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Abstract

This paper explores the benefits of incorporating natu-
ral ventilation (NV) simulation into a generative process
of designing residential buildings to improve energy effi-
ciency and indoor thermal comfort. Our proposed work-
flow uses the Wave Function Collapse algorithm to gen-
erate a diverse set of plausible floor plans. It also in-
cludes post-COVID occupant presence models while in-
corporating adaptive comfort models. We conduct four
sets of experiments using the workflow, and the simu-
lated results suggest that multi-mode cooling strategies
combining conventional air conditioning with NV can
often significantly reduce energy use while introducing
only slight reductions in thermal comfort.

Introduction

Buildings account for roughly 30% of global final en-
ergy use and over 55% of global electricity consumption
(IEA 2019; IEA 2022). Between 1990 and 2016, the en-
ergy consumption for space cooling in buildings more
than tripled, and the cooling load is the primary contrib-
utor to rising energy demand in the building sector. Fur-
thermore, about 70% of the air conditioning (AC) units
sold annually are for residential buildings, and their out-
put capacity accounts for 70.3% (848 GW) of the total
output capacity of AC units across building types (IEA
2018). Strategies for reducing cooling loads in residen-
tial buildings have the potential to significantly mitigate
energy consumption and carbon dioxide emissions in the
building sector.

Passive techniques are some of the oldest ways to en-
hance occupants’ thermal comfort and decrease en-
ergy demand from heating and cooling loads (Tejero-
Gonzalez et al. 20165 |Cheng et al. 2018). Despite their
long-standing history, these techniques remain promis-
ing due to their low installation and operating expenses,
minimal carbon dioxide emissions, high durability, and
low noise levels, in comparison to mechanical systems
(Prajongsan and Sharples 2012} Zhang et al. 2021)).

Natural ventilation (NV) is among the most potentially

beneficial passive cooling techniques available for im-
proving energy efficiency, indoor thermal comfort, and
air quality in residential buildings (Mushtaha et al. 2021}
Fereidani, Rodrigues, and Gaspar 2021; [Laurini et al.
2018 [Wen et al. 2023)). NV systems consist of purpose-
built openings for ventilation, such as wind-induced air-
flow, the buoyancy (stack) effect, or hybrid ventilation,
to provide convective heat dissipation and increase evap-
orative heat loss from human bodies (Prajongsan and
Sharples 2012} Zhang et al. 2021)). NV has been shown
to significantly decrease building energy use in many
countries with varying climate features. For instance, in
Spain, combining the air-conditioning system with NV
resulted in a reduction of up to 29.5% of HVAC operating
hours (Castano-Rosa, Rodriguez-Jiménez, and Rubio-
Bellido 2018). In Andalusian schools, NV systems re-
duced annual primary energy usage by 18% to 33% (Gil-
Baez et al. 2017). Additionally, NV contributed to a 24%
reduction in energy use of air conditioning systems in
Hong Kong (Gil-Baez et al. 2017} |Yik and Lun 2010).
NV is therefore seen as a key passive cooling technique
that can help minimize energy consumption compared
with conventional AC systems.

Designing an effective NV system remains difficult due
to its dependence on the climate and various design
variables, such as outdoor temperature, wind direction,
building shape, orientation, plan layout, and window size
(Wen et al. 2023} |Cheng et al. 2018}; [Zhou et al. 2014).
Evaluating NV performance can be challenging due to its
complexity, making it difficult for architects and stake-
holders to make design decisions and adopt NV systems.
Moreover, buildings designed and constructed for con-
ventional cooling can be challenging to later modify to
support NV systems (Tejero-Gonzalez et al. 2016). For
this reason, integrating NV simulation with an automated
generative geometry modeler may be helpful as a mean
of exploring diverse building forms with high NV per-
formance during the early design stage (Wen et al. 2023
Chen, Yang, and Sun 2016; Malkawi et al. 2016; L1 and
Chen 2021).

