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Abstract: Overwhelming evidence shows that the harsh climate conditions are affecting urban
residents who are living in severe cold areas of China in winter, particularly affecting the frequency
and length of outdoor space usage of the elderly. This study aims (1) to establish the modified model
which is suitable for the harsh climate region, (2) to verify whether the physiological equivalent
temperature (PET) index can be evaluated for the outdoor thermal comfort of older adults in severe
cold areas of China in winter, (3) to draw the thermal comfort map that is based on the former
conclusions. In this study, the outdoor environments in typical residential areas for the elderly of
Changchun, China, has been investigated by using field measurement, questionnaire survey, and
Computational Fluid Dynamics (CFD) simulation. The results show that the wind direction is the
important aspects of model modification and quite possibly one of the most neglected. In addition,
it is convenient to evaluate outdoor thermal comfort of the elderly on the basis of the PET index and
the neutral PET temperature of elderly people who live in severe cold areas of China in winter is
−0.5 degrees Celsius. According to the thermal comfort map, the park green land of urban residential
is the best area for the elderly.

Keywords: extreme climate; aging; field measurement; CFD simulation; thermal comfort map

1. Introduction

In recent years, with the continuous extending of city space, urban ecological environments
have tended to become worse. Weather-related events, like heat island and air pollution, have an
enormous impact on people’s comfort and health when they are participated in outdoor activities.
Many previous studies have confirmed that microclimate conditions directly affect the number of
pedestrians in open spaces like park, plaza, campus, residential areas, hardscape, and landscape [1–4].
Also, the microclimate condition is closely related with comfortable sensation of human beings [5–8].
The discomfort of thermal environment can affect people’s satisfaction and health, would even cause
diseases like thermoplegia [9–13]. This situation has much worse in cold climate zone. Some references
indicated that the extreme cold weather and mortality are closely related [14]. The research on urban
environment and outdoor thermal comfort in severe cold areas are becoming increasingly important.

Furthermore, with fewer children entering the population and people living longer, the phenomenon
of the world aging getting more and more serious. According to the Global Health and Aging Report
by the WHO in 2011, there are 524 million people over the age of 65 in the world by the end of 2010,
8% of the total population. By 2050, the number of the population is expected to increase to 1.5 billion,
which accounts for 16%. The World report on aging and health, which is published by WHO in 2015,
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reemphasize this point. It is obvious that the aging population continues to increase. This trend is likely
to accelerate over coming decades. As the vast majority of urban open spaces users, the elderly problem
is always concerned. The relevant research could be divided into two-parts. The first one is the relation
between the health of the aged and urban outdoor environments. Takano focuses on the survival rates
of elderly people within five years by investigating 3144 Japanese. He found that the outdoor thermal
comfort and pedestrian area with green space have significantly positive influence on their life [15].
Artmann analyses the data from 126 care facilities in 17 cities of Europe via online survey and the results
show that the elderly of facilities with gardens had recreation and socialization more often than facilities
without gardens [16].

The second one is the thermal comfort of the elderly. The majority of literature on this research
field focuses on the indoor environment and comfort. By using the thermal sensation questionnaire
and indoor steady-state microclimate measurement, Hwang gets a series of data that contain the
comfort of elderly people in the different seasons [17]. Schellen made the thermal comfort comparison
between the young and the old. The result shows that the comfortable temperature of elderly is
higher than young people in indoor environments [18]. The similar results are summarized in Taylor’s
research. Due to the other method that includes air temperature control, experimental and control
groups, Taylor found that the elderly need much more thermal stimulator than young people to drives
them to adjust thermal sensation because their depression of the physiological function [19]. However,
the outdoor thermal comfort of elderly may be often overlooked, especially when they enjoy outdoor
activities in urban open spaces. The main reason might be that the outdoor environment is dynamic,
as Rupp shows in his paper. He reviews the relation between built environment and thermal comfort.
The conclusion drawn is that there are still disputes about the empirical model and evaluation index of
outdoor thermal comfort. Specifically, because the different empirical models are established based
on various climate zones, races, cultural backgrounds, and habits. It made all models difficult to
universality [20]. In terms of index, almost all of them are from indoor steady-state research. Different
theoretical foundations could lead to moderately inaccurate for thermal comfort.

