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A B S T R A C T

Building decarbonization requires balancing energy efficiency with occupant comfort. Sensible
cooling and latent loads, traditionally addressed by air conditioning, are significant contributors
to energy use. This study explores an innovative approach to utilize natural ventilation
through windows when outdoor conditions are favorable. The novelty of this work lies in
its comprehensive consideration of sensible and latent loads, including both humidification
and dehumidification, within the context of natural ventilation. When in cooling mode, if the
indoor temperature rises above the cooling set point and the outdoor temperature is lower than
the indoor temperature, the windows will automatically open to enhance natural ventilation,
provided the specific humidity conditions for indoor, outdoor, and set point are met. Simulations
using the Vertical City Weather Generator (VCWG v1.4.7) software investigate the energy
savings potential in Toronto, Vancouver, and Phoenix for 2020. Results indicate potential for
notable annual total cooling load savings of 5–15 kW-hr m−2 Year−1. Additionally, further
analyses examine the impact of building air-tightness, envelope thermal resistance, and climate
zone on the effectiveness of natural ventilation to reduce the sensible cooling, latent, and total
cooling loads.

1. Introduction

The escalating energy demand for building Heating, Ventilation, and Air-Conditioning (HVAC) systems is a global concern, with
buildings accounting for over 30% of global final energy consumption and 26% of global energy-related emissions according to a
2021 report by the International Energy Agency (IEA). As a result, there is a growing focus on assessing the impact of ventilation
strategies on building energy needs, with Natural Ventilation (NV) emerging as a promising approach [1]. Studies have shown that
buildings with well-designed NV systems can achieve significant reductions in cooling energy and air conditioning costs [2,3].

There are various ventilation methods employed in buildings, each with its own advantages and limitations. Mechanical
Ventilation (MV) [4–6] utilizes fans and air conditioning systems to actively control indoor air temperature and humidity. While MV
systems offer precise control and can function independently of outdoor conditions, they rely on continuous energy consumption.
Modern structures, including living units, workspaces, and large buildings, rely on MV systems for controlled Indoor Air Quality
(IAQ) and occupant comfort [7].
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In living units, MV systems reduce the presence of air contaminants (e.g., carbon dioxide, Volatile Organic Compounds (VOCs),
nd atmospheric particulates), improving occupants’ health. Additionally, they maintain optimal moisture levels, preventing mold
rowth [8]. Recent advancements have integrated MV systems with advanced sensor networks, intelligent algorithms, and Internet
f Things (IoT) technologies, leading to optimized ventilation settings and improved IAQ while reducing energy consumption. IoT-
nabled smart MV systems in living units have demonstrated significant improvements in both air quality and energy efficiency by
acilitating real-time monitoring and control, enhancing system’s responsiveness and adaptability [9–12].

Similarly, MV systems in work spaces enhance workers’ comfort and hence productivity by managing indoor pollutants,
emperature, and moisture levels [13–15]. Poor IAQ or thermal comfort can negatively impact attendance and performance [16].
dvanced MV systems incorporate sensors and automation to adjust airflow based on occupancy and air quality metrics, optimizing
nergy use while maintaining high IAQ and thermal comfort standards [17]. The integration of advanced algorithms further improves
fficiency and effectiveness [18].

For large buildings like schools, sport facilities, and hospitals, MV systems are essential for consistent IAQ and thermal
omfort [19–21]. While passive design strategies reduce energy consumption, supplemental MV is often necessary [22]. These
uildings utilize sophisticated control methods, adjusting ventilation parameters based on real-time data [23,24]. This ensures
fficient ventilation, enhanced energy performance, and a healthy indoor environment.

In contrast to MV, NV systems offer a passive approach that uses natural forces like wind [25] and buoyancy-driven [26] pressure
ifferences to exchange air with the surrounding environment. This not only reduces energy consumption [27] but also provides
more sustainable solution for building cooling. The effectiveness of NV systems depends heavily on factors such as outdoor

emperature and humidity [28], wind patterns, building design [29], and the careful placement and operation of windows, doors,
nd vents [30]. Recent advancements in Artificial Intelligence (AI)-powered building management systems allow for the optimization
f NV strategies by analyzing real-time weather data, occupant needs, and building characteristics, leading to further energy savings
nd improved occupant comfort [31].

Buildings with sophisticated NV systems can significantly reduce their air conditioning costs. There are different ways buildings
an be ventilated based on the method used for air exchange [32,33]. Air mass can be displaced due to several methods such as
ind, buoyancy, humidity difference, and mechanical equipment. NV systems offer a passive approach where the building uses wind
nd/or buoyancy to exchange air with the surroundings to control indoor temperature and provide fresh air. This relies on how
he vents and windows are designed, placed, and operated in the building [30]. NV systems require minimal capital investment,
ery low energy input, and low maintenance costs. NV systems are reliable and eco-friendly, especially during power outages and
mergencies, which give another option when MV systems are not functional. However, NV systems need the right outdoor/indoor
emperature and humidity conditions. Beyond purely MV or NV systems, a hybrid ventilation system can combine both MV and NV
ystems to capitalize on their strengths [34].

Several studies have explored the application of NV systems in buildings, investigating various systems like Trombe walls [35],
ind towers [36], and wind catchers [37]. For instance, [38] investigated how air channel width and ventilation strategy (natural
ersus mechanical) impact Trombe wall heat transfer. They built an adjustable channel to test these factors and found that
echanical ventilation improves performance, particularly in cloudy weather situations. Finally, they parameterized models to
redict heat transfer based on these factors [38].

