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The impact of human activities on climate change has become increasingly evident, with cities being particularly
vulnerable to its effects. Anthropogenic emissions, such as heat and greenhouse gases, are projected to intensify
climate-induced phenomena, which can lead to negative health outcomes. To understand how human health
would be affected by such climate-exacerbated phenomena, computational models that consider the local
microclimate are essential to better regulate cities to respond to these phenomena. Many simulation tools have

been created and enhanced over the years. Therefore, this study systematically reviews the currently available
urban microclimate simulation tools and compares their features and capabilities. The review suggests that these
models can effectively assist in investigating urban health and testing adaptation strategies, but it is important to
acknowledge their limitations due to assumptions made. Nonetheless, with proper interpretation and utilization,
these models can provide valuable insights and contribute to informed decision-making processes.

1. Introduction

Population growth and urbanization have increased dramatically in
recent decades. By the end of the century, it is expected that about half of
the world’s population will live in urban areas [1]. According to the
2022 Revision of World Population Prospect’s projections provided by
the United Nations (UN), by 2030, the population will reach 8.5 billion
people; by 2050, the number of people could grow to around 9.7 billion,
and by 2100, it will be around 10.4 billion [2]. Strongly related to the
growth of the world’s population, migration from non-urbanized regions
to towns and cities has been the driving force behind the expansion of
urban areas [3-5]. In 2007, for the first time, the population in urban-
ized areas exceeded that in rural areas [6]. This increasing urbanization
leads to structural changes in the characteristics of the land and the
replacement of natural and green surfaces with roads and artificial, dry,
and impermeable surfaces [7].

Furthermore, cities use up to 75% of the global primary energy,
producing about 50-60% of global greenhouse gases. This number in-
creases to 80% if indirect emissions produced by people living in the
cities are also considered [8]. Consequently, urban areas contribute
significantly to many environmental problems, affecting global and
local scales [9,10]. It has been widely demonstrated that the profound
changes characterizing the global environment come mainly from
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human actions and greenhouse gas emissions, which manifest with
increased frequency, magnitude, and duration of extreme events such as
heat waves, frost waves, floods, and forest fires. The Intergovernmental
Panel on Climate Change (IPCC) states that more frequent and intense
extreme events due to human activities and human-induced climate
change have caused damage and widespread impact on ecosystems,
people, settlements, and infrastructures [11]. Specifically, it was proved
that climate-induced phenomena lead to a rise in human mortality rate
[12]. In this context, cities facilitate the generation and interaction of
anthropogenic heat and pollution[6], which cause compound effects on
human health. While cities are commonly described as urban heat
islands, they should be seen and treated as combined urban heat,
pollution, and noise islands [13,14]. However, cities are complex sys-
tems that respond to external stressors (i.e., anthropogenic actions),
similar to how living organisms react to an altered surrounding envi-
ronment. It is, hence, essential to have conceptual models that can
represent this complex interaction between different urban and envi-
ronmental items. Available models derive from thermodynamics and
compute mass and energy flows. From this perspective, the world is an
extensive network of cities with dense people and infrastructure that
draw resources from global hinterlands. The strength of thermody-
namics lies in its ability to describe aggregate properties at the macro-
scale that emerge from complex microscale processes [15]. The city,
therefore, can be considered as a complex adaptive system that, from a
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Nomenclature

Acronyms

ASCII American Standard Code for Information Interchange
BIM Building Information Modeling

CFD Computer Fluid Dynamics

CIMO Context, Intervention, Mechanism, and Outcome
CSV Comma-Separated Values

EPW EnergyPlus Weather (File format)

gbXML  Green Building Extensible Markup Language
GIS Geographic Information System

HTML  HyperText Markup Language

PM Particle matter

PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

UHI Urban Heat Island

ULI Urban Lighting Island

UPI Urban Pollution Island

thermodynamic point of view, is equivalent to an open system far from
equilibrium, which continuously imports energy, matter, and informa-
tion and dissipates heat as a result of energy transformations that take
place within the boundaries of the system [16-19]. Most of the resources
on which the urban ecosystem relies, such as fuel, water, and materials,
affect the atmosphere and play a major role in the urban climate [20].
Indeed, human actions exploit these resources and re-emit them into the
environment in a degraded manner [21,22]. Since the city can be
conceived as a complex thermodynamic system in which different
phenomena and new events can continually arise depending on collec-
tive and spontaneous behaviors and on the variable relationships be-
tween the parts that make up the system, the term ‘urban metabolism
[20,23-25] was introduced to highlight the analogy with living
organisms.

Marchettini et al. [18] describe the cities’ structure as a physical
system in contact with different sources and sinks, crossed by matter and
energy flows, leading to increased entropy. From a biophysical point of
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view, cities’ survival is entirely based on their compliance with the
physical limits of the planet and the preservation of the surrounding
ecological environment and their ecosystem services. Therefore, ther-
modynamics does not predict the infinite growth of a finite system with
a finite regenerative capacity, such as the Earth. Thus, it is necessary to
understand and model the natural and anthropogenic flows that govern
the city and its surroundings because the level of exploitation of natural
resources, together with the capacity of ecosystems to absorb anthro-
pogenic emissions, has already exceeded the Earth’s carrying capacity.

In Figure 1, we have summarized and graphically represented the
built environment’s main mass and energy flows. Along with the flows,
we have also represented the main effects of anthropogenic actions,
distinguishing the various areas according to the land use type.

In Figure 1, the rural areas are characterized by a very low popula-
tion density, with a predominance of natural surfaces. An increasing
population density and a larger presence of buildings and artificial
surfaces characterize suburban residential areas. Concentrations of
factories characterize industrial areas. Commercial areas, located
commonly between the suburban residential area and the downtown,
host all commercial activities and are characterized by an increasing
percentage of artificial surfaces and large buildings. Urban residential
zones have more buildings than suburban ones, with average greater
heights and more artificial surfaces. Downtowns are characterized by
tall buildings and narrow streets, which generate the so-called urban
canyons; consequently, the size of outdoor urban spaces becomes
smaller and darker. The features of the built environment, such as the
presence of more artificial and darker (i.e., absorptive) surfaces, the
smaller size of urban canyons, and the greater height of buildings, cause
several phenomena within cities. Regional winds, for instance, moving
from open areas to more densely built-up areas, find even more obstacles
along the way, and this results in (i) increased turbulence between
buildings, (ii) generalized reduction of wind speed at the street level
because of the presence of the obstacles impeding natural flow, and (iii)
increased wind speed in given urban canyons due to the channeling of
prevailing winds. Solar radiation is another crucial aspect that must be
taken into account. While in rural or sparsely dense areas, radiation is
largely reflected, within urbanized areas, due to (i) the presence of dark,
dry and impermeable surfaces, (ii) the increased density of buildings,
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Figure 1. Identification of the energy fluxes within the urban area. Modified from Ref. [26]
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and (iii) the presence of very tall buildings and very narrow streets; the
radiation is trapped causing amplified energy absorption that increases
the internal energy on the urban systems resulting in higher ambient and
mean radiant temperatures. Also, it is essential to mention the anthro-
pogenic heat caused by human actions, such as air conditioning and
heating, vehicle emissions, and other means of transport, which are also
significant sources of noise pollution. Furthermore, human actions also
cause an increase in air and water pollution especially generated in in-
dustrial areas. Finally, due to the many light sources installed for
fostering night vision, urban areas cause lighting pollution, which af-
fects biological rhythms, daily activity, and the reproduction of wildlife
[27]. In this background, cities must exploit their fertile ground for
smart design, innovation, and experimentation through multi-sectorial
collaborations and codesign to develop solutions to mitigate and adapt
to climate change. For instance, nature-based solutions provide many
promising outcomes in terms of benefits and reduction of climate risks,
while some key challenges need to be addressed. In particular, the ca-
pacity to learn from different fields to produce collaborative data and
actionable knowledge, the ability to use and leverage, in a systematic
way, multiple types of collected data, and the identification of the roles
of the participants at the different scales of application. Research-based
tools may help bridge between theory and application [28]. In this age of
game-changing technologies and worldwide interconnectedness, we are
witnessing new levels of knowledge and a shift “from a rural world into
an urban world, from a world of highly local interactions to a world of
global interactions, from a world based on physical technologies to a
world based on information technologies.” [29] With these tools, what is
made of flows becomes visible, reflecting physical and human flows.
Visualizing these flows is an excellent opportunity to understand the
dynamics of complex urban systems, and their quantification provides a
perfect chance to find systematic relations between microclimate, urban
environment, urban health, and human activities [30]. Over the years,
various calculation models and software tools for microclimatic analyses
have been developed to study these phenomena. They are, thus,
fundamental to providing information on the behavior of the built
environment solicited by various climate-induced factors or anthropo-
genic actions. In addition, given the built environment’s importance and
its substantial contribution to the global emissions that cause climate
change, it is necessary to pay special attention to the design and shape of
the cities. This significant role has been stressed by the United Nations’
2030 Agenda for Sustainable Development. One of the main Sustainable
Development Goals, goal number 11, “Sustainable cities and commu-
nities [31],” explicitly addresses the need to make cities more inclusive,
sustainable, and resilient. In particular, the targets under this goal
include by 2030, to (i) “enhance inclusive and sustainable urbanization
and capacity for participatory, integrated, and sustainable human set-
tlement planning and management in all countries,” (ii) “significantly
reduce the number of deaths and the number of people affected and
substantially decrease the direct economic losses relative to the global
gross domestic product caused by disasters, including water-related di-
sasters, with a focus on protecting the poor and people in vulnerable
situations,” and (iii) “reduce the adverse per capita environmental
impact of cities, including by paying special attention to air quality and
municipal and other waste management” [32]. Hence, sustainable
design plays a key role in ensuring that the well-being of current gen-
erations does not compromise the well-being of future generations and
the environment on which we all rely. However, sustainable design re-
quires communication between the various parties in action and
simultaneously requires balancing between multiple and sometimes
even opposing goals with limited resources available [33]. The avail-
ability of limited resources requires adopting an integrated design,
which consists of exploring nature-based solutions to improve public
health, safety, and the livability of spaces, especially restoring hydro-
logical and ecological processes. Given the limited resources available,
however, it is questionable how cost-effective it might be for a city to
invest in nature-based solutions and what benefits can be expected.
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Keeler et al. [33] state that there are three significant limitations to the
adoption of urban ecosystem services, which relate to (i) the adoption of
a limited number of nature-based solutions, most often street trees, (ii)
the context is often overlooked in valuing or not valuing a particular
solution, thus not providing information on the generalizability of the
approach taken, and (iii) there is no comparison between nature-based
solutions and alternative solutions that can go a long way toward
improving well-being by reducing exposure to other factors such as air
or water pollution.

It is appropriate to try to move beyond the often incomplete and
imperfect “perfect rationality” by aiming for “bounded rationality,”
which recognizes that perfectly rational solutions are typically not
applicable in practice because the complexity of the decisions exceeds
the time and intellectual power that humans can devote to these de-
cisions [34]. In this view, as already mentioned, the thoughts and ac-
tions of human beings extend beyond the concept of perfect rationality
by being shaped by various factors such as context, emotions, and ex-
periences. These deviations from perfect rationality can cause a cogni-
tive bias and, in some way, hinder sustainability development.
Therefore, the only functional approach has to be holistic, acting
simultaneously on different aspects, thus creating a multidisciplinary
and interconnected field of analysis and discussion. Hence, the objective
of this paper is twofold: first, it aims to identify the tools available in the
literature; second, it provides a comparison of the features of these tools
to identify their peculiarities, strengths and weaknesses, and possible
fields of application. To achieve these aims, we initially conducted a
bibliographic analysis through a systematic literature review to gain
information about the topic landscape, and then, we built an evaluation
framework to analyze and compare the tools. Lastly, we developed
critical discussions of the results obtained based on the previous
comparison.

In the next section, the research methods to conduct the literature
review and the bibliographic analysis are provided. Section 3 provides a
description of the framework used to analyze and compare the micro-
climate tools. Finally, Section 4 tries to summarize the findings from the
previous sections and define future outlooks and directions of work that
should be investigated.

2. Methodology
2.1. Research methods

Surface energy balance determines near-surface thermal microcli-
mates of the urban environment controlled by the blended forcings (i.e.,
anthropogenic actions) in combination with the mix of radiative, aero-
dynamic, thermal, and moisture properties of the surfaces. As a result,
the urban environment is affected by some phenomena like urban heat
islands or pollution domes. In addition, cities are considered hotspots of
energy consumption, anthropogenic emissions, and air pollution,
straining society from local to global scales. Thus, it is essential to
identify tools to study these flows and describe the complex interaction
between urban and environmental elements. When it comes to studying
and evaluating energy performance in the built environment and its
impact on the city as a complex system, various tools are available.
However, it is essential to identify those who can describe as many fluxes
as possible to gain a comprehensive understanding of the city’s energy
performance.

For this reason, it is pivotal to investigate which models that can
simulate the urban microclimate are available in the literature and what
their features and capabilities are. Therefore, a comprehensive screening
of the existing literature on modeling the urban microclimate has been
conducted, producing a systematic literature review. To conduct the
literature review, the Preferred Reporting Items for Systematic and
Meta-Analyses (PRISMA) methodology [35] was employed. Also, the
research question was structured utilizing the CIMO logic (Context-
Intervention-Mechanism-Output).
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The first step in the systematic literature review consists of precisely
framing the problem under investigation by constructing a straightfor-
ward research question. The CIMO logic [36] is used in this study, and
the identified research question is: “How can we study (M) the impact of
climate (I) on public health (O) in the urban environment (C)?*. Based on
previous knowledge and direct literature searches, a set of keywords was
identified for each element of the CIMO logic. These keywords were
linked together using the Boolean operators “AND” and “OR” to create a
search query. The "OR* operator connects the various keywords within
each CIMO array, while the "AND* operator connects the keywords
across different CIMO arrays. When formulating the search query, it is
crucial how keywords may end to accommodate grammatical variations,
spelling differences (such as British or American English), and specific
technical terms. To enhance accessibility and facilitate the replication of
the literature search, we report the search query that was enquired in the
Scopus database:

“TITLE-ABS-KEY((“Built environment” OR “Urban spaces” OR “Urban
environment” OR “Urban areas” OR “Outdoor environment” OR “Urban
climate” OR “Urban microclimate” OR “Urban micro-climate”)AND
(“Urban heat island” OR UHI OR “Urban noise island” OR UNI OR “Urban
pollution Island” OR UPI OR “Anthropogenic heat” OR “Air pollution” OR
“Noise pollution” OR “Thermal stress” OR “Extreme temperature” OR
“Heat wave” OR Heatwave OR “Heat island” OR “Climate change” OR
“Heat stress” OR “Planning” OR “Design” OR “Adaptation strategies” OR
“Light pollution” OR “Urban light island” OR “Over-illumination” OR
“Over illumination”)AND( “Numerical model*” OR “Simulation tool*” OR
“Microclimate model” OR “Micro-climate model” OR “Microclimate tool”
OR “Micro-climate tool” OR “Microclimate software” OR “Micro-climate

Records identified via
Scopus database
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software” OR “Microclimate simulation®*” OR “Micro-climate simulation*”
OR “Microscale model*” OR “Micro-scale model*” OR “Computational
tool*”)AND(Well-being OR Wellbeing OR “Life quality” OR “Human
health” OR “Outdoor thermal comfort” OR “Human comfort” OR “Mean
radiant temperature” OR “Universal Thermal Climate Index” OR “Physio-
logical equivalent temperature” OR “Standard effective temperature” OR
“Noise level” OR “Acoustic level” OR “Air quality” OR “Outdoor visual
comfort” OR “Visual comfort”))”.

