes
sharing the vertical bathroom duct were either inhabited or not occupied, or their bathroom duct was
modified, and no infection was documented.

Genetic sequencing of the virus

Complete genome sequencing was performed on three samples from building residents. These
were compared with 16 other samples collected from the same locality around the same time, as
well as with the original SARS-CoV-2 Wuhan-1 reference sequence. The protocols of the Spanish
Seq COVID-19 consortium [12] were used to obtain a maximum likelihood phylogenetic tree with
sequences in Fig 4. The sequences derived from the building were similar, with one or two
nucleotide differences among them and at least 11 differences from the closest control sequence.
This level of genetic similarity along the complete genome of SARS-CoV-2 isolates is indicative of a

recent shared ancestry, either from a common source or through direct transmission.
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Fig 4. Maximum likelihood phylogenetic tree obtained from complete genome sequences of SARS-CoV-
2. Sequences derived from samples of inhabitants with COVID-19 in the Santander building outbreak are
labeled COV007081, COV007082, and COV007085 and marked with a red dot. The Wuhan-1 sequence is
labeled as MN908947.3. The remaining sequences correspond to local controls from Santander taken in June
and July 2020. Bootstrap support values higher than 70% are shown in the corresponding nodes. The scale
bar represents inferred substitutions/site.

Potential transmission routes

Potential transmission routes included shared spaces (elevators, lobbies, or corridors) and
surfaces (elevator keypads, handrails, or portal door handles), although this form of transmission
of COVID-19 is minimal, with few cases attributed to contact with contaminated surfaces [13].
Fifty-six homes share two elevators; if transmission had occurred via these common areas, infections
would likely have appeared in multiple parts of the building. However, all cases were clustered in
the same vertical section around a single patio. At the time of the outbreak, mask use was
mandatory in the presence or proximity of non-cohabitants [14].

The building’s bathrooms were originally designed to exhaust air by natural convection
through a vertical ventilation duct leading to the roof — a flow phenomenon known as the chimney
or stack effect, driven by temperature-induced differences in air density. However, several factors
can disrupt this intended exhaust airflow, including exhaust hood operation, window openings, and

pressure changes within the building. These disruptions can cause reverse flow, where air from the

10
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bathroom ventilation duct re-enters the bathroom instead of being expelled to the outside. Itis
hypothesized that infectious aerosols from one home may have traveled through this shared
bathroom duct system and entered other homes via reverse flow, potentially serving as a

mechanism for cross-home transmission.

Measurements

Environmental measurements were collected in the 4th-floor bathroom and the bathroom
ventilation duct of Home B (Fig 3), between May and December 2022. Differential pressure was
measured between the duct and the bathroom interior (DG1000 Minneapolis, MN), and airspeed
was measured at the bathroom opening (TSI VelociCalc 9565, Shoreview, MN). Bathroom
concentrations of carbon dioxide (CO,), bathroom interior temperature, and relative humidity
(Aranet 4, Riga, Latvia) were also measured. Additional measurements in other homes were not
possible due to a lack of access. Five measurement campaigns were completed to document the
behavior of the bathroom exhaust duct under different conditions. Table 1 summarizes the data
collected during these campaigns.

The following conditions were explored: operating the kitchen exhaust hood, opening the
patio windows, and opening the windows that face the exterior of the building and the street. At the
bathroom ventilation exhaust opening, the flow direction was measured as either reverse flow (into
the bathroom) or exhaust flow (out of the bathroom), depending on whether the differential
pressure between the interior of the bathroom and the duct was positive or negative, respectively.
This study was conducted with the permission of the building administration, the homeowner’s

community, and the collaboration of the residents.

11



Table 1. Measurements Conducted in the 4" Floor Apartment of the Santander Building in 2022

Date (2022) June 10 May14-15 July 7 September 24 December 6
Case 1 2 2 2 3
Spot
Duration measurement | 48 h 45 min 24 h 24 h 230 min
S
Occupancy N/A Empty Empty Empty Empty
.. Open W|n'dow Open window to the Open window to the Open window to the Operat|r.1gthe k|tch'e.n
Condition to the main community patio community patio community patio hood using fan position 3
street yp ypP ypP (high)
Carbon Dioxide
CO=Minimum | ., 582 558 529 640
(ppm)
CO. Maximum |/ 1489 1032 725 1450
(ppm)
() i <
% Time <700 100% 61% 74% 83% 4.8%
ppm CO,
% Time >
0, 0, 0, 0, 0,
700ppm CO, 0% 39% 26% 17% 95%
. | Spot
:lrjvsvsure and Air measuremen | Average Max Average Max Average Max Average Max
ts
Natural
Convection -0.6 N/A N/A -0.19 -1.02 -0.34 -1.05 -0.45 -1.62
APa<0 (Pa)
Flow (l/s) -8.3 N/A N/A -4.47 -11.76 -4.74 -11.76 -17.03 -43.29
Air Reverse Flow
APa >0 (Pa) N/A N/A N/A 0.2 1.01 0.21 0.91 7.29 8.03
Flow (l/s) N/A N/A N/A 5.09 11.68 4.23 9.87 42.04 44.46

12
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Reverse flow into the bathroom was observed when positive pressures were measured,
consistently accompanied by elevated CO, concentrations when the home was unoccupied,
suggesting that CO, was entering from other homes. These reverse flow events also coincided with
increases in humidity and temperature. In contrast, negative pressures were associated with lower

CO;, levels and reduced humidity in the bathroom.