Recent advances in NV have significantly enhanced its efficiency and applicability in modern building design. Innovations,
uch as smart ventilation systems, now integrate Internet of Things (IoT) sensors and AI algorithms to dynamically adjust
entilation strategies based on real-time environmental data and occupancy patterns [39]. For example, adaptive control systems
an automatically modulate window openings and vent positions to optimize air flow and indoor air quality while minimizing
nergy usage [40]. [41] used Reinforcement Learning (RL) to optimize HVAC systems that utilize natural ventilation. Their RL
ethod, based on Q-learning, controls both HVAC and windows to minimize energy use and occupant discomfort. Simulations

howed significant improvements over traditional rules-based controls, especially in reducing energy consumption and discomfort.
hese systems can also predict and respond to changes in weather conditions, such as sudden rain or temperature shifts, ensuring
onsistent indoor comfort. Additionally, advancements in Building Information Modeling (BIM) allow for the seamless integration
f NV systems in the design phase, enabling architects and engineers to simulate and optimize ventilation performance before
onstruction [42]. Further, the use of renewable energy sources to power these smart systems enhances their sustainability [43].

Another study proposed a fuzzy control strategy as an approach for managing naturally ventilated buildings [44]. This method
xploits linguistic rules to adjust window openings based on external wind velocity, direction, and temperature. The objective was
o achieve thermal comfort and adequate air distribution within the building. The study investigated two fuzzy control models with
arying numbers of membership functions and IF-THEN rules. The results demonstrated that the model with a higher number of
embership functions performed better, responding more effectively to changing outdoor conditions and maintaining comfortable

ndoor temperatures.
Limited research has been conducted to investigate the latent load implications of NV and humidity control over long-term up

o a full year [43]. It is true that NV helps reducing the sensible cooling load of buildings, but opening doors and windows may
ake indoor spaces too humid or dry, resulting in added latent loads. The confounding role of humidity control is studied in the

ontext of NV systems to a lesser extent. In fact, most studies lack real-world data on hourly outdoor air temperature and humidity
luctuations, which significantly impact the NV systems’ efficacy. Finally, there is need to assess the potential of NV schemes in
uilding energy savings for different Climate Zones (CZ).

This study addresses these gaps by analyzing the potential of NV systems for residential buildings in Toronto (CZ5), Vancouver
2

CZ4), and Phoenix (CZ3) using an urban physics model titled the Vertical City Weather Generator (VCWG v1.4.7). A rules-based
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Fig. 1. Overview of the Vertical City Weather Generator (VCWG v1.4.7) model and the integration of sub-models.

controller is implemented to operate windows when indoor/outdoor temperature and specific humidities are favorable. We will
investigate the sensible cooling load, latent load, and hence the total cooling load as a result of implementing NV. The novelty of
this work is the consideration of humidity and latent load, including humidification and dehumidification, in NV, which has not
been properly studied before. We analyze the cooling loads for single detached residential buildings in each of the three cities for
an entire year in 2020. Further, for Toronto and Vancouver, a sensitivity study is conducted to find the effectiveness of NV systems
in reducing the cooling load by varying building envelope thermal resistance and infiltration rates.

The paper is organized as follows. In Section 2 we provide the methodology by introducing the VCWG model, the NV scheme,
model sensitivity framework, and model validation. In Section 3 we provide the results and discussion by focusing on the sensitivity
analysis and the influence of warmer climate zones for NV systems’ potential. Finally, in Section 4 we offer our conclusions and
recommendations for future work.

2. Methodology

2.1. Model description

Urban physics is simulated in this study by employing the Vertical City Weather Generator (VCWG v1.4.7) software (Fig. 1).
VCWG is a multi-physics and micro-scale model to parameterize numerous physical processes and integrate them to make predictions
on urban climate and building performance variables. VCWG integrates models at the system level with various physical processes
for exchanges of momentum, heat, humidity, and water through soil, urban surfaces, and the atmosphere as well as options
for integrating alternative energy systems. VCWG integrates models using the Resistance Capacitance (RC) thermal network,
Navier–Stokes transport modeling in the vertical direction, Monin–Obukhov Similarity Theory (MOST), and bulk energy modeling
paradigms [45]. As shown in Fig. 1, VCWG is comprised of various sub-models: a rural MOST model, an urban vertical transport
model, rural/urban radiation models, a building energy model, rural/urban soil energy balance models, and rural/urban surface
energy/water balance models. Full descriptions of the model are provided in earlier publications [46–50]. The weather boundary
conditions for VCWG are generated using another software titled the Vatic Weather File Generator (VWFG v1.0.0), which uses the
ERA5 dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF). VWFG provides data in the EnergyPlus
Weather (EPW) file format at hourly resolution that is required by VCWG. The forcing weather files are associated with a rural site
in the vicinity of each city [51].

Fig. 2 shows the arrangement of single detached residential buildings considered in this study. Such houses are prevalent in North
America and account for 52.6% and 64% of residential building stock in Canada [52] and the United States [53], respectively.
The building features for each city are based on common codes and standards such as the National Energy Code of Canada
for Buildings (NECB) [54], the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 62.1 [55],
ASHRAE 62.2 [56], ASHRAE 90.1 [57], and ASHRAE 90.2 [58]. Table 1 shows the code and standard values for the base building
features.

