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Abstract:

Natural ventilation in hot climates has the potential to save energy by reducing the

need to use mechanical systems. Particularly in historic buildings, it should be

considered as a passive retrofit strategy before the addition of any mechanical systems

to accommodate their unique indoor environmental characteristics and ensure their

preservation. This study investigates the efficiency of multiple natural ventilation

strategies in cooling a historic residential structure located in San Antonio, Texas, USA,

a hot and humid climate area. It also analyzes their potential to provide a thermally

comfortable indoor environment during the spring and summer. Onsite data and

ASHRAE standards were used to create and validate Computational Fluid Dynamics

(CFD) and energy models. Six different natural ventilation approaches were simulated,

and the results were analyzed and compared. The analysis revealed that all the

considered scenarios can contribute to energy savings in both seasons, especially in

spring, with cross ventilation being the most efficient strategy. It also proved that the

size of the openings has an impact on thermal comfort. This study demonstrated that

historic preservation and thermal comfort goals can be achieved simultaneously, and

the results can be replicated in multiple historic structures in similar climate regions

around the globe.
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1. Introduction

1.1. Background

In the last decade, many researchers have shown increasing attention to Indoor

Environmental Quality (IEQ) in heritage buildings [1]. This topic is, without a doubt, an

essential area of research when retrofitting historic structures to modern thermal

comfort and energy consumption requirements. While these necessary performance

improvements in historic buildings have become a recurrent strategy when working on

in-use heritage buildings, preserving their inherent historical value could be challenging

and multifaceted. Historic preservation requirements often impose limitations on what

are considered acceptable interventions from a technological and architectural

standpoint. Therefore, passive retrofit strategies should be considered before the

implementation of any active systems when trying to improve the energy efficiency of

heritage buildings. These structures in fact often contribute to indoor environmental

stability by means of their construction materials and methods [2,3]. Additionally, the

building characteristics including the shape, size, envelope, and openings size play a

significant role in their hygrothermal performance [2–4]. Particularly in hot and humid

climates, natural ventilation, shading devices, and other strategies, are used for

passive cooling purposes [5]. Historic preservation guidelines worldwide in the last

decade have stressed on the importance of considering alternative cooling techniques

including natural ventilation to ensure indoor thermal comfort without compromising

valuable historic materials, features and values. While mechanical cooling and

mixed-mode ventilation are well researched topics, literature has revealed a gap

regarding naturally ventilated residential heritage structures, especially in hot and

humid climates.
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1.2. Literature review

Historically, natural ventilation was one of the main means of providing thermal

comfort in warm climates in the absence of mechanical cooling systems [6]. The

benefits of this passive strategy extend to modern day retrofits of historic structures

where natural ventilation can save energy by reducing the need to use mechanical

systems [7]. Bay et al. [8] assessed the appropriateness of employing natural

ventilation in a UNESCO World Heritage Site in South America characterized by high

thermal mass. The findings indicate that the operation of mechanical systems can be

reduced, especially during spring, where the suggested night ventilation strategy

effectively maintains air temperatures and relative humidity levels within an optimal

range for occupant comfort and building preservation. Laurini et al. [9] explored the

potential of stack ventilation in improving hygrometric indoor comfort in a high

architectural value historic building dating from the fifteenth century. The results proved

that stack ventilation decreased temperature and relative humidity values and

enhanced the comfort conditions especially during the summer months. Moreover,

Darmanis et al. [10] emphasized the significance of integrating mixed-mode cooling

systems, comprising both passive and mechanical cooling systems, within buildings as

a measure to decrease the overall carbon footprint of such structures.

Regarding cooling and ventilating heritage buildings, many structures worldwide do

not have mechanical systems installed, and the addition of these systems is often the

primary consideration of energy retrofit projects. Since historic buildings were usually

not conceived or built with any cooling or heating system in mind, installing mechanical

systems such as heating, cooling, or ventilation as part of a retrofit plan is highly

complicated to integrate correctly without negatively affecting the buildings’

conservation of cultural values and cherished features [7]. Furthermore, this type of

equipment could also decrease the efficacy of any conservation strategy for any

potential artwork held in the building or the building itself [11–20]. This adverse

situation and the harshness of climate zones 1A, 2A, 2B, 3A, and 3B make it
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challenging to keep indoor air temperatures and relative humidity levels within thermal

comfort ranges for occupants [21]. Due to a small initial economic investment and a

short response time to cool and heat sizeable indoor air volumes, forced air and hot

water radiators are the most frequently considered systems in historic buildings. These

two mechanical approaches adapt best to historic buildings’ requirements since they

can be used intermittently, aiming for occupant satisfaction with the indoor thermal

conditions for a short period of time or continuously maintaining constant hygrothermal

conditions [22,23]. In the southern area of the United States of America (USA), heating,

ventilation, and air conditioning (HVAC) systems were installed in historic buildings in

the 1980s and 1990s when there were no particular regulations for installing

air-conditioning in such structures. Cooling systems were designed and mounted with

the unique objective of occupant comfort, categorically disregarding the preservation of

the historic building. Nonetheless, it is critical to explore alternative cooling strategies,

such as natural ventilation to uphold indoor thermal comfort without jeopardizing the

integrity of historic materials and features.

The most important fundamental requisite in the overall ventilation process is

airflow. While natural ventilation contributes to improved indoor thermal conditions,

effectiveness of using wind-driven flow is a challenging task requiring multiple aspects.

For example, a research study performed in residential buildings in southeast Asia

suffering from a hot and humid climate revealed that natural ventilation, mainly indoor

air velocity as low as 0.04m/s, is sufficient to increase occupants’ thermal comfort [24].

Moreover, natural ventilation was proven to reduce the cooling load of buildings in this

same climate area [25].

