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Abstract: In this document, the thermal effect of a heat island upon an urban area and its surrounding
low-rise buildings is analyzed with the building thermal simulation program EnergyPlus and its
EnergyPlus weather files (EPW). By using a top-down approach, a simplified numerical model is
developed, which is used to simulate the urban heat island effect, and that deals with the performance
of various cooling methods according to the physical, urban, and climatic characteristics of the
urban site. The calculated results of outdoor air temperature considering the heat island effect
achieve good agreement with the already-published results. Then, different methods of shading and
cooling, varying physical values such as urban thermal transmittance, and urban thermal absorption
are applied in order to find the most influencing feature upon the indoor temperature drop into
a simulation loop. With this, it is found that a maximum average decrease of indoor temperature
of 5.1 °C can be achieved. Furthermore, carrying out a sensitivity analysis, it is found that the
albedo of both building surface and urban layout is the most influencing parameter onto the indoor
thermal comfort. With this, it is expected to have a reliable model that helps to understand the urban
heat island effect in a simple and cheap manner and in terms of the indoor thermal comfort of its
surrounding buildings.

Keywords: urban heat island; EPW files; simplified numerical model; indoor thermal comfort;
low-rise buildings

1. Introduction

The so-called urban heat island (UHI) is a phenomenon that grows every day in amount and
intensity. This phenomenon comprises the increase of the local air temperature, the indirect solar
radiation, and other physical characteristics that imply thermal discomfort upon the inhabitants.
Consequences of the UHI are transferred onto the surrounding buildings, which are affected in
their indoor environment, generally by an increase in indoor temperature: Use of cooling methods
such as fans and air-conditioning (AC) systems are therefore required to maintain acceptable living
conditions [1].

The phenomenon of UHI onto a metropolitan area consists in “more released anthropogenic heat,
a higher blockage effect against urban ventilation, a higher absorption of solar radiation due to the
implementation of artificial materials, and eventually a reduced long-wave emission to sky due to the
blockage effect of buildings” [2]. Furthermore, authors have found that the UHI effect, by increasing
the indoor air temperature and sometimes the relative humidity of the immediate buildings, produces
a growth of indirect CO, emissions [3].

According to the literature, the first cause of the temperature increase is the modification of
land surfaces, followed by waste heat from a certain activity. The main heat flows of the UHI can be

Urban Sci. 2020, 4, 30; doi:10.3390/urbansci4020030 www.mdpi.com/journal/urbansci


http://www.mdpi.com/journal/urbansci
http://www.mdpi.com
http://dx.doi.org/10.3390/urbansci4020030
http://www.mdpi.com/journal/urbansci
https://www.mdpi.com/2413-8851/4/2/30?type=check_update&version=2

Urban Sci. 2020, 4, 30 20f18

seen in Figure 1. For each of these heat flows, various solutions have been proposed such as green
infrastructure, reflective materials, and urban natural ventilation, among other approaches [4-11].

convective heat
transfer

transmitance

reflectivity

Figure 1. Main heat flows (white font) and parameter that influence the heat flows (orange font) of an
urban heat island.

In this sense, weather research and forecasting (WRF) and other weather data interfaces have been
used to simulate UHI in previous documents on different parts of the world [12-15]. Furthermore,
there are plug-ins such as Ladybug and Honeybee, which help to connect weather files and building
simulation programs such as Radiance, Daysim, and OpenStudio with graphic tools such as Rhino and
Grasshopper to simulate the thermal comfort at urban scale [16]. Also, there are programs that are
capable of simulating the urban microclimate and thermal performance in a straightforward manner,
such as ENVI-Met and Modelica [17].

Nevertheless, there is not, to the best of our knowledge, an integrated approach that analyses
the urban thermal performance and the indoor thermal performance of the surrounding buildings
with a free-license tool such as EnergyPlus [18] and a commercial software such as Microsoft Excel,
for both weather files and simulation modeling, which is useful for analyzing the UHI effect in a fast
and affordable manner. Moreover, this article carries out an assessment of the AC consumption of the
buildings located where the UHI is taking place considering a low-rise buildings arrangement.

Therefore, in this document, a combination of weather files with a building energy model (BEM)
is applied in order to estimate, in a simple manner, reliable consumptions of AC upon buildings and
carry out an assessment of the different strategies of reduction of the UHI effect.