This paper aims to advance the modeling of NV solutions



by exploring a simulation-based workflow with the fol-
lowing features: 1) the utilization of the Wave Function
Collapse (WFC) algorithm to generate mid-rise residen-
tial buildings with a diverse set of floor plan layouts; 2)
the incorporation of up-to-date occupant presence mod-
els that reflect post-COVID behavior in residential build-
ings; and 3) the adoption of thermal comfort models that
account for the thermal sensations of residential build-
ing occupants as reported in the literature. We envision
the presented workflow as a step toward creating a gen-
erative tool for planning and optimizing naturally venti-
lated buildings during the early design stage. As a pre-
liminary step toward this goal, we conduct four sets of
simulation-based experiments using the workflow across
various climate zones to assess the impact of different
building layouts, orientations, and cooling strategies on
energy consumption and occupant comfort in buildings.
The experiments provide insight into the use of WFC-
based geometry generation when comparing a) conven-
tional AC strategies, b) NV strategies, and ¢) multi-mode
(MM) strategies that combine AC and NV.

Related Work

Recently, simulation tools have been combined with gen-
erative geometry modeling tools to explore optimal com-
binations of multiple design parameters (Grygierek and
Ferdyn-Grygierek 2018; [Weerasuriya et al. 2019; |Om-
rani et al. 2017). This process involves iterative eval-
uation and feedback on the impact of NV on building
performance, with the goal of finding an optimal build-
ing design. For example, Zhou et al. (2014) explored
optimal building orientation and spacing to reduce the
age of indoor air, while Grygierek and Ferdyn-Grygierek
(2018) investigated optimal combinations of building
orientation, glazing type, window area, and thermal
insulation (Zhou et al. 2014; |Grygierek and Ferdyn-
Grygierek 2018). Yoon et al. (2020) focused on ex-
ploring window-opening positions to optimize NV per-
formance, while Ameur et al. (2020) explored window-
opening areas (Yoon et al. 2020; Ameur, Kharbouch, and
Mimet 2020). Yin et al. (2023) optimized window type,
window position, opening fraction, and furniture place-
ment to maximize the air change rate in a room (Yin et al.
2023). The recent NV-related generative modeling re-
search mainly focused on building characteristics, such
as window dimension and position, or building orien-
tation; however, only few studies considered occupant-
related factors to precisely evaluate NV, including occu-
pant comfort models and occupancy schedules.

To reflect precise occupants’ thermal comfort and occu-

pancy schedules, several comfort and occupancy models
have been proposed. One of the standardized comfort
models is the Predicted Mean Vote (PMV), which pre-
dicts the mean value of a large group of people by consid-
ering indoor temperature, thermal radiation, relative hu-
midity, air velocity, occupants’ metabolic rate, and cloth-
ing insulation (ASHRAE 2005). However, this model
estimates occupants’ comfort based on the heat balance
model, ignoring the psychological dimension of adap-
tation, increasing gap between the estimated and actual
comfort temperature in naturally ventilated buildings
where occupants control operable windows (De Dear and
Brager 2002). To overcome this limitation, ASHRAE
RP-884 collected 21,000 sets of raw field data, and used
statistic analysis to develop regression models for adap-
tive comfort”. These models showed higher accuracy for
predicting thermal comfort in naturally ventilated build-
ings than the PMV model; however, they may have lim-
itations when applied to naturally ventilated or multi-
mode residential buildings due to the relatively small
number of such building in the dataset (De Dear et al.
2020). Moreover, an extensive review conducted by Kim
and de Dear (2021) concluded that the adaptive comfort
model consistently outperformed the PMV model with
a better alignment between the occupants’ actual com-
fort votes in multi-mode buildings and predicted comfort
values although occupants in the multi-mode buildings
have reported higher satisfaction levels and wider com-
fort ranges than existing standardized models.