However, more and more scholars gradually pay attention to urban microclimate and outdoor
thermal comfort in recent years, some significant results are presented. As for research methods,
it could be divided into three ways, first one is the combination with field measurement and
questionnaire investigation [21–25]. Second is numerical simulation [26–30] and the third one is a new
method combining the field research and simulation of computer software [31,32]. As for index of
outdoor thermal comfort, they mainly include five aspects as follows, predicted mean vote (PMV) [33],
standard effective temperature (SET) [34], the universal thermal climate index (UTCI) [35], CBE Thermal
Comfort [36] and the physiological equivalent temperature (PET) [37]. As for the regulation strategy, it
includes four main parts. They are urban geometry [4,38–40], green vegetation [31,41–44], river [45–48],
and construction materials [30,49–52]. In terms of the relation between the health of the aged and urban
outdoor environment, there is a lack of research on the effect of outdoor environment on the physically
and mentally healthy of senior citizens under harsh climatic conditions in severe cold regions. As for
the thermal comfort of the aged, the most studies above focus mainly on the relation between indoor
environment and the elderly, ignore the outdoor conditions. In the aspect of outdoor thermal comfort,
few studies pay attention to old people and extremely cold climate. This could cause the existing
research methods, evaluation index, and regulation strategy to not necessarily apply to the elderly and
severe cold areas. That means all these should be adjusted based on climatic conditions. Therefore,
the main issue discusses in this paper is how to analyze outdoor environmental features in urban
residential and evaluate the outdoor thermal comfort of the aged by combining the extremely cold
climate and the elderly people’s characteristics.

This paper aims to establish the modified numerical model which is suitable for the harsh climate
region. In addition, whether the thermal comfort indices can be evaluated for the outdoor thermal
comfort of older adults in severe cold areas of China in winter would be verified. Moreover, based on
the former conclusions, the thermal comfort map would be presented. In this study, the commercial
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software ANSYS Fluent would be selected to be used in the numerical simulation studies. The PET
index would be chosen to evaluate outdoor thermal comfort of the aged.

2. Research Framework

The purpose of this study would be divided into three parts: Part I is the verification of the
numerical model. More specifically, the measured data would be used as verifying methods to detect
whether model settings are correct. After selecting the research site, the outdoor space of residential
areas could be classified variously according to different environmental conditions. Then the portable
weather station has been placed and the meteorological parameters, like air temperature, wind speed,
relative humidity, and solar radiation, can be obtained. Next, the measured data are applied to the
input parameters in the Fluent model and the simulation results can be calculated. By comparison of
the measurement and simulation results, if the results keep conformity, the modified model would
be completed. Otherwise, it should re-evaluate parameter settings of Fluent model and simulate
multiple times until two sets of data remain consistent. Part II is to validate whether the PET index can
be evaluated for the outdoor thermal comfort of the elderly in severe cold areas of China in winter.
On one hand, the measurement data of each test point would be import to RayMan model and PET
value could be calculated by using this model. On the other hand, the thermal sensation vote (TSV)
are counted from questionnaire survey in different outdoor spaces of residential area. By the means
of contrast, study is carried through both PET and TSV. Part III is based on the previous analysis.
The winter outdoor environment of residential areas would be simulated by using modified numerical
model. Moreover, these simulation results are imported into RayMan model and the elderly thermal
comfort map of urban residential areas in severe cold areas would be presented. It is beneficial for
improvement of outdoor environmental quality and the elderly comfort in winter. The framework was
shown in Figure 1.
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3. Methodology

3.1. Research Site

The investigation is conducted at Changchun city(43◦53′N,125◦19′E), where is the capital of Jilin
province (as shown in Figure 2a). The selection of this city has two main reasons. Firstly, Changchun
city is windy dry weather in short spring, warm and rainy in summer. In autumn, it has large difference
with spring in temperature and velocity. In a long winter, it is cold and dry. The annual average air
temperature is 5.65 degrees. The coldest month of the year is January and month average temperature
is −15.1 degrees. It is the typical city in severe cold area of northern China.