However, controlling natural ventilation is a nonlinear and complex problem

associated with multi-dimensional parameters, and active systems are usually required

to meet cooling demands, besides natural ventilation, to ensure thermal comfort and

even acceptable preservation conditions [26]. These very challenging locations

experience high temperatures and sometimes extreme relative humidity levels, even at
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night, making natural ventilation solutions rather unsuccessful as a sole solution for

cooling. At the same time, it is valuable to take advantage of natural ventilation as a

passive cooling strategy to enhance energy performance. More importantly, preserving

the exploitation of natural ventilation in historic buildings can prevent moisture build-up

and damage to significant historic materials [27,28]. Therefore, the only option to

significantly decrease the usage of mechanical cooling systems in these areas is a

methodical and thorough assessment of the structure’s natural ventilation potential,

optimizing airflow performance. Reducing the cooling systems’ run time resolves the

above-mentioned possible conservation complications caused by the forced indoor

conditions generated and thus should be considered as part of heritage buildings’

retrofit plans.

Computational Fluid Dynamics (CFD) simulations have recently been used to

investigate and improve indoor hygrothermal factors impacted by natural ventilation in

heritage buildings [8,29]. It is critical that the modeler working with CFD models is

knowledgeable and skilled and demonstrates sensitivity while creating the model,

particularly in historic structures due to their peculiarities [30], to utilize these CFD

models and achieve trustworthy results precisely. Researchers have published

numerous scientific studies on developing CFD simulations in historic buildings. For

example, a research endeavor in Italy applied CFD simulations in an 18th-century

heritage building to optimize the performance of natural ventilation and airflow [19].

These simulations projected indoor environmental conditions and discovered that the

proposed mechanical system upgrade would allow the building to gather large

exhibitions with acceptable thermal comfort and historic preservation standards. A

different Italian investigation used a calibrated CFD model with onsite data to simulate

the energy load of the projected HVAC system replacement, recommending a heating

system retrofit in a historic palace. These results and reliable outcomes of this

investigation prove the compatibility of the system-historic building and establish the
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indoor environment unaffected by the system modernization [31]. Abuku et al. [32] led

a more comprehensive study investigating the influence of wind-driven rain on building

conservation considerations (hygrothermal performance, energy usage, mold growth

on interior wall surfaces, and indoor environment) utilizing CFD model simulations. By

creating a CFD model, Balocco [33] applied an even more holistic approach to

examining the connection between the outdoor and indoor environments with

occupancy, mechanical systems, and lighting. The same researcher used another CFD

model to investigate the cooling potential of an HVAC system airflow in a historic

building in Palermo, Italy [34]. Since airflow is driven by pressure and temperature

differentials through wall openings, structures using natural ventilation have a

significant handicap due to the necessity of having a comprehensive knowledge of

complex airflow patterns related to airstreams and buoyancy [35]. The capability to

suggest and forecast the outdoor and mostly indoor airflow performance of diverse

natural ventilation strategies is one of the main benefits of CFD models. This simulation

method can evaluate several potential ventilation approaches without the necessity of

obtaining field-monitored data [36] and assess the airflow in spaces with specific

conservation requisites [37].

1.3. Objectives of the study

This paper explores the relationship between natural ventilation and outdoor and indoor

environmental conditions in residential heritage buildings for the purpose of passive

cooling under the adverse environmental circumstances of ASHRAE climate zone 2A.

A validated steady-state numerical model has been used to present the outcomes of

computational fluid dynamics CFD and energy simulations performed on an early listed

1900s residential building in San Antonio, Texas, USA. The particularity of this case

study being located in a hot and humid climate and representing one of the most

common historic residential buildings typologies in the United States has a major

impact on investigating the enhancement of its indoor environmental conditions
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passively. Since cooling and dehumidifying are the main concerns in such climate

areas, this study focuses on validating the connection between indoor microclimate and

different natural ventilation strategies during the cooling season. Furthermore, the

article intends to step forward in the essential disciplinary discussion concerning the

balance between occupant thermal comfort and historic preservation requirements by

encouraging mixed-mode ventilation and passive cooling in lieu of exclusive

mechanical cooling and ventilation.

2. Materials and Methods

To evaluate the efficiency of passive cooling through natural ventilation in historic

residential buildings in a hot and humid climate, methods of field measurements and

CFD building simulations are combined, as shown in Figure 1. The functions of the

involved methods are elucidated as follows:

▪ An environmental monitoring campaign was conducted to collect indoor and

outdoor environmental parameters, namely air temperature and relative humidity, to

extract the elementary principles of natural ventilation and serve as baselines for

the calibration of building simulations. Wind speed data was also retrieved from the

San Antonio International Airport database.

▪ Building simulations were performed using IES VE software, consisting of

integrated analysis modules such as Modelit, Suncast, Apache MacroFlo, and

MicroFlo. IES VE is a reliable and trustworthy simulation tool as it enables

integration between applications while providing realistic and fast results on

building performance.

▪ [8,38–45]The model was calibrated using the measured data from the on-site

monitoring. Several models were created to evaluate different natural ventilation

scenarios that were proposed by the building management and the research team

based on several factors such as feasibility, cooling potential and cultural
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preservation. These analyzed scenarios are: 1- no natural ventilation; 2A-

ventilation with openings at full capacity; 2B- ventilation with openings at half

capacity; 3- cross ventilation; 4- stack ventilation; 5- night flush ventilation.

Figure 1. Flowchart of the adopted methodology.

2.1. Building description

The case study is the Kelso house in San Antonio, Texas. Located at 240.5 meters

(m) above sea level, San Antonio has a Cfa-Humid Subtropical Climate with a

Bsk-Semi-Arid Climate on its west part according to the Köppen-Geiger climate

classification [38]. Over the year, the temperature varies from 9.00°C on average

during the coldest months to 32.00°C during the hottest months, with 21.00°C as the

annual average temperature over the last 20 years. Additionally, summer temperatures

reach a high of 38.00°C [39].