The buildings are arranged in rows with a separation of 30 m maintained in each horizontal direction (𝑥 and 𝑦). Temperature,
specific humidity, and wind (the 𝑥 and 𝑦 components) data within the urban roughness sub-layer were extracted along the vertical
direction (𝑧) from VCWG. The buildings are low-rise residential units designed with dimensions of 13.8 m × 13.8 m × 6 m. Each
story features two windows on each side, with an equivalent area of 26.4 m2 per facade. The NV system model assumes a single
equivalent window on each building side and is based on the ASHRAE Handbook - Fundamentals [59]. The calculation of the NV
system air flow rate is performed by the following formula:
3

𝑄 = 𝐶𝐴𝑈, (1)
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Table 1
Building features for Climate Zones (CZ) 3, 4, and 5 from codes and standards.
Parameter Phoenix (CZ3) Vancouver (CZ4) Toronto (CZ5)

Roof Resistance [m2 K W−1] 4.40 5.18 6.41
Wall Resistance [m2 K W−1] 2.30 3.17 3.6
Window U-value [W m−2 K−1] 2.84 2.1 1.9
Infiltration Rate [ACH] 3.0 3.0 3.0
Ventilation Rate [L s−1 m−2] 0.3 0.3 0.3
Glazing Ratio [–] 0.4 0.4 0.4
Solar Heat Gain Coefficient [–] 0.25 0.4 0.4

Fig. 2. Visualization of buildings’ arrangements and outdoor weather variables simulated by the Vertical City Weather Generator (v1.4.7); 𝑇 : temperature, 𝑞:
specific humidity, 𝑉𝑥 and 𝑉𝑦: horizontal components of wind velocity vector.

where 𝑄 [m3 s−1] is flow rate, 𝐶 = 0.5 [-] is a coefficient describing the effectiveness of windows (based on [59], it can be assumed
to be 0.5 to 0.6 for normal winds and 0.25 to 0.35 for diagonal winds), 𝐴 [m2] is the free area of inlet openings, and 𝑈 [m s−1] is
the wind speed normal to the facade.

The sensible and latent energy balances of the building under cooling mode are illustrated in Figs. 3 and 4, showing the sensible
and latent loads on the building, respectively. Fig. 3 shows the components of the sensible cooling load, set-point, indoor, and
outdoor temperatures for an instance when the window would be opened for NV. The sensible load,

𝑄vent +𝑄inf +𝑄NV = 𝑄int +𝑄mass +𝑄wall +𝑄ceil +𝑄win +𝑄tran
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Sensible Cooling Load

, (2)

involves internal heat from occupants and equipment 𝑄int, heat from the building’s mass 𝑄mass, heat from walls 𝑄wall, heat from
ceilings 𝑄ceil, heat conduction through windows 𝑄win, and radiant heat passing through windows 𝑄tran [W]. Except for 𝑄int, which
is scheduled in VCWG, the other terms are parameterized using the heat balance method:

𝑄mass = 𝐴buiℎ𝑚(𝑇mass − 𝑇set)

𝑄wall = 𝐴wallℎ𝑤(𝑇wall − 𝑇set)

𝑄ceil = 𝐴buiℎ𝑐 (𝑇ceil − 𝑇set)

𝑄win = 𝐴win𝑈𝑤(𝑇outdoor − 𝑇set)

𝑄tran = 𝐴win𝑆 × 𝑆𝐻𝐺𝐶, (3)
4
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Fig. 3. Sensible energy balance for a building under cooling condition with assistance of natural ventilation.

where 𝐴𝑏𝑢𝑖 [m2] is building footprint area, 𝑇mass, 𝑇wall, 𝑇ceil, 𝑇set, and 𝑇outdoor [◦C] are mass, wall, ceiling, set-point, and outdoor
temperatures, 𝐴bui, 𝐴wall, and 𝐴win [m2] are building footprint, wall, and window areas, ℎ𝑚, ℎ𝑤, and ℎ𝑐 [W m−2 ◦C−1] are convective
heat transfer coefficients, 𝑈𝑤 [W m−2 ◦C−1] is the window U-value, 𝑆 [W m−2] is the shortwave radiation flux through the window,
and 𝑆𝐻𝐺𝐶 [-] is the solar heat gain coefficient for the window. These loads are met by the building’s cooling equipment 𝑄vent,
infiltration 𝑄inf, and NV through windows 𝑄NV [W]. In VCWG, 𝑄inf and 𝑄NV are parameterized as

𝑄inf = 𝑉inf𝜌𝑎𝑐𝑝𝑎(𝑇outdoor − 𝑇set)

𝑄NV = 𝑉NV𝜌𝑎𝑐𝑝𝑎(𝑇outdoor − 𝑇set), (4)

where 𝑉vent, 𝑉inf, and 𝑉NV [m3 s−1] are ventilation, infiltration, and NV air flow rates, 𝜌𝑎 [kg m−3] is density of air, and 𝑐𝑝𝑎 [J kg−1

◦C−1] is heat capacity of air. This study aims to reduce the ventilation load 𝑄vent [W] by using natural ventilation for cooling 𝑄NV
[W] through windows.

Fig. 4 shows the components of the latent load, set-point, indoor, and outdoor specific humidities for an instance when the
window would be opened for NV. The latent load,

𝑄latent +𝑄latNV = 𝑄latvent +𝑄latinf +𝑄latint
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Latent Load

, (5)

involves latent heat from internal heat from occupants and equipment 𝑄latint, latent heat from ventilation 𝑄latvent, and latent heat
from infiltration 𝑄latint. These loads are met by the building’s humidification/dehumidification equipment 𝑄latent and latent load
reduction through NV 𝑄latNV [W]. Except for 𝑄latint, which is scheduled in VCWG as a fraction of sensible heat from occupants and
equipment 𝑄int, the other terms are parameterized using the humidity balance method

𝑄latvent = 𝑉vent𝜌𝑎𝐿𝑣(𝑞outdoor − 𝑞set)

𝑄latinf = 𝑉inf𝜌𝑎𝐿𝑣(𝑞outdoor − 𝑞set)

𝑄latNV = 𝑉NV𝜌𝑎𝐿𝑣(𝑞outdoor − 𝑞set), (6)

where 𝐿𝑣 [J kg−1𝑣 ] is latent heat of vaporization for water, and 𝑞outdoor and 𝑞set [kg𝑣 kg−1] are outdoor and set-point specific
humidities, respectively. This study aims to reduce the latent load 𝑄latvent.

