
UN
CO

RR
EC

TE
D

PR
OO

F

Building and Environment xxx (xxxx) xxx-xxx

Contents lists available at ScienceDirect

Building and Environment
journal homepage: http://ees.elsevier.com

Effectively modeling surface temperature and evaluating mean radiant temperature in
tropical outdoor industrial environments
Po-Yen Laia,*, Jun Hao Kohb, Wee Shing Koha,b, Huizhe Liua

a Electronics and Photonics, A*STAR Institute of High Performance Computing, 1 Fusionopolis Way, #16-16 Connexis, 138632, Singapore
b Department of Physics, National University of Singapore, 2 Science Drive 3, 117551, Singapore

A R T I C L E I N F O

Keywords
Surface thermal load
Tropical urban
Industrial
Surface temperature
Mean radiant temperature
Solar irradiance

A B S T R A C T

Radiant heat gain severely endangers thermal comfort and dramatically increases building energy consumptions
in a tropical outdoor urban environment. To rapidly evaluate outdoor thermal features, this paper presents a
three-dimensional integrated numerical model to assess building surface temperature and mean radiant tempera-
ture (MRT) in typical outdoor industrial environments of Singapore. For proper accounting of solar irradiance and
radiant heat fluxes, Perez all-weather model and finite volume discrete ordinates method (fvDOM) are integrated
into numerical code. Under the climate conditions of Singapore, i.e., light wind and intense solar irradiance, the
model adopts a daily-average convection coefficient to simplify air dynamics to solve the surface energy balance
equation so that the model efficiency can be significantly improved. Surface thermal load computed using the
model has been validated by the on-site measurement for a contemporary and a matured industrial building on
two sunny days. By comparing simulated and measured results, the corresponding coefficient of determination
(R2) and the refined index of agreement (RIA) are respectively>0.99 and>0.8 to indicate that the model agrees
well with the measurement. Also, the model is used to predict the MRT map around the industrial environment
and to demonstrate that tree shading reduces mean MRT of 6.3 °C for daily-average and 13.29 °C at noon in a
street canyon under a 25% greenery coverage ratio.

Nomenclature

surface temperature of the i-th surface
heat capacity of the i-th surface
mass density of the i-th surface
thickness of the i-th surface
albedo value of the i-th surface
emissivity of the i-th surface
conductivity of the i-th surface
Stefan-Boltzmann constant
incoming longwave radiation flux
incoming shortwave radiation flux
internal temperature of the surface
air temperature
convective heat transfer coefficient
direct normal irradiance
diffuse horizontal irradiance
angle of incidence of the sun rays on the surface
diffuse transposition factor
zenith angle

thermal heat flux from j-th to i-th surface
longwave radiation from the atmosphere
humidity
isotopic transposition factor

RMSE root-mean-square error
daily convective heat transfer coefficient
mean radiant temperature
measured surface temperature at site x
calculated surface temperature at site x

R2 coefficient of determination
RIA refined index of agreement

shortwave radiation form the k-th face of the cell
longwave radiation form the k-th face of the cell
angle factor form the k-th face of the cell

1. Introduction

The local temperature in Singapore has risen at a rate that is twice
as fast as compared to the global average over the past 60 years due
to rapid urbanization [1]. In this tropical dense urban environment, the
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surfaces of artificial constructions absorb the energy from intense so-
lar radiation in the daytime and emit radiative heat during the night
to induce an urban heat island (UHI) effect [2,3]. The heat stress due
to radiant heat gain of the surface has a significant impact on human
health and outdoor activity throughout the whole day and dramatically
increases energy consumption for air conditioning [4].

Surface heat load has been extensively studied due to the practical
importance in the field of construction and environment [5–8]. Since
the environmental thermal phenomena are quite complex, computer
simulation [5,9] becomes indispensable to evaluate the exterior facades’
surface temperatures so as to gain a deeper insight into building design
and energy efficiency. The accuracy of the simulation of outdoor surface
temperature is strongly dependent on the estimation of solar radiation
especially for an area with a high solar irradiance and a low wind speed
in which the heat flux exchange from the solar radiation dominates over
the conduction and convection in the energy-balance mechanism [10].