Famous architect Atlee B. Ayres designed the building in 1907 for the eminent

judge and civic leader Winchester Kelso [40]. Featuring a simplified Neoclassical style
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with Queen Anne and Craftsman influences [41], the structure is designated on the

National Register of Historic Places as a contributing property to the Monte Vista

National Historic District located north of Downtown. The wood-frame structure is 11

meters high and has an irregular and asymmetrical plan arrangement and complex roof

proportions reflecting the craftsman influence. The facades are asymmetrical, finished

with painted wood teardrop siding and shingles with trim. The building features a

two-story porch wrapping around the south and east, wood-frame windows, and

neoclassical decorative elements, including grandiose Doric columns, wood-trimmed

entablature with frieze, dentils, cornice, and wood balustrades. The characteristics of

the building components are summarized in Table 1.

A local foundation named The Power of Preservation Foundation (PoP) acquired

the property in 2018 and restored the building’s exterior (Figure 2). The interior remains

in poor condition and the building unoccupied, but the foundation plans to rehabilitate it

and restore its functionality. Planning entails a holistic approach that considers

enhancing the house’s energy performance and meeting the needs of adaptive reuse

without altering cherished historic materials and features.

Figure 2. The Kelso House view from the south-east side before the exterior restoration (left). Source:
(Power of Preservation Foundation 2022) and after the restoration (right). Source: (Biediger 2021).

Table 1. Characteristics of the building components.
Building
components

Material Thickness(mm
)

Resistance(m²K/W) Density(kg/m3)

Walls Wood 127 0.46 560

Partitions Wood 127 0.47 500

Roof Wood 128 0.91 530
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Ground floor Wood 38 0.31 649

Windows Single pane – Wood
frame

3 0.15 -

2.2. Environmental monitoring

A network of 13 indoor and two outdoor data loggers was purposefully positioned in

the building, as displayed in Figure 3, to evaluate the existing environmental conditions.

These devices monitored indoor and outdoor temperature (°C) and relative humidity

(%) conditions from May to September 2022 during the cooling season. The positioning

adhered to the requirements of ASHRAE 55 [42], which stipulate a distance of 1.0 m

inward from the room’s wall and the center of the largest window, as well as 1.1 m

above the floor. This height simplifies the spatial average calculation, considering 1.1 m

as a common approximation to the numerical average of acquiring environmental

conditions for seated (0.1, 0.6, and 1.1 m) and standing occupants (0.1, 1.1, and 1,7

m). This approximation was necessary due to limitations on the available monitoring

devices for this investigation, and to avert imprecise measurements. Table 2 details

the characteristics of the monitoring devices.

Figure 3. Locations of the indoor (red) and outdoor (blue) temperature and relative humidity data loggers
on the first level (left) and second level (right). An additional data logger is positioned on the attic level.
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Table 2. Specifications of the data loggers
Measured Physical Variables Brand and Model Measuring Range Precision Response Time

Indoor Air Temperature HOBO® MX1101 -20.00° to 70.00°C ±0.21°C 60 seconds

Indoor Relative Humidity HOBO® MX1101 1% to 90% ±2.0% 20 seconds

Outdoor Air Temperature HOBO® MX 2301A -40.00 to 70.00°C ±0.25°C 60 seconds

Outdoor Relative Humidity HOBO® MX 2301A 0 to 100% ±2.5% 30 seconds

Physical variables were set to be recorded every 15 minutes to acquire a wide

range of the environmental conditions inside the building. This frequency additionally

provided the necessary information to identify any reoccurring patterns or radical

deviations throughout the study. Figure 4 displays the monitored minimum, maximum,

and average indoor and outdoor temperatures, and average indoor and outdoor

relative humidity conditions.

Figure 4. Indoor and outdoor environmental conditions monitored by the data loggers during the period of
study.

Moreover, the wind speed data, one of the most important variables impacting

natural ventilation, was retrieved from the San Antonio Airport (SAT) weather station for

the study period. The data is presented in Figure 5.
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Figure 5. A wind rose illustrating the airflow (m/s) during the study period spanning from May to
September.

2.3. Natural ventilation scenarios

Five scenarios were analyzed in free-floating conditions, without the use of HVAC,

to assess the passive cooling opportunities in the studied building. These scenarios

were chosen considering the recommendations of the building management, drawing

on decades of experience in employing natural ventilation methods commonly used in

this geographical region for historic buildings. Additionally, local preservation

organizations supported these strategies, deeming them feasible and responsible for

cultural and heritage preservation. The different scenarios examine the impact of

natural ventilation through the windows, cross ventilation for prevailing winds, stack

ventilation, and night flush.

▪ Scenario 1: The studied building is investigated without any natural ventilation

occurring; only air infiltration is considered. This scenario is intended to be used as

a reference for comparison purposes. The windows are fully closed at all times.

▪ Scenario 2: All windows are open to allow natural ventilation, in addition to the

consideration of air infiltration. In this case, two sub-scenarios were examined:

- Scenario 2A: All windows are always open to full capacity.
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- Scenario 2B: All windows are always open to half capacity.

▪ Scenario 3: All windows on the south and north facades are open on the first and

second floors to always allow cross ventilation for prevailing winds. The attic

access door and windows are closed at all times.

▪ Scenario 4: This scenario examines the stack ventilation effect. All windows on the

first floor and the attic access door and windows are open, while the windows

located on the second floor are always closed.

▪ Scenario 5: All windows on the first and second floors are open between 21:00 and

6:00 to allow for night ventilation. During these times, the attic access door and

windows are closed.