Fig. 5 shows the rules-based algorithm for the decision to trigger NV. The algorithm begins by calculating the building’s cooling
load. If a positive cooling load is identified (indicating a need for cooling), the algorithm then evaluates whether window opening is
suitable based on both outdoor and indoor conditions. Both temperature and specific humidity checks must be passed to trigger NV.
A temperature check is performed first (𝑇set < 𝑇indoor). If the indoor temperature exceeds the set-point temperature, the algorithm
checks the outdoor temperature to be less than the indoor temperature (𝑇outdoor < 𝑇indoor). When the outdoor temperature is lower
than the indoor temperature, indicating the potential for cooling through window ventilation, the windows may be opened subject
to specific humidity conditions. Following the temperature check, the algorithm transitions to assess the indoor specific humidity
level. The indoor relative humidity set-points are 60% under cooling mode and 40% under heating mode for CZ4 and CZ5 (humid
summers and dry winters for Toronto and Vancouver), while they are 40% under cooling mode and 60% under heating mode
5
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Fig. 4. Latent energy balance (humidification/dehumidification) for a building under cooling condition with assistance of natural ventilation.

Fig. 5. Natural ventilation rules-based algorithm flowchart.

for CZ3 (dry summers and humid winters for Phoenix). After converting the relative humidity set-points to specific humidities, if
𝑞indoor > 𝑞set & 𝑞outdoor < 𝑞indoor (need for dehumidification) or if 𝑞indoor < 𝑞set & 𝑞outdoor > 𝑞indoor (need for humidification), then
NV is triggered by opening the window. Finally, the newly determined air exchange rates (ventilation, infiltration, and NV) are
incorporated into the sensible cooling and latent load recalculation. The recalculated values are then returned to the VCWG model.
6
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Table 2
Design simulation points for sensitivity analysis considering infiltration
rate [ACH], R-Value Increase [%], and city, as independent variables.

Input Variable 1 Variable 2 Variable 3

A: Infiltration B: R-Value Increase C: City
Run # [ACH] [%] [–]

1 0.3 0.0 Vancouver
2 0.3 66.7 Vancouver
19 0.3 6.7 Vancouver
13 1.2 20.0 Vancouver
6 1.2 100.0 Vancouver
7 1.7 14.0 Vancouver
16 1.7 10.0 Vancouver
12 2.6 50.0 Vancouver
4 3.0 0.0 Vancouver
8 3.0 100.0 Vancouver
20 3.0 6.7 Vancouver
3 0.3 0.0 Toronto
10 0.3 100.0 Toronto
14 0.3 20.0 Toronto
18 1.2 6.7 Toronto
5 1.7 50.0 Toronto
17 1.7 10.0 Toronto
21 1.7 0.0 Toronto
9 3.0 100.0 Toronto
11 3.0 0.0 Toronto
15 3.0 20.0 Toronto

2.2. Sensitivity study

To assess the sensitivity of the NV system to various building features, we performed a series of numerical experiments for the
ase of Toronto and Vancouver. The infiltration rate in Air Changes per Hour (ACH) was varied within a range from 0.3, reflecting
Passive House standard [60], to 3, associated with a typical house. Also the base building envelope thermal resistance values
ere increased from zero to 100%, representative of a Passive House standard [60]. These building features are believed to strongly

nfluence the performance of the NV system, so they were given special attention in the sensitivity analysis [50]. Utilizing these
ndependent variables and their corresponding ranges, we generated 21 design simulation points using Design Expert (v13) software
hown in Table 2. The range for infiltration received 5 additional intermediate points, while the range for R-value increase received

additional intermediate points. These points were strategically chosen by the software to comprehensively capture the entire
pectrum of variations within the domain of variables. A combination of these points created our 21 VCWG runs.

.3. Model validation

To validate the accuracy of VCWG in predicting the HVAC energy consumption, its predictions of electricity and gas consumption
ere compared against actual energy consumption for London, Ontario (CZ5) for a full year. We compared the model predictions

o real observations of total monthly electricity and annual gas consumption in a neighborhood with 29 premises in 2019.
For gas consumption, the neighborhood data showed a value of 25.22 m3

gas m−2 Year−1, while the VCWG model predicted a
alue of 24.97 m3

gas m−2 Year−1, demonstrating an agreement within ±0.9%. For electricity consumption, Fig. 6 shows the monthly
electricity consumption as predicted by VCWG and observed for London. The comparison achieves an agreement within ±6.0%.
Furthermore, the plot clearly reveals the seasonal trend in electricity usage, with peaks during warm months and sharp decreases
towards colder months, which the model predicts reasonably well. ASHRAE Standard 140 [61] and ASHRAE Guideline 14 [62]
establish a framework for comparing building energy models against observations, and they deem a model acceptable if it predicts
energy consumption successfully within ±5% of the observations. Our comparison meets the ASHRAE recommendations, so we
extend VCWG’s capability for the NV system study. Observation data for NV systems and building energy consumption for a group
of buildings over a complete year is not currently accessible to the authors. However, in Section 3 we compare VCWG’s predictions
of cooling energy consumptions to other models published in the literature.

3. Results and discussion

We will begin this section with an analysis and discussion of the sensitivity study for the case of Toronto (CZ5) and Vancouver
(CZ4). We will then provide an analysis of the prospects of NV systems in building cooling energy savings for the warmer climate
7

zone of Phoenix (CZ3).
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Fig. 6. Monthly electricity consumption in London, Ontario, as predicted by VCWG and measured in 2019.

.1. Sensitivity analysis

Each simulation (detailed in Table 3) took approximately half an hour of computing time on a single CPU to complete for a full
ear analysis (2020). To analyze the thermal and energy behavior of the building for sensitivity analysis, seven key responses were
imulated, as shown in Table 4, focusing on the impact of NV system on sensible cooling and latent loads. These responses include:

• R1: latent load (dehumidification/humidification, NV system assist); this response represents the latent load when NV system
is assisting the HVAC system.