The mean radiant temperature (MRT) is one of the most impor-
tant and straightforward indices of outdoor thermal comfort. The quan-
tity is equivalent to radiant heat exchange between the human body
and his/her surrounding environment. There are various methods to
measure MRT using different instruments including globe thermome-
ters [11–14], integral radiation sensor [12], two-sphere radiometers
[11,13,14], and constant-air-temperature sensors [11,13,14]. How-
ever, using the measurements to evaluate MRT feature in space and time
around an urban area is impractical and cost-intensive [15]. As such,
numerical simulation becomes the alternate way to conduct MRT eval-
uation. By definition, MRT can be calculated by accounting all of the
radiative fluxes and the angle factors of radiative sources which are the
sun, sky, and surrounding building surfaces [16]. Therefore, one crucial
prerequisite for valid MRT simulations is to accurately calculate the tem-
perature of the surrounding surfaces.

Over the last decade, many models in evaluating MRT in urban
spaces have been presented [15,17–21] which have respective capa-
bilities and limitations as follows. Rayman [21] is simple to use but
it simplifies longwave radiation exchanges from surrounding surfaces
and shading features of shortwave [17,22]. SOLWEIG [18] has a
user-friendly interface with high efficiency but it adopts an overly-sim-
plified formula to calculate the diffuse solar radiation [18,22].
ENVI-met [19] is the most widely-used simulation tool [23] and can
simulate MRT on a pixelated surface consisting of buildings and vege-
tation [19,22]. The model also fully calculates the ground evaporation,
vegetation transpiration, and local wind speed based on the computa-
tional fluid dynamics (CFD) simulation. However, the model is compu-
tationally intensive for common desktop computers. On the other hand,
the calculation of surface temperatures of buildings [22] is simplified
in the model such that the calculated long-wave radiation is not consis-
tent with the measurement data [24]. CitySim Pro [20] can calculate
radiation fluxes at various scales for the complex 3D geometrical sur-
faces and has been validated by RADIANCE [25]. CityComfort+ [15] is
a compact method which is coupled with RADIANCE [25] to compute
shortwave radiation and uses the view-factor based formula to calculate
longwave radiation. The model has been validated by the field measure-
ment in Boston. CitySim Pro [20] and CityComfort+ [15] use the sim-
plified convection coefficient instead of the calculation of the wind dy-
namics. In summary, for the requirement of efficient evaluation in ur-
ban planning and building design, the tradeoff between the accuracy
of computation for radiation and for wind dynamics always exists in
these models. To implement a model to quickly and accurately evaluate
surface temperature and MRT under such weather condition, the radia-
tion processes have to be fully accounted and the convection caused by
wind should be reasonably simplified. In addition, the surface temper-
ature calculated by the implemented model needs to be verified by the

local field measurement to make sure the validity of longwave radiation
from surrounding surfaces.

The objective of this work is to present a methodology for quick eval-
uation of surface thermal load for an industrial building and it's outdoor
MRT under the Singapore tropical microclimate. The material proper-
ties, building appearance with 3D geometric details, and surrounding
street trees have been considered in the numerical model. To accurately
calculate multi-wavelength radiation fluxes, the Perez all-weather model
and finite volume discrete ordinates (fvDOM) method were used to com-
pute shortwave and longwave radiations respectively. The correspond-
ing short wave radiation solver has been validated by RADIANCE [25].
In order to improve the numerical calculation efficiency, the simplified
parametric representation for the convection based on the measurement
was adopted instead of using the CFD simulation. The proposed model is
expected to present a guideline for industrial areas planning taking into
consideration both energy usage reduction and outdoor thermal comfort
in an urban area. In this paper, the methodologies including measure-
ments, theoretical basis, and numerical approaches are described in Sec.
2. The validation and numerical results are analyzed and presented in
Sec. 3. Finally, the work is concluded in Sec. 4.

2. Methodology

2.1. Energy balance on a building surface

In order to model the radiation exchange between surfaces of indus-
trial buildings and further evaluate the MRT, the surface temperature is
a key indicator in a micro-climate system. The energy-balance equation
for describing time evolution of surface temperature (i.e., ) of the i-th
surface can be expressed as

(1)

According to Eq. (1), is profoundly affected by radiation ex-
change, heat conduction, and heat convection.

The incoming shortwave radiation can be decomposed into two
components by

(2)
On the horizontal surface, can be simplified as

(3)
The diffuse transposition factor determines the diffuse solar irra-

diation on each surface. can be formulated from Perez all-weather
model [28] which is the most suitable transposition model to predict so-
lar irradiance for Singapore [29,30]. Similarly, the incoming longwave
radiation can be expressed as

(4)

On the right-hand side of Eq. (4), the first term is the thermal heat
flux from j-th surface to i-th surface, and other term represents the down-
ward longwave radiation from the atmosphere.

