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1. Introduction

In the 21st century, the world is facing challenges of
increasing energy demand and carbon emissions. Nearly
30%—35% of energy consumption and 40% of CO, emissions
originate from buildings (particularly during the construc-
tion and operational phases) (International Energy Agency,
2018). Building design is a critical link in the entire
life cycle of buildings, primarily determining pollutant
dispersion, environmental comfort, and energy consump-
tion during building construction, operation, and demoli-
tion phases (Hurley et al., 2016). Buildings must gradually
transform from traditional high-consumption development
patterns to efficient green development patterns. In addi-
tion, outdoor comfort and public health are closely related
to the urban wind and thermal environments (Oke, 1982). In
the urban design stages, the influence of urban geometries
on the local microclimate should be fully considered and
optimized to create a comfortable and healthy urban out-
door environment (Blocken and Carmeliet, 2004).

An increasing number of architects consider the impact
of designs on the microclimate of buildings and urban en-
vironments, highlighting that the concept of healthy,
livable, and green design is being gradually incorporated
into the design process (Mackey and Roudsari, 2018).
However, in traditional works, the microclimates and
environmental quality of urban areas and buildings can only
be analyzed and optimized after construction, making de-
signs potentially subject to expensive trial and error costs.
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Computational fluid dynamics (CFD) allows microclimate
and pollutant dispersion simulations to be performed
rapidly and accurately using a computer. The integration of
CFD simulations into the design process for design evalua-
tion and optimization significantly ensures the quality and
comfort of the design (Spengler and Chen, 2000; Mochida
et al., 2002; Jiang et al., 2003). CFD software, such as
ANSYS Fluent (ANSYS, 2021), OpenFOAM (Jasak et al.,
2007), and CHAM PHOENICS (CHAM, 2021), require high
computer resources during installation and computation,
which is an additional burden for architects (Mazumdar and
Chen, 2008; Zuo and Chen, 2009). As light-version CFD
tools, CFD plug-ins require significantly fewer computer
resources than CFD software (Han et al., 2018). When the
flow domain is large or the flow is complex, CFD software
usually requires a long computation time, which may not
meet the requirement for obtaining fast feedback results in
time-critical designs (Zuo and Chen, 2010). In response, the
advent of new technologies such as the methods that
integrate fast fluid dynamics (FFD) for fast flow simulation
of buildings into plug-ins (Stam, 1999; Waibel et al., 2017),
automatic meshing (De Luca, 2019a), and adaptive mesh
refinement functions (Berger and Colella, 1989) have
significantly reduced the time required for flow simulations
on design platforms. The high cost and time involved in
acquiring CFD knowledge and becoming familiar with CFD
tools are significant barriers limiting the acquisition of CFD
simulation skills by architects (Kaijima et al., 2013). The
integration of CFD into design platforms simplifies CFD
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models in many aspects, such as in terms of numerical
schemes (Bosselmann et al., 1995; Sousa et al., 2015),
turbulence models (Si et al., 2016; Wortmann, 2017,
Natanian et al., 2020), grid schemes, mesh generation
methods (Marcum and Weatherill, 1995; Lohner, 1997;
Nakahashi et al., 2003), making CFD simulations easy to
understand and perform. In addition, most CFD plug-ins are
user-friendly, providing convenient access to geometry
generation, CFD simulation, and visualization within one
interface of the design platform, substantially simplifying
the simulation workflow. Architects can establish workflows
using CFD plug-ins to perform CFD simulations in familiar
design environments.

Many architects and researchers have recently
considered CFD simulations using plug-ins in urban and
building design (Attia et al., 2012; @stergard et al., 2016;
Han et al., 2018). Numerous studies have shown that
most CFD plug-ins are capable of predicting airflow fields
and pollutant dispersion (Roudsari et al., 2013; @stergard
et al., 2016; Chronis et al., 2017; Elwy et al., 2018;
Estrado, 2019). Most plug-ins allow the CFD simulation
results to be directly output and visualized on the in-
terfaces of the design platforms. The computational ac-
curacy and speed of CFD plug-ins can be ensured by using
external CFD solvers (Broderick and Chen, 2001; Zuo and
Chen, 2010; ODS, 2017; Waibel et al., 2017; Brook-Lawson
and Holz, 2020). It makes microclimate analysis more
efficient and provides architects and researchers with
time to complete other design arrangements. In addition,
CFD plug-ins coupled with other performance simulation
tools on design platforms allow for detailed design per-
formance evaluation. In general, CFD plug-ins have
reduced the need for architects to understand the
fundamental physics of CFD and have provided users with
simulation guidance through concise graphical user in-
terfaces (GUIs) (ODS, 2017; food4Rhino, 2019; Autodesk,
2021). The automatic meshing functions developed in
some CFD plug-ins can help users generate high-quality
meshes for geometries (Lam et al., 2001; Autodesk,
2021). Remote collaboration and cloud simulations via
the Internet are also possible using CFD plug-ins, which
help save computer resources when executing large-scale
simulation tasks (Lam et al., 2001; ODS, 2017; Autodesk,
2018, 2021).

Review articles in the past decades have focused on
simulation tools that provide performance analysis and
decision support for urban and building designs. Han et al.
(2018) reviewed simulation tools for decision support in the
early design stages of green buildings. @stergard et al.
(2016) highlighted several challenges in selecting and
applying performance simulation tools during the early
design stages and discussed specific coping strategies.
Moreover, Solmaz (2019) presented significant features,
limitations, and developments in building performance
simulation (BPS) tools and evaluated their feasibility in
building design. Negendahl (2015) provided a detailed re-
view of the ways architects applied BPS in the early design
stage and strategies for combining geometrical and
analytical models for BPS. Attia et al. (2012) summarized
the main criteria for selecting BPS tools and assessing their
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performance through literature reviews and questionnaire
surveys. However, the aforementioned review articles did
not specifically summarize the application of CFD inte-
grated into design platforms for performance simulations.
In addition, the literature related to the application of CFD
integrated into the design process by plug-ins has been
increasing in recent years (especially in 2020 and 2021),
indicating that CFD plug-in applications are gradually
receiving attention. Therefore, this study provides a
detailed review of CFD applications integrated into design
platforms by using plug-ins for microclimate and perfor-
mance simulations. Three design platforms were selected
for this investigation and research: Autodesk Revit, Rhi-
noceros (Rhino)/Grasshopper, and SketchUp. The simula-
tion patterns and primary roles of CFD simulations in urban
and building designs were systematically analyzed and
discussed.

The scientific literature reviewed in this paper was
sourced from the ISI Web of Science, Google Scholar, and
ScienceDirect. ResearchGate was used as a supplementary
search tool. The following keywords were used as sources
of search records: CFD simulation, performance simula-
tion, CFD plugin/plug-in/add-on, integrated/implanted,
building, building design, architectural design, urban,
urban design, urban planning, design platform/tool/soft-
ware, Rhino, Rhinoceros, Grasshopper, Autodesk, Revit,
SketchUp, airflow, wind environment, heat transfer,
thermal/thermal comfort, thermal environment, and
pollutant/pollutant dispersion.

Articles and publications were considered for inclusion
and exclusion based on the following criteria:

e Original research articles published in English.

e Journal articles and several selected conference papers
published in English are included.

e Articles and publications up to January 2022.

e Articles relevant to the critical research questions
identified.

e Abstracts, reports, and purely descriptive articles
without detailed analytic components were excluded.

e Articles with controversial research content, methods,
or conclusions were excluded.

Considering the research objectives, review topic, and
inclusion and exclusion criteria, 63 relevant articles were
explicitly selected as the basis for follow-up investigations
and research in this review.

Section 2 provides a detailed overview of the classifi-
cation and comprehensive comparison of CFD plug-ins by
the design platforms. Moreover, the systematic statistics
of the CFD plug-in applications are presented. Section 3
analyzes the three types of applications of CFD plug-ins
based on design platforms, including single-objective,
multi-objective, and coupling simulations. Section 4
highlights two primary roles of CFD integrated into the
design process for performance simulations. The issues of
CFD plug-in applications on design platforms, limitations
of CFD plug-ins, and future perspectives are discussed in
Section 5. Finally, a summary and conclusions are pre-
sented in Section 6.
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2. Overview of the CFD plug-ins integrated into
design platforms

2.1. Classification of CFD plug-ins by the design
platforms

The classification of plug-ins capable of CFD simulations on
design platforms, including Autodesk Revit, Rhinoceros/
Grasshopper, and SketchUp, was systematically investigated
according to the articles reviewed. The relationships between
various design platforms and their included CFD (or other
performance simulation) plug-ins are shown in Fig. 1.

Autodesk Revit (Revit), which supports and manages the
building structure information (BIM), is extensively used in the
building industry (Utkucu and Sozer, 2020b). A Plug-in Auto-
desk Flow Design (Autodesk, 2018) was developed to perform
CFD simulations based on the Revit platform, which supports
architects in simulating airflow rapidly in terms of forced
convection and calculating the drag coefficient of obstacles
(Alhamad et al., 2018; Baghaei Daemei et al., 2019; Hamdan
and de Oliveira, 2019; Jo et al., 2020). The Autodesk Flow
Design airflow simulation results for the velocity distribution
exhibited lower accuracy than the validated CFD software
OpenFOAM (Jo et al., 2020). In addition, the CFD software
Autodesk CFD (Autodesk, 2021) has developed a plug-in with
GUI on the Revit platform, which not only allows users to
perform airflow simulations but also supports simulations of
pollutant dispersion and radiative (or convective) heat
transfer. The above CFD plug-ins for Revit obtain the geometry
models through the file exchange method (Utkucu and Sozer,
2020b) presented in Table 1.