Energy and CFD simulations were run to evaluate the efficiency of each scenario.

Two representative days in the cooling period were chosen to run the simulation: May 8

to examine cooling in the spring and July 23 to analyze cooling in the summer (Figure

4).

2.4. Energy and computational fluid dynamics (CFD) model

Building energy modeling is a widely accepted method for design evaluation and

assessment of operation systems. Particularly for natural ventilation studies,

Computational Fluid Dynamics (CFD) is commonly used to understand how the air

travels around the objects in building areas and outside buildings [43]. This study used

the IES VE software, used in many scientific publications [8,38–45], to perform energy

and CFD simulations [44]. Incorporating location and real weather data, the 3D model

geometry of the case study can be generated with or without BIM integration. HVAC

design, solar, and wind study applications are also available. Especially for natural

ventilation studies, IES VE MicroFlo provides quick results since it is easy to set up and

run. Compared to other methods such as wind tunnel tests and experimental studies,

design time and costs are usually lower. Including various modules, the software uses
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the Apache Simulation results to automatically set up boundary conditions for the CFD

model. This module is a core application of the software performing advanced dynamic

thermal simulation at time steps across a whole year or over selected days. Multiple

parameters such as velocity components, pressure, and temperature are available

throughout the domain. With another module, MacroFlo, airflow driven by wind

pressure and buoyancy forces can be simulated to analyze the feasibility of various

strategies. The software also provides thermal comfort parameter results. Although

curved geometry may cause some problems adding complexity to the grid, our model

geometry was set to align the axes since the case study was a rectangular building

without any curves. Providing a large library of constructions and materials, renewable

energy sources, schedule systems, and equipment, the inputs can be edited.

This building simulation tool was used to create the case study’s energy model and

determine the boundary conditions that were later used for the CFD model. Boundary

conditions include data such as surface temperatures, heat gains and losses, and

airflow rates through the building openings. The CFD model investigated heat transfer

processes, airflow trends, buoyancy, and wind-driven ventilation indoors and outdoors.

The analysis was based on the ‘Finite Volume Method’ [45]

Figure 6. The simplified model of the building in the IES VE software.

A series of established simulation steps were utilized to create the energy and CFD

models. First, the input data, including the building parameters and weather data, were
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defined in the ModelIt module within IES VE and the building model (Figure 6). Since

the impact of input data accuracy on the analysis results is critical to create realistic

assumptions and match the real-world conditions, the building and site properties

(geometry, orientation, window-to-wall ratio, construction material, glazing, interior

walls, flooring, etc.) were meticulously collected and modeled. The specifications of the

CFD model used in IES VE Modellt and Microflo are summarized in Table 3.

Table 3. Model dimensions and specifications of the CFD model used in IES VE ModelIt and MicroFlo.
Floor surface area (m²) 703.1400 Number of cells (million) 3.2-3.4

Volume (m³) 1369.9207 Max cell aspect ratio <12:1

Ext wall area (m²) 456.3263 Turbulence model k-e

Ext opening area (m²) 61.8600 Grid line merge tolerance (m) 0.01

Climatic variables play an essential role in assessing natural ventilation in buildings.

Therefore, using a proper and comprehensive weather file of the appropriate location

settings is highly significant. A Typical Meteorological Year (TMY3) file was used as the

required input for the energy simulation. The weather file includes variables such as dry

bulb temperature, wet bulb temperature, solar altitude and azimuth, cloud cover, wind

speed, and direction gathered from the San Antonio Airport (SAT) weather station.

As the building is unoccupied, the monitored data was collected while the structure

was vacant, and the model run was performed without any occupancy variations to

obtain accurate simulation results. Apache module was used to modify time-varying

window openings in Scenario 5. Repeating daily profiles for night ventilation were

organized, and this pattern was applied over a year via an annual profile. Based on

this, during the spring and summer seasons, natural ventilation only occurs between

21:00 and 6:00.

Various studies have also used the IES VE MicroFlo module to run Computational

Fluid Dynamic (CFD) simulations. In this study, only internal CFD simulations were

used. As the first step, boundary conditions from the energy model results in VistaPro
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were exported to MicroFlo, enabling users to determine wind outcomes in the building

during the spring and summer seasons for cooling and ventilation purposes. Exported

data on boundary conditions included the prevailing wind direction, wind speed, and

indoor and outdoor air temperatures. Table 4 displays the specifications of the CFD

model.

Table 4. Model dimensions and Specifications of the CFD model.
IES VE ModelIt IES VE MicroFlo

Floor surface area (m²) 703.1400 Number of cells 327635
0

Volume (m³) 1369.9207 Max cell aspect ratio <12:1

Ext wall area (m²) 456.3263 Turbulence model k-e

Ext opening area (m²) 61.8600 Grid line merge tolerance
(m)

0.01

MicroFlo uses the Apache Simulation results to automatically configure the

boundary conditions of the specific day and time for the CFD model. For the internal

CFD simulations, boundary conditions were exported from VistaPro for the

representative days into MicroFlo module. The boundary conditions file includes

atmospheric data such as temperature, atmospheric pressure, and external moisture

content; room data such as room air temperature and room radiant temperature; and

surface data such as wall/window surface temperature.

The predominant air flow direction aligns with the model grid axes. Prior to running

the CFD simulations, inlets and outlets were checked to ensure they functioned as

expected in MacroFlo. The outdoor air temperatures at 12 pm were 25.5°C and 28.9°C

on May 8 and July 23, respectively. The external relative humidity levels were 79% on

May 8, dropping to 67% on July 23. Wind speed was 6.1 m/s at midday on May 8 and

2.1 m/s on July 23. The wind direction was southwest during both times.