The third term in Eq. (1) is the outgoing thermal heat flux from i-th
surface. Moreover, the last two terms in Eq. (1) respectively express the
heat transfer due to conduction and convection under the one-dimen-
sional lowest-order approximation for simplification which is also ap-
plied in [15,31].

2
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2.2. Numerical approach

To conduct a simulation on the thermal radiative properties of in-
dustrial buildings with different geometries under a local microclimate,
we developed an efficient integrated solver based on OpenFOAM®. For
an arbitrary 3D building geometry represented by stereolithography
(STL) format, OpenFOAM® can automatically create the corresponding
meshes for simulation.

To accurately estimate shortwave radiation for Singapore, we imple-
mented the Perez all weather model [28] in OpenFOAM®. To fully ac-
count for the radiation emitted by the sky in the solver, the skydome
is decomposed into 145 evenly-distributed subdivisions [32,33] for the
radiation boundary. The diffuse shortwave radiation and sky longwave
radiation can be respectively evaluated based on Perez-all-weather and
isotropic transposition factor. The results calculated using the self-im-
plemented solver has a good agreement with the results calculated using
the ray-tracing technique [25,34] for the cases studied here.

The fvDOM [35] was applied to evaluate the longwave radiation ex-
change (i.e. ) between surfaces. The fvDOM is a conservative method
to solve the radiative transfer equation for a finite number of dis-
crete solid angles in their corresponding directions. The model has been
demonstrated to have high accuracy for predicting longwave radiation
exchange in a complex-geometry system [36].

According to Eq. (1), the time-dependent energy-balance boundary
condition has been implemented into the solver to access for each
surface cell at each time step. In order to simulate the evolution of sur-
face temperature efficiently, conduction and convection coefficients are
assumed to be constant rather than conducting a full CFD simulation
[31]. Similar with the typical meteorological year (TMY) data [37], the
hourly average value of radiation and air temperature from the measure-
ment, i.e. , , and were applied to Eq. (1) rather than consid-
ering short-timescale fluctuations. As such, the energy-balance equation
used in the model can be written as

(5)

where . For each time step, the solver iterates until
to get the convergent and then updates for each surface cell.

The total length of the simulation box is 600m×600m×60m with
a cell size of 1.5m×1.5m×4m to resolve the building structure. The
fvDOM model was allocated 144 rays around discrete solid angles for
the calculation of longwave exchange. The time step to update is
1min, and the climate conditions , , and are updated every

hour. For concrete surfaces, is assumed to set as 300K. While the
façade material is the aluminum composite panel, is approximately
equal to because the surface has a thin thickness and a high heat con-
ductivity, and a heat insulation core. According to the field measure-
ment, the thermal properties of the metal cladding is quite close to that
of an aluminum composite panel so the same approximation is applied
for the metal cladding. The material and thermal properties of each sur-
face in the study area used in simulations are listed in Table 1.

2.3. Study areas

Singapore is situated at 1°21′19.0″N, 103°41′32.5″E near the equator
and has a tropical climate with abundant sunshine and low wind speed
which is normally less than 2.5m/s except during the onset of a north-
east monsoon surge [26]. The measurement areas are located in the typ-
ical industrial estate in Singapore. Unlike residential areas, two adjacent
mid-rise buildings in an industrial estate are usually spaced much fur-
ther apart as compared to the high-rise residential blocks in a typical
residential estate. In this work, a contemporary industrial building (CIB)
and a matured industrial building (MIB) are chosen to conduct the re-
search respectively. The CIB (Fig. 1), composed of two individual build-
ings, has a novel design with high-performance building façade technol-
ogy completed in the 2010s. The CIB is situated in a peri-urban area.
The MIB (Fig. 2) is a typical mid-rise industrial architecture in Singa-
pore completed in the 1980s sited in the urban area.