Secondly, Changchun city is the population aged one of more serious cities in China. According to
the definition of the World Health Organization and China 6th national population census, the people
of 60 or above account for more than 13.63% of Jilin province population, is the third-highest in the
country. According to official figures, the number of people aged 60 or over already had 1.139 million,
which accounted for 14.8% of the total in 2012. In 2013, this number had increased to 1.228 million,
nearly 16.3% of the population. By 2016, the number of aging make up about 18.1% of the population.
That trend will continue to increase in the foreseeable future.
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Figure 2. (a) The location of Jilin province in China, (b) The research site Tianjia residential in
Changchun city.

By comparing four residential areas that the proportion of older people are all more than 18%,
Tianjia Community (as shown in Figure 2b) has been selected to be research site. The number of people
aged 60 or over make up about 25.9% of the total. Besides, there are varying heights and planning
layouts in community areas (as shown in Table 1).

Table 1. Comparison between four typical elderly residences in Changchun.

Name Tianjia Wutong Wanjia Wansheng

Total floor area (m2) 320,000 92,916 321,351 1,000,000
Covering area (m2) 185,500 25,222 200,848 714,000

Capacity rate 1.73 3.68 1.60 1.40
Greening rate (%) 40 32.64 32.40 30
Total number of

households 2000 544 2131 10,000

Proportion of elderly (%) 25.90 18.40 22.40 21.70

Building height/ types Multi-layer building
and high-rise High-rise Multi-layer

building
Multi-layer building

and high-rise

Architectural layout Row layout and
enclosed building Point building Row layout Enclosed building
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3.2. Filed Measurement and Questionnaire Survey

According to the different environmental conditions, functions, and activities of the aged, seven
typical measure points would be selected. All the points are presented in Figure 3.

Point 1 is a playground, where located in the central north of test site. Besides, the areas are
surrounded by some multi-story buildings. Then the expanded plastic mats on the ground could
prevent the children’s safety. The wood is open in this area in order to care for the child, which could
forbid the children have been occluded with trees. The activities of the aged are childcare and talk
with other elderly people.

Point 2 is a fitness area. It is near the west of the playground. Two multi-story buildings are on
the east side and many high-rise buildings are on the west. There are many pieces of fitness equipment
in this area and the half of ground materials are plastics, others are asphalt concrete. In addition, there
are no trees or greenery in this area. The fitness exercises and conversation are the most common
outdoor activities of elderly people.

Point 3 is park green land, which is located in the south of the fitness area. Unlike the previous two
areas, great open space is here. The distance of surrounding buildings is far enough away. Furthermore,
there are plenty of poplars, bush, grass, and a rest pavilion. Whenever a sunny day, the aged would
like to sit around or walking quickly. Besides, occasionally there would have some elderly people who
practice Tai Chi in this area.

Point 4 is squares 1 and point 6 is squares 2. They are separately located in the west and east of
the central residential area. The main difference between these two areas is that square 1 had open
space with no trees, and some street trees are in the squares 2 areas. The most outdoor activities of
elderly people are gymnastic exercise and jogging.

Point 5 and point 7 are sidewalk 1 and 2. The locations of them are the northeast and southwest of
the central residential area. Similarly, the number of trees and plants in sidewalk 2 is far more than the
number in 1 area. Then, the main activity in this area is brisk daily walk.

The test duration is from 22nd January to 24th January 2018, from 8 am to 6 pm. The test
instrument is continuously used with automatic record system.
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All the test points are shown in Table 2. All the details of instruments for weather measurement
are shown in Table 3.

The results show the month average air temperature is−15.4 degrees Celsius in January. The coldest
day is 24th, the warmest day is 7th (as shown in Figure 4). The month average relative humidity is
58.6% and wind speed is 0.45m/s. Besides, it has twenty-two sunny days, five cloudy days and four
snowy days in January. The dates of field tests are typical days that they are all within the range of
coldest days in winter in severe cold areas of China.
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Table 2. Comparison between seven measuring points.

Measuring Point Location Shade Ground and Tree

1 Playground Partial Plastic ground and some trees
2 Fitness area No shade Partial plastic ground without trees
3 Park green land In the shade Grass from bushes
4 Squares 1 No shade Brick paving and open area
5 Sidewalk 1 Partial Brick paving and some trees
6 Squares 2 Partial Brick paving and some trees
7 Sidewalk 2 In the shade Asphalt concrete pavement with trees

Table 3. Performance parameters of test instruments.

