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ABSTRACT: Unique microclimates in urban plazas around tall buildings impact people’s presence, which is driven
by the Outdoor Thermal Comfort (OTC) levels. Increasing interest in OTC studies due to their significant contribution
to the UN Sustainable Development Goal SDG11 has led to the development of advanced OTC indices. Urban
designers and planners strive to gain knowledge in assessing their outdoor public space designs through these
indices, thus understanding the impact of such developments on people’s social lives. Microclimate CFD simulation
is a popular method commonly employed on this topic. This study uses CFD simulation using ENVImet to model
microclimates and OTC indices for five urban plazas in downtown Chicago with Dfa climate zone. The study adopts
a spatiotemporal approach to assess three OTC indices, namely, Physiological Equivalent Temperature (PET),
Standard Effective Temperature (SET*), and Universal Temperature Climate Index (UTCI). Using physiological
thermal stress levels as a basis for comparison, the spatial approach involves the distribution of comfort regimes in
the plazas, while the temporal approach uses the mean values of the OTC indices to address the research
objectives, which are (a) comparing ‘neutral’ comfort regimes of PET, SET*, & UTCI during a peak lunch hour of
the summer solstice day, (b) exploring spatial distribution of neutral regimes of these indices, (c) temporal analysis
of PET thermal stress categories and microclimatic variables between 12-2 pm, and (d) spatiotemporal analysis of
the same within and between the plazas. The findings show that SET* and UTCI lack granularity around neutral
thermal stress regimes, unlike PET, which limits the understanding of finer thermal conditions that may exist in the
plazas and could be critical in the success of the plaza. The other key findings of this study highlight the importance
of the spatial distribution of thermal stresses in assessing the thermal conditions of an outdoor environment.
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INTRODUCTION

Microclimate creates a thermal environment that impacts people’s presence in outdoor public spaces (Tsitoura,
Tsoutsos, and Daras 2014), thus contributing to the quality of life in cities, both from an economic and social
viewpoint (Stathopoulos 2009). Humans perceive the thermal environment through thermal comfort. Outdoor
Thermal Comfort (OTC) studies over the past few decades have gained momentum due to their direct contribution
to the UN Sustainable Development Goal SDG11 (United Nations Department of Economic and Social Affairs
2023). Numerous OTC models and indices have been developed during this period. These studies are also critical
to understanding human physiological thermal stress levels. Extremities in microclimates could increase stress
levels, which are found to be hazardous to human health (Luber and McGeehin 2008). Hence, OTC indices and
their associated thermal stresses become an important area of study for public space design. Recent interest in the
OTC topic has led to many studies exploring the OTC models and their thermal perceptions, which are based on
subjective models developed through people’s perceptions of their comfort levels (Potchter et al. 2018; Cheung and
Jim 2017). Thermal stresses and their comfort perceptions in certain models associated with a temperature range
could provide a basis for comparison. The continuous surge in world population has led to an increase in tall urban
scenarios in cities, which create unique microclimates. These climatic conditions impact the outdoor urban spaces
in such cities. Architects and urban planners strive to gain knowledge in outdoor public space designs to ensure
sustainable development. James Parakh, in his work, stresses the relationship between tall buildings and open
spaces by stating-

One of the key ways that tall buildings contribute to the public realm is by framing and creating open spaces at
their base. (Parakh 2015).

Moreover, a lot of work has been done on OTC and outdoor public spaces in mid-rise urban conditions in temperate
climate zones, unlike the case in US cities with tall buildings in the continental climate zone of the Koppen climate
classification (Kumar and Sharma 2020; Khan, Azari, and Stephens 2020). One such case is Chicago city with its
“Dfa” hot summer humid continental climate. The city of Chicago has a rich history of tall buildings. The definition
of ‘tall’ is usually relative to the average building heights of the urban context as defined by the Council of Tall
Buildings and Urban Habitat (CTBUH). Per this definition, a building with 150m and above height is considered a
tall building in Chicago (CTBUH 2019). A comprehensive study on the public spaces around tall buildings in Chicago
shows that out of 116 tall buildings (150m+ height), around 56 have public spaces at the ground level (Khan and
Du 2020). Not all these spaces are successful or popular in terms of people’s attendance. One of the likely reasons
could be microclimates, which could be significantly different given their urban morphological conditions. This
research is an effort to fill this knowledge gap in this area.
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1.0 LITERATURE REVIEW