This document has the purpose of assessing the different techniques of shading and others that
reduce the air temperature and the direct solar radiation, mainly through a numerical model that
calculates the physical characteristics of the UHI. The first input data (global solar radiation, dew point,
temperature of sky, and air temperature) are estimated with the EnergyPlus weather files (EPW) of the
building thermal simulation program EnergyPlus [18]. Then, the numerical model determines the



Urban Sci. 2020, 4, 30 30f18

second input data (outdoor temperature and relative humidity) considering the UHI effect. These data
are used in the BEM, i.e., EnergyPlus, to calculate the indoor temperature and relative humidity and
the thermal comfort by using the predicted mean vote (PMV) index. Finally, the daily cooling demand
is estimated. The main workflow of the model, considered as a top-down approach, can be seen in
Figure 2.
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Figure 2. Top-down calculation method of indoor thermal comfort considering an urban heat island by
using a simplified numerical model.

In Figure 2, one can see that when the assessed thermal comfort is not reached, the input data on
the simplified numerical model are adjusted. This can be carried out upon a calculation loop until
thermal comfort is achieved. Furthermore, the input data that are changed within the simplified model
are thermal values onto the urban layout, i.e., thermal absorption, thermal transmittance, and the
urban convective heat flow. Thereby, in order to assess the different approaches of UHI mitigation,
the numerical model is applied in order to generate the new input data (outdoor temperature and
outdoor relative humidity) to the BEM and thus calculating the new indoor temperature and indoor
relative humidity of the surrounding buildings.

2. Methodology

2.1. Weather Files

The EPW files of EnergyPlus dispatch atmospheric features such as cloudiness, solar radiation,
wind speed, wind direction, atmospheric pressure, relative humidity, and outdoor temperature of a
determined location. Several documents have studied their reliability, finding a proper performance
for building simulation [19-24], even calibrating their accuracy onto a UHI context [25,26].

In this document, some of these data are taken as input in an hourly manner upon a simplified
numerical model developed hereby to calculate an input dataset that is used in EnergyPlus,
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thus calculating the hourly indoor thermal comfort conditions of the surrounding buildings. The EPW
files are considered as the typical meteorological year (TMY) of the analyzed site [19]. It is important
to mention that the TMY manages averaged values of the different climate characteristics within a
certain period of years. Before, during, and after this period, lower or higher values can be present
in the site due to various factors such as atypical weather behavior. As an example, the EPW files of
Mexico City, imported to Microsoft Excel can be seen in Figure 3 (outdoor air temperature), Figure 4
(relative humidity), and Figure 5 (global solar radiation).
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Figure 3. Hourly outdoor air temperature and average outdoor temperature of the typical meteorological
year (TMY) of Mexico City based on its EnergyPlus weather (EPW) files.
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Figure 4. Hourly relative humidity and average relative humidity of the TMY of Mexico City based on
its EPW files.
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Figure 5. Hourly global solar irradiance of the TMY of Mexico City based on its EPW files.

2.2. Simplified Numerical Model

With the heat flows onto the UHI, a simplified numerical model is developed to calculate the
outdoor temperature and the relative humidity considering the UHI effect and after using the methods
of shading, reflecting surfaces, and ventilation proposed in literature.

The temperature of the outdoor air, or temperature sol-air, is used as a boundary condition in the
part ‘outdoor temperature’ in the EnergyPlus idf editor to estimate the hourly indoor temperature of
the building thermal zone. This temperature, including the UHI effect, is calculated as follows:

Tsot—air = To + OCICh—OAer + Tunw (1)
where T, is the outdoor air temperature [°C], a is the thermal absorption [dimensionless]; I¢ is the
incident solar radiation [W/m?]; AQir is the additional infrared radiation due to the difference between
the outdoor temperature and the temperature of the apparent sky [W/m?]; h, is the coefficient of heat
transfer by radiation and convection of the urban morphology [W/m2K]; and Ty is the outdoor
temperature due to the urban heat wastes [°C]. Ty is hourly calculated as follows:

WH-3600 sec
Tupw = ——— 2
UHW oV-Cp )

where WH is the heat from motor traffic, mainly [W], p is the air density [kg/m?], V is the volume of
the space where the motor traffic stands [m3], and Cp is the specific heat of the air [k]/kgK]. In addition,
the incident radiation and the additional infrared radiation are calculated as the following:

IC = IG-T (3)

AQjy = Pr'hr'AToutdoor—sky 4

where I; is the global solar radiation [W/m?2]; 7 is the thermal transmittance of the urban site
[dimensionless]; F; is the form factor between the element and the sky [dimensionless]; ki, is the external
radiative heat transfer coefficient of the urban surface [W/m2K]; and AToutdoor-sky is the difference
between the outside dry-bulb air temperature and the sky mean radiant temperature [K].
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Thereby, the temperature sol-air is calculated based on the outdoor characteristics of radiation, infrared
radiation, convection and radiation heat flow, and the optical characteristics of the place (transmittance,
absorption). The solar radiation, the infrared radiation, and the outdoor temperature are estimated
with the EPW files, while its other parameters are the factors to vary in order to counter the UHI effect.
The external radiative heat transfer coefficient, hr, is set at 5.34 W/m?2K, in accordance with [27].

Furthermore, the relative humidity, ¢ [%], is calculated as follows [28]:

Po

where Pv and Pus are estimated as the following:

17.7-Td

17.27-T,
Pous = 6.11- —_— 7
vs = 6ol o373 @

where P is the actual vapor density [g/m>]; Pos is the saturation vapor density [g/m>]; and T} is the
temperature of dew point [°C].

From Equations (5) to (7) it is seen that the relative humidity only depends on the calculated
outdoor temperature and the dew point of the place. In this document, these parameters are taken
from the EPW files of the respective location.

Thereby, with Equations (1) to (7), the temperature sol-air and the relative humidity can be
controlled by three main urban variables: Urban transmittance, urban absorption, and urban heat
transfer coefficient by radiation and convection. For the three factors, one respective solution is hereby
proposed as follows:

e  For low absorption («), green and/or reflective surfaces.

e For low incident solar radiation (I), low transmittance, shading vegetation, and/or urban
shading methods.

e  For high coefficient of radiation and convection heat transfer (h0), urban canyons and/or urban
natural ventilation.

It is worth to mention that in this document, there is a distinction between ‘shading vegetation’
and ‘green surfaces’. The first term comprises mainly trees that make a shade upon buildings, ground
etc., whereas the second term refers to vegetation that do not make any kind of visible shade upon the
urban area but decreases both the absorption and the emittance of the surfaces.

Thereby, the calculation method is presented in this document as hourly output data of the relative
humidity and air temperature. Hence, these output data are set as input data in EnergyPlus thus,
calculating the indoor air temperature and indoor relative humidity, where the building is considered as
a single thermal zone. As a comparison, other programs such as urban weather generator (UWG) [28]
consider different asymmetric urban morphologies of the city (urban canyons, building construction,
etc.) whereas in this document, the environment is calculated only for a uniform and symmetric urban
morphology (Fr = 0.1). Another difference between UWG or ENVI-Met and the numerical model
developed hereby relies on the simplified link between EnergyPlus using the EPW files in Microsoft
Excel only, while ENVI-Met and UWG are combined with parametric simulation modules such as
Rhinoceros 3D and using additional coding programs such as MatLab [29,30].

2.3. Outdoor Conditions

The first step of the calculation is getting the outdoor conditions from the EPW model, where UHI
effect is considered, therefore these data are set as the first outdoor conditions of the calculation method.
Mexico City is taken as case study due to its vulnerability for the UHI effect, finding a temperature
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difference between a rural and an urban area of 10 °C in 2010, including a temperature difference
during nighttime [31]. Moreover, this city is considered because of the potential that it has to apply
the proposed approaches presented here (vegetation, mainly) due to its conditions of high humidity
and rainfall.

Another reason to choose Mexico City relies on the fact that it can be considered to hav a low-rise
building layout, as it can be seen in Figure 6. For this kind of urban morphology, the UHI effect is more
noticeable during daytime, rather than other layouts such as high-rise buildings, where the UHI effect
can be noticed during nighttime, mainly [32,33]. In this sense, it is important to mention that although
the urban heat waste is considered in the model as well, the direct solar radiation has a high influence
on the UHI effect. Therefore, this effect is more noticeable during daytime. Nonetheless, in the BEM,
the heat storage in the buildings is considered, mainly in the absorbed heat by the envelope during the
day, causing thermal discomfort towards the building occupants.