Parametric design platforms such as Rhinoceros (Rhino)
and Grasshopper provide users with more options for CFD
plug-ins, which are also suitable environments for the orga-
nization and functional expansion of plug-ins (Robert McNeel
and Associates, 2021). Moreover, RhinoCFD integrates
numerous basic functions based on PHOENICS (CHAM, 2017),

Autodesk CFD Rhino Flow-RT Butterfly

such as airflow simulation, pollutant dispersion simulation,
and heat/mass transfer scenario analysis. It exhibits sufficient
accuracy and high computational speed when performing
outdoor airflow simulations on Rhino (Chronis et al., 2017;
Mughal and Beirao, 2019). The plug-in Rhino Flow-RT, sup-
ported by the validated CFD software Simerics-MP, integrates
advanced real-time CFD simulations into the Rhino design
environment (food4Rhino, 2021).

Among the CFD plug-ins on Grasshopper, Butterfly has
been extensively applied to predict airflow conditions in
urban blocks (Chronis et al., 2017; Elwy et al., 2018;
Estrado, 2019; Xu et al., 2019; Brook-Lawson and Holz,
2020; Sun and Rao, 2020; lbrahim et al., 2021a; Jia et al.,
2021; Loh and Bhiwapurkar, 2021; Rodrigues Marques
Sakiyama et al., 2021). It conducts simulations using the
validated external CFD solver (OpenFOAM) to ensure
computational accuracy and efficacy (Chronis et al., 2017;
Elwy et al., 2018; Brook-Lawson and Holz, 2020). Ladybug
Tools (Roudsari et al., 2013) support flexible coupling be-
tween Butterfly and other simulation module components,
such as EnergyPlus/OpenStudio (Ellis et al., 2008; NREL U.S.
Department of Energy, 2021) and Ladybug (Ladybug Tools
LLC, 2021), to facilitate data transfer between different
numerical simulations. However, the Butterfly has not yet
developed a mature GUI. It is necessary to establish a
simulation workflow by linking graphical nodes (batteries)
within parametric visual scripting interfaces (Roudsari and
Mackey, 2021). In contrast, Swift developed a concise GUI
to simplify the initial settings of the simulation workflow
(ODS, 2017), which is more architect-friendly when per-
forming airflow simulations (De Luca, 2019b; Kabosova
et al., 2020a, 2020b). Furthermore, FlowDesigner has a
set of simulation templates that enables users to perform
airflow simulations with few input parameters, which is
conducive to performing CFD simulations in the early design
stages of information scarcity (Lin et al., 2021). Currently,
researchers have adopted the cylindrical computational
domain modeled by the plug-in Eddy3D (2020) to consider
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Fig. 1
lations (shown in the bottom row) for design platforms.
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Diagram of the plug-ins integrating CFD simulations (shown in the top row) and plug-ins integrating performance simu-
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Table 1 Four methods that support the interoperation between design platforms and simulation tools (Citherlet, 2001;

Petersen, 2011; @stergard et al., 2016) (figures modified from @stergard et al., 2016@Elsevier, reprinted with permission of

Elsevier).

Method Characteristics Examples

Built-in Numerical simulations are integrated Solar analysis for Autodesk
Dsigh B Cinulation into design platforms. Revit, cooling and thermal load
platform | =R tool analysis modules for Autodesk

Revit.
Run-time Output The method links design platforms Most CFD or performance

Design platform API Simulation
tool

(&—)
(Input)

File exchange

Design platform
Simulation tool

r\o‘uwm lny\
(Input) ) %| k‘%utput)

Specific format file

(CAD) and simulation tools (CFD)
using APIs or add-ons.

The geometry data in the BIM models
need to be packaged into a specific
proprietary or public format file, then
input into the simulation tool for
simulations. The exchanged files are
readable for the design platform and

simulation plug-ins on
Rhinoceros/Grasshopper and
SketchUp.

Most CFD or performance
simulation plug-ins on Autodesk
Revit.

Proprietary formats: dwg, rvt,
osm, gbXML

Public formats: IFC, XML

simulation tool but not necessarily
writable.

Standalone
(users interpret)

Design platform
Simulation tool

Users remodel target models by
interpreting CAD or drawings and

EnergyPlus, Radiance (Fritz and
McNeil, 2016).

ultimately presenting input

Remode\‘ %o /

’a Text or report

Users

information and results in texts or
reports.

the simultaneous action of multiple wind directions in
airflow simulations (Kastner and Dogan, 2020a). It is worth
mentioning that Butterfly, Swift, Eddy3D, ixCube CFD
(ixCube, 2018), and ProceduralCS (Procedural, 2021) on the
Grasshopper platform are all plug-ins that use the CFD
solver OpenFOAM to perform CFD simulations. In addition,
Dragonfly for Ladybug Tools can package building height
information from the National Geographic Information In-
stitute’s spatial information portal into a compatible
format file and input it as geometric information into the
plug-in ENVI-met (Huttner and Bruse, 2009) for local
microclimate simulations of urban areas (Kim et al., 2020).
However, studies on Dragonfly directly accessing the ge-
ometry models generated by Rhino for simulations have not
yet been found. WS-Snake has been used to predict wind
pressure on high-rise building facades (Miyamoto and
Gilani, 2007; food4Rhino, 2019; Goli et al., 2021). Based
on the FFD method, GH_Wind can increase the simulation
speed by nearly 50 times compared with CFD software
OpenFOAM when performing the airflow simulation on the
same central processing unit (CPU) (Zuo and Chen, 2009).
Nevertheless, the cost of high-speed computational capa-
bility is a trade-off for accuracy (Waibel et al., 2017).
Rapid design generation-oriented SketchUp combined
with CFD or performance simulation makes it more efficient
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to conceive, judge, and refine performance-driven designs
(Trimble, 2020). MicroFlo and MacroFlo for IES (VE) are CFD
plug-ins developed on SketchUp, which support users in
performing airflow simulations for design (Chen, 2018;
Sharmin and Steemers, 2019). Specifically, MicroFlo focused
on performing indoor and outdoor forced convection sim-
ulations to observe the airflow patterns and velocity dis-
tributions. In contrast, MacroFlo (Integrated Environmental
Solutions Limited, 2017), which uses the CFD solver Apa-
cheSim for simulations, is more capable of simulating nat-
ural convection, air infiltration, and thermal pressure
ventilation inside buildings.

Most of the CFD plug-ins mentioned above have concise
GUIs on design platforms that are user-friendly and pro-
vide clear guidance for simulations. Moreover, numerical
simulations using CFD plug-ins are generally supported by
validated external CFD solvers, guaranteeing a certain
degree of computational accuracy and efficiency. How-
ever, related studies are still scarce because several
newly-developed CFD plug-ins have experienced only a
short period of time, such as ixCube CFD and procedur-
alCS. Therefore, this review investigates such plug-ins by
referring to official websites, user guides, etc., and sys-
tematically introduces the plug-ins mentioned above in
Table 2.
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2.2. Comprehensive comparison of CFD plug-ins by
the design platforms

The CFD plug-ins on design platforms were comprehen-
sively compared from many perspectives, including the
basic properties, simulation categories, features, and
practicability during the early design stages, as shown in
Table 2.

This review presents the basic properties of CFD plug-
ins for integrating CFD into design platforms in terms of
the corresponding platforms, coupled CFD solvers, and
interoperation methods that interact with the design
platforms. The primary methods used to realize interop-
eration between the design platforms and simulation tools
are listed in Table 1. Among the four interoperation
methods, the built-in method was the most efficient (Han
et al., 2018). Because most design platforms do not have
built-in CFD solvers for simulations, the run-time method
is more widely adopted for the interoperation of CAD
models and CFD simulations (CHAM, 2017; ODS, 2017;
ixCube, 2018; food4Rhino, 2019; 2021; Procedural, 2021;
Roudsari and Mackey, 2021). The run-time method allows
the geometry models and information generated by design
platforms to be exchanged with external CFD solvers
through application programming interfaces (APls) (Han
et al., 2018). In particular, plug-ins for Revit adopt a file
exchange method to obtain geometric models and infor-
mation from Revit.

2.2.1. Simulation categories and features

This review assesses the simulation capabilities of plug-ins
from the perspective of their simulation categories,
including airflow, pollutant, thermal, daylight, radiation,
and energy simulations. Among these, the first three are
the principal categories of CFD simulations (Toparlar et al.,
2017). Considering that several plug-ins can conduct per-
formance simulations or energy calculations in addition to
CFD simulations, such as Swift (ODS, 2017) and Procedur-
alCS (Procedural, 2021), additional simulation categories of
daylight, radiation, and energy were included in the
assessment.

Cloud simulation, parametric analysis, and optimiza-
tion functions are considered additional criteria for
highlighting the features of plug-ins. Cloud technology
permits parallel computation for CFD simulation tasks on
the server (Procedural, 2021), which economizes users’
computer resources and significantly improves computa-
tional efficiency (Macumber et al., 2014). In addition,
parametric analysis with uncertainty analysis (UA) and
sensitivity analysis (SA) as the core foundation assists
users in parametric comparisons to identify critical pa-
rameters for the optimal design (Draper, 1995; Han
et al., 2018). The parametric analysis function module
developed in FlowDesigner (Advanced Knowledge
Laboratory, 2021) can perform reverse analysis on the
sensitivity of parameters, such as air volume, wind di-
rection, and window opening size, by weighing the re-
sults of indoor airflow simulations (Lolli et al., 2017).
Moreover, optimization functions in several CFD plug-ins
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(CHAM, 2017; Integrated Environmental Solutions
Limited, 2017; ODS, 2017; Autodesk, 2018; Advanced
Knowledge Laboratory, 2021; Autodesk, 2021), such as
Autodesk CFD and FlowDesigner, provide users with
timely feedback on optimization suggestions for design
parameters by analyzing and judging the simulation re-
sults (Nguyen et al., 2014).