After reading several documents, we realized that different authors
used different semantic constructs to describe, in particular, the out-
comes of their studies. We decided to cluster the contributions of the
identified documents according to the four domains that, it is commonly
accepted, characterize indoor and outdoor environmental quality.

Next, exclusion criteria were identified and applied to limit the re-
sults to all written in English, whether articles, conference papers, re-
views, book chapters, or books. The search query was executed in the
Scopus database (accessed on 22/01/2024). So, all documents identified
by the search query were collected and screened. Initially, the screening
process focused only on the title, abstract, and keywords. Several doc-
uments were excluded because they were irrelevant to the research
question. Subsequently, the full text of the remaining articles was
analyzed, and those that were not pertinent to the research topic or
whose full text was not available were removed.

As Fig.2 shows, the number of records collected through the Scopus
database has been extended by adding additional documents obtained
via ‘other sources.” These documents have been collected adopting the
snowball approach, following the indications provided by Wholin [37].
Finally, from all the identified, screened, and included documents in the
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Figure 2. Literature screening. The Process according to the PRISMA methodology.
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review pool, several microclimate computational tools were identified
and compared to determine their capabilities, basic principles, and
possible fields of application. For this purpose, we introduced an eval-
uation framework that compares, analyzes, and evaluates different as-
pects of the identified microclimate simulation tools.

2.2. Bibliographic analysis

Once the identification, screening, and inclusion processes were
concluded, the resulting bibliographic database comprised 172 studies
(accessed on 22/01/2024). A bibliometric analysis of the final database
was conducted by executing the Bibliometrix tool. Bibliometrix is an
open-source tool developed in R for carrying out comprehensive science
mapping analysis of scientific literature [38].

First, the publication period of the studies was considered. This way,
it was possible to understand how much interest there has been so far in
the research field and how it has evolved. As shown in Figure 3, all the
documents are pretty recent and were published between 2005 and
2023. In addition, the most significant number of publications occurred
in 2022.

Subsequently, the database was analyzed to understand which topics
are most discussed within the documents included in the database. For
this purpose, the occurrence of keywords belonging to each CIMO field
was examined, identifying the most frequently used words in the various
documents’ titles, abstracts, and keywords. The results of this analysis
are shown in the following charts. For the folder Context (Figure 4), the
most used keyword is “Urban canyon,” adopted 37 times, followed by
“Built environment,” used 31 times, and “Urban environment,” which
appears 29 times. The occurrence of the keyword for the Intervention
folder (Figure 4) shows that the most frequently used word is “Adap-
tation strategies” 46 times, followed by “Air pollution” 41 and “Urban
heat island” 30. Interestingly, there are no documents that use words
such as “Urban noise island,” “Urban pollution island,” or “Urban light
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island.” For the Mechanism folder (Figure 4), “Numerical models” is the
most frequently used word, found 62 times, followed by “Simulation
tool” and “Microclimate tool” with 32 and 26 occurrences, respectively.
Finally, for the Outcome folder (Figure 4), “Outdoor thermal comfort” is
the most adopted word, cited 78 times, followed by “Mean radiant
temperature” and “Air quality,” equally adopted 35 times.

The occurrence analysis of the keywords previously described has
helped define the relevance of research topics. In this regard, we have
plotted a thematic map (Figure 5) that shows the importance of different
themes based on their density and centrality, as described in Cobo et al.
[39]. The centrality of a theme is defined as the level of its interaction
with others terms. The density represents how much and how well that
theme is developed. Combining the two terms, a four-quadrant matrix is
determined. Each quadrant collects different themes based on their
values of centrality and density. Themes in the upper-left quadrant (low
centrality and high density) have well-established internal connections,
but their link with other external themes is poor, resulting in marginal
importance. These themes are very specific and peripheral, so they are
called “Niche themes.” Themes in the upper-right quadrant (high cen-
trality and high density) define a research field. These themes are known
as “Motor Themes” given their strong centrality and development de-
gree. In addition, unlike niche themes, themes in this quadrant show
their external relation with concepts that can be applied to other themes
that are conceptually related. In the lower right quadrant (high cen-
trality and low density), there are “Basic themes,” which are essential for
the research but are of general interest. So, this quadrant groups general,
transversal, and basic themes. Finally, themes in the lower-left quadrant
(high centrality and low density) are considered emerging or declining
according to their density and centrality.

Finally, we plotted a co-occurrence network map to understand the
scientific landscape and the correlation between each research topic
within the bibliographic database (Figure 6). This map helps understand
research trends and how themes are interconnected. The co-occurrence
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Figure 4. Occurrence of the keywords in each folder of the CIMO logic. At the top left-hand side, there is Context; at the top right-hand side, there is Intervention; at
the bottom left side, there is Mechanism; at the bottom right side, there is Outcome.

network shows the linkages and the relations between the different
keywords previously identified through the occurrence analysis. In this
regard, the plot shows the relationship between various themes forming
the clusters. The wider the theme, the larger the diameter of the cluster.
Furthermore, the more relationships a theme has with others, the thicker

the link between them will be. To define the clusters, we adopted the
Walktrap algorithm assuming a node count of 50 and normalizing the
relationships to the strength of the association as described in the Bib-
liometrix guidelines [38].

In particular, from the database analysis, the co-occurrence network
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shows the formation of three clusters. The green one, on the top left side
of the picture, mainly focuses on the theme of air quality and air
pollution. At the same time, the cluster includes the aspect of thermal
comfort, highlighting the link with air pollution and stressing its
importance in the urban environment. The second cluster, on the bottom
left side, in red, emphasizes the relationship between outdoor thermal
comfort and the urban microclimate and how it can be studied by
exploiting the capabilities of numerical modeling, particularly compu-
tational fluid dynamics. Finally, the third cluster, on the right side,
shows a strong connection between the urban environment, climate
dynamics, and the application of the numerical simulation.

Overall, the three clusters are interested in the numerical simulation
and modeling of the atmosphere dynamics, paying attention to the air
quality and the thermal comfort in the urban environment. Urban
planning becomes, therefore, a key element by linking these aspects and
requiring integrated approaches to address sustainable urbanization and
face climate change challenges.

With this background, seeing the keyword ‘envi-met’ at the center of
the picture is unsurprising. ENVI-met is not only the most used micro-
climate simulation tool but also the one that tries to pursue the holistic
approach necessary to model more than one domain characterizing the
urban environment.

A final remark regarding the link between thermal comfort and air
quality should be provided. Figure 6 shows a thin link between these two
topics, indicating that those keywords recurred together a few times.
Nevertheless, we expanded the research and found that several studies
analyze the intricate interplay between outdoor and indoor thermal
comfort and air pollution in diverse urban contexts. For instance, in
Dortmund Marten, Germany, during a heatwave, aggravated health
risks near unshaded roads revealed the challenges of local heat stress
and air quality [40]. Similarly, in Erzurum City, Turkey, positive cor-
relations emerged between ozone (O3) concentration and the Physio-
logical Equivalent Temperature (PET), affecting human health and
thermal comfort [41]. The temporal variation of the urban aerosol
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pollution island (UAPI) in Berlin revealed slight relationships between
PM; concentrations and urban-rural disparities, emphasizing the need
to comprehend the temporal dynamics of air pollution and its links to
urban heat island effects [42].

Meanwhile, a study in Chinese cities introduced the Meteorology and
Environment Comfort (MEC) index, exposing the significant impact of
air pollution on reducing comfort levels during extreme temperatures
[43]. Birmingham, UK, experienced amplified pollutant levels, mainly
ozone, during heatwaves, urging additional air pollution reduction
measures during forecasted hot spells [44]. The interaction between
urban heat island (UHI) and urban pollution island (UPI) in Berlin
revealed spatial consistencies, underlining the interplay of surface UHI
and atmospheric UPI [45]. Additionally, research in Wuhan, China,
identified synergistic effects between particulate matter (PM; () and high
temperatures on daily mortality, emphasizing the critical role of air
quality during extreme heat [46]. Studies in Shenyang, China, explored
vertical synergies, uncovering correlations between outdoor and indoor
thermal comfort and air pollutant levels at different heights in an urban
street canyon [47]. Lastly, computational modeling assessed how
indoor-outdoor temperature differences impact building ventilation and
pollutant dispersion in urban communities, offering insights into opti-
mizing natural ventilation strategies to reduce indoor and outdoor air
pollution exposures [48].

3. A framework for comparing microclimate tools

To consider the holistic approach and to keep it at the heart of this
study, we thoroughly compared different microclimate tools. The aim of
this analysis is to provide a guidance that allow designers, researchers,
and other stakeholders to identify the solutions that best meet their

specific and local needs. Also, we should highlight any possible gaps that
may push new development lines for newer software or seamless
interoperability between the existing ones. Therefore, the motivation
behind this work is twofold. On the one hand, considering the city as a
complex system requires identifying tools that can describe as many
fluxes as possible affecting the urban climate. Identifying such tools will
be crucial from a holistic point of view.

On the other hand, many works [49-52] have already addressed the
problem of studying and evaluating some forms of energy performance
within the city through computational tools. However, these works
exclusively focused on the computational capacities in modeling energy
flows. The fundamental work by Crawley et al. [53] is the one that most
details a range of computational software for building energy simula-
tions covering more aspects than those closely related to the sole energy
performance of building performance simulation software. Similarly,
this article aims to contrast the features and functionalities of compu-
tational tools developed to evaluate urban microclimate (Table 1). They
were identified through a systematic search of the scientific literature.
The characteristics of the detected simulation tools were compared to
identify their fundamental principles, capabilities, and possible fields of
application. Thus, we introduced an evaluation framework that com-
pares, analyzes, and evaluates different aspects of those tools. The
studies identified were collected in a bibliographic database that was
then analyzed. Through the support of a bibliographic tool, analyses
were conducted that showed that: (1) most of the works have been
produced recently, (2) the studies focus mainly on the analysis of heat
fluxes within the urban environment, so much so that the concept of
Urban Heat Island (UHI) is already well established, (3) air quality and
pollution within the urban environment is a very recent topic but has
already produced a considerable amount of works, (4) there is no trace
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Figure 6. Co-occurrence network showing the aggregation of the keywords of the CIMO logic in specific clusters.

or almost no work aimed at the investigation of noise and light pollution.

Further details on the tools retrieved and compared, their description
and the comparison tables of the evaluative framework, have been
included in the supplementary information available at the end of this

paper.

3.1. Microclimate simulation tools

After identifying the relevant documents, their screening, and their
final inclusion in the review pool, 25 microclimate simulation tools were
selected and included in the study. They were then analyzed using an
evaluative framework to univocally identify their main functionalities
and capabilities and provide a transparent, coherent, and thorough
comparison.

The information necessary to evaluate the functionalities and capa-
bilities has been extracted (i) from informative primary sources, such as
technical manuals, user guides, and brochures, (ii) from secondary
sources like scientific articles, and (iii) from querying support services to
clarify inconsistencies and completing the data required by the
comparative framework.

Some tools, such as UMEP and UWG, were not included in the
assessment. Instead, we focused on SOLWEIG and SUEWS individually,
both of which are components of UMEP. This decision was made due to
the standalone capability of SOLWEIG and SUEWS. Additionally, UMEP
consists of a set of tools categorized by their functions: pre-processing,

processing, or post-processing. Furthermore, UMEP is available as a
QGIS plugin. As for UWG, it has been recognized as part of the LadyBug
tools suite.

Comparing tools’ features and capabilities, we found that CFD tools
are the prevalent typology, with 10 out of 25. Other tools, such as
RayMan, SOLWEIG, and SUEWS, belong to the Surface Energy Balance
(SEB) category. TAS is a Building Energy Model (BEM). While ADMS
Temperature and Humidity model is air quality-oriented, Ladybug tools
are a collection of software that aims to support environmental design.
The collection includes CFD, BEM, and object-oriented models. CFD-
based tools can simulate most of the flows that characterize the con-
structed environment. Among the CFD tools, there are substantial dif-
ferences depending on the user needs and research scope: general-
purpose CFD tools (such as OpenFoam, Fluent, and Autodesk CFD) offer a
high level of customization of the simulation (e.g., CFD model selection,
parameter setting) and more detailed geometrical modeling features (e.
g., meshing tools) but require the modeler to create all items without
offering pre-set urban item libraries; these tools provide the possibility
for more accurate and physically grounded simulations but require solid
theoretical knowledge on fluid mechanics and computational methods
and advanced specific competences in CFD modeling.

On the contrary, specialized microclimate tools, such as ENVI-met,
Ladybug DragonFly, and UrbaWind, are developed explicitly for
microclimate simulations and offer very useful pre-set urban item li-
braries, but reduce the set of options available. For example, regarding
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Table 1

Identification of the keywords according to the CIMO logic.
Context Intervention Mechanism Outcomes
Where? In which What? Which is How? Whichisthe  To get what? What
context is the the main topic? medium? is the wanted
intervention information?
embedded?
Built environment Urban heat island ~ Numerical model =~ Well-being
Urban spaces Urban noise Simulation tool Life quality

island

Urban areas Urban pollution Microclimate Human health
island model
Outdoor Urban lightisland =~ Microclimate Outdoor thermal
environment tool comfort
Urban climate Anthropogenic Microclimate Human comfort
heat software
Urban Air pollution Microclimate Mean radiant
microclimate simulation temperature
Noise pollution Microscale Universal thermal
model climate index
Thermal stress Computational Physiological
tool equivalent
temperature
Extreme Standard effective
temperature temperature
Heatwave Noise level

Heat island
Climate change
Heat stress

Acoustic level
Air quality
Outdoor visual

comfort
Planning
Design
Adaptation
strategies
Light pollution
Over illumination

the CFD model selection, the parameter setting, or the geometrical
modeling tools. Most of these tools show well-developed interopera-
bility features, importing data and information from various drawing or
3D modeling software. In addition, some (like ADMS, Ladybug tools,
UrbaWind, OpenFOAM, RayMan, and SOLWEIG) also support importing
files from GIS programs with their geolocation, and others (AKL Flow-
Designer, Autodesk CFD, DIALux evo, and scSTREAM) offer the possi-
bility of importing IFC files, which are necessary to enable
interoperability with other BIM tools.

