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Abstract

Extreme climate events and global warming significantly affect energy retrofit planning, 

underscoring the need to consider future climate scenarios. This study evaluates the 

effectiveness of natural ventilation as a passive cooling strategy for a low-thermal mass 

building in a hot-humid climate, considering current and future weather conditions 

throughout this century. Using energy and Computational Fluid Dynamics simulations 

validated with in-situ data, the research evaluates three natural ventilation strategies: full, 

cross, and stack ventilation. Results demonstrate that natural ventilation reduces indoor air 

temperature compared to non-ventilated scenarios but faces challenges in maintaining indoor 

comfort levels during extreme external temperatures, and under future climate scenarios. Full 

ventilation is most effective during cooler periods, while cross ventilation significantly 

enhances airflow across spaces. Stack ventilation shows potential in expelling hot air through 

vertical shafts, but its effectiveness is challenged during extreme heat events. These findings 

underscore the need for adaptive retrofit solutions, such as leveraging existing systems, 

implementing operational changes, and integrating shading devices to mitigate heat gain. 

Additionally, the study emphasizes the importance of combining passive strategies with 
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mechanical systems to enhance energy efficiency and occupant comfort in historic buildings 

while addressing the anticipated impacts of climate change.   

Keywords: Natural ventilation; Historic buildings; Computational Fluid Dynamics; 

Building preservation; Future weather.

1. Introduction

Greenhouse gas (GHG) mitigation is a pressing global concern with far-reaching impacts 

on climate and human welfare (Clayton 2021; Jogdand 2020; Philipsborn and Chan 2021; Tonn et 

al. 2021). Climate change has significantly affected global temperatures, leading to more frequent 

and intense heat waves and other extreme climate events (Intergovernmental Panel on Climate 

Change, n.d.; Huang et al. 2020). Specifically, the last decade was the warmest on record, with 

2020 ranking as one of the three warmest years so far (WMO, n.d.). Moreover, extreme climate 

events are predicted to increase in frequency and severity due to global warming, leading to 

heightened risks of conflict and forced migration (Abel et al. 2019). To anticipate these changes, 

the Intergovernmental Panel on Climate Change (IPCC) provides various Shared Socioeconomic 

Pathways (SSP) in its Sixth Assessment Report (AR6) (Lee et al., n.d.; Pirani et al. 2024), with 

SSP1-2.6 aiming to limit global temperature rise to well below 2°C by 2100, in alignment with the 

Paris Agreement (Intergovernmental Panel on Climate Change, n.d.). Reducing energy 

consumption is crucial for achieving these targets, especially in sectors with high energy demands 

such as buildings (Sharmina 2017; Palermo et al. 2018; Dutta 2021). Particularly, existing 

buildings play a significant role in global energy consumption and GHG emissions, accounting for 

over one-third of total energy use and approximately 19% of emissions (Intergovernmental Panel 

on Climate Change. Working Group III and Edenhofer 2014). Air conditioning systems alone 

contribute nearly 20% of total building electricity consumption (Disclaimers Suggested Citation 

Production Penrose CDB 2022), and the energy use for space cooling is expected to rise 
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substantially, potentially becoming the largest electricity consumer in buildings by 2050 (The 

Future of Cooling 2018; Pajek et al. 2024). This underscores the importance of optimizing energy 

performance in existing buildings, especially those located in cooling dominated climates. 

Among the existing building stock, historic buildings represent the pinnacle, but they 

present unique challenges in energy optimization due to their unique physical and inherent 

bioclimatic characteristics (Iskandar, Faubel, et al. 2024), as well as stringent preservation 

requirements (Franzen 2015; Cho et al. 2022a; Ge et al. 2022; Coelho and Henriques 2021; 

Martinez-Molina and Alamaniotis 2020; Faubel et al. 2024). Moreover, a large number of these 

buildings have low thermal mass envelopes because they were typically constructed using locally 

available materials such as wood and lacked any insulation practices. This results in multiple 

challenges for energy optimization of this heritage building typology. First, low thermal mass 

buildings have limited capacity to store and regulate heat, which means they can quickly gain or 

lose heat depending on external temperatures. This characteristic complicates efforts to maintain 

consistent indoor temperatures and reduces the effectiveness of conventional HVAC systems 

(Afram et al. 2017). Second, historic preservation mandates prioritize maintaining the authenticity 

and integrity of original building materials and construction techniques (Pracchi 2014; “The 

Secretary of the Interior’s Standards for the Treatment of Historic Properties - Technical 

Preservation Services (U.S. National Park Service),” n.d.). Introducing modern insulation 

materials and techniques can alter the appearance and structural behavior of these buildings, which 

conflicts with preservation goals (Posani, Veiga, and de Freitas 2021). Additionally, adding 

insulation to these structures to increase their energy efficiency can cause moisture retention in the 

wall assembly, which can lead to mold growth and degradation of original materials (National 

Trust for Historic Preservation, n.d.; Hutkai and Katunský 2021). Therefore, passive cooling 
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measures need to be investigated as energy-efficient and preservation-appropriate alternatives for 

this heritage building typology (Webb 2017).

While the preservation of architectural values is paramount, ensuring the thermal comfort 

of occupants is equally important. Inadequate thermal comfort can lead to reduced occupancy, 

increased energy consumption, and potential deterioration of the building fabric due to moisture 

and temperature fluctuations. Furthermore, enhancing thermal comfort contributes to the overall 

experience of occupants and visitors, thereby increasing the cultural and social value of these 

historic sites (Martínez-Molina et al. 2016; Fiorito et al. 2022; Kumar, Wright, and Petsou 2024). 

The main factors affecting thermal comfort in historic buildings include thermal mass, orientation, 

evaporative cooling, and ventilation. Thermal mass plays a crucial role in regulating indoor 

temperatures by absorbing heat during the day and releasing it at night (Alwetaishi et al. 2020). 

However, many historic buildings, particularly in the United States, were constructed using wood-

frame structures that lack insulation, resulting in low thermal mass. This makes them more 

susceptible to overheating, thereby presenting challenges in achieving thermal comfort within 

these buildings. 

Within passive cooling strategies, natural ventilation offers an alternative to reduce energy 

consumption for cooling and ventilation in buildings (Etheridge 2011; Gilani and O’Brien 2021). 

This approach is particularly relevant for low thermal mass historic buildings in warm climates, as 

it is considered one of their inherent sustainable qualities. Utilizing natural ventilation in these 

structures is deemed a safe method to improve energy efficiency without causing damage to 

valuable materials or features (Hensley and Aguilar 2011). Therefore, investigating the benefits of 

natural ventilation for cooling low thermal mass historic buildings in both current and future 

contexts is crucial to reducing GHG emissions, adapting to future changes in the climate, as well 
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as ensuring the sustainable conservation of our built heritage and its integration into contemporary 

society. Historically, natural ventilation served as a primary method for providing thermal comfort 

in warm climates before the advent of mechanical cooling systems (Martinez-Molina, Williamson, 

and Dupont 2022). In modern times, with increasing concerns about energy efficiency, climate 

change, indoor air quality, and historic preservation, natural ventilation strategies have become 

essential in designing energy retrofits for heritage structures (Iskandar, Bay-Sahin, et al. 2024). 

These strategies offer an alternative cooling source that reduces energy consumption while 

enhancing occupants' health, comfort, and productivity (Emmerich, Dols, and Axley, n.d.), and 

ensure the continued preservation of the built heritage. 

Natural ventilation involves the use of natural forces such as wind and buoyancy to bring 

fresh air from outside into indoor areas (Kopec 2017; Karaiskos, Martinez-Molina, and 

Alamaniotis 2023; Faubel, Martinez-Molina, and Suk 2024). The concept of Natural Ventilation 

Potential (NVP) refers to the likelihood of achieving comfortable indoor conditions solely through 

natural ventilation methods (Luo et al. 2007). NVP assessment is complex and depends on factors 

such as weather conditions, climate patterns, building design, and surroundings (Yin et al. 2010). 

Different studies around the world employ various methodologies and criteria to assess NVP, 

broadly categorized into climate-based and building simulation-based methods (Wang and 

Malkawi 2019). On the one hand, climate-based approaches provide an overview of NVP using 

parameters like outdoor air temperature and wind speed, in the absence of detailed building 

information in early design stages (Wang and Malkawi 2019). For instance, Chen et al. (Chen, 

Tong, and Malkawi 2017) analyzed global NVP using typical meteorological year (TMY) data 

and found that temperate climates tend to exhibit higher NVP compared to more extreme climates. 

Moreover, humidity also played a significant role in NVP assessment, particularly in hot-humid 
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climates. On the other hand, building simulation tools such as EnergyPlus (EnergyPlusTM, n.d.), DeST 

(Yan et al. 2008), and IES VE (IES VE, n.d.) allow for a more detailed assessment of NVP by 

considering specific building design elements and indoor conditions, including internal heat gain, 

building envelope characteristics, occupancy schedules, and ventilation patterns (Xie et al. 2023). 