• R2: sensible cooling Load (NV system assist); this response represents the sensible cooling load when NV system is supple-
menting the HVAC system.

• R3: total cooling load (baseline case); this response represents the total cooling load of the base case scenario without NV
system assistance. It includes both latent and sensible cooling loads.

• R4: total cooling load (NV system assist); this response is similar to R3, but incorporates the NV system assistance.
• R5: difference in total cooling load with NV system; this response quantifies the reduction in total cooling load achieved by

enabling the NV system (R4 − R3).
• R6: difference in latent load with NV system; this response represents the change in latent load when the NV system is activated

(difference between scenarios with and without NV system).
• R7: difference in sensible cooling load with NV system; this response represents the change in sensible cooling load when NV

system is activated (difference between scenarios with and without NV system).

A third-order polynomial function was used to create fitting curves for the output results in relation to the independent variables:
nfiltration (ACH), R-value increase, and city. A second-order polynomial function was also considered, but it achieved a lower R-
quared (𝑅2) value for the fit, so the third-order polynomial was preferred. Analysis of Variance (ANOVA) was then employed to
valuate how well these curves fit the simulated data. This analysis aimed to determine the statistical significance of the model’s
utputs in representing the findings. Table 4 presents the R-squared (𝑅2) values for all seven responses. As the table shows, all R-

squared values exceed 90%, indicating a strong correlation between the modeled data and the simulated data. This result supports
the reliability of the statistical assumptions made in the analysis. Furthermore, the F-value of the model is 33.44, which indicates
statistical significance. There is only a 0.01% chance of observing an F-value of this magnitude by random chance. Additionally,
the predicted R-squared and adjusted R-squared values for all responses are in close agreement, with a difference of less than 0.2.
This agreement further strengthens the confidence in the model’s ability to represent the findings.

Among all the cases in Table 2, two particular cases representing the base building features, Runs 4 for Vancouver and Run 11
for Toronto, will be examined now in greater detail to understand the model’s behavior. In these cases, the building infiltration is
set to 3 ACH and the total envelope thermal resistance is not increased.

The graph in Fig. 7 shows how the total sensible cooling demand changes month by month with and without NV. The graph
shows that the sensible cooling demand is the highest in the summer and lowest in the shoulder seasons (spring and fall). In the
winter, windows are mostly closed because there is almost no need for cooling. For Toronto, cooling demand is not present for
January, October, November, and December. For Vancouver, it is not present for January, February, March, April, November, and
December.
8
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Table 3
Key responses for sensitivity analysis of Natural Ventilation (NV) impact on cooling loads. L: Latent Load, S: Sensible Load, T:
Total Load (L+S), NV: Natural Ventilation [kW-hr m−2 Year−1].

Run # R1 R2 R3 R4 R5 R6 R7
L(NV) S(NV) T(Base) T(NV) T(Base)−T(NV) L(Base)−L(NV) S(Base)−S(NV)

1 36.7 65.0 107.4 101.7 5.7 −3.5 9.2
2 32.1 73.4 113.7 105.5 8.2 −2.1 10.2
19 34.7 66.1 107.8 100.7 7.1 −2.1 9.2
13 104.3 44.4 151.7 148.7 3.0 −1.5 4.5
6 100.1 47.6 149.0 147.6 1.4 −2.5 3.9
7 132.6 39.4 174.8 172.0 2.8 −0.6 3.4
16 137.5 38.7 177.9 176.1 1.8 −1.7 3.5
12 202.8 32.0 236.1 234.8 1.3 −0.3 1.7
4 230.7 29.7 262.1 260.3 1.8 −0.4 2.1
8 230.4 29.4 260.9 259.8 1.0 −0.6 1.7
20 230.3 29.4 261.5 259.8 1.8 −0.3 2.1
3 52.4 131.9 195.6 184.3 11.3 −2.4 13.7
10 46.1 123.4 186.6 169.6 17.0 −2.9 19.9
14 51.1 132.2 197.4 183.2 14.2 −2.1 16.2
18 138.2 103.4 252.3 241.6 10.7 −1.2 12.0
5 179.3 97.0 286.0 276.4 9.6 0.8 8.9
17 180.9 97.0 286.9 277.8 9.1 0.3 8.7
21 181.9 97.0 286.8 278.9 7.9 −0.5 8.5
9 272.9 73.5 353.7 346.4 7.3 0.8 6.6
11 308.9 84.4 397.8 393.4 4.5 0.3 4.1
15 308.6 83.1 396.3 391.7 4.7 −0.1 4.7

Table 4
R-Squared values for decision variables.

Output R-Squared (𝑅2)

R1: Latent Load (NV) 99%
R2: Sensible Load (NV) 99%
R3: Total Load (Latent + Sensible) (Base) 99%
R4: Total Load (Latent + Sensible) (NV) 99%
R5: Total Load (Base − NV) 99%
R6: Latent Load (Base − NV) 88%
R7: Sensible Load (Base − NV) 98%

Fig. 7. Comparison of sensible cooling load under HVAC system-only mode versus HVAC system with Natural Ventilation (NV) assistance for (a) Toronto and
(b) Vancouver, associated with building envelope thermal resistance increment of 0%, and infiltration of 3 ACH. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

