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Abstract

Health emergencies linked to epidemic outbreaks in vulnerable contexts require rapid
and effective architectural responses. Natural ventilation represents a key strategy for
infection control and indoor comfort, yet traditional airflow calculation methods require
climatic and construction data, which are often unavailable or incomplete. In emergency
situations, this results in the inapplicability of such methods and creates a critical infor-
mation gap. This study proposes a simplified equation to estimate airflow rate (Q) in
single-sided and cross-ventilation configurations, based on openable surface area and a
reference Effective Window Air Speed (EWAS). Two infectious disease treatment centers
were modeled and simulated using EnergyPlus (E+) under five climatic scenarios—two real
and three hypothetical—characterized by low, medium, and high wind exposure. Simu-
lation results were compared with existing formulas and with the proposed simplified
equation. Although the simplified model introduces a margin of error compared with
dynamic simulations, it provides meaningful estimates, with mean deviations typically
in the 20-35% range, lower in single-sided conditions and higher for cross-ventilation
under medium-to-high wind exposure. The study demonstrates that an ultra-simplified
approach can serve as a support tool for the design of temporary healthcare facilities in
resource-limited contexts, where rapidity and data accessibility are essential.

Keywords: natural ventilation; temporary healthcare facilities; emergencies; infection
prevention and control; airflow estimation; resource-limited settings

1. Introduction

Health emergencies associated with the spread of infectious diseases require rapid and
effective responses, including architectural ones. Temporary treatment centers represent an
essential infrastructure for managing epidemic outbreaks, particularly in resource-limited
settings [1,2].

A substantial body of research addresses natural ventilation assessment through field
measurements, computational fluid dynamics (CFD), and dynamic simulation tools. While
these approaches provide detailed and accurate representations of airflow behavior, they
typically assume stable building typologies, time for iterative modelling, and access to
detailed geometric and operational inputs. Such conditions are often not met during the
rapid deployment or adaptation of temporary healthcare facilities in emergency contexts.

Depending on the type of pathogen and its transmission route, infection control may
require different design strategies: in the case of respiratory diseases transmitted through
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the air—such as COVID-19, SARS, or influenza—ventilation represents a key factor for
contagion prevention [3], while for viruses such as Ebola and Marburg, transmitted mainly
through direct (and indirect) contact with the body fluids of infected individuals or animals,
natural ventilation can still contribute to improving environmental comfort and reducing
secondary risks, even though it is not a primary containment measure [4,5].

Among the passive strategies recommended by the World Health Organization (WHO),
natural ventilation represents an effective and sustainable solution for ensuring air renewal
and indoor air quality, particularly in contexts with limited access to energy or technolog-
ical resources [6,7]. However, the design of reliable natural ventilation systems is made
complex by the dynamic nature of the physical phenomena that drive it—wind and thermal
buoyancy—and by their interaction with behavioral variables such as window operation
and occupant presence [8,9].

Standard formulas for calculating the instantaneous airflow rate Q [m3/s or L/s],
based on physical parameters such as wind speed, temperature difference, or pressure coef-
ficients, require hourly climatic data and construction details that are often unavailable in
field conditions [7,10]. They are also frequently based on knowledge of indoor temperature,
which in turn depends on the ventilation airflow rate itself. Although detailed climatic
datasets are increasingly accessible through open databases, their effective use still requires
time, technical expertise, and reliable site and building-specific assumptions. In emergency
response and early-stage design, decisions often need to be taken under severe uncertainty,
making simplified tools particularly valuable. Even simplified ventilation equations still
require several climatic and geometric parameters that may not be readily available during
emergency deployments. This limitation has the effect of reducing the applicability of
conventional models at the early design stage, particularly in emergency situations where
decisions must be made rapidly, creating the need for operational tools that can support
rapid design decisions using a minimal set of inputs.

To overcome this limitation, the present work proposes a simplified equation for
estimating natural ventilation, designed to support designers in the preliminary definition
of openings and spatial configurations, even in the absence of detailed climatic data. This
study proposes and tests a simplified, low-data workflow intended to support rapid,
early-stage decision-making in temporary healthcare facilities during emergencies.

The proposal is based on dynamic simulations carried out using Design Builder
(Version 7.3.1.003) and EnergyPlus (E+) (Version 9.4) [11] on two existing treatment centers,
located in Equatorial Guinea and Ivory Coast, and further analyzed in three additional
climatic contexts—beyond their original construction sites—using meteorological data
from open-access sources [12,13]. The simulation results were compared with the values
obtained from the formulas adopted by the World Health Organization (WHO) and the
British Standards Institution, as well as with those generated by the simplified equation
developed in this work [7,14]. The objective is to assess the consistency and accuracy of
the proposed model, providing a practical field contribution to the architectural design of
healthcare facilities [5,15] and to the performance verification of existing buildings.

In this perspective, the study represents a first step toward the definition of simplified
operational tools for the design of natural ventilation in emergency contexts. However,
given the limited number of analyzed case studies, further research is required to expand
the sample and verify the robustness of the proposed approach across different architectural
and climatic configurations. The research group intends to continue developing this work,
inviting the scientific community to contribute through additional case studies and field
measurements to progressively consolidate a shared methodological framework.
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2. Background

To understand the limitations and potential of natural ventilation strategies in health
emergency contexts, it is necessary to situate this research within the existing scientific
debate. Previous studies have highlighted both the central role of ventilation in infection
prevention and control and the operational difficulties associated with the availability and
quality of data required by conventional models.