2.2.2. Practicability in the early stages of urban and
building designs

The early integration of CFD plug-ins into the design
process can aid design decision-making through numerical
simulations, facilitating the generation of high-quality
design schemes (Ostergard et al., 2016). However, it
faces several challenges, such as time-consuming
modeling and computation, rapid changes in early de-
signs, and input uncertainties. Accordingly, this review
evaluates the practicability of CFD plug-ins during the
early design stages based on the following criteria (Han
et al., 2018). The star symbol rated the practicability of
the plug-ins during the early design stages (“¥” indicates
poor early usage experience, i.e., the following four
criteria are not met. The more “%x”s, the better the
practicability in the early design stages, i.e., more
criteria are met.).

e The plug-in is friendly to architects. The evaluation
basis of this criterion primarily includes convenience or
lack thereof in operation, expertise threshold of the
workflow, and clarity or ambiguity of the operation
steps. Architects can readily accept a plug-in that is
clear in its process, easy to operate, and has a low
threshold of CFD knowledge. In contrast, the CFD plug-
in Butterfly has highly professional commands and
complex workflows for setting up simulation tasks,
which are more suitable for experienced engineers
(Roudsari and Mackey, 2021). In addition, a CFD plug-in
that provides a friendly GUI makes it easy for architects
to perform CFD simulations and reduces the cost of
early learning (Attia et al., 2012). A detailed overview
and schematic of the GUIs developed for the various
CFD plug-ins are provided in Section S1 of the Supple-
mentary Materials.

The plug-in can complete the simulations and provide
feedback with few inputs. With a lack of information and
design parameters in the early design stages, plug-ins
should be able to assist users in accomplishing simple
simulation assignments with the help of a benchmark or
meta-model (Han et al., 2018). For instance, the plug-in
FlowDesigner provides a set of simulation templates that
allow users to perform simple simulations with few input
parameters (Waibel et al., 2017; Autodesk, 2018; Eddy,
2020).

The plug-in supports the parametric analysis. Urban and
building designs are iterative in a "Design-Simulation-
Feedback-Design” cycle. An essential function of early
simulation plug-ins is providing architects feedback by
identifying sensitive and critical parameters that help
refine the designs.
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Table 2 Comprehensive comparison of plug-ins integrating CFD into design platforms from multiple perspectives.

CFD plug-ins Design CFD solvers Interoperation CFD simulations Additional simulations Features in CFD plug-ins Graphical Practicability
platforms methods Airflow Pollutant Thermal Daylight Radiation Energy Cloud Parametric Optimization yser i the early
computing analysis interface design stages
developed
(or not)

Autodesk CFD Autodesk Autodesk CFD File exchange »~ % %4 v I 2.8.8.¢
Autodesk Revit I 4 I * %

Flow

Design
RhinoCFD Rhinoceros PHOENICS Run-time I 4 ¥ I 2.8 8 ¢
Rhino Flow- Simerics-MP % %4 V 2.8 8 ¢

RT
Butterfly Grasshopper OpenFOAM % S
Swift 7 7 17 7 17 7 v * %k
Eddy3D v %4 *
ProceduralCS I v v v 4 v * %
ixCube CFD % *
GH_Wind FFDSolver I *
Dragonfly ENVI-met % 74 74 S
WS-Snake = % *
FlowDesigner FlowDesigner File exchange 74 74 74 74 7 % 2. 8.8 8.9
MicroFlo SketchUp IES(VE) Run-time % 7 % *
MacroFlo % %4 %4 V * X

‘e 32 0eD 7 ‘Buad "A ‘NH 'A
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e The plug-in supports the comparison of multiple design
schemes. In the early design stages, if plug-ins permit a
comparison of the performance and quality of various
design schemes, it will lower the difficulty of design
decision-making.

2.3. Statistics of CFD plug-ins applied on design
platforms

Among the reviewed studies, the highest number were
carried out in CFD simulations performed using plug-ins on
the Revit platform, accounting for 54% of the total
(Fig. 2(a)). Of the studies based on Revit, 70% applied
Autodesk CFD to CFD simulations. One reason is that
Autodesk CFD has the advantages of a friendly GUI, auto-
matic meshing for geometric models, and acceptable ac-
curacy (Sousa et al., 2015; Jo et al., 2020). Studies on CFD
plug-in applications on Rhinoceros/Grasshopper accounted
for 43% of the total. Approximately 80% of the studies on
Grasshopper relate to Butterfly, Swift, and Eddy3D using
the CFD solver OpenFOAM for simulations, and most of their
simulation results have exhibited relatively good simulation
accuracy (De Luca, 2019a; Estrado, 2019; Kabosova et al.,
2020a; Kastner and Dogan, 2020b; Natanian et al., 2020;
Rodrigues Marques Sakiyama et al., 2021). Currently,

(@)

Autodesk
Flow Design
30%
Autodesk CFD
70%

(b)

Only airflow
41%

Fig. 2

SketchUp
3%

Pollutant

7%

Daylight
10%

numerical simulations using CFD plug-ins in SketchUp have
not been widely studied, which may be related to the
limitations of SketchUp (Chopra, 2012). For instance,
geometrical models with unsatisfactory quality are often
generated when SketchUp is used, which increases the
difficulty of geometry identification and mesh generation
conducted using CFD plug-ins.

According to the simulation categories considered in CFD
plug-in applications, all studies integrated airflow simula-
tions into the design processes on design platforms
(Fig. 2(b)). Of the studies that included airflow simulations,
59% have performed other simulations, such as pollutant
dispersion (Ma et al., 2018; Jia et al., 2021), daylight, solar
radiation (De Luca, 2019a), and energy simulations (Utkucu
and Sozer, 2020a). Specifically, 33% of these studies
included solar radiation simulations, 29% contained thermal
simulations, 21% considered energy simulations, and the
rest performed pollutant dispersion or daylight simulations.
Moreover, simulations considering the effect of wind-
thermal coupling on the velocity distribution and flow
field have been conducted (Hamdan and de Oliveira, 2019;
Utkucu and Sozer, 2020a; Loh and Bhiwapurkar, 2021).
Several studies have coupled airflow, solar radiation, and
thermal simulations to perform thermal comfort assess-
ments (Johansson and Yahia, 2020; Sun and Rao, 2020; Lin
et al., 2021) and energy consumption calculations

Eddy
11%

Butterfly
37%

\ \ \RhinOCFD
8%
FlowDesigner WS-Snake
4% 4%

MicroFlo/
MacroFlo
100%

Radiation

33%

—

(a) Proportion of studies on different design platforms and the proportion of studies of various CFD plug-ins applied based

on these design platforms; (b) the proportion of studies performing only airflow simulation and the proportion of other simulations

performed in the studies considering airflow simulations.
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(Elwy et al., 2018; Xu et al., 2019; Graham et al., 2020;
Kastner and Dogan, 2020b; Natanian et al., 2020; Ibrahim
et al., 2021b). However, pollutant dispersion simulations
using CFD plug-ins during the design stages have not been
widely studied (Ma et al., 2018; Jia et al., 2021).

3. Applications of CFD integrated into urban
and building designs

3.1. Single-objective simulation

The single-objective simulation summarized in this review
indicates that only a single CFD simulation category
(airflow, pollutant, or thermal simulation) was considered
when conducting the study for urban or building designs. To
date, single-objective simulations using CFD plug-ins during
the design process have been extensively studied, ac-
counting for more than 60% of the reviewed studies.
Single-objective simulations were integrated into the
design process to analyze the correlation between specific
microclimate conditions and design variables. More pre-
cisely, the correlation between the building form or layout
pattern and airflow conditions around buildings has been
explored through single-objective simulations (Baghaei
Daemei et al., 2019; Kabosova, 2019). Kabosova et al.
(2020a) concluded that performing fast CFD simulations
using plug-ins (e.g., Swift) on a design platform is an
effective way to predict and observe the airflow field
changes around a building after adjusting the building
forms. Indoor natural ventilation has also often been
studied by single-objective simulations, which mainly
focus on the influence of the size, shape, and location of
window openings on natural ventilation inside buildings
(Kristianto et al., 2014; Yousef Mousa et al., 2017;
Rodrigues Marques Sakiyama et al., 2021). Chen (2018)
found that MicroFlo simulations are sensitive enough to
reflect changes in the velocity distribution inside buildings,
even when only minor adjustments are made to the size
and location of the window openings. In addition, single-
objective simulations are often used to compare the per-
formance of different CFD simulation tools, considering
only a single simulation category to reduce the complexity
of the research. Brook-Lawson and Holz (2020) proposed
that Butterfly is similar to OpenFOAM in terms of compu-
tational accuracy and time cost but less functional than
OpenFOAM when performing airflow simulations; for
example, it cannot simulate porous media such as trees.
Moreover, single-objective simulation can support archi-
tects in exploring optimization methods and strategies for
a single microclimate condition or local air pollution. Rhi-
noCFD was used by Mughal and Beirao (2019) to simulate
the effect of the location distribution of porous media,
including trees and vertical vegetation, on the indoor wind
velocity distribution and air temperature when optimizing
the natural convection inside a high-rise building. Jia et al.
(2021) validated that when the dispersion patterns of PM; 5
particles inside high-density residential areas were manu-
ally optimized from the airflow pattern and velocity dis-
tribution results obtained from Butterfly’s simulations, the
predicted PM, s distribution after adjustments was in
general agreement with the field measurements.
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Furthermore, CFD plug-ins are typically developed to
address specific research questions or purposes, meaning
they can only perform one of the airflow, pollutant, or
thermal simulations. For instance, GH_Wind was devel-
oped by Waibel et al. (2017) based on the FFD method and
integrated only the function of airflow simulation, which
focuses on increasing the computational speed for pre-
dicting the airflow field.