Since the outbreak of COVID-19, traditional workplace
practices and employees’ workplace preferences have
undergone a drastic transformation. In the United States,
for example, 48% of Americans still anticipate having
the option to work from home after the pandemic, which
represents approximately a 30% increase compared to
the pre-COVID period (Yang et al. 2022} |Javadinasr et al.
2022). In the case of Canada, 32% of Canadian em-
ployees worked most of their hours from home at the
beginning of 2021, while only 4% did in 2016 (Mehdi
and Morissette 2021). In the Netherlands, 27% of tele-
workers responded in April 2020 that they expected to
work more from home in the future (De Haas, Faber,
and Hamersma 2020). The growing number of tele-
workers has also altered the pattern of HVAC usage and
electricity consumption in residential buildings (Sirati,
O’Brien, and Cruickshank 2023} [Villeneuve et al. 2021)).
Currently, occupancy profiles from the 1989 version of
ASHRAE 90.1 and ASHRAE Advanced Energy Design
Guide are among the most commonly used for building
energy modeling software programs (Mitra et al. 2021)).
However, these profiles appear outdated in light of post-



COVID occupancy patterns reported in the recent liter-
ature. We therefore strive to use up-to-date occupancy
models, and we submit that this should become standard
practice to ensure that the COVID pandemic’s lasting ef-
fects on daily life are reflected in building energy and
comfort simulations.

In summary, despite the importance of comfort and oc-
cupancy models for evaluating NV performance, few re-
search articles have considered post-COVID occupancy
schedules and adaptive comfort models in NV simula-
tion. To overcome this limitation, this paper integrates
the following additional models with the NV simulation:
1) an updated occupancy schedule to reflect post-COVID
behaviors in residential buildings and 2) alternative ther-
mal comfort models to account for occupants’ thermal
sensations inside naturally ventilated or multi-mode res-
idential buildings.

This research encompasses four sets of experiments con-
ducted using the developed workflow. Firstly, a large
population of buildings was generated, and simulations
were performed on this population to test the capabili-
ties of the workflow. Secondly, the study investigated
the impact of different cooling strategies on energy con-
sumption and occupant thermal comfort across various
climate zones. Thirdly, the research explored the influ-
ence of building orientation on energy usage. Lastly,
the fourth experiment involved visually comparing the
hourly changes in energy consumption and occupants’
thermal comfort among different cooling strategies to
gain insight into their relative performance.

Methodology

The workflow developed for this research consists of five
steps:

1- Selecting the modeling parameters: This involves de-
termining the input parameters that are relevant to the
simulation model.

2- Generation of building geometries: This step involves
creating the 3D model of the building, which is necessary
for the simulation process.

3- Generating the simulation-ready models: In this step,
the building model is converted into a simulation-ready
format. The user can choose their desired occupancy and
comfort models, or they can use the default values pro-
vided by the simulation software.

4- Conducting the simulation: The simulation is run us-
ing the parameters and model created in the previous
steps.

5- Data analysis on the results obtained: The results ob-

tained from the simulation are analyzed to draw conclu-
sions and insights.

Figure [T] illustrates these steps. Each step of the work-
flow will be discussed in detail in the sub-sections of
Section .
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Figure 1: The workflow of the research.

Selecting the modeling parameters

Firstly, this project set up input parameters for energy
and thermal comfort simulation focusing on mid-rise
apartments. Over the last three decades, the share of new
mid-rise apartment buildings, which have five to twelve
floors, has upsurged from 6% in the 1990s to 41% of
buildings under construction due to stronger demand for
urban living and more expensive cost of land than be-
fore (Sarac 2019). Considering this trend in the residen-
tial building sector, the input parameters for simulating
mid-rise apartments are determined based on a technical
report written by the National Renewable Energy Lab-
oratory, such as the number of people per area, infiltra-
tion rate, energy consumption from lighting per area, etc.
(Deru et al. 2011)

Next, climate zones were selected to comparatively an-
alyze the effect of climate zones on a building. Depart-
ment of Energy and ASHRAE Standard 90.1-2004 clas-
sify climate zones into 16 categories based on tempera-
ture (Zone 1 to 8) and relative humidity (Zone A to C)
(Deru et al. 2011} Baechler et al. 2010). Among them,
this project mainly focuses on the following six cities
to leverage relatively comfortable climates for enhancing
indoor thermal comfort, as shown in Figure [2t Houston
(2A), Phoenix (2B), Atlanta (3A), Los Angeles (3B-CA),
Las Vegas (3B-other), and San Francisco (3C). As shown
in Figure 3] each climate shows different patterns of out-
door temperature and relative humidity.