Natural ventilation represents one of the oldest and most effective passive strategies
to ensure air renewal and improve indoor environmental quality. Pioneering studies [8,9]
provided a solid theoretical framework for understanding the physical phenomena that
govern its functioning, distinguishing the two main driving forces—wind and thermal
buoyancy—and developing mathematical models for estimating airflow rates. More re-
cently, engineering and architectural approaches have emphasized the role of natural
ventilation as a low-tech and sustainable solution, capable of combining health, comfort,
and reduced energy consumption [16,17].

In the healthcare sector, the World Health Organization (WHO) has included natural
ventilation among the main strategies for infection control in facilities with low techno-
logical access [5,7,14]. In the manual for the Severe Acute Respiratory Infections Treatment
Centre (SARI) [5], passive ventilation is recommended as a preventive measure to improve
air renewal in the absence of mechanical systems. However, the design of effective systems
remains a challenge, since the available formulas—as well as the more recent approaches
based on infection risk assessment [15]—require hourly climatic data, aerodynamic co-
efficients, and geometric parameters that are often inaccessible or difficult to obtain in
emergency situations.

Several technical standards, such as the Code of practice for Design of buildings: ventilation
principles and designing for natural ventilation (BS 5925, 1980) [14] and the ASHRAE Handbook-
Fundamentals (2009) [10], propose well-established methods for calculating ventilation rates.
Although accurate, these tools are complex and scarcely applicable in emergency or first-
response contexts, where both time and available information are limited. Experimental
validation studies [15,18] have also shown the difficulty of obtaining reliable predictions
when real wind and temperature conditions vary rapidly. Although these models provide
accurate estimations in controlled conditions, they are not widely used in emergency design
due to the detailed climatic inputs and complex calculations required, which are difficult to
manage during the rapid deployment of those facilities.

These challenges become even more evident in vulnerable contexts, as demonstrated
by recent research on the need for resilient and low-technology housing solutions [19]. In
such scenarios, the speed of implementation becomes more relevant than absolute compu-
tational precision, and the use of simplified models can represent a necessary compromise
to ensure minimum safety and comfort conditions. Moreover, research on analytical venti-
lation models points out their limited applicability when dealing with complex geometries
or variable conditions [15,18].

The gap identified in the literature is therefore clear: on the one hand, accurate models
and formulas for natural ventilation calculation are available; on the other, there is still a
lack of an operational tool that can be immediately applied during emergency situations,
guiding design decisions with a minimal set of input data. It is from this need that the
present research originates, aiming to propose and test a simplified equation for estimating
airflow rates in temporary healthcare contexts. This gap motivates the development
of operational tools that are low-data, and explicitly bounded in scope, particularly for
planning in emergencies.
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3. Materials and Methods

This research focuses on the evaluation of natural ventilation strategies in infectious
disease treatment centers, with the objective of proposing a simplified equation for estimat-
ing airflow rates in emergency contexts where access to detailed climatic and environmental
data may be limited or non-existent.

The study was structured into three main phases:

e  Phase 1: Definition of the theoretical and methodological framework, including the
identification of the research question, literature review, and collection of baseline data;

e  Phase 2: Modeling and simulation using EnergyPlus (E+), followed by result analysis
and iterative consistency and plausibility checks

e  Phase 3: Comparison between simulated values, existing reference formulas (WHO,
BSI, ASHRAE), and the proposed simplified equation, followed by a critical discussion
of the findings.

The overall workflow integrating these steps and illustrating the relationships among
the various phases is shown in Figure 1.

Natural ventilation is a complex phenomenon governed by two main physical drivers:
wind and thermal buoyancy. Both are highly variable over time and also influenced
by behavioral factors, such as the opening and closing of doors and windows or the
presence of occupants. Although consolidated mathematical models exist for calculating
the instantaneous airflow rate Q [rn3 /s or L/s] generated by each mechanism [8,9,18],
they require a large amount of input data: local wind speed and direction, indoor and
outdoor temperature, opening height and area, for each hour of the year. Such data are
often inaccessible in field conditions, especially during emergency situations [6,7].

To explore the possibility of adopting a simplified methodology, two documented
treatment centers were modeled: one in Equatorial Guinea, built in 2023 in response to
the Marburg epidemic, and one in Ivory Coast, constructed in 2020 as part of preventive
planning measures following Ebola and Marburg outbreaks in the region. The 3D models
were developed in Design Builder and simulated using the EnergyPlus (E+) engine to
model natural ventilation under both single-sided and cross-ventilation configurations [11].

Each center was subjected to simulations under four climatic conditions:

e  The actual site conditions of the buildings (Equatorial Guinea and Ivory Coast);
o  Three additional scenarios representative of different wind exposure levels, selected
according to average wind intensity and variability:

e Bangui (Central African Republic)—low wind exposure;
e  Macapd (Brazil)—medium wind exposure;
e  Subic Bay (Philippines)—high wind exposure.

The classification into low, medium, and high wind exposure was based on mean
annual wind speed and variability, as derived from the .epw climate datasets used in the
simulations.

The selection was made to verify the sensitivity of results to different anemometric
conditions (average wind speed, prevailing direction, and variability of speed and direction
over time), based on hourly climatic data from .epw meteorological files available in open-
access databases [12,13], consistent with other simplified approaches for rapid-response
design [15,19].

