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SIMULATION OF THE THERMAL COMFORT CONDITIONS OF URBAN AREAS:
A CASE STUDY IN KY1V

O. I Illesuenko, C. I. Cnixncxo, M. O. Mamsienxo. MO/IEJTFOBAHHA BIOKJIIMATHYHHX YMOB YPbAHI3OBAHO-
TI'O CEPE/]IOBHIIIA (HA IIPHKJIA/II MICTA KHEBA). /[ocnioscenns GIOKAMAmMuuHUX yMos ypOaHizo8anux mepumopiti @ men-
ULl nepiod € Oysce aKmyaibHUMU, adxce, OOCMOBIPHI Pe3yIbmamu OYiHKU IHIMEHCUBHOCTI MEN08020 Cmpecy € NIOIPYHMAM Ol
PO3POOKU Ma 8npoBaAdNHCeHHA 3ax00ie adanmayii 0o cheku. Kpim moeo, mooeniosanus OIOKIiMAMy 6aXCIUB0 3ACMOCO8Y8AMU HA
emani NPoeKmy8anHs Micbkoi 3a0y008u 01 ni06opy ONMUMATLHOT CIMPYKIYPU, O OONOMOdCe NIOBUUMU KOMPOPMHICMb MICOKUX
paiionie. Memoio 0aH020 00CHIONHCEHHA € MOOENIOBAHHA OIOKAIMamy YPOAHi308aH020 cepedosunya 0 6USHAUEHHS MeNI08020 HA8A-
HMAXCEHHA HA THOOCLKUL OP2aHi3M 8 TIMHI Nepiod 3 BUKOPUCTNAHHAM CYYACHUX OIOKMIMAMUYHUX THOEKCI8 ma NPoSPaAMHUX NPOOYK-
mis. J{ns peanizayii memu 0ocniodcenns Oyno oobpano uacmuny mepumopii scumnogoeo macugy Ocokopxu (m. Kuig). 3nauenns ocro-
BHUX MEMeOPONIO2IUHUX NAPAMEMPI8 HA OOCTIONCYBAHIL OLISHYL OMPUMAHT 3 GUKOPUCMAHHAM NPOSHOCMUYHOI MPUusuMiproi mooeni
«ENVI-mety, a ¢izionoziuno-exsieanenmmnoi memnepamypu (PET) — 3a donomozcoro moodeni «RayMany. Ananiz pezynomamie mooe-
JM0BAHHA CEIOUUMb, WO 3HAUEHHA MeMNepamypu ma 801020cmi nogimps, xapakmepucmux simpy ma PET xapaxmepuzyemucs 3nau-
HOI NPOCMPOBO-4ACOB0I0 MIHIUBICMIO HABIMb HA HE3HAUHUX 3d POIMIpAMU OUIAHKAX 8 MelCcax MicbKoi 3a0y008u. Amnaimyou 3Ha-
yenv QET 6ynu maxcumanvHumu 8 0enni 200unu i cmanosunu 12°—15°C. HalicunbHiuozo menioeozo cmpecy mMewKanyi ypoanizosa-
HUX Mepumopiil 3a3Haoms nepedysaroyu Ha GIOKpUMUX 3Aachanbmo8aHux OiIAHKAX 6 OeHHI 200UHU. 3MeHUeH s aMNIinyou mem-
nepamypu nogimps Ha O0CAIONCYBAHUX OLIAHKAX Y GeUiPHI Ma HIYHI 200UHU NPU3EENO 00 NOMIMHO20 3HUMNCeHHA amnaimyou PET na
obpaniii mepumopii — 0o 2°-3°C. Ilopisnanus smooenvosanux 3uavenv @ET ona 0ocnioocysanoi mepumopii ma ona AMCL] «Kuig»
nokazano, wo snavennsi OET, amodenvosani 3a 0aHUMU MemeoporoSiuHOTi CmaHyii, He 8I006PaNCAIOMb PeaibHUX OLOKAIMAMUYHUX
VMO8 8 MENCAX CKIAOHOI MiCbKOI 3a6Y008U.

Knrouosi cnosa: ypbanizosane cepedosuuje, 6ioknimam, mennosuii Kom@popm, Qizionoziuno-ekeisaienmua memnepamypa, mo-
denv «ENVI-mety, moodens «RayMany.