Meteorological
Elements Resolution Range of

Measurement Accuracy Mode

Air temperature 0.1 °C −30 °C—70 °C ±0. 5 °C Automatic
Relative humidity 0.1% 0%-99% ±2% Automatic

Wind velocity 0.1m/s 0.6 m/s-40 m/s ±0.3m/s Automatic
Wind direction 1◦ 0◦–360◦ ±5◦ Automatic
Solar radiation 0.1 W/m2 1–3999 W/m2

±10 W/m2 Manual

Sustainability 2019, 11, x FOR PEER REVIEW 6 of 19 

Table 2. Comparison between seven measuring points. 

Measuring point Location Shade Ground and Tree 
1 Playground Partial Plastic ground and some trees 
2 Fitness area No shade Partial plastic ground without trees 
3 Park green land In the shade Grass from bushes 
4 Squares 1 No shade Brick paving and open area 
5 Sidewalk 1 Partial Brick paving and some trees 
6 Squares 2 Partial Brick paving and some trees 
7 Sidewalk 2 In the shade Asphalt concrete pavement with trees 

Table 3. Performance parameters of test instruments. 

Meteorological Elements Resolution Range of Measurement Accuracy Mode 
Air temperature 0.1 ℃ −30 ℃—70 ℃ ±0. 5 ℃ Automatic 

Relative humidity 0.1% 0%-99% ±2% Automatic 
Wind velocity 0.1m/s 0.6 m/s-40 m/s ±0.3m/s Automatic 
Wind direction 1° 0°–360° ±5° Automatic 
Solar radiation 0.1 W/m2 1–3999 W/m2 ±10 W/m2 Manual 

The results show the month average air temperature is −15.4 degrees Celsius in January. The 
coldest day is 24th, the warmest day is 7th (as shown in Figure 4). The month average relative 
humidity is 58.6% and wind speed is 0.45m/s. Besides, it has twenty-two sunny days, five cloudy 
days and four snowy days in January. The dates of field tests are typical days that they are all within 
the range of coldest days in winter in severe cold areas of China. 

 
Figure 4. Daily air temperature changing trend diagram of Changchun in January. 

In terms of the questionnaire survey, this paper analyzes the respondents' personal information 
and subjective thermal sensation based on a survey among Tianjia residents. It focuses on ten days 
between 20th and 29th January. A total of 450 questionnaires are completed, and only 418 of them 
are valid because they fall outside the age range or lack vital information. This questionnaire can be 
divided into two parts, one is gathering objective information and the other is about subjective votes. 
The votes included thermal sensation, thermal comfort, and thermal acceptability. The sensory scales 
of first two indexes are shown in Table 4, and the scales of thermal acceptation are warmer, constant 
and colder. 

Table 4. Sensory scale (scale 7–9 almost never use in winter). 

 1 2 3 4 5 6 
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In terms of the questionnaire survey, this paper analyzes the respondents’ personal information
and subjective thermal sensation based on a survey among Tianjia residents. It focuses on ten days
between 20th and 29th January. A total of 450 questionnaires are completed, and only 418 of them
are valid because they fall outside the age range or lack vital information. This questionnaire can be
divided into two parts, one is gathering objective information and the other is about subjective votes.
The votes included thermal sensation, thermal comfort, and thermal acceptability. The sensory scales
of first two indexes are shown in Table 4, and the scales of thermal acceptation are warmer, constant
and colder.

Table 4. Sensory scale (scale 7–9 almost never use in winter).

1 2 3 4 5 6

Thermal sensation Extreme cold Very cold Cold Slightly cold Neutral Slightly warm
Thermal comfort Extreme discomfort Very discomfort discomfort Slightly discomfort Neutral Slightly comfort
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3.3. Simulation Research

There have been many papers about the urban microclimate and outdoor thermal comfort research
in recent years. The numerical simulation has become one of the main research methods. As a common
and efficient software, ANSYS Fluent has been selected to be used in this paper.

3.3.1. Parameters Setting

The first one is the boundary setting. How to establish the appropriate dimension of the boundary
is important insuring the accuracy of numerical simulation. Hence, the modeling with multi-scale
dimension of boundary is built. Through many simulation experiments, combined with existing
research results [53–55]. Finally, the specific requirements and proper range of models are summarized.
It is shown in Figure 5.
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There should be 5H (H means the height of buildings) distance kept between the inlet and building.
Similarly, the distance from outflow to the building is 20H, from symmetry to building is 5H and from
top to building is 11H.