The CFD grid was created keeping the maximum cell aspect ratio under 12:1,

which, together with the grid cell sizes, provided a high level of resolution to optimize

the results’ accuracy. Also, the k-e turbulence model was used in this study to calculate
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each grid cell’s turbulent viscosity. For the sufficient mesh density in between

obstacles, more than 3 million grid cells with the 0.01 m grid line merge tolerance were

used (Table 4).The CFD model provided a deeper insight and graphical output to

compare the selected natural ventilation scenarios. After running multiple simulations,

CFD graphs were created for each potential scenario to assess and investigate the

adequate natural ventilation strategy with the higher potential for cooling the structure.

2.5. Model validation

The hourly indoor air temperature and relative humidity minimum and maximum

range measurements acquired from the environmental monitoring campaign were

compared to the hourly average modeled values for four representative spring and

summer days to predict the accuracy levels in the created energy model, as shown in

Figure 7. These variables were selected for validation since they are used to analyze

the impact of the natural ventilation scenarios on environmental conditions and the

thermal comfort of occupants, as well as to compare the effectiveness of these

scenarios [46–49]. It is important to note that both the measured and simulated data

are at the testing height of 1.10 m. Specifically, May 7 and May 8 were chosen as two

consecutive days for validation in spring, with May 8 serving as the spring

representative day analyzed in this study. Similarly, July 23 and July 24 were selected

as two consecutive days for validation during the summer, with July 23 being the

summer representative day examined in this study. The two primary uncertainty indices

recommended by ASHRAE Guideline 14 [50], namely mean biased error NMBE, and

the coefficient of variation of the root mean square error, CV(RMSE), were used. The

NMBE and CV (RMSE) were calculated using Eq. (1) and Eq. (2), respectively.

𝐸𝑞.  1( ):  𝑁𝑀𝐵𝐸 = 1
𝑌

𝑖=1

𝑁

∑ (𝑌
𝑖
−𝑌

𝑖
)

^

𝑁−𝑝 ×100

𝐸𝑞.  2( ):  𝐶𝑉 𝑅𝑀𝑆𝐸( ) =  1
𝑌

𝑖=1

𝑁

∑ (𝑌
𝑖
−𝑌

𝑖
)

^
2

𝑁−𝑝 ×100
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Where is the measured value, is the simulated value, is the average of𝑌
𝑖

𝑌
𝑖

^
𝑌

measured values, N is the number of data points, and p is the adjustable model

parameter. According to ASHRAE, the NMBE and CV(RMSE) limit should not surpass

± 10% and 30%, respectively, for hourly calibration. For the case study energy model,

the analysis resulted in NMBE and CV(RMSE) values of 4.32% and 5.42% for indoor

temperature, and 3.87% and 13.91% for relative humidity on May 7, respectively. On

May 8, the values were 5.02% and 6.23% for indoor temperature, and 4.38% and 8.5%

for relative humidity, respectively. For July 23, the values were -0.28% and 3.02% for

indoor temperature, and -2.33% and 5.84% for relative humidity, respectively. On July

24, the values were -2.2% and 3.19% for indoor temperature, and 2.96% and 4.42% for

relative humidity, respectively, as depicted in Figure 7. The NMBE and CV (RMSE) met

the requirements of the ASHRAE 14 Guideline [50], which resulted in the validation of

the model predictions, considering the model reliable and accurate.
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Figure 7. Comparison of hourly indoor air temperature (top) and relative humidity (bottom) measured and
simulated for the Kelso House on May 8, May 9, and July 23 and July 24.

3. Results and discussion

3.1. Natural ventilation scenarios results

The CFD simulations were run for the two representative days, May 8 (spring) and

July 23 (summer), to obtain air temperature, relative humidity, and air velocity values.

Since the building is vacant, midday (12:00) was selected by the authors as the time to

run the simulations. The five scenarios were carefully chosen to examine the

significance of a specific strategy, such as the impact of ventilation with windows open,

cross ventilation, stack ventilation, or night flush cooling. The building was analyzed in

its free-floating state, without the presence of any occupants nor the use of any

mechanical systems, to acquire a deep understanding of the inherent airflow patterns,

excluding any additional influencing factors. The indoor air temperature values in the

simulation ranged between 25.00°C and 29.00°C in May and between 28.00°C and

32.00°C in July. Even though average outdoor wind speeds for the selected

representative days were 4.9 m/s and 1.5 m/s on May 8 and July 23, respectively,

indoor air velocity values ranged between 0.00 m/s and 1.65 m/s for both studied days.

During the environmental monitoring campaign, indoor data loggers were

positioned 1.1 m high above floor level, in accordance with the requirements of

ASHRAE 55 [42]. For consistent comparative results, CFD graphs (both temperature

and velocity) were generated at that same height. The generated temperature and air

velocity graphs for all scenarios show the average values of the entire floor level at the

studied time (midday) for both representative days (May 8 and July 23).

3.1.1. Scenario 1 (Benchmark): No natural ventilation

Scenario 1 analyzed the studied building without any natural ventilation to serve as

a benchmark for comparison with other ventilation strategies. Figure 8 displays the air

temperature distribution for May 8 and July 23. The temperature was higher on the
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second floor due to thermal stratification both in spring and summer (Figure 8c and

Figure 8f). Notably, the air temperature was also generally uniform throughout both

floors. However, the living room on the first floor was slightly cooler (reference Figure 3

for the rooms’ distribution), especially in spring (Figure 8a) due to the presence of the

porch and shading devices on the south, east, and west parts of the building. Also, the

temperature was the lowest at the bottom of the staircase on both representative days

due to the stack effect (Figure 8a and Figure 8b). Finally, no significant air movement

was noted because of the windows being closed.