The most adopted geometry modeling approach is mesh modeling,
especially among CFD tools (AKL FlowDesigner, Fluent, Autodesk CFD,
UrbaWind, OpenFOAM, PHOENICS, scSTREAM, and STAR-CCM+).
Still, some tools use 3D (ENVI-met, TAS, TownScope, and UMI) or
parametric modeling (Ladybug Tools).

When it comes to modeling the urban context and the various ele-
ments that characterize it, CFD tools allow great versatility and the
possibility of defining most of the variables necessary to determine the
thermal characteristics of the surfaces. Vegetation and water bodies are
more detailed elements that only a few models consider, such as ENVI-
met, UrbaWind, or TownScope.

As far as the meteorological variables are concerned, almost all the
tools analyzed allow the import of weather files in different formats, the
most frequent being the EnergyPlus (EPW) format.

Regarding the numerical solutions adopted to solve the equations
that govern the various energy and mass flows, the analysis first
addressed atmospheric modeling and all the equations and mathemat-
ical models adopted to solve turbulence, wind flow, and thermal fluxes.
Next, the models adopted to describe the soil, vegetation, and water
bodies were considered. Finally, models for air quality and noise were
also scrutinized.

As for the analysis of atmospheric modeling, the study of built
environment modeling has followed the same approach. Firstly, all the
models that describe the surface energy balance of walls and roofs were
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considered. Next, the capability of considering the indoor air tempera-
ture was analyzed. Lastly, the analysis deals with methods and algo-
rithms for assessing daylighting and light transport. CFD approach is one
of the most flexible and thorough approaches that can model most at-
mospheric phenomena and their interaction with the soil and the built
items.

Furthermore, several CFD tools can also model vegetation, water
bodies, and soil. However, equations or sub-models describing their
physical processes must be coupled with the starting model [54,55].
Other tools (RayMan, SOLWEIG) only deal with solar radiation assess-
ment and average radiant temperature calculation, so they do not solve
the buildings’ surface energy balance or the atmospheric flows.

Among all analyzed microclimate tools, ENVI-met offers the possi-
bility of modeling most aspects related to both the urban environment
and the buildings. However, it adopts simplifications and presents lim-
itations regarding the type of numerical schemes available to solve the
governing equations of heat conduction, convection, and radiation
(Table 6 and Table 7).

It is also important to note that not all tools analyzed could assess air
quality, lighting and noise pollution. Only recently, in 2022 and 2023,
five studies were published assessing noise propagation and one study
used a tool for lighting calculations.

As far as the simulation settings and the modalities of representation
of the results, it is necessary to emphasize that for the generic CFD, it is
necessary that the analyst can choose a timestep and length of the
simulation period tailored to the complexity of the analyzed model and
the number of variables taken in consideration. Therefore, these pa-
rameters are user-defined. Other more straightforward tools (RayMan)
adopt a fixed daily simulation period. Regarding spatial resolution, it is
editable only in CFD tools, and, in ENVI-met, it spans between 0.5 and
10 meters.

Considering the visualization of the output of a simulation, all the
analyzed tools offer different reporting tools and options, both numer-
ical, textual, or graphical. The most common output files are text files,
comma-separated value files, and ASCII files. Some tools (ENVI-met,
STAR-CCM+) also create elaborate simulation outputs and compile
standardized reports in HTML and CSV format.

The last comparison field is their capability to quantify environ-
mental emissions and, in particular, which pollutants can be modeled
and simulated. There are few microclimatic tools, apart from those
specific for evaluating air quality, that implement a thorough and
insightful analysis of environmental emissions. Among these tools,
ENVI-met offers the possibility to model hourly areal pollutant genera-
tion (nitrogen oxide, NO; nitrogen dioxide, NOy; ozone, Og; and par-
ticulate matter, PM;o and PM; 5) mostly for addressing traffic emissions.

3.2. Distribution features

Microclimatic simulation tools offer different accessibility modal-
ities, installation options, supporting documentation, training opportu-
nities, and after-sale support. A thorough overview of the distribution
features of all identified microclimatic simulation tools, presented in
Table 2, can be identified in the supplementary information in the
Description of Tools.

To indicate the legacy of a tool and its updates, the Release dates are
reported, if available, to display the date of the software’s last version
release. Then, the main websites are added to provide instant access to
the most updated information and support each software house offers.

In the section Documentation, all the valuable documents related to
each tool are listed, and they are classified into: (1) Requirement docu-
mentation, which outlines the features and the operation of the specific
tool; (2) User guide, which describes the main components of the tool like
interface and software engine(s); (3) Technical references, which explain
in detail the models and equations that are run to solve the model and
the user-defined parameters and physical and numerical assumptions
adopted;
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Table 2
Tools retrieved from the review.
Tool Open Commercial Operative Support
Source system Training
ADMS Temperature X Windows X
and Humidity model
AKL FlowDesigner X Windows X
ANSYS Fluent X Windows X
Autodesk CFD X Windows X
CadnaA X Windows X
DIALux evo X Windows X
ENVI-met X Windows X
iNoise X Windows X
Ladybug Tools X Windows/ X
Mac OS
MITHRA-SIG X Windows X
MUKLIMO_3 X X Windows/
Linux
NOISEMAP Five X Windows X
OpenFOAM X Windows/ X
Mac OS
PALM-4U X Linux X
PHOENICS X Windows X
RayMan X Windows X
scSTREAM X Windows X
SOLWEIG X Windows X
SoundPLAN X Windows X
STAR-CCM+ X Windows X
SUEWS X Windows X
TAS X Windows X
Townscope X Windows X
UMI X Windows X
UrbaWind (Meteodyn) X Windows X

The Support section gathers all the alternatives available to the user
to solve or fix issues (e.g., Helpdesk, Forums, FAQs, Blog, trouble-
shooting service, and Scientific references).

In the same way, the Training section collects all the different sources
available to develop skills about the use of the tool (such as Training
courses, Workshops, Online learning hubs, Video tutorials, Webinars,
Online academies, and Lectures).

Due to the computationally expensive nature of microclimatic
simulation, we have included the Operational requirements section by
identifying compatible operative systems and minimum system re-
quirements necessary to run each tool as mentioned by each software
house.

The distribution modalities (Public domain, Permissive and open-
source software (FOSS), Copyleft FOSS, Freeware/Shareware/Free-
mium, Proprietary license, Subscription, and Full version) of the tools
have also been specified, listing the different types of licenses for each
tool makes available and the related limitations, if any. Finally, price
information is reported when available (updated on 22/01/2024)

As shown in Table 3, it has been possible for each tool to retrieve
different information about the different sections that make up the table.
For instance, most tools provide documentation like a user guide or
technical references. On the contrary, only some tools come with user
training services. Regarding the operational requirements, most of the
tools considered are designed to run on Windows-based machines. Some
are computationally demanding and require a significant amount of free
disk space.

Distribution modalities, Installation types, and Price sections try to
cover the commercial side of the tools’ distribution. Almost all the tools
are distributed under proprietary licenses, meaning users must purchase
a license to run the tool. Very few tools are distributed as freeware, and
others provide the possibility to choose between free and licensed ver-
sions. Thus, the installation type will also change according to the li-
cense type. Most tools with proprietary licenses have a double
installation type: Trial and Full versions. Finally, the prices change ac-
cording to the type of license selected and the services provided with the
license (e.g., customized customer support, technical documentation, or
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constant maintenance of the tool).
3.3. Interoperability and user interface

When choosing a simulation tool, a few communication aspects can
inform the selection process. For research or holistic assessment pur-
poses, often, simulation tools need to be integrated into process auto-
mation workflows by connecting different simulation or statistical tools
for complex analysis. To establish such processes, it is crucial to choose
tools that can communicate with the other automation managers or
simulation engines. Also, it is essential to know which are the interop-
erability features of a tool to learn which the available import and export
data formats either to take advantage of prior available inputs (e.g.,
maps, geometrical models, topographical models) or to use simulation
outputs to inform other data processors or simulation engines. Finally, it
is helpful to know whether a tool is provided for a textual interface that
can be easily programmed using other software or called using batch or
routines written in programming languages. Focusing on microclimatic
simulation tools, in this study, we gathered information on native
interoperability with geographical information systems (GIS) and other
simulation programs. The possibility of importing maps from GIS pro-
grams is valuable since the knowledge of topography is a fundamental
aspect of microclimate studies.

Besides native interoperability options, data import and export for-
mats are listed for each tool. Import data formats are further classified
concerning the type of information in the tool, focusing on the file for-
mats available to be imported concerning the design, the mesh, the
topography, and building information.

Tools are scrutinized about the User Interface to determine whether
they are equipped with a graphical user interface or need textual input.

Table 4 highlights the tools” diverse procedural methodologies and
interoperability aspects, showing distinct functionalities and input/
output procedures. The table underscores the importance of the visu-
alization tools and the Graphical User Interface (GUI), which enhances
user experience and facilitates the manipulation of the elements to be
modeled. The interoperability aspect is another interesting outcome of
the table, showing how different tools are open to import/export thanks
to the seamless import/export options they can provide. The presence of
tools that can work with files developed with BIM tools is auspicious
with a view to the interoperability and the multifaceted topic of urban
microclimate. At the same time, many tools can already work with/
through the GIS, indicating that the direction to be followed to assess
urban environment-related problems is by exploiting georeferenced and
source-crowded data. Those tools are more academic research-oriented,
like SOLWEIG, SUEWS, or, in particular, PALM-4U privileged text-based
files for their operations.

Nonetheless, PALM-4U, for instance, only works with netCDF format
files. This file type is compact, meaning it uses storage space efficiently
and requires very little additional overhead to store metadata that goes
with the primary dataset. This way, the stored information is always
accompanied by the context and details.

3.4. Microclimate computational modeling

Microclimate simulation tools are computer-based, multidisci-
plinary, and problem-oriented mathematical models. They are adopted
to study the complex interactions between buildings, infrastructures,
natural elements, the surrounding atmosphere, and the ground, relying
on fundamental physical principles and engineering models.

They usually adopt numerical methods that provide a simplified and
approximate solution to the investigated phenomena. To this end,
microclimate simulation software needs to offer tools for reconstructing
selected geometrical attributes of a site and the relevant natural and
built elements located on it, defining the simulation domain, assigning
initial and boundary conditions to it, assigning thermophysical and
optical properties to the materials within the given simulation scene,
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Web site: https://cerc.co.uk/environmental-software/ADMS-Urban-model.html

Two types of licenses are available: the annual license is valid for one year, and the permanent license is valid indefinitely. In addition, the single-user license allows the use of the software by one user at a time. The
research license allows the use of the software for non-commercial purposes at research and academic organizations. Finally, the teaching license allows using software for teaching purposes at academic institutions.
Prices vary according to the different types of licenses. More information on prices can be found at http://www.cerc.co.uk/environmental-software/prices.php.

Web site: https://www.akl.co.jp/en/

All types of documentation, support, and training are provided only in Japanese.

A 5% commission is added to overseas sales. For price information, please contact the Company.

Web site: https://www.ansys.com/products/fluids/ansys-fluent

An annual subscription is provided and also gives access to Fusion 360.

For price information, please contact the Company. Financing options available.

Web site: https://www.autodesk.com/products/cfd/overview

An annual subscription is provided and also gives access to Fusion 360.

For price information, please contact the Company. Financing options available.

Web site: https://www.datakustik.com/products/cadnaa/cadnaa

CadnaA licenses are divided into Cloud Licensing (CL) and On-Premise Licensing (PL). In addition, the licensing can be Light or Professional, depending on the different features available.

Regarding the license cost, it is necessary to contact the company.

Web site: https://www.dialux.com/en-GB/dialux

The paid version of DIALux, DIALux Pro, adds some features to those already available in the free version. Nevertheless, the freeware version allows users to run all the tasks entirely. The cost of the Pro version is 29.99 €
per month.

Web site: https://www.envi-met.com/

Different license types are provided according to the user’s needs. Each of them has limitations.

The Demo version has a limited domain size, provides reduced outputs and analysis options, does not allow running parallel simulations, and is not intended for commercial use.

Price varies according to the license chosen.

Web site: https://dgmrsoftware.com/products/inoise/

The premium support service for iNoise is optional, and it costs 435€ in the case of the iNoise Free license; otherwise, it costs 235€ for an iNoise Pro license. The service provides 3 hours of support: answering questions via
email, 2 model reviews, and one online Q/A session.

A custom version is provided to customers who use the free version. Some methods are provided in demo mode, and other limitations are included.

The cost of the pro version changes according to whether or not the CNOSSOS analysis method is included. If not included, it costs 545€; otherwise, it costs 1.320€ per year.

Web site: https://www.ladybug.tools/honeybee.html

Web site: https://geomod.fr/en/expertise/wave-propagation/mithrasig

There is only one type of license, but the cost of it changes according to the number of objects allowed in the model: 100 / 1000 / 10 000 / 100 000 / unlimited.
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The cost of the license is not indicated on the website. Please contact the Company.

The basic version of MUKLIMO _3 is used to calculate stationary wind and concentration fields for neutral atmospheric layers. On the other hand, the thermodynamic version can be used to study the climatic impacts of
changes in land use patterns and to analyze the climate of entire cities.

Web site: https://www.dwd.de/EN/ourservices/muklimo_thermodynamic/muklimo_thermodynamic.html

User guides and technical references are provided only in German.

The basic version is available for Windows operating systems up to Windows 7. The thermodynamic version is available only for UNIX/Linux operative systems, and no graphical interface is provided.

The basic version can be used free of charge if it is used exclusively for non-commercial purposes. Otherwise, a commercial license is provided. On the other hand, licenses for the thermodynamic version - for non-
commercial tasks in research and teaching only - are available on request.

The price for the commercial license for the basic version is €2700

Web site: https://www.noisemap.ltd.uk/wpress/products/noisemap-five/

Some user manuals and guides are free of charge, but it is necessary to be registered to get access to them.

Customer support and other services are only provided after the purchase of the maintenance.

There are different ways of using the tool. It is possible to purchase a 50-year license or an annual one. For all the other possibilities, please refer to the website.