Figure 6. General overview of the Mexico City urban layout (source: gettyimages.com).

2.4. Comparison of the Numerical Model with Other Similar Models

The simplified numerical model developed here is compared to other two similar models, i.e.,
ENVI-met 3.1 and UWG 4.1. It is worth to mention that for ENVI-met 3.1 was obtained as a freeware
program from https://envi-met.software.informer.com/3.1/ (retrieved on 2 March 2020) while UWG 4.1
was obtained from https://urbanmicroclimate.scripts.mit.edu/uwg.php (retrieved on 2 March 2020).

As an example period, a warm month is considered, i.e., May. Mexico City, Barcelona, and New
Delhi were chosen since they have similar urban layouts, i.e., low-rise buildings, thus they are expected
to have higher UHI effects during daytime.

In the case of the model developed here, Equations (1)-(7) were used. In the case of UWG 4.1
the weather data were created from the nearby station. Then, a .xIsm file was created according to
the morphological characteristics of the site; finally, the files were run in the code of MatLab given by
UWG and the EPW files considering the UHI were generated.

In the case of ENVI-met, the freeware version was run for an entire year calculating the hourly
values of temperature sol-air and relative humidity with the same urban physical characteristics and
urban morphology and geometry than the other two models. The input data were horizontal wind
speed, air temperature, and relative humidity, using the open lateral boundary conditions approach.
Furthermore, although a whole year was calculated, for comparison purposes, only the month of May
was considered in this document.
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For estimating the hourly sol-air temperature considering the UHI effect, the outdoor conditions
for Mexico City, Barcelona, and New Delhi for the three models were taken from the EPW files of the
weather stations of their respective international airports; this is considering that the climate data of
these stations are still under rural conditions. Furthermore, the physical urban conditions for the three
cases are as follows: One building with a general absorption of 0.7, a general transmittance of 0.9, and
a convective and radiation coefficient for urban areas of 45.7 W/m?K [34]. The additional infrared
radiation due to the difference between the outdoor temperature and the temperature of the apparent
sky is calculated with a form factor, Fr, between the surface element and the sky. For instance, if Fr is
0.5, it means that the urban surface is completely vertical, whereas if Fr is 1.0, it means that the urban
surface is completely horizontal. In this case, an Fr of 0.75 is set, considering that the layout of the
surfaces of the urban area is half vertical and half horizontal, i.e., the solar radiation is received with a
horizontal surface equal to the vertical surface.

The general layout of the geometry can be seen in Figure 7. In addition, in Figure 7, the boundary
conditions used for the three models are shown. Furthermore, in Figure 8 the simulation made by
ENVI-Met for the same case study is also displayed.

UHI layer

Absportion
Transmittance
Convective heat transfer
Temperature due to urban heat waste Global solar radiation
Outdoor temperature
building building Sky temperature
Temperature of dew point

Temperature sol-air

Relative humidity
Airport weather station

street

Figure 7. Geometry and boundary conditions of the urban layout for the comparison analysis.
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Figure 8. Geometry and boundary conditions (red square) of the urban layout using ENVI-Met.
For this numerical model, the Ty is estimated considering a waste heat of a single car of 100 W
(average engine efficiency of 0.3), a volume of the space of 1500 m? (in accordance with the urban

geometry), an air density of 1.2 kg/m3, and a specific heat of the air of 1.012 kJ/kgK. Therefore, the Ty
is calculated at 1.18 °C.
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Thereby, Figures 9-11 show the hourly values of the sol-air temperature calculated by this
numerical model and compared to results shown by ENVI-Met and UWG for Mexico City, Barcelona,
and New Delhi, respectively.

As it can be seen in Figures 9-11, the three models agree with the results, showing that ENVI-Met
and UWG achieve higher values. This can be explained considering the high influence of the
anthropogenic heat generated by the regular activities of the city and that these models calculate in
a deeper manner than the numerical model developed here. Nevertheless, it can be concluded that
the numerical model developed here is considered as valid, since its results are in the same order of
magnitude for the three cities compared with the already-published models.
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Figure 9. Hourly outdoor temperatures for May on Mexico City comparing the numerical model
developed here, urban weather generator (UWG), and ENVI-Met.
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Figure 11. Hourly outdoor temperatures for May on New Delhi comparing the numerical model
developed here, UWG, and ENVI-Met.