Figure 8. Air temperature graphs for scenario 1 on May 8, 2022. a) air temperature – first floor plan; b) air
temperature – second floor plan; c) air temperature – vertical east-west section through the staircase. July
23, 2022. d) air temperature – first floor plan; e) air temperature – second floor plan; f) air temperature –

vertical east-west section through the staircase.

3.1.2. Scenario 2: Natural ventilation with different opening sizes
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In hot climates and under the necessary environmental conditions, opening

windows forces outside air into the building, which prevents heat buildup and creates

an effective cooling effect. This scenario aimed to evaluate the effectiveness of natural

ventilation in cooling the selected case study. Historic structures in similar climate

zones usually relied on large openings for better cooling outcomes through natural

ventilation [7]. Two sub-scenarios were considered to investigate the consequences of

having different opening sizes: Scenario 2A, which supposed that the existing windows

were all fully open on the first and second floors, and Scenario 2B, where the windows

were open only at half capacity.

3.1.2.1. Scenario 2A: Natural ventilation with openings operative at
full capacity

Figure 9 displays the results of this scenario for air temperature and airflow. As

seen in Figure 9a and Figure 9b, the air entering the building through the windows had

a cooling effect since temperatures were lower by the openings. The high air velocity,

reaching 1.65 m/s (Figure 9c and Figure 9d), caused an effective air movement, thus

cooling the indoor spaces. Conversely, the air movement was slower on July 23, with

the air velocity reaching 0.75 m/s (Figure 9g and Figure 9h), which resulted in an even

distribution of the temperatures throughout spaces on the same level (Figure 9e and

Figure 9f). On the spring representative day, the coolest rooms in the building were

those located on the south and east due to being aligned with the prevailing winds’

direction. Moreover, the living room on the first floor was the coolest space as the porch

shades it, and the staircase by means of the stack effect. Both in spring and summer,

the temperature on the second floor was slightly higher than on the first floor and was

the highest in the attic, by around 3.00ᵒC in spring and 2.00ᵒC in summer, due to the

increased solar radiation, which raises the radiant temperature.
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Figure 9. Air temperature and airflow graphs for scenario 2A on May 8, 2022. a) air temperature – first floor
plan; b) air temperature – second floor plan; c) airflow – first floor plan; d) airflow – vertical east-west

section. July 23, 2022. e) air temperature – first floor plan; f) air temperature – second floor plan; g) airflow
– first floor plan; h) airflow – vertical east-west section.
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3.1.2.2. Scenario 2B: Natural ventilation with openings operative at half
capacity

The results for Scenario 2B showed that the air velocity was generally lower in this

scenario compared to Scenario 2A, both on May 8 and July 23 (Figure 10), which the

reduction in the opening sizes could explain. Exceptionally, the airflow in the living

room on May 8 was higher than that in Scenario 2A because of the air channeling

effect. Nevertheless, no significant impact on indoor air temperature and relative

humidity was perceived, neither in spring nor summer.

Figure 10. Airflow graphs for scenario 2B on May 8, 2022. a) airflow – first floor plan; b) airflow – vertical
east-west section. July 23, 2022. c) airflow – first floor plan; d) airflow – vertical east-west section.

3.1.3. Scenario 3: Cross ventilation

Cross ventilation relies on wind-driven force to get cooler air from outside and

replace the interior warm air by producing a cool stream and current across the space.

Scenario 3 analyzed the impact of this strategy, where the north and south windows

were considered open on the first and second floors. Figure 11 displays the results for

air temperature and airflow. Figure 11a and Figure 11b show that this strategy lowered

the temperature, especially in the exposed areas. The position and size of the
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openings also had a significant role in the cooling effect of this strategy. The high

airflow successfully contributed to creating a current throughout the space during the

spring representative day, as displayed in Figure 11c. However, the low air velocity

during the summer representative day (Figure 11f) prevented any variation in the

temperature throughout the indoor spaces (Figure 11d and Figure 11e). Moreover,

thermal stratification resulted in slightly higher temperatures on the second floor in

spring and summer.

Figure 11. Air temperature and airflow graphs for scenario 3 on May 8, 2022. a) air temperature – first floor
plan; b) air temperature – second floor plan; c) airflow – first floor plan; July 23, 2022. d) air temperature –

first floor plan; e) air temperature – second floor plan; f) airflow – first floor plan.
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3.1.4. Scenario 4: Stack ventilation

Stack ventilation relies on temperature differences to move the hot air up due to

buoyancy, leaving the outside air with lower pressure inside the building. As seen in

Figure 12c and Figure 12d, the air entering the building during the spring

representative day flowed towards the staircase and moved up towards the attic. The

temperature was lower in the exposed areas on the first floor (Figure 12a), particularly

on the east and south (direction of the prevailing winds). Figure 12b shows that the

staircase was the coolest area on the second floor, while temperatures were higher in

the other rooms, especially in bedroom 2 (reference Figure 3 for the rooms’

distribution). Even though the air movement was prolonged during the summer

representative day, it was slightly faster on the staircase (Figure 12h). However, no

temperature difference was perceived throughout the spaces (Figure 12e and Figure

12f).
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Figure 12. Air temperature and airflow graphs for scenario 4 on May 8, 2022. a) air temperature – first floor
plan; b) air temperature – second floor plan; c) airflow – first floor plan; d) airflow – vertical east-west
section through the staircase. July 23, 2022. e) air temperature – first floor plan; f) air temperature –

second floor plan; g) airflow – first floor plan; h) airflow – vertical east-west section through the staircase.
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3.1.5. Scenario 5: Night flush cooling

Night flushing allows the cooler night air to enter the building, aiming to discard

heat build-up gathered throughout the day, and is considered as an indirect way to cool

buildings [51].To investigate this strategy, the authors considered that windows were

open from 21:00 to 6:00 and closed at all other times. Unlike the scenarios above,

simulations were executed at 21:00, 6:00, and 12:00 to understand the effect of night

ventilation better. Even though these three times were considered in the analysis of the

results, only the graphs at 12:00 were displayed (Figure 13) for comparison with the

other scenarios.

