
Academic Editor: Apple L.S. Chan

Received: 17 December 2025

Revised: 6 January 2026

Accepted: 8 January 2026

Published: 13 January 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Assessing the Impact of Building Surface Materials on Local
Thermal Environment Using Infrared Thermal Imagery and
Microclimate Simulations
Ryan Jonathan 1,2 , Tao Lin 1,3,* , Isaac Lun 2,4,* , Samuel D. Widijatmoko 5 and Yu-Ting Tang 6

1 Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of
Sciences, Xiamen 361021, China; ryan.jonathan@nottingham.edu.cn

2 Department of Architecture and Built Environment, The University of Nottingham Ningbo China,
Ningbo 315100, China

3 Xiamen Key Laboratory of Smart Management on the Urban Environment, Xiamen 361021, China
4 Research Centre of Sustainable Built Environment, University of Nottingham Ningbo China,

Ningbo 315100, China
5 School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK;

s.d.widijatmoko@bham.ac.uk
6 School of Geographical Sciences, The University of Nottingham Ningbo China, Ningbo 315100, China
* Correspondence: tlin@iue.ac.cn (T.L.); isaac.lun@nottingham.edu.cn (I.L.)

Abstract

The built environment is responsible for 40% of global energy demand, and, in line with
urbanisation and population growth, this demand is expected to increase steadily. Urban
areas are mostly composed of materials that can absorb energy from solar radiation and
dissipate the accumulated energy in the form of heat. This study integrates a UAV-based
Zenmuse XT S IR camera and handheld FLIR C5 thermal camera with ENVI-met microcli-
mate simulation, providing quantitative insights for sustainable urban planning. From the
24 h experiment results, the characteristics of building surface materials are profiled for low-
ering energy use for internal thermal control during the operation stage of buildings. This
study shows that building surface materials with the lowest solar reflectance and highest
specific heat capacity reached a peak surface temperature of 73.5 ◦C in Jakarta (tropical hot
climate) and 44.3 ◦C in Xiamen (subtropical late winter climate). In contrast, materials with
the highest solar reflectance and lowest specific heat only reach a peak surface temperature
of 58.1 ◦C in Jakarta and 27.9 ◦C in Xiamen. The peak surface temperature occurs at 2 PM
in the afternoon. Moreover, we demonstrate the capability of an infrared drone to identify
the peak surface temperatures of 55.8 ◦C at 2 PM in the study area in Xiamen. In addi-
tion, the ENVI-met validated model shows satisfactory correlation values of R > 0.9 and
R2 > 0.8. This result demonstrates UAV-IR and ENVI-met simulation integration as a
scalable method for city-level UHI diagnostics and monitoring.

Keywords: building surface materials; thermal environment; infrared thermal imagery;
ENVI-met; Xiamen

1. Introduction
Urban heat island (UHI) is a serious threat that has been intensively investigated,

impacting the well-being of urban dwellers, the environment, and energy consumption in
major cities. This urban phenomenon has been observed in over four hundred major cities
in the world [1]. The UHI effect is mostly influenced by the specific local climate, urban
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material composition, city layout, and urban landscape characteristics. It may increase the
mean urban ambient temperature from 5 ◦C to 10 ◦C compared to the rural area in the
vicinity [2]. The UHI effect is most pronounced in areas with low wind speed and clear sky
conditions, while precipitation decreases the overheating effects in the urban environment.
The overheating condition caused by UHI significantly impacts the energy demand and
electricity generation in cities. It increases the mean energy requirements in cities close to
0.74 (±0.67) kWh per square metre and per degree temperature increase, which is equivalent
to 237 (±130) kWh or 0.103 (±0.056) metric tons of CO2 [2]. In addition, the peak electricity
requirements in cities are increased by 21 (±10.4) W per person and per degree Celsius [3].
The UHI has a high impact on human health and well-being. Studies show that some health
issues are correlated to extreme urban ambient temperatures. Building exterior materials
composing the urban fabric greatly influences the thermal balance of cities [2]. Materials
that have high thermal radiation absorbance capabilities exhibit high surface temperatures
(Ts) and release sensible heat to the environment, increasing the ambient air temperature
(Ta). Therefore, it is important to have a system that is robust, practical, and efficient in
monitoring and evaluating the thermal performance of building envelope materials.