CFD model of airflow rates and CO-, between two bathrooms

A CFD simulation was used to study the possibility of aerosol transmission between two homes'
bathrooms from reverse flow caused by pressure differences, using the measurements from the
4™-floor home as boundary conditions. Note that because "stack effect" pressure differentials vary
by height, the infiltration rates on the 1st or 2nd floor might differ in magnitude from the measured
4th floor, though the direction of flow (reverse flow) likely remains consistent under the observed
conditions.

Fig 5 illustrates a setup consisting of two vertically alighed, adjoining rectangular
bathrooms (1610 x 1900 mm floor area, 2700 mm height) connected by a vertical bathroom
ventilation duct measuring 200 x 700 mm. The model focused on airflow and CO, distribution
across bathrooms on different floors, with some non-essential features simplified to reduce
computation time without affecting air movement accuracy. This simplified CFD model includes
variables such as duct roughness based on the typical roughness average of brick and mortar

which is the material used for the construction of the bathroom exhaust.

13
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Fig 5. Schematic representation of the CFD model geometry (dimensions in millimeters) used to model
two vertically aligned, adjoining bathrooms.

The model assumed steady-state, turbulent flows of a Newtonian, incompressible fluid
with constant physical properties. Simulations were conducted using the finite volume method
applied to the fluid dynamics equations within the mesh generated by OpenFOAM, incorporating a
conventional k- turbulence model and Boussinesq approximation. It was further assumed that the
fluid was dry air and that no heat transfer occurred between the air and the enclosure walls, given
their similar temperatures and internal location. Airflow in the bathroom duct was simulated under
two conditions: with one window open to the community patio (Table 1, Case 2) and with the
kitchen exhaust hood operating at maximum fan speed (Table 1, Case 3). The boundary conditions

are in Table 2 for each condition.

14
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Table 2. Boundary Conditions for the Simulated Conditions

Parameter Patio Window Kitchen Exhaust
Open Hood On

Air Temperature (°C) 20 20

CO, Concentration in Lower Bathroom (Ppm) 2000 2000

Pressure at Lower Bathroom Door (Pa) 101325 101325

Pressure at Upper Bathroom Door (Pa) 101299 101292

Pressure at Upper Bathroom Duct Section (Pa) 101300 101300

Ap Between Bathroom Ventilation Duct and 1 8

Upper Bathroom Door (Pa)

Table 3 presents a comparison between the CFD results and measurements taken from the
bathroom of the 4"-floor home, showing agreement between observed and predicted values. This
alignment confirms that the model accurately represents airflow conditions within the homes and
bathroom ventilation duct. In the simulation where the patio window is open (Figs 6 and 7), airflow
exits the lower bathroom at approximately 2 m/s and enters the shared bathroom duct, rising
toward the upper. A portion of this flow enters the upper bathroom through its exhaust opening at
around 1 m/s. Elevated CO, concentrations are observed in the lower bathroom, with some of this
CO, traveling upward through the bathroom duct and into the upper bathroom, suggesting a
potential pathway for aerosol transmission. In the kitchen exhaust hood simulation (Figs 8 and 9),
the same pattern occurs, but with greater intensity: airflow into the upper bathroom reaches
approximately 2 m/s, and CO, levels are higher. These results indicate that operating a kitchen
hood may increase the risk of aerosol transmission between bathrooms via the shared bathroom

ventilation duct more than opening the patio window.

15
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Table 3. Comparison of CFD Simulated Airflow Rates and Carbon Dioxide Concentrations with

Measurements

Parameter Simulate | Measure
d d

Patio Window open
Outflow in Lower Bathroom (l/s) 62.3 N/A
Inflow in Upper Bathroom (U/s) 11.3 11.7
CO, Concentration in Upper Bathroom 900 1032
(ppm)
Kitchen Exhaust Fan On
Outflow in Lower Bathroom (l/s) 62.4 N/A
Inflow in Upper Bathroom (U/s) 36.2 40
CO, Concentration in Upper Bathroom 1550 1450
(ppm)