Several studies (Ryan and Sanquist 2012; Royapoor and Roskilly 2015; Fumo, Mago, and Luck 

2010; Anđelković, Mujan, and Dakić 2016) have shown that building energy simulation tools can 

account for uncertainties related to building location and design, and accurately model indoor 

thermal environments, making them more precise in evaluating NVP than climate-based 

approaches. However, using appropriate weather data inputs is crucial for accurate building energy 

simulations (Hensen, n.d.), especially when the aim is to evaluate building energy performance in 

future years. While different studies have used future weather data in the context of building energy 

performance and historic preservation (Campagna and Fiorito 2022; Cirrincione, Marvuglia, and 

Scaccianoce 2021; Bamdad, Matour, Izadyar, and Omrani 2022; Baba et al. 2023; Bienvenido-

Huertas et al. 2021; Rajčić, Skender, and Damjanović 2018), none have specifically focused on 

the impact of natural ventilation strategies as a passive cooling method in hot-humid climates in 

the context of present and future climate conditions.

Computational Fluid Dynamics (CFD) simulations represent a powerful tool for 

investigating natural ventilation due to its cost-effectiveness, speed, and accuracy (Zhang, 

Weerasuriya, and Tse 2020; Jiru and Bitsuamlak 2010). Natural ventilation strategies face a 

significant challenge in understanding the complex airflow patterns driven by pressure and 

temperature differentials through wall openings (P.-C. Liu, Lin, and Chou 2009). In this context, 

CFD models offer a significant advantage in suggesting and predicting the performance of outdoor 

(Masoumi, Nejati, and Ahadi 2017) and indoor airflow in various natural ventilation strategies. 
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Unlike field monitoring, CFD simulations can assess multiple ventilation approaches and evaluate 

airflow in spaces with specific conservation requirements, and thus are widely used in historic 

buildings analysis (Chassagne et al. 2007; Corgnati and Perino 2013; Balocco and Grazzini 2007; 

Abuku, Janssen, and Roels 2009; Balocco 2007; Balocco and Grazzini 2009). For example, Bay 

et al. (Bay, Martinez-Molina, and Dupont 2022) investigated the best natural ventilation 

approaches for high thermal mass historic buildings located in hot-humid climates and found that 

night ventilation is the most effective strategy. The study also concluded that mechanical system 

operation can be reduced in spring and in summer, and that natural ventilation can contribute to 

occupants’ thermal comfort. 

Finally, the initial stage of implementing a natural ventilation strategy in a building 

involves assessing the feasibility and effectiveness of this ventilation strategy. This assessment 

helps architects select suitable passive or low-energy natural ventilation solutions, ultimately 

enhancing the energy efficiency of the studied building (Bamdad, Matour, Izadyar, and Law 2022). 

However, a notable gap in previous research lies in the lack of quantification regarding the 

effectiveness of natural ventilation as a passive cooling strategy in low thermal mass historic 

buildings situated in cooling-dominant climates, especially in anticipation of increasingly extreme 

environmental conditions in the future. This is particularly necessary as such buildings pose 

challenges for energy retrofits due to their unique construction materials, methods, and stringent 

preservation requirements, narrowing the options for enhancing the energy efficiency of these 

structures and providing thermal comfort for their occupants to ensure their continued use and 

responsible preservation. The lack of prior studies on this topic justifies the current research, which 

aims to address this gap by examining how current and future climate conditions impact the 

efficiency of natural ventilation in a low thermal mass historic building in San Antonio, Texas, 
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USA, a region characterized by a hot-humid climate. Energy and CFD simulations are calibrated 

with in-situ measured environmental data and used to analyze different natural ventilation 

strategies, including full capacity natural ventilation, cross ventilation, and stack ventilation. The 

main goal of this investigation is to guide the selection of the best passive cooling approaches 

through natural ventilation in historic buildings for present and future use during the current 

century, ensuring occupants’ thermal comfort, preservation of cherished materials and features, 

and reduction of energy consumption and GHG emissions.

While this study provides valuable insights into the effectiveness of natural ventilation 

strategies in historic buildings located in a hot-humid climate, it is important to acknowledge 

certain limitations that may affect the generalizability of the findings. The selected case study is 

representative of a single historic building construction style, namely low-thermal mass wood-

frame structures, which may not fully represent the wide variety of architectural styles, materials, 

and environmental conditions present in other historic buildings. Consequently, the findings may 

not be directly applicable to different contexts or building typologies. However, the replicability 

of the results lies in the detailed methodology employed, which can be adapted and applied to 

similar buildings with comparable construction and climatic conditions, providing a framework 

for broader application. Additionally, the study primarily examines natural ventilation in isolation, 

without considering potential synergies with other passive strategies, such as shading, infiltration 

reduction, or thermal mass enhancements, that could further improve indoor comfort and energy 

performance. Furthermore, the impact of external variables, including urban context and wind 

variability, has not been included in the study to maintain a clear and focused analysis on the 

specific dynamics of natural ventilation without the potential confounding effects of other 

variables.
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2. Methodology

The methodology employed in this study is depicted in Figure 1 and schematically 

described as follows. Initially, energy modelling of the case study building was conducted using 

the IES VE software (IES VE, n.d.), incorporating current building condition drawings and in-situ 

real data. To ensure the model's reliability before executing energy and CFD simulations, a 

validation analysis was performed using measured indoor and outdoor environmental data and 

ASHRAE 14 recommended validation methods (ASHRAE Guideline 14 2014). Future weather 

data for 2050 and 2080 was generated using the CCWorldWeatherGen (CCWWG) (Jentsch et al. 

2013) to assess the impact of changing future climates. Natural ventilation strategies suitable for 

hot-humid climates were then simulated for present and future climate scenarios, including full-

capacity natural ventilation, cross ventilation, and stack ventilation, with a baseline assessment 

conducted without natural ventilation for comparison with the selected strategies. The resulting 

environmental conditions were analyzed to evaluate the strategies' efficiency under present and 

future climate conditions. Finally, CFD simulations were performed for two representative days 

(spring and summer) during the cooling season, as this period corresponds to the most adverse 

environmental conditions at the location of the case study building. The outcomes of the CFD 

simulations allowed for the evaluation of changes in air temperature and air velocity distribution 

in the case study building throughout the current century.

[Figure 1 near here].

2.1 Building description 

The Kelso House, depicted in Figure 2, is a prominent three-story residential structure 

located north of Downtown San Antonio, Texas, USA, and was selected to serve as the case study 

for this research. San Antonio sits at an elevation of 240.5 m above sea level and experiences a 
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climate classified as Cfa-Humid Subtropical with a Bsk-Semi-Arid Climate on its west side 

(Kottek et al. 2006). The city's temperatures vary significantly throughout the year, averaging 9°C 

during the coldest months and 32°C during the hottest months. Over the past two decades, the 

annual average temperature has been 21°C, with summer temperatures peaking at 38°C (US 

Department of Commerce 2022).

Designed in 1907 by the renowned architect Atlee B. Ayres for Winchester Kelso, a 

distinguished judge and civic leader (Huddleston 2022), the Kelso House showcases a simplified 

Neoclassical style with influences from Queen Anne and Craftsman styles, representing prevalent 

architectural styles from the 19th and 20th century, especially in the United States (Everett 1999a). 

It holds a place on the National Register of Historic Places as a contributing property to the Monte 

Vista National Historic District. The building's construction features wood framing, and lacks 

insulation, making it a representative example of many traditional and historic buildings in the 

Unites States and around the world (Debailleux 2015). This absence of insulation contributes to 

its low thermal mass, making it more susceptible to overheating and presenting significant 

challenges in achieving thermal comfort for its occupants (Kumar, Wright, and Petsou 2024).It 

also has an irregular and asymmetrical plan, and complex roof proportions. The facades exhibit 

asymmetrical designs with painted wood teardrop siding, trimmed shingles, wood-frame windows, 

grand Doric columns, a wood-trimmed entablature with frieze, dentils, cornice, and wood 

balustrades. A two-story porch wraps around the south and east sides of the house. In 2018, the 

local Power of Preservation Foundation (PoP) (Power of Preservation Foundation 2022) acquired 

the property and successfully restored its exterior. While the interior remains in a state of disrepair, 

the foundation has plans to rehabilitate it in the future. The rehabilitation of this historic structure 

requires a comprehensive approach aimed at improving energy performance, implementing 
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strategies for adaptive reuse, and preserving essential historic materials and features. By focusing 

on this representative case study, the research aims to address broader implications for similar 

historic buildings facing energy efficiency and thermal comfort challenges, leveraging the 

replicability of the selected case study.

[Figure 2 near here].

The building’s envelope characteristics are detailed in Table 1. The building under study 

exemplifies a prevalent architectural typology found in historic and existing structures globally, 

characterized by low thermal mass. Such buildings are prone to overheating and present significant 

challenges in regulating their indoor environments. Introducing modifications to these structures 

can compromise the natural climatic response of the envelope, particularly in managing humidity. 