The main simulation assumptions are explicitly reported in Table 1, including climatic
data sources, geometric inputs, window opening assumptions, and key EnergyPlus (E+)
settings. These assumptions were adopted to ensure comparability between the different
climatic scenarios and case studies. It should be noted, however, that variations in opening
ratios, occupancy patterns, or indoor thermal conditions may influence ventilation behavior.
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Therefore, the selected parameters represent controlled modelling conditions rather than
the exact operational settings of real facilities.
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Figure 1. Steps of the methodological process: identification of the research question, literature

review and data collection, modeling and simulation (EnergyPlus (E+)), data analysis, comparison

with existing formulas, deviation evaluation, discussion, and conclusions.
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Table 1. Main input parameters and assumptions adopted for the simulation models.

Category Parameter Description/Value
Room type Single-bed patient room
Building geometry Room floor area Defined per case study (see Section 4)
Ceiling height Defined per case study (see Section 4)
Window type Openable windows
Oveni Total openable window area Defined per case study (see Section 4)
penings

Constant during simulations
Defined per case study (see Section 4)

Window opening ratio
Vertical position of openings

Ventilation type Natural ventilation only
Ventilation strategy Mechanical ventilation Not present in patient rooms
Infiltration Modelled implicitly through airflow network
Occupancy density Low-density occupancy consistent with patient rooms

Occupancy

Occupancy schedule Emergency healthcare service profile

Internal gains

Low activity (bedridden patient)
Low equipment load (medical devices only)

Metabolic activity
Equipment gains

Thermal control

Heating setpoint 20°C
Cooling setpoint 20°C
Setback temperatures 12 °C (heating), 28 °C (cooling)

Climate data

Weather files .epw Representative climatic contexts (Bangui, Macapd, Subic Bay)

Simulation setup

Time step and solver Default DesignBuilder/EnergyPlus (E+) settings

Simulation scope

Simulation objective Comparative assessment of ventilation performance

Simulations were carried out using EnergyPlus (E+), obtaining hourly natural ventila-
tion flow rates for an entire typical year.

Subsequently, the average values of these simulated flow rates were compared with
those calculated using the formulas indicated by the World Health Organization (WHO) in
the Manual for Severe Acute Respiratory Infections Treatment Centre (SARI)—for the design of
passive ventilation systems in healthcare facilities—and by the British Standards Institution
in the Code of practice for Design of buildings: ventilation principles and designing for natural
ventilation [5,7,14].

Single-sided ventilation formulas:

e formulas indicated by the World Health Organization (WHO):

Wind-driven:

Q=0.65A,V {nj} (1)

where A,, is the smallest openable area [m?] and V is the incident wind speed [m/s] [5];
e formulas indicated by the British Standards Institution:
Wind-driven:
m3
Q =0.025-Ay-V [s] 2)

where A,, is the smallest openable area [m?] and V is the incident wind speed [m/s] [14];
Buoyancy-driven flow [15]:

B AT-gH [m®
Q=Cahy\—7F— [S} )

where the discharge coefficient Cq is estimated according to the ASHRAE Handbook-
Fundamentals [10] as
Cq = 0.40 + 0.0045-|T; — T, | (4)
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where AT is the indoor-outdoor temperature difference, g is the gravitational acceleration
(9.81 m/s?), H is the height of the openings, and T is the absolute indoor temperature.
Cross-ventilation formula:

e formulas indicated by the British Standards Institution:

Wind-driven:
m

3
Q = Cq-Aw-V-/ACp [} (5)
s
where Cgq is the discharge coefficient, AC;, is the pressure coefficient difference between
the two facades, depending on wind incidence angle and building geometry (typical
values range from 0.3 to 0.65 [10]), and A,y is the equivalent area of the opposite openings,

calculated as
1 1 1

= + 6
AL (AT+HAY) (As+Ay)? ©

with A; and A; representing the openings on one facade, and A3 and A4 representing those
on the opposite facade [14].

These formulas are mainly derived from steady-state mass and energy balance as-
sumptions and are used to estimate airflow rates corresponding to specific values of wind
speed or temperature difference, typically associated with hourly time steps.

In other words, they can be applied using average values of temperature, wind speed,
and direction.

The mean wind speed, along with its intensity and prevailing direction, is easier
to obtain than hourly-resolved data and can be used in emergency contexts where time
constraints prevent detailed simulations.

Detailed calculation tables for the reference equations and the proposed simplified
wind-driven formula (single-sided and cross-ventilation configurations) are provided in
Supplementary Materials S1 and S3.

In this study, the listed formulas were therefore applied using mean site values,
resulting in average airflow rates.

In parallel, a simplified equation was developed based on the analysis of simulation results.

The goal was to provide a practical calculation tool that could be used even in the
absence of detailed climatic or technical data, as often occurs in emergencies.