Generation of building geometries

To automatically generate building geometries, this
project adopts the Wave Function Collapse (WFC) algo-
rithm that enables a geometry-generation model to syn-
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Figure 3: Outdoor temperature and relative humidity of
the selected climate zones

thesize constrained design variations using a sparse set
of input examples in a manner compatible with multi-
objective search methods through variable inputs for tile
weights (Villaggi, Stoddart, and Gaier 2022} [Karth and|
[Smith 2017} [Sandhu, Chen, and McCoy 2019). To gen-
erate diverse variations of building layouts, the WFC al-
gorithm combines different types of unit tiles—Ilike end
wall, side wall, corridor, core, and empty tile—based on
rules learned from the provided input samples. First,
a series of 300 WFC solutions was generated using a
randomized sampling of tile input weights and a 40 x
40 output dimension, each containing multiple candidate
building layouts. Second, 553 individual unique build-
ing layouts were automatically extracted from the gener-
ated solutions using graph-based methods with rotational
variants and candidates containing no building cores dis-
carded. Third, feature characteristics were computed for
each unique building layout, including counts of build-
ing tiles, corners, building cores, building envelope tiles,
and individual apartments. Additionally, a series of geo-
metric descriptors were computed including the minimal
bounding box area, the normalized aspect ratio, and the

compactness of the design (a ratio of building tiles to
bounding box area). Figure H]illustrates the generation
process using the WFC.
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Figure 4: (a) Input example for training WFC model,
indicating reference building configurations; (b) Out-
put 40x40 solution from WFC solver containing multi-
ple building layout candidates; (c) Tile grouping using
graph analysis with red edges indicate building tile con-
nections, blue edges indicate building core connections,
and green outlines indicate valid layouts (containing at
least one building core) for extraction; (d) Examples of
isolated and extracted building layouts.

From the computed 553 unique candidates, a subset of
189 layouts containing 10 to 15 apartment units was iso-
lated to compare similarly-sized buildings with different
layouts to analyze the influential factors on NV. An issue
with simulating layouts containing fully-enclosed void
space, primarily ring-shaped buildings, led to the exclu-
sion of 13 layouts. After excluding the failed geome-
tries, 176 building layouts are prepared for generating
simulation-ready models. As shown in Figure 3] we se-
lected four different types of buildings with open cor-



ridors for the analysis and comparisons: single-loading
corridor, double-loading corridor, L-shaped corridor, and
court-yard type. This is because corridors play a signif-
icant function in directing outdoor air into the building
and facilitating cross ventilation (Aflaki et al. 2015;|Siew
et al. 2011)).

Generating the simulation-ready models

As shown in Figure [6] Grasshopper in Rhinoceros soft-
ware, Ladybug, and Honeybee plug-ins are used for au-
tomating the generation of energy models from the build-
ing geometries, and we set up EnergyPlus-based simula-
tion environments combining alternative assumptions for
building orientation, heating and cooling strategies, oc-
cupancy schedules, and thermal comfort models.