With regards to the cost of the license, please contact the Company

Web site: https://www.openfoam.com/

Web site: https://palm.muk.uni-hannover.de/trac/wiki/palm4u

Web site: https://www.cham.co.uk/phoenics.php

Minimum 4GB RAM. The program is compiled for both 32-bit and 64-bit operative systems. The minimum screen resolution recommended is 1024*768 pixels.

Many licenses are provided: academic, non-profit, and commercial. They can be monthly, annual, or perpetual. There is also the possibility of adopting pay-as-you-go usage via the Microsoft Azure Cloud. In addition,
academic users can benefit from a discount.

The annual academic license costs €1,885, and the unlimited version costs €2,600. In contrast to the academic license, the personal license costs €750 and lasts three years, but it is unsupported by software updates.
Web site: https://www.urbanclimate.net/rayman/

RayMan comes in two versions: basic and pro. The basic version is used for education and teaching, academic research, and governmental use; the pro version is accessible only for academic and scientific purposes.
Web site: https://www.cradle-cfd.com/product/scstream.html

The user must register on the company page to access customer support, training materials, and the software itself.

To use the software the purchase of a license is required. But a lite version is available for free

The company offers the possibility of getting a student license, which allows working with a light version of the model.

The prices for the full version are not stated. Please contact the company.

Web site: https://www.gu.se/en/earth-sciences/software-download#SOLWEIG

Web site: https://www.soundplan.eu/en/software/soundplannoise/current-version/

To get customer support, it is necessary to purchase a maintenance contract.

To get an offer for the license, please contact the Company.

Web site: https://www.femto.eu/star-ccm/#contact

Different licenses are provided based on how many sessions are run per time and how many cores are used. Academic license is provided for selected academic institutions only.

The trial version, without limitation, lasts 30 days.

For price information, please contact the Company.

Web site: https://suews-docs.readthedocs.io/en/latest/

Web site: https://www.edsl.net/tas-engineering/

Software is provided with two types of licenses: standalone monthly or annual and network annual. With the standalone, the software can be used only with one machine. On the other hand, the network license allows
software sharing between machines.

Standalone monthly costs €300+ VAT, standalone annual costs €240+VAT, network annual costs €360-+VAT.

Web site: http://www.umr-cnrm.fr/surfex/spip.php?rubrique142

Licenses are provided for academic and non-academic users. Both types of licenses are divided into single-user and multi-user

A trial version of the software is provided but has some limitations.

Academic single-user license costs €450, multi-user license costs €950. Non-academic single-user license costs €700, multi-user license costs €1200. All the prices are considered without VATSs.

Web site: https://web.mit.edu/sustainabledesignlab/projects/umi/index.html

Web site: https://meteodyn.com/business-sectors/microclimate-and-urban-planning/13-urba-wind.html

One-year license provided.

It is possible to arrange a trial evaluation.
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Table 4
Interoperability and User Interface

ADMS
Temperature and
Humidity Model

AKL
FlowDesigner
ANSYS
FLUENT
Autodesk CFD
CadnaA
DIALux evo
ENVI-met
iNoise
LadyBug +
HoneyBee
MITHRA-SIG
MUKLIMO-3
Basic/Thermody
namic Version
NOISEMAP Five
OpenFOAM
PALM-4U

PHOENICS

RayMan

scSTREAM

SOLWEIG

SoundPLAN

STAR-CCM+

SUEWS

TAS

TownScope

UMI

UrbaWind
(Meteodyn)

Software interoperability and Data formats X"

><oc

Import map from GIS programs

><\l
=
=
=
>
<
><3€

Import/Export to other simulation programs X X X X X x”

o

><~a

><~c

2

Import format data

><\l

Design

Area Input File (INX) X

3DS X X

CAD X X X X

DXF X X X
Mesh X%

CFX

CGNS

HYPERMESH ASCII

I-deas X X

STL X X X
Topography X3

Shapefile X X X X X
Building Information

IFC X X X

gbXML X

XML

CityGML X

X
>

HoR R

14"

9

R

90
X

HoR R

KRR

Export data type X7 X7 X% x* <%
OBJ X X
ASCII X X X X
gbXML
Comma separated value (CSV) X X’ X X
IDF
NetCDF X
XLS X'
Text File X X X
Data Explorer

X‘)3

User Interface X%

Graphical User Interface X X X X X X X X X X X X X
Textual User Interface X X X

The software is supplied with a Mapper that can be used to visualize, add, and edit sources, buildings, and output points and view the model output. It also links to other software packages, such as ArcGIS and MaplInfo GIS,

for displaying results and easy data entry.
The software has its input file (.uai). There are five sections in this file:

a. Temperature and Humidity options, which include Anthropogenic heat, Short-term output, Spatial variation, Suppress warning messages, and Terrain height effects;

b. Terrain, which contains defined terrain margins and Limits inner layer depth;

c. Output options;

d. Road source options;

e. Time-varying options.

As with the input formats, the software has its specific file for output. The file refers to Long-term outputs or Short-term outputs.

Only the Pro version allows users to export to Microsoft Word, Excel, and PowerPoint. In addition, it is possible to import/export the IFC format with the Pro version.

Multiple import and export formats are provided with the Pro version of the model.

These tools are plugins for the Rhino 3D modeling software. For this reason, all the features highlighted in this table will refer to Rhino’s capabilities.

These tools allow sharing of the model created with Rhino 3D with other simulation tools such as EnergyPlus, Radiance, or OpenFOAM.
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The export formats depend on the type of map created. For instance, with sections in the horizontal plane, some formats available are DXF, DWG, BMP, TIFF, GeoTIFF, and PDF.

The project data is entered via the Input file prepared by the user at the beginning of the simulation. The input file has the structure of a FORTRAN namelist divided into several variable blocks.
The topography of the study area can be modeled using a RASTER file (height values are arranged in rows and columns), and it has to be specified in the input file.

The basic version supports a Graphical User Interface, while the Thermodynamic version has only a textual interface.

The tool allows the exporting of many other formats besides ASCII, such as DWG, DXF, and GIS.

It is possible to import topography into OpenFOAM provided that terrain data, orography, and terrain characteristics are provided in digitized format from the GIS system and then converted into the format needed by the
CFD program.

OpenFOAM allows the import of many formats of mesh files, but they have to be converted from the starting format to the FOAM suitable.

The model provides a standardized way to input information via the netCDF format. The output, too, is provided with the netCDF format.

PHOENICS does not provide the possibility to import GIS information directly through GIS tools, but topography data can be imported, creating an STL file that will be read as an object (.obj).
PHOENICS can handle different files, provided they are imported through PHOENICS-VR and SimLab Composer.

RayMan allows using a text file (.txt) in which input data are included and separated by tabs or spaces.

The obstacle files added in RayMan can be calculated from Shapefiles using the “Shp to Obs” plugin for Quantum GIS.

SOLWEIG is a model that can estimate spatial variations of 3D radiation fluxes. It has two categories of input data: Spatial Information and Meteorological data. The Spatial information included all the digital surface
models necessary to run simulations.

These models refer to Ground and Building DSM, Vegetation DSMs, Digital Elevation Model, and Ground cover grid.

Many export formats are available based on the modules and interfaces.

STAR-CCM+ allows importing terrain data provided that it is in STL format.

SUEWS allows the input of many parameters to describe the site’s characteristics. All this information is provided through text files.

TownScope does not allow the import of topography from GIS tools, but it can allow the creation of terrain from 3D points.

The software allows the importation of CAD, topography, and porosity files, provided they are in STL format.
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Table 5
Modeling Capacities

ADMS

Temperature

and Humidity

Model

AKL
FlowDesigner

ANSYS
FLUENT

Autodesk CFD

CadnaA

DIALux evo

ENVI-met

iNoise

LadyBug +

HoneyBee

MITHRA-SIG

MUKLIMO-3
Basic/Thermody

namic Version

NOISEMAP
Five

OpenFOAM

PALM-4U

PHOENICS

RayMan

scSTREAM

SOLWEIG

SoundPLAN

STAR-CCM+

SUEWS

TAS

TownScope

UMI

UrbaWind
(Meteodyn)

Type
Simple calculation tool
Simulation software
Web-based platform

>

>

Modelling approach
Parametric
Mesh-based
3D graphics-based geometry
Structured grids

X

108
x'°
X108

X'

120
X

X'

Geometric description
Outdoor Environment
Topography
Site landform
Plants
Waterbodies
Urban Environment
Canyon geometry
Orientation
Location
Adaptation strategies
Cool roofs
Cool materials
Green roofs
Green walls
Natural ventilation
Albedo
Absorption
Reflectance
External shadings
Evaporative cooling
Material properties
Transmission
Emissivity
Specific heat capacity
Thermal conductivity
Density
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Building envelope
Shape
Height
Walls
Floors
Roofs
Tilted roofs
Building adjacency
Windows
Thermal zoning
Definition of a single zone corresponding to the whole building
Discretization of the building into zones, often rooms
Discretization of the zones into control air volumes
Manual definition horizontally and vertically of zones within the building

X100

><._.
g

PO X X X X

RV VEVEVEVEVEE
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PO XD X X X
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The software does not explicitly model the area under study. For every single aspect of the modeling, it is required to upload a specific file to run simulations.

Buildings can be modeled in two different packages: ADMS-Roads package B and C.

Ansys does not allow modeling topography or site landform directly, but importing an STL file of the terrain data is possible.
Fluent uses the Ideal canopy model, which describes a tree only by its crown height, trunk height, and basic plant canopy geometry, such as spherical, oval, and conical.

Material properties can be edited inside the software. In addition, new materials can be created from scratch.
All the characteristics of the building can be modeled inside DesignModeler.
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identifying computational units (i.e., cells, nodes, zones), and assigning
parameters to the selected numerical schemes (if the user can).

In the following subsections, we discuss their main modeling capa-
bilities, the implemented computational models, the simulation settings,
the data they handle, and the result reporting.

3.4.1. Modeling and simulation capabilities

First, microclimatic tools are categorized according to their general
modeling capacities into simple calculation tools, which are typically
mono-disciplinary, solution-oriented, steady-state models that imple-
ment analytical methods; simulation software, which is commonly
multidisciplinary, problem-oriented, dynamic models that rely on nu-
merical solvers; finally, web-based platforms, which are applications that
can run on the web and typically work on any web-enabled device. Next,
they are clustered according to the way they use to generate the simu-
lation scenario, that is, (i) if they use analytical tools for generating
building elements (parametric), (ii) if they require a mesh-based model
generation, (iii) a tridimensional geometry or structured grids. Then,
their capabilities to generate the geometries of different elements
composing a simulation scene like the outdoor environment (topology,
site landform, plants, waterbodies), the urban environment (canyon
geometry), climate-adaptation strategies (e.g., cool surfaces, nature-
based solutions, solar shading, evaporative cooling, natural ventila-
tion) or material properties (e.g., albedo, emissivity, absorbance). Next,
focusing on the building items, there is an overview of the modeling
approach, whether it is the shape of the entire building or individual
building components, and how thermal zones are defined either auto-
matically based on a predefined geometrical resolution or manually
defined by the user.

In this context, Table 5 shows the wide variety of modeling ap-
proaches and functionalities that emerged from comparing the tools.
Besides classifying the tools, indicating whether they are simple calcu-
lation tools, simulation software, or web-based platforms, the table
considers the geometric description the models adopt for the outdoor
and urban environment. Moreover, the table has considered the possi-
bility of modeling adaptation strategies, material properties, and the
building envelope with thermal zoning.

Most tools can consider the topography and site landform thanks to
the possibility of importing GIS information as previously described. The
canyon geometry, the orientation, and the location of the study area are
aspects covered by all the tools, with some exceptions among general-
purpose CFD programs. ENVI-met is the tool that covers almost every
aspect of the table.

3.4.2. Data handling

The microclimate simulation tools are characterized by different
complexity in the physical and mathematical model implemented. This
also reflects in the input variable required to set the scene and run a
simulation and the output variables that can be extracted after the
simulation terminates.

For simplicity, the input variables are grouped into three sections: (i)
meteorological variables, (ii) built environment variables, and (iii)
natural environment variables.

Regarding the first group, we reported whether the tools inherently
provide weather data and whether weather data can be downloaded.
This group then revised the typical weather formats accepted by each
tool.

The built environment variables section considers all the variables
related to urban systems, such as location, material properties, and
height.

Similarly, the Natural environment variables refer to all the informa-
tion required to model and consider elements from the outdoor envi-
ronment, such as soil properties, type of surface, and vegetation.

The output variables are the outcome of the simulation calculated by a
tool. They have been gathered into three groups: (i) the physical vari-
ables, (ii) outdoor thermal comfort, and (iii) the environmental emissions.

PALM-4U is a numerical model for simulating the urban atmospheric boundary layers. It includes different parameterizations and equations that allow research on urban microclimate and climate change. For this reason,

none of these sections are considered in the model.
SOLWEIG does not allow modeling buildings or trees. It requires spatial information related to ground buildings and vegetation. This information is provided through digital surface models (DSM).

The canyon geometry is provided through the Building and Ground DSM. This file consists of ground and building heights.

The Building and Ground DSM file also provides the area’s latitude and longitude for Sun position calculation.

To consider terrain features inside STAR-CCM+, creating an STL file of the topography is necessary.

The CAD add-in tool allows scSTREAM to ingest models from BricsCAD, Autodesk Revit, and ARCHICAD. This way, the software can consider all the aspects of the outdoor and the built environment.
SUEWS does not take into account the modeling of the environment.

PHOENICS considers topography only if it is imported as an STL or OBJ file. In this way, the tool does not model the terrain but can create a mesh of the surface and consider it during simulations.

PHOENICS uses the Ideal canopy model, which describes a tree only by its crown height, trunk height, and basic plant canopy geometry, such as spherical, oval, and conical.

OpenFOAM can open .obj files. With this file format, generating the terrain file that can be subsequently imported into the tool and where the mesh will be created is possible.
RayMan models buildings and plants in a two-dimensional way.

In the Pro version, thanks to the possibility of importing the IFC file from any BIM tool, it is possible to include any feature both from the outdoor and built environments.
OpenFOAM to model and describe plants uses the Statistical method, which associates LAI with the plant morphology.

These tools are plugins of Rhino 3D. For this reason, all the features highlighted in this table refer to the software.

Ladybug does not allow the modification of materials satisfactorily, unlike Honeybee.

Ladybug tools can evaluate evaporative cooling but only for indoor spaces.
Characteristics of the site and model parameters are provided through text files. Each file’s specific parameters can be defined according to the user’s needs.

Thanks to the interoperability between Autodesk Revit and Autodesk CFD, it is possible to model the building in all its features, including thermal zones.
The terrain is generated from 3D points.