CONTAM-Quanta modeling of transmission

A multizonal modeling approach was used to examine conditions that could lead to aerosol
transmission of COVID-19 between homes in the Santander building, focusing on the shared
bathroom ventilation duct (Fig 10a). Simulations were implemented using the CONTAM (version
3.4) model, developed by the U.S. National Institute of Standards and Technology (NIST), to
simulate airflow and indoor infectious aerosol concentrations [15,16]. Briefly, each room was
modeled as a well-mixed zone, with airflow paths defined by window openings and vertical shafts.
Infiltration rates were calculated using a power-law equation that accounts for weather and
pressure differences. To estimate airborne infection risk for occupants, the Wells-Riley equation
was applied, relating aerosol concentrations, breathing rate (0.72 m®h), and exposure duration
(assumed to be 6 hours, from 9:00-15:00). Integration of Wells-Riley with CONTAM leads to the
CONTAM-Quanta Model; for full details of this modeling framework, parameter selection, and
validation, refer to Yan et al. (2022) and Yan et al. (2023) [17,18]. Results from this model are

expressed as the number of quanta inhaled (number of airborne particles containing virus that

18



268 were inhaled and that caused an infection) and the probability of infection to evaluate occupants’
269 risk of getting COVID-19. These methods were used to identify the factors that impact horizontal
270 and vertical aerosol transmissions within the residential building and recommend effective

271 mitigation strategies.

272 In this study, there were 28 occupants in Homes A and B, with 6 index cases, leaving 22

273 susceptible individuals. If those with modified bathroom exhausts are excluded, the susceptible
274 population is reduced to 11. To prevent any new infections among the 11 people who could be

275 exposed, the risk for each individual must remain extremely low. To keep all 11 individuals free from
276 infection, when they are exposed to 6 infected people, p is defined as the probability that one

277  susceptible person gets infected, and then the probability that none will get infected is (1 — p)*?.

278  Assuming this probability 95%, then is (1 — p)!! > 0.95, and solving for p < 0.0046 = 0.46%. If we
279 set the probability that no one will get infected at 99%, which is more protective for a disease like
280 COVID-19, with such a high mortality rate initially, and in a building setting with constant exposure,
281  thenp = 0.09%.

282 The modeled floor plan is shown in Fig 10b; the building consists of two parts, Home A and
283 Home B, with Home A selected for investigation. The modeling focused on the possibility of

284 transmission between the third floor, where the index cases lived, and adjacent floors. The cases
285 investigated are presented in Table 4. In each simulation, it was assumed that on the 3" floor of
286 Home A, five infected individuals were in Room A, and one was in Bath A, with none of them

287 wearing masks. A baseline case was run initially, assuming steady wind at one intensity and

288 direction, with the window to the main street open for cooling and ventilation. Additional cases
289 explored the influence of possible quanta transmission between the third floor and the 2" and 3™

290 floors of outdoor weather (changing wind direction, wind intensity, and fluctuating weather

19



291 conditions), opening interior/exterior windows, and the use of the kitchen exhaust hood and/or

292 bathroom fan.

293
E Kitchen B i
E Common Area Shaft |BathB = |
| Patio = E E
i Bath A gj !
| Kichen & |_ Room A » i
E 1 Hall A | Hall C o i
:‘ | : - Room C ,E
b

294 . o

295 Fig 1. CONTAM-Quanta model for the Santander residential building, Northern Spain. The

296 building is shown in (a), and the floor plan of each floor is outlined in (b), with the gray area indicating Home
297 A, which is where the infected residents lived on the 3rd floor. The index cases were located on the 3rd floor,
298 specifically in Home A (Rooms A and Bath A). Simulations were conducted exploring the impacts of outdoor
299 wind, window opening, and bathroom fan and kitchen operation on airborne infection.

300

301 Airflow and pressurization measurements from the 4™"-floor home of the Santander building
302 (Table 1) verified that the building surface area and leakage rates assumed in the CONTAM-Quanta
303 Model were reasonable. The modeled bathroom airflow rate on July 7, 2022, from 9:00 to 15:00 was
304 compared with measurements. Fig 11 shows a good match, with the coefficient of determination r?
305 =0.83.

306
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rate (s

CONTAM simulated aieflow

building field measurements. The flow rate time profile is shown in (a), and the correlation between model
and measurementsisin (b).