O. I Illeguenxo, C. H. Cuusncko, M. 0. Mameuenxo. MOAEJIHPOBAHHUE BFHOK/JIHMATHYECKHX YC/IOBHH YP-
BAHHU3HPOBAHHOHM CPEJBI (HA ITPHUMEPE I'OPOJA KHEBA). Hccnedosanue GUoKTUMAMUYeckux yenosuii ypoanusupo-
6AHHOUL cpedbl 8 Menblil Nepuood AGIAEMC O4elb AKMYAIbHbIMU, 8e0b, 00CMOBEPHbIE Pe3YIbMamyl OYeHKU UHMEHCUBHOCIU Menio-
6020 cmpecca ABNAIOMCA OCHOBOU OJid pa3spabomxu u eHeopeHus meponpusmuil aoanmayuu K sscape. Kpome mozo, mooenuposanue
OUOKTIUMAMA BANCHO NPUMEHAMb HA dMane NPOeKmMupo8ans 20pOOCKOU 3aCmpoliKu ¢ Yenvlo noddopa ONMUMANILHOU CIPYKMYpb,
KOMOPAsl NOMOJ4cem NOBbICUMb KOMBOPMHOCb 20pOOCKUX pationos. Llenvio dannozo uccrnedosanus agsemcs Mooenuposanue ouo-
KaumMama ypoanusuposantoll cpeobl 0nis onpeoeienis menioeoll Hazpy3Ku Ha OP2aHU3M Yelo8eKda 6 1emHULl Nepuoo ¢ UCNONb308AHU-
eM COBPEMEHHbIX OUOKTUMAMUYECKUX UHOEKCO8 U NPOSPAMMHBIX NPoOyKmos. [l peanusayuu nocmasienHol yeau oviia ebiopana
uacms meppumopuu dicunozo maccusa Ocoxopku (2. Kues). 3nauenus ocnogHbIx Memeopoio2uieckux napamempos Ha ucciedyemom
yuacmie NOAYUeHbl ¢ UCNONb308aHUEM NpocHOCmuUuYeckol mpexmepnou modenu «ENVI-met», a gusuonozuuecku-sxeusaienmmoil
memnepamypul (PIT) — ¢ nomowwio modenu «RayMany. Ananuz pe3yrbmamos mMoOeruposanus noKasvleaem, 4mo 3HaveHue memne-
pamypel u enadcHocmu 6030yxa, xapakmepucmuk gempa u POT xapakmepusyemcs 3HAUUMENbHOU NPOCMPAHCINEEHHO-BDEMEHHOU
UIMEHUUBOCBIO Oadice HA He3HAYUMENbHBIX N0 PA3ZMepam Y4acmKax 20poo0ckoil 3acmpotiku. Amnaunmyowr snavenu ©IT Ovinu mak-
cumanbublmu 8 OHeghuvle yacwel u cocmasunu 12°—15°C. Camblil CunbHblli Meniosou cmpecc Jcument ypoaHu3upoSaHHbIX meppumo-
Ui UCNBLIMBIBAIOM HAXOO0SCH HA OMKPBIMBIX 3AACHATLMUPOSAHHBIX YUACIKAX 6 OHeBHOe 6peMs. YMeHbuleHue amMnaumyobl memne-
pamypul 6030yXa HA UCCIE0YeMOM YYACHKe 6 GeuepHue U HOYHble YaACbl NPUGOOUM K 3amemuomy crudicenuio amnaunyovt @IT na
sviOpannoli meppumopuu — 0o 2°-3°C. Cpasnenue cmodenuposannvix 3uavenuti @IT ons uccrnedyemoii meppumopuu u ona AMCI”
«Kues» nokasano, umo 3nauenue @IT, paccuumannvie no OaHHLIM MEMEOPOIOSUYECKOU CIMAHYUU, HEe OMPAdICAIOM PealbHblX OUo-
KAUMAMUYECKUX YCI08ULL 8 NPedenax CJLONHCHOU 20pOOCKOU 3ACMPOUKU.

Knrouesvie cnosa: ypbanusuposannas cpeoa, buokaumam, meniogou KoMpopm, Qu3uonocutecku-sKk6UsaileHmHuds memnepa-
mypa, mooenv « ENVI-met», mooenv «RayMany.

Introduction. The climatic conditions of a ter-  the environment. Studies of bioclimate of a territory
ritory affect human health and well-being, recrea-  are aimed at determining the favourable and adverse
tional activity and rest. This influence is caused by  impacts of various climatic factors and their aggre-
the effects of weather and climate on the human  gates on the human body.
body and the conditions of its heat exchanae with
© Shevchenko O. G., Snizhko S. 1., Matviienko M. O. https://doi.org/10.26565/2410-7360-2019-51-13
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According to the United Nations Department of
Economic and Social Affairs, more than half of the
world’s population lives in cities today, and by 2050
the share of urban residents will increase and exceed
66%. Rapid urbanization will exacerbate urban envi-
ronmental problems.