The red line in the graph represents the cooling capacity provided solely by the HVAC system. The blue line depicts the scenario
where the HVAC system is assisted by the NV system to achieve the desired cooling effect. The graph shows that Toronto has a much
hotter summer than Vancouver. In Toronto, cooling loads can peak in July at around 27 kW-hr m−2 Month−1, while in Vancouver
it is only about 9 kW-hr m−2 Month−1, which is just a third of Toronto’s load. The biggest difference between the two lines (red
and blue) happens in the hot months, from May to September for Toronto and Vancouver. This is when natural ventilation has the
most potential to reduce the building sensible cooling demand.
9
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Fig. 8. Indoor and outdoor temperature [◦C] variations across several chosen months in Toronto (left) and Vancouver (right), associated with typical building:
envelope thermal resistance increment of 0% and infiltration of 3 ACH. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8 provides details on when windows are opened and under what temperature conditions for both Toronto and Vancouver.
This figure shows how both indoor and outdoor temperatures change across seven chosen months. Each month is represented by two
curves: a blue curve for indoor temperature and a red curve for outdoor temperature [◦C]. The blue curve fluctuates between the
cooling (green dotted line) and heating (yellow dotted line) temperature set-points. VCWG employs a two-step process to determine
the indoor temperature and specific humidity. First, it calculates both the sensible and latent loads. Then, using separate diagnostic
equations, it calculates the indoor temperature and specific humidity based on these loads. These calculated temperature and specific
humidity values may potentially temporarily deviate from the established cooling and heating set-points, which can be seen in the
figure. A closer look at this figure across different months reveals a pattern. During the shoulder and warm months, the outdoor
temperature approaches the set-point temperatures. The state of the windows, open or closed, is heavily influenced by both indoor
and outdoor temperatures. The specific conditions for window opening are outlined in Fig. 5. The indoor temperature needs to
be higher than the set point temperature, and the outdoor temperature should be lower than the indoor temperature, for the NV
system to be potentially triggered. Focusing on Toronto, a closer examination of January and March reveals that indoor temperatures
primarily stay around the heating set-point (building under heating mode).

We next examine the model’s performance in Toronto and Vancouver for the month of May in greater detail, as shown in Figs. 9
and 10, respectively. We will describe the physical behavior for the case of Toronto, although similar patterns are noticed for
Vancouver. In May, the indoor temperature deviates from the heating set-point during certain periods due to cooling needs. We
note two main periods when windows are predominantly open in Toronto: from 80 to 100 h and from 480 to 720 h (marked by
gray dashed lines). Analyzing the temperature patterns during these periods helps us understand the functionality of the window
opening algorithm. It becomes clear that windows have been opened when indoor temperatures are aligned with the cooling set-point
10
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(green dotted) and outdoor temperature (red solid) is lower (colder) than the indoor temperature. Fig. 9 further demonstrates the
well-maintained indoor environment within the building. Relative humidity levels primarily stay within the desired range of 40%
(heating set-point, yellow dotted line) and 60% (cooling set-point, green dotted line). We examine a specific time period, consider
80–100 h. Here, we note that the conditions for window opening based on temperature are met (top). The middle plot then shows the
indoor specific humidity is at the bottom of the acceptable range (corresponding to 40% relative humidity), indicating it remains
below the cooling set point (corresponding to 60% relative humidity). This suggests that if the outdoor humidity is higher than
indoor humidity at this time (red curve exceeding blue curve), it would create favorable conditions for NV. The figure confirms
this, with outdoor specific humidity exceeding indoor specific humidity during these hours, allowing the algorithm to open the
windows.

Towards the end of the month, as the windows are opened more frequently, the indoor specific humidity consequently increases.
nterestingly, with the frequent window opening, the corresponding indoor relative humidity mostly stays around the 60% cooling
et-point. This can be attributed to the gradual increase in indoor humidity caused by the introduction of more outdoor humid air
hrough open windows, infiltration, and ventilation. As the indoor humidity approaches the cooling set-point, the model reduces
he frequency of window opening to prevent further increase and by maintaining the specific humidity around the desired level.
ince specific humidity cannot exceed the cooling set-point value, the model waits for outdoor specific humidity to decrease below
he indoor specific humidity before window opening is considered again. This behavior can be observed between 600 and 650 h.

Due to the similarity of results between the Toronto and Vancouver cases, in the following figures, we only present the graphical
esults for Toronto. Fig. 11 illustrates the sensitivity of sensible cooling load (R2) to variations in building envelope thermal resistance
R-value) and infiltration rate (ACH) for the NV system in Toronto. Consistent with Fig. 7, Toronto exhibits notably higher sensible
ooling loads (at least three times) compared to Vancouver (not shown). The plot reveals minimal sensitivity of sensible cooling
oad to R-value, with a slight decrease as R-value increases (reduced heat transfer). Conversely, the plot demonstrates a clear trend
or infiltration: tighter building envelopes (lower ACH) lead to higher sensible cooling loads. This occurs because cooler outdoor
ir can effectively offset internal and solar heat gains when infiltration rates are high. It is important to note that internal and solar
ains remain the primary contributors to the cooling load.

The analysis reveals that for cold climates like Canada, excessively airtight buildings may not be ideal for reducing sensible
ooling loads, but air-tight buildings are required to reduce sensible heating demand [50]. Infiltration of cooler outdoor air can
elp reduce cooling needs for both Toronto and Vancouver. However, Toronto exhibits greater sensitivity to infiltration rate (ACH)
ue to its generally colder climate compared to Vancouver (not shown), except for July. Fig. 12 illustrates the difference in sensible
ooling load with and without NV for Toronto. The plot demonstrates that the NV system can achieve notable savings in sensible
ooling loads, reaching up to 20 kW-hr m−2 Year−1. Notably, the savings increase modestly with higher R-values but show a dramatic

rise with increased building air-tightness. For example, a typical building with a typical R-value and infiltration could only achieve
savings of 5 kW-hr m−2 Year−1 in Toronto.

Fig. 13 depicts the latent loads (R1) in Toronto for varying infiltration rates (ACH) and building envelope thermal resistances
R-value). Consistent with previous findings, Toronto exhibits higher loads than Vancouver (not shown) due to its more humid
limate. A minimal change is noted with increasing R-value. However, Toronto shows slightly higher sensitivity, with a passive
ouse (high R-value) experiencing lower latent loads (approximately a 6% reduction, or 20 kW-hr m−2 Year−1). Conversely, the

plot reveals a significant sensitivity to infiltration rate. Tighter buildings (lower ACH) have lower latent loads because less outdoor
air, which is often outside the human comfort range in terms of humidity, enters the building.