The second one is a log wind profile. During the numerical simulation, the correct definition
of mean wind speed of inlet is very important. According to the result of wind tunnel test from AIJ
Japan [56] and the conclusion of Oke’s book, the speed of ground-level horizontal wind had kind of
distribution rule [57]. An empirical formula could be used to calculate the horizontal wind of different
height level,

UZ =
U∗
κ

ln
(

Z− d
Z0

)
. (1)

here U∗ . is friction velocity which means the velocity profile near the boundary, κ. is the Karman
constant and it is approximately equal 0.41, d is the height from the ground, Z0. is the surface
roughness, which is the horizontal mean wind speed near the ground. It is related to the height of
ground roughness. Due to the relevant literature, the roughness length is about one-tenth of the height
of the surface elements. When the underlying surface is snow or gravel, Z0. ranges from 0.001 to 0.005,
grass is from 0.01 to 0.05, crops is from 0.1 to 0.25 [58]. d is the zero-plane displacement that is nearly
equal from 2/3 to 3/4 of building height.

When the horizontal mean wind speed at 1.5 meters U(Z1). is known (data from the field
measurement), the new mean wind speed at the new height U(Z2). could have mathematical
relationship with

U(Z2) = U(Z1)
ln(z2 − d/z0)

ln(z1 − d/z0)
. (2)
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here, U(Z1) is the wind velocity of z1 height. According to the measurement data of 1.5 meters, all the
horizontal velocity of different levels could be calculated with formula 2. In this study, the horizontal
mean wind speed can be divided into 11 different areas by calculation at the inlets. The velocity of
each inlet had a strong relationship with the height on the ground. In order to simplify calculating, the
speed of each area would be set up identically. The details are shown in Figure 5.

The third one is soil temperature. When setting the boundary layer parameters, the soil temperature
generally is neglected, which lead to some deviation from the exact results. Some researchers who
come from agricultural engineering, geography, and meteorology conducts intensive study on this
research field [59]. Some findings show that the soil temperature is associated with air temperature
and soil thickness. A simulation model that can analyze the soil temperature has been established by
Florides, but they find that model is suited for only under two meters deep areas. Since the surfaces are
more complicated, the areas where are near the ground would be unpredictable [60]. In the paper, the
field measurement is tested during the winter, and that means there are ice and snow on the surface in
severe cold areas. As a result, the calculation methods for soil temperature are more complicated [61].
Therefore, based on the empirical method from Rankinen [62], the soil temperature can be calculated
with formula that has considered the snow cover condition.

The fourth one is fluids and solid materials setting. As said in much relative literature, the
property of air changes with different air temperatures. The density, dynamic viscosity, specific heat,
conductivity, and thermal diffusivity of air have been changed. Hence, the property calculator should
be used to calculate air parameter. It could guarantee the accuracy of inputting parameter settings.
In the meanwhile, some new materials include the ground surface and concrete should be calculated
carefully. Depends on various environmental conditions and times, the input parameters are totally
different. This would lead to differences in every simulation.

After all the basic parameters setting are complete, the preliminary input for fluent simulations
are shown in Table 5:

Table 5. The preliminary input parameters for the fluent simulation.

Name Input Parameters

Structured grid total 450,000
Turbulent model standard k-ε model
Radiation model P1

Materials Air, Ground, Concrete
Inlet Inlet 01-Inlet 11

Outflow Pressure-outlet
Side/Ground Symmetry

Solution methods SIMPLE
Spatial discretization Least Squares Cell Based – First Order Upwind