To compare the influence of air-conditioning mode, nat-
ural ventilation mode, and multi-mode systems, differ-
ent parameters are applied: 1) for the air-conditioning
mode, all the windows are closed and HVAC system
is turned on to ensure the indoor temperature between
21.7°C and 24.4°C, which are setpoints suggested by the
NREL technical report (Deru et al. 201 1)); 2) for the natu-
ral ventilation mode, the HVAC system is turned off, and
windows are opened or closed to ensure the room tem-
peratures between 21°C and 28°C. Windows are opened
or closed only when outdoor temperature is at least 3°C
lower than indoor temperature as the main purpose of the
window operation is for space cooling. The windows are
operated while the outside temperature is in the range
of 18°C to 25°C. 3) for the multi-mode, windows are
operable same as NV mode. HVAC will be running if
the indoor temperature is lower than 20°C or higher than
29°C. We assumed a 1-degree buffer zone between the
temperature thresholds of HVAC and NV modes to avoid
unnecessarily frequently switching between AC and NV
modes around the temperature thresholds.

To apply realistic pre-COVID and post-COVID occu-
pancy patterns, occupancy schedule data was obtained
from Mitra et al. (2021). For developing pre-COVID
US residential occupancy profiles, the researchers set
up their dataset based on the American Time Use Sur-
vey and Current Population Survey conducted by the US
Census Bureau; for the post-COVID residential occu-
pancy profiles, they implemented field survey data. This
dataset provides occupancy fraction information prior
to, during, and after the COVID-19 pandemic period,
and each group is subdivided into weekday/weekend and
high/middle/low-income levels. As a preliminary study,
we mainly focus on the occupancy fractions for the three
periods with middle-income levels, as shown in Figure[7]

The occupancy fraction value ranges from O to 1, where
0 represents no occupant is at home; 1 represents all oc-
cupants present.

For evaluating occupants’ comfort based on the simu-
lated indoor environment, PMV and adaptive comfort
models are adopted, and their approaches are different.
The PMV model estimates comfort values based on the
heat balance model by considering indoor temperature,
thermal radiation, relative humidity, air velocity, occu-
pants’ metabolic rate, and clothing insulation (ASHRAE
2005). On the other hand, the adaptive comfort model
calculates the optimal comfort temperature based on the
mean outdoor dry bulb temperature (De Dear and Brager
2002).

Conducting the simulation

The workflow provides simulation results as two metrics:
energy use intensity (EUI) and percentage of neutral time
(PNT). EUI is the total energy consumption per year di-
vided by the gross floor area of the building. That is, the
low EUI of the building represents high energy perfor-
mance. On the other hand, PNT represents the percent-
age of time when the comfort level is within acceptable
limits that vary depending on comfort models. These two
metrics are mainly used for comparatively analyzing the
performance of the energy models with different heat-
ing/cooling strategies, comfort models, and occupancy
models. Please note that the PNT results shown in the
paper are based on Adaptive Comfort Model (ACM); this
model has shown higher accuracy for predicting thermal
comfort in naturally ventilated buildings and better re-
flects the psychological dimension of occupants’ adapta-
tion inside their homes than the PMV model (De Dear
and Brager 2002).

Results

Simulating a set of buildings with diverse forms and
orientations

This first study involved taking the 176 generated build-
ing layouts and simulating their performance for each
of the 12 orientation angles. The investigated models
included generated layouts that were oriented at angles
ranging from O through 330 degrees with a step size of
30 degrees.

Figure (8] illustrates the Aspect Ratio, Footprint, Fa-
cade, and Compactness measures of the generated build-
ing population; the x-axis of the images shows the ID-
number of the buildings in this population. In this con-
text, Aspect Ratio refers to the normalized aspect ratio
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Figure 5: The four building layout types selected for the analysis.
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Figure 7: Average occupancy schedule before, during,
and after COVID-19 pandemic on weekdays and week-
ends (regenerated based on the collected data from Mitra
et al. (2021))

for the building footprint, calculated as the maximum of
the width and length divided by the minimum. Footprint
refers to the minimal bounding box area of the build-
ing pattern (width multiplied by length including open
space). Facade refers to the count of tiles correspond-
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Figure 8: (a) Aspect Ratio, (b) Footprint, (c) Facade, (d)
Compactness values for all generated and modeled build-
ings. The x-axis of the plots represents the ID-numbers
of the buildings in the population.

ing to the building envelope, i.e., the outer perimeter of
the buildings. Compactness refers to the percentage of
the footprint occupied by building tiles, calculated as the
count of tiles corresponding to building elements divided
by the footprint.