Complex urban morphology has a significant
impact on microclimate and, accordingly, on ther-
mal comfort conditions. Housing development pa-
rameters such as the height of buildings, street ori-
entation, and distance between buildings alter the
solar energy inlet, affect thermal conditions, have
distinct modifying effects on wind speed and direc-
tion at the street level. Central parts of cities are
normally characterized by higher air temperature —
occurrence of an urban heat island (UHI) phenome-
non is their characteristic feature. An impact the
high intensity of UHI on the human is especially
dangerous during summertime. The adverse effects
of this urban phenomenon have been documented in
many studies — they are associated with increased
blood circulation and cause higher mortality rates in
the cities [1, 2]. Most notable is the adverse impact
of UHI on urban ecosystem and urban residents dur-
ing heat wave cases in summer. Such a complex im-
pact can significantly increase the heat load on ur-
ban residents and reduce the human comfort in
the city.

Studies of the bioclimatic conditions of urban
areas during the warm season are highly relevant as
they provide an opportunity to evaluate human
thermal sensations in the city, as well as the poten-
tial effectiveness of adaptation measures to heat
stress  (especially, architectural measures and
measures based on the use of green areas and water
bodies).

Analysis of recent research and publications.
In recent years, increasing attention has been paid to
the study of heat stress, as it can pose a significant
health risk [3-4]. Over the last decade, a series of
studies at bioclimatic assessment of urban areas has
been carried out: K.S. Ahmed [5] explored the bio-
climate of the tropical city of Dhaka, Bangladesh;
R. Emmanuel and E. Johansson conducted research
for the city of Colombo, Sri Lanka [6]; N. Gaitan et
al. [7] studied outdoor thermal comfort of the Ath-
ens region. M. Fahmy and S. Sharples [8] investi-
gated the effect of city morphology on thermal com-
fort with the case of Cairo, Egypt, [9-10] analyzed
the effect of green spaces and street orientation on
air temperature and wind speed decrease. A. Carfan,
E. Galvani, and J. Nery compared thermal comfort
in two areas varying in building densities and in
number of green spaces in the city of
Sao Paulo [11]. Studies conducted in Freiburg,
Germany focused on the study of street parameters
effect of on thermal comfort conditions [12-13]. In

their work, F. Ali-Toudert and H. Mayer studied the
influence of street design, i.e. aspect ratio (or height-
width ratio) and axis orientation, towards the devel-
opment of a comfortable microclimate at street level
for pedestrians in the city of Ghardaia, Algeria [14].

Bioclimatic studies conducted by Ukrainian
scientists, although initiated relatively long ago (for
example, the assessment of Kyiv bioclimate was
carried out by B.A. Ayzenshtat and L.I. Sakali back
in the late 1970s — in the 1980s), unfortunately, they
have not developed to the same level as in the Euro-
pean countries and the United States of America.
The simplest bioclimatic indices (Bl) (effective
temperature, equivalent and effective temperature,
radiation equivalent and effective temperature, nor-
mal equivalent and effective temperature, biologi-
cally active temperature, etc.) are used for the bio-
climate assessment in Ukraine nowadays. Most of
these indices are quite old, some of them were de-
veloped over fifty years ago. These indices are very
simple to calculate, but mainly take into account the
impact on human thermal sensation of meteorologi-
cal parameters only, while the indices based on hu-
man energy balance have been used globally for
bioclimatic assessment throughout the last decades.
In addition, bioclimatic studies in Ukraine are most-
ly limited to the use of data obtained at meteorolog-
ical stations (i.e., in open space areas with natural
vegetation). It is natural that the Bl obtained with
the use of such input data can not reflect objective
thermal sensation of a person within a complex ur-
ban environment.

Formulating the purpose of the article. The
aim of this research is to simulate the bioclimate of
an urban environment to determine the human ther-
mal load in summer months based on modern bio-
climatic indices and software.

Materials and methods of the research. For
the purpose of this study, a part of the territory of
the Osokorky residential area of Kyiv was selected.
Osokorky residential area is located in Darnytskyi
district, between the Dnipro river, Mykoly Bazhana
avenue and lake Wrlytsya. This paper studies the
9th residential district located in the north of this
area, between the streets of Larysy Rudenko, Solo-
miyi Krushelnytskoyi, Oleksandra Mishugy and the
avenue of Petra Hryhorenka. The simulation area
includes the territory of the residential area near the
Poznyaky metro station. The site selected for the
simulation is located in the “dormitory area” of the
city, characterized by developed infrastructure, high-
rise buildings and relatively small areas of green
space.

To get values of the main meteorological pa-
rameters of the researched area, a three-dimensional,
prognostic, microscale model ENVI-met (version
4.3.2 Summer 18) was used. The model was down-
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loaded (following the sign-up, free of charge) from
the official site: https://www.envi-met.com/. ENVI-
met, which is a CFD model (computation fluid dy-
namics model), was developed by M. Bruce at Ruhr-
University Bochum, Germany, and is one of the few
microscale models that meet the criteria for an accu-
rate simulation of physical processes and resulting
micro-meteorological phenomena within the urban
canopy and boundary layer [15-17].