1.1. OTC indices and research question

OTC indices are a function of varied climatic factors that impact human behavior in outdoor spaces. These include
temperature, humidity, solar radiation, and wind velocity. Studies show that perception of thermal environment,
created by these microclimatic variables, also involve physiological and behavioral variables, namely metabolic
rates and clothing levels respectively (Nikolopoulou and Steemers 2003; Chen and Ng 2012). The assessment of
OTC perception has resulted in numerous indices. It ranges from simple models that were adapted from indoor
thermal comfort models to advanced ones that include heat stress or energy balance models comprising of all the
variables discussed earlier in this section. Some of the most commonly used indices are PET (Physiological
equivalent temperature) by Hoppe in 1992 (H6ppe 1999), SET* (Standard Effective Temperature) by Gagge et al.
(Gagge, Fobelets, and Berglund 1986) and PMV (Predicted Mean Vote) by Fanger in 1972 (Fanger 1982) (Honjo
2009). However, the unit of PMV is an actual vote, unlike the rest, which uses temperature as a unit. Because of
this, PMV is excluded from the discussion in this research. Nevertheless, the other three indices offer a high level
of sophistication and have been compared in various studies through different lens (Zare et al. 2018; Potchter et al.
2018; Coccolo et al. 2016).

A comprehensive study of more than 160 OTC indices uses an evaluation score through six criteria hamely
comprehensiveness (number of variables), scope (range of environmental conditions), sophistication (conceptual
merits), transparency (clarity in rationale), usability (application), and validity (reliability) to sort them for an easy
use (de Freitas and Grigorieva 2017) (refer to Table 1). One of the criteria, which is the lowest for all the three
indices, considers computational procedure, standard data, and easy output as a structure for evaluation. This
research explores this criterion further within these models by applying the logic on five plazas in Dfa Climate zone
city i.e. Chicago.

Table 1: Five assessment criteria to rate PET, SET*, UTCI. Source: (Extracted from the comprehensive list from (de Freitas
and Grigorieva 2017))

Index Comprehensiveness  Scope Sophistication  Transparency Usability  Validity Total
PET 5 5 5 5 3 3 26
SET* 5 3 5 5 3 5 26
UTCl 5 5 5 5 3 4 27

Thermal perceptions defined through the human physiological stress levels of outdoor thermal conditions provide
wholistic understanding of OTC indices. These stress levels are categorized using levels which are set in
temperature units in certain indices namely PET, SET*, and UTCI. This study uses thermal stress as a basis of
comparing the three indices. Several studies exist where thermal stress thresholds for different indices are
documented and discussed at length (Coccolo et al. 2016; Zare et al. 2018). Table 2 is developed from these
studies to reflect the stress levels, and threshold for the studies OTC indices.

Table 2: Thermal Stress Categories for PET, SET*, UTCI. Source: (Adopted from (Zare et al. 2018))

PET(°C)  SET (°C) UTCI (°C)

extreme cold <4 <-40
very cold -40 to -27
cold 4t08 -27 to -13
moderate cold 81013 <17 -13t0 0
slight cold 13t0 18 Oto9
comfortable (neutral) 1810 23 17 to 30 9to 26
slightly warm 23to0 29

warm 2910 35 30to 34 26 to 32
hot 351040 34 to 37 321038
strong heat 38 to 46
very hot >41 >37 > 46