2.5. Validation of the Results for Mexico City

Regarding the validation of the results compared to data presented by [35-37] for Mexico City,
it is noticed that the maximum temperature difference for the four documents, both for daytime
and nighttime, is on the same order of magnitude as it is shown in Table 1. It is important to state
that the parameters used in this document are based on the physical parameter of the urban layout
(transmittance, absorption, and convective coefficient). In the three mentioned studies, the estimations
were carried out with other parameters proper of the meteorological stations such as relative humidity
and diffuse radiation. Nevertheless, taking account of the simplicity of the model, the results are
considered as valid and useful for estimating the influence of the solutions for countering the UHI effect.

Table 1. Comparison of maximum difference of temperature with and without heatisland of four studies.

Document Maximum Temperature Maximum Temperature
Difference—Daytime [°C] Difference—Nighttime [°C]
Jauregui 8.7 7.8
Ballinas et al. 10.0 6.0
Barradas et al. 10.5 N/A
This document 10.3 7.3

2.6. Thermal Indoor Conditions

Using an already-published simulation model of a single dwelling located in Mexico City and
with its proper characteristics of construction and occupant behavior, simulations by using EnergyPlus
are run to estimate the hourly indoor air temperature and indoor relative humidity, mainly [38].
The general characteristics of construction are 100 m? of built area, 2.5 m of height, brick walls, concrete
roof, 6 mm glazing windows and wooden doors. The occupancy characteristics are set as four users,
a home schedule, and 1000 W of internal heat gains.

It is important to mention that the outdoor conditions with the UHI effect have influence on the
BEM not only as outdoor boundary conditions, but also as other such as the absorbed heat by the
building envelope that increases the indoor temperature, especially during nighttime.

Thereby, in the thermal simulation program, the function SizingPeriod:DesignDay is used with the
data of sol-air temperature and relative humidity considering the UHI effect as input. A screenshot of
the function in the idf Editor of EnergyPlus can be seen in Figure 12. It is worthy to mention that the
idf Editor is where the input data of the model are set therefore it is in here where the temperature
sol-air is set as a boundary condition.
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Figure 12. Function of EnergyPlus to overwrite the daily outdoor conditions considering the urban
heat island (UHI) effect and its variations.

Thereby, Figure 13 shows the results of the simulation for the year. In addition, an indoor
temperature of comfort of 25 °C is set.
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Figure 13. Annual indoor temperatures considering the UHI effect.
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In Figure 13, one can see that during the year, only in the winter season is the indoor temperature
below the temperature of comfort. Thereby, if an already-published tool to calculate the annual cooling
demand on the building is applied [39], considering the use of a high-efficient air-conditioning unit
(EER of 8.5) the energy consumption is estimated at 2.53 MWh, which in terms of money, means 228
USD, taking the current rate of electricity for Mexico City [39]. In terms of thermal discomfort hours,
considering a metabolic rate of the occupants of 1 met, clothing at 0.6, and a constant wind speed of
1 m/s, and using the predicted mean vote (PMV) suitable for Mexico [40], these ones are calculated at
3880 (44.3% of the year).

3. Results and Analysis

3.1. UHI Mitigation Approaches

In order to counter the effects of urban island upon the buildings, three different approaches are
proposed. All the proposals are in concordance to the solutions given by different authors. The first
one consists in placing reflective materials in the street as well as in the building surfaces. These
reflective materials can be porous materials, green surfaces, or low-absorption materials. Therefore,
if the general absorption is decreased at 0.35 considering a white-painted building and green surfaces
at its surroundings [9], Figure 14 can be displayed.

il .Mln ||\||J|u||| .|I\|”JI||I‘ Sl
Tl ‘ "

Temperature (°C)

——Zone Mean Air Temperature [C](Hourly) =—=Temperature of comfort

Figure 14. Annual indoor temperatures considering an urban absorption of 0.35.