At present, most studies using CFD plug-ins conducting
single-objective simulations during design focus on the
airflow and pollutant dispersion, including airflow patterns,
flow field, turbulent flow characteristics, and other airflow
conditions (Sousa et al., 2015; Broekhuizen, 2016; Chronis
et al., 2017; Yunus and Ismail, 2017; Li et al., 2018;
Albdour and Baranyai, 2019; Avini et al., 2019; Estrado,
2019; Javanroodi and Nik, 2019a, 2019b, 2020a, 2020b;
Kabosova, 2019, 2020; Olenkov et al., 2019; Albatayneh
et al., 2020; Brook-Lawson and Holz, 2020; Jo et al.,
2020; Kabosova et al., 2020a, 2020b; Zhang et al., 2020;
Goli et al., 2021; Khan et al., 2021; Shen et al., 2021).
However, there is a scarcity of single-objective simulation
studies considering only thermal simulations.

3.2. Multi-objective simulation

In traditional design efforts, significant workload and
expensive trial-and-error costs limit the feasibility of
evaluating and optimizing multiple objectives for the
design (Magnier and Haghighat, 2010). Integrating multi-
objective simulations, including CFD simulations, into the
design process allows design schemes to be efficiently
evaluated and optimized for the performance of various
objects in the design stages (Sun and Rao, 2020). It is
noteworthy that no data transfer or exchange occurred
between the simulations performed for different objectives
during the multi-objective simulation process. To date,
studies on multi-objective simulations have mainly focused
on airflow, daylight, and solar radiation, which significantly
affect thermal comfort and human health (Eliasson, 2000;
Ryser and Halseth, 2008), accounting for 16% of the total
articles. Detailed investigations of studies on multi-
objective simulations are presented in Table 3.

A multi-objective simulation can be realized using a
single CFD plug-in based on the design platform. Johansson
and Yahia (2020) performed airflow and direct solar simu-
lations and solar access calculations for urban blocks using
Autodesk CFD, obtaining similar results to OpenFOAM in the
airflow field. According to the summary of the above study,
Autodesk CFD is sufficient to meet the need for early
microclimate analysis for urban designs. However, multi-
objective simulations generally need to be performed
using multiple simulation tools oriented to different ob-
jectives. In the multi-objective optimization efforts con-
ducted by Barzegar Ganji et al. (2020), Autodesk CFD for
particle distribution simulations cannot perform perfor-
mance simulations; therefore, Ladybug was applied to
support radiation analysis and thermal comfort assessment.
Sun and Rao (2020) found that using Butterfly’s airflow
simulation results as boundary conditions when performing
a long-term (12 h) thermal comfort assessment was accu-
rate but highly time-consuming. Therefore, they obtained
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Table 3  Summary of the application of CFD simulations integrated into multi-objective simulations using plug-ins.

Design
platforms

CFD simulations

Performance
simulations

CFD plug-ins

Output other tools

Output

Scales CFD simulations

Additional simulations

Airflow Pollutant Thermal

Daylight Radiation

Main findings

Authors
(year)

Autodesk
Revit

Grasshopper

Autodesk
CFD

Butterfly

Swift

AF Ladybug
WV

AF Autodesk
WV CFD

AF Ladybug
WV

AF
WV

AF WV DIVA-for-
Rhino
Ladybug

SRI
D

PD

e
PET

SRI

uTcl

Urban 17
Block

Street 17

Building

Urban 7
Block

Urban 7
Block

’/

’/

e Autodesk CFD is relatively
user-friendly in providing
clear guidance to the users
by a concise GUI and is
compatible with AutoCAD
used by architects.

e Automatic meshes
generated by Autodesk CFD
are suitable for the major
parts of the model domain
except for areas with higher
wind speeds.

e With the help of automatic
meshing functions,
Autodesk CFD can
accurately predict the
pollutant dispersion and
flow fields inside the
residential clusters.

e Wind speed data obtained
from Autodesk CFD can be
transferred through nodes
(batteries) on the
Grasshopper to Ladybug for
thermal comfort analysis.

e 3rd-party simulation and
optimization tools in
Grasshopper, such as
Ladybug, Butterfly, and
Octopus (Karamba3D,
2021), are connected to
Penguin (Robert McNeel and
Associates, 2008) for urban
design optimization.

e The results of CFD
simulations using the
validated OpenFOAM
through Swift can be used as
input data for Ladybug to
calculate UTCI.

Johansson
and Yahia
(2020)

Ma et al.
(2018)

Barzegar
Ganji
et al.
(2020)

Sun and
Rao (2020)

De Luca
(2019a)

(continued on next page)
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Table 3 (continued)

Authors
(year)

Main findings

Additional simulations

CFD simulations

Scales

Performance
simulations

CFD simulations

Design

platforms

Daylight Radiation Energy

Airflow Pollutant Thermal

P

Output
SRI

Output other tools

CFD plug-ins

De Luca
(2019b)

e The plug-in Swift can

Urban
Block

accurately predict the flow
field and wind comfort at

PET

the pedestrian level around

buildings.

Lin et al.
(2021)

o FlowDesigner can predict

Building

AF

FlowDesigner

building natural ventilation
potential, pedestrian wind
comfort, and outdoor PET

comfort rates.

SRI PET

DIVA-for-
Rhino

WV

AbbreviationsAF, airflow field (—); WV, wind velocity (m/s); SR, solar radiation intensity (W/m2); D, daylight (lux); UTCI, universal thermal climate index (°C); PD, pollutant dispersion (-);

PET, physiological equivalent temperature (°C).
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local microclimate data from EnergyPlus weather files
(.epw) as input for long-term thermal comfort analysis by
Ladybug and used Butterfly to perform short-term airflow
simulations to optimize only wind comfort. De Luca (2019a)
realized simultaneous multi-objective simulation through
parametric scripting on Grasshopper, where daylight per-
formance analysis by Radiance and cold stress assessment
by Swift was performed synchronously after changes in
urban form to quickly reflect changes in the performance of
building clusters (Fig. 3). The above study provides archi-
tects with an efficient multi-objective optimization strat-
egy that avoids the tedious process of performing step-by-
step simulations for different objectives.

3.3. Coupling simulation

Unlike multi-objective simulations, simulations oriented
toward various objectives interact during the coupling
simulation process, which inevitably involves data transfer
between simulations. Currently, 30% of the reviewed
studies have integrated coupling simulations using CFD
plug-ins in the design process. Table 4 presents specific
investigations of coupling simulation studies on design
platforms.

Considerable studies have applied coupling simulations
to perform thermal comfort assessments at various scales.
Elwy et al. (2018), Xu et al. (2019), Loh and Bhiwapurkar
(2021), and lbrahim et al. (2021b) explored the compre-
hensive effects of microclimatic conditions on the outdoor
thermal comfort of urban blocks based on Grasshopper and
Ladybug Tools. All of these studies used a similar workflow:
the wind speed results obtained from Butterfly’s airflow
simulations on urban blocks were input into Ladybug and
then combined with weather data, such as air temperature
and mean radiant temperature, to quantify thermal com-
fort (Fig. 4). Natanian et al. (2020) developed another
workflow for outdoor thermal comfort assessment based on
the Grasshopper. In this workflow, the local microclimate
data obtained from the weather stations by the plug-in
Dragonfly, the mean radiant temperature on the building
surface calculated by the plug-in Honeybee, and the wind
factor calculated by Eddy3D were packaged as input into
EnergyPlus for detailed outdoor UTCI calculations. Based on
Eddy3D and Radiance, Kastner and Dogan (2020b) devel-
oped an annual outdoor thermal comfort assessment
framework for urban blocks. The authors combined solar
irradiance and view factors calculated by Radiance with the
detailed wind speed data from Eddy3D to quantify annual
outdoor thermal comfort. In this study, the detailed UTCI
was calculated only at specific sensor points rather than for
the entire computational domain, significantly reducing the
computational effort and time cost of the annual thermal
comfort assessment.

In addition to thermal comfort assessments, several
studies performing coupling simulations have been related
to energy performance simulations (EPSs) (Buonomano and
Palombo, 2014). The convenient integration of the 3D
building information, CFD simulations, and energy models
based on the same design platform helps improve the ef-
ficiency of EPSs (Utkucu and Sozer, 2020b). However, most
plug-ins that are capable of CFD simulations cannot
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perform energy simulations. Specialized energy simulation
tools, such as EnergyPlus/OpenStudio (Hamdan and de
Oliveira, 2019; Javanroodi and Nik, 2019b; Autodesk,
2021; Loh and Bhiwapurkar, 2021), ENVI-Met (Sharmin and
Steemers, 2019), and eQuest (Utkucu and Sozer, 2020b),
must be embedded in the CFD-EPS framework based on
design platforms (Utkucu and Sozer, 2020b). Javanroodi and
Nik (2019b) performed CFD simulations using Autodesk CFD
to obtain microclimate data, supporting DIVA for Rhino and
Archsim (Solemma LLC, 2021) to convert urban models to
thermal zone models. Subsequently, these data and models
were imported into EnergyPlus for EPS to evaluate the total
energy demand of the target building. Moreover, an energy
performance simulation strategy similar to the above was
adopted on design platforms in several studies, where plug-
ins performed CFD and performance simulations to obtain
microclimate data and then input them into energy models
for the EPS (Mytafides et al., 2017; Javanroodi et al., 2018;
Hamdan and de Oliveira, 2019; Sharmin and Steemers,
2019). It is worth noting that detailed wind speed data
from CFD simulations can be used as input to correct the
low-accuracy energy performance simulation using atmo-
spheric wind speeds without considering the influence of
obstacles (Hamdan and de Oliveira, 2019).