1.2. CFD modeling of microclimates

The continued interest in microclimates and OTC research has increased the use of Computational Fluid Dynamics
(CFD) simulation as a popular research methodology on this topic. One of the biggest advantage of this approach
is the ease in controlling the outdoor environment which is dynamic and challenging in real life (Toparlar et al. 2015;
2017). Amongst various software, ENVImet provides a comprehensive package of tools to simulate and visualize
meteorological data, urban environments, vegetation, and soil types. It also includes Biomet that computes OTC
indices PET, SET*, UTCI and PMV for these environments (Bruse 2018). The possibility of finer grid resolutions
have been explored in many OTC studies (Maleki et al. 2014; Reinhart, Dhariwal, and Gero 2017). Typical OTC
studies using CFD simulation focus on the values of OTC indices and their alignment with the benchmarks set for
the investigation. Limited work has been done on the frequency of spatial distribution of these values in space. This
study explores the novel approach of spatiotemporal distribution of OTC values and their associated thermal stress
levels to answer following research questions: (1) How do the three OTC indices (PET, SET* & UTCI) differ in five
different Plazas of Chicago when assessed using their mean values at 12 pm on a summer solstice day?, (2) What
is the spatial distribution of neutral regime for PET, SET*, & UTCI in each plaza? , (3) What is the trend observed
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in microclimatic variables and PET thermal stresses when analyzed temporally during the mid-day break from 12pm
to 2 pm?, and (4) What is the spatiotemporal distribution of PET thermal stress within and between the Plazas
during this mid-day break?

2.0 RESEARCH METHODOLOGY

2.1. Study area

Five outdoor public plazas in downtown Chicago are considered for this research. These plazas are located in the
urban blocks enclosed between W. Randolph, Clark, Dearborn, and W Jackson streets. Each plaza is at the ground
level of an iconic tall building. These are 197.5m tall Rachard Daley Center (1965) housing (01) the Daley Plaza,
264.5 m tall Chase tower (1969) housing (02) the Chase Plaza, 173.9 m tall One South Dearborn (2005) housing
(03) the Dearborn Plaza; and 171.3 m tall Kluczynski Federal center (1974) housing (04) the Federal NE (Northeast)
Plaza and (05) Federal SW (Southwest) Plaza (refer to Figure 1). Other adjacent buildings around these plazas
range from 15m to 100m.

Figure 1: Location of five plazas of Chicago. Source: (Author 2021)

2.2. Microclimate modelling using ENVImet.

The research methodology involves microclimate modeling using ENVI-met software to conduct simulations. The
selected day for the simulation was June 21, a summer solstice in 2019. The total simulation time was set to three
hours, with the initializing hour starting at 11 am. The context was modeled in ENVImet Monde World Editor using
the Daley Center, Chicago coordinates. The digitized model used information from an open street map, Google
views, and CTBUH skyscraper center. The vectorized model is then exported to a raster-based .INX file for
simulation. Three spatial domains consisting of five plazas were exported from this model using settings shown in
Table 3. Instead of nesting grids, the model was expanded by real grid cells. This paper uses an open lateral
boundary condition (where grid values closest to the border are copied to the next ones in each time step) with
Simple Forcing for temperature and relative humidity at an hourly interval. Other input parameters (listed in Table
4) are taken from the diurnal meteorological conditions collected from a nearby weather station located 325m from
the Daley Plaza. The site roughness selected for the simulation is 0.1, representing dense urban conditions.

Table 3: Spatial domain settings for ENVImet simulations. Source: (Author 2024)

model dimension grid cell highest building 3D model  min. distance between
Model Geometry (no. of grids) sizes (m) in domain top height  bldgs & model border
X y z dx dy dz (m) (m)
Federal NE Plaza &
Federal SW Plaza 9% 105 100 4 4 4 178 400 18 grids
Chase Plaza & One
S Dearborn Plaza 97 108 109 4 4 4 265 547 15 grids
Daley Plaza 95 107 105 4 4 4 230 463 13 grids

Table 4: Initial Meteorological conditions for simulations. Source: (Author 2024)

Initial Meteorological Conditions

Wind Speed (m/s) 6.26
Wind Direction (Deg) 90 East
Roughness Length at Measurement Site 0.1
Minimum Temperature of Atmosphere (°C) 11.67
Maximum Temperature of Atmosphere (°C) 22.22
Minimum Relative Humidity (%) 43

Maximum Relative Humidity (%) 75

236



EAAE/ARCC CONFERENCE 2024 — Architecture Into the Unknown
3.0 RESULTS

The data analysis uses a spatiotemporal approach to compare the three OTC models to derive the results. The
temporal approach uses the mean values of the OTC index and its associated thermal stress categories, while the
spatial approach uses a percentage of space under different stress categories as a metric for comparison. The
three OTC models are compared using their thermal sensation thresholds for comfort conditions.