3.3.2. Wind Direction

However, the results between measurement and simulation still have a difference. In order to solve
this problem, the air temperature, relative humidity, wind velocity, wind direction, and solar radiation
would be inspected one by one. Due to these results and related research, wind direction might be the
most critical element. Due to circumstances beyond control, the value of wind direction could change
quickly during the field research. This would strongly affect the results of simulations. This agreed
with the result of the study of Van Hooff and Wise. In Van Hooff’s research, the wind direction
and surrounding buildings layout influence mechanism on the natural ventilation are analyzed in
detail. Then the wind model couples the indoor and outdoor stadiums are used for further simulation.
According to the surrounding or no surrounding buildings, the simulation would be divided into two
conditions. Next, this model with eight different angles of wind direction are simulated, respectively.
Comparing with the data of wind direction in field tests, the difference between two angles is 75% with
no surrounding building. In contrast, the results had increased to 152% when the stadium is in urban
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environments [63]. Like the Van Hooff studies, Wise also uses the RANS model and same boundary
condition settings in his study. Then, he divides original wind direction of inlet within 30 degrees
into seven different angles and simulated these eight cases respectively [64]. Therefore, his research
has higher precision compared with Van Hooff. By contrasting the data between simulation and
measurement, he finds that there exist big differences in studied results with different angles, even
change five degrees.

Therefore, in order to ensure the accuracy of boundary condition settings and simulation results,
the steady RANS standard k-ε model would be used in this paper [65]. Moreover, with other
boundary conditions unchanged, the orientation of the inlet would be changed into eight directions.
The difference between each direction is 45 degrees. These are east, southeast, south, southwest, west,
northwest, north, and northeast, respectively. Furthermore, eight numerical models and meshing
are built (as shown in Figure 6.) which is based on these eight orientations. Next, these numerical
models would be calculated at the same time. By comparing with the observation data at same time,
the accurate wind direction could be determined. Based on this research method, the wind direction of
different times during a typical day in winter in severe cold areas of China would be presented.
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4. Results

4.1. Relation Analysis between Field Measurement and Numerical Simulation

Through field study and questionnaire survey, the typical day, 25th January 2018, should be
identified as the date of numerical simulation. Besides, the results of simulations from eight models in
each period would compare with measurement data. In addition, this paper proposed to divide the
daytime of the 25th into five periods, 8:00–10:00 am, 10:00 am–12:00 pm, 12:00–2:00 pm, 2:00–4:00 pm,
4:00–6:00 pm, respectively. The input data used by these models are all the mean values.

The air temperature and wind velocity comparison between the results of field measurement and
numerical simulation are shown in Figures 7–11.

The analysis result shows that the simulation of each test point is nearly identical to the field
measurement data when the direction of the inlet is southwest, which would mean the prevailing wind
directions from 8 to 10 am is southwest. Similarly, the prevailing wind direction from 10 am to 12 pm
is west, from 12 to 2 pm is northwest, from 2 to 4 pm is west and from 4 to 6 pm is northwest. It also
shows the modified numerical model could be a reliable tool for simulating outdoor environment of
residential areas in severe cold areas of China in winter. Furthermore, it should focus on not only
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the basic parameters setting, like boundary conditions, log wind profile, mesh generation, ground
temperature, and material parameters, but also the impact of wind direction during the process of
model revision. Next, all outdoor environments of residential areas could predict the microclimate
parameters with this modified model at different times. This result can be the partial data basis for the
thermal comfort map.Sustainability 2019, 11, x FOR PEER REVIEW 10 of 19 
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Figure 7. Compare the air temperature and wind velocity in various locations from 8:00 to 10:00 am
(a) Air temperature between measure and simulation (b) Wind velocity between measure and simulation.
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Figure 8. Compare the air temperature and wind velocity in various locations from 10:00 to 12pm (a) Air
temperature between measure and simulation (b) Wind velocity between measure and simulation.
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Figure 9. Compare the air temperature and wind velocity in various locations from 12:00 to 2:00 pm. (a)
Air temperature between measure and simulation (b) Wind velocity between measure and simulation.
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Figure 10. Compare the air temperature and wind velocity in various locations from 2:00 to 4:00 pm. (a)
Air temperature between measure and simulation (b) Wind velocity between measure and simulation.
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Figure 11. Compare the air temperature and wind velocity in various locations from 4:00 to 6:00 pm. (a)
Air temperature between measure and simulation (b) Wind velocity between measure and simulation.