Moreover, as a historic building, it faces additional constraints related to preserving its historical 

integrity while implementing any alterations. This context underscores the importance of 

analyzing the potential effectiveness of natural ventilation cooling for this building typology, both 

in current and future scenarios.

[Table 1 near here].

2.2 Environmental data collection campaign

A data collection campaign was conducted to assess the current environmental conditions 

of the building under study, and to serve as a baseline for validating energy and CFD models. A 

network of 13 indoor data loggers was strategically positioned on the ground floor, first floor, and 

attic floor, along with 2 outdoor data loggers placed outside the structure. The specifications of the 

monitoring devices are provided in Table 2. The placement of the data loggers followed ASHRAE 

Standard 55 (“ANSI, ASHRAE. Standard 55 - Thermal Environmental Conditions for Human 

Occupancy.” 2017) guidelines and is shown in Figure 3. The loggers recorded temperature and 
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relative humidity both indoors and outdoors during the cooling season, from May to September 

2022, and were programmed to capture hygrothermal variables at 15-minute intervals. This setup 

allowed for comprehensive data collection on the building's environmental conditions and the 

identification of recurring patterns and significant deviations over the study period. Additionally, 

the average outdoor wind speed and direction were obtained from the San Antonio International 

Airport (SAT) weather station for the duration of the monitoring period (Meteostat, n.d.).

[Table 2 near here].

[Figure 3 near here].

The main results of the environmental monitoring campaign are illustrated in Table 3, 

showing significant temperature fluctuations, with differences between minimum and maximum 

values ranging between 9°C (September) and 17°C (June). Indoor and outdoor temperatures 

peaked in July, coinciding with the lowest relative humidity during these months. It is noteworthy 

that indoor temperatures consistently exceeded outdoor temperatures due to the poor energy 

efficiency of the existing structure, leading to increased heat gain and retention. However, indoor 

relative humidity average values remained lower indoor than outdoor throughout the study period. 

Finally, outdoor air velocity on average was the lowest in September (10.0 km/h) and the highest 

in May (19.3 km/h), with a prevailing direction of southeast.

[Table 3 near here].

2.3 Natural ventilation strategies 

To investigate the impact of present and future climate conditions on natural ventilation 

efficiency in the studied building, four scenarios were examined during the cooling season (May 

to September) across three strategically selected periods in the current century: the present, the 

2050s, and the 2080s. The choice of ventilation strategies was primarily guided by suggestions 
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from the building management team, aiming to evaluate the most common natural ventilation 

methods applied to historic buildings in the geographical area and climate zone of the case study. 

Additionally, the chosen strategies were identified as the most efficient natural ventilation 

approaches among commonly used techniques in historic buildings located in hot-humid climate 

zones (Iskandar, Bay-Sahin, et al. 2024). From a cultural and heritage preservation standpoint, 

these strategies were also endorsed by local preservation organizations as potential methods for 

ensuring the preservation of heritage values for this type of historic building.

The natural ventilation strategies investigated in this study are summarized in Table 4 and 

described as follows (see Figures 3 and 4 for the distribution of all the openings in the building). 

In Strategy 1 (S1), the building is analyzed without any natural ventilation, with all windows 

remaining fully closed during the cooling season. This scenario serves as a benchmark for 

comparing the efficiency of natural ventilation for passive cooling in the case study. Airflow 

between indoors and outdoors is solely controlled by the building's air infiltration rate. In Strategy 

2 (S2), natural ventilation is achieved by keeping all windows fully open 24 hours per day during 

the cooling season. Strategy 3 (S3) investigates cross ventilation from prevailing winds. During 

the monitoring campaign, the average outdoor wind direction was south (or southeast). Therefore, 

cross ventilation from prevailing winds is ensured by keeping all windows on the first and second 

floors of both the north and south facades fully open 24 hours per day during the cooling season, 

while the attic access door and windows remain closed consistently. Finally, in Strategy 4 (S4), 

stack ventilation is achieved by keeping the openings on the first floor and attic fully open 24 hours 

per day, while those on the second floor remain closed.
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[Table 4 near here].

2.4 Estimation of future environmental variables 

The energy performance of buildings is greatly influenced by a range of location-specific 

weather variables, such as dry and wet bulb temperatures, relative humidity, solar radiation, and 

wind speed and direction (H. Yassaghi, Mostafavi, and Hoque 2019; Hamed Yassaghi, Gurian, 

and Hoque 2020). This information is stored in weather files, which serve as input data for energy 

simulation software used to assess and quantify building energy performance. In this study, 

simulations of indoor environmental conditions in the historic building were conducted using the 

IES VE software (IES VE, n.d.), which utilizes EnergyPlus Weather (EPW) format files as input 

parameters.

Typically, weather files are represented as average historical weather data, also known as 

Typical Year (TY) files, containing values for an entire year based on historical observations 

summarizing recent weather patterns (Fiocchi, Weil, and Hoque 2014). Among the TYs files, this 

study relied on the TMY3 (historical data from 1991 to 2005) and the most recent TMYx (2007-

2021) for the location of the case study building. These weather files were obtained from the 

National Renewable Energy Laboratory (NREL) (“National Renewable Energy Laboratory 

(NREL) Home Page | NREL,” n.d.) and the repository for EPW files from the creators of 

EnergyPlus software (“Climate.Onebuilding.Org,” n.d.). Additionally, future weather data were 

projected using CCWWG (Jentsch et al. 2013), a Microsoft Excel-based weather generator widely 

used for producing input weather data in building energy performance studies (H. Yassaghi, 

Mostafavi, and Hoque 2019; Hamed Yassaghi, Gurian, and Hoque 2020; Plaga and Bertsch 2023). 

The CCWWG employs the 'morphing' technique developed by Belcher et al. (Belcher, Hacker, 

and Powell 2005), where future weather data is generated by 'shifting' and 'stretching' historical 
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data from TMY files using climate change projection factors. In shifting, monthly averages of a 

given parameter within the weather file are shifted while keeping the same variance; conversely, 

stretching changes the variance of the weather parameter while maintaining the same average. A 

combination of both shifting and stretching is applied when projecting a weather parameter. 

Additionally, CCWWG utilizes the Hadley Center Coupled Model Version 3 (HadCM3) of the 

Atmospheric-Ocean General Circulation Models (GCMs) datasets, along with a given emission 

scenario, to create future weather data preserving realistic weather sequences for any location. In 

this study, one of the emission scenarios introduced by the IPCC in the Fourth Assessment Report 

(4AR) was selected, namely the SRES A2 (“AR5 Synthesis Report: Climate Change 2014 — 

IPCC,” n.d.). The structure of the SRES A2 closely resembles the worst-case scenario for GHG in 

the atmosphere, which assumes that no further efforts will be made to reduce emissions.

Although newer weather simulation software, such as the Future Weather Generator 

(FWG) (Rodrigues, Fernandes, and Carvalho 2023), has been developed, the authors validated the 

use of CCWWG in this analysis by comparing the future environmental conditions obtained for 

the location of the case study building with those generated by the FWG, which yielded similar 

results. Finally, it is worth clarifying the nomenclature used by the authors in Section 3, Results. 

The term Present refers to results obtained using the TMY3 and TMYx files, while the term Future 

corresponds to results derived using the weather files generated by CCWWG for 2050 and 2080. 

In this case, the future years do not represent exact dates but encompass monthly average values 

for the weather files during the following periods: from 2040 to 2069 for 2050, and from 2070 to 

2099 for 2080, respectively (“HadCM3 Climate Scenario Data,” n.d.). 
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2.5 Energy and CFD modeling and validation

CFD is a numerical simulation method used to model fluid flow and heat transfer processes 

within a computational domain. It involves solving the governing equations of flow, including 

momentum, energy, turbulence, scalar/mass fraction, and mass continuity, within a domain 

divided into small volumes called cells, which collectively form a grid. Linear equations are 

applied to each cell, creating a system of equations that is iteratively solved to determine variable 

values and investigate heat transfer processes and airflow patterns.