3.1. Comparative analysis of PET, SET*, & UTCI at 12 pm

Statistical test ANOVA (analysis of variation) single factor was performed for all the five plazas to analyze the
difference between the means of PET, SET*, and UTCI values. The results revealed that there was a statistically
significant difference in means of all the three indices in the listed plazas (F(2, 510) = [132.9], p < 0.05) for Federal
NE plaza; (F(2, 231) = [21.1], p < 0.05) for Federal SW plaza; (F(2, 357) = [38.6], p < 0.05) for Dearborn plaza;
(F(2, 1005) = [72.5], p < 0.05) for Chase plaza; and (F(2, 1053) = [314.6], p < 0.05) for Daley plaza. The box plots
comparisons in Figure 2 show the distribution of data used in these analyses for five plazas.

OTC values in Federal NEat 12 pm OTC values in Federal SW at 12 pm OTC values in Dearborn at 12 pm OTC values in Chase at 12 pm OTC values in Daley at 12 pm
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] ]
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Figure 2: Box plots showing the PET, SET*, and UTCI in five plazas of Chicago. Source: (Author 2024)

The comparative analysis of the three OTC indices: PET, SET*, and UTCI mean values, and the corresponding
thermal stress at 12 pm in the five plazas are presented in Table 2. It was found that the thermal conditions of Daley
Plaza are under the neutral physiological thermal stress category for the three indices, whereas Federal SW Plaza
is under the warm thermal stress category. This implies that Daley Plaza is likely to be the most preferred plaza in
summer noon. Moreover, the high granularity in PET thermal stress categories creates a better understanding of
thermal conditions in these plazas. For instance, the slightly warm conditions in Federal NE, Dearborn, and Chase
Plaza help to distinguish them from others, unlike the case SET* or UTCI indices. However, this gravely impacts
the spatial distribution of PET-neutral regimes in the plazas. Hence, for the sake of comparison, an “extended
comfort sensation” is considered that increases the comfort thresholds to include neutral, slightly warm, and slightly
cold categories for PET, which matches the thresholds of the next stress categories around neutral regimes for
SET* & UTCI (refer to Table 5).

Table 5: Mean and standard deviation values of OTC indices PET, SET*, and UTCI and their corresponding thermal stress
levels. Source: (Author 2024)

OTC indices at 12 pm PET Thermal stress SET* Thermal stress UTCI Thermal stress
(C) (C) (C)

Federal NE Plaza  Mean 26.2 slightly warm 29.8 neutral 25.6 neutral
SD 3.2 27 1.6

Federal SW Plaza Mean 30.6  warm 31.5  warm 28.2  warm
SD 46 23 2.4

Dearborn Plaza Mean 25.2  slightly warm 28.7 neutral 25.2 neutral
SD 4.7 28 2.8

Chase Plaza Mean 26.0 slightly warm 28.9 neutral 26.0 neutral
SD 4.5 29 3.1

Daley Plaza Mean 19.4 neutral 245 neutral 20.4 neutral
SD 28 1.9 3.6

3.2. Spatial distribution of neutral regime for PET, SET*, & UTCI at 12 pm

The comparative analysis of the PET, SET*, and UTCI neutral regime spatial distribution in the five plazas was
initiated with ANOVA single factor test. The results demonstrated a statistically significant difference in the values
of the five plazas with (F(4, 10) = [4.4], p = 0.03). The comparison is further presented in Figure 3 charts. The top
row shows the spatial distribution of neutral regime in the five plazas. Daley Plaza shows the highest distribution of
for all the three indices. Moreover, the comparison within the groups shows PET has the lowest distribution for all
five plazas which can be explained by its lower threshold values for this regime unlike the other two (refer to Table
1). This case is reversed when the comparison is made using the “extended comfort sensation” for these indices.
PET demonstrates the highest spatial distribution amongst the three. These findings open a discussion on if an
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intermediate stress category is required between neutral and warm stresses for SET* and UTCI, and neutral and