4.2. Thermal Comfort Validation and Analysis

In this study, 418 questionnaires, which including 42% of men and 58%of women, are collected in
all test points. After statistical analysis, the percentage of thermal sensation votes of the aged in seven
locations are created as shown in Figure 12.Sustainability 2019, 11, x FOR PEER REVIEW 12 of 19 
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Figure 12. The percentage of TSV of the aged.
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The above figure shows that the elderly in the squares 2, vote for ‘extreme discomfort’, accounting
for the highest proportion. In contrast, the aged in park green land has the lowest percentage.
In addition, sidewalks 1 and 2 have similar results and the votes of ‘very discomfort’ have a large
proportion. Furthermore, in terms of the neutral sensation, the areas of park green land and playground
have the highest percentage. On the contrary, squares 1, fitness area, and sidewalk 1 have lower ratio
and squares 2 even have no sensation. It is worth noting that the old people who stay in playground
could even feel slight comfort.

Next, based on the microclimate parameters of different areas in the community, the RayMan
1.2 model, which is built under the VDI 3789 PART II and VDI-3787 guidance, would be used to
calculate PET in this study [66].

By comparing the PET and the results of subjective thermal sensation in the aforementioned areas,
it could validate whether the PET index is suitable for evaluating the thermal comfort of the aged in
severe cold areas of China. The TSV of squares would be defined as the average value of squares 1
and 2. So are the sidewalks. The results appear as shown in Figure 13,
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The results showed that the PET had a great regression relationship with the perception of the
elderly. There are clear correlations between PET and thermal sensation of the elderly during the winter
in severe cold areas of China. In other words, the results of numerical modeling and questionnaire
survey could have verified each other. Moreover, in order to make sure the range of thermal comfort in
Changchun, a similar approach to Lin’s would be used [67]. The mean (thermal sensation votes) TSV
could be calculated for each 1 degree PET interval. For instance, if the value of mean thermal sensation
of elderly is close to −16 degrees to −17 degrees PET is −2.1, it means the mean TSV is equal to −2.1 for
a PET of −16.5 degrees. Based on this method, the relation between all the thermal sensation votes of
older people in this study and PET could be calculated, as shown in Figure 14,
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The regression equation for MTSV and PET is

MTSV = 0.231 × PET + 0.126 (R2 = 0.838, p < 0.001) (3)

Compared with other studies, the neutral PET temperature of the elderly during the winter in
Changchun is significantly lower than those people in different climatic zones. This is mainly because
the aged who living in severe cold areas for a long time had a strong sense of thermal adaptation.
As Richard concludes, living experience of a place is a multivariate phenomenon that has a complicated
relationship with person’s objectives and expectations. Hence, he believes the thermal adaptation
should be categorized into three parts, behavioral, physiological, and psychological feedback [68].
In this study, the elderly put more on clothes and make the move when they decide to participate
in outdoor activities. According to the increasing metabolic rate and heat resistance of clothing, the
neutral PET temperature of elderly in Changchun can stay at a comparatively low temperature.

4.3. Thermal Comfort Map

Therefore, based on the above analysis, the index of PET could well weigh the degree of elderly
thermal comfort during the winter in Changchun. Besides, there is almost no direct and diffuse solar
radiation during the 8–10 am and 4–6 pm. In other words, most community areas are uncomfortable
before 10 am and after 4 pm. Hence, according to the previous studies, the thermal comfort map would
be drawn between 10 am–4 pm as shown in Figure 15.

Based on the above analysis and conclusions, the neutral PET temperature of elderly is −0.5 degrees
Celsius. Hence, any areas of residential outdoor environment at the temperature below this is uncomfortable.
In addition, the range of PET temperature and the average of that in these figures have both had a significant
drop. Moreover, most areas gradually became uncomfortable except for fitness after 2 pm. Furthermore, all
the areas like squares, park green land, fitness area, playground, and sidewalk have different comfortable
periods of aged people. The park green land and playground have a longer duration, from 10 am to 2 pm.
Next, the comfortable period of open squares is only between 12 to 2 pm because the mean wind speed
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is faster from 10 to 12 pm. The cold wind would cause extremely uncomfortable and further influenced
the PET index and subjective thermal sensation of the elderly. Then, the areas of sidewalks are always
uncomfortable during the typical day, and especially after 4 pm. More interestingly, in terms of fitness area,
the comfortable periods are 10 to 12 pm and 2 to 4 pm, respectively. The reason was that the elderly who
live in the severe cold areas of China had siesta habit. This could cause the evaluation of these areas are not
high between 12 am to 2 pm, although the index of PET values is not bad.
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5. Conclusions