4. Roles of CFD integrated into urban and
building design processes

Based on a detailed investigation of the literature
reviewed, this review analyzes the primary roles of CFD
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simulations integrated into the design process, including
providing various micro-scale numerical simulations and
optimizing the original design via feedback results. Design
platforms create good conditions for linking CFD simula-
tions with design schemes, allowing the simulation results
to be promptly feedback to support design decision-making
and optimization (Waibel et al., 2017; Advanced Knowledge
Laboratory, 2021; Autodesk, 2021). However, studies using
CFD plug-ins to optimize the original design have not been
widely conducted, accounting for 20% of the reviewed
studies. Most studies (80%) used CFD plug-ins to perform
numerical simulations for design analysis at various micro-
scales, including urban blocks, streets, and building scales.

4.1. Providing various micro-scale numerical
simulations

4.1.1. Urban block scale

The correlation between urban forms and wind comfort
inside urban blocks was studied based on design platforms.
Johansson and Yahia (2020) explored the influence of
adjusted urban morphology on pedestrian-level wind com-
fort using Autodesk CFD, revealing that Autodesk CFD’s
automatic meshes used in areas with high wind speed may
reduce the accuracy of predictions. In addition, studies
using CFD plug-ins have analyzed the effect of wind-
thermal coupling on outdoor thermal comfort within
urban blocks. Elwy et al. (2018) used Butterfly and Honey-
bee to generate urban physiological equivalent tempera-
ture (PET) thermal maps to quantify the impact of changes
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Table 4

Summary of the application of CFD simulations integrated into coupling simulations using plug-ins.

Design Coupling simulation Goals of Scales  CFD simulations Performance simulations Main findings Authors
platforms i lation tools  Outputs coupling Airflow Pollutant Thermal Daylight Radiation Energy (year)
simulation
Autodesk Autodesk CFD AF EPS Building »~ %4 e BIM and CFD are integrated to Mytafides
Revit WV consider the contribution of et al. (2017)
Lighting Analysis D passive heating and cooling
Green Building EC technologies to indoor thermal
Studio (GBS) comfort conditions.
Autodesk CFD AF Urban e Similar airflow patterns are  Javanroodi
WV Block found in Autodesk CFD and et al. (2018)
DIVA-for-Rhino SRI ANSYS Fluent simulations.
EnergyPlus CLEC e Two simulation tools’ wind
speed and pressure coefficient
results conform well in many
areas.
Autodesk CFD AF Urban »~ e Hourly Autodesk CFD Javanroodi
WV Block simulation results are packaged and Nik
DIVA-for-Rhino SRI into a weather data file and (2019b)
EnergyPlus EC used as input data for the EPS.
Autodesk CFD AF Building ¢~ e Autodesk CFD was used to Utkucu and
WV study indoor natural ventilation Sozer (2020a)
eQUEST CL EC by thermal buoyancy and
evaluate outdoor wind comfort
at the pedestrian level.
Autodesk CFD AF Building »~ V- e There may be an Utkucu and
WV interoperability deficiency of  Sozer (2020b)
Insight 360 D SRI data loss when BIM models are
eQUEST EC converted to other formats and
imported into Autodesk CFD for
simulation setup.
Autodesk Flow AF WV TCA & EPS Street 1~ - e Autodesk Flow Design can Hamdan and
Design swiftly obtain acceptable de Oliveira
OpenStudio D SRI accuracy when predicting (2019)
EnergyPlus EC outdoor ventilation around
Ladybug uTCl buildings.
Autodesk Flow AF WV EPS Building e Autodesk Flow Design in Alhamad
Design predicting outdoor wind et al. (2018)
MicroFlo AF WV circulation and wind pressure
Carrier HAP EC and MicroFlo in predicting

indoor natural ventilation
performance can obtain rapid
results.

‘e 32 0eD 7 ‘Buad "A ‘NH 'A



191

Grasshopper Butterfly
Honeybee/
EnergyPlus

Butterfly
Ladybug
Honeybee

Butterfly
Dragonfly
Honeybee/
EnergyPlus
Ladybug
Butterfly
Radiance
Honeybee/
EnergyPlus
Ladybug
Eddy3D
Ladybug

Eddy3D
Ladybug
EnergyPlus

Eddy3D
Radiance

AF WV
AT MRT

AF WV
UTCI
EC SRI

AF WV
UAT RH WV
SVF ST

UTClI
AF WV
D

MRT

uTcClI
AF WV
SRI UTCI

AF WV
SRI
LWR MRT

AF WV
SRI MRT

TCA

TCA & EPS

TCA

Urban
Block

Urban
Block

Urban
Block

Urban
Block

Building

Urban
Block

Street

‘/

‘/
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e The PET values derived from
the workflow developed on
Ladybug Tools (including
Butterfly), and EnergyPlus
generally agree with the field
measurements.

e The numerical results of the
airflow simulation performed
by Butterfly can be input into
the ladybug on Grasshopper
through the connection of
battery modules.

e Although Butterfly used the
validated software OpenFOAM
for airflow simulation to ensure
accuracy, it usually requires a
long simulation time.

e Butterfly based on OpenFOAM
can provide reliable wind
speed data for UTCI
calculations.

e Eddy3D is powered by the CFD
solver OpenFOAM for
microclimate simulation and
can use EPW weather files to
predict annual wind comfort.

e Eddy3D provides a cylindrical
simulation domain approach,
allowing the reuse of the same
computational mesh for every
wind direction to reduce
computation time and storage
space.

e The wind reduction factors
method and cylindrical
simulation domain approach
are applied in Eddy3D to
reduce the time of annual
outdoor thermal comfort
analysis.

Elwy et al.
(2018)

Xu et al.
(2019)

Ibrahim et al.
(2021a)

Loh and
Bhiwapurkar
(2021)

Graham et al.
(2020)

Natanian
et al. (2020)

Kastner and
Dogan (2020b)

(continued on next page)
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Table 4 (continued)

Authors
(year)

Main findings

Performance simulations

CFD simulations

Scales

Goals of

Coupling simulation

Design

Daylight Radiation Energy

Airflow Pollutant Thermal

simulation

coupling
EPS

Outputs

Simulation tools

platforms

Sharmin and
Steemers
(2019)

o Microclimate data retrieved

from MacroFlo can be

17

Street

AF WV

MacroFlo

SketchUp

SRI AT RH
EC

ENVI-met

incorporated into building

IES(VE)

energy analysis with ENVI-met

using IES(VE).

Abbreviations: AF, airflow field (—); WV, wind velocity (m/s); SR, solar radiation intensity (W/m?); LWR, longwave radiation (W/m?); AT, air temperature (°C); ST, surface temperature (°C);

UAT, urban air temperature (°C); MRT, mean radiant temperature (°C); D, daylight (lux); UTCI, universal thermal climate index (°C); PET, physiological equivalent temperature (°C); RH,
relative humidity (—); EC, energy consumption (W); SVF, sky view factor (—); CL, cooling load (W); TCA, thermal comfort assessment (—); EPS, energy performance simulation (—).
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urban forms on wind-thermal comfort within urban blocks.
Similarly, Javanroodi and Nik (2019b) coupled airflow
simulation results from Autodesk CFD with urban thermal
zone models generated by DIVA-for-Rhino to generate PET
thermal maps for pedestrian-level thermal comfort as-
sessments. Moreover, the authors utilized the detailed
airflow simulation results of Autodesk CFD as the input for
urban energy simulations on typical summer and winter
days. However, obtaining microclimate data as input using
CFD simulations for long-period energy simulations is highly
time-consuming. Accordingly, Natanian et al. (2020) used
the Dragonfly and Urban Weather Generator (UWG) algo-
rithm (Erell and Williamson, 2006) to generate urban
weather files as inputs for the annual energy demand cal-
culations on urban blocks. However, simulations of
pollutant dispersion using CFD plug-ins at the urban block
scale have not been carried out.

Statistically, Butterfly and Autodesk CFD are popular
plug-ins typically applied in urban block studies. Moreover,
the performance simulation tool Ladybug is often coupled
with CFD plug-ins in urban block studies to perform solar
radiation access calculations and daylight analysis, which
supplements the outdoor thermal comfort assessments of
urban blocks (Ma et al., 2018; Kastner and Dogan, 2020b).