Table 4. Cases Investigated with the CONTAM-Quanta Model*

. . . Wind [Wind . Main street BathroomExtract
Case 'Wind direction . .. |Patio window .
degree |intensity window fan hood
Case 1
(Baselin [East-West 270 1.39m/s |Allclosed 4™ floor open Off Off
e)
Case2 |West-East 90 1.39m/s |Allclosed 4™ floor open Off Off
Case 3 |[East-West 270 2.78 m/s All closed 4™ floor open Off Off
Cased4 |[East-West 270 1.39m/s |Allclosed All closed Off Off
Weather h
Case 5 2/7/22 - -- All closed 4™ floor open Off Off
Weather
Case 6 2/7/22 - -- All closed All closed Off Off
Weather 3 & 4" floor | .,
Case 7 2/7/22 - -- open 4™ floor open Off Off
Weather 3 & 4" floor
Case 8 2/7/22 - -- open All closed Off Off
Caseg |Veather - - All closed 3" & 4" floor open (Off Off
7/7/22 P
Weather On - 3™
Case 10 2/7/22 - -- All closed All closed floor Off
Weather On-37&
Case 11 7/7/22 -- -- All closed All closed 4 floor Off
Weather 0 On-37&
Case 12 2/7/22 -- -- All closed 4" floor open 4% floor Off
Weather On - 4%
Case 13 2/7/22 - -- All closed All closed Off floor
Weather On-37 |On-4"
Case 14 2/7/22 - -- All closed All closed floor floor
Weather 0 On-37 |On-4"
Case 15 7/7/22 - - All closed 4" floor open floor floor
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*Bold-italic indicates a change in the parameter relative to the Baseline Case.

Figs 12 and 13 illustrate quanta concentration patterns on the 2", 3", and 4" floors under
differing wind, weather, and window conditions (Cases 1-6, Table 1). White areas indicate regions
free from quanta, while the colored areas represent concentrations, ranging from low (blue) to high
(red). In all cases, the highest concentrations occurred in the source zones (Room A and Bath A),
where the index cases were located. Elevated levels were also observed in adjacent areas such as

Corridor A and Hall C.

Case 1 (Baseline, Wind: Fast-West, 1.39 m/s)

Level 2
Case 2 (Wind: West - East, 139 m/s)

Level 3 Level 4

Level 2 Level 3 Level 4
Case 4 (All window closed)
wree

Level 2

Fig 12. Schematics showing quanta concentrations for CONTAM-Quanta simulation Cases 1-4o0on
different floors of the building and in different rooms. The index cases were located on the 3" floor, Home
A. Five infected individuals were in Room A, and one infected individual was in Bath A on level 3. The white
color indicates zero quanta concentration, the dark green color is 0.03-0.11 quanta/m?, and the red color is
2.0-8.6 quanta/m®.
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346

347

348

349

Case 5 (July 07, 2020 — Level 4 Street window open)
[k

Level 2 Level 3 Level 4

July 07,2020 — All window closed)
me o)

L

Level 2 Level 3 Level 4

Fig 13. Schematics showing quanta concentrations for CONTAM-Quanta simulation Cases 5 and 6 on
different floors of the building and in different rooms. The white color indicates zero quanta
concentration, the dark green color is 0.03-0.11 quanta/m?, and the red color is 2.0-8.5 quanta/m?3. Five
infected individuals were in Room A, and one infected individual was in Bath A, on level 3.

Comparing Case 1 (East-West wind) and Case 2 (West-East wind) demonstrates that
opening the 4"-floor window allowed wind direction to aid in lowering overall quanta
concentrations. When the window to the main street is closed on the 4™ floor (Case 4), Home A on
that level showed increased quanta due to reduced natural ventilation. The patio had elevated
quanta levels on both the 3™ and 4" floors for all cases, suggesting some degree of inter-zone
transport.

The highest patio concentrations were in Case 5, which uses Santander’s July weather in
the simulation, the same period as the outbreak. Simulating the actual July weather patterns (Case
6) also led to increased quanta in the Home A corridor on the 4" floor. These results suggest that
weather conditions impact interzonal transport when a building relies on natural ventilation and
the stack effect to remove infectious aerosol. Also, it is important to use actual weather conditions
where possible in CONTAM to obtain precise results, that opening windows is needed to reduce
quanta concentrations, and that the patio of the building is a source of infectious aerosol.

In Fig 14, the probability that one susceptible person gets infected p, is illustrated. The highest

infection risk occurs in the source zones, while adjacent rooms on the same floor of Home A
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experience relatively low infection risk. The 2" and 4'" floors have low quanta concentrations,
which translate into low infection risk across cases 1-6; thus, the investigated changes in wind and

weather did not increase the transmission risk.

2 Floor 4
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Probability of Tnfection (%)
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Probability of Infection
e oo
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o =
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°

Probability of Infection (%)
Probability of Infec:
Probability of Infection (%)

Fig 14. Probability of infection on the 2", 3", and 4" floors for every room that was simulated in the
CONTAM model. Panels (a) through (f) correspond to wind and weather simulation Cases 1 through 6. Five
infected individuals were in Room A, and one infected individual was in Bath A, on the 3™ floor.