The model is widely used to address scientific
and practical issues in countries with various cli-
mates — from tropics to polar regions (Egypt [8], Sri
Lanka [6], Brazil [11], England [18], Italy [19],
Germany [20], the Netherlands [21]). In total, over
three thousand studies have been carried out to date
in more than 145 countries. ENVI-Met is designed
for microscales with a horizontal resolution from 0.5
to 10 m and a time step of 10 seconds maximum.
Physical basis of the model is explained in detail in
[14, 17, 22-23]. Maximum simulation period is 48
hours.

Simulations in ENVI-met require two sets of
input data: IN-file (input file) and CF-file (main
configuration file). The IN-file contains information
on dimensional properties of the area, such as geo-
graphical location, construction materials of the
buildings, height of the buildings and types of vege-
tation. For this study, the dimensions of the research
area were set to be 370400 m.

The CF file contains meteorological inputs — air
temperature and humidity, wind speed, as well as
the measurement date and time. Data obtained from
the Civil Aviation Weather Station “Kyiv” (CAWS
Kyiv) located at Kyiv Sikorsky International Air-
port, 8 km southwest of the city center, were used to
create the CF file.

The PET calculation was performed using the
RayMan model [24], which was downloaded (fol-
lowing the sign-up, free of charge) from
https://www.urbanclimate.net/rayman/index.htm.

This model uses the following data groups to obtain
PET values: date and time for which the calculation
will be made; geographical data (geographical coor-
dinates, time zone and altitude); meteorological data
(air temperature (°C), water vapour pressure (hPa)
or relative humidity (%), wind speed (m/s) and de-
gree of cloud cover); human personal data and pa-
rameters that can affect the thermal sensation (cloth-
ing and activity). In this study the simulations were
referred to a standard parameters of the person
which use for such type of the researches: 35-year-
old man, 1.75 m high, 75 kg weight, wearing cloth-
ing with a heat resistance of 0.9 clo, sedentary, with
heat producing is equivalent to 80 W.

Research results. In the context of considering
the impact of climate on the human body, the key
term is “bioclimate”, which is a set of climate char-
acteristics that determine its complex impact on the
human body in a certain territory [25]. To evaluate
the bioclimatic features of a territory, comprehen-
sive indicators called bioclimatic indices are used
most often. Among European scientists, one of the
most popular Bl is currently the Physiologically
Equivalent Temperature (PET), which is based on
the energy balance of the human body. PET is de-
fined as the air temperature at which, in a typical
indoor setting (without wind and solar radiation),
the heat budget of the human body is balanced with
the same core and skin temperature as under the
complex outdoor conditions to be assessed. The typ-
ical indoor setting is an indoor room, with wind
speed is 0.1 m/s, vapour pressure is 12 hPa (approx-
imately equal to 50% relative humidity at 20.0°C)
and mean radiant temperature equal to the air tem-
perature [13, 26]. The basis for the PET calculation
is «The Munich energy balance model for individu-
alsy (MEMI). The PET units are °C, which makes
this index very easy to use. Comfortable conditions
correspond to PET values within the range of 18.1-
23.0°C (Table 1).

Table 1

Ranges of the physiologically equivalent temperature (PET) for different grades
of thermal perception by human beings and physiological stress on human beings [27]

PET, °C Thermal perception Grade of physiological stress

<4 \ery cold Extreme cold stress

4.1-8.0 Cold Strong cold stress

8.1-13.0 Cool Moderate cold stress
13.1-18.0 Slightly cool Slight cold stress

18.1-23.0 Comfortable No thermal stress

23.1-29.0 Slightly warm Slight heat stress

29.1-35.0 Warm Moderate heat stress
35.1-41.0 Hot Strong heat stress

>41.1 \ery hot Extreme heat stress

H. Lee et al. [13] note that bioclimate in differ-
ent parts of our planet has been assessed using PET.
Having carried out an analytical review of BlI,

S. Tkachuk [28] also came to the conclusion that
PET is a very appropriate universal bioclimatic in-
dex, because it takes into account the complete en-
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ergy balance equation, core temperature, sweat rate,
skin wetness and meteorological parameters. In our
previous studies [25], we presented the results of a
comparative analysis of the Bl most used in the
former Soviet Union (equivalent and effective tem-
perature, normal equivalent and effective tempera-
ture, radiation equivalent and effective temperature,
biologically active temperature) and the PET and
showed the significant advantages of the latter for
bioclimatic assessment of the urban environment
during the warm period.