moderate cold for SET*. It is recommended to have one since the results may not be indicative of its given cause
and proposes conducting an onsite survey to confirm the thermal stress thresholds for each OTC index.

Neutral thermal sensation in Neutral thermal sensation in Neutral thermal sensation in Neutral thermal sensation in Neutral thermal sensation in

Federal NE at 12pm Federal SW at 12 pm Dearborn at 12pm Chase at 12pm Daley at 12pm
WPET mSET wUTCI WPET mSET mUTCI WPET WSET mUTCI WPET mSET mUTCI WPET WSET mUTCI
100% 100% 100% 100% 100%
80% 80% 80% 80% 80%
60% 60% 60% 60% 60%
40% 40% 40% 40% 40%
20% 20% - 20% 20% 20%
0% 0% 0% 0% 0%
Federal NE Federal SW Dearborn Chase Daley
Extended comfort sensation in Extended comfort sensation in Extended comfort sensation in Extended comfort sensation in Extended comfort sensation in
Federal NE at 12 pm Federal SWat 12 pm Dearborn at 12 pm Chase at 12 pm Daley at 12 pm
BPET WMSET nUTCI BPET mSET nUTCI BPET mSET mUTCI BPET mSET mUTCI BPET ®WSET mUTCI
100% 100% 100% 100% 100%
80% 80% 80% 80% 80%
60% 60% 60% 60% 60%
40% 40% 40% 40% 40%
20% 20% ! 20% 20% 20%
0% 0% 0% 0% 0%
Federal NE Federal SW Dearborn Chase Daley

Figure 3: Spatial distribution of neutral regime (top row),and extended comfort regime (bottom row) of PET, SET*, and UTCI in
five plazas of Chicago. Source: (Author 2024).

3.3. Temporal analysis of microclimatic variables and PET thermal stresses during mid-day
break

A midday break with a 12 — 2 pm time block is considered for assessing thermal comfort variations and their
corresponding thermal stresses. Table 6 presents the mean values for PET at 12 pm, 1 pm, and 2 pm for five
plazas. It is found that PET thermal stress remains consistent during this period except for Federal NE and Federal
SW plazas. The former gets warmer while the latter gets cooler at 2 pm. This could be further explained by the
trend in microclimatic variables during this time block (refer to Figure 4). These variables, namely Temperature (°C),
Mean Radiant Temperature (°C), Relative Humidity (%), and Wind Speed (m/s), are presented in Table 7. The data
trend for Relative Humidity shows a decrease from 58% to 53% in the Federal NE Plaza and an increase from
54.1% to 58.1% in the Federal SW Plaza. The temperature trend is reversed, showing an increase from 16.4°C to
17.4°C in Federal NE Plaza and a decrease from 17.3°C to 16.4°C. The increasing MRT and the constant wind
speed trends for both plazas do not seem to contribute to the change in the thermal stresses from 1 to 2 pm.