Both in spring and summer, the air temperature decreased significantly after

windows were open at 21:00 and continued to be reduced. However, once windows

were closed at 6:00, the temperature started rising again, proving that cooler

temperatures cannot be maintained due to night ventilation. Particularly in summer,

even when outdoor temperatures reached thermally comfortable temperatures, this

strategy failed to lower the indoor temperature quickly enough to create a thermally

comfortable environment. On the spring representative day, the temperature was

higher on the second floor, and the coolest temperature was recorded on the staircase

on the first floor due to thermal stratification (Figure 13c).
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Figure 13. Air temperature graphs for scenario 5 on May 8, 2022. a) air temperature – first floor plan; b) air
temperature – second floor plan; c) air temperature – vertical east-west section through the staircase. July
23, 2022. d) air temperature – first floor plan; e) air temperature – second floor plan; f) air temperature –

vertical east-west section through the staircase.

3.2. Comparison of the effectiveness of different scenarios

The indoor air temperature and relative humidity values resulting from the

simulations were compared among the different scenarios and to the outdoor

temperature and relative humidity values during the spring (Figure 14 and Figure 15)

and the summer (Figure 16 and Figure 17) representative days to identify the best

natural ventilation strategy for cooling the building.

As displayed in Figure 14, the outdoor temperature on the representative spring

day changed between 22.20°C and 30.00°C. It increased after 8:00 and reached the

maximum value between 14:00 and 15:00, then began to decrease. The outdoor
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temperature was lower than the indoor temperature in all the natural ventilation

scenarios and at all times except between 14:00 and 16:00. However, in comparison to

Scenario 1, where no natural ventilation is in effect, Scenarios 2 through 5 were all

successful in lowering the indoor temperature anywhere between 0.83°C and 6.22°C.

The temperature was fairly maintained inside the building despite the significant spike

in outdoor temperature between 14:00 and 16:00. Cross ventilation (Scenario 3) and

stack ventilation (Scenario 4) were the most efficient strategies in lowering the indoor

temperature, with very similar values between 0:00 and 14:00. Cross ventilation was

yet more impactful in lowering the temperature after 14:00 and exhibited the lowest

indoor temperature 79% of this spring representative day. In scenario 5, when windows

were opened at 21:00, the indoor temperature dropped instantly by over 3.50°C.

Nevertheless, the indoor temperature remained higher than that in all other scenarios

at all times, which proves its inefficacy in spring compared to other scenarios.

Figure 14. Comparison of the indoor temperatures in different scenarios and the outdoor temperatures on
May 8, 2022 (spring representative day).

Figure 15 depicts an opposite trend on May 8, where relative humidity decreased

with the surge in air temperature in Figure 14 since warm air can hold more moisture

than cold air [52]. The outdoor relative humidity had a minimum value of 55% and

reached a maximum of 100% at 3:00. Indoor relative humidity ranged between 49%

and 64% in Scenario 1, between 55% and 83% in Scenario 2A, between 53% and 83%

in Scenario 2B, between 58% and 87% in Scenario 3, between 52% and 88% in

Scenario 4, and between 52% and 83% in Scenario 5. Particularly in scenario 1 (no
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natural ventilation), the relative humidity values were the lowest among all scenarios

100% of the day. Among the natural ventilation strategies, night flush (Scenario 5)

resulted in the lowest relative humidity value 58% of the day.

Figure 15. Comparison of the relative humidity in different scenarios and the outdoor relative humidity on
May 8, 2022 (spring representative day).

During the summer representative day, Figure 16 shows that natural ventilation was

inefficient in lowering indoor temperatures below the outdoor temperatures 100% of the

day in Scenarios 1, 2, and 5 and 96% of the day in Scenarios 3 and 4. Compared to

Scenario 1, natural ventilation caused the indoor temperature to decrease between

0.94ᵒC and 7.79ᵒC, a higher reduction than in spring. Similar to spring, Scenario 3 was

the most efficient in lowering the indoor temperature, exhibiting the lowest temperature

100% of the day among all scenarios. Night flush (Scenario 5) was also the least

effective natural ventilation strategy in summer.

Figure 16. Comparison of the indoor temperatures in different scenarios and the outdoor temperatures on
July 23, 2022 (summer representative day).

Figure 17 shows the same inverse relationship between relative humidity and

temperature on the summer representative day as on the spring representative day.
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The relative humidity ranged between 53% and 97% outdoor and between 40% and

66% in Scenario 1, between 52% and 83% in Scenario 2A, between 50% and 81% in

Scenario 2B, between 54% and 87% in Scenario 3, between 50% and 85% in Scenario

4, and between 43% and 81% in Scenario 5. Similar to spring, Scenario 1 displayed

the lowest relative humidity values 100% of the day, and night flush was the most

efficient strategy in lowering relative humidity, with the lowest values 96% of the day,

proving that this strategy is more efficient for this purpose in summer than in spring.

Figure 17. Comparison of the relative humidity in different scenarios and the outdoor relative humidity on
July 23, 2022 (Summer representative day).

3.3. Thermal comfort analysis

Thermal comfort is “that condition of mind that expresses satisfaction with the

thermal environment” [53]. It depends on several factors, such as temperature, relative

humidity, airspeed, metabolic rate, clothing insulation, and mean radiant temperature.