Various modules within the IES VE software (IES VE, n.d.) were used to run the energy 

and CFD simulations, including ModelIt, MacroFlo, MicroFlo, and VistaPro. The features of each 

module are described as follows: i) ModelIt was used to define building parameters and site 

properties including model geometry, building orientation, window-to-wall ratio, and construction 

materials, as detailed in Table 5. The case study building modelled in the IES VE software is 

shown in Figure 4. All the parameters used in the simulation software were meticulously collected 

under real-world conditions to ensure accurate and realistic outcomes; ii) MacroFlo module 

employs a zonal airflow model to calculate bulk air movement within and through the building to 

analyze infiltration and natural ventilation. Input data pertaining to the historic building openings 

and their characteristics (e.g., exposure types, percentage, and degree of opening, and daily, 

weekly, or yearly modulating profiles) were defined, and different ventilation profiles were created 

for each one of the strategies listed in Table 4. Additionally, the air infiltration rate of the whole 

envelope was set to 2.032 l/(s m2) in the simulations, considering the case study building as a leaky 

construction. This value for the air infiltration was based on both proposed rates for historic 

buildings and the low levels of airtightness usually associated with detached houses, such as the 

case study (Cho et al. 2022b; Tiberio and Branchi 2013); iii) VistaPro module (Integrated 
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Environmental Solutions Limited (IES), n.d.) was used to simulate the indoor environmental data 

needed to compare the different ventilation strategies; iv) MicroFlo module (“CFD: MicroFlo User 

Guide IES VE 2015,” n.d.) was used to generate the final CFD graphs by importing boundary 

conditions from VistaPro. Apache Energy Simulation results were used to set wall and window 

surface temperatures as boundary conditions for the CFD model in MicroFlo which is a steady 

state analysis tool.

[Table 5 near here].

[Figure 4 near here].

The CFD simulations were run for the natural ventilation strategies listed in Table 4 on two 

representative days during the cooling season using the present, 2050, and 2080 weather data. 

Since the cooling period ranged from May to September, encompassing both spring and summer, 

a representative day of each season was chosen to assess the overall performance of the natural 

ventilation strategies. Specifically, the representative days selected in this analysis were May 8th 

(spring) and July 23rd (summer) as ventilation rates were high. 12:00 pm was selected for the CFD 

simulations due to its alignment with peak solar radiation and outdoor temperatures, enabling the 

assessment of the building's behavior under extreme thermal loads and facilitating straightforward 

comparisons between the ventilation strategies. This time allows for the analysis of the building's 

response to peak thermal loads, which can be crucial for understanding its performance under 

extreme conditions (Fatnassi et al. 2023; Bay, Martinez-Molina, and Dupont 2022). Additionally, 

12:00 pm is a convenient time for comparisons between the different ventilation strategies, as it 

provides a consistent reference point for evaluating changes in temperature and airflow patterns. 

To avoid the influence of external factors on the assessment of natural ventilation for passive 

cooling, the simulations were performed with the structure in its free-floating state, i.e. without 

mechanical ventilation systems installed and with no presence of occupants (occupancy set to 0).
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Regarding the boundary conditions for the CFD model, wall surface temperatures in 

present scenarios were defined as 27.9°C (May 8th) and 39°C (July 23rd), while window 

temperatures were 28.1°C (May 8th) and 40.1°C (July 23rd). In the 2050 scenarios, these values 

were 31.5°C and 45°C for wall surface temperatures, and 31.7°C and 45.3°C for window surface 

temperatures. For the 2080 scenarios, the wall surface temperatures reached 36°C (May 8th) and 

47.1°C (July 23rd), and the window surface temperatures were defined as 36.1 (May 8th) and 

47.9°C (July 23rd). The surface temperatures for CFD boundary conditions of the models are 

exported by Apache which is a dynamic thermal simulation program that utilizes first-principles 

mathematical modeling to simulate heat transfer processes within and around a building. The 

simulation uses real weather data and can cover any period from a day to a year, tracking the 

building’s thermal conditions at intervals as small as one minute. The initial surface temperatures 

are established based on the boundary conditions obtained from Apache results using the Vista 

application. By selecting the thermal zone to be simulated in CFD, the boundary conditions are 

imported through the "Import boundary data" feature. So, the following parameters of the 

boundary conditions are automatically assigned to the model: i) all surface (wall, window, door 

and hole) temperatures, ii) flows through MacroFlo openings, and iii) convective component of 

the internal gains (instantaneous additions of heat to the zone air) specified in the room template 

of Apache.

In the CFD settings, discretization scheme is defined as Upwind scheme. Additionally, the 

standard k-e turbulence model was used in MicroFlo to assess the grid cell’s turbulent viscosity 

throughout the calculation domain. This turbulence model is widely used in the related literature 

providing accurate results in the context of CFD investigations (Savicki, Goulart, and Becker 2021; 

Ramdlan et al. 2016; IESVE 2021), so it was chosen as the default model in the selected software. 
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The default grid spacing and merge tolerance are established in Table 6. The merge tolerance 

allows grid lines that are closer than the specified tolerance to be combined into a single line, 

reducing unnecessary gridding. The system grid was defined in the x, y, and z directions using 

three grid constraints. In CFD applications, computational grid cells define the solution domain, 

with the number and size of the cells determining the resolution of the calculation. Since this study 

analyses internal flow inside the different areas of the building, the computational domain is 

confined within the geometrical boundaries of the building. Boundary conditions are applied 

directly to these surfaces. Setting the minimum opening flow rate to 0.0001 m3/s, the inlet air 

velocity conditions were imported into the CFD module from Apache energy simulation results, 

and the data for each inlet were interpreted using the generated CFD graph. Additionally, the CFD 

grid was created with the maximum cell aspect ratio under 12:1 to ensure a high level of resolution. 

The grid cells defined for each model were as follows: the first floor (horizontal section from 1.5 

m) with 3,266,856 cells, the second floor (horizontal section from 5.5 m) with 3,363,890 cells, and 

the first floor with the staircase (vertical section) with 3,487,655 cells. Cells can vary in size and 

are typically categorized as increasing, decreasing, or uniform. Smaller and uniform grid cells are 

usually defined in areas with significant solution gradient variables. For efficiency in computing 

time, it is common to vary the grid size spatially, increasing or decreasing it away from critical 

areas. Due to the grid limitations in MicroFlo, which make it challenging to incorporate complex 

forms, the modeled building was kept simple to avoid exceeding the maximum aspect ratio (Table 

6).

Convergence criteria are predefined limits in CFD simulation software that indicate when 

a numerical solution for a set of equations has reached a stable value. In this study, a total of 2,000 

iterations per simulation was set in IES VE. Additionally, the convergence of the numerical 
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solutions in each CFD simulation was assessed through the residuals of the solutions provided by 

the software, which ranged from 10-5 to 10-4. These are typical values associated with the 

convergence of solutions in CFD simulations (Sørensen and Nielsen 2003; IESVE 2021).

[Table 6 near here].

Finally, the case study building modelled in IES VE software was validated using the 

indoor air temperature and relative humidity measurements from the environmental data collection 

campaign. The validation variables were selected based on the research’s objectives, focusing on 

analyzing the impact of various natural ventilation scenarios on indoor conditions and occupant 

comfort. These variables are also reliable in ensuring validation robustness, and are utilized in 

many similar research studies to validate CFD models (Lerma et al. 2021; Pérez-Vega et al. 2021; 

Bay, Martinez-Molina, and Dupont 2022; Yohana et al. 2017; Iskandar, Bay-Sahin, et al. 2024). 

The measured data from the monitoring campaign and the simulated values yielded by the VistaPro 

module were both at the testing height of 1.10 m, in accordance with ASHRAE Standard 55 

(“ANSI, ASHRAE. Standard 55 - Thermal Environmental Conditions for Human Occupancy.” 

2017) guidelines for consistency between seated and standing occupants. Although the validation 

was performed for the entire cooling season, Figure 5 depicts the simulated and measured values 

of indoor air temperature and relative humidity during the selected representative days (and one 

day prior) for the CFD simulations: May 7th and May 8th in spring, and July 23rd and July 24th in 

summer.

[Figure 5 near here].

 Uncertainty indices, including normalized mean biased error (NMBE) and coefficient of 

variation of the root mean square error (CV(RMSE)), were calculated as per ASHRAE Guideline 

14 (ASHRAE Guideline 14 2014) by means of Eqs. (1) and (2):
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NMBE (%) =
1
Y

∑N
i=1 Yi ― Yi

N ― p × 100 , #(1)#

CV(RMSE) (%) =
1
Y

∑N
i=1 Yi ― Yi

2

N ― p × 100 .  #(2)#

In this context, 𝑌𝑖 represents the measured value for the indoor air temperature and relative 

humidity, Yi stands for the simulated value for the same variables given by IES VE software, and 

Y corresponds to the average of measured values 𝑌𝑖. Moreover, 𝑁 is the total number of data points 

used in the analysis, and 𝑝 denotes the modifiable model parameter. ASHRAE recommendations 

for hourly validation are NMBE and CV(RMSE) not to exceed ±10% and 30%, respectively. The 

results of the validation are summarized in Table 7, meeting ASHRAE’s requirements, thus 

validating the model predictions and indicating the model's reliability and accuracy. It is worth 

noting that the model was also validated for the entire cooling season, and the metrics NMBE and 

CV(RMSE) were within the accepted ASHRAE recommendations, although only the selected 

representative days are depicted for simplicity. 

[Table 7 near here].