4.1.2. Street scale

Most studies on the street scale have focused on outdoor
wind comfort in urban street canyons. Kabosova et al.
(2020a) coupled Swift’s fast airflow simulation into a
parametric workflow for building shape-optimization de-
signs, where Swift visualizes the flow field within a 3D
street canyon and quantifies wind comfort at pedestrian
levels after the building shape changes. Khan et al. (2021)
used Autodesk CFD to evaluate the pedestrian-level wind
comfort inside street canyons with different building height
gradients. The authors found that Autodesk CFD simulations
generally underestimated wind speeds within the entire
computational domain, particularly at the top and leeward
sides of the obstacles. In addition, Hamdan and de Oliveira
(2019) analyzed the outdoor thermal comfort inside
streets. They simulated wind circulation and airflow pat-
terns inside the streets surrounding urban open spaces
using Autodesk Flow Design and then transferred the results
to EnergyPlus for UTCI calculations to observe the changes
in outdoor thermal comfort after adjusting the building
layout, street canyon ratio, and street orientation. More-
over, the dispersion of pollutants inside streets has
received considerable attention in studies using CFD plug-
ins. Using Autodesk CFD, Ma et al. (2018) performed
airflow and particle distribution simulations on six types of
plan layouts of courtyard residential clusters. The turbu-
lence characteristics in the vertical direction and the con-
centration distribution law of pollutants through the
simulation results obtained by Autodesk CFD were analyzed
(Fig. 5(b and c)), supporting the authors in identifying the
best cluster type that is conducive to PM;, 5 dispersion from
the inside to the outside (Fig. 5(d)). Furthermore, previous
studies have also analyzed total building energy consump-
tion inside the street based on design platforms (Sharmin
and Steemers, 2019; Kastner and Dogan, 2020b). Sharmin
and Steemers (2019) inputted detailed wind speed data
from MacroFlo and other microclimate data (e.g., daylight
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factors) extracted from local weather files into the IES(VE)
and calculated the cooling load and energy consumption for
urban street canyons with different building layouts.

4.1.3. Building scale

According to Kerestes (2014), the relatively small model
scale of buildings reduces the need for computer perfor-
mance and time costs, making it more beneficial for ar-
chitects to apply CFD simulations to analyze the design
schemes within time-constrained design progress. More-
over, several key elements of building design (e.g.,
orientation, layout, volume, openness, shading, etc.) can
be evaluated and determined through CFD simulations
during the early design stage (Tian et al., 2018). Accord-
ingly, studies performing CFD simulations on building
scales based on design platforms are the most numerous
within Section 4.

Most previous studies have focused on indoor airflow
simulations. Autodesk CFD (Kristianto et al., 2014;
Mytafides et al., 2017; Olenkov et al., 2019; Albatayneh
et al., 2020; Barzegar Ganji et al., 2020; Jo et al., 2020;
Utkucu and Sozer, 2020b) and Autodesk Flow Design
(Alhamad et al., 2018; Avini et al., 2019; Baghaei Daemei
et al., 2019; He et al., 2019; Jo et al., 2020; Kabosova
et al., 2020a) based on Revit are popular CFD plug-ins
for airflow simulations. Yousef Mousa et al. (2017) used
Autodesk CFD to predict the airflow field and velocity
distribution inside the buildings after adjusting the
window-opening orientation and layout. The authors
found that Autodesk CFD’s automatic meshing can
generate finer meshes for window openings and thin walls,
where subtle flow details must be captured. Yunus and
Ismail (2017) used Autodesk CFD to explore the correla-
tion between changes in the shape and size of window
openings on a building envelope and the improvement of
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indoor wind comfort. Abdelhady (2021) used Autodesk CFD
to evaluate the indoor natural ventilation performance
inside the building by performing airflow simulations for
the building design schemes with different courtyard lay-
outs and orientations. Based on the conclusions in the
above study, the results of the airflow patterns and ve-
locity distribution obtained by Autodesk CFD are mostly
consistent with field measurements in low-wind-speed
areas. MicroFlo, based on SketchUp, was applied to
study the effect of changes in building form on the airflow
patterns inside the building (Chen, 2018). In addition,
other studies have analyzed the influence of changes in
the building forms on outdoor airflow conditions around
buildings (Graham et al., 2020; Lin et al., 2021). Baghaei
Daemei et al. (2019) used Autodesk Flow Design to calcu-
late the wind pressure and drag coefficient to quantify the
influence of the cross-sectional shape changes on the wind
resistance and surrounding airflow conditions of high-rise
buildings. In particular, Waibel et al. (2021) proposed a
coupled approach that combined FFD simulations and a
machine learning (ML) algorithm to predict wind pressure
on high-rise facades. Rapid simulation results were used as
input for the ML model to provide a large number of
training samples within a limited time to improve the
computational accuracy, thereby significantly overcoming
the deficiency that FFD simulations are less accurate than
CFD simulations.

Furthermore, several studies have analyzed the impact
of improved natural indoor ventilation performance on
building energy consumption. Mytafides et al. (2017) used
the cooling load analysis module for Revit to perform the
building energy simulations based on weather data ob-
tained from the Autodesk climate server (ACS). This study
calibrated the building energy simulations using detailed
indoor wind speed data from Autodesk CFD and accurate
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solar radiation on the building surface obtained from the
“Solar Analysis” module on Revit. Utkucu and Sozer (2020b)
established another building energy simulation workflow
based on the Revit platform. In this work, the performance
simulation tool Insight 360 (Autodesk, 2022) was applied to
perform daylight analysis and solar radiation access for
geometry models with different window-to-wall ratios
(WWR), and Autodesk CFD was used to evaluate the indoor
natural ventilation performance. Autodesk Revit software
packages the numerical results of the above analyses into
the building information model and transmits them along
with other input parameters to the energy tool eQUEST for
a detailed building energy analysis (Fig. 6). However,
studies using CFD plug-ins for building design analysis that
considers thermal conditions and pollutant dispersion are
relatively scarce.
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4.2. Optimizing the original design via feedback
results

Most studies have performed CFD simulations based on design
platforms to optimize outdoor airflow conditions (Estrado,
2019; Mughal and Beirao, 2019; Xu et al., 2019; Javanroodi
and Nik, 2020a). According to the summary outlined by Loh
and Bhiwapurkar (2021), airflow responds rapidly to changes
in geometric models and significantly affects human comfort
and energy consumption. In addition, the optimization of
daylight analysis or solar radiation access while optimizing the
ventilation performance has been considered using plug-ins in
several studies. Based on Swift for airflow simulation and
Ladybug for performance simulation, De Luca (2019a)
enhanced the outdoor airflow velocity and daylight
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distribution around buildings by adjusting the building forms
and density to satisfy the recommendations for pedestrian-
level wind comfort and daylight duration during winter.
Moreover, some studies have coupled CFD plug-ins with energy
simulation tools to optimize designs for reducing energy con-
sumption. Loh and Bhiwapurkar (2021) developed a workflow
based on Ladybug Tools, including Butterfly, to analyze the
combined effects of airflow conditions, solar radiation access,
and daylight distribution on building energy consumption
feeding the energy consumption results to the original design
to guide design adjustments.

There are two primary design optimization methods that
use CFD plug-ins based on design platforms: algorithm-
based and manual adjustment optimization. Algorithm-
based optimization refers to the application of algorithms
(or programs) in the design process to solve design opti-
mization problems (Wang et al., 2005). The computer re-
fines the original design schemes by analyzing, screening,
adjusting, and iterating based on suitable algorithms,
typically using CFD numerical results as the basis for judg-
ment. Several studies considering CFD simulations have
been performed to apply algorithms for the aerodynamic
optimization of designs on design platforms (Estrado, 2019;
Utkucu and Sozer, 2020a), and most of the optimization
algorithms used are genetic algorithms (GAs) or their vari-
ants (Mughal and Beirao, 2019). Javanroodi et al. (2018)

employed the building modular cell (BMC) technique to
generate a set of benchmark urban block models with
different urban forms, which considered the combined
variation in the urban morphology, and building forms
based on parametric algorithms (Fig. 7(d)). Autodesk CFD,
DIVA for Rhino, and EnergyPlus were coupled in Grass-
hopper to perform airflow simulations and cooling load
calculations for 1600 cases to screen out 16 high-quality
urban block design cases (Fig. 7(e)). The fast simulation
of Autodesk CFD improves the efficiency of the optimiza-
tion workflow, but it always overestimates the wind speed
near the roof and leeward surfaces of obstacles (Javanroodi
et al., 2018). Mughal and Beirao (2019) proposed an
algorithm-based strategy for optimizing natural ventilation
in urban design. The authors applied a GA to generate a set
of random models, and the program screened the models
using a fitness function based on accurate wind speed data
obtained from RhinoCFD. The genetic algorithm then ad-
justs the high-quality models in the parameters to generate
new populations (models) for iterative optimization.
Furthermore, Xu et al. (2019) adopted a GA in the Grass-
hopper Galapagos to optimize urban block design (Fig. 8).
This work applied a GA to adjust buildings’ horizontal and
vertical layouts in urban open spaces to generate optimized
design schemes. The airflow simulation results from the
Butterfly were inputted into Ladybug for quantitative
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thermal comfort assessments, and the resulting outdoor
mean UTCI was utilized as a performance index to support
the screening effort for optimal urban block models. Sun
and Rao (2020) explored the airflow patterns and solar ra-
diation access in urban block models with different urban
morphologies using Butterfly and Ladybug. The authors
applied the “Octopus” optimization module in Grasshopper
to analyze the numerical results to support the iterative
optimization of the urban block designs.

Algorithms have been applied by several studies to
optimize building design on design platforms. Lin et al.
(2021) used the nondominated sorting genetic algorithm II
(NSGA-11) in a parametric building performance optimiza-
tion (BPO) framework. Their study converted the results of
Ladybug’s sunlight hour simulation, DIVA solar radiation
simulation, FlowDesigner’s wind field model, and Ladybug’s
thermal comfort analysis into evaluation indicators. The
optimization tool Wallacei (Grasshopper3d, 2021; Lin et al.,
2021) applied the above algorithm to identify and weigh
these key evaluation indicators to generate the optimal
thermal comfort and energy consumption design schemes.
Shen et al. (2021) employed EvoMass and its embedded

steady-state island evolutionary algorithm (SSIEA) to
generate optimized building design variants to enhance
wind comfort around buildings. The authors used GH_Wind
airflow simulation to rapidly analyze the airflow velocity
distribution around the new building variants to identify the
changes in wind-related performance and guide iterative
optimization. It is worth noting that the primary purpose of
algorithm-based optimization is often not to directly pro-
vide a final scheme for the design task (Mughal and Beirao,
2019; Johansson and Yahia, 2020; Shen et al., 2021).
Instead, architects are expected to judge the trends re-
flected by optimization results of the design performance
to conceive more desirable designs creatively.