The conclusions are the following several aspects:
Firstly, in order to evaluate how the different values of wind direction could affect the simulation

result. There are 8 models, which have the same basic parameters settings and different wind directions,
would be simulated separately in the same time and day, whereby each different angle value is
45 degrees in this paper. By comparing these simulation results, the model with accurate wind direction
can fit for measured data in a certain period of time during the typical day in winter. Moreover, this
method is valuable to determine the exact model parameters setting, which could more accurately
forecast the microclimate in severe cold areas of China. Furthermore, based on this modified model,
meteorological parameters could be calculated more easily.

Secondly, in terms of the outdoor thermal comfort, the verification conclusion is that PET had
a great regression relation with perception of elderly. Moreover, the neutral PET temperature of the
elderly is −0.5 degrees Celsius during the winter in Changchun. Comparing with other climatic zones,
severe cold areas have great differences [69,70]. It demonstrates that the thermal expectation and
thermal experience have an important effect on the thermal comfort of the aged in Changchun.

Thirdly, due to the numerical modeling and thermal comfort map, the park green land and
playground have a better thermal comfort sensation that is between 10 am to 2 pm. In addition, the
comfortable feeling of fitness area is contradictory, which is from 10 am to 12 pm and from 2 pm to
4 pm. In contrast, the open squares and sidewalk of community areas are uncomfortable during all the
typical day. This would cause the walking and other outdoor activities of the elderly to happen in
the park green land areas. This result will provide an important value for urban design and urban
planning in severe cold areas of China.

In order to improve the outdoor thermal comfort of the elderly, some suggestions for residential
planning and environmental design would be concluded as follows:

1. The most significant method is increasing the area of green land as much as possible in residential
planning. Then combined with the mean angle of the sun and prevailing wind direction in the
winter season, the semi-open structure, like a small pavilion or outdoor porch would be set up.
It not only can mitigate the discomfort of the elderly due to blocking off the cold wind and absorbs
solar radiation but also would be more convenient for the elderly people to make decision to do
some outdoor activities. However, it is worth noting that this area has discomfort feeling before
10 am and after 4 pm during the typical day in winter. Therefore, it should indicate the detailed
information about this in a clear place and give some advice to elderly people.
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2. According to the research results, the values of neutral PET temperature in the playground are no
higher than those in the fitness area, but the subjective thermal sensation in playground areas
has significantly higher levels. The main reason is the thermal adaptation. Compare with doing
exercise or walking alone, it seems apparent that taking physical exercise, chatting with others,
and looking after the kids at the same time have more interest for the elderly people. Hence, the
areas of playgrounds and fitness should be increased in environmental design, particularly for
playgrounds. Furthermore, some more outdoor fitness equipment should be installed on the
basis of the reasonable trip distance for the aged, which could increase the thermal comfort of the
elderly people in winter in severe cold areas of China.

3. Comparison with the sidewalk in urban residential, open squares is more popular among old
people. In addition, the open squares 1 without trees have higher value of PET index than open
squares 2 with street trees by comparison of them. This illustrates that solar radiation has a
larger effect on the thermal comfort of elderly people than wind speed. Moreover, based on the
thermal comfort map, it is shown that the surrounding building of open squares 1 are east-west
orientation. The prevailing wind direction is west from 10 am to 12 pm and is northwest from 12
to 2 pm. It is noticeable, however, that the PET temperature is higher in the former timespan than
later. It thus can be said that the surrounding building direction of open squares should avoid
being parallel with the prevailing winds of winter in severe cold areas of China.

4. In terms of the sidewalk, the use frequency of this area is low no matter whether it is tree-shaded,
or any position of the urban residential areas. The thermal acceptation of the aged might be
probably the main reason, which caused this to be uncomfortable in winter. Park green land,
by contrast, has become the main site of brisk daily walk and other physical exercises. Many
older people who lived in severe cold areas of China believed that the function of sidewalks
is only for entry and exit routes, and do not have any other usage. Therefore, satisfying the
basic function of the access, to reduce unnecessary path in residential planning is a great way to
mitigate discomfort of the senior citizens in severe cold areas of China.
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