In the past decade, there have been extensive studies regarding UHI mitigation strate-
gies around the world [4–9]. These strategies include vegetation covers, evapotranspiration,
water bodies, and high-albedo surface materials [10,11]. It has been shown using field
measurements and simulations by computer that green infrastructure has a significant
effect on reducing UHI effects. A recent study shows that urban vegetation has a cooling
effect, potentially lowering air temperatures by as much as 3 ◦C [12]. Green infrastructure
like green roofs, parks, and permeable surfaces has the capability of reducing heat and
energy inputs using evapotranspiration that occurs within plants. It also can decrease roof
surface temperature efficiently, as it provides shading and insulation from direct sunlight
during the day by up to 24.0 ◦C to 33.4 ◦C [13]. In terms of surface materials, materials such
as asphalt concrete with low solar reflectance and high solar absorbance could result in a
surface temperature up to 60 ◦C in the hot summer season [14]. To mitigate this, building
roofs and pavements could be coated or painted with cool materials that have higher albedo
and lower solar absorbance to reflect solar radiation and reduce heat absorbance from
the sun.

UHI has been monitored mainly using ground weather station data and remotely
sensed data. Weather stations provide meteorological data such as wind speed, relative
humidity (RH), air temperature, and precipitation. Remotely sensed data are gathered
from satellite remote sensing, planes, and unmanned aerial vehicles (UAVs). These current
methods have several limitations. For example, ground weather stations require a high
cost to maintain the system, and their inability to access hard-to-reach areas results in
uneven distribution. Increased distance from the weather station correlated with decreased
data accuracy. Satellite remote sensing could measure surface temperature and quantify
the impact of UHI on large urban areas. However, it has a low spatial data resolution
(30 m), and data are not readily available for 24 h, making it hard to pinpoint the source of
urban hot spots in detail during daylight and nighttime. Despite significant advances, few
studies have directly validated UAV-IR temperature mapping with ENVI-met simulations
under distinct climatic conditions. To bridge the gap in UHI monitoring, an infrared
(IR) camera mounted on a UAV is proposed for urban hotspot identification in urban
areas. IR cameras have become increasingly common in identifying thermal bridges and
leakages on buildings [15]. The application of IR in monitoring urban environments is still
underexplored. Some preliminary research shows that using thermal imaging technology
to monitor the urban heat island effect could be more practical [16–18].

https://doi.org/10.3390/buildings16020334

https://doi.org/10.3390/buildings16020334


Buildings 2026, 16, 334 3 of 21

Regarding surface materials, temperature is directly linked to a larger urban scale case
study. It is hypothesised that IR thermal imaging is a facile technique for urban hotspot
identification, as guidance for weather station placements and comparison with ENVI-met
microclimate simulations. By combining in situ measurements and simulation as a mixed
approach, we proposed a method that allows active intervention on the urban hotspots,
which represents a step forward in the field. This study applies IR thermal imagery to
monitor the microclimate and temperature hot spots in a built environment, demonstrating
the feasibility of the technology as a novel approach to improve UHI monitoring sys-
tems. By integrating the technologies into the empirical study, we address the following
research questions:

(1) What is the impact of building surface materials’ colours and properties on the
surface temperature of building surface materials?

(2) Do building surface materials, colours, and properties impact the surrounding
microclimate (air temperature) on an urban scale?

The study proposes a validated workflow combining empirical UAV-IR data and
ENVI-met simulations for urban material heat assessment. Urban planners, governments,
and researchers could apply this as a rapid, low-cost approach to assess the current ur-
ban microclimate conditions and plan potential UHI mitigation strategies. The research
objective of this study is to identify the effects of different surface materials on surface
temperature and microclimate in the urban context.

2. Materials and Methods
This section presents the framework of this study, and then the selected materials

and study area. According to the framework, the testing procedures are detailed: TASI
TA612C K-type thermocouples (Suzhou TASI electronics, Suzhou, China) and an FLIR C5
IR camera (Teledyne FLIR, Wilsonville, OR, USA) were applied to monitor the temperature
of the selected building surface materials. Then, DJI Mavic 3 Pro UAV (SZ DJI Technology,
Shenzhen, China) and DJI Matrice RTK 200 Zenmuse XT S UAV-IR (SZ DJI Technology,
Shenzhen, China) were applied to monitor the selected study area. Finally, the ENVI-met
simulation combining in situ experiment data and a set of reasonable default parame-
ters was performed to visualise the temperature distribution in the microclimate of the
study area.