Opening the windows on the 3™ and 4™ floors of the building introduces additional airflow
pathways. When the windows to the patio are open in Room A, aerosols migrate upward to the 4™
floor, resulting in elevated quanta concentrations in Room A, Hall A, and Hall C (Fig 15, Cases 7
and 8). Conversely, keeping the patio windows closed while opening the street-facing windows
(Case 9) promotes dilution of aerosols by outdoor air, limiting interzonal transport. Fig 16 shows
that opening the patio windows connected to Room A on the 3 and 4" floors can lead to a small
but noticeable infection risk on the 4*" floor, as aerosols migrate vertically through the patio shaft.
But there is no additional risk on the 4" floor when the street-facing windows are open. These
results indicated that wind entering through street-facing windows was effective in diluting quanta

and mitigating transmission risk on both floors.
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Case 7 (July 07, 2020 — Level 3&4 Patio window open + Level 4 Street window open)
2 P B[ 5]+ [

Level 2 Level 3 Level 4

Case 8 (July 07, 2020 — Level 3&4 Patio window open)

03472
oo

00190626
§ 0000097

o

[ OEs
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Level 2 Level 3 Level 4
Case 9 (July 07, 2020 — Level 3&4 Street window open)

[P [ FES osE®

Level 2 Level 3 Level 4

Fig 15. Schematics showing quanta concentrations for CONTAM simulation Cases 7-9 on different
floors of the building and in different rooms. The white color indicates zero quanta concentration, the dark
green color is 0.03-0.11 quanta/m?®, and the red color is 2.0-8.5 quanta/m?. Five infected individuals were in
Room A, and one infected individual was in Bath A, on level 3.

H ‘ Floor 2 Floor 2
Floor 3 Floor 3

Floor 2
Floor 3
Floor 4

9

Floor 4 Floor 4

Probability of Infection (%)
Probability of Infection (%)

)
-

Fig 16. Probability of infection on the 2", 3™, and 4" floors. Panels (a) through (c) correspond to window
opening Cases 7 through 9. Five infected individuals were in Room A, and one infected individual was in
Bath A, on the 3™ floor.

Bathrooms usually represent high-risk environments for airborne infection transmission
due to activities such as toilet flushing, which can generate pathogen-laden aerosols with
persistent suspension in confined spaces. Mechanical ventilation systems, such as bathroom
exhaust fans, are often installed to regulate humidity and odors; however, their operation
inherently alters indoor pressure differentials and airflow trajectories, which are critical factors

governing aerosol transport. Bathroom fan simulation results (Cases 10-12) are shown in Fig 17.
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387 The fan operation promoted quanta transport to the 2™ floor by drawing quanta into the shared

388 vertical bathroom ventilation duct that connects Baths A and B. Once these quanta reached the 2™
389 floor, they spread to adjacent zones: Room A, Corridor A, Room B, and Corridor B. This pattern was
390 observed across all three cases, suggesting that running bathroom fans inadvertently enabled

391 cross-floor contamination via interconnected shafts. The operation of the bathroom fans resulted
392 in increased infection risk on floor 2 bathrooms, due to increased quanta in the vertical bathroom
393 ventilation duct (Fig 18). In Bath A, the risk was found to be greater than 0.09% but remained below
394 0.46%, within the threshold for additional transmission. Infection risk is not increased on floor 4,

395 possibly due to the street window being open (Case 12).

Case 10 (July 07,2020 — Level 3 Bathroom fan operating at 28.8 m*/h)
‘‘‘‘‘‘‘‘‘‘‘‘
0.466793
I 0.109685
0.0257541
I 0.00602461
0
Level 2 Level 3 Level 4
Case 11 (Ju]y 07, 2020 — Level 3 &4 Bathroom fan operating at 28.8 m*/h)
Gongentaton <2 BEEE| 2 3> EEEE| (3] <4> [=lelc:h]
845477
fa - )
0.465284
Jotoomsn
o m
Level 2 Level 3 Level 4
Case 12 (July 07, 2020 — Level 3 &4 Bathroom fan operating at 28.8 m*h, Level4 Street window open)
Gonconwadon | 112> EREE| ) <3 BB (5 <4 [
= ]
0.466793
J o-100685
0.0257541
== ]
0 -
3 97 Level 2 Level 3 Level 4

398 Fig 17. Schematics showing quanta concentrations for CONTAM simulation Cases 10 - 12 on different
399 floors of the building and in different rooms. The white color indicates zero quanta concentration, the dark
400 green color is 0.03-0.11 quanta/m3, and the red color is 2.0-8.5 quanta/m?®. Five infected individuals were in
401 Room A, and one infected individual was in Bath A, on level 3.

402
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Fig 18. Probability of infection on the 2", 3", and 4" floors. Panels (a) through (c) correspond to
Bathroom fan simulations Cases 10 through 12. Five infected individuals were in Room A, and one infected
individual was in Bath A, on the 3 floor.