Trees and waterbodies can be considered inside UrbaWind, provided they are included as STL files and uploaded inside the widow POROSITY.

In the input file, there is the possibility to insert specific values for many variables like vegetation, buildings, and topography.
Only the porosity of the material is taken into account.

It is possible to model trees inside Autodesk CFD, and all the features are possible through the Materials box.

Material properties can be edited inside the software. In addition, new materials can be created from scratch.

The modeling approach is 3D graphics-based geometry since UMI is a tool based on Rhino 3D.
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Table 6
Data Handling

ADMS
Temperature
and Humidity

Model
AKL
FlowDesigner

ANSYS
FLUENT

Autodesk CFD

CadnaA

DIALux evo

ENVI-met
iNoise

LadyBug +
HoneyBee

MITHRA-SIG

MUKLIMO-3
Basic/Thermody
namic Version

NOISEMAP Five

OpenFOAM

PALM-4U

PHOENICS

seSTREAM

SOLWEIG

SoundPLAN

STAR-CCM+

SUEWS

TAS

TownScope

uM1

UrbaWind
(Meteodyn)

Input variables

Meteorological variables
Weather data
Provided with the program
Separately downloadable
Accepted weather data formats
Any user-specified format (CSV)
Climate file .cli
Horizon file .hor
European Test Reference Year
Typical Meteorological Year (TMYx)
Solar and Wind Energy Resource Assessment
Weather Year for Energy Calculations 2

Solar and Meteorological Surface Observation Network

International Weather for Energy Calculations
Japan AMeDAS weather data

DOE-2 text format

BLAST text format

ESP-r text format

ECOTECT WEA format
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Natural Environment variables

Non-built surfaces
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Output variables

Physical variables
Surface temperature
Air temperature
Relative humidity
Wind speed
Wind direction
Long and short-wave radiation
Mean radiant temperature
Outdoor Thermal Comfort
Perceived Temperature (PT)
Predicted Mean Vote (PMV)
Predicted Percentage of Dissatisfied (PPD)
Physiological Equivalent Temperature (PET)
Modified Physiological Equivalent Temperature (mPET)
Universal Thermal Climate Index (UTCI)
Standard Effective Temperature (SET)
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Meteorological variables are provided with a weather data file.

ADMS Urban provides a “Normalised Building Volume™ concept that defines the building density on average over a grid cell.

The tool requires only the surface roughness of the green area.

Meteorological variables are provided with a weather data file.

Fluent and all the general-purpose CFD simulation programs cannot import weather files. However, since it is a general-purpose CFD simulation program, it is possible to define, among others, temperature and radiation as
boundary conditions.

Fluent requires additional equations or sub-models describing vegetation’s physical processes to calculate vegetation properties.

Autodesk CFD and all the general-purpose CFD simulation programs cannot import weather files. However, since it is a general-purpose CFD simulation program, it is possible to define, among others, temperature and
radiation as boundary conditions.

Autodesk CFD provides Temperature and Air velocity as outputs.

The model does not provide the possibility to import weather data files, but in the calculations, it allows us to consider the uncertainty caused by many elements like meteorology.

Meteorological variables are provided with a weather data file.

The model does not provide the possibility to import weather data files, but in the calculations, it allows us to consider the uncertainty caused by many elements like meteorology.

Meteorological variables are provided with a weather data file.

The model provides Meteo data for cities already loaded into the program. In the Meteo section, the user can define variables like the simulation’s period of occurrence, temperature, and humidity.

MUKLIMO_3 does not allow the use of weather files. In contrast, the tool requires the definition of initial profiles for the wind, the air temperature, and the specific humidity at the start time of the simulation.

In the input file, there is the possibility to insert specific values for many variables like vegetation, buildings, and topography.

MUKLIMO analyzes the pollutants in general without defining those being analyzed.

The calculation method in the tool considers the Atmospheric absorption which depends on relative humidity and temperature. These variables can be set in the Calculation Parameters section.

OpenFOAM and all the general-purpose CFD simulation programs cannot import weather files. However, since it is a general-purpose CFD simulation program, it is possible to define, among others, temperature and
radiation as boundary conditions.

PALM-4U is made of different components belonging to PALM, which is a numerical model. The weather data is directly obtained from PALM.

Meteorological variables are provided with a weather data file.

Geometries of the built and outdoor environment are not modeled inside the tool but are imported as STL files.

RayMan considers only the date as a meteorological variable. Therefore, date and elevation are important input data for radiation calculations.

RayMan can consider three obstacles: buildings, deciduous trees, and coniferous trees. For buildings, it is possible to model tilted roofs and walls, which can be disattached from the ground.

RayMan specifies the geographic location studied through a “location.Ist” file inside the RayMan program folder. It is possible to add other and new locations to existing ones.

For trees, there are two different shapes. Deciduous trees have a cylindric trunk and ellipsoid crown, while coniferous trees have cone-shaped crowns.

Topography can be created inside the tool. In addition, topography data can be loaded in RayMan as a text file in a specific format.

scSTREAM and all the general-purpose CFD simulation programs cannot import weather files. However, since it is a general-purpose CFD simulation program, it is possible to define, among others, temperature and
radiation as boundary conditions.

For the Built Environment, SOLWEIG allows uploading a Digital Surface Model of Ground and Building containing buildings’ heights. In addition to the DSM file, a digital elevation model is also required.
Meteorological variables are provided with a weather data file.

Also, for the Outdoor Environment, a specific Ground cover grid file is required.

The tool has a module called Nord2000 Weather Input that allows the user to calculate the noise propagation under a more detailed meteorology. This model considers wind speed, wind direction, and lapse rate. Regarding
the environment variables, the tool allows the input of air temperature, humidity, and pressure.

As input variables, SUEWS needs files that include all the most relevant information about the built environment, outdoor environment, and vegetation.

Meteorological parameters should be provided as monthly data.

The tool provides a meteorological database from meteorological stations. It is available only for French territory at the moment.

It is possible to provide a custom weather file provided that it is a text file written in the Windows Format, adopting the “space” character instead of “Tab.”

UrbaWind allows importing terrain data, soil properties, and vegetation as STL. Once imported, the only thing that can be modified is the porosity of the layer imported according to the defined values provided by the tool.
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The formers refer to the physical quantities characterizing the envi-
ronmental conditions at a given computational unit (e.g., surface tem-
perature, air temperature, wind speed, mean radiant temperature). The
second group gathers different indices used for thermal comfort
assessment, mainly in outdoor spaces (e.g., PET, UTCI) and enclosed
spaces like PMV and PPD, which must be used with care and only if the
subtended assumptions are not violated [56,57].

Next, the environmental emissions, beneficial for mitigation estimates
to support climate resilience projects, are clustered into three groups: (i)
Major greenhouse gases, which are the principal responsible for global
warming, (ii) Criteria pollutants, which are common air pollutants with
known health impacts according to the 1970 Clean Air Act[58], and (iii)
Ozone precursors, which, in the presence of solar radiation, react with
other chemical elements and form ozone, mainly in the troposphere.

The analysis of input variables is presented in Table 9. The table
shows the intricate relationship between the tools and the meteorolog-
ical variables. Most tools rely on weather data files to feed the simula-
tions with accurate meteorological parameters. However, there are two
ways of including weather data in the simulation: tools have it already
loaded in a database, or data can be downloaded separately.

Most of the tools allow weather data to be imported, and the most
frequent weather data format is the EnergyPlus Weather (EPW) format.

Nonetheless, within the group of general-purpose CFD simulation
models, some tools do not directly import weather files. Instead, these
models allow users to define specific parameters, such as air temperature
as boundary conditions.

Moving from the meteorological variables to those belonging to the
built and natural environment, one can observe that almost all the tools
require defining the surface cover to distinguish the built environment
from the natural. Material properties are widely considered essential for
defining the case study features in the tools. Information about the
vegetation is not very well handled: only a few tools can consider the
vegetation, model it, and include it in the simulations.

From the point of view of the output variables, the most simulated
are air temperature, relative humidity, and wind speed and direction.
The mean radiant temperature is another relevant variable when out-
door thermal comfort needs to be assessed. Regarding outdoor thermal
comfort, many indices can be computed. The Universal Thermal Climate
Index (UTCI) and Physiological Equivalent Temperature (PET) are the
most used. Finally, to not exclude air quality from the comparison,
different pollutants have been considered and divided into three cate-
gories: major greenhouse gases, criteria pollutants, and ozone pre-
cursors. These pollutants are fully considered in the ADMS Temperature
and Humidity model since it is an air quality model, while among the
other tools, only Fluent, ENVO-met, PALM-4U, and TAS can consider
some of them in their calculations.

3.4.3. Computational models

Microclimate simulation tools solve the governing equations of en-
ergy and mass balances by implementing different physical models and
numerical schemes, which offer different modeling opportunities. The
mass and energy balances, represented in Figure 1, are built upon at-
mospheric, soil and waterbody, vegetation, air quality, and noise
models. The physical and mathematical models adopted by the different
tools have been reported (Evaluation Framework Table 6 and Evaluation
Framework Table 7).

Regarding the atmospheric models, different strategies are used to
solve the governing equations of air convection (Direct Numerical
Simulations (DNS), Large Eddy Simulation (LES), Detached Eddy
Simulation (DES), Unsteady Reynolds-averaged Navier-Stokes
(URANS), Reynolds-averaged Navier-Stokes (RANS), and Reynolds-
averaged Simulation (RAS)) and the turbulence models, when needed
(e.g., 2-equations turbulence kinetic energy (k-e), Re-Normalization
Group (RNG) k-g, 2-equations k- turbulence), the net radiation ex-
change between the model surfaces (such as Averaged View Factor
(AVF) model, Indexed View Factor (IVF) model, Indexed View Sphere
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(IVS) model, Sky View Factor (SVF) model), and the heat exchange with
the sky via different sky models (Isotropic, Anisotropic, CIE Clear Sky,
Uniform Cloud Sky). The soil model considers the equations and the
features that characterize the behavior of terrains and their sensible and
latent heat exchanges with the atmosphere (Energy balance at the
ground level, Finite Difference Method (FDM), Discrete Element Method
(DEM), Thermal RC-Network). Furthermore, waterbody models have
also been scrutinized (Clapp-Hornberger soil hydraulic model, Buoyant
Boussinesq Simple Foam, and Volume of Fluid (VOF) model). The Air
quality model section is organized based on three different groups:
dispersion models, photochemical models, and receptor models.

A few software tools offer the possibility to estimate a few perfor-
mance aspects of buildings by solving the energy and mass balance at
nodes characterizing thermal zones within buildings or implementing
daylighting models or light transport algorithms.

The following tables (Table 6 and Table 7) describe the comparison
of the tools regarding the numerical models implemented by each of
them at the Urban scale (Table 6) and Building scale (Table 7). Once
again, the tools show a great variety in their modeling approaches across
the different physical processes investigated. At the Urban scale,
general-purpose CFD programs showcase advanced algorithms and
more flexibility regarding schemes implemented (e.g., wind flow, tur-
bulence, and radiation) than other, more specific, tools. Provided that
the urban scale can include different types of land surfaces, we also
looked, among the tools collected, for those that can model the soil,
water bodies, and vegetation.

To conclude with the urban scale, we included the possibility of
modeling air pollution and noise. For air pollution, we considered
dispersion, photochemical, and receptor schemes. The noise modeling
schemes refer to the principal traffic/road, train, and industrial noise
regulations.

It is important to note that noise propagation and lighting calculation
tools are strictly topic-oriented, not including other schemes except
those specific to noise propagation assessment or lighting studies.

Transitioning to the building scale, we considered different processes
typical of the processes happening in the buildings. In this case, the
number of tools that own such schemes (e.g., the surface temperature of
walls and roofs, indoor air temperature, and daylighting) drops
drastically.

The reason for this lies in the computational requirements that
microclimate tools require to run and solve processes at the urban and
building scales. Moreover, in some cases, the level of detail the tools
offer is coarser than the one required to simulate the building scale.

3.4.4. Simulation settings

Given the inherent complexity of microclimate simulation and the
high computationally expensive costs, microclimate simulation tools
offer different customization options to end-users for choosing the most
appropriate simulation setting. They refer to (i) spatial resolution, the
minimum spatial unit used for solving governing equations; (ii) spatial
domain, which deals with the dimension of the simulation scene; (iii)
typical period, which refers to the usual simulated time for a run; (iv)
temporal resolution or timestep, which is the fixed time interval by which a
simulation advances.

Table 8 shows the table responsible for comparing the simulation
settings of the tools, particularly on the temporal and spatial aspects.

Although it was impossible to identify the information in the table
for some tools, it is still possible to observe some general trends. For
instance, most tools allow choosing the model’s proper horizontal res-
olution. This way, the model is more adaptable to different types of
problems to be solved. Some tools use the same approach for the tem-
poral resolution, particularly CDF: the number of iterations or time steps
required to achieve the convergence level may vary according to the
problem setup and the variables considered. ENVI-met stands out from
this group, providing the possibility to increase the horizontal resolution
up to 0.5 meters and change the time step, allowing the users to set it
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Table 7
Computational Models at Urban Scale

ADMS
Temperature
FlowDesigner

ANSYS
FLUENT
CadnaA
DIALux evo
ENVI-met
iNoise
LadyBug +
HoneyBee
MUKLIMO-3
Basic/Thermody
namic Version
NOISEMAP
Five
OpenFOAM
PALM-4U
PHOENICS
RayMan
SeSTREAM
SOLWEIG
SoundPLAN
STAR-CCM+
SUEWS
TAS
TownScope
umI
UrbaWind
(Meteodyn)

Autodesk CFD
MITHRA-SIG

Urban Surface Energy Balance

o3
3

Atmospheric Model
Equations for solving Wind Flow X166 X'
Direct Numerical Simulation (DNS) X
Large Eddy Simulation (LES) X X X
Detached Eddy Simulation (DES) X X X
Unsteady Reynold-averaged Navier-Stokes (URANS)
Reynolds-averaged Navier-Stokes (RANS) X X X X X X X
Reynolds-averaged simulation model (RAS) X
Equations for solving Turbulence X'
Spalart-Allmaras model X
Eddy viscosity model X X
2-equations Turbulence inetic energy model (k-£) X X
Dinamic SGS-TKE X
Re-Normalisation Group (RNG) k-£ model X X
2-equations k-o Turbulence model X X
X X
X
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=

KR

Eid

>
>

Shear-Stress Transport (SST) k-o model
Reynolds Stress Model (RSM)
Reynolds-averaged simulation (RAS) model
Radiation Model X7 X I’ X1
Wall area approach X
Accurate In-Canopy Radiation Transfer scheme X
Surface-to-Surface Radiation Model (S25) X X X
Averaged View Factor (AVF) model x'” X
Indexed View Sphere (IVS) algorithm X
Rapid Radiative Transfer Model (RRTM) X'
Simple Radiative Transfer Model
Rosseland diffusion model X
Solar ray tracing
P1 model X X X"
Sky View Factor (SVF) X X X X" X x X
Discrete Ordinates (DO) model X
Finite Volume Discrete Ordinates (fyDOM) Method X
Clear-sky radiation model X
Sky model x'" X'
Isotropic X
Anisotropic X
Clearness Index X
CIE Overcast Sky
CIE Clear Sky
Clear Sky without sun
Uniform cloudy sky
Climate sky (Perez)
Soil Model X X7 X% X% X el
Energy balance at ground level X X
Finite Difference Method
‘Thermal RC-Network
SIMPLEST algorithm for solving Finite-Domain equations
Discrete element method (DEM)
Waterbody Model x'? X' X% X X' X' X
Clapp-Hornberger soil hydraulic model X
Buoyant Boussinesq Simple Foam X
Volume of fluid model (VOF) X
Vegetation Model X' X" X5 X9 X G
One dimensional (Only height)
Three dimensional (RAD - LAD)
Lindenmayer-System (L-System)
Air Quality Model X'
Dispersion Modeling X' X' X
Steady-state plume model (AERMOD)
Refined point source Gaussian air quality model
Straight line Gaussian model
Modified box model
Gaussian plume model X
Gaussian puff model
Short-range dispersion model
Steady-state Gaussian dispersion model
Non-steady-state Gaussian puff model
Sequential Gaussian plume model
Single source Gaussian plume model
Photochemical Modeling
Lagrangian trajectory model X X'
Eulerian grid model
Receptor Modeling
Chemical Mass Balance (CMB)
Unmix
Positive Matrix Factorization (PMF)
Noise Modeling X7
NMPB2008 (octave and 173 of octave)
Nord2000
150 9613
CNOSSOS-EU
NMPBY6 (XP S 31133)
Harmonoise (173 of octave)
BS5228
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ADMS adopts algorithms that account for friction velocity u*, roughness length z0, the distance z above the surface, and von Karman’s constant k.