3. Results 

In this section, the results of the energy simulations are investigated. Hourly indoor 

environmental conditions in the historic building were simulated for the various ventilation 

strategies outlined in Table 4. Three different weather files corresponding to the structure’s 

location in the present, 2050, and 2080 were employed in the simulations to quantify and assess 

the effectiveness of these strategies during the cooling season, namely from May to September. 

Additionally, two representative days, May 8th, and July 23rd, were selected for spring and summer 

for CFD analysis of temperature and air velocity distribution throughout the building.
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3.1 Environmental data analysis

3.1.1 Weather conditions in San Antonio during the cooling season

The results for outdoor environmental variables, depicted in black in Figure 6 (numerical 

values summarized in Table 9), exhibited consistent trends throughout the current century for the 

case study location, with differences in recorded values. Present weather data showed the lowest 

air temperatures at the beginning and end of the cooling season, with an upward trend from May 

to July, followed by a decrease from July to September. Monthly averages were 24.9°C, 27.2°C, 

29.6°C, 27.7°C, and 24.5°C from May to September, respectively (Figure 6 i-a). This trend 

persisted in 2050 and 2080, with an overall increase of 4°C and 7°C on average in 2050 and 2080, 

respectively, compared to present weather data (Figure 6 i-b and i-c). The highest monthly average 

outdoor air temperatures were 34.1°C and 36.6°C in July 2050 and July 2080, respectively. 

Outdoor air relative humidity remained relatively constant around 70% throughout the cooling 

season in present weather data, except for lows and highs in July (58.8%) and September (76.3%), 

respectively (Figure 6 ii-a). Similar trends were observed in 2050 and 2080, with an overall 

decrease in monthly average relative humidity of approximately 10% and 20% in 2050 and 2080, 

respectively, compared to present weather data (Figure 6 ii-b and ii-c). The lowest relative 

humidity levels were recorded in July in both 2050 (45.8%) and 2080 (39.8%).

Finally, wind speed and direction are critical factors for evaluating the impact of natural 

ventilation strategies for passive cooling in buildings without mechanical ventilation systems, such 

as the historic structure in this study. Present weather data showed relatively constant wind speeds 

in May and June at 2.2 m/s, with the highest recorded value in July at 3.4 m/s (Figure 6 iii-a). 

Monthly average wind speeds then decreased in August and September to around 2.5 m/s. A 

similar pattern was observed in 2050 and 2080, with significant differences in values, particularly 
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in July and August of both years (Figure 6 iii-b and iii-c). The highest values reached around 4 m/s 

in July 2050 and slightly exceeded this value in July 2080, while the monthly average in August 

was about 3.2 m/s in both years.

3.1.2 Simulated results during the cooling season

The simulated results for the indoor environmental variables are depicted in Figure 6 

(numerical values summarized in Table 9) for each of the natural ventilation strategies listed in 

Table 4, and for both present and future weather data, as average of the entire building. The 

difference between the value of a studied environmental factor in 2050 or 2080 weather data and 

its value in the present weather data is represented by Δ𝑥 = 𝑥2050, 2080 ― 𝑥𝑃𝑟𝑒𝑠𝑒𝑛𝑡, where 𝑥 stands 

for temperature (T), relative humidity (RH), air velocity (vair), and ventilation rate (Q).

The impact of natural ventilation on passive cooling is evident, with S1 exhibiting the 

highest indoor air temperature compared to the other strategies throughout the entire cooling 

season in both present and future scenarios (Figure 6 i-a). The monthly average for May and 

September in the current weather data for S1 was about 30°C, while the middle months of the 

cooling season reached almost 36°C. S2,S3, and S4 followed the same trend and similar values as 

the outdoor average monthly temperatures (section 3.1.1). Although the indoor air temperatures 

for S2, S3, and S4 were very similar, there was an overall decrease of about 5°C compared to S1 

(Figure 6 i-a). For 2050 and 2080, all four natural ventilation strategies exhibited the same pattern 

as the outdoor average monthly temperatures, with higher values compared to the present 

temperature data. The highest indoor air temperatures were recorded in July 2050 and July 2080 

for S1, reaching around 40°C (ΔT = 5°C) and 43°C (ΔT = 7°C), respectively (Figure 6 i-b and i-

c). In contrast, the lowest values in S1 were recorded at the beginning and end of the cooling 

period, around 33°C in 2050 (ΔT = 3°C), and around 36°C in 2080 (ΔT = 6°C). For S2, S3 and 
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S4, the highest temperatures reached 35°C (ΔT = 5 °C) and 37°C (ΔT = 7°C) in July 2050 and 

July 2080, respectively, while the lowest values were observed in both May and September at 28°C 

in 2050 (ΔT = 3°C) and 31°C in 2080 (ΔT = 6°C). 

Similarly, indoor air relative humidity was heavily impacted by the natural ventilation 

strategies. For the present weather data, indoor air relative humidity in S1 remained relatively 

constant around 50% throughout the cooling season, except for lows and highs in July (39.7%) 

and September (58.5%), respectively. S2, S3, and S4 exhibited similar pattern and values, closely 

following outdoor relative humidity conditions (section 3.1.1). For the future weather data, all four 

ventilation strategies also followed the same pattern. Interestingly, the general trend for average 

indoor relative humidity in both 2050 and 2080 was opposite to that of average indoor temperature, 

with relative humidity decreasing as temperature increased. The pattern in each of the two studied 

years mirrored that of the corresponding outdoor conditions, with S2, S3, and S4 exhibiting almost 

identical indoor and outdoor air relative humidity values. In 2050 and 2080, S1 consistently 

maintained the lowest indoor air relative humidity compared to the different ventilation strategies, 

with an average difference of 12% between S1 and the other scenarios throughout the entire 

cooling season (Figure 6 ii). Generally, indoor relative humidity values were lower in 2050 and 

2080 compared to the present data, with an average decrease of ΔRH = -8% in 2050 and ΔRH = -

13% in 2080. 

Finally, the ventilation rates were also investigated for S2, S3 and S4 where natural 

ventilation is in effect. For the different years, S3 yielded the highest ventilation rates, followed 

by S4, then S2 (Figure 6 iv). Specifically, the highest values for S3 were observed at 1,010 l/s in 

July (present), 1,070 l/s in July 2050, and 1,116 l/s in July 2080, respectively. The ventilation rate 

trends for S2 and S4 were very similar in the three years investigated in this study, with values 
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ranging from 105 l/s to 668 l/s, and no significant fluctuations between present and future weather 

data. The highest values in both ventilation strategies were obtained in the middle of the cooling 

season, namely in July, and the lowest in May and September, following the same trend as the 

outdoor wind speeds (Figure 6 iii). S3 followed this same trend in the three analyzed periods.

[Figure 6 near here].

3.2 CFD results for two representative days during the cooling season 

3.2.1 Results for the present weather data

For the present weather data, the simulated results for May 8th and July 23rd are depicted 

in Figures 7 and 8, respectively. The highest average indoor air temperature was recorded in S1 on 

both May 8th (28.8 °C, Table 8) and July 23rd (33.2 °C, Table 8), with no air movement occurring 

inside the building. Due to thermal stratification, temperatures on the second floor were 

consistently about 1°C higher than those on the first floor in both seasons (Figures 7a-b and 8a-b). 

However, the air temperature distribution on each floor was overall uniform. Finally, the stack 

effect caused the lowest air temperature at the bottom of the staircase on both days (Figures 7c and 

8c). 

In S2, the average indoor air temperature was 26.4°C on May 8th and 30.2°C on July 23rd 

(Table 8), representing a decrease of 2.4°C and 3°C compared to S1 for the two days, respectively. 

Airflow near the windows resulted in consistently lower temperatures in those areas compared to 

other zones on the same floor (Figures 7d-e and 8d-e). Indoor air velocity, depicted in Figures 7f 

and 8f, was higher on May 8th (up to 1.65 m/s) than on July 23rd (up to 0.75 m/s) resulting in more 

pronounced temperature variations on May 8th, while the indoor air temperature distribution on 

July 23rd was more uniform throughout the building. On May 8th, rooms with lower air 

temperatures were located in the prevailing wind direction, namely southeast. It is important to 
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note that wind velocity was lower near windows shaded by the porch. However, the shaded rooms, 

particularly the living room (see Figure 3 for the distribution of the spaces within the building), 

maintained the lowest temperatures throughout the building due to the porch's impact in reducing 

mean radiant temperatures from solar radiation (Figure 7d).

S3 achieved lower average indoor air temperatures compared to S2, with values of 25.6°C 

on May 8th (0.8°C lower than S2) and 29.1°C on July 23rd (1.1°C lower than S2). This strategy 

involved opening windows on the north and south facades to create an airflow in the dominant 

direction of the prevailing winds (Table 3), which contributed to replacing the interior warm air 

with fresher outside air and thus achieving comfort ventilation (Figures 7i and 8i). This airflow 

reduced indoor air temperatures on both representative days, particularly in the areas near the open 

windows (Figures 7g-h and 8g-h). Interestingly, the second floor exhibited slightly higher 

temperatures in S3 than in S2, while the first floor was consistently cooler in S3. The impact of 

cross ventilation on indoor air temperature in S3 was more pronounced on May 8th than on July 

23rd due to the higher air velocity resulting in a more uniform indoor air temperature distribution 

throughout the building on July 23rd (Figures 8g-h-i).