In Fig. 1, the left penal shows schematic feature of CIB where the
yellow points mark the study site locations; the right panel presents
the corresponding photographs of the sites. Site A, B, and C denote
the concrete rooftop, the south-side wall, and the west-side wall of the
right building, respectively; site D denotes the south-side wall of the left
building. The sidewalls at site B and C are covered by aluminum com-
posite cladding. At site D, the sidewall is equipped with porous (small
holes drilled through) metal wall panels. The three-dimensional (3D)
schematic feature of MIB as shown in Fig. 2 where the site A, B, and C
respectively denotes the concrete rooftop, the concrete south-side wall,
and the concrete west-side wall. The concrete mortar used in the build-
ing roofs are assumed to contain silica fume as a cement replacement
in 30% weight as the roof has to have a high degree of waterproofness
[27]. The corresponding photographs of sites of MIB are shown in the
right panel of Fig. 2.

2.4. Measurement

For the purpose of this study, we selected two sunny days with in-
tense solar irradiance to conduct field measurements at CIB on 20th Feb
2018 and at MIB on 6th Feb 2018 from 7:00 to 23:00 local time at

Table 1
Material and thermal properties used in this paper.

albedo emissivity
Conductivity
(W/m-K)

heat capacity
(J/kg-K)

Density
(kg/m3)

Thickness
(m)

CIB
Site A 0.15 [38] 0.9 [39] 0.71 [27] 880 [40] 1790 [27] 0.1
Site B/C 0.6 0.85 [41] 180 [42] 900 [42] 2800 [42] 0.003 [43]
Site D 0.45 0.85 [41] 180 [42] 900 [42] 2800 [42] 0.005
MIB
Site A 0.2 0.9 [39] 0.71 [27] 880 [40] 1790 [27] 0.1
Site B/C 0.3 0.9 [39] 0.71 [27] 880 [40] 1790 [27] 0.1
ground 0.16 [40] 0.93 [40] 0.75 [40] 920 [40] 2360 [40] 0.1
canopy 0.3* [44] 0.96 [45] 0.385* [46] 1761* [46] 696.5* [46] 0.1
trunk 0.35 [40] 0.96 [45] 0.38 [45] 2546 [45] 800 [45] 0.1

# The sign * denotes the average value and the values without labeling reference are assumed in this study.
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Fig. 1. The left panel shows the schematic feature of contemporary industrial buildings (CIB) and marks corresponding measurement sites (i.e., A, B, C, and D). The right panel shows
surface feature of measurement sites.

Fig. 2. The left panel shows the schematic feature of matured industrial building (MIB) and marks corresponding measurement sites (i.e., A, B, C). The right panel shows surface feature
of measurement sites respectively.

study sites, respectively. In order to measure the received solar irradi-
ance, a Class 2 pyranometer from Delta Ohm was used and placed on
the rooftop with no obstructions or shade falling on it. The pyranome-
ter, as shown in Fig. 3(a), can measure solar irradiance up to 2000 W/
m2. Pt 100 sensor of Delta Ohm (see Fig. 3(b)) was used to measure
the ambient temperature and humidity of the area with a measuring
range from −40 °C to 60 °C and an accuracy of ±0.2 °C. The air temper-
ature sensor was deployed in a shaded section of the rooftop to prevent
direct sunlight from shining on the sensor. The weather data was col

Fig. 3. Portable experimental setups used in this study: (a) the pyranometer, (b) the air
temperature/humidity sensor, (c) the thermal imager (FLIR T1040), and (d) the thermal
imager (FLUKE Ti400).

lected from the two instruments every 10s at site A as shown in both
Figs. 1 and 2. Two types of thermal imagers were used to measure the
surface temperature. The first is FLIR T1040 thermal imager (Fig. 3(c))
which has a resolution of 1024×768 pixels and can measure a tem-
perature range from −40 °C to 2000 °C with an accuracy of ±1°C. An-
other is FLUKE Ti400 thermal imager (Fig. 3(d)) which has a resolu-
tion of 320×240 pixels and can measure from −20 °C to 1200 °C with
an accuracy of ±2°C. For both measurements in CIB and MIB, FLIR
T1040 thermal imager was adopted to measure the surface temperature
on rooftop, which is the site A in Figs. 1 and 2. On the other hand,
FLUKE Ti400 thermal imager was used to measure the surface tempera-
ture of south-side and west-side facets on site B, C, and D in Fig. 1 and
on site B and C in Fig. 2. The measurement of surface temperature was
conducted every 20min.