From Figure 14 one can notice that in some days of fall season the indoors conditions can reach
thermal comfort. In this case, the annual cooling demand on the building is estimated at 1.80 MWh, with
an expenditure of 104.5 USD at year. Also, for this case, it is estimated that 785 h are in discomfort (8.9%
of the year). This low figure is explained with the fact that the occupants are able to wear less clothing
therefore the thermal comfort is achieved better even if the indoor temperature is considered as high.

As a second approach, it is stated that the placement of shading vegetation blocks the solar
radiation. With this, it is expected to decrease the value of solar transmittance onto the modeled
building. If the general transmittance is decreased at 0.40, as it was found by [41] with zelkova serrata
trees, results are shown in Figure 15. It is important to mention that the height of this vegetation is
considered as sufficient to cover the low-rise building analyzed in this document.
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Figure 15. Annual indoor temperatures considering an urban transmittance of 0.40.

For this case, it is noticed that the general indoor temperature is increased during almost all the year.
The annual cooling demand on the building is estimated at 2.21 MWHh, with an annual expenditure of
167 USD. Regarding the hours of discomfort, these are calculated at 3053 h (34.8% of the year).

The third approach of cooling is the increase of the urban convection and radiation coefficient
through an urban canyon, which means an increase of this coefficient up to 52.80 W/m?K [42].
This approach is seen as the most difficult to implement, because of the deep reforms that have to be
carried out upon the urban layout, placing medium- and high-rise buildings in a continuing manner
on both sides of the street. Figure 16 shows the results of the indoor thermal conditions.

. e i) R L e
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Figure 16. Annual indoor temperatures considering an urban convective coefficient of 52.80 W/m?K.

In Figure 16, it is found that almost all year long, the indoor temperatures are above the temperature
of comfort. Thereby, the annual cooling demand on the building is estimated at 2.34 MWh, with an
expenditure of 190 USD at year. Regarding the hours of discomfort, these are calculated at 3743 h
(42.7% of the year).

Finally, when the three approaches are considered together (cf. Table 2), the simplified model
calculates the results shown in Figure 17.
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Table 2. Parameters of calculation to decrease the UHI effect.

Parameter Original Value Mitigation Value
Absorption [dimensionless] 0.7 0.35
Transmittance [dimensionless] 0.9 0.40
Convective coefficient [W/m?K] 457 52.8

.||.._||||IU|II|I\|IMW|I..‘..mlll |.||MW|WM 9 .|u||l|l[||l|.|\|\|lw..ullll.‘,l....‘.. |I|||]|IWW N
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Figure 17. Annual indoor temperatures considering three urban approaches to decrease the UHI effect.

When the approaches of reducing the urban absorption and transmittance are combined, and with
the increase of the convective heat transfer coefficient, an average indoor temperature decrease of 5.1 K
is calculated. Also, a cooling demand for the year is estimated at 1.59 MWh. In this case, only 63 h of
thermal discomfort were calculated, representing 0.72% of the year.

In Figures 14-17, it is clearly seen that reflective materials have a more influence upon the indoor
air temperature. This can be explained with the fact that the surfaces covered by reflected materials
are not only placed at the urban area, but also in the building envelope, where the roof is an important
element. On the other hand, the transmittance drop only has an influence upon the windows and other
transparent surfaces, while an urban canyon arrangement does not remove a great amount of excess heat.

In economic terms, it is found that an average annual saving of 69 USD is estimated if the three
urban approaches are applied onto Mexico City for a single building. Therefore, if it is considered that
the metropolitan area of Mexico City had approximately 6.3 million dwellings in 2015 [43], without
counting non-residential buildings, the initial investment on these three approaches applied on the
urban scenario seems a feasible and reliable solution to the thermal discomfort upon the approximately
25 million inhabitants caused by the UHL

Furthermore, the hours of discomfort were calculated using the PMV index and setting conditions
of the building occupants as closest to reality as possible. In this sense, a usage of clothing equal to
0.6 clo was set in order to simulate the use of light clothing among the users especially when the indoor
temperature is above the temperature of comfort.