In S4, the average indoor air temperature was 25.7°C on May 8th and 29.7°C on July 23rd 

(Table 8), achieving temperatures similar to those in S3 and lower values than S2 and S1. Stack 

ventilation is based on density and pressure differences between hot and cold air; hot air rises while 

cold air moves downward, creating a current due to air temperature differences. On the two days 

analyzed, the airflow created towards the attic through the staircase (Figures 7l and 8l) contributed 

to lowering the air temperature in exposed areas (Figures 7j-k and 8j-k). The coolest area on both 

floors on May 8th was consistently the staircase (Figures 7j-k). Lower temperatures were also 

observed in the first-floor rooms, especially in the shaded living room, even though air movement 
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was slower near the shaded windows. The bedrooms on the second floor in S4 exhibited higher 

temperatures compared to S2 and S3 but remained cooler than in S1 (Figures 7b-e-h-k). On July 

23rd, the airflow created by stack ventilation, although with faster air velocity near the staircase 

(Figure 8l), did not significantly alter the air temperature distribution in the building (Figures 8j-

k). Interestingly, temperatures on the second floor were slightly lower than on the first floor and 

than in S2 and S3 in this case (Figures 8e-h-j-k).

[Figure 7 near here].

[Figure 8 near here].

[Table 8 near here].

3.2.2 Results for the future weather data

For the future weather data, the simulated results for May 8th and July 23rd are depicted in 

Figures 9 and 10 for 2050, and Figures 11 and 12 for 2080, respectively. The results for S1 showed 

an average indoor air temperature of 30.2°C in spring 2050 (ΔT = 1.4°C), 33.8°C in spring 2080 

(ΔT = 5.0°C), 43.0°C in summer 2050 (ΔT = 9.8°C), and 45.5°C in summer 2080 (ΔT = 12.3°C), 

representing the highest values among the simulated air temperatures for the different ventilation 

strategies (Table 8). Temperature distribution in this case was similar to that in present weather 

data, except for cooler temperatures observed in the staircase on May 8th, 2050 (Figure 9c). A 

similar impact was noted on May 8th, 2080, but it was less pronounced (Figure 11c). 

The outcomes for S2 showed an average indoor air temperature of 28.7°C in spring 2050 

(ΔT = 2.3°C), 32.9°C in spring 2080 (ΔT = 6.5°C), 39.3°C in summer 2050 (ΔT = 9.1°C), and 

42.0°C in summer 2080 (ΔT = 11.8°C); numerical values summarized in Table 8. In 2050 and 

2080, the air velocity in spring was significantly lower than in present weather data (Figures 7f, 9f 

and 11f), with air movement perceived almost exclusively near the east facade windows (Figures 
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9f and 11f), while in present weather data, the air velocity was considerable near south-facing 

windows as well. This, coupled with higher outdoor temperatures in both future studied years, 

resulted in higher indoor air temperatures near the windows than those measured in other zones on 

the same floor, opposite to results obtained for the present weather data (Figures 7d-e, 9d-e, and 

11d-e). This also caused the warmest rooms to be those aligned with the east wind direction and 

not shaded, namely the dining room and the east bedroom. On the representative summer day in 

2050 and 2080, air velocities were lower than in spring, and outdoor temperatures were much 

higher (up to 9°C higher than in spring), resulting in a more even distribution of indoor 

temperatures, with higher values perceived near the east-facing windows and in unshaded east-

oriented rooms, similar to spring. 

The results for S3 showed an average indoor air temperature of 28.4°C (ΔT = 2.8°C) in 

spring 2050, 32.4°C in spring 2080 (ΔT = 6.8°C), 39.2°C in summer 2050 (ΔT = 10.1°C), and 

41.9°C in summer 2080 (ΔT = 12.8 °C); numerical values summarized in Table 8. On the 

representative spring day, the indoor air velocity in both studied years was significantly lower near 

the south windows compared to the results for the present weather data (Figures 7i, 9i, and 11i), 

resulting in a more even indoor temperature distribution. The coolest zone in the building was the 

living room due to the shade provided by the porch (Figures 9g and 11g), and the second floor was 

significantly hotter than the first floor, especially in 2080 (Figures 9g-h and 11g-h). On the summer 

representative day, low air velocity was perceived in both future studied years, similar to the 

present weather data, resulting in similar uniform indoor air temperature distribution. However, 

the higher outdoor temperatures in the future years caused no visible difference in indoor 

temperatures between the first and second floors, opposed to the case with the present data. 
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In S4, the average indoor air temperature was 27.9°C in spring 2050 (ΔT = 2.2°C), 31.7°C 

in spring 2080 (ΔT = 6.0°C), 39.3°C in summer 2050 (ΔT = 9.6°C), and 41.9°C in summer 2080 

(ΔT = 12.2°C); numerical values summarized in Table 8. On the spring representative day of both 

studied future years, the airflow created towards the attic through the staircase contributed to 

lowering the air temperature in the exposed areas on the first floor (Figures 9j-l and 11j-l). The 

warmer outside air entering through the east-facing windows resulted in an increase in indoor air 

temperatures near these windows on the first floor (Figures 9j and 11j). However, the shaded living 

room remained cooler than the non-shaded dining room, even though they both have east-oriented 

windows. Due to lack of ventilation on the second floor, temperatures were evenly distributed and 

higher than on the first floor. On the summer representative day of both 2050 and 2080, the air 

velocity was extremely low and air temperature distribution was uniform throughout the building 

(Figures 10j-k-I and 12j-k-l).

[Figure 9 near here].

[Figure 10 near here].

[Figure 11 near here].

[Figure 12 near here].

4. Discussion

The complexity of hot-humid climate zones and anticipated increase in temperatures in the 

next years have often resulted in the incorporation of very invasive mechanical systems in existing 

buildings to meet occupants’ thermal comfort needs (“ANSI, ASHRAE. Standard 55 - Thermal 

Environmental Conditions for Human Occupancy.” 2017). In historic buildings, this approach is 

very problematic as it can cause irreparable damage to unique materials and features and cause 

unwanted problems such as moisture buildup in the envelope materials since these buildings were 
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not originally designed to host mechanical systems (National Trust for Historic Preservation, n.d.). 

Exploring passive strategies for cooling historic buildings in the present and future is necessary in 

this context to combine the requirements of historic preservation with those of energy efficiency 

and thermal comfort enhancements. Since natural ventilation is one of the most efficient passive 

cooling strategies in hot-humid climates (Nagasue et al. 2024), this paper investigated the potential 

of different natural ventilation approaches in cooling a historic residential building located in such 

a climate, both in the present and in future years in this century (2050 and 2080). 

Since the building is constructed with low-thermal mass materials, namely wood, the 

impact of the outdoor environmental conditions is prominent on the indoor environment, as shown 

in the simulated environmental data results. Moreover, these structures are more prone to high heat 

gains through solar radiation, which can increase indoor temperatures significantly, sometimes 

surpassing outdoor temperatures due to heat retention. Numerous and large operable windows 

were typical in historic buildings to maximize ventilation and help improve thermal comfort 

(Everett 1999b; Hensley and Aguilar 2011). The airflow created by the opening of the windows 

mitigates heat buildup by allowing fresh outside air to enter the building and renew the present 

one. In this case study, the three investigated natural ventilation strategies, namely ventilation at 

full capacity, cross ventilation, and stack ventilation, were all successful in lowering indoor 

temperatures significantly compared to the baseline scenario S1 where no ventilation was in effect 

(about 5°C decrease), in both the present and future studied years, indicating the effectiveness of 

these strategies in this context. However, this impact was less pronounced compared to the outdoor 

conditions, suggesting that natural ventilation strategies may struggle to maintain indoor comfort 

levels when external temperatures are uncomfortable. Moreover, higher indoor relative humidity 

values were perceived in the three studied strategies compared to the baseline scenario S1 (up to 
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16% increase), but consistently always lower than outdoor levels in all strategies. High relative 

humidity values can be problematic in historic buildings as moisture buildup can negatively impact 

thermal comfort as well as materials conservation (Yuk et al. 2023), but the studied strategies 

proved to be successful in decreasing the indoor values at least below the high outdoor values, in 

the present and future studied years. 

Interestingly, the environmental data showed a close correlation between outdoor air 

velocity and indoor ventilation rates. When the monthly environmental data is analyzed, no strict 

correlation can be perceived between indoor ventilation rate and indoor air temperature or relative 

humidity values, as the highest ventilation rates were always recorded in S3, while the lowest 

indoor air temperatures were achieved by S2, and the lowest indoor relative humidity values were 

reached in S4. However, in the analysis of the two representative days, a close relationship was 

observed between indoor ventilation rates and indoor temperature. The highest indoor ventilation 

rates were often coupled with the lowest average indoor temperatures in the building, with S3 

being the most efficient strategy in lowering average indoor temperatures on both the spring and 

summer representative days. 