2.1. Study Framework

In this study, we proposed a novel method to evaluate the urban environment using a
combination of field experiments and simulation studies. Initially, the building materials
were evaluated using an IR camera and a thermocouple. Based on the results, we expanded
the scale of the materials monitoring in our community-scale study area. Finally, using
the validated simulation model, we evaluated the material performance and microclimate
conditions in the area. The study steps are as follows (Figure 1).

(1) Different building surface materials were monitored using a handheld IR camera
and a K-type thermocouple for 24 h during a typical hot (Jakarta, Indonesia) and mild cold
weather (Xiamen, China). The results were evaluated to understand how the common
materials perform under different climates and how accurate the IR thermal camera was
compared to K-type thermocouples. Additionally, an IR UAV was used to capture aerial IR
images of the IUE campus in Xiamen, China. (2) A combination of sensors and a UAV was
used to perform data collection of the study area in the IUE campus, Xiamen, China. Aerial
images were taken to generate a detailed 3D model of the study area showing the existing
materials and vegetation. This model will be used as a reference during the ENVI-met
modelling process. In addition, six ground temperature sensors were placed in the study
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area to gather weather data. The placement locations were based on the hotspots and cold
spots identified in the captured IR aerial images of the study area. (3) The potential air
temperature of the study area was generated using ENVI-met V5.6.1. The collected data
from the previous steps were used as input data for the simulation. (4) The simulated
model was validated using the previously gathered weather data. (5) Using the vali-
dated model, the current simulated microclimate was analysed and compared to observed
temperature data.

Figure 1. Research framework.

2.2. Study Areas

In this study, we selected two study areas to monitor the building sample materials
during mild and hot climatic conditions. The areas selected were Jakarta, Indonesia with
tropical hot climate conditions (Köppen Am) and Xiamen in Fujian, China with a subtropical
monsoon climate (Köppen Cfa). In addition to surface temperature monitoring, ambient
temperature and relative humidity data from nearby weather stations in Jakarta (JK, 96745)
and Xiamen (FJ, 59134) were used as a comparison. The material samples were monitored
for 24 h on 8 February 2024 in Jakarta and 24 February 2024 in Xiamen. The monitoring
results from both areas were compared and temperature trends were identified. The annual
average temperature of Jakarta in 2024 was 29.1 ◦C, higher compared to Xiamen’s average
annual temperature of 22.8 ◦C. During the experiment period in February 2024, Jakarta
was experiencing hot and humid temperature with the average mean temperature of
28.5 ◦C compared to Xiamen’s mild winter with mean temperature of 15.7 ◦C. During this
month, Jakarta has 0 heating degree days and 306 cooling degree days, while Xiamen has
29 cooling degree days and 42 heating degree days. Jakarta has a slightly higher annual
solar irradiance of 1716 kWh/m2 compared to Xiamen 1493 kWh/m2 [19–22].

For the community-scale temperature monitoring, we selected the Institute of Urban
Environment, Chinese Academy campus in Xiamen, China with the study area size of
228 m × 288 m, 65,664 m2 (Figure 2). The campus comprised five low- and high-rise build-
ings with local building surface materials (detailed in Section 2.2), local green vegetation,
and a water body. This part of the experiment was conducted on 26 August 2024 during
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summertime in Xiamen. Multiple studies have also used Xiamen city as a case study for
urban microclimate and UHI mitigation strategies, which were used as a reference with
this study [21–26].

 

Figure 2. Study area selected located in Xiamen, China Institute of Urban Environment.

2.3. Material Samples

The samples we selected for this study were based on field observation of the com-
monly used building surface materials in Xiamen (Figure 3). Samples such as ceramic
(CR-WT), pinewood (WB-BG), concrete (C-GY), and andesite (A-BN) comprised different
material compositions but identical thickness and size. The other set of samples were
cement boards with identical dimensions, but with different colours which were light grey
(CB-LG), brown (CB-BN), grey (CB-GY), and black (CB-BL). The material specifications,
descriptions, and dimensions are detailed in Table 1. With the selected samples, the effects
of colour and material composition on surface temperatures were studied thoroughly.

Figure 3. Selected common building surface materials for surface temperature monitoring.
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Table 1. Specifications of the selected common building surface materials with different properties
and usage in the building environment investigated in this study.