The simulations were run for all the buildings using the
MM cooling strategy. The simulations were conducted
for the Phoenix, AZ location, which is classified as cli-
mate zone 2B (hot and dry). The occupancy presence
model considered a post-COVID scenario and house-
holds with a middle-income level.

The results obtained for EUI are displayed in Figure [9}
showing a 10% difference in EUI within the dataset. The
study also observed a 16% and 22% difference in the Pre-
dicted Mean Vote (PMV) and Adaptive Comfort model,
respectively, for the buildings’ PNT, obtained based on
Adaptive Comfort Model. The results obtained for PNT
are not shown here.
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Figure 9: The EUI obtained for all of the simulated buildings, assuming: Phoenix, AZ location, MM cooling strategy,
a post-COVID occupancy presence model, and middle-income households.

200

140
0
a
2
o0

uuuuuuuu o5 Ang Las Vegas, NV
cl mate Zone

EUI (kWh/m?)

aaaaaaaaaaa

Figure 10: The EUI values obtained for the 6 climate
zones, 3 cooling strategies, and Type-2 building layout.
A lower EUI indicates higher energy efficiency and a
more sustainable building design.

Exploring 3 cooling strategies in 6 climate zones

Figures [T0]and [TT] provide a comparison of the EUI and
PNT data obtained for 6 different climate zones. These
simulations were conducted using the assumption of a
post-COVID occupancy presence model and households
with a medium income level. The simulations were con-
ducted on Building Layout Type 2 shown in Figure 5}

Across all climate zones, it was observed that the NV
and MM modes resulted in lower energy consumption
compared to the HVAC mode. However, the use of NV
and MM modes led to a decrease in PNT. Although this
reduction may not be ideal, it is important to note that
the acceptability of the PNT level depends on the specific
region and its comfort standards.

Exploring the impact of building orientation on en-
ergy usage

The study examined the impact of building orientation
on energy usage for the 4 building layouts presented
in Figure 5] Figure [T2] displays the EUI obtained for

PNT (ACM]
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Figure 11: The PNT obtained for the 6 climate zones, 3
cooling strategies, and a Type-2 Buildings Layout. A
higher PNT indicates a greater level of thermal com-
fort and suggests that the building design is successful
in meeting the occupants’ comfort needs.

these buildings when oriented at angles ranging from
0 through 330 degrees with a step size of 30 degrees.
These simulations were conducted for the Phoenix, AZ
location and using an AC cooling mode.

The results highlight that both the trend and level of EUI
change depending on the orientation and building form.
This suggests that while general rules of thumb can pro-
vide rough estimates on energy savings through building
orientation, considering the specific building form can
provide better estimations, even during the early stages
of design.

The percentage difference in the EUI and PNT levels ob-
tained for Type 3 Building Layout, presented in Figure[3}
comparing the AC mode and MM mode at different ori-
entations, is presented in Figure @ The simulations
were conducted for the Phoenix, AZ location.

The results show a significant reduction in EUI, approx-
imately 40%, when the MM mode is utilized. On the
other hand, the decrease in PNT is only 10%. It is impor-
tant to note that the change in PNT level depends on the
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selected thermal comfort model. In this case, an Adap-
tive Thermal Comfort model was employed for the com-
parison and analysis.
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Figure 13: The percentage difference in the EUI and
PNT levels obtained for a Type 3 Building Layout, com-
paring the AC mode and MM mode at different orienta-
tions.