The formula requires only two input parameters:

e the geometric configuration of the space—single-sided or cross ventilation—identified
through plan analysis;

e  an Effective Window Air Speed (EWAS), corresponding to the qualitative classification
of the context (low, medium, or high wind exposure), consistent with other simplified
approaches used in temporary structures and SARI treatment centers [5,15,19].

e  The two proposed equation versions are:

e for single-sided ventilation:

A m3
Q=%wv [S } )
e for cross ventilation:
m3
Q=AV [S} )

where A is the smallest openable area [m?2]—in cross ventilation, the smaller area be-
tween the two facades—and V is the reference (Effective Window Air Speed, EWAS) [m/s].
The simplified formula represents a description of a volumetric airflow through an
opening characterized by an average velocity normal to its surface. In the single-sided
configuration, it approximates the typical condition of a neutral plane at mid-height of

https:/ /doi.org/10.3390/buildings16071417


https://doi.org/10.3390/buildings16071417

Buildings 2026, 16, 1417

8 of 21

SINGLE SIDED
VENTILATION

the opening, where opposite air streams occur—one entering and the other exiting—while
near the neutral plane, the net flow is nearly zero. For this reason, the net flow area is
identified as one-third of the total opening area (Figure 2). This simplification reflects the
reduced effectiveness of single-sided airflow patterns, a concept that is commonly adopted
in simplified modelling approaches for natural ventilation.

Hly ——> EWAS

7 Neutral Pressure Level (NPL) _m
—

CROSS
VENTILATION

Figure 2. Ideal reference flow. Schematic representation of ideal airflows in single-sided (left)
and cross-ventilation (right) configurations. The figure illustrates the neutral plane and the oppo-
site air streams typical of single-sided ventilation, used as conceptual reference for the simplified
flow equations.

The underlying idea is that, within a given wind exposure category, the potential of
natural ventilation mechanisms produces comparable average airflow velocities through
the openings. These simplified flow equations were therefore inverted to derive, from
simulated flow rates, the air velocities across openings that would produce equivalent flow
rates. Statistical analyses of deviations and relative accuracy were performed, leading to
the definition of the Effective Window Air Speeds (EWAS) to be used in the simplified
formula. By multiplying these EWAS values by the available opening areas, it is possible to
estimate the expected airflow rate. Consequently, preliminary design and field verification
are reduced to a geometric observation (available opening area and configuration—single-
sided or cross ventilation) combined with a reference effective velocity associated with the
wind-exposure category.

The results obtained with the simplified formulas were compared with those provided
by the British Standards Institution in the Code of practice for Design of buildings and by the
World Health Organization (WHO) for emergency contexts [5,7,14]. The results show that,
despite a loss of precision, the simplified approach offers a realistic and reliable solution for
preliminary design under limited-information conditions.

Based on the airflow rates simulated with EnergyPlus (E+) and converted into Effective
Window Air Speed (EWAS) for each room (EWASssy = Q?% (5], EWAScy = Qﬁ% (5],
reference intervals were derived for use in the proposed sim3plified formula.

The reported values represent the annual medians of EWAS calculated across all
analyzed rooms for both configurations (single-sided and cross ventilation) and for three
representative wind-exposure categories (Bangui, Macap4d, Subic Bay):

e Low wind exposure (e.g., Bangui, Central African Republic): 0.15-0.30 m/s for single-
sided ventilation, 0.10-0.20 m/s for cross ventilation;

e  Medium wind exposure (e.g., Macap4, Brazil): 0.15-0.25 m/s for single-sided ventila-
tion, 0.10-0.20 m/s for cross ventilation;

https:/ /doi.org/10.3390/buildings16071417
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e High wind exposure (e.g., Subic Bay, Philippines): 0.15-0.25 m/s for single-sided
ventilation, 0.10-0.25 m/s for cross ventilation.

These annual ranges represent realistic and easily applicable average values for pre-
liminary design. The seasonal analysis (dry and wet seasons) shows greater variability
in the cross-ventilation configuration—due to the concentration of windy hours during
specific periods—but not enough to compromise the validity of the annual ranges, which
remain robust and conservative for use in emergency or data-scarce contexts.

Therefore, the proposed intervals can be adopted as reference inputs in the simplified
formula (Q = %V[’%S] for single-side and Q = A-V [‘%3] for cross ventilation), providing
reliable airflow estimates as a function of the openable surface area and the qualitative level
of wind exposure in the context.

4. Case Studies

To test the applicability and methodological coherence of the proposed approach, two
infectious disease treatment centers, which were recently built in West Africa in order to
rapidly respond to epidemic emergencies, were selected as reference case studies. These
facilities exemplify typical architectural designs used for rapidly deployable treatment
centers in epidemic contexts: modular layouts, naturally ventilated patient rooms and easy-
to-build construction systems. The differences among them lie in their spatial organization
and window configuration, which makes them suitable for assessing the adaptability of
the simplified equation in different contexts.

4.1. Case Study 1 (Mongomo, Equatorial Guinea)

The first center was built in response to a Marburg virus outbreak in 2023 and features
a modular layout that combines highly insulated prefabricated units with permanent
masonry spaces. The internal distribution clearly separates low-risk and high-risk areas,
with dedicated circulation routes for patients and healthcare workers. The patient rooms
are organized as individual modules, each equipped with windows that ensure natural
ventilation in a single-sided configuration.

For the numerical analysis, two patient rooms (patient room 1 and patient room 3)
were selected, both featuring openings on opposite facades, in order to compare ventilation
behavior under single-sided and cross-ventilation conditions. Key geometric and opening
characteristics of the analyzed rooms are reported in Table 2 to allow reproducibility of the
simulation setup and contextual interpretation of the results.

Table 2. Key geometric and opening characteristics of the analyzed patient rooms (PR1 and PR3),
reported to ensure transparency, reproducibility of the simulation setup, and contextual interpretation
of the results.