Human thermal perception in a complex urban
environment is determined by the combined influ-
ence of weather conditions at the regional level and
the microclimatic features that are formed under the
influence of a number of factors [29]. Characteris-
tics of urban geometry (street direction, height of
buildings and width of streets) do not only contrib-
ute to the formation of UHI, but also directly affect
the thermal perceptions of city residents. F. Ali-
Toudert and H. Mayer [14] note that urban canyon
geometry affects strongly magnitude of energy re-
gime of its individual surfaces. The main descriptors
of the canyon include the height/width ratio, the
canyon axis orientation and the sky view factor
(SVF), which is a proportion of the sky dome that is
“seen” by a surface, either from an observation point
on that surface or integrated over its area [31]. The
above descriptors can be in fact applied not only to
the canyon, but also to other types of urban space.
Increased shading through change in the ratio be-
tween the height of the buildings and the distance

between them leads to a significant decrease in PET
(or other bioclimatic indices) values, which, accord-
ingly, reflects an increase in thermal comfort [32].
A. Matzarakis and H. Mayer [33] note that the clo-
sure of the horizon within an urban structure (which
in urban meteorology is expressed through the SVF)
is the most important factor that determines the for-
mation of differences in the bioclimate within a
complex urban environment. The lower the SVF
value for a certain point, the lower the thermal stress
for a person there, since the main effect from the
tree crowns or tall buildings during the daytime is
the reduction of direct solar radiation. In addition to
urban geometry, thermal comfort conditions are in-
fluenced by facing materials of the walls, and the
type and characteristics of the underlying surface
[34-35].

The complex urban geometry and the multitude
of factors that can influence the values of air tem-
perature and PET define the significant differences
in thermal comfort conditions, even within small
sites of the urban environment [5, 7-14, 29-35].

To assess the heat load on a human in an urban
environment, 7 points were selected within the re-
searched area. The points were selected in a manner
that they differed in microclimatic conditions, the
parameters of the surrounding buildings and the un-
derlying surface. For instance, point number 1 is
located on an open paved area (on the parking lot),
point number 4 — in the area covered in lawn grass,
point number 5 — inside the well courtyard of High
School for International Affairs, etc. (Fig. 1).

Legend

buildings
grass, 0.1m

medium trees, 10-15m

mature trees (large),
20m

research points

‘Nl

Fig. 1. Simulation domain and locations of research points
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Most studies of the microclimate and thermal
comfort conditions of an urban areas are based on
simulations for short time periods of 56 to 24
hours. Since cloudiness significantly affects the
formation of a temperature field in the city, and the
maximum differences in meteorological parameter
and thermal indexes values across the area are ob-
served during clear hot weather, for the simulation
purpose, most often selection is a summer day with
high air temperature and the simulation hours are
selected in a manner to capture the period with the
highest daily air temperature, as well as several
hours before and after the maximum [14, 36]. Thus,
the simulation results enable setting both maximum
amplitudes within the territory, and the maximum
thermal load on the human body within the re-
searched area.

C.S.Gusson and D.H.S. Duarte [37], and
F. Ali-Toudert [38] indicate that simulations using
ENVI-met is best started at predawn hours, around 6
am, because at that time the earth’s surface receives
a much smaller amount of solar radiation and the
intensity of some atmospheric processes in the ur-
ban canopy layer is lower than in the afternoon. This
helps to reduce the inaccuracy of the obtained re-
sults that can occur if the simulation starts at high
Sun altitudes. Therefore, a lot of simulations start at
5amto 7 am [17, 38-39].

In this study, a clear hot day was chosen for the
simulation (04 August 2017). According to the

CAWS Kyiv, the maximum air temperature of
+34.0°C was recorded at 16:00 EEST this day. Dur-
ing the day, the wind speed ranged from 2 m/s to
7m/s. The simulation was carried out from
6:00 Eastern European Summer Time (EEST)
(EEST=UTC+3) on 4 August till 6:00 EEST the
next day (interval of the results output — 1 hour).

The results of the air temperature simulation for
the selected area showed that the daytime tempera-
ture within the urban areas may vary significantly
on a clear summer day. For example, at 12:00 EEST
the value of the amplitude was 5.0°C. The highest
air temperature was over the open asphalt-paved
sections of the researched area. The results of the
microclimate studies in other cities also show that
there are major differences in air temperature over
small areas during daytime. For example, the air
temperature amplitude in the central part of the city
of Teramo, Italy can reach 8.0°C in the daytime,
4.0°C in the night [40]. For Colombo, the air tem-
perature difference recorded between the areas of
the city having complex geometry made 7.0°C [6],
for Sao Paulo (Brazil) — 6.0°C [41].

In the evening and night hours (Fig. 2), the am-
plitude of temperature values within the researched
area decreased and at midnight the temperature dif-
ferences did not exceed 3.0°C. The highest air tem-
peratures were naturally recorded above the asphalt-
ed parking areas and in the well courtyard, the low-
est — above the areas with dense vegetation.