For turbulence, the formulae adopted are based on three different conditions of the ratio h/LMO. h represents the reference length scale, and LMO represents the
Monin-Obukhov length.

The conditions considered refer to unstable (convective) conditions, near neutral flow, and stable conditions when the ratio is smaller than -0.3, between -0.3 and 1,
and greater than 1, respectively.

ADMS 5, particularly ADMS-Urban, can consider the effects of buildings, complex terrains, and variable surface roughness. In addition, the tools allow using advanced
street canyon and urban canopy flow modules.

Fluent has many radiation models, such as the P-1 Radiation Model, Rosseland Radiation Model, Discrete Transfer Radiation Model (DTRM), Discrete Ordinate (DO)
Radiation Model, Surface-to-Surface Radiation Model (S2S), and Radiation in combusting flows.

In addition, the tools also provide a Solar load model that can be used to calculate radiation effects from the sun’s rays that enter a computational domain. For this
model, two options are available: Solar ray tracing and the DO model.
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Fluent does not use a sky model to assess the clearness of the sky. Instead, it consdiers either a constant value, a value computed through the solar calculator within the
tool, or a value obtained from a user-specified function called define_solar_intensity.

Since Fluent is a general-purpose CFD program, it allows rough modeling of soil, waterbodies, and vegetation. However, it is possible to couple Fluent’s model with
additional sub-models describing different physical processes.

Fluent can predict particle dispersion using the stochastic tracking and Particle cloud models.

Fluent provides different Broadband Noise source models: Proudman’s Formula, The Jet Noise Source mode, The Boundary Layer Noise Source, Source Terms in the
Linearized Euler Equations, and Source Terms in Lilley’s Equation.

Autodesk CFD can solve both steady-state and transient modes.

Autodesk CFD has two approaches to calculate view factors: a hybrid ray-tracing/DO model and the second, which implies that an image of the surrounding element
faces onto a sphere surrounding the element face being considered.

In addition, this method allows the inclusion of solar radiant heat flux in calculations.

Autodesk CFD has the Free Surface modeling option that is useful to simulate the interface between liquids and gases, an important aspect to be considered when
studying phenomena like waves and spills.

CadnaA has been implemented with many calculation methods according to countries’ regulations and directives. The main ones are presented in the table; the others
can be found in the tool’s user guide.

ENVI-met’s Average View Factor (AVF) method for solving radiation is a three-dimensional ray tracing analysis performed for every cell.

ENVI-met’s soil model is organized in 14 layers between the surface and its lower boundary at a depth of 2m. The exchange processes are simulated regarding heat and
water transfer between layers.

The uppermost soil layer is considered 3-dimensional, while all the other layers are calculated only along a single vertical dimension. Therefore, the equation adopted
for heat distribution and soil volumetric moisture content is a one-dimensional prognostic equation.

For natural soils, the hydraulic parameters considered in the equations volumetric water content 1, its saturation value ns, the hydraulic conductivity Kn, and the
hydraulic diffusivity Dr. All the coefficients are calculated using the equations by Clapp-Hornberger.

ENVI-met adopts the standard advection-diffusion equation to solve gas/particle dispersion and deposition. In addition, a Lagrangian Stochastic Particle Model
(LaStTraM), a post-processing tool, uses Envi-MET output to simulate concentration and flux footprints.

Since Ladybug is a collection of tools and Butterfly is the one that runs CFD simulations exploiting OpenFOAM capabilities, the features selected refer to those of
OpenFOAM.

The sky model represents a sky cover value between 0 and 1. Cloudless sky has a 0 value, and full cloud cover equals 1.

The vegetation in the canopy model has three vertical layers: tree crown, tree trunk, and low vegetation. Grid cells with buildings include only low vegetation.
OpenFOAM has many radiation models, including the solar load model that can be coupled with fvDOM and viewFactor.

Refer to the ADMS annotation about turbulence for OpenFOAM soil and waterbodies models.

Inside the OpenFOAM’s “Sources” library, three codes related to the Plant Canopy are stored: atmPlantCanopyTSource, atmPlantCanopyTurbSource, and atm-
PlantCanopyUSource.

These codes apply sources on temperature, turbulence, and velocity to incorporate the effects of plant canopy for atmospheric boundary layer modeling. They can be
applied to any RAS turbulence model.

OpenFOAM provides a library called libAcoustics, developed to simulate far-field acoustics using Curle and FWH analogies with an integral approach.

The radiation model adopted is the RRTM for Global models, RRTMG.

PHOENICS adopts the P-1 T3 radiation model derived from IMMERSOL to produce a composite-radiosity model with radiant temperature as a dependent variable. This
model is similar to the P1.

PHOENICS has a system called FOLIAGE, which helps analyze cooling and humidity effects from vegetation. It has many features, such as the possibility of specifying
the mass transfer rate of moisture from the air.

GENTRA Particle Tracker is an add-on for PHOENICS that tracks particles moving through a field, solving the dispersed phase equations using Lagrangian methods.
RayMan also allows the use of the fish-eye image approach to approximate SVFs.

scSTREAM does not provide a specific soil model but allows the modeling of a porous media.

scSTREAM provides a Plant Canopy Model that accounts for the coefficient of friction and leaf area density (LAD).

In addition, the model simulates the cooling effect by the latent heat of vaporization on a leaf surface by using the fixed temperature and setting the amount of absorbed
heat.

scSTREAM can simulate the behavior of particles depending on their characteristics (diameter, density, and sedimentation speed) and the action/reaction between
particles and a fluid.

SUEWS adopts the urban energy balance equation proposed by Oke, 1987: Q* + Qr = Qu + Qg + AQs

Q* is the net all-wave radiation, Qr the anthropogenic heat flux, Qg the turbulent sensible heat flux, Qg the latent heat flux, and AQs the net storage heat flux.
SUEWS adopts the urban water balance equation proposed by Grimmond et al., 1986: P + I, = E + R + AS

P is precipitation, I, the water supplied by irrigation or street cleaning, E the evaporation, R the runoff (both above-ground and deep soil), AS the net change in water
storage (including water in the soil and water held on the surface).

TownScope adopts spherical projections for calculating solar radiation.

Urbawind, like other CFD simulation tools, accounts for soil, waterbodies, and vegetation as porous media.

according to their needs. Finally, the typical period, i.e., the duration of 4. Conclusions and future perspectives
the simulation, has been considered. While some tools indicate an
hourly typical period, others allow the user to choose the simulation Cities and urban areas play a critical role in climate change. They
duration. In this case, ENVI-met suggests setting a minimum time of six host more than half of the world’s population and the majority of so-
hours so that the spin-up period does not affect the results. cieties’ assets and economic activities. Therefore, cities are the major
Finally, the modalities of output reporting and the output represen- contributor to climate change, but at the same time, they are very
tation have been conveyed to inform about the type of report each tool vulnerable to its impacts. Given the increasingly fast escalation in fre-
produced (e.g., comma-separated value reports, textual reports, plots) quency, magnitude, and duration of threatening climate change phe-
and how the output is primarily presented. nomena affecting severely human health, it is essential to understand
Table 10 shows that plots are the most common means of reporting better the complex interactions between different urban and environ-
simulation results. In addition, some tools can report results in Word, mental elements and find solutions to adapt and mitigate climate
Excel, and PowerPoint files. Others can adopt web-based reports or table change. In particular, seeing the enormous burden on people’s lives and
formats for more precise and immediate visualization of numerical the need to act urgently, a change in the paradigm is required, shifting
results. from the global to the local scale and from individual actions to
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Table 8
Computational Models at Building Level

ADMS
Temperature
and Humidity

Model

AKL
FlowDesigner
ANSYS
FLUENT
Autodesk CFD

CadnaA

DIALux evo
ENVI-met
iNoise
LadyBug +
HoneyBee
MITHRA-SIG
MUKLIMO-3
Basic/Thermody
namic Version
NOISEMAP Five
OpenFOAM
PALM-4U
PHOENICS
RayMan
scSTREAM
SOLWEIG
SoundPLAN
STAR-CCM+
SUEWS
TAS
TownScope
UMI
UrbaWind
(Meteodyn)

>
Y
2
&

Building Surface Energy Balance X

201 207

Surface temperature of walls and roofs X
Steady-state energy balance X X X X
Multiple-node transient model X2 X
Finite difference / volume method X
Frequency domain
Time response factor X X X

Indoor Air Temperature X X
Dependent on airflow X X X X X
Dependent on surface heat coefficient X X X

Daylighting Model X
Daylight Factor (DF) X X
Daylight Coefficient (DC) method
3-Phase method
4-Phase method
5-Phase method

Light Transport Algorithm (LTA) X2
Radiosity X
Forward Raytracing
Backwards Raytracing
Monte-Carlo-based raytracing X X
Path Tracing
Photon Mapping

b

209 210

X X

Fluent allows for calculating the temperature of walls and defining heat transfer calculations at wall boundaries.

The software adopts a modified version of the Radiosity scheme.

Envi-MET provides a dynamic multiple-mode model made of seven nodes that allow the construction of up to three layers per wall or roof.

The facade’s energy budget calculates the outside surface temperature and is iteratively adjusted until the balance of the energy budget equals zero.

The inside volumes of the buildings are treated as empty volumes filled with air to simplify the model. So, according to this simplification, indoor air temperature is estimated as a prognostic variable.

According to the multiple-node model adopted in Envi-MET, inside the building, the reflection of shortwave radiation and radiative transfers between inner walls are not accounted for when calculating the indoor surface
temperature.

In addition, the net absorbed shortwave radiation at the inside node can be ignored, and the longwave radiation budget can be assumed tp be equal to zero. For this reason, neither the daylighting model nor the light transport
algorithm is considered.

The Ladybug tools collection and UMI create, run, and visualize daylight simulations using Radiance. At the same time, other energy simulations are run with EnergyPlus. Specific features for the EnergyPlus model are presented
in the work of Crawley et al.

As for Ansys Fluent, OpenFOAM also allows the calculation of the temperature of walls, defining heat transfer calculations at wall boundaries. In addition, OpenFOAM has many solvers for heat transfer analysis.

PHOENICS estimates the surface temperature to calculate the convective and conductive heat fluxes at the radiative zones.

In PHOENICS, Radiosity is called Composite Radiosity.

TAS has a link with Lumen Designer that allows calculating radiosity.
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Table 9
Simulation Settings
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Simulation settings X218
Spatial resolution X! X
Minimum resolution X"
User-selected resolution X X X X X X
Typical period X" X
Sub-hourly
Hourly X X X X
Daily X X220
Monthly
User defined xox X xox xM X X X
Temporal resolution x*"
N Variable time intervals X X
User-selected XM ox X x*7 X X X2 X X X X
Dynamically varying based on solution transients X

There are no limits to both vertical and horizontal spatial resolution.

The calculation refers to average times ranging from second to years.

The model is time-independent, so there are no time steps.

The number of iterations or time steps required to achieve the convergence level depends on the problem set-up and all the variables considered.

In ENVI-met, the user can change the spatial resolution of the project down to 0.5 m.

The simulation period can change based on the problem studied. It should be at least 6 hours so as not to be affected by the initialization.

ENVI-met provides a dynamical adaptation of the primary time step. This function is activated by default, but the user can set his time step according to the needs.

Each tool from the suite uses different simulation programs, such as EnergyPlus, OpenFOAM, OpenStudio, and Radiance. For this reason, please refer to OpenFOAM simulation settings, as EnergyPlus, OpenStudio, and
Radiance are not included in the tables because they are outside this comparison’s scope. For further details about these tools, please refer to the work of Crawley et al.

The horizontal resolution of the tool depends on the file imported from other design tools.

RayMan provides two types of periods for results: a Data table that provides only values selected in the input file window and a Daily data table that provides the same values for the data table but for every day of the year.
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Table 10

Results Reporting
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Standard reports

Word files

Results reporting

el

Comma-separated or tab-separated value reports

Text reports

HTML reports

Plots
Output representation

223
X

221

Graphical
Tabular

2
X.24

All the tools from the collection produce a graphical output representation of the simulation run.

OpenFOAM has a native postprocessor tool named ParaView, but it is also possible to post-process results using Fluent and EnSight.
The model provides netCDF files as output. These file can be processed to obtain graphical outputs.

Graphical results are provided through a native package PHOTON.

Tabular results are provided in the RESULT file.
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interdisciplinary and holistic ones which consider the human not as part
of the process but as the main character for inverting the trend. Based on
this holistic approach, research-based tools, particularly microclimate
software tools, can help identify, link, and deal with different aspects of
climate change. Hence, the main goal of this study was to collect,
compare and contrast the modeling and simulation capabilities of
microclimate software tools specifically to address the impacts of
climate change on public health in the built environment. This article
aims to provide a thorough, coherent, transparent, and unbiased over-
view of the capabilities of microclimate simulation tools developed and
used so far for helping end-users to identify the most suitable tools for
their specific analysis.