Table 6: Mean and standard deviation of PET and its corresponding thermal stress levels in five plazas. Source: (Author 2024)

PET 12pm Thermal stress 1pm Thermal stress 2pm Thermal stress

Federal NE Plaza  Mean 26.2 slightly warm 26.2  slightly warm 29.6  warm
SD 3.2 3.5 6.1

Federal SW Plaza Mean 30.6  warm 31.8  warm 25.7 slightly warm
SD 4.6 4.9 5.2

Dearborn Plaza Mean 25.2  slightly warm 25.7 slightly warm 23.8 slightly warm
SD 4.7 6.8 6.5

Chase Plaza Mean 26.0 slightly warm 27.3  slightly warm 26.9 slightly warm
SD 4.5 4.6 5.6

Daley Plaza Mean 19.4 neutral 20.6 neutral 224 neutral
SD 2.8 29 27

Table 7: Mean and standard deviation values of microclimatic variables for five plazas. Source: (Author 2024)

W (m/s) RH (%) MRT (°C) T (°C)

12 1 2 12pm 1 2 12 1 2 12 1 2

pm pm pm pm pm pm pm  pm pm pm  pm
Federal Mean 09 09 09 58.0 559 538 483 474 526 164 169 17.4
NEPlaza ~gp 08 08 08 02 02 03 68 83 116 01 01 0.1
Federal Mean 06 06 06 541 56.0 581 429 554 540 17.3 169 16.4
SWPlaza ~gp 02 02 02 01 01 041 89 81 78 00 00 00
Dearborn  Mean 11 11 11 53.8 559 579 417 467 479 173 169 16.4
Plaza SD 10 09 09 02 01 01 99 100 94 00 00 00
Chase Mean 10 1.0 1.0 53.8 559 579 523 540 493 177 175 171
Plaza SD 07 07 07 02 02 02 106 74 88 08 11 13
Daley Mean 34 34 34 535 556 57.8 587 540 512 175 17.0 165
Plaza SD 07 07 07 03 03 03 81 88 84 01 01 0.1
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Figure 4: Microclimatic variables during mid-day break of a summer solstice in five plazas of Chicago. Source: (Author 2024).

3.4. Spatiotemporal distribution of PET thermal stress during mid-day break

A spatiotemporal distribution of PET thermal stress categories in five plazas provides insight into the relative
frequencies of thermal stress data (a) within each plaza and (b) across five plazas for 12 pm, 1 pm, and 2 pm (refer
to Figure 5). The results for Chase Plaza demonstrate the spatial distribution of five thermal stress categories for
all three hours. The other Plazas showing similar patterns are Dearborn Plaza for 1 pm and 2 pm, and Federal
NE/SW Plazas for 2 pm. Further, Dearborn at 1 pm and Federal NE at 2 pm show even distributions, suggesting
the Plazas offer varied choices of thermal conditions for people. This also explains the shift in the average PET
values and its corresponding thermal stress from 1 pm to 2 pm as discussed in the previous section (refer to Table
3). The pattern of Daley Plaza is unique when compared to the other plazas. It is the only plaza with the highest
neutral thermal stress category, with 61% at 12 pm and 55% at 1 pm. This implies that the Plaza will be preferred
by people during the summer afternoons.

PET thermal stresses at 12pm PET thermal stresses at 1pm PET thermal stresses at 2pm

oslight cold  Eneutral aslightly warm oslight cold  Eneutral slightly warm oslight cold — Bneutral oslightly warm
owarm mhot mvery hot owarm ohot mvery hot owarm mhot mvery hot

100% 100% 0% o e 100%

5%

50%

25%

0% L
Federal Federal Dearborn Chase  Daley Federal Federal Dearborn Chase  Daley Federal Federal Dearborn Chase  Daley
NE  SW NE  SW NE  SW

Figure 5: Spatiotemporal distribution of PET thermal stresses in five plazas of Chicago. Source: (Author 2024).

4.0 DISCUSSION

The paper presented a spatiotemporal comparative analysis of outdoor thermal comfort conditions using five plazas
with different morphological conditions in Chicago. The findings show that three indices, namely PET, SET*, and
UTCI, demonstrate different outputs exhibiting their limitations in thermal stress levels, which must be considered
in future studies. These findings are further elaborated in the sections below.

The findings from a comparative analysis of PET, SET*, and UTCI in these plazas at noon of summer solstice day
provide the expected mean values of OTC indices, which can be used in designing plazas in Chicago or cities with
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Dfa climate region. The associated thermal stress with these values highlights a key limitation in SET* and UTCl in
assessing the thermal conditions of a Plaza. The two indices lack granularity around neutral thermal stress regimes,
unlike PET. This limits the understanding of finer thermal conditions that may exist in the plazas and could be critical
in the success of the plaza. It becomes more decisive when multiple design elements contribute to the microclimates
of a plaza.