2.5. Study procedures

The procedures of this study can be summarized as shown in Fig.
4. As discussed in Sec 2.2 , , and were recorded on the rooftop
(i.e., site A). can be directly measured and applied to the irradiation
conversion model [47] to convert into and to find simulta-
neously. can be formulated as a function of and according to
the Kruk model [48], which has been validated from observed down-
ward longwave radiation from the sky in various weather conditions.
The hourly average values of meteorological quantities, which are ,

, , , , , would be evaluated and in following calibration
and simulation. Here, denotes the measured surface temperature at
site A.

The purpose of the calibration is to determine the effective convec-
tion coefficient which is a daily-average physical quantity as a sub-
stitute for a full CFD simulation in the model. The site A was chosen for

4
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Fig. 4. The flowchart represents the research procedures to validate the presented model
and evaluate the surface temperature and mean radiant temperature .

calibration since the received heat flux from the sky dominates over that
from other building surfaces and the ground. As such, can be as-
sumed as . Using Eq. (5), we calculated a surface temperature (

) with 1-min time step at site A from 7:00 to 23:00 in the specific day.
To ignore the transient climate effects, can be computed by averag-
ing in 1-h intervals. By varying values of , we can define
for the day while root-mean-square error (RMSE) between and
reaches a minimum. According to the empirical formula for predicting
the convective heat transfer coefficient, [49,50], the range of for
a concrete surface should be between 5.6 and 25.6 for the light-wind
condition in Singapore. The lower limit of 5.6 denotes the presence of
natural convection only. The upper limit of 25.6 can be estimated using
Bentz's model [50] while wind speed is less than 5m/s.

To evaluate and analyze in space and time around industrial en-
vironments on a specific date, we conducted 3D simulations using the
integrated solver coupled with Eq. (5) by setting . Such method

ology can be validated by comparing the simulated and the measured
at each site. To quantitatively reveal the model performance, we ap-

plied two statistical indicators which are the coefficient of determination
(R2) and the refined index of agreement (RIA). RIA can further elimi-
nate the drawbacks of the widely-used R2 which is oversensitive to ex-
treme values and insensitive to systematic variances [51]. The definition
of RIA [52] used can be written as

(6)

where is the predicted data at m, is observed data at m, is the
mean of observed data. RIA varies from −1 to 1, which indicates the
model performance from poor to perfect. In this study, and are
the predicted and measured , respectively. is the mean measured
in the day.

Finally, we aim to evaluate the MRT, denoted as , in the indus-
trial environment based on the simulation results. By definition, is
the effective temperature relates to the radiation received from all the
incoming angles. The MRT in the center of each cell can be expressed as

(7)

where is the assumed albedo value for a person and
is the assumed emissivity for a person. In order to evaluate the feature
of on the common altitude (i.e., 1.5m) [15], the inverse distance
squared weighted interpolation [53] was used to estimate the values of

and at 1.5m.

3. Results and discussion

In order to conduct the simulation based on the methodology dis-
cussed in Sec 2.5, the hourly-averaged climate data measured at the
rooftop of CIB on 20th Feb 2018 and MIB on 6th Feb 2018 are shown
in Fig. 5. It can be seen in Fig. 5 (a) and (c), the measured at CIB
on 20th Feb 2018 was slightly higher than that measured at MIB on at
Feb 6th, 2018. On both days, was between 26.5 °C and 32.7 °C. As

Fig. 5. The hourly-averaged metrological data of CIB on 20th Feb 2018 as (a)–(b) and MIB on 6th Feb 2018 as (c)–(d): In (a) and (c), the black-circle line denotes as air temperature ;
In (b) and (d) the black, red, blue, and green line denotes as incoming sky longwave radiation , incoming shortwave radiation , direct shortwave radiation , and diffuse shortwave
radiation , respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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shown in the left penal of Fig. 5 (b) and (d), the calculated using
the Kruk model [12] are comparable and almost remain relatively stable
during the day time. The trends of measured on both sites were quan-
titatively similar that is a Gaussian-like profile with the maximum irra-
diance of >900W/m2. Besides the peaks occur around 12:00 to 13:00
due to maximum , there is localized peaks onset between 14:00 and
16:00 on 20th Feb 2018 and between 16:00 and 18:00 on 6th Feb 2018,
respectively, which was caused by transient cloud cover. The profiles of
corresponding and , estimated using the irradiation conversion
model [11], are shown in the right panel of Fig. 5 (b) and (d). On both
days, dominated over .