Exploring hourly EUI and PNT for 3 cooling strate-
gies

Figure|l4|provides a visual comparison of the hourly val-
ues of EUI and PNT for the month of June in a simulation
case for Building Layout Type 2, assuming a San Fran-
cisco location. The results show that the MM cooling
strategy reduces EUI by approximately 11% compared
to the HVAC strategy, while still maintaining reasonable
PNT values above 85%.

Preliminary results for Houston and Atlanta (not shown
in the figure) indicate even larger potential decreases
in energy consumption levels: 32.5% for Houston and
22.1% for Atlanta. However, the simulations suggest that
natural ventilation alone is not sufficient to maintain the
indoor climate within an acceptable range.

The images in Figure [I4] illustrate the hours of the day
with poor PNT levels, indicating either hot or cold sen-
sations for the occupants, as well as the times with peak
energy consumption levels. This information can be uti-
lized in the design of smart controllers and advanced
energy-saving strategies and technologies. For instance,
green energies can be generated/collected and stored dur-
ing specific hours of the day and used to power the MM
system during hours with low PNT, optimizing both en-
ergy usage and occupant comfort.

Discussion

This research presents a developed workflow for gener-
ating, modeling, and simulating diverse building types
and layouts with different orientations, specifically fo-
cusing on incorporating passive cooling techniques, such
as NV, in the early design stages of sustainable house-
hold apartment buildings. The workflow consists of five
steps: selecting modeling parameters, generating build-
ing geometries using the WFC algorithm, converting the
models into a simulation-ready format, conducting the
simulations, and analyzing the obtained results. The
workflow offers a range of simulation options, includ-
ing different ventilation methods (NV, MM, AC), occu-
pancy presence models, and thermal comfort assessment
models. The simulation results are evaluated in terms
of the EUI, representing energy consumption per square
foot per year, and the PNT, representing the percentage
of time when occupants experience a comfortable indoor
environment.

The research experiments in this project aimed to pro-
vide insights into the impact of utilizing different cool-
ing strategies and support the design of more energy-
efficient and comfortable residential buildings. The ex-
periments assessed the impact of cooling strategies on
energy consumption and thermal comfort by compar-
ing air-conditioning, natural ventilation, and multi-mode
cooling strategies, considering various parameters. To
address the limitations of existing studies in evaluating
NV performance, the research integrates updated occu-
pancy schedules to reflect post-COVID behaviors and
alternative thermal comfort models for assessing occu-
pants’ thermal sensation in naturally ventilated or multi-
mode residential buildings.
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Figure 14: A visual comparison of the hourly values of EUI and PNT for the month of June in a simulation case for

Layout Type 2, assuming a San Francisco location

The first research experiment generated and simulated a
large set of buildings. The results highlighted that the
large pool of data generated by the simulations can be
challenging for humans to digest. While optimization
engines can assist in the process of optimal design selec-
tion or knowledge inference, they are probably not suffi-
cient on their own. Therefore, Al-driven technology has
the potential to greatly benefit designers and stakehold-
ers in tailoring specific buildings by rapidly exploring
different options for larger design projects and surfacing
near-optimal designs. The technology can also be uti-
lized to extract and present knowledge from the data in
various interactive formats, including text, images, and
video, to aid decision-making processes. Moreover, a
few high-performing building design options can be se-
lected with and passed on to the next design stages. Fur-
ther detailed analysis can be conducted on these cases by
providing additional design information available in later
design stages. The selected cases can also be moved to
high-fidelity analysis tools such as computational fluid
dynamics (CFD) for more detailed analysis.