When considering the difference in latent loads with and without the NV system (R6) (Fig. 14 for Toronto), the results suggest a
potential drawback of the NV system. The plots show negative values throughout, indicating that using the NV system could lead to
higher latent loads compared to the baseline scenario. This is due to the introduction of more outdoor air, which require additional
latent load to maintain indoor comfort levels. This figure also exhibits a peak around a 50% increase in R-value, indicating an
optimal level of building thermal resistance for maximizing latent load savings through NV.

Figs. 15 and 16 illustrate the total cooling loads for the case with and without the NV system, respectively, in Toronto. As noted
previously, Toronto exhibits higher sensible cooling and latent loads in both cases than Vancouver (not shown). Toronto exhibits a
greater sensitivity to changes in building envelope thermal resistance than Vancouver (not shown). Increasing the thermal resistance
by 100% translates to a 12% reduction (15 kW-hr m−2 Year−1) in the total cooling load. As discussed earlier, infiltration rate
(ACH) has opposing effects on sensible and latent loads. Lower infiltration rate increases sensible cooling load as less outdoor air is
introduced to remove heat. Conversely, it reduces latent loads by bringing in less outdoor moisture. However, the total cooling load
diminishes with decreasing infiltration rate, as it is dominated by the latent load. In other words, this suggests that the reduction in
latent loads outweighs the rise in sensible loads, making air-tightness a potential strategy for energy savings under cooling conditions.
This highlights the dominance of latent loads in these climates.

Comparing the total cooling loads in the base case and the NV system, as presented in Fig. 17, demonstrates the clear benefits
of NV. In Toronto and Vancouver (not shown), activating the NV system leads to a decrease in cooling load, ranging from 5 kW-hr
m−2 Year−1 for a typical building to 15 kW-hr kW-hr m−2 Year−1 for an air-tight building. The results align with expectations by
demonstrating greater total cooling load savings in Toronto compared to Vancouver. This can be attributed to Toronto’s higher solar
heat gain (leading to increased cooling demand) and its colder climate (providing a larger temperature difference for NV).

These findings align well with models and measurements from other studies in the field. For instance, a comprehensive
experimental and numerical study by [63] conducted in London, UK, revealed an average annual cooling energy saving of 16.64
kW-hr m−2 Year−1 through NV. Similarly, [64] reported a 24% reduction in cooling power consumption for Hong Kong using NV
11
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Fig. 9. Time series data for indoor and outdoor conditions in Toronto during May. Top panel: The variations in indoor (blue) and outdoor (red) temperatures
[◦C]. Middle panel: The indoor (blue) and outdoor (red) specific humidities [kgv kga−1]. Bottom panel: The window state (fraction of the hour opened), associated
with typical building: envelope thermal resistance increment of 0% and infiltration of 3 ACH. Main periods of window openings in Toronto are 80–100 h and
480–720 h, occurring when indoor temperatures align with the cooling set-point and outdoor temperatures are lower. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

3.2. Warmer climate zones

The amount of energy savings achieved through the NV system is heavily dependent on the outside weather conditions. To further
investigate this, we conducted an additional simulation for Phoenix, Arizona, located in CZ3. As earlier simulations for Toronto and
Vancouver showed (Fig. 7), for high infiltration rates (3 ACH), the cooling energy savings are small, so we chose a relatively air-tight
building for the case of Phoenix with an infiltration of 0.3 ACH and no increase in R-value. Since Phoenix climate is more humid
in the winter than in the summer (unlike Toronto and Vancouver), we used a relative humidity set point of 60% under the heating
mode and 40% under the cooling mode. Through sensitivity analysis, it was found that such modification was necessary to achieve
building energy savings using natural ventilation.

Fig. 18 shows the monthly sensible cooling consumption in Phoenix with and without NV. This figure reveals that, unlike
Canadian cities where the NV system offers benefits primarily during the summer, Phoenix experiences the most notable benefits
from the NV system during the winter months due to its hot climate. Additionally, our study suggests that NV primarily occurs at
night when the outdoor temperature is low enough to provide effective cooling (not shown). The hourly variation of indoor/outdoor
temperature, specific humidity and window state for Phoenix is shown in Fig. 19. Phoenix’s climate enables night cooling, leading
to a significantly higher frequency of window opening compared to Canadian cities. July was chosen for this analysis as it represents
a month with fewer window opening opportunities, making it a clearer example. The figure illustrates that during specific hours
12
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Fig. 10. Time series data for indoor and outdoor conditions in Vancouver during May. Top panel: The variations in indoor (blue) and outdoor (red) temperatures
[◦C]. Middle panel: The indoor (blue) and outdoor (red) specific humidities [kgv kga−1]. Bottom panel: The window state (fraction of the hour opened), associated
with typical building: envelope thermal resistance increment of 0% and infiltration of 3 ACH. Main periods of window openings in Vancouver are 200–290 h
and 650–750 h, occurring when indoor temperatures align with the cooling set-point and outdoor temperatures are lower. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

(100–260, 380–450, and 690–730 h) the outdoor temperature falls below the cooling set-point, satisfying the first condition for
night ventilation. However, the indoor humidity remains around 40% (set point under cooling mode), while the outdoor humidity
is lower, creating extra latent load for window opening.