3.1. Calibration for effective convection coefficient and validate the model
by the rooftop measurement of industrial buildings

To determine the daily effective convection heat transfer coefficient
, Eq. (5) was solved to calculate from 7:00 to 22:00 by varying
in the range from 5.6 to 25.6. The corresponding analysis for CIB on

20th Feb 2018 is shown in Fig. 6. In Fig. 6 (a), the RMSE between
and is a function of and RMSE is minimized while in
which the corresponding wind speed is 1.06m/s estimated according to
the empirical formula [50]. Fig. 6 (b) shows as compared to from
7:00 to 23:00 for and the data points have a linear relation-
ship which clearly shows that calculated from Eq. (5) agree well with

where the linear curve fitting has the slope of 0.996 with R2 of 0.999.
In addition, RIA=0.95 reveals that Eq. (5) accurately predicts .

Similarly, the analysis for MIB on 6th Feb 2018 is shown in Fig.
7. The is found to decrease to 6.86, corresponding to the relative
wind velocity of 0.31m/s [39], as shown in Fig. 7 (a). On the other
hand, the linear correlation between and has a slope of 0.957 with
R2 of 0.994 and RIA=0.87 as depicted in Fig. 7 (b). As compared to
the analysis of CIB (Fig. 6), the model performance can be found to
slightly decline while using that to evaluate the MIB. The fact can be

Fig. 6. At the rooftop (site A) of CIB on 20th Feb 2018: (a) The RMSE between and
versus Hd. The point denotes the specific value of with minimum RMSE. (b) the corre-
sponding scatterplot of and , and the solid line representing as the linear curve fitting
of scatters.

Fig. 7. At the rooftop (site A) of MIB on 6th Feb 2018: (a) The RMSE between and
versus Hd. The point denotes the specific value of with minimum RMSE. (b) the corre-
sponding scatterplot of and , and the solid line representing as the linear curve fitting
of scatters.

explained by the following two reasons. The first reason is that the MIB
is not strictly an isolated building so site A is not a totally open space.
There are some surrounding tall buildings which also should be taken
into account in the calculation. The second reason is that the surface of
site A at MIB was assumed to be silica fused concrete SF-30% and the
thermal properties of SF-30% might not be an actual representation of
the actual material on site.

However, the model still presents 0.95 of RIA with 0.87 °C of RMSE
for the evaluation of CIB on 6th Feb 2018 and 0.87 of RIA with 2.348 °C
of RMSE for the evaluation of MIB on 6th Feb 2018 which shows the cal-
culated results agree well with that by on-site measurement even with-
out the exact knowledge of the roof material. Moreover, the model hav-
ing a high RIA with a low RMSE values also demonstrate that the use
of the simplified heat transfer coefficient instead of using performing
the full 3D CFD simulation is reasonable for a high solar irradiance and
quite low wind speed (≤1m/s) kind of climate condition. After quantita-
tively define for both dates, the 3D simulations of a surface thermal
load will be presented and discussed in Sec. 3.2.

3.2. Three-dimensional simulation for surface thermal load of industrial
building

To conduct 3D simulations of surface thermal load of industrial
buildings, the meshing features and the corresponding position coordi-
nate of each site have to be considered and are respectively visualized
in Fig. 8 where the corresponding meshing features are shown in the
lower panel. The markers represent the locations to compare simulation
results with measured results for each site.

Fig. 9 shows the comparison of the surface temperature between
measured and simulated surface temperature at different sites for CIB on
20th Feb 2018. It can be seen in Fig. 9 (a)–(c) that the simulated ,
and has fairly good agreement with the measured results where most
of the simulated data points are in the uncertainty error margin. There
is a slight deviation between simulated and measured (see Fig. 9(d))
due to the simplification for the thermal properties of site D applied in
the simulation.

Fig. 10 summarizes the correlation between simulated and mea-
sured surface temperature at hourly intervals from Fig. 9 as well as the
model performance for studying of surface thermal load of CIB on 20th

Fig. 8. The 3D meshing feature and corresponding position coordinate (in meter) of each
site for (a) CIB and (b) MIB.

6
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Fig. 9. Comparison of measured (line) and calculated (scatters) surface temperature re-
sults at CIB (a) site A, (b) site B, (c) site C, and (d) site D, respectively, the grey shaded
area is determined by the uncertainty of thermal imager.