However, algorithm-based optimization has certain lim-
itations. Generally, obtaining an optimal solution using al-
gorithms requires hundreds or even thousands of
evaluations, which is highly time-consuming (Mughal and
Beirao, 2019). In addition, applying optimization algo-
rithms typically requires programming knowledge and good
computer literacy with related skills (Deb et al., 2002).
Instead, the manual adjustment optimization method is
employed more frequently in design practice, which may be
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less efficient than the algorithm-based optimization
method but more architect-friendly. According to previous
studies (Baghaei Daemei et al., 2019; Kabosova et al.,
2020a, 2020b), architects use plug-ins to perform CFD or
performance analysis on design platforms and manually
adjust the design for optimization based on the judgment
of feedback results.

5. Discussion

5.1. Issues of CFD plug-ins applied on design
platforms

As “ten tips and tricks towards accurate and reliable CFD
simulations” proposed by Blocken (2015) and questions
concerning near-field pollutant dispersion in the built envi-
ronment (Lateb et al., 2016; Tominaga and Stathopoulos,
2016), the initial setup of the CFD simulation is significant
for the reliability of simulation results (Franke et al., 2007;
Tominaga et al., 2008). CFD plug-ins integrated into design
platforms have been widely used in urban and building
design; however, implantable plug-ins with limited func-
tionality have issues that deserve further discussion in their
application processes, including mesh generation, inflow
boundary conditions, turbulence models, and simulation
accuracy.

e Mesh generation
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Most plug-ins support automatic meshing, except for
Butterfly, Swift, and WS-Snake. Autodesk CFD can auto-
matically generate unstructured tetrahedral meshes that
fit the geometry models and effectively handle meshing
efforts for complex geometries (Autodesk, 2021). Based
on the CFD solver PHOENICS, RhinoCFD can automatically
generate structured meshes (CHAM, 2017). RhinoCFD uses
a straightforward control algorithm to detect the geo-
metric model to adapt to different regions and generate
an automatic orthogonal mesh, which is not necessarily
very efficient in models with many objects (Chronis
et al., 2017). The Rhino Flow-RT adopts the advanced
meshing technology of an adaptively refined Cartesian
grid, automatically generating high-quality meshes for a
more complex geometry (Berger and Leveque, 1989). The
plug-in Eddy3D (2020) is also capable of automatic
structured meshing. Compared to WS-Snake’s automatic
meshing, Ameba identified complex surfaces more accu-
rately and generated smoother meshes around them. Goli
et al. (2021) applied the topology optimization tool
Ameba (2021) to produce smooth meshes of a high-rise
building when using WS-Snake. Specifically, GH_Wind
automatically discretizes relatively simple geometries and
transforms them into voxels. Although this mesh method
reduces the time and computer resources required for
the meshing process, it does not seem to improve the
accuracy of the simulation (Shen et al., 2021). According
to the suggestions proposed by Zuo and Chen (2009) and
Mortezazadeh and Wang (2020), given this phenomenon,
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large time steps and coarse meshes (LTCM) are more
suitable for FFD simulation.

e Inflow boundary conditions

Most plug-ins provide users with multiple forms for
inflow velocity profiles in virtual wind tunnels. Autodesk
FlowDesign, Rhino Flow-RT, and FlowDesigner can only
generate an inflow when the wind speed is constant with
height (Autodesk, 2018; Advanced Knowledge Laboratory,
2021; food4Rhino, 2021). In addition, when GH_Wind,
Butterfly, Autodesk CFD, and OpenFOAM set the same
inflow boundary conditions as the logarithmic wind profile,
GH_Wind obtained significantly smaller wind speed values
in low-height areas than the other tools (Waibel et al.,
2017; Li et al., 2018). Additionally, when the logarithmic
wind profile is set for the inflow in Butterfly’s virtual wind
tunnel, the program generates an inflow profile with a step-
like law instead of a smooth logarithmic curve (Roudsari
and Mackey, 2021).

e Turbulence models

Almost all plug-ins provided the standard k-e (STKE) model
for the CFD simulations. However, only Autodesk CFD, Rhi-
noCFD, and Butterfly provide large-eddy simulation (LES)
methods for detailed airflow simulations (Roudsari and
Mackey, 2021). More specifically, RhinoCFD and Butterfly
have a relatively wide variety of turbulence models for se-
lection (OpenFOAM, 2021; PHOENICS, 2021). By contrast,
several CFD plug-ins provide a minimal variety of turbulence
models. For instance, MacroFlo and MicroFlo, based on
SketchUp, provide only the STKE model (Integrated
Environmental Solutions Limited, 2017). In particular,
GH_Wind lacks a turbulence model, and in practice, artifi-
cially reducing the Reynolds number (Re) by increasing the
numerical viscosity (v) can be considered to compensate for
the turbulence viscosity (Waibel et al., 2017).

Compared to LES, the Reynolds-averaged Navier—Stokes
(RANS) method has been widely used in plug-ins for CFD
simulations. The STKE model is the most commonly used
turbulence model in studying CFD simulations integrated
into design platforms (Fig. 9). Most studies that have per-
formed airflow simulations on buildings have adopted the
STKE model (Yousef Mousa et al., 2017; Chen, 2018; Ma
et al., 2018; Estrado, 2019; Kabosova, 2019; Sharmin and
Steemers, 2019; Albatayneh et al., 2020; Kabosova, 2020;
Kabosova et al., 2020a; Utkucu and Sozer, 2020a; Khan
et al., 2021; Lin et al., 2021; Rodrigues Marques Sakiyama
et al., 2021). The RNG k-¢ (RNGKE) model has been
widely utilized to predict the airflow field in urban blocks
and streets (Li et al., 2018; Natanian et al., 2020; Jia et al.,
2021; Loh and Bhiwapurkar, 2021). Li et al. (2018)
concluded that Autodesk CFD using the RNGKE turbulence
model could obtain results that generally agree with
experimental measurements when predicting the flow field
inside urban blocks. In addition, the RNGKE model is more
accurate than the STKE and SST k-w (SSTKW) turbulence
models in predicting the airflow velocity distribution in
areas such as corners and downstream of buildings. Mughal
and Beirao (2019) adopted the Chen-Kim k-¢ (C-KKE) model
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to examine the natural ventilation and its flow field inside
high-rise buildings. He et al. (2019) proposed that the MKE
model can predict the flow characteristics and velocity
distribution near the building wall more accurately than the
STKE model when performing outdoor airflow simulations
using Autodesk Flow Design. Moreover, Avini et al. (2019)
used the LES model to simulate the turbulence flow
around buildings in detail to evaluate pedestrian wind
comfort. According to the summary given by Estrado
(2019), the results of the RNGKE model are closer to the
measurement results than those of the STKE and realizable
k-e (RKE) models when using Butterfly to predict wind
pressure on the facade of high-rise buildings. Jo et al.
(2020) found that Autodesk CFD, applying the SSTKW
model, predicted indoor natural ventilation more accu-
rately than Autodesk Flow Design, using the STKE model.

e Simulation accuracy

Although most CFD plug-ins use mature CFD codes to
perform simulations, various research findings have shown
that the computational accuracy of CFD plug-ins is inferior
to that of independent CFD codes. Chronis et al. (2017)
proposed that the CFD plug-in RhinoCFD is not as accurate
as OpenFOAM in simulating the natural ventilation inside
buildings. According to summaries of several studies (Sousa
et al., 2015; Chronis et al., 2017; Jo et al., 2020), the ac-
curacy of Autodesk CFD and Autodesk Flow Design is still
not as good as that of the CFD software OpenFOAM. The
utilization of Autodesk CFD automatic meshes may reduce
the prediction accuracy in areas with high wind speed and
often overestimate wind speeds over the entire computa-
tional domain (Johansson and Yahia, 2020). Validation re-
sults obtained by Waibel et al. (2017) demonstrated that
the simulation results of GH_Wind are in good agreement
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Fig. 9 Turbulence models were applied for the CFD simula-
tions performed by plug-ins in urban and building designs.
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with those of OpenFOAM when predicting the airflow
pattern at the pedestrian level; however, GH_Wind has
relatively poor accuracy in predicting the velocity distri-
bution in wake regions behind obstacles and inside large
building complexes. In comparison with experimental wind
tunnel data, Li et al. (2018) found that the OpenFOAM re-
sults were typically closer to the experimental data,
whereas Autodesk CFD exhibited slightly greater deviations
but was still acceptable.

Urban and building designs must require rapid and reli-
able CFD results to guide or validate design schemes within
a limited time in the design stages (Attia et al., 2012).
However, the CFD simulation accuracy and speed are often
negatively correlated (Lin et al., 2005; Zuo and Chen,
2010). For example, GH_Wind, based on the FFD method,
is several times faster than OpenFOAM, but its prediction
accuracy is much lower than that of OpenFOAM in most
areas of the domain (Zuo and Chen, 2009; Waibel et al.,
2017). Future advancements in CFD plug-ins should strike
a balance between CFD simulation accuracy and speed (Zuo
and Chen, 2010).

5.2. Limitations and future perspectives

Given the large scope and number of publications on this
topic, this review focuses only on scientific papers pub-
lished in English. Nevertheless, there is no doubt that
valuable studies on integrating CFD into design platforms
using plug-ins have been published in other languages.