Moreover, the CFD analysis illustrated a relationship between air velocity and indoor 

temperature distribution, as higher air velocities resulted in higher or lower indoor temperatures in 

the exposed areas than in other areas of the building, while low air velocities caused more uniform 

temperature distributions. Lower indoor temperatures were recorded only in the present weather 

data when outdoor temperatures were moderate. However, in 2050 and 2080, higher outdoor 

temperatures were recorded (up to 4.5°C higher in 2050 and 7.3°C higher in 2080). In this case, 

high air velocity resulted in an increase in the indoor temperatures of the exposed areas. As the 

prevailing wind direction in San Antonio during the monitoring campaign was southeast, with a 
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dominant south orientation, south and north windows were open in S3 to examine the impact of 

cross ventilation through the most influential wind direction. The environmental and CFD 

simulation results showed that the deep porch reduced air velocity from the south orientation, 

aligning with findings from Argiriou et al.'s study on the effect of shading devices on airflow 

across large openings in natural ventilation (Argiriou, Balaras, and Lykoudis 2002). Higher air 

movement was noted near east-oriented windows, particularly those unshaded by the porch. 

Despite this reduction in air velocity, indoor temperatures were consistently lower in the shaded 

rooms compared to unshaded rooms with higher air velocity. This underscores the greater impact 

of heat gains through solar radiation compared to air velocity, particularly in low-thermal mass 

buildings. 

The accumulative analysis of environmental and CFD simulated data can provide 

invaluable information on the impact of natural ventilation strategies both in the present and in the 

future. While all natural ventilation strategies were successful in decreasing indoor temperatures 

compared to no natural ventilation, their impact is only positive when outdoor temperatures are 

moderate. In the adverse climate conditions of San Antonio, especially in summer, natural 

ventilation is not sufficient to provide thermal comfort and ensure the conservation of historic 

materials and features in the present or future. Therefore, a mixed-mode ventilation system can be 

considered to lower the energy consumption of the building, especially in spring. Among the 

natural ventilation strategies, cross ventilation proved to yield the highest indoor ventilation rate 

and lowest indoor temperatures compared to other natural ventilation strategies. Stack ventilation 

was the most efficient in decreasing relative humidity values, but high temperatures were 

consistently observed on the second floor. This strategy can be efficient during the day, when 

relative humidity values are high and the bedrooms on the second floor are not in use.
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It is important to acknowledge that this study focused solely on natural ventilation, 

excluding potential synergies with other passive strategies, to maintain a focused analysis of its 

specific dynamics without introducing confounding effects. However, combining multiple passive 

cooling strategies can significantly improve occupants’ thermal comfort, reduce energy 

consumption, and enhance the preservation of historic buildings. For instance, (S. Liu et al. 2020) 

highlighted the critical role of airtightness and solar shading in maximizing indoor thermal comfort 

and minimizing energy consumption under future climate scenarios in hot and humid conditions. 

Additionally, (Azmi et al. 2023) emphasized the importance of improving the building envelope’s 

thermal performance to mitigate thermal loads from the external environment, as well as 

encouraging occupants to actively operate passive systems, such as opening windows or using 

fans, instead of relying on HVAC systems. Therefore, future research should explore the combined 

effects of various passive strategies to provide a more comprehensive analysis of passive cooling 

in historic buildings.

5. Conclusion

The built heritage constitutes a considerable and valuable stock that requires specific care 

to enhance energy efficiency, ensuring its continued use and reducing GHG emissions resulting 

from poor energy performance or the demolition of these structures. It also has unique architectural 

and environmental characteristics and entails specific preservation requirements, which makes the 

exploration of passive retrofit approaches extremely necessary. Particularly, low thermal mass 

historic buildings are notably sensitive to outdoor environmental conditions and face constrained 

options for energy retrofit solutions due to strict preservation mandates. Additionally, they may 

encounter challenges related to maintaining material structural and architectural integrity which 

narrows the selection of suitable retrofit strategies. Natural ventilation is deemed a safe passive 
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cooling approach for this building typology, but previous research has overlooked the effectiveness 

of various natural ventilation strategies in cooling these buildings, especially under anticipated 

future climate conditions. This study aims to fill this gap by analyzing the climatic potential of 

different natural ventilation strategies as a passive cooling approach in a historic residential case 

study, particularly in a hot-humid climate. The investigated potential includes the present as well 

as two future periods in this century, namely 2050 and 2080, and the selected strategies were 

natural ventilation at full capacity, cross ventilation, and night ventilation. An environmental 

monitoring campaign was performed to gather in-situ environmental data, which served to validate 

energy and CFD models used to conduct the analysis. CCWWG was used to generate future 

weather files to simulate the potential of the selected natural ventilation strategies in the upcoming 

years.

It was found that all three strategies are successful in significantly lowering indoor 

temperatures compared to a baseline scenario with no ventilation. However, the impact of natural 

ventilation strategies is less pronounced compared to outdoor conditions, suggesting challenges in 

maintaining indoor comfort levels when external temperatures are uncomfortable, particularly in 

summer and in the future. Despite this, the strategies prove successful in decreasing indoor relative 

humidity values, which can be problematic in historic buildings. A close correlation was also 

perceived between outdoor air velocity and indoor ventilation rates as well as between indoor 

ventilation rate and average indoor air temperature. Moreover, higher air velocities caused a 

decrease in indoor temperatures in ventilated areas when outdoor temperatures were moderate, 

while producing the opposite impact when outdoor temperatures were high. Lower air velocities 

usually resulted in a uniform distribution of indoor temperatures. The study suggests that natural 

ventilation strategies can enhance energy efficiency in historic buildings, while preserving their 
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unique characteristics. Unfortunately, natural ventilation alone is not sufficient to ensure thermal 

comfort throughout the entire cooling season, which indicates the potential necessity of a mixed-

mode ventilation system, especially in the face of climate change.

Future research could further refine these strategies for different historic building 

typologies and explore their integration with other sustainable technologies. Long-term monitoring 

of buildings implementing these strategies could provide valuable insights into their effectiveness 

and durability over time. Finally, the findings of this study offer valuable insights into selecting 

optimal passive cooling methods, particularly through natural ventilation, for both current and 

future application in historic buildings throughout the present century. This includes ensuring 

occupants' thermal comfort, preserving the historical integrity of the buildings, and decreasing 

energy consumption and GHG emissions. Additionally, these findings contribute to the 

development of a more resilient stock of historic buildings capable of addressing potential 

challenges arising from increasing temperatures due to climate change. The methodology 

employed in this research is designed to be replicable and adaptable, making it applicable to 

numerous low thermal mass historic buildings in hot-humid climates worldwide.
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Appendix A

The numerical results of the environmental variables obtained to assess the impact of the 

different natural ventilation strategies on passive cooling in the case study building are summarized 

in Table 9. Specifically, this table contains the monthly average of the environmental variables 
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during the cooling season, including indoor and outdoor air temperature and relative humidity, and 

indoor ventilation rates.

[Table 9 near here].
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Figure 1. Applied methodology.

  Step 1: Environmental data collection campaign
  Using indoor and outdoor temperature and relative humidity data loggers

  Step 2: Modeling the case study building in IES VE
  Using actual floor plan and in-situ measurements

 Step 3: Validating the model
 Using measured environmental data and ASHRAE indices

 Step 4: Generating future weather data in CCWorldWeatherGen
 Using the Morphing technique

Step 5: Simulating energy performance of different natural ventilation strategies in the 
present and future
Analyzing environmental conditions for each natural ventilation strategy in the present, 
2050, and 2080 

Step 6: CFD simulations for two representative days (spring and summer)
Analyzing temperature and air velocity distributions 
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Figure 2. The Kelso House after the exterior restoration, as viewed from the southeast orientation. Source: Assaad 
Akle, 2023.
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Figure 3. Placement of the indoor and outdoor temperature and relative humidity data loggers on the first and second 
floors. An additional data logger was placed on the attic level (not shown).
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Figure 4. Simplified model of the building simulated in the IES VE software.
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Figure 5. Model validation for the representative days: indoor air temperature (top) and relative humidity (bottom). The 
solid lines represent simulated values, while the colored bands correspond to the maximum and minimum values 
recorded over those days.
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Figure 6. Monthly averages of the environmental variables throughout the cooling season. From top to bottom: i) air 
temperature and ii) relative humidity, iii) outdoor air velocity, and iv) ventilation rates within the building. From left to 
right: time evolution of the environmental values for the a) present weather data, b) 2050 weather data, and c) 2080 
weather data. Outdoor environmental values correspond to the location of the building in San Antonio, Texas, USA.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