Thermal comfort ranges can be calculated using psychometric charts based on

adaptive comfort standards. This study utilized the Center of the Built Environment

(CBE) Thermal Comfort Tool, an online tool developed for thermal comfort calculations

and visualizations [54] in compliance with ASHRAE55-2017 [55], ISO 7730:2005 [56]

and EN16798-1:2019 [57] Standards to assess whether the selected natural ventilation

strategies could deliver a thermally comfortable environment. To specify the thermal

comfort zone for the case study, the selected variables were air temperature (ᵒC) and

relative humidity (%), the model chosen was the PMV method (PMV between -0.5 and

+0.5, according to the standard), occupants were considered to have no local control
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on airspeed, the value for airspeed was fixed at 0.1m/s for comparison purposes,

metabolic rate was specified to 1.3 met according to ASHRAE 55, 2017, and the

designated clothing level was 0.5 clo (typical summer indoor clothing).

Figure 18 displays the generated thermal comfort zone and the hourly

environmental conditions resulting from the simulations of all scenarios and the hourly

outdoor environmental conditions for the two representative days. Moreover, Table 5

summarizes the percentage of hours that fall within the thermal comfort zone on May 8

and July 23, and the percentage of comfortable hours each month of the study period

[58]. Based on these results, all the natural ventilation scenarios successfully delivered

thermally comfortable indoor conditions for parts of the day during the spring and

summer, as opposed to no natural ventilation where occupant discomfort was in force

100% of the time. A more significant number of thermally comfortable hours was

achieved on the spring representative day by all scenarios compared to the summer

representative day, where higher temperatures were recorded. May featured the

highest number of thermally comfortable hours indoor, followed by September, June,

August, and finally July. Cross ventilation (Scenario 3) was the most successful

strategy, and night flush cooling (Scenario 5) was the least effective approach. Stack

ventilation (Scenario 4) and natural ventilation with openings at full capacity (Scenario

2A) similarly delivered thermal comfort. Decreasing the windows’ opening size

(Scenario 2B) reduced comfort hours. Finally, the environmental conditions were

constantly better outdoor than indoor, regardless of the natural ventilation strategy

applied.

32



Figure 18. Thermal comfort analysis of the different scenarios and the outdoor environmental conditions on
May 8 (a) and July 23 (b).

Table 5. Percentage of hours within the thermal comfort zone for the two representative days and monthly
averages for the entire monitoring period

May 8 July 23 May June July August September

Scenario 1 0% 0% 9% 0% 0% 0% 3%

Scenario 2A 83% 42% 77% 45% 36% 39% 65%

Scenario 2B 67% 33% 69% 32% 29% 31% 55%

Scenario 3 92% 50% 87% 49% 47% 51% 79%

Scenario 4 79% 42% 72% 48% 43% 46% 64%

Scenario 5 63% 29% 58% 28% 24% 27% 47%

Outdoor 96% 67% 89% 52% 58% 69% 81%

4. Conclusions
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This study evaluated the efficiency of different natural ventilation strategies in

cooling a historic residential building in a hot and humid climate zone. Historic

structures possess distinctive characteristics and specific requirements that frequently

impose limitations on acceptable interventions from both technological and

architectural perspectives. Therefore, it is recommended to prioritize passive retrofit

strategies and explore alternative cooling methods, such as natural ventilation, to

uphold indoor thermal comfort while preserving the integrity of valuable historic

materials, features, and values. The investigated strategies included natural ventilation

with windows open at full and half capacity, cross ventilation, stack ventilation, and

night ventilation. A scenario where no ventilation was in effect was also analyzed for

comparison purposes. The methodology relied on using energy and Computational

Fluid Dynamics (CFD) models calibrated using the onsite indoor environmental

conditions, namely temperature and relative humidity, collected during the cooling

season over five months. It is worth mentioning that this research methodology could

be extended to the four seasons, however, as cooling is the most important challenge in

ASHRAE Climate Zone 2A for human thermal comfort, this study focuses on the cooling

period months. The analysis considered the building in its free-floating state, with no

occupants or mechanical systems, to eliminate any factors that can influence natural

ventilation patterns. The following results can be drawn from the current study:

▪ All investigated natural ventilation scenarios can reduce the cooling operation

during spring and summer, particularly in spring, as they succeed in keeping air

temperature and relative humidity values within the permitted ranges for occupant

thermal comfort for parts of the day, as opposed to the case where no ventilation is

in effect. However, mechanical cooling should be considered to provide a

comfortable thermal environment for the remaining hours and preserve the heritage

values embedded in the building, especially when relative humidity values are high.
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▪ Natural ventilation with windows open, cross ventilation, and stack ventilation have

a similar cooling pattern. During the spring season, they successfully lower

temperatures visibly, especially in the exposed areas. Conversely, the temperatures

are evenly distributed throughout the spaces in summer when outdoor

temperatures are higher. Air velocity significantly impacts cooling and temperature

distribution in the building. In both seasons, cross ventilation is the most efficient

strategy for thermal comfort.

▪ Decreasing the opening size of the windows reduces air movement inside the

building and lowers thermal comfort hours.

▪ Night ventilation reduces temperatures significantly once windows are open but

fails to maintain lower temperatures throughout the day after the windows are

closed, both in spring and summer. This strategy is the least effective in providing

occupants’ thermal comfort.

▪ Further research is required on implementing a holistic approach that considers

thermal comfort and the preservation of the building and its historic materials and

features. It is also recommended to consider the impact of other passive energy

retrofit solutions and to evaluate the impact of natural ventilation as a strategy when

coupled with these different retrofit approaches.

Finally, this methodology can enhance the understanding of the overall passive

cooling approach in historic buildings, considering various financial and environmental

perspectives. It aims to achieve a holistic and respectful building preservation of

buildings, thereby creating a more resilient historic building stock capable of coping

with potential future challenges posed by rising temperatures and humidity levels due

to climate change. This investigative method is designed to be replicable, and its

findings can be adapted to numerous historic buildings with similar construction

typologies in hot and humid climates worldwide.
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