Comparing the results for the three cities in Fig. 20 and Table 5 (with infiltration rate 0.3 (ACH) and no increase in R-value)
reveals that Phoenix, with its hotter climate (CZ3), has notably higher sensible cooling loads. However, using the NV system for
sensible cooling load reduction is somewhat similar across all three cities, with Phoenix reaching a reduction of 8 kW-hr m−2 Year−1.
For latent cooling load, the energy needs are relatively close between the three cities. However, the NV system introduces some
degree of moisture gain/loss, leading to increased latent loads for all three cities, with Phoenix exhibiting the greatest increase. In
other words, the NV system helps saving sensible cooling loads, but it causes increases in latent loads. Overall, comparing the total
savings potential, we note a trend where the opportunity for energy savings through the NV system decreases as we move towards
lower climate zones (from CZ5 in Toronto to CZ3 in Phoenix); however, a more definitive statement, regarding such a trend, requires
more extensive simulations across many more cities situated in different climate zones.
13
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Fig. 11. Sensible cooling loads in Toronto.

Fig. 12. Difference in sensible cooling load with and without NV system in Toronto.

Table 5
Differences [Savings(+)/Loss(−)] in sensible, latent, and total cooling loads [kW-hr m−2 Year−1] as a
result of using Natural Ventilation (NV) in Toronto, Vancouver, and Phoenix.

Toronto (CZ5) Vancouver (CZ4) Phoenix (CZ3)

Sensible Cooling Load [Savings(+)/Loss(−)] 13 9 8
Latent Load [Savings(+)/Loss(−)] 2 −3 −6
Total Cooling Load [Savings(+)/Loss(−)] 15 6 2
14
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Fig. 13. Latent loads in Toronto.

Fig. 14. Difference in latent loads with and without the NV system in Toronto.

3.3. Practical considerations

The above analysis shows that there are more aspects to be considered by building engineers when it comes to designing NV
systems. Saving of building energy requires consideration of both sensible and latent loads while maintaining human thermal
comfort. Designers should perform analysis of regional climatology for a building site, for which NV is considered. Long term hourly
records of outdoor temperature and humidity are required, at least for a duration of one full year. Implementation of rules-based
controls for NV requires monitoring of both indoor and outdoor temperature/humidity for operating doors and windows effectively.
Set points for temperature and humidity control should be carefully designed considering long term analysis of climatology.
15
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Fig. 15. Total cooling load (baseline) in Toronto.

Fig. 16. Total cooling load (NV) in Toronto.

4. Conclusions and recommendations

In this paper, we developed and integrated a Natural Ventilation (NV) scheme into the Vertical City Weather Generator (VCWG
v1.4.7) software. This allowed for a more comprehensive evaluation of building performance by accounting for the potential benefits
of NV systems in saving sensible, latent, and total cooling energy demands, while simultaneously managing indoor temperature and
humidity to maximize occupant comfort. Our model incorporated both sensible cooling and latent loads to achieve this, enabling
us to optimize NV strategies for different Climate Zones (CZ). We studied three different cities by a full year simulation in 2020:
Toronto (CZ5), Vancouver (CZ4), and Phoenix (CZ3). Our key findings highlight the potential role of NV systems in reducing energy
consumption under cooling conditions:
16
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Fig. 17. Difference in total cooling load with and without Natural Ventilation (NV) in Toronto.

Fig. 18. Comparison of sensible cooling load under HVAC system-only mode versus HVAC system with Natural Ventilation (NV) assistance for Phoenix, associated
with building envelope thermal resistance increment of 0% and infiltration of 0.3 ACH.

1. In cities with milder winters like Vancouver (CZ4), the NV system can be used for a longer period. Conversely, Toronto
(CZ5) with colder winters sees shorter operational periods for the NV system. However, using NV, Toronto’s hotter summers
translate to a larger reduction in sensible cooling loads during peak months compared to Vancouver.

2. More air-tight buildings, while exhibiting lower latent loads, experience higher sensible cooling loads due to reduced NV.
3. Activation of NV systems in cities like Toronto and Vancouver, despite their vastly different summer cooling loads, leads to

a decrease in total cooling load for both. These savings range from 5 kW-hr m−2 Year−1 for typical buildings to 15 kW-hr
m−2 Year−1 for air-tight buildings, demonstrating that even typical buildings can benefit from NV strategies.

4. Toronto displayed a greater sensitivity to changes in building envelope thermal resistance compared to Vancouver. Doubling
this resistance resulted in a substantial 12% reduction in Toronto’s total cooling load.

5. NV offers decreasing energy savings potential as we move towards lower climate zones.
6. Adjusting the humidity set points under the cooling and heating modes for NV requires consideration of the climate context.

Improper adjustment of humidity set points may result in the latent load of the building to increase beyond the savings of
the sensible cooling load using NV, obscuring the benefits of NV.
17
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Fig. 19. Time series data for indoor and outdoor conditions in Phoenix during July. Top panel: The variations in indoor (blue) and outdoor (red) temperatures
[◦C]. Middle panel: The indoor (blue) and outdoor (red) specific humidities [kgv kga−1]. Bottom panel: The window state (fraction of the hour opened), associated
with typical building: envelope thermal resistance increment of 0% and infiltration of 0.3 ACH. Main periods of window openings in Phoenix are 100–260 h,
380–450 h, and 690–730 h, occurring when indoor temperatures align with the cooling set-point and outdoor temperatures are lower. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Based on our findings, building and city designers should think about the compromises and conflicting nature of the sensible
cooling versus latent loads. For example, if a building is designed to reduce the sensible cooling load using an NV system without
attention to the complications in the latent load, it may confound the humidity comfort for the occupants.

Future work should investigate other mechanisms for natural ventilation beyond wind-driven ventilation, such as the buoyancy
driven ventilation. Also advanced control schemes (e.g. fuzzy logic) may be considered for window operation, potentially leading
to more energy-efficient NV strategies. Further, NV systems for other building types beyond the single detached residential houses
may be investigated. Finally, detailed experimental observations may be carried out to confirm the findings of this study.
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