For
 Peer

 R
ev

iew



Page 139 of 153

Figure 7. Air temperature and airflow graphs for May 8th using present weather data. From top to bottom row: air 
temperature (1st floor plan); air temperature (2nd floor plan); air temperature (vertical east-west section through 
staircase) for S1, and airflow (1st floor plan) for S2, S3, and S4.
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Figure 8. Air temperature and airflow graphs for July 23rd using present weather data. From top to bottom row: air 
temperature (1st floor plan); air temperature (2nd floor plan); air temperature (vertical east-west section through 
staircase) for S1, and airflow (1st floor plan) for S2, S3, and S4.
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Figure 9. Air temperature and airflow graphs for May 8th, 2050. From top to bottom row: air temperature (1st floor plan); 
air temperature (2nd floor plan); air temperature (vertical east-west section through staircase) for S1, and airflow (1st 
floor plan) for S2, S3, and S4.
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Figure 10. Air temperature and airflow graphs for July 23rd, 2050. From top to bottom row: air temperature (1st floor 
plan); air temperature (2nd floor plan); air temperature (vertical east-west section through staircase) for S1, and airflow 
(1st floor plan) for S2, S3, and S4.
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Figure 11. Air temperature and airflow graphs for May 8th, 2080. From top to bottom row: air temperature (1st floor plan); 
air temperature (2nd floor plan); air temperature (vertical east-west section through staircase) for S1, and airflow (1st 
floor plan) for S2, S3, and S4.
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Figure 12. Air temperature and airflow graphs for May 8th, 2080. From top to bottom row: air temperature (1st floor plan); 
air temperature (2nd floor plan); air temperature (vertical east-west section through staircase) for S1, and airflow (1st 
floor plan) for S2, S3, and S4.
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Table 1. Characteristics of the case study building’s envelope.
Characteristic Description
Exterior walls Wood-frame walls with wood shingle cladding. U-value = 1.33 W/m2·K
Roof Pitched wood-frame roof with wood shingles. U-value = 0.97 W/m2·K
Floor Wood joists and hardwood finish. U-value = 2.08 W/m2·K
Windows Single-glazed wood windows. U-value = 5.28 W/m2·K
Infiltration 10 ACH
HVAC system No HVAC system. Naturally ventilated building.
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Table 2. Specifications of the data loggers used in the monitoring campaign.
Environmental conditions Brand and Model Range Accuracy Response

Indoor Air Temperature HOBO® MX1101 [-20, 70] °C  0.21 °C 60 sec.

Indoor Relative Humidity HOBO® MX1101 [1, 90] % ± 2.0 % 20 sec.

Outdoor Air Temperature HOBO® MX2301A [-40, 70] °C  0.25 °C 60 sec.

Outdoor Relative Humidity HOBO® MX2301A [0, 100] % ± 2.5 % 30 sec.
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Table 3. Indoor and outdoor environmental conditions during the cooling period from May to September 2022.
 May June July August September

Minimum Indoor Air Temperature (°C) 22.4 22.4 29.3 27.4 26.3
Maximum Indoor Air Temperature (°C) 36.9 39.9 41.4 39.3 35.2
Average Indoor Air Temperature (°C) 29.9 33.0 34.3 32.3 30.5
Average Outdoor Air Temperature (°C) 28.3 31.0 32.0 30.5 29.3
Average Indoor Relative Humidity (%) 57.5 49.1 47.9 56.8 58.8
Average Outdoor Relative Humidity (%) 65.5 58.5 57.9 64.5 64.1
Average Outdoor Wind speed (km/h) 19.3 16.5 16.9 13.6 10.0
Average Outdoor Wind direction (degrees) 151 137 151 140 147
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Table 4. Natural ventilation strategies analyzed in this study.
Natural ventilation strategy Description Openings operation

S1 No natural ventilation All openings closed

S2 Full natural ventilation All windows open at full capacity

S3 Cross ventilation 1st and 2nd floor windows open at full capacity on the 
north and south facades; attic door and windows closed

S4 Stack ventilation 1st floor windows and attic door and windows open; 2nd 
floor windows closed
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Table 5. Model specifications and the building components.
IESVE ModelIT IESVE Apache 

Building components Material Thickness (mm) Conductivity (m²K/W)
Volume (m³) 1369.92 Walls Wood 127 0.46
Ext wall area (m²) 456.33 Partitions Wood 127 0.47
Openings area (m²) 61.86 Roof Wood 128 0.91
Floor area (m²) 703.14 Ground floor Wood 38 0.31
Volume (m³) 1369.92 Windows Single pane 3 0.15
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Table 6. CFD model settings.
IESVE MicroFlo
Number of cells (million) 3.2-3.4
Max cell aspect ratio <12:1
Turbulence model k-e
Grid line merge tolerance (m) 0.01
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Table 7. Results of the model validation.

ASHRAE index ASHRAE  14 
accepted range Environmental variable May 7th May 8th July 23rd July 24th

Indoor Air temperature 4.32 5.02 -0.28 -2.2NMBE (%) <±10
Indoor Air relative humidity 3.87 4.38 -2.33 2.96
Indoor Air temperature 5.42 6.23 3.02 3.19CV(RMSE) (%) < 30
Indoor Air relative humidity 13.91 8.5 5.84 4.42
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Table 8. Average indoor and outdoor (OUT) air temperature (T), and indoor ventilation rates (Q), at 12:00 for the 
representative days considered in the CFD analysis.

Spring, May 8th Summer, July 23rd 
Present 2050 2080 Present 2050 2080

T (°C) Q (l/s) T (°C) Q (l/s) T (°C) Q (l/s) T (°C) Q (l/s) T (°C) Q (l/s) T (°C) Q (l/s)
OUT 27.0 - 30.3 - 34.8 - 34.0 - 38.8 - 41.6 -
S1 28.8 - 30.2 - 33.8 - 33.2 - 43.0 - 45.5 -
S2 26.4 130.9 28.7 120.3 32.9 124.4 30.2 127.3 39.3 115.5 42.0 113.8
S3 25.6 1633.8 28.4 218.7 32.4 222.4 29.1 349.9 39.2 264.1 41.9 252.3
S4 25.7 233.7 27.9 215.1 31.7 222.9 29.7 176.1 39.3 152.0 41.9 144.7
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Table 9. Monthly average values of the simulated indoor air temperature (T), relative humidity (RH), and ventilation rates (Q) during the cooling seasons. OUT 
stands for the environmental variables corresponding to the location of the case study building, namely San Antonio, Texas, USA.

May Jun Jul Aug Sep

T 
(°C)

RH 
(%)

Q 
(l/s)

T 
(°C)

RH 
(%)

Q 
(l/s)

T 
(°C)

RH 
(%)

Q 
(l/s)

T 
(°C)

RH 
(%)

Q 
(l/s)

T 
(°C)

RH 
(%)

Q 
(l/s)

OUT 24.9 70.2 - 27.2 71.5 - 29.6 58.8 - 27.7 69.1 - 24.5 76.3 -

S1 29.7 52.7 - 33.1 50.7 - 35.7 39.7 - 33.2 49.5 - 29.1 58.5 -

S2 25.3 68.6 105 27.8 69.2 228 30.0 56.9 332 28.1 67.2 202 24.9 74.4 150

S3 25.4 68.1 318 28.1 68.1 554 30.4 55.6 1010 28.4 66.2 613 25.0 74.0 364Pr
es

en
t

S4 25.7 67.1 225 28.2 67.5 390 30.4 55.5 584 28.5 65.5 385 25.3 72.8 247

OUT 28.1 63.2 - 31.5 60.5 - 34.1 45.8 - 32.0 58.1 - 28.0 70.3 -

S1 33.3 46.6 - 37.7 42.2 - 40.3 30.1 - 37.7 41.2 - 32.7 53.6 -

S2 28.5 61.7 108 32.0 58.5 251 34.5 44.3 372 32.5 56.5 215 28.4 68.6 150

S3 28.7 61.2 300 32.3 57.5 564 34.9 43.2 1070 32.7 55.6 622 28.5 68.0 332

20
50

S4 28.9 60.3 228 32.4 57.1 410 34.8 43.2 646 32.8 55.2 404 28.8 67.0 244

OUT 32.1 52.4 - 34.5 52.5 - 36.6 39.8 - 34.0 54.1 - 29.9 68.3 -

S1 37.5 38.1 - 40.8 36.3 - 42.8 25.7 - 39.8 38.2 - 34.7 52.0 -

S2 32.5 51.1 119 35.1 50.8 266 37.0 38.5 386 34.5 52.7 221 30.4 66.6 146

S3 32.7 50.6 328 35.4 49.9 606 37.4 37.5 1116 34.8 51.8 642 30.5 66.1 324

20
80

S4 32.9 50.0 238 35.4 49.7 422 37.3 37.5 668 34.9 51.4 411 30.7 65.2 239
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