Plug-ins that integrate CFD into the design platform
were not all developed to serve urban and building designs
(Graham et al., 2020). Consequently, it may need to be
extended through APIs and programming to perform addi-
tional simulations. In addition, most of the interoperations
between the design platforms and CFD plug-ins illustrated
by arrows in Table 1 are uni-directional, such as the run-
time and file exchange methods. It means that the simu-
lation data derived from CFD plug-ins may not be trans-
ferred back to the platform or design schemes (@stergard
et al., 2016). In addition, Utkucu and Sozer (2020a,
2020b) proposed that the process of packaging geometry
data in BIM models into specific format files and inputting
them into CFD plug-ins for Revit may suffer from an inter-
operability deficiency in the form of data loss, such as
material information loss.

Moreover, some CFD plug-ins automatically conduct
most pre-processing or parameter settings, such as bench-
mark models or parameter settings, meshing, and default
turbulence models, to simplify the workflow of CFD simu-
lations (Sousa et al., 2015; Jo et al., 2020). However, these
default operations and parameters may not satisfy the re-
quirements of actual design projects (Jo et al., 2020).
Although most plug-ins have simplified the workflow of CFD
simulations, basic CFD knowledge is still required in prac-
tice (Kaijima et al., 2013; Kim, 2014). Although Butterfly is
open source, its CFD solver is based on OpenFOAM. To
properly set up and run simulations using Butterfly, some
background knowledge of CFD modeling and operational
experience, which can be a significant challenge for
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architects to acquire, is required (Chronis et al., 2017).
Before using CFD plug-ins, architects should comprehend
the computational resource requirements, complexity, and
time cost of the CFD simulations. Moreover, most CFD plug-
ins can visualize the simulation results on the GUIs of design
platforms but limit further post-processing operations.
Butterfly’s CFD simulations run integrated within Grass-
hopper, but most of the pre-processing and part of the post-
processing occurs externally, requiring additional learning
of related specialized software (Chronis et al., 2017).
Furthermore, users cannot obtain clear guidance on work-
flow and simulation operations when using plug-ins that
have not yet developed a mature GUI, such as the Butterfly.
Several CFD plug-ins have a relatively short development
history and may not be able to establish communities or
forums for users to learn and communicate (food4Rhino,
2019; 2021; Procedural, 2021).

Before further analyzing the simulation results, it is vital
to ensure the accuracy and reliability of the CFD model and
configuration. Hence, validation of CFD plug-ins before an
application is an important and necessary process (Blocken
et al., 2011). However, only approximately one-fifth of the
studies using CFD plug-ins have validated CFD models. The
validation objects, experimental models, and results of the
CFD plug-in studies are detailed in Section S2 of the Sup-
plementary Materials. Usually, validation data for CFD plug-
in applications are obtained from wind-tunnel measure-
ments, whereas validation using field measurements is less
common. In addition, most studies using CFD plug-ins for
street scales have not validated CFD models.

Thus far, there is no certain conclusion about which CFD
plug-in is the best for urban and building designs. In the
future, a faster and more accurate CFD plug-in may be
proposed and widely used to efficiently predict airflow,
thermal conditions, and pollutant dispersion during design.
In addition, the organization and functional expansion of
CFD or performance simulation plug-ins on design platforms
may be more widely developed for urban and building
design in the future (Han et al., 2018). Waibel et al. (2021)
realized the cooperation of the FFD method with the ML
algorithm or optimization algorithms on design platforms to
improve the accuracy of FFD simulations for analyzing
design schemes. Although this method has not yet been
validated in detail, it is a potential field for FFD applica-
tions in rapid building and larger-scale (urban) designs,
which should be further researched (Zuo and Chen, 2009;
Mortezazadeh and Wang, 2020). The integration of LES into
fast-CFD (FFD) on the design platform has not yet been
achieved (Zuo and Chen, 2007; Liu et al., 2019), and its
performance in terms of accuracy and efficiency is still
unknown, which may be a future research direction for
FFD applications. Moreover, detailed investigation and
discussion of CFD plug-in application studies on the grid
scheme, boundary conditions, near-wall treatment, radia-
tion model, discretization scheme, and others related to
CFD models are still scarce, presenting gaps for future
research. Systematic user guides for CFD plug-in applica-
tions should be proposed in the future to provide a signifi-
cant reference for architects and researchers.
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6. Summary and conclusions

The integration of CFD into the design platform enables
architects to perform CFD and performance simulations
coupled with other relevant simulations in familiar design
environments. This review provides an overview of CFD
plug-ins integrated into design platforms, including their
classification, simulation categories, and practicability in
the early design stages. Moreover, the applications and
roles of CFD plug-ins integrated into urban and building
design processes are systematically investigated and sum-
marized. The conclusions are as follows:

e The CFD plug-in enables the generation of geometry
models, CFD simulations, and visualization of results to
operate within a single graphics interface on the design
platform. The majority of CFD plug-ins streamline the
numerical simulation workflow and provide succinct
graphical user interfaces to assist users in executing CFD
simulations. Additionally, most CFD plug-ins use external
CFD solvers when performing CFD simulations.
Rhinoceros/Grasshopper offers the most CFD plug-ins
among the Autodesk Revit, Rhinoceros/Grasshopper,
and SketchUp design platforms. The most frequently
utilized CFD plug-in in urban and architectural design is
Autodesk CFD for Revit. Approximately 97% of the arti-
cles are based on Autodesk Revit and Rhinoceros/
Grasshopper studies that integrate CFD simulations into
urban and architectural design processes.

There are three types of CFD applications integrated
into urban and building designs. The first is a single-
objective simulation, in which most studies focus on
airflow simulation to assess airflow patterns and wind
comfort related to design schemes. The second is a
multi-objective simulation, which typically requires the
cooperation of performance simulation tools to satisfy
the needs of multi-objective optimization (MOO). The
third is a coupling simulation, which is generally con-
ducted to perform the wind-thermal comfort assessment
and energy consumption calculations for design
schemes.

In addition to providing various micro-scale numerical
simulations, CFD plug-ins can also be used to optimize
the original design via feedback results. Approximately
80% of articles use CFD plug-ins to run numerical simu-
lations on various micro-scales, including urban blocks,
streets, and buildings. Airflow conditions, thermal
comfort, and daylight performance were analyzed using
CFD plug-ins in the later design stages. However, few
studies have used CFD plug-ins to optimize the original
design using algorithms or manual adjustments by
architects.

Issues in CFD plug-in application procedures include
mesh generation, inflow boundary conditions, turbu-
lence models, and simulation accuracy, owing to the
limited functions of CFD plug-ins implanted into design
platforms. Most CFD plug-ins have not yet been able to
strike a balance between simulation speed and accu-
racy. Most pre-processing and some post-processing of
CFD plug-in simulations are performed externally.
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Interoperability issues with data loss may occur when
utilizing CFD plug-ins on Revit to obtain geometric
models.

Finally, future applications and possibilities of CFD
plug-ins are discussed. It is noteworthy that integrating
fast CFD (FFD) method and machine learning (ML) algo-
rithm enhances the computational efficiency of tradi-
tional CFD and provides immediate feedback, which is a
crucial future trend for numerical simulations used in
urban and building designs. As the functions and features
of implantable CFD plug-ins increase, CFD plug-ins may be
employed and researched by a more significant number of
architects and academics during urban and architectural
designs.
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Nomenclature

ACS Autodesk climate server

AF Airflow field

AlJ Architectural Institute of Japan

APIs Application programming interfaces

AT Air temperature (°C)

BEP Building energy performance

BESO  Bidirectional evolutionary structural optimization

BIM Building information modeling

BMC Building modular cells

BPO Building performance optimization

BPS Building performance simulation

CAD Computer-aided design

CFD Computational fluid dynamic

CL Cooling load (W)

Co, Carbon dioxide

COST  European Cooperation in the field of Scientific and
Technical Research

CPU Central processing unit

C-KKE  Chen-Kim k-¢ turbulence model

D Daylight (Lux)

DF Daylight factor

EC Energy consumption (W)

EPS Energy performance simulation

EPW EnergyPlus weather file

EUI Energy use intensity (Wh/m?)

FFD Fast fluid dynamic

GA Genetic algorithm

GUls Graphical user interfaces

LES Large-eddy simulation

LTCM  Large timesteps and coarse meshes

LWR  Longwave radiation (W/m?)

MKE Modified k-¢ turbulence model

ML Machine learning

MRT Mean radiant temperature (°C)

NSGA-1I Nondominated Sorting Genetic algorithm Il
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PD Pollutant dispersion

PET Physiological equivalent temperature (°C)
PM Particulate matter (um)

PMV Predicted mean vote

PPD Predicted percentage of dissatisfied

RANS  Reynolds-averaged Navier—Stokes

RBFopt Radial Basis Functions optimization algorithm
Re Reynolds number

RH Relative humidity

RKE Realizable k-¢ turbulence model

RNGKE Renormalization group k-¢e turbulence model
SA Sensitivity analysis

SRI Solar radiation intensity (W/m?)

ST Surface temperature (°C)

SVF Sky view factor

SSIEA  Steady-State Island Evolutionary algorithm
SSTKW  Shear stress transport k-w turbulence model
STKE Standard k-¢ turbulence model

TCA Thermal comfort assessment

UA Uncertainty analysis

UAT Urban air temperature (°C)

UHI Urban heat island

UTCI Universal thermal climate index (°C)

WCT Wind chill equivalent temperature (°C)

WV Wind velocity (m/s)

WWR  Window-to-wall ratios

v Numerical viscosity

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.foar.2022.06.005.
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