Parameter Unit Patient Room 1 (PR1) Patient Room 3 (PR3)
Room floor area m? 10.93 13.34
Ceiling height m 2.70 2.70
Room volume m3 29.51 36.02
Number of external facades - 1 2
Total window area m? 1.84 0.92
Effective openable window area m? 1.73 0.84
Window sill height m 1.20 2.20
Window head height m 1.20 2.20
Window height m 1.00 1.00
Window width m 1.80 0.90
Presence of opposite openings (Yes/No) - No No
Free openable area used for EWAS (A) m? 1.73 0.84

https:/ /doi.org/10.3390/buildings16071417
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The functional scheme and floor plan layout are shown in Figure 3.

a
N patient‘{oom1

CROSS > SINGLE SIDED <
VENTILATION VENTILATION

Figure 3. Case study 1, Mongomo, Equatorial Guinea. (a) Three-dimensional view, (b) floor plan,
(c) ventilation schemes.

4.2. Case Study 2 (Man, Ivory Coast)

The second center was built in 2020 as part of preparedness measures against potential
outbreaks of hemorrhagic diseases (Ebola and Marburg) within the hospital complex of
the city and later adapted for epidemic emergency management. The facility includes
single-patient rooms, each with separate entry and exit paths to ensure one-way circulation
for staff and patients. Integration with pre-existing hospital infrastructure allows access to
shared services (e.g., laboratories, incinerator, oxygen systems), thereby reducing the need
for dedicated installations. The architectural configuration enables both single-sided and
cross-ventilation conditions, depending on which openings are in use.

For the simulation, two rooms (patient room 2 and patient room 7) were selected based
on their position along the main building block and the presence of openings on opposite
facades, allowing assessment of both ventilation configurations. Key geometric and opening
characteristics of the analyzed rooms are reported in Table 3 to allow reproducibility of the
simulation setup and contextual interpretation of the results.
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Table 3. Key geometric and opening characteristics of the analyzed patient rooms (PR2 and PR?7),
reported to ensure transparency, reproducibility of the simulation setup, and contextual interpretation

of the results.

Parameter Unit Patient Room 2 (PR2) Patient Room 7 (PR?7)
Room floor area m? 12.30 12.30
Ceiling height m 2.70 2.70
Room volume m3 33.21 33.21
Number of external facades - 1 1
Total window area m? 1.22 1.22
Effective openable window area m? 1.14 114
Window sill height m 1.20 1.20
Window head height m 1.20 1.20
Window height m 1.00 1.00
Window width m 1.20 1.20
Presence of opposite openings (Yes/No) - No No
Free openable area used for EWAS (A) m? 1.14 1.14

The schematic layout is presented in Figure 4.

patient room 7
-~ b

patient room 2
L

CROSS ; Q)' SINGLE SIDED
VENTILATION < ’B\/‘ T L VENTILATION < \\s//g'(§\/

Figure 4. Case study 2, Man, Ivory Coast. (a) Three-dimensional view, (b) floor plan, (c) ventilation

schemes.
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4.3. Climatic Scenarios

In addition to the two real climatic contexts where the centers were constructed, three
reference conditions were selected to simulate different levels of wind exposure:

e Bangui (Central African Republic)—low wind exposure;
e  Macapd (Brazil)—medium wind exposure;
e  Subic Bay (Philippines)—high wind exposure.

The map of the five simulation scenarios is shown in Figure 5.

Ivory Coast / Case study 2 site

| . :
‘ $
= N\ T 2 »
S /- ’ QR 8
Exy Y S
_ O e 0 _=
£y NV
B o 3 S
= Ole) © =
7@ =) =4 m'=
o O Si= o =\
< O ) — i
8 ¢ S 55
== m— h=
- N
¥
\V

Figure 5. Climatic contexts. Geographical location of the five scenarios selected for simulation: two
real contexts (Equatorial Guinea and Ivory Coast, sites of construction) and three with low (Bangui,
Central African Republic), medium (Macapa, Brazil), and high (Subic Bay, Philippines) wind speed.

5. Results

The numerical simulations conducted on the two case studies allowed for the anal-
ysis of natural ventilation behavior under different opening configurations (single-sided
and cross ventilation) and across five climatic scenarios (two real and three hypothetical,
characterized respectively by low, medium, and high wind exposure). The following tables
and figures summarize the main trends observed across climatic scenarios and ventilation
configurations. They highlight the differences between the simulated and estimated values.

5.1. Simulated Airflow Rates

The analysis of airflow rates obtained through EnergyPlus (E+) simulations reveals
significant differences between configurations and climatic contexts. In general, high-wind
conditions (Subic Bay) produced the highest mean airflow rates, whereas in low-wind
contexts (Bangui), the airflow rates were lower and more variable over time. Table 4
summarizes the mean simulated airflow rates (Qgim) for both case studies under single-
sided (SSV) and cross-ventilation (CV) configurations.
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Table 4. Mean airflow rates (Qgim,) Obtained from EnergyPlus (E+) simulations for the two case
studies, across different ventilation configurations (SSV and CV) and climatic scenarios.

Case Study Climate Condition Mean Qg [m3/s]—SSV  Mean Qg [m3/s]—CV
case study 1 Equatorial Guinea 0.149 0.468
case study 2 Ivory Coast 0.072 0.383

- Bangui (Central African Republic)—low wind exposure 0.090 0.499

- Macapé (Brazil)—moderate wind exposure 0.066 0.617

- Subic Bay (Philippines)—high wind exposure 0.150 0.955

Note: SSV = single-sided ventilation; CV = cross ventilation. Values calculated on an hourly basis for a whole year.