Y (m)

180.00.

90,00

Abbildung 1: Simulation
Poznyaki2 00:00:00 05.08.2017
Ny SR Del k4 (2e1 3000 m)

Air Tempersture

uter 2033 °C
2033 b= 2097 °C
2087 b= 2035 °C
2135 5= 2184 °C
2184 5= 233 °C
2335 2R C
2282 5= 2331 °C
2331 5= 2330 °C
2330 b= 2428 °C
der 2428 °C

EENOOCONN

Min: 1989 °C
Max: 2477 °C

Q.00

<Right foot>

Fig. 2. The results of air temperature simulation at 00:00 EEST of 5 August 2017
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Changing the properties of the underlying sur-
face in cities (prevalence of roofs and asphalt roads,
which are waterproof and facilitate the most rapid
removal of runoff and discharge of precipitation into
sewers) is one of the reasons for the change in the
relative humidity in the city and the transformation
of the humidity field across its territory [38-39].
The simulation results show that notable differences
in relative humidity are observed even over a small
part of urban area on a clear day. The lowest values
are observed over the paved territories, the highest —
over the areas with vegetation, i.e. the influence of
the underlying surface on the formation of the hu-
midity field within the urban development is ob-
served, as well as a clear inverse relationship be-
tween air temperature and humidity.

The results of the wind field simulation
showed that low wind speed are observed in en-
closed courts and tall vegetation areas, while the
space between some buildings are characterized by a
local increase in wind speed (Fig.3), which is
caused by the Venturi effect.

Thus, the analysis of the simulation results has
confirmed once again that the values of the main
meteorological parameters (air temperature and hu-
midity, wind characteristics) differ significantly
within the complex urban structures, even in small
areas.

In this study, a bioclimatic index of physiologi-
cally equivalent temperature is used to evaluate the
thermal load on the human. Simulation of PET val-

ues was performed utilizing the RayMan model with
1-hour interval (Table 2).

The simulation results show that on 4 August,
residents of the researched area experienced slight
heat stress at all research points already since 6:00
EEST (at the air temperature of 21.5°C, measured
on the meteorological station). At 9:00 EEST, points
1, 3, 4, 5 record intense heat stress, while at other
points it is moderate because they are still in the
shade. Extreme heat stress was observed at points
2-6 from 10:00 EEST to 15:00 EEST, however, the
highest PET values were recorded at 11:00 EEST at
points 4 and 5 (48.7° and 49.9°C). Before noon, the
open paved areas are exposed to more heat than the
rest of the territory. In the afternoon, the decrease in
PET values is observed first in points 4 and 3, and
after 15:00 EEST — in the rest of the territory. From
18:00 EEST, the residents experience slight heat
stress. Comfortable conditions across the area last
from 22:00 EEST through midnight. At night, a per-
son in the area would experience slight cold stress
and moderate cold stress. Starting as early as at
5:00 EEST the following day, comfortable condi-
tions were observed for points 1-2 and 6-7, and
from 6:00 EEST (for points 2 and 6) such conditions
would change to moderate heat stress. The highest
amplitude of PET values in the researched area was
recorded at 11:00 EEST and made 15.6°C. At night,
when comfortable conditions and cold stress are
observed, the amplitudes are much lower — from
1.8°C (at 23:00 EEST) to 4.5°C (4:00 EEST on 5

Y (m)

Abbildung 1: Simulation
Poznyaki2 00:00:00 05.08.2017

xly Schnitt bei k=4 (2=1.8000 m)

Wind Speed

unter 0.54 m/s

0.54 bis 1.08 m/s
1.08 bis 1.62 m/s
1.62 bis 2.16 m/s
2.16 bis 2.70 m/s
2.70 bis 3.24 m/s
3.24 bis 3.78 m/s
3.78 bis 4.32 m/s
4.32 bis 4.86 m/s
uber 4.86 m/s

L

Min: 0.00 m/s
Max: 5.40 m/s

X (m)

A

ENVI_met

<Right foot>

Fig. 3. The results of wind regime simulation for 00:00 EEST on 5 August 2017
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Table 2
PET values (°C) in different research points for 4-5 August 2017
Number Amplitude
ofstudy | 1 2 3 4 5 6 7| of the terri CKAV.VS
point tory yiv
Time PET PET PET PET PET | PET | PET PET PET