Leveraging the capabilities of the CIMO logic and the PRISMA
methodology, a systematic literature review was conducted to identify
which tools have been used to analyze and simulate the mass and energy
flows of urban systems and support the performance assessment of
adaptation strategies against climate change. Based on this, an evalua-
tion framework has been established to compare the tools and highlight
their features and capabilities concerning different evaluation aspects.

Therefore, this work suggests that through these tools is possible to
investigate many aspects related to urban health, the built environment,
climate change, and human comfort by testing different adaptation
strategies. Furthermore, practitioners, researchers, and users of various
fields can use these tools to implement and support their activities. By
sharing ideas and findings, we can obtain a cross-cutting vision of the
issue of climate change in the built environment which will enrich and
increase our knowledge to gain a holistic understanding of city behavior.
Nonetheless, it’s worth noting that in most cases, to understand better
the impacts of microclimate on buildings or on street comfort, a
modeling chain combining two or more tools is used. That happens
because most programs focus on modeling specific phenomena
happening in the built environment.

On the other hand, those tools that compute the different mass and
heat flows and characterize the built environment as an all-in-one
computational platform carry a trade-off of physical representation,
accuracy, and computational cost. It is encouraging to see that many
tools leverage interoperability to facilitate data sharing and model
enrichment for practical decision-making support. Nevertheless, despite
these tools’ enormous capabilities, users must carefully assess their
implementation. Some present substantial limitations and approxima-
tions in the numerical solvers, while others do not consider fundamental
variables like anthropogenic heat loads, making the results unreliable.

Finally, looking at the future development in the field, two main
goals seem to be pivotal. First, much more effort should be put into
trying to simplify the interoperability of the tools to make it easier to
gain a holistic understanding of city behavior. Secondly, it would be
desirable to exploit more thoroughly urban digital twins to enable
advanced data processing from different strata combining simulated
data with actual observations. The extraordinary richness of output
values provided by the microclimate simulation tools and the increasing
wealth of data from sensors installed in the built environment would
offer several opportunities to detect environmental anomalies and
develop operational procedures to enhance the climate resilience of
urban areas.

Limitations of this work are the possible and unintentional omission
of articles containing other relevant tools, in addition to those presented,
not spotted by the literature search and not known to the authors.
However, the PRISMA methodology is designed to minimize this kind of
error.
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Appendix 1. Description of Tools
ADMS temperature and humidity model version 5.0.1 [59-62]

ADMS Temperature and Humidity Model (hereafter ADMS-TH)
(https://cerc.co.uk/environmental-software/ADMS-Urban-model.html)
supplements the ADMS Urban software. It predicts spatial changes in
temperature and humidity resulting from spatial variations in land use
and anthropogenic heat emissions. The variations in temperature and
humidity are described as turbulences of the input wind values. The tool
takes input data from four sources: Detailed land-use dataset, building
data, traffic data, and meteorological measurements or mesoscale model
output. Detailed land-use datasets and building data provide ADMS-TH
with two parameters: (i) those that modify humidity and temperature
due to land use and (ii) parameters that increment temperature and
humidity due to anthropogenic heat sources. Traffic data provide the
software with only inputs linked to anthropogenic heat emissions.

The model calculates the spatial heat flux variation due to spatial
variations of the input land-use parameters. From these variations,
ADMS-TH determines a temperature and humidity field. To do this, the
model solves linearized forms of the heat transfer equations with
appropriate boundary conditions.

The model, however, provides the possibility to input directly the
spatially varying heat flux perturbations. Moreover, the dispersion of
anthropogenic heat emissions is included in the output temperature
perturbations. After that, it is modeled and converted into temperature
increments.

The model calculates the output temperature and humidity for spe-
cific receptor locations on a grid of values covering the entire domain,
considering a range of vertical heights above the ground. These outputs
are available for both hour-by-hour calculations and long-term averages.

AKL FlowDesigner version 2021 [63]

AKL FlowDesigner (https://www.akl.co.jp/en/) is a CFD computa-
tional tool that evaluates wind flows. The 3D model can be easily added
as a plugin from many modeling tools such as Autodesk® Revit,
Graphisoft Archicad®, Rhinoceros®, and Google SketchUp. The soft-
ware can provide cross-ventilation and wind simulations for exterior
urban environments and internal building spaces. In addition, it allows
modifying materials according to their physical and thermal properties.
The tool provides various optional tools, such as the Solar analysis
module, which can evaluate thermal comfort for indoor and outdoor
environments. Furthermore, the tool can import weather data (e.g., EPW
files).

ANSYS Fluent version 2023 R2 [64-67]

ANSYS  Fluent (https://www.ansys.com/products/fluids/ansys
-fluent) can model fluid flow, heat transfer, and chemical reactions.
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Moreover, it can be used for complex geometries. The tool allows total
mesh management. This way, leveraging the model’s capacity to
generate easily unstructured mesh from complex geometries, flow
problems are solved. Different meshes are supported (i.e., 2D, 3D, and
mixed (hybrid)). In addition, ANSYS Fluent also allows sharpening or
coarsening mesh based on the flow solution. The program has two
modes: meshing mode and solution mode. In the meshing mode, it can
read meshes or, for 3D geometries, create them. In the solution mode, it
is possible to set boundary conditions, define fluid properties, execute
the simulation, refine the mesh, post-process, and view results. ANSYS
Fluent serial solver handles file input and output, data storage, and flow
field calculations, relying on a single solver process on a computer. In
contrast, Fluent’s parallel solver allows computing a simulation using
multiple processes running on a single computer or different computers
in a network. This computer program is designed for incompressible
fluid-flow simulations in complex geometries. Fluent can simulate,
among others, heat transfer. This includes forced, natural, and mixed
convection. The model can also be used for conjugate (solid/fluid) heat
transfer and radiation. In addition, Fluent adopts a lagrangian trajectory
calculation to analyze dispersed phases (particles/droplets/bubbles),
including coupling with continuous phase and spray modeling. Finally,
the tool provides acoustic models for predicting flow-induced noise and
simulations using a material property database.

Autodesk CFD version2023 [68-70]

Autodesk CFD  (https://www.autodesk.com/products/cfd/over
view) Autodesk is software that provides computational fluid dy-
namics features and thermal simulation tools. The tool can be opened
both from Autodesk Inventor or launched independently. The possibility
of being opened from a CAD package provides consistency between
simulations, reducing setup time for design iterations. On the other
hand, when the CAD is imported directly into Autodesk CFD, a model
assessment toolkit can be activated to assist during import. The software
can model multi-component fluids or gases and steady or unsteady
flows. In addition, it has a built-in material database a many pre-and-
post processing tools. Autodesk CFD is a finite element tool; for this
reason, meshes are triangular, and volume elements are set tetrahedral
by default. However, it is possible to generate meshes whose density can
be correctly set through a set of tools in the software. The tool simulates
different fluid-flow conditions: (i) steady-state (time-independent) and
(ii) transient (time-varying). In addition, Lagrangian particle tracking,
and compressible and incompressible flows, are considered in the
software.

Heat transfer is also considered; the tool evaluates conduction and
conjugate heat transfer, radiation heat transfer, solar loading, forced,
natural, mixed convection, and thermal comfort calculation.

CadnaA version 2023 MR2 [71-73]

CadnaA is an advanced software tool designed for the assessment and
prediction of environmental noise. It can analyze noise pollution in
urban areas, industrial zones, and transportation infrastructure. Some
key features are noise mapping, enabling the users to predict noise
distribution in detail, and source modeling, allowing the simulation of
various noise sources with specific parameters. The tool supports regu-
latory compliance by assessing noise levels against standards. Moreover,
it facilitates scenario analysis for effective noise impact reduction stra-
tegies. CadnaA is used for multiple applications such as urban planning,
infrastructure development, and environmental impact assessment.

CityFFD [74-76]
CityFFD (City Fast Fluid Dynamics) [74]is an urban microclimate

model. This tool is based on the fractional step method and semi-
Lagrangian algorithm. In addition, it adopts the LES turbulence model,
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particularly the Smargorinsky LES method (SGS). The pre-processing
process is divided into the 3D urban geometry generation and mesh-
ing and boundary conditions. The former is obtained from Open-
StreetMap (OSM) and Google Earth API. OSM provides 3D separate
building geometry, while Google Earth includes vegetation, terrain, and
body sources. These data are then converted into an STL file. The
meshing is defined through a CFDOEditor, a grid generator, and the
boundary conditions are set with CityBEM and EnergyPlus. In addition,
CityFFD can also interact with Global Environmental Multiscale Model
(GEM) and WRF. Once the input files are set, the simulation can be run,
and the output obtained can be used with Paraview, Tecplot, and
OpenGL. This tool has not been included in the evaluation framework
because the executable file was unavailable at the time of the review.

DIALux evo versionl12 [77-79]

DIALux evo is a lighting design software widely used in architectural
and urban planning contexts. It is characterized by advanced lighting
design capabilities that allow users to create complex lighting plans for
both indoor and outdoor spaces. In particular, thanks to the 3D visual-
ization tool and the daylight simulation feature, it is possible to obtain a
realistic preview of the lighting effects and assess the interplay between
natural and artificial lighting, promoting optimal illumination and en-
ergy efficiency. In addition, the software provides insights into the en-
ergy consumption associated with proposed lighting schemes. Finally,
DIALux streamlines the documentation process by generating compre-
hensive reports that cover different aspects like lighting calculations,
technical specifications and visualization details.

ENVI-met version 5.5 [80-84]

ENVI-met (https://www.envi-met.com) is a three-dimensional, non-
hydrostatic model for simulating a micro-climate, mainly in the urban
canyon, considering physical interactions between solid surfaces (e.g.,
ground and building surfaces), vegetation, and air. ENVI-met is a CFD
software that implements the finite difference method (FDM) dis-
cretization scheme, employing advanced numerical algorithms to solve
airflow governing equations (i.e., conservation of mass, momentum,
thermal energy). Furthermore, the tool also considers the concentration
of chemical species, turbulence parameters, and particle dispersion. The
software provides many parameters as input. For instance, relative hu-
midity and wind properties like speed, direction, and temperature are
considered. Furthermore, the description of the built environment is
simplified, considering only structured grids and cartesian geometries.
Still, the thermophysical properties of soil, as well as building materials
and vegetation, are also adopted in the simulations. Finally, ENVI-met is
equipped with personal parameters related to pedestrians (i.e., meta-
bolic rates and clothing insulation) taken into account when BIO-met is
employed. The tool runs an iterative solution that produces many out-
puts. They are helpful for studying differences in temperature, relative
humidity, pollutant concentration, turbulence parameters, wind speed,
and outdoor thermal comfort indicators. Among those are the Universal
Thermal Climate Index (UTCI), Predicted Mean Vote (PMV), and mean
radiant temperature. ENVI-met’s background system consists of sub-
models specifically adopted for solving unique physical mechanisms:

1. Long and short-wave radiation fluxes, accounting for shading,

. Radiation reflection from building facades, ground materials, and
vegetation,

. Evapotranspiration and sensible heat fluxes from vegetation,

. Evaporation from water surfaces,

. Chemical species’ propagation,

. Particles’ dispersion,

. Heat and water transfer within the soil mass,

. Body/skin airflow interactions for thermal comfort calculations.

N
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This tool is handy for predicting and evaluating UHI effects within
the urban canopy with reasonable accuracy, provided that the model
settings are correctly defined.

iNoise version 2024 [85,86]

iNoise is a software tool designed for environmental noise assess-
ment. It can model various noise sources in realistic scenarios and pro-
vide detailed insights into potential impacts. Leveraging advanced
algorithms, it simulates noise propagation, considering factors like
topography and structures (e.g., roads and buildings) for precise pre-
dictions at different locations. Furthermore, the model creates a noise
map providing a visual representation of the noise level distributions in
specific areas to improve the understanding of the results. The tool
features different visualization tools, such as maps, graphs, and charts,
aiming at improving the interpretation and readability of the noise
assessment results. Finally, the model can produce scenario analysis to
evaluate scenarios and mitigation strategies and define optimal strate-
gies for noise impact reduction

Ladybug Tools version 1.7 [87-90]

Ladybug Tools (https://www.ladybug.tools) is a suite of four tools
specialized in different aspects useful for environmental building design.
The tools are Ladybug, Honeybee, Butterfly, and Dragonfly. Ladybug
imports standard EnergyPlus weather data files (EPW) into Grasshopper
and Dynamo. It performs analysis of climate data providing many
different 2D and 3D results such as climate data plots, sun path graphics,
shadow studies, radiation studies, adaptive comfort charts, and outdoor
thermal comfort evaluations. Honeybee relies on Radiance and energy
models such as EnergyPlus/OpenStudio to create, run and visualize the
result of radiation and daylight simulations. Honeybee links the Grass-
hopper/Rhino CAD environment to these engines to make this possible.
Butterfly is the CFD tool of the suite. It is a Grasshopper/Dynamo plugin
and object-oriented python library that creates and runs CFD simula-
tions through OpenFOAM. The strength of Butterfly is its ability to
export the geometry to OpenFOAM quickly and then run several types of
airflow simulations that can be useful to building design. Finally, the last
member of the suite is Dragonfly, which allows the creation of district-
scale energy models for energy simulation, electrical stimulation, re-
newables optimization, and urban heat island modeling. Again, as pre-
viously stated, these tools leverage OpenStudio and EnergyPlus to run
energy simulations. In addition, Dragonfly relies on the Urban Weather
Generator (UWG) to morph rural EPW files to evaluate and analyze the
effects of UHL

MITHRA-SIG version 5.6 [91-93]

MITHRA-SIG is a software module of the MITHRA-Suite. It is
designed to simulate noise propagation from stationary and mobile
sources. For this reason, it can be used for assessing noise propagation
from roads, rail (e.g., train and tramway), and industry. The calculations
leverage the next-generation engines, such as the ray tracing and physics
engines dedicated to acoustics. In addition, the model features a dy-
namic visualization of the results, allowing create sophisticated maps in
PDF format, export data for web display, and visualization in Google
Earth thanks to the KML format. Another important characteristic of the
software is the full integration between GIS and the calculation engine.
Moreover, the model can import/export data in many different formats,
like GIS, CAD, database, and graphic formats.