Fig. 10. To summarize Fig. 9, the corresponding scatterplot of simulated and measured
surface temperature on CIB site A (black scatters), site B (red scatters), site C (blue scat-
ters), and site D (green scatters). The solid line represents as the linear curve fitting of
scatters. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Feb 2018. It shows that the model simulates surface temperature quite
well with R2 =0.998, RMSE=1.5, and RIA=0.911 in which there is
only one deviated point from site D.

For the case of MIB, the comparison of the time evolution between
simulated and measured surface temperature is shown in Fig. 11. It
is apparent from Fig. 11 that the simulation underestimates before
14:00 in Fig. 11 (a), underestimates before 13:00 and overestimates

after that, and underestimates for the whole day.
To summarize model performance for simulating the surface ther-

mal load of MIB from Fig. 11, the simulated results as compared to
measured results at hourly intervals are shown in Fig. 12. The analysis
shows that the linear regression of data points in Fig. 12 has a slope of
0.961 and R2 =0.994 with RMSE=2.83. The indicator of model perfor-
mance RIA is 0.812.

Figs. 9–12 illustrate the simulation results of surface temperature
for two different individual industrial buildings under Singapore cli-
matic conditions with a high solar radiation and a low wind speed. In
these simulations, only the studied buildings were taken into account
while the surrounding environmental conditions were ignored for the

Fig. 11. Comparison of measured (line) and calculated (scatters) surface temperature on
MIB (a) site A, (b) site B, and (c) site C, respectively, the grey shaded area is determined
by the uncertainty of thermal imager.

Fig. 12. To summarize Fig. 11, the corresponding scatterplot of simulated and measured
surface temperature on MIB site A (black scatters), site B (red scatters), and site C (blue
scatters), respectively. The solid line represents as the linear curve fitting of scatters. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

simplification. According to the results (see Figs. 9 and 10) of CIB on
20th Feb 2018, the model is quite well (RIA=0.911) to estimate the
surface thermal load during whole day because the buildings in CIB
is almost isolated where there are only some of the short street trees
with a height<15m. The tree canopy shading is least likely to effect
on the surface temperature of chosen locations. On the other hand, the
model performance is slightly degraded (RIA=0.812) to evaluate the
whole-day surface thermal load of MIB. The descending of model per-
formance is caused by the same reason discussed in Sec 3.1. It can
be expected to improve model performance by considering surrounding
buildings around MIB in simulations.

3.3. Mean radiant temperature around industrial buildings

The model can be extended to evaluate around industrial build-
ings. From Eq. (7), the main components of are attributed to in-
coming shortwave radiations from the sun, incoming longwave radia-
tion from sky, and the longwave radiation exchange from façades. Ac-
cording to the discussions in Sec 3.2, the model can be used to estimate
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of CIB accurately. The result indicates that the model also accurately
predicted the spatial distribution of radiations around the CIB.

Fig. 13 shows the changes in the spatial variation of solar irradiance
and at 1.5-m height from the ground in the morning (8:30), noon
(12:30), and afternoon (16:30) on 20th Feb 2018, respectively. It can be
seen that the spatial variation of is highly dependent on the spa-
tial variation of global solar irradiance. increases with increasing
global solar irradiance. The shaded locations exhibit lower than
open areas because direct solar radiation dominates over other compo-
sitions of incoming solar radiation, which is blocked by buildings.

The shade is the crucial factor in reducing in an urban area
[14]. To maintain the thermal comfort near the ground, the vegeta-
tion canopy can further moderate the heat received by the human body.
The street trees were considered in simulations as shown in Fig. 14.
To model the street trees as shown in Fig. 14 (a) (top), the simple
shape of the canopy was represented by a hemi-ellipsoid of a 5-m radius
and 7.5-m height, and the trunk as a column with 5-m height. To sim-
plify simulations for a radiation-dominated system, the tree canopy and
trunk are assumed opaque objects without considering their detailed
characteristics [54]. The corresponding thermal and optical properties
for canopy and trunk are listed in Table 1. The distribution of street

Fig. 13. The simulated distribution of solar irradiance (left panel) and mean radiant tem-
perature at 1.5-m height (right panel) around CIB at (a) 8:30, (b) 12:30, and (c) 16:30.