In residential buildings, kitchen exhaust hoods are essential for maintaining indoor air
quality by removing cooking-related pollutants through the creation of localized negative pressure
zones. However, their operation can unintentionally disrupt indoor airflow patterns. When exhaust
rates are high and makeup air is insufficient, the resulting depressurization may draw air and
potentially contaminants from adjacent areas, including bathrooms or other infectious zones. This
study examined three scenarios involving kitchen-hood operation. In Case 13 (Fig 19), activating
the kitchen hood on the 4" floor increased the movement of quanta to that floor, while limiting
horizontal transport on the 3™ floor. When the bathroom fan was simultaneously used on the third
floor (Case 14), quanta concentrations rose on the 4" floor, indicating enhanced vertical
transmission. Opening the street-facing window on the 4™ floor (Case 15) facilitated the dilution
and removal of quanta near the window, improving safety in that area. However, this also altered
the airflow within the vertical bathroom ventilation duct, resulting in increased transport to the 2™
floor. As shown in Fig 20, infection probability increased on the 4™ floor during kitchen-hood
operation, and on the 2" floor when the bathroom exhaust fan was running on the 3™ floor. As Case
15 demonstrates, the operation of the kitchen hood on the 4™ floor extracted quanta from the 3™
floor index zones; however, when the bathroom fan on the 3™ floor was turned on, this effect was

mitigated, but more quanta were transmitted to the 2" floor.
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Case 13 (July 07, 2020 — Level 4 Kitchen hood operating at 500 m*/h)
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Case 14 (July 07, 2020 — Level 4 Kitchen hood operating at 500 m*h, Level 3 Bathroom fan operating at 28.8 m*/h)
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Case 15 (July 07, 2020 — Level 4 Kitchen hood operating at 500 m*/h, Level 3 Bathroom fan operating at 28.8 m*/h,
4 Street window open)
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Fig 19. Schematics showing quanta concentrations for CONTAM simulation Cases 13 - 15 on different
floors of the building and in different rooms. The white color indicates zero quanta concentration, the dark
green color is 0.02-0.10 quanta/m?®, and the red color is 1.8-8.0 quanta/m?. Five infected individuals were in
Room A, and one infected individual was in Bath A on level 3.
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Fig 20. Probability of infection on the 2™, 3, and 4th floors. Panels (a) through (c) correspond to kitchen
exhaust Cases 13 through 15. Five infected individuals were in Room A, and one infected individual was in
Bath A, on the 3™ floor.

Conclusions

Based on epidemiological data, field observations, genetic sequencing, and modeling studies, the
vertical bathroom ventilation duct within the homes was identified as the likely pathway of
contagion. Air transferred through shared bathroom ducts exposed residents of four homes to
SARS-CoV-2, despite low community transmission in the city. Homes with covered exhaust grills or

individual extractors were not affected, nor were other homes without shared bathroom ducts.
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During the comprehensive screening of the building and neighboring buildings for COVID-19 cases
during the original outbreak, it was determined that no other residences or individuals from
adjacent vertical shafts were affected. This assessment included visitors to the building and those
in close contact.

The results of this study reinforce the conclusion that the operation of kitchen hoods,
bathroom fans, or the opening of street-facing windows can substantially affect and introduce
variability in infectious aerosol transport and airborne infection transmission patterns. In real life,
the daily activities of residents are random, and multiple behaviors may occur simultaneously,
increasing the unpredictability of aerosol movement in residential buildings due to zonal airflows.
These impacts can sometimes contradict one another. Consequently, residents’ aerosol exposure
risks can be substantially affected by the activities of their neighbors, leading to considerable
uncertainty in infection transmission during outbreaks. It should be noted that the relative
magnitudes of these impacts were not compared in this study but may be addressed and
investigated in future work.

This study employed measurements and modeling to investigate how infectious aerosols
could be transported within and between homes in the Santander multi-floor residential building.
Results show that relying on natural convection, or the stack effect, in bathroom ventilation ducts
does not prevent contaminants from being transported between homes. Specifically, susceptible
individuals in poorly ventilated indoor spaces may be exposed to airborne respiratory pathogens
through connected ventilation systems. This exposure can result in a sufficient viral load to
transmit the disease between homes, even in the absence of direct physical contact.

The CONTAM-Quanta model was used to predict the probability of an additional infection
under different airflow conditions due to weather, wind, window opening, or exhaust fan operation.

Infection risk was always elevated on the third floor in the bathroom A and Room A, where the index
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cases were assumed to be present, above the threshold risk of 0.09% needed to add additional
infections. Risk was increased slightly on the 2" and 4" floors for some scenarios, indicating that
transmission risk is not negligible. Other scenarios may introduce elevated risk of infection;
however, the number of scenarios that could be investigated had to be limited to a reasonable
number of simulations. These results show what is possible and that interzonal transport can
occur, resulting in infection risk.

An effective engineering control solution to reduce the potential for contamination between
homes is the installation of forced air exhaust in the bathrooms by placing an extraction fan in the
exhaust opening. These extraction fans can be equipped with a flap to prevent air from flowing into
the home when the fan is not being used. These fans are typically inexpensive and represent a great
cost-benefit solution to new constructions or retrofitting into existing building structures.
Additionally, in buildings with shared ducts, sufficient make-up air is needed to prevent kitchen
exhaust use from drawing air—potentially containing pathogens—from neighboring apartments.
This can be achieved by opening a street-facing window.