(EEST)
6:00 24,8 24,2 25,5 26,9 26,9 27,4 (241 |33 27,0
7:00 24,9 28,4 28,0 30,4 29,0 321 (276 |72 31,2
8:00 32,4 28,4 32,0 34,4 34,2 335 [314 |60 31,0
9:00 35,5 33,5 36,5 39,6 39,0 379 329 |67 30,9
10:00 36,3 34,7 38,8 42,6 42,6 376 (322 |104 324
11:00 38,9 37,9 44,0 48,7 49,9 41,8 [343 | 156 34,2
12:00 36,6 42,8 41,9 38,5 41,8 435 314 |121 34,1
13:00 34,6 44,8 45,0 38,6 40,8 40,7 30,6 | 14,4 37,8
14:00 37,1 44,9 40,7 38,1 41,5 406 |334 |115 37,6
15:00 30,4 42,8 39,3 37,9 40,2 40,3 333 | 124 36,8
16:00 32,1 37,9 35,3 33,7 35,3 36,5 | 296 |83 36,7
17:00 30,1 32,7 31,1 30,4 31,5 321 (278 |49 34,6
18:00 26,0 26,3 25,8 25,7 26,0 26,5 | 246 |19 30,4
19:00 25,4 25,5 25,4 25,5 25,7 258 | 248 |10 28,5
20:00 25,0 25,1 25,0 25,1 25,1 252 |(244 |08 25,5
21:00 24,5 24,8 24,5 24,7 24,7 249 |238 |11 23,2
22:00 18,0 20,2 19,6 19,2 19,2 20,2 (174 |28 20,6
23:00 18,0 20,2 19,6 19,1 19,2 201 | 174 |18 18,5
0:00 17,9 20,1 19,6 18,9 19,4 200 | 17,4 |27 17,4
1:00 14,8 15,7 14,3 14,8 14,5 16,8 | 16,5 2,5 16,4
2:00 14,1 14,1 13,6 14,1 13,7 16,7 | 158 |31 16,4
3:00 13,7 15,5 13,1 13,6 13,3 16,7 | 14,9 | 3.6 18,5
4:00 13,7 15,6 12,7 13,2 13,0 17,2 | 157 |45 18,7
5:00 17,0 19,7 12,7 13,1 12,8 229 |[19,7 |10,2 20,9
6:00 21,4 23,5 13,7 14,6 14,1 28,3 (22,8 |146 24,3

*the red color corresponds to the values of heat stress of different grades; green — to comfortable condi-

tions; blue — cold stress of different grades.

August). This is obviously due to the decrease in the
air temperature amplitude in the evening and night
hours, which is defined by the decrease (evening
hours) and the absence (night time) of the solar radi-
ation (due to which temperature contrasts are
formed within the complex geometry of urban
areas).

In order to study the differences in thermal
comfort conditions within the complex urban struc-
tures and meteorological station (in an open area
with natural vegetation), PET values for CAWS Ky-
iv were also simulated using the RayMan model.
This weather station was chosen for comparison
because of the appropriate time of the observations.
Meteorological elements measured hourly on this
station, whereas the Joint Hydrometeorological Sta-

tion “Kyiv” located at Nauky avenue the observa-
tions are carried out once every three hours, at air
pollution observation posts (which also measure
meteorological parameters) — once every 6 hours.
On the CAWS Kyiv air temperature and relative
humidity are measured using Viasala HUMICAP
HMP 155 sensor, wind speed — using Vaisala
WAAZ252 sensor. This make possible to get the val-
ues of meteorological parameters with the required
frequency.

The analysis of the simulated PET values for
the weather station shows that from 6:00 EEST until
20:00 EEST the values of this Bl at the weather sta-
tion also correspond to the heat stress. Starting at
22:00 EEST, the PET values at the weather station
correspond to comfortable conditions, same as in the
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researched urban area. However, cold stress at the
weather station occurs an hour earlier than in the
researched area, which confirms the well-known
fact that the natural surfaces after the sunset cool
down faster and the air temperature above them de-
creases also, while the artificial ones (asphalt, con-

crete) continue to emit heat (Fig. 4).

The amplitude of the time course of PET values
at the CAWS Kyiv was 21.4°C, at different points of
the researched area it ranged from 19.4° (at point
No. 7) to 37.1°C (at point No. 5, located in the well
courtyard).

60,0 o

50,0

=== point 1
i POINt 2

40,0

g poINt 3
i poINt 4
i point 5

g Point 6

point 7

= CAWS Kyiv

10,0

heat stress
no thermal stress|

cold stress

0,0 +—+ +—+

® 0 & N ® o

< < P
© & 08 8 NS RS

RN

o o o N o
1"»’9 o® A® Sy e®

Fig. 4. Time course of PET values (°C) within the researched area and at the CAWS Kyiv

Conclusions. Thus, the article shows modern
methods and approaches of bioclimatic studies of an
urbanized environment. On the example of an area
located within the Osokorky residential area, Kyiv,
it is shown that the values of the basic meteorologi-
cal parameters (air temperature and humidity, wind
characteristics) and physiologically equivalent tem-
perature differ significantly within the urban spaces,
even across small areas. The amplitudes of PET val-
ue were maximum in the daytime and made 12°-
15°C. The decrease in the amplitude of the air tem-
perature in the researched areas in the evening and
night hours led to a notable decrease in the PET am-
plitude at the selected area — up to 2°-3°C. Analysis
of the simulated PET values for the researched area
confirmed that residents of urban areas face the
most severe heat stress while staying in the open
asphalt-paved areas during the daytime. The dura-
tion of the period with comfortable conditions dur-
ing the day was very short — from 22:00 EEST
through midnight.