3.2. Sensitivity Analysis

If a sensitivity analysis is carried out, Figure 18 can be displayed. The daily cooling demand is
estimated for Mexico City at May 18th upon the modeled building used for the prior cases. When the
value of the thermal absorption is varied, a transmittance of 0.9 and a convective heat transfer coefficient
of 45.7 W/m2K are considered. When the value of thermal transmittance changes, an absorption of 0.7
and a convective heat transfer coefficient of 45.7 W/m?K are set up. When the convective coefficient is
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varied, transmittance and absorption are 0.9 and 0.7, respectively. In the case of the variation of the
convective and radiative coefficient, 52.8 W/m2K is considered as 0, and 45.7 W/m2K is considered as 1.
This is in accordance of the fact that the higher is the value of the coefficient, the more potential of
cooling is applied.

15.00

-
-——-—

10.00

-
- - -

5.00 -

0.00

Cooling demand (kWh)

-5.00

-10.00
Value

Absorbance === Transmittance = = == Convective coefficient

Figure 18. Sensitivity analysis of cooling demand varying thermal absorption, thermal transmittance,
and convective heat transfer coefficient.

In accordance with the results shown in Figures 14-17, Figure 18 shows that the albedo (absorption)
has a higher influence than the thermal transmittance and natural ventilation onto the indoor thermal
comfort of the modeled building. Moreover, an absorption lower than 0.25 could entail an overcooling.

4. Conclusions

A simplified numerical model along with EPW files and EnergyPlus is used to calculate the thermal
comfort and cooling demand within a building taking account of the UHI effect. With the numerical
model developed here, a second outdoor air temperature is calculated considering the physical
parameters proper of an urban area (absorption, transmittance, and convective and radiation heat).
This new outdoor temperature is set as a direct input in EnergyPlus (a free-license thermal simulation
program) with a commercial software (Microsoft Excel) where the hourly indoor temperature, hourly
relative humidity, hourly PMV index, and annual cooling demand of a building are calculated.

The numerical model was compared with other models, i.e., UNG and ENVI-Met, and using
three different cities located at three different continents, i.e., Mexico City, Barcelona, and New Delhi,
finding good agreement with them in terms of outdoor temperature taking account of the UHI effect.

Thereby, for Mexico City, it is found that the effect of high albedo of the materials placed both at the
urban layout and the buildings has more influence than the effect of thermal transmittance presented
here as trees and urban natural ventilation through urban canyons. Nonetheless, a combination of the
three approaches even further reduces the effect of UHI being reflected at thermal comfort and zero
cooling demand for this day in specific, and with a considerable energy demand reduction if all year
is considered. In this sense, it is highly recommended to apply at least two approaches in order to
achieve indoor thermal comfort of the surrounding buildings.
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Therefore, the placement of reflective materials in the streets and the buildings is highly

recommended, as well as leafy trees, vegetation, and other shading methods that will help to achieve
indoor thermal comfort while saving energy for not using AC systems. The use of urban canyons and
other type of urban natural ventilation is recommended as well.

As a final comment, it is important to establish the limitations of the numerical model developed

here compared to already-existing urban building energy modeling (UBEM) such as ENVI-met and
UWG. Nonetheless, it is considered that this model would help to understand in an easier, faster, and
cheaper manner the phenomenon of the UHI, and, with this analysis, to propose simple solutions

according to the specific urban context that is assessed.
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Conflicts of Interest: The author declares no conflict of interest.

Nomenclature

A Thermal absorption [dimensionless]

P Air density [kg/m3 ]

Q Relative humidity [%]

T Thermal transmittance [dimensionless]

AQ; Additional infrared radiation due to the difference between the outdoor temperature and

the temperature of the apparent sky [W/m?]

AToutdoor-sky Difference between outside dry-bulb air temperature and sky mean radiant temperature [K]

Cp Specific heat of air [k]/kgK]

F, Form factor between the element and the sky [dimensionless]

ho Coefficient of heat transfer by radiation and convection [W/m2K]

hy External radiative heat transfer coefficient [W/m2K]

Ic Incident solar radiation [W/m?2]

Ig Global solar radiation [W/m?]

Pv Actual vapor density [g/m3]

Pos Saturation vapor density [g/m°]

Ty Temperature of dew point [°C]

T, Outdoor air temperature [°C]

Tsol-air Temperature sol-air [°C]

Tuaw Temperature due to urban heat waste [°C]

%4 Volume of the space of motor traffic [m3]

WH Waste heat [W]
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