This investigation highlights the importance of integrating scientific knowledge about
airborne transmission into building inspection protocols and the broader management of
infectious diseases within built environments. Early detection of outbreaks should prioritize
identifying clusters of cases that share common building elements—such as ventilation ducts,
drainage pipes, or architectural cavities—that can facilitate the movement of airborne or chemical
contaminants between homes. The evidence and engineering solutions presented here underscore
the need for proactive assessment and targeted interventions, ensuring that building design and
maintenance practices evolve to mitigate future risks. By recognizing the role of shared
infrastructure in disease propagation, authorities and building managers can implement timely

measures to protect occupant health and prevent the spread of airborne pathogens.
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S1 File.

Background and Preparatory Steps for Investigating the
COVID-19 Outbreak Related to Bathroom Ventilation

Exhaust Ducts

Initial Actions and Approvals

Before starting the investigation into the potential connection between the COVID-19 outbreak and
the building’s bathroom ventilation exhaust duct, several initial steps were taken. Professor Aranda
officially submitted a letter to the building's management, specifically the homeowners'
association, requesting permission to perform the research. This request received support from
most residents, who voted in favor and showed their interest in the investigation. This official
document is included in the Supplementary Information. Additionally, some residents have asked

about the study, and the completed research will be shared with management after it is published.
Data Collection and Collaboration

Professor F. Candelas contacted the Regional Ministry of Health to obtain anonymized data on the
progression of the COVID-19 outbreak within the building. The data was provided a few weeks after

the initial request.
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Public Information and Media Reports

Information about the COVID-19 situation in Santander was publicly available daily on the Regional
Ministry of Health’s website; however, many of these online sources are no longer accessible. As a
result, much of the relevant information was gathered from statements made by Ministry of Health

officials to the media.

Identification and Tracking of the Outbreak

The first indication of the outbreak cluster within the building came from resident David Higuera,
who noticed the pattern on his floor. Media reports stated that the second affected apartment was

directly above the first, which helped trace the spread of the outbreak through news stories.
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S2 File.

Building Permits Cover Letter

These documents are the research and building access permits granted by the homeowners'
association, following consultation with all residents. All data has been anonymized. There were no
human or animal trials. The trials consisted solely of evaluating the performance of the vertical
duct.

NS4 AUTORIZACION INVESTIGACION COVID.pdf
NICOLAS SALMERON 4_v04.pdf
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Autorizacién Investigacion COVID

3CI

Adal Administracién de Fineas S.L.
C/ Lealtad, 12, Esc. A, 2° Deha. — 39002, Santander
Tfno. 942 551 837 — 697 945 902 - e-mail: infoadalskigmail.com

Grupo de Tecnologia de la Edificacién de la Universidad de Cantabria

D. Ignacio Lombillo Vozmediano

Doctor Ingeniero de Caminos, C. y P.

Director del Grupo I+D en Tecnologia de la Edificacién
Universidad de Cantabria

Santander, 14 de febrero de 2021
Muy Sr. nuestro:

Nos dirigimos a Ud., con el visto bueno del Sr. Presidente y en nuestra condicién de Secretarios-
Administradores de la Comunidad de Propietarios del edificio sito en c. Nicolds Salmer6n n° 4, a fin de
dar respuesta a su escrito de fecha 6 de noviembre de 2020, mediante el cual se solicita la colaboracion y
pertinente autorizacién para la posible realizacion del estudio cientifico-técnico del edificio y de las
posibles causas de transmision y contagio con motivo de la actual pandemia por COVID19, la cual afecto
a nuestra administrada muy especialmente el pasado mes de junio.

Ante la imposibilidad de celebrar una Junta de Propietarios Extraordinaria para exponer y someter
a votacion la propuesta del Grupo que Ud. dirige, se resolvio dar traslado de la misma a todos los Sres.
Propietarios mediante una consulta escrita, siendo el resultado de la misma, por mayoria, favorable a la
propuesta, con la expresa indicacion en contrario de los Sres. Propietarios de las viviendas 2° Hy 5° H.

Por tanto, le informamos que, en la confianza de que esta investigacion pueda ayudar a prevenir en
un futuro situaciones similares, la Comunidad de Propietarios de c. Nicolas Salmerdn, n® 4, de Santander,
con CIF H39018445, autoriza al Grupo de Tecnologia de la Edificacion de la Universidad de Cantabria a
iniciar el estudio cientifico técnico del edificio v de las posibles causas de transmisién y contagio con
motivo de la actual pandemia por COVID-19, de acuerdo con la propuesta de fecha 6 de noviembre de
2020, una vez antecitado Grupo obtenga Ia financiacién necesaria para tal fin en convocatorias publicas
de investigacion. Serd condicién sine qua non el cumplimiento del compromiso del Grupo de Tecnologia
de la Edificacion de la Universidad de Cantabria de garantizar fehacientemente la confidencialidad v

custodia de todos los datos personales, dando cumplimiento en todo momento a la Ley de proteccién de
datos, asi como a respetar la decisién de aquellos propietarios y/o residentes que no estén dispuestos a

participar.