The boxplots shown in Figure 6 illustrate the distribution of Qg values and the
corresponding incident wind speeds, with the latter obtained from .epw meteorological
files available in open-access climatic databases [12,13], highlighting annual variability and
the differences among climatic scenarios. For the sake of clarity, the figure categorizes the
results according to ventilation configuration and climatic scenario. This approach enables
a direct visual comparison between the two case studies and the three additional contexts
of wind exposure.
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Figure 6. Simulated airflow distribution. Boxplots of simulated airflow rates (Qgjn,) and incident
wind speeds for single-sided and cross ventilation, under different climatic scenarios, calculated on
hourly annual data.
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As an example, the calculation of the Effective Window Air Speed (EWAS) can
be illustrated for a single room, Patient room 3, in the real construction scenario of
Equatorial Guinea. Considering an annual mean simulated airflow rate Qgjn, of 0.055 m3/s
for the single-sided ventilation configuration and 0.288 m3/s for the cross-ventilation con-
figuration, and a net openable area A of 0.84 m?, the equivalent velocity through the
window is as follows (Figure 7):

e for single-sided ventilation:

Qsim 0.055  0.055 m
E A = = = — .2 —
WASssv = =4 08% ~ 0279 0-20 5 ©)
° for cross ventilation:
Qsim  0.288 m
EWAScy = = —— =034 — 10
VT TA 0836 s (19

These results fall within the ranges identified by the overall analysis, confirming the
consistency of the simplified approach.
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Figure 7. Example of calculation of the Effective Window Air Speed (EWAS). The EWAS values are
derived by dividing the simulated airflow rate (Qsjy) obtained with EnergyPlus (E+) by the free
openable area of the window, for both single-sided and cross-ventilation configurations.

5.2. Comparison with Existing Equations

The simulated values were compared with those estimated using the equations rec-
ommended by the World Health Organization (WHO), the British Standards Institution
(BS 5925) [14], and the ASHRAE Handbook—Fundamentals [10]. The results show that,
although theoretically more sophisticated, the conventional models produce significant
deviations when compared with dynamic simulation results. Table 5 reports the mean
annual errors calculated for each configuration.
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Examples of direct comparison between Qs and the values obtained using the

various formulas are shown in Figure 8, illustrating the calculation procedure used to

estimate the difference between simulated and analytical airflow rates.

Patient room 3 (E.G.) - Single-Sided Ventilation

BSI - Wind driven Q=0.025x A, x V [[m®/s] Q.= [m3/s]
mean value

V (Average wind speed)
[m/s]* 0.024 0.055
1.14

*references: Weather Spark, ASHREA, World Weather Online

Bouyancy Q=Cdx A, x/[(ATx g x H,)/T] |[m3/s] Q, = [m®/s]
mean value

C, (ASHRAE)**

0.414 0.109 0.055
Tin [°CI" average Tou [°CI" H, [m]
30 27 1.02

*references: Weather Spark
**ASHRAE Cd = 0.40 + 0.0045 x AT

WHO formula (SARITC) Q=0.65x V x A |[m3/s] Q.= [m®/s]
mean value
0.005 [m®/s] 0.055 [m®/s]
5.4 [Vs] 55.0 Vs

Ventilation rate (I/s) = 0.65 x wind speed (m/s) x smallest opening area (m?) x 1000 I/m® *

* Severe Acute Respiratory Infections Treatment Centre manual, World Health Organization

0.050
49.6

Patient room 3 (E.G.) - Cross Ventilation

Wind driven Q=Cdx Ax V x J(ACp) |[[m®/s] Q= [m®/s]
mean value

CpA1 225° (DB) 0.35

1°Q 0.409 0.288
CpA2 45° (DB) -0.10
CpB1270° (DB) 0.30

mean 0472 0.288
CpB2 90° (DB) -0.30
CpC1 315° (DB) 0.10

3’ Q 0.409 0.288
CpC2 135° (DB) -0.35

mean

0.121

0.184

0.121

0.142

Figure 8. Comparison with existing equations. Extracts of tabular comparisons between simulated
airflow rates (Qsim) and airflow calculated with WHO, BSI and ASHRAE equations, with annual

hourly data.

Extended tabular comparisons between simulated airflow rates (Qgn) and those

obtained from reference equations are available in Supplementary Materials S2 and S4.
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Table 5. Mean annual deviations between airflow rates Qg;,, simulated with EnergyPlus (E+) and
those estimated with existing reference equations (WHO, BSI, ASHRAE).