Fig. 14. (a) The tree model contains the canopy as a hemi-ellipsoid of 5-m radius and
7.5-m height, and a trunk as a column with 5-m height (top) which is simplified from a
real umbrella tree (bottom). (b) The 3D geometry of CIB and surrounding vegetation (top)
versus corresponding meshing feature (bottom).

trees around the CIB buildings is visualized in Fig. 14 (b) where the
greenery coverage ratio (GCR) for street trees is 25% in the street area
between two CIB buildings.

Considering the street trees in simulations, the changes in the spatial
variation of solar irradiance and at 1.5-m in the morning (8:30),
noon (12:30), and afternoon (16:30) on 20th Feb 2018 as shown in Fig.
15, respectively. As compared to Fig. 12, the region having the lower

increases due to the canopy shade.
The area between CIB buildings can be roughly seen as a north-south

street canyon. According to the recent study [55], the north-south street
canyon exhibits relative lower than the east-west one, owing to the
shade of buildings on the east side in the morning and the west side in
the afternoon. in a street canyon can be further reduced due to the
tree canopy effect [56].

Fig. 16 evaluates the canopy shading effect on in the street
area between CIB buildings on 20th Feb 2018 by analyzing and com-
paring features as shown in Figs. 13 and 15. The local minimum
(blue line) and maximum (red line) can be observed in the area
with and without shading from the solar irradiance. To assess the ther-
mal comfort in the street area, the mean in space is calculated
and denoted by the black lines as shown in Fig. 16 (a) and (b). By
comparing Fig. 16 (a) and (b), the street trees don't affect in the
hot spot where is unshaded. On the other hand, the of the cool
spot (blue line) decreases in daily-average 3.7 °C due to the shading ef-
fect. The mean (black line) in the street be decreased in daily-av-
erage 6.3 °C (19% of the mean ) due to canopy shading. At noon,
the reduction of the mean can be as much as 13.29 °C due sub

Fig. 15. With considering the vegetative canopy, the simulated distribution of solar irradi-
ance (left panel) and mean radiant temperature at 1.5-m height (right panel) around CIB
at (a) 8:30, (b) 12:30, and (c) 16:30.

Fig. 16. Simulated MRT on the street between two buildings of CIB on 20th Feb 2018 (a)
without and (b) with considering street trees. The error bar denotes maximum and min-
imum value of mean radiant temperature respectively; the circles represent the average
values.
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stantial attenuation of direct solar irradiance by the tree canopy. The re-
sults show that the street trees can significantly decrease the daytime

which is generally consistent with the presented works [23,57].
As such, the model has been demonstrated to quantitatively predict the
reduction of due to the canopy shading in a street canyon.

4. Conclusions

In conclusion, this paper presents a compact model to evaluate the
surface thermal load and MRT for industrial environments in Singa-
pore. The integrated numerical model was achieved by simulating sur-
face temperatures based on the energy-balance equation, estimating so-
lar irradiances according to Perez-all-weather model, and calculating the
facet-facet longwave radiation using fvDOM. The efficiency of simula-
tions have been improved with the use of a daily effective convection
coefficient ( ), determined using the least squares approach, in the
model to properly simplify the standard CFD solver. The model perfor-
mance has been quantitatively evaluated using two statistical indicators,
coefficient of determination (R2) and the refined index of agreement
(RIA). The 3D simulation results of surface temperature agree well with
on-site measurement for both CIB (R2 >0.99 and RIA>0.9) and MIB
(R2 >0.99 and RIA>0.8). Based on the accurate prediction of surface
temperature, the model has been used to evaluate feature around
CIB at 1.5-m height from the ground. The street trees as been also con-
sidered in simulations. Shading due to tree canopies is found to signifi-
cantly reduce mean of 6.3 °C for daily-average and 13.29 °C at noon
in the street canyon. For the objective of this work, the model has been
demonstrated to provide a quick estimate for surface heat load of two in-
dustrial buildings on two different days and compute the corresponding

map. As such, the model can be applied to rapidly evaluate build-
ing energy efficiency and outdoor thermal comfort in a day with a high
solar irradiance and a quite low wind speed (≤1m/s). Under such the
climate condition, this model will not only practically enable planners
to evaluate the worst case scenario for the industrial building heat load,
but also give those further insights to design in the mitigation measures
that can quickly dissipate the heat accumulated throughout the day and
also reduce surrounding MRT. Further study will focus on to quantita-
tively determine the criterion between using the simplified coefficient of
a CFD solver under various weather conditions.
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