MUKLIMO_3 Basic Version/Thermodynamic Version [94-97]
MUKLIMO_3 (https://www.dwd.de/EN/ourservices/muklimo_th

ermodynamic/muklimo_thermodynamic.html) is the abbreviation of
the Microscale Urban Climate Model, a 3-dimensional model. This
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model primarily aims to evaluate and calculate stationary wind and
pollutant fields in small-scale model areas with block-shaped obstacles.
These obstacles represent buildings but can also be edited and shaped to
represent orographic structures. In addition, the modeling of trees is
considered. The basic version of MUKLIMO_3 does not solve thermo-
dynamic processes, which are solved by the Thermodynamic version.
The software has a graphic user interface that enriches the calculation
model written in Fortran. In addition, the graphical user interface has
some visual elements that allow animation of the simulations.
MUKLIMO_3 basic version has been improved with a Eulerian dispersion
model that allows simulating the propagation of chemical inert air ad-
mixtures. The tool adopts the stream function vorticity to solve prog-
nostic equations for the velocity components, also known as the stream
function method. Compared to the basic version, the thermodynamic
version of the tool takes into account budget equations for heat and
moisture within the atmosphere. A one-dimensional soil model with
prognostic equations for heat and volumetric water content is coupled to
the atmosphere using an interface model representing the low vegeta-
tion. As in the basic version of the model, the flow function’s vorticity
method is adopted to integrate the atmospheric flow equation. On the
other hand, unresolved built-up areas and forests are treated numeri-
cally and coupled with atmospheric heat and moisture balance equa-
tions for surfaces’ heat, radiation, and water vapor.

NOISEMAP Five version 5.2.10 [98,99]

NOISEMAP Five is a software designed for environmental noise
mapping. It can analyze different types of open-air noise, including road
traffic noise, railway noise, and construction noise. The model, for its
calculations, strictly complies with many different regulations,
including ISO 9613. The model can simulate vast areas that can be
directly converted from a GIS shapefile or DXF format. Otherwise, the
tool provides the option of drawing the area of study. NOISEMAP Five
generates a solid view of the noise model with all the noise levels at the
topographical location and specific receivers. There’s also the possibility
of comparing different scenarios by editing the baseline to create new
ones.

OpenFOAM version 2312 [100-102]

OpenFOAM (https://www.openfoam.com) is a C++ library used to
create executables. These executables can be divided into two cate-
gories: solvers and utilities. The former solves specific problems in
continuum mechanics, and the latter is designed to perform tasks that
require data manipulation. The user itself can create solvers and utili-
ties. The software is equipped with pre-and post-processing environ-
ments. OpenFOAM is a numerical simulation software with extensive
CFD and multi-physics capabilities. The model uses a Polyhedral Finite
Volume Method for discretization. In addition, the Finite Element
Method ensures the automatic mesh motion, and the Lagrangian particle
tracking is pursued by adopting the Finite Area Method (2-D FVM on
curved surfaces). Finally, the physics model can be implemented
through equation mimicking. The tool can study incompressible and
compressible flow through segregated pressure-based algorithms.
Furthermore, heat transfer is analyzed according to buoyancy-driven
flows, and conjugate heat transfer is also considered. RANS are
considered using the 2-equations Reynolds turbulence stress model
(RSTM) for turbulent flows. Moreover, OpenFOAM has full LES capa-
bility. In conclusion, by default, the tool defines a mesh of arbitrary
polyhedral cells in 3-D, bounded by random polygonal faces. This way,
the cells can have an unlimited number of faces for whose there is no
limitation on the number of edges nor any restriction on its alignment.
This kind of mesh offers a great range of freedom in mesh generation and
manipulation, in particular when the geometry of the model is complex
or changes over time. On the other hand, the downside of this freedom
comes out when converting meshes generated with conventional tools.
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PALM-4U version 6.0 [103-105]

PALM-4U (Parallelized Large-Eddy Simulation Model for Urban
Applications) is a component of the PALM model designed for simu-
lating urban atmospheric boundary layers. It is mostly used for academic
research and for practical city planning related to urban microclimate
and climate change. The model, besides the turbulence-resolving LES
mode, features a Reynolds-averaged Navier Stokes (RANS) type turbu-
lence parameterization. To run the simulations, PALM-4U requires some
boundary conditions that can be provided by larger-scale models’
output. The model has the capacity to solve the energy balance equation
for all the different types of surfaces present in the area of the study. In
addition, a multi-layer soil model has been implemented to account for
the vertical diffusion of heat and water transport in the soil. For the
representation of the urban surface elements, the model includes an
adapted version of the land surface scheme, which consists of an energy
balance solver for the surface temperature and a multi-layer wall ma-
terial model. PALM-4U can also calculate indoor climate and building
energy demand, consider the radiative transfer in the urban canopy
layer, and run chemistry simulations by considering chemical species as
Eulerian concentration fields that may react with each other. Finally, the
model can evaluate the human thermal and wind comfort/stress pro-
ducing some standard biometeorological thermal indices like PET, PT,
and UTCIL.

PHOENICS version 1.0 2023 [106-108]

PHOENICS (https://www.cham.co.uk/phoenics.php) is a general-
purpose software CFD package for studying fluid flows inside and
around engines, buildings, and human beings and predicting tempera-
ture changes and chemical and physical composition. The model has
similar modeling features and capabilities for modeling airflows within
the urban canopy to those of Ansys Fluent and CFX. PHOENICS is a CFD
program that can solve most conservation equations for mass, mo-
mentum, heat, chemical species, and turbulent parameters. Microcli-
mate parameters such as relative humidity, wind speed, turbulence
intensity, and temperature can be produced as output. The tool can also
incorporate other physical models, such as evapotranspiration from
vegetation. A strength of PHOENICS is the opportunity provided to users
to access the source Fortran-based code, thus allowing them to incor-
porate user-defined models. It has various models for simulating tur-
bulence, heat, and radiation transfer. The model is not a microclimate-
oriented tool, so a high level of knowledge is required in computing
and transport phenomena to use it for microscale simulations. For
complex geometries, PHOENICS adopts either a Body-Fitted or a
hexahedral-unstructured grid. In addition, the software has imple-
mented a plant canopy module, FOLIAGE, to consider vegetation
evaporation phenomena.

RayMan version 1.2 [109-112]

RayMan (https://www.urbanclimate.net/rayman/) RayMan is a
micro-scale model that calculates radiation fluxes in simple and complex
environments. The tool allows for estimating the Mean Radiant Tem-
perature, an important parameter related to calculating biometeoro-
logical indices like PT, UTCI, and PET. It is a variant of energy balance
models and mainly calculates the conservation of radiant heat between
the human skin and its environment. In RayMan, all the calculations are
performed for one point because of its one-dimensional nature. More-
over, the tool follows the time-independent diagnostic approach. Thanks
to the graphical user interface, the user can control all the functions and
settings. In addition, the tool can run calculations for long datasets
covering several years in high temporal resolution. Finally, RayMan
requires only a few standard meteorological inputs to run simulations.
RayMan can determine the Solar View Factors (SVF) using Fish-eye
images, free drawing of the horizon limitation, a topographic raster,
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or an obstacle dataset. The obstacle dataset is made of particular vector
files based on semicolon-delimited text files that can be created manu-
ally using the obstacle editor inside the tool or automatically based on
shapefiles using the Quantum GIS plugin “Shp to Obs.”

Another essential input parameter is global radiation, specified as a
fixed input parameter, part of a meteorological data file, or calculated
according to time, date, geographic location, and a cloud cover obser-
vation. Once the initial global radiation is determined from these pa-
rameters, it is corrected by SVF and shading. It should be emphasized
that RayMan does not consider the evapotranspiration effects of vege-
tation but considers trees as mere obstacles. In addition, wind-induced
effects and turbulence flow are also ignored.

SCSTREAM version 2022.1 [113-115]

scSTREAM is a computational fluid dynamics software. It is designed
to simulate fluid flow and heat transfer in complex geometries. The
model leverages the structured Cartesian mesh to streamline grid gen-
eration and enhance the efficiency of the simulations. The thermal
analysis capabilities of the model allow the users to model and simulate
heat transfer processes as well as temperature distributions in many
different fields of application. The software interface supports BIM 2.0.
Autodesk Revit and GRAPHISOFT ARCHICAD have a direct interface
through which specific parts can be imported directly into scSTREAM.
The software can also calculate the illuminance of various types of
lights, such as daylight through a building’s window. The solar radiation
is controlled by climate data provided by ASHRAE and NEDO. By setting
values for longitude, latitude, date, and time, the solar altitude and the
azimuth are calculated automatically.

SOLWEIG version 2022a [116,117]

SOLWEIG (Solar and Longwave Environmental Irradiance Geometry-
model)  (https://www.gu.se/en/earth-sciences/software-download#
SOLWEIG) is a radiation model that can simulate three-dimensional
daytime radiation fluxes and mean radiant temperature in complex
urban settings. This model can be a module of the Urban Multi-scale
Environmental Predictor (UMEP) or a stand-alone processing tool.
SOLWEIG simulates 3D radiation fluxes and the mean radiant temper-
ature. The simulated MRT is generated by modeling short- and long-
wave radiation fluxes in six directions: upwards, downwards, and
from the four cardinal points, including the angular factors. The model
does not consider the velocity pattern in the domain of interest nor its
fluctuations (turbulence). In addition, SOLWEIG does not calculate
evapotranspiration from vegetation.

SoundPLAN version 9.0 [71,118]

SoundPLAN is a noise propagation modeling software which em-
ploys advanced algorithms to simulate how noise propagates in the
environment. The model considers many factors like topography,
building structures, and ground features allowing accurate predictions
of noise levels at different locations. SoundPLAN features an array of
visualization tools, including maps, graphs, and charts improving users’
ability to interpret the result. The tool supports data integration,
permitting the incorporation of various data sources such GIS and
measurement data. Finally, SoundPLAN can also produce scenario
analysis providing different noise reduction strategies and mitigation
measures.

STAR-CCM+ version 2302 [119-122]

STAR-CCM+  (https://www.femto.eu/star-ccm/#contact) is a
Computational Aided Engineering (CAE) tool to solve multidisciplinary
fluid and solid continuum mechanics problems. Users can import CAD
drawings, create new projects using the built-in CAD modeling tools, or
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import mesh from third-party tools. The tool provides a wide range of
physics models and methods for solving many phenomena, such as
turbulence, heat transfer, and multi-phase fluid flow. The software’s
solver capability allows for managing laminar or turbulent flows,
incompressible and compressible flows, porous interfaces or volumes,
conduction, convection, radiation, and reacting flows and motion. Like
many other tools, STAR-CCM+ has a material database divided into
many categories (e.g., solid, liquid, gas, and electrochemical species)
and various turbulence modeling options, including RANS, DES, and LES
models. The mesh-based software can handle tetrahedral, polyhedral,
and hexahedral (trimmed) meshes.

SUEWS version 2020a [123-126]

Surface Urban Energy and Water Balance Scheme (SUEWS) (https
://suews-docs.readthedocs.io/en/latest/) is a neighborhood-scale or
local-scale model that simulates urban radiation and water balances
using measurements of meteorological variables, like precipitation and
temperature, plus information about the surface cover, such as vegeta-
tion and impervious surfaces. The model also simulates evaporation
from urban surfaces adopting an evaporation-interception approach.
The model requires the classification of the land cover for each grid cell.
The classification considers non-vegetated areas, vegetation, water, and
snow. For each category, it is possible to identify surface types, including
paved surfaces, buildings, grass, water, and snow. In every time step, the
state of the surface is calculated by running the water balance equation
of the canopy, in which the evaporation is considered using the Penman-
Monteith equation. Also, the soil moisture below each surface type is
taken into account. The user can define the model time step, but a five-
minute time step is recommended. The model provides the components
of radiation and energy balance for each surface, in addition to surface
and soil wetness, runoff, and drainage.

TAS version 9.5.6 [127]

Tas (https://www.edsl.net/tas-engineering/) is a building modeling
and simulation tool capable of performing the thermal performance of
buildings and their systems. The tool consists of several modules:

- TAS 3D Modeller deals with the geometry creation of the model and
evaluation of daylighting using radiosity and ray tracing,

- TAS Building Simulator manages the building information modeling
and the simulation program; TAS Results Viewer provides tabular,
graphical, and 3D results of building loads,

- TAS Systems is designed for HVAC design and simulation; TAS
Ambiens is a 2D CFD module that models buildings’ airflow.

The tool has a 3D graphics-based geometry input that allows a
linkage to CAD drawings. In addition, it can easily communicate with
EnergyPlus and EnergyPlus-based tools through IDF files. In addition,
gbXML files are also supported, allowing import from third-party pro-
grams. The Ambiens module, the 2D CFD package, produces space
microclimate at the cross-section level evaluating radiant temperature
from surfaces, local speed, and local airflow temperature, humidity, and
metabolic rate.

TownScope version 3.4.1 [128]

TownScope (http://www.umr-cnrm.fr/surfex/spip.php?rubriqu
el42) is a CAD-based tool that can simulate spatial variations of solar
access and mean radiant temperature in complex urban environments.
Users can evaluate direct, diffuse, and reflected solar radiation, assess
human thermal comfort in urban open spaces, and obtain a perceptive
quality of urban areas through sky opening, view lengths, and visibility
analysis. Thermal comfort parameters can only be calculated daily,
monthly, or annually.
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UMI version 3.0 [129]

The Urban Modeling Interface (UMI) (https://web.mit.edu/sustaina
bledesignlab/projects/umi/index.html) is a platform to evaluate the
environmental performance of neighborhoods and cities. The tool con-
siders operational and embodied energy use, neighborhood walkability,
and access to daylight. The platform is a design environment for Rhi-
noceros 3D but also includes an application programming interface
(API) that allows adding additional performance modules and metrics.

UrbaWind (Meteodyn) version 3.3 [130-132]

UrbaWind (https://meteodyn.com/business-sectors/microclima
te-and-urban-planning/13-urba-wind.html) is a tool developed by
Meteodyn to evaluate the effects of wind within the city and its micro-
climate. The CFD-based tool allows for computing local wind and
modeling airflows in 3D. In addition, it considers pedestrian wind
comfort by assessing different standards of comfort depending on the
country of reference. It analyzes natural ventilation, optimizing the
positioning and the nature of openings; it estimates potential energy
production from wind, allowing the positioning of small wind turbines.
The software solves RANS equations using the turbulent viscosity model,
automatically generating boundary conditions. A “Blasius-type” ground
law has been implemented to describe the frictions at surfaces (ground
and buildings). First, a mesh is created by following the direction of the
wind. The domain size is automatically generated to keep the minimum
distance between buildings and boundaries at six times the height of the
tallest building in the simulation. The mesh that has been created is
Cartesian and with automatic refinement near the ground, obstacles,
and at result point locations.
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