. WHO BSI BSI ASHRAE BSI Simplified
Case Stud Climate : ; : ; 8 . Equation
y Condition Wind-Driven Wind-Driven Buoyancy Buoyancy  Wind-Driven
(SSV) (SSV) (SSV) (SSV) (CV) SSV Ccv
Equatorial 0.050 0.031 0.077 0.054 0.185 0.112  0.093
Guinea
Bangui
case study 1 (Central African 0.113 0.051 0.050 0.064 0.061 0.080  0.308
(Equatorial Republic)
Guinea)
Macapé (Brazil) 0.061 0.070 0.002 0.012 0.529 0.068  0.533
Subic Bay 0.227 0.064 0.165 0.178 0.327 0228 1241
(Philippines)
Ivory Coast 0.063 0.038 0.011 0.021 0.021 0.016 0.146
Bangui
(Central African 0.078 0.037 0.037 0.046 0.171 0.016 0.157
case study 2 Republic)
(Ivory Coast)
Macapé (Brazil) 0.062 0.024 0.021 0.030 0.657 0.013 0.273
Subic Bay 0.059 0.049 0.017 0.026 1.089 0.013 0337
(Philippines)
Note: Comparison between values calculated with different formulas and results from EnergyPlus (E+) simulation.
Deviations are calculated on hourly annual data.
5.3. Evaluation of the Proposed Simplified Equation
The proposed simplified equation (Q = %V[m?s] for single-sided configurations, and
Q= A~V[m§] for cross configurations) shows strong consistency with the simulated results,
particularly when compared with the magnitude of deviations observed in traditional
models. Using a reference velocity between 0.07 and 0.87 m/s (mean value 0.26 m/s) for
single-sided ventilation and between 0.26 and 0.69 m/s (mean value 0.37 m/s) for cross
ventilation proved sufficient to estimate representative airflow values while significantly
reducing computational complexity.
The seasonal analysis, distinguishing between wet and dry seasons, further confirms
the reliability of the approach: although some deviations are inevitable, the mean error
remains within acceptable limits for both configurations (Table 6).
Table 6. Seasonal errors (median values) between simulated airflow rates and those estimated with
reference formulas and with the simplified equation, distinguished by dry and wet seasons.
Season Case Study Mean Deviation—SSV Mean Deviation—CV
Equatorial Guinea 0.120 0.109
Ivory Coast 0.020 0.101
Dry season Bangui 0.051 0.249
Macapa 0.040 0.371
Subic Bay 0.085 0.858
Equatorial Guinea 0.109 0.087
Ivory Coast 0.014 0.160
Wet season Bangui 0.046 0.220
Macapa 0.042 0.436
Subic Bay 0.163 0.657

Note: Deviations are calculated between simulated values and those estimated with the reference formulas and
with the simplified formula, distinguished by dry and wet seasons. The seasonal distinction follows the climatic
classification of the analyzed sites, based on the alternation between dry and wet seasons.
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Deviations are expressed as absolute differences (AQ = Qg — Qpwas) between the
airflow rates simulated with EnergyPlus (E+) and those calculated with the simplified
formula. For each season, the value of Effective Window Air Speed (EWAS) was adjusted
to minimize the difference between simulated and calculated airflow rates.

The examples shown in Figure 9 illustrate a sample calculation of seasonal deviations
in cross-ventilation configuration, highlighting how the simplified formula maintains stable
performance even under highly variable climatic conditions.

0.40
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Annual trend of deviations - Patient room 3 (E.G.) - Cross Ventilation
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L I

1

Figure 9. Seasonal error analysis. Example of analysis of error between simulated airflow rates (Qgip,)
and the simplified equation, reported for wet and dry seasons.

Comprehensive datasets of seasonal deviation analysis, including dry and wet season
subdivision, are also provided in Supplementary Materials S2 and S4.

The reference intervals of the Effective Window Air Speeds (EWAS), derived from the
analysis of simulated airflow rates and described in the Section 3, were used as input values
for the simplified formula. The application of these ranges confirmed good agreement with
simulated airflow rates, maintaining average deviations within acceptable limits also on
a seasonal basis. Seasonal variations in EWAS are generally contained within +10% for
single-sided ventilation and £37% for cross ventilation, particularly in high-wind contexts
(e.g., Subic Bay).

Seasonal percentage variations in EWAS were calculated for each site according to the
following relationship:

EWASyet — EWASy,y

percentage variation [%] = EWAS
dry

x 100 (11)

6. Discussion

The results obtained highlight several relevant considerations for the design of natural
ventilation systems in health emergency contexts.

First, the simulations conducted with EnergyPlus (E+) confirmed the high variability of
natural ventilation performance depending on climatic conditions and opening configurations.

The distinction between low-, medium-, and high-wind scenarios proved useful for
evaluating model sensitivity. In low-wind contexts (Bangui, Central African Republic),
theoretical formulas tend to overestimate airflow rates, consistent with what has been
observed in previous experimental validation studies [18]. Conversely, under high-wind
conditions (Subic Bay, Philippines), the real behavior of ventilation is more complex than
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that predicted by simplified models available in the literature due to the combined effects
of turbulence and pressure distribution on facades [15,19].

The comparison between simulated data and established formulas (WHO, BSI,
ASHRAE) showed that even the most sophisticated models introduce significant errors,
stemming from the inability to fully account for dynamic variables such as wind speed
and direction, temperature difference AT between indoor and outdoor air, and pressure
coefficients. This finding confirms what earlier studies have already indicated [8,9]: that
the direct application of such formulas in first-response contexts is complex and often
impractical. These deviations are also related to the simplified assumptions inherent in
traditional analytical models, which typically treat airflow as a steady-state phenomenon.
These models often fail to capture the dynamic interactions between wind direction, facade
pressure distribution, and short-term wind speed fluctuations. This effect is particularly
evident in high-wind scenarios, such as Subic Bay, where the variability of wind speed
and direction leads to greater discrepancies between analytical predictions and simulated
airflow rates.