Quedando a su disposicién y a la espera de sus noticias al respecto, aprovechamos la ocasion para
saludarle atentamente,

| Suliviioig dE PP

Fdo. Sandra Marisquirena Sebrango
Adal Administracion de/Fiﬁ""" SES

Nicolds Salmerén, 4
SANTANDER
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Grupo de Tecnologia de la Edificacion de la Universidad de Cantabria
ETS de Ingenieros de Caminos, Canales y Puertos
Avda. Los Castros, s/n. )
39005 Santander, Cantabria (ESPANA)

PRESIDENTE,

SECRETARIO ADMINISTRADOR,

Comunidad de Propietarios Calle Nicolas Salmerdn, n°4
CP39009, Santander

Muy sefiores mios, nos dirigimos a ustedes desde el Grupo de Tecnologia de la Edificacion de
la Universidad de Cantabria, GTED-UC (www.gted.unican.es). Nuestra labor, ademas de la
formacion cientifico-técnica de nuestros alumnos, incluye la investigacion y publicacion de cuestiones que
ayuden al desarrollo de la sociedad, todo ello en beneficio del interés general y del avance del conocimiento
y de la ciencia.

Con motivo de la actual situacion internacional de pandemia en la que nos vemos inmersos,
consideramos muy necesario profundizar en el conocimiento cientifico de todas aquellas posibles causas que
ayuden a entender el comportamiento del virus en situaciones reales.

A través de los medios de comunicacion, hemos tenido conocimiento que su edificio se vio afectado
en el mes de junio por un brote de Covid 19, del cual afortunadamente todo acabd sin incidencias graves.

Es por esto que, desde este Grupo de Investigacion, nos gustaria solicitar su inestimable
colaboracién / autorizacién para, en caso de obtener financiacién en alguna convocatoria publica de
investigacién, poder iniciar un estudio cientifico-técnico del edificio y de las posibles causas de transmisién y
contagio. No estamos interesados en los casos particulares si no en la existencia de posibles vias de contagio
no convencionales, que puedan ayudar a prevenir en un futuro situaciones similares.

La potencial investigacion daria cumplimiento en todo momento a la Ley de proteccién de datos,
respetando siempre la decision individual de aquellos propietarios que no estén dispuestos a participar y
garantizando la confidencialidad y custodia de todos los datos personales, siendo las conclusiones que del
estudio podrian derivarse tanto del interés particular de la comunidad de propietarios, como del interés
social en general. En consecuencia, y en caso de obtener la financiacion referida, se formalizaria un acuerdo
entre las partes.

Para realizar el estudio seria necesario conocer, de forma fidedigna, tanto la geometria del edificio,
como las instalaciones comunes que comparten las viviendas, especialmente las de saneamiento y
ventilacién, por lo que seria necesario poder acceder a un nimero representativo de viviendas, la visita a
cada vivienda tendria una duracién breve, siempre contando con la presencia y colaboracién en quien la
Comunidad de Propietarios delegue su representacion y avisando previamente.

En todo caso, antes de iniciar el potencial estudio, les informariamos de la metodologia concreta y
del alcance y objetivos del trabajo cientifico-técnico, pudiéndose proponer por parte de esa Comunidad
cambios en la misma.

Ni que decir tiene que el estudio, caso de poder realizarse, no tendria ningun fin comercial ni coste
para ustedes, dado que desde el grupo de investigacion de la universidad tratariamos de buscar la
financiacion necesaria para su realizacion. En caso de que no se encontrase dicha financiacion se lo
hariamos saber ya que se paralizaria esta propuesta.

Las conclusiones que puedan derivarse del estudio tendrian un gran valor técnico y cientifico, tanto
para el caso concreto de su edificio como para las mejoras a introducir en la edificacion existente y en las
obras nuevas, para lograr que sean cada vez mas seguras para los usuarios.

Dada la importancia del asunto, esperamos poder contar con su colaboracion en esta excelente
oportunidad que tenemos para el estudio del comportamiento y transmision del virus en situaciones reales,
de las que actualmente poco se conoce.

Aprovechamos la ocasion para enviarles un cordial saludo, quedando a la espera de sus noticias en
tan importante oportunidad de colaboracién que se nos presenta.

En Santander a 06 de noviembre de 2020

Fdo.: Ignacio illo Vozmediano
Doctor Ingeniero de Caminos, C. y P.
Director del Grupo I+D en Tecnologia de la Edificacién, GTED-UC
Universidad de Cantabria