The findings from the spatial distribution of the neutral regime and the extended comfort conditions provide further
insight into this issue. The results could be misleading in this analysis since PET with finer thresholds will always
show lower spatial distribution compared to SET* and UTCI. To make a fair argument, an “extended comfort
condition” is considered, which aligns with the next thermal stress category common to all three indices. The results
show that PET has the highest spatial distribution. Although the results are purely based on the simulations, it is
recommended to conduct another study investigating people’s behavior and their thermal perception through onsite
surveys.

OTC thermal stresses and microclimatic variables in the five plazas are further explored temporally in a 12-2 pm
mid-day break period using mean PET values and their corresponding thermal stress for each hour. The findings
show a thermal stress category variation in Federal NE & SW plazas at 2 pm. This variation is also observed in the
microclimatic variables namely Relative Humidity and Temperature. Further study is required to investigate the
interrelationships between these variables and PET values. The other three plazas do not exhibit any change in
their thermal stresses. However, the spatiotemporal analyses of all the plazas demonstrate interesting findings
around their thermal condition assessments. The findings pose a question on whether assessing thermal comfort
through mean values is an appropriate approach, given the fact that there exist other thermal stress categories that
are not captured. Thus, the assessment does not provide a comprehensive view of the thermal conditions. For
example, the temporal analysis using mean PET values shows a constant thermal stress category, “slightly warm”
in Chase Plaza. But the spatiotemporal distribution at 2 pm shows that 44% of the plaza exhibits “warm” thermal
stress category. The same is also true for Dearborn Plaza at 2 pm, where 50% of the plaza exhibits “neutral” thermal
stress category. Hence, it is important to consider the spatial distribution of thermal conditions.

These analyses also open a discussion on including thermal stress(es) as one of the design criteria for outdoor
environments. While it would be ideal to have plazas dominated by neutral thermal stress, it is often challenging to
achieve this condition temporally due to the dynamic nature of the outdoor climatic environment. Even if it is
achieved at a specific time of the day, the real question would be whether such an environment would be ideal for
people with different social-cultural characteristics. For example, a recent study shows that thermal perceptions
differ based on gender (Jin, Liu, and Kang 2020). Hence, creating micro-environments within plazas exhibiting
microclimatic variations could be a better solution, giving people choices to either adopt or to embrace change to
retain their comfort levels.

Itis also important to highlight one limitation of this study. The findings from temporal analysis comparing differences
in mean PET values between different time blocks are limited due to the smaller sample size of temporal data. For
example, the results for Dearborn, Chase, and Daley Plazas do not show much variation during the simulated
period. However, this could be different if a larger sample set was used. Hence, it is recommended to address the
issue in future studies. Moreover, the study assumes that thermal stress identified in the three indices are the same;
however, few studies show that thermal stresses depend on multiple factors, namely climatic, socio-cultural, and
psychological factors impacting its assessment (Schweiker et al. 2018).

CONCLUSION

The paper presented a spatial and temporal approach to compare three OTC indices namely PET, SET* and UTCI.
The study was conducted for Chicago with the Dfa climate zone in Koppen Climate Classification. The indices were
studied for five plazas in downtown Chicago with tall building urban conditions. ENVImet — a CFD microclimate
modeling tool was used as a research methodology to derive the data for findings. The results showed that that
SET* and UTCI lack granularity around neutral thermal stress regimes, unlike PET. This limits the understanding
of finer thermal conditions that may exist and could be critical to the success of the plaza. The other key findings of
this study highlight the importance of spatial distribution of thermal stresses in assessing the thermal conditions of
an outdoor environment. The significance of this research is towards creating well designed outdoor public spaces
that contribute to sustainable communities and improved public health as outlined in the UN SDG-11.
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