Based on the PET values simulated for the re-
searched area and for CAWS Kyiv was found the

significant differences between thermal comfort
conditions within the complex urban spaces and at
the weather station. The PET values at different
times of the day at different points of the researched
area significantly exceeded the value of this Bl for
the weather station (maximum — by 15.7°C) or was
significantly lower (maximum — by 10.6°C). There-
fore, the values of bioclimatic indices simulated
based on the weather station data can not be applied
with any approximation to solve scientific and ap-
plied tasks that require information on the biocli-
mate at particular points in the urbanized environ-
ment. To solve such tasks, it is recommended to ap-
ply modern methods — ENVI-met and RayMan
models.
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SIMULATION OF THE THERMAL COMFORT CONDITIONS OF URBAN AREAS:
A CASE STUDY IN KY1V

Formulation of the problem. Studies of bioclimate of a territory are aimed at determining the favora-
ble and adverse impacts of various climatic factors and their combinations on the human body. Complex ur-
ban morphology has a significant impact on microclimate and, accordingly, on thermal comfort of a person
in such an environment. The height of buildings, street orientation, and distance between buildings alter the
solar energy inlet, affect thermal regime, transform the wind speed and direction at the street level. Studies of
the bioclimatic conditions of urban areas during the warm season are highly relevant as they provide an op-
portunity to evaluate human thermal sensations in the city, as well as the potential effectiveness of adaptation
measures to heat stress (architectural measures and measures based on the use of green areas and water
bodies).

The purpose of the article. The aim of this research is to simulate the bioclimate of an urban environ-
ment to determine the human thermal load in summer months based on modern bioclimatic indices and soft-
ware.

Methods. For the purpose of this study, a part of the territory of the Osokorky residential area of Kyiv
was selected. To get values of the main meteorological parameters of the researched area, a three-
dimensional, prognostic, microscale model ENVI-met was used. ENVI-met pertains to the CFD-models
(computation fluid dynamics model) and is designed for microscales with a horizontal resolution from 0.5 to
10 m and with a time step of 10 seconds as maximum. The PET calculation was performed using the Ray-
Man model.

Results. A clear hot summer day (04 August 2017) was chosen for the simulation. The simulation was
performed from 6:00 EEST on 4 August till 6:00 EEST the next day (output interval — 1 hour). The simula-
tion results show that the values of the main meteorological parameters (air temperature and humidity, wind
characteristics) and physiologically equivalent temperature differ significantly within urban spaces, even
across small areas. The amplitudes of PET value were maximum in the daytime and made 12°-15°C. The
decrease in the amplitude of the air temperature within the researched area in the evening and night hours led
to a notable decrease in the PET amplitude to 2°-3°C. The analysis of the simulated PET values for the re-
searched area confirmed that the residents of the urban areas experience the most intense heat stress while
staying in the open asphalted areas during the daytime. The duration of the period with comfortable condi-
tions during the researched day was very short — from 22:00 EEST through midnight. The range of the daily
course of PET values at different points of the researched area varied from 19.4° (at point No. 7) to 37.1°C
(at point No. 5 located in the well courtyard).

Based on the PET values simulated for the researched area and for CAWS Kyiv was found the signifi-
cant differences between thermal comfort conditions within the complex urban spaces and at the weather
station. Therefore, the values of bioclimatic indices simulated based on the weather station data can not be
applied with any approximation to solve scientific and applied tasks that require information on the biocli-
mate at particular points in the urbanized environment. To solve such tasks, it is recommended to apply mod-
ern methods — ENVI-met and RayMan models.

Scientific novelty and practical significance. For the first time in Ukraine, microclimate and thermal com-
fort conditions within the complex urban environment has been simulated using ENVI-met and RayMan models.
The results of such simulation can be used to choose heat adaptation measures which would help to increase the
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comfort of the urban areas. The simulation of microclimate and thermal comfort conditions of some parts of the
city territory is important stage of design of the buildings, in order to choose the optimal location for buildings and
trees and to create the most comfortable conditions for people.

Keywords: urban area, thermal bioclimate, thermal comfort, physiologically equivalent temperature,
«ENVI-met» model, «<RayMan» model.
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