The second research experiment indicated that both the
NV and MM cooling strategies result in lower energy
consumption compared to the conventional HVAC mode
across all of the examined climate zones. On the hand,
the use of NV and MM modes lead to a decrease in PNT,
and it is important to observe that NV alone may not ade-
quately maintain the indoor climate within an acceptable
range. Our results suggest that implementing the MM
mode could lead to substantial improvements in energy
efficiency, with a noteworthy decrease in EUI of about
18% to 40%. Although there is a slight reduction in ther-

mal comfort (PNT-ACM) compared to the AC mode, it
is important to consider the overall trade-off between en-
ergy efficiency and occupant comfort. It is worth noting
that the acceptability of the reduced PNT level depends
on the specific region and its comfort standards. The
contribution of MM mode to energy saving is aligned
with previous research works. |Gonzélez-Lezcano and
Hormigos-Jiménez (2016) reported 13% saving of to-
tal cooling energy combining HVAC with NV in social
housing in Spain, and [Weerasuriya et al. (2019) and |Yik
and Lun (2010) showed 8-27% and 25-50% reduction of
the energy consumption of residential buildings in Hong
Kong, respectively. However, the proposed workflow
has room to increase energy savings by optimizing win-
dow size, window position, thermal insulation, etc. Ad-
ditional design variables will be included for improving
energy efficiency in future work.

The third experiment shows that considering the orienta-
tion and form of a building is highly advisable for accu-
rate estimations of energy savings during the early design
stages. While general rules of thumb provide rough esti-
mates, the research demonstrates that the trend and level
of EUI vary based on these factors. It is important to con-
sider the interaction between building form and orienta-
tion when aiming for energy efficiency. Simply relying
on general guidelines for building orientation may not be
sufficient, as the specific form of the building can have
a notable influence on the EUI. Therefore, a comprehen-
sive approach that takes into account both building form
and orientation is necessary to achieve accurate estima-
tions and optimize energy performance during the early
design process.



The fourth research experiment highlights hourly simu-
lation results and determines the hours of the day with
poor PNT levels, indicating discomfort for occupants, as
well as the peak energy consumption times. This infor-
mation can be utilized to design smart controllers and ad-
vanced energy-saving strategies, such as generating and
storing green energy during specific hours to power the
MM system when the PNT is low. Such an optimization
approach would aim to effectively balance energy usage
and occupant comfort over time.

It should be noted that the results obtained in this work
are approximate and may vary depending on specific
building characteristics and simulation conditions. The
goal of this work was to provide reasonable evaluations
for the energy consumption and occupants’ thermal com-
fort inside buildings at early design stages where limited
design data is available.

In the future, we are planning to expand the capabilities
of the developed workflow by providing more simula-
tion options including controllers for running the MM
and AC systems. In addition, we aim to develop a user
interface for the workflow. On the experimental side, we
are planning to develop a surrogate model based on the
simulation results to let designers and decision-makers
infer knowledge from the pool of the data in a more ef-
ficient way. The model could be also incorporated into a
tool to speed the search for optimal sustainable designs.

Conclusion

This research introduces a developed workflow for gen-
erating, modeling, and simulating diverse building types
and layouts with different orientations, with a focus
on incorporating passive cooling techniques like natural
ventilation (NV) in the early design stages of sustainable
household apartment buildings. The workflow was used
to perform four research experiments in order to evaluate
the impact of cooling strategies on energy consumption
and thermal comfort of occupants inside buildings.

The findings emphasize the benefits of implementing
MM cooling strategy, as it significantly improves en-
ergy efficiency with a notable decrease in EUI. Although
there is a slight reduction in thermal comfort compared
to the AC mode, the trade-off between energy efficiency
and occupant comfort must be considered. However, the
study highlights that relying solely on NV may not be
sufficient to maintain an acceptable indoor climate. The
findings demonstrate the importance of considering the
interaction between building form and orientation when
aiming for energy efficiency. Simply relying on general
guidelines for building orientation may not be sufficient,

as the specific form of the building can have a notable
influence on the EUL

While the use of the WFC algorithm can help gener-
ate a diversity of design options that vary in their inte-
rior layouts as well as orientation, the large amount of
data produced by the ensuing simulations may be chal-
lenging for architects to interpret. To aid the decision-
making process, knowledge extraction from the data and
Al-driven technology could be highly beneficial for de-
signers and other stakeholders. These technologies can
provide information in interactive formats facilitating
tailored building design and exploration of options for
larger-scale projects.
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