The simplified formula proposed in this study—based on only two input parameters,
the geometric configuration (single-sided or cross ventilation) and a reference velocity
between 0.15 and 0.30 m/s for single-sided ventilation, and between 0.10 and 0.25 m/s
for cross ventilation—demonstrated consistency and adequacy of the proposed approach
within the defined scope. Although it inevitably introduces a margin of error, this sim-
plification makes it possible to estimate airflow rates comparable to those obtained from
simulations, keeping deviations within acceptable limits even on a seasonal basis (wet
and dry seasons). This confirms that an ultra-simplified approach can represent an effec-
tive compromise between accuracy and applicability in situations where speed and data
accessibility are priorities.

From an operational standpoint, the adoption of a universal formula enables designers
to rapidly assess the natural ventilation performance of a building or prefabricated module,
even in the absence of detailed climatic data. This is particularly relevant for temporary
treatment centers in resource-limited contexts, where the availability of calculation tools
and detailed meteorological information is restricted. In practical terms, the simplified
equation can be applied using a straightforward workflow:

1. identify the ventilation configuration (single-sided or cross ventilation);

2. estimate the effective openable window area;

3. select a reference EWAS value according to the qualitative wind exposure category;
4. calculate the expected airflow rate using the simplified equation.

This procedure enables a rapid preliminary evaluation of ventilation potential during
the early design stages.

However, certain limitations must be acknowledged. The proposed formula does
not replace detailed simulation models, which remain essential for advanced design and
safety assessment in complex contexts. Moreover, the reference ranges of the Effective
Window Air Speed (EWAS)—typically between 0.10 and 0.30 m/s, with limited differences
among contexts with different wind exposure—are derived from a limited number of
case studies and climatic scenarios. Further validation in additional contexts would be
valuable to consolidate its universal applicability. Nevertheless, within these constraints,
the proposed methodology represents a first step toward the systematic testing of ultra-
simplified ventilation assessment tools. By explicitly defining its scope and boundaries,
the study provides a structured basis for future extensions to a wider range of case studies,
climatic conditions, and experimental validation efforts.
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Overall, the research emphasizes that the goal is not to achieve absolute values free
of error, but to provide a simple, replicable, and usable tool under emergency conditions,
capable of guiding the early stages of architectural design.

The proposed reference ranges of Effective Window Air Speed (EWAS)—derived from
dynamic simulations and validated through statistical analysis—typically range between
0.10 and 0.30 m/s, with limited variation across different wind contexts. These values
represent a realistic and easily applicable input for the use of the simplified formula during
the preliminary design phase.

7. Conclusions

This research proposed and tested a simplified equation for estimating the airflow
rate Q [m3/s] in natural ventilation systems, with the aim of providing an operational
tool for health emergency contexts and resource-limited areas. The approach relies on
only two input parameters—the geometric configuration of the space (single-sided or cross
ventilation) and a reference wind speed ranging between 0.15 and 0.30 m/s for single-sided
ventilation, and between 0.10 and 0.25 m/s for cross ventilation—and is characterized by
its practical immediacy, in contrast to conventional formulas that require detailed climatic
data rarely available in field conditions.

The results showed that, although the simplified model inevitably introduces a margin
of error compared with dynamic simulations, it provides a meaningful estimation of
airflow rates, maintaining deviations within acceptable limits even on a seasonal basis. The
proposed approach therefore has the potential to serve as a rapid decision-support tool
during the preliminary design phases of temporary treatment centers. In such contexts,
speed and computational simplicity are essential.

Given the limited number of analyzed case studies, the reference ranges of the Ef-
fective Window Air Speed (EWAS) should be interpreted as preliminary and indicative.
Within this framework, it is possible to define a confidence interval for the expected EWAS
values—approximately between 0.10 and 0.30 m/s for both configurations—which may
evolve toward a Gaussian-like distribution as additional case studies are introduced. This
highlights the need for continued research and experimental validation to refine the model
and consolidate its statistical reliability. In this direction, the research group will continue
developing the study, inviting the scientific community to contribute with further case
studies and experimental analyses aimed at testing and improving the proposed model.

The study highlights the need for further validation on a larger number of case studies
and in different climatic contexts, while laying the groundwork for the development of
operational guidelines that integrate ultra-simplified computational tools into architectural
practice. The proposed workflow is intended to offer a rapid assessment when time, data
availability, or resources are limited. In this sense, the proposed approach represents a
methodological contribution to the field of architecture for public health, reinforcing the
importance of adaptable design solutions in emergency settings.
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/ /www.mdpi.com/article/10.3390 /buildings16071417/s1, S1: Calculation tables of airflow rate
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tive tables—CV.
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Abbreviations

The following abbreviations are used in this manuscript:

A Openable area (smaller between opposite facades in cross-ventilation) (m?)
A1, Ay, A3, Ay Individual opening areas on opposite facades (m?)

Cq Discharge coefficient

G Pressure coefficient

AC, Pressure coefficient difference between windward and leeward facades
AT Temperature difference between indoor and outdoor air (°C)

EWAS Effective Window Air Speed (m/s)

G Gravitational acceleration (9.81 m/s2)

H Height of the openings (m)

Q Instantaneous airflow rate (m3/s)

Qsim Airflow rate simulated with EnergyPlus (E+) (m3/s)

T Absolute indoor temperature (K)

T;, To Indoor and outdoor temperature, respectively (°C)

\% Incident wind speed (reference wind velocity) (m/s)

SSV Single-Sided Ventilation configuration

Cv Cross Ventilation configuration
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