Materials Colour Codename Usage Dimensions
(cm)

Solar
Reflectance

Solar
Absorbance

Specific
Heat

Capacity
(J/kg◦C)

Literature
Reference

Ceramic White CR-WT Wall, floor 15 × 18 × 2 0.60–0.80 0.20–0.40 840 [27,28]

Pinewood Beige W-BG Wall, floor,
roof 21 × 21 × 2 0.35 0.65 1100–1200 [29,30]

Concrete Grey C-GY Wall,
flooring, roof 20 × 20 × 2 0.10–0.35 0.65–0.90 890 [28,31]

Andesite Brown A-BN Wall, floor 20 × 20 × 2 0.10 0.90 800–1100 [32]
Cement
board Light grey CB-LG Wall, floor 20 × 20 × 2 0.10–0.35 0.65–0.90

890 [28,31]Cement
board Brown CB-BN Wall, floor 20 × 20 × 2 0.10–0.35 0.65–0.90

Cement
board Grey CB-GY Wall, floor 20 × 20 × 2 0.10–0.35 0.65–0.90

Cement
board Black CB-BL Wall, floor 20 × 20 × 2 0.10–0.35 0.65–0.90

2.4. Experimental Setup

The selected samples were placed outdoors on 5 cm thick polystyrene to avoid heat
transfer from the ground. The handheld FLIR C5 IR camera was placed on a tripod
within 1 m distance aimed at the samples following the international standard for non-
destructive IR camera measurement. In addition, two TA612C K-type thermocouples were
installed with thermocouple adhesive tape at the centre point of each sample. K-type
thermocouples were selected for their low cost and acceptable accuracy to measure surface
temperatures of the samples ± (0.2% of reading +0.7 ◦C) in comparison to the FLIR C5
thermal camera (±3 ◦C). Measurements were conducted from 00:00 to 24:00 (24 h) using
thermocouples and a thermal camera at 1 h intervals under clear weather with full solar
radiation exposure (Figure 4a,c). FLIR thermal studio software version 1.9.70 was used to
process the IR images. The collected data measurements were compared with nearby local
weather stations to evaluate the temperature difference between the material surface and
the ambient temperature.

 

Figure 4. (a) K-type thermocouple used to record building surface materials. (c) FLIR C5 handheld
IR camera to monitor selected material samples. (b) DJI Matrice RTK 200 equipped with ZenMuse XT
S IR camera to survey they study area (d) DJI Mavic 3 Pro to create study area 3D model.
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Moreover, two types of UAV were utilised in this study to conduct a photogrammetry
study on the urban community area. The first was the DJI Matrice RTK 200 UAV equipped
with a ZenMuse XT S IR camera and the second was DJI Mavic Pro with an RGB camera,
which was used to collect aerial and thermal images of the area (Figure 4b,d). ZenMuse XT
S IR camera has a measurement accuracy of ±2 ◦C. To ensure that the whole study area was
surveyed, an identical flight path was assigned to the drones to fly at 120 m above ground.
The overlapping RGB aerial images captured from the DJI Mavic Pro were combined using
DJI Terra software version 4.0.8, and a 3D model was generated. This 3D model was used
as reference information when building a 3D model in Sketchup. Furthermore, following
ENVI-met modelling guidelines to improve simulation accuracy, nesting grids were added
in the model (Figure 5d).

 
Figure 5. (a) The study area Institute of Urban Environment located in Xiamen, China. Six points
(A to F) selected for temperature and humidity measurement. (b) 3D model of the study area
created with UAV. (c) Infrared image of the study area. (d) ENVI-met model generated based on the
study area.

The IR thermal images captured by the IR UAV with a frequency of 2 h from 6:00 to
18:00 were analysed to identify urban hot spots using DJI thermal analysis tool 3 software.
Data collections were performed under clear weather with no cloud cover. Based on the
IR images, six areas with high surface temperature and high human traffic excluding the
roofs of buildings were selected. On these points, temperature and humidity sensors were
installed at 1.4 m height above the ground (Figure 5a). The six selected points were located
throughout the case study area. Locations A, C, and E were positioned on areas covered
mostly with concrete pavement with access to direct sunlight radiation mostly throughout
the day. Point B was located under a canopy with no direct sunlight, surrounded with
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greenery. Points D and F received moderate sunlight and were surrounded by green
vegetation. In this study, point A recorded the highest air temperature and was selected as
a reference input for weather data to simulate the maximum air temperature condition.

2.5. ENVI-Met Model and Input Files Generation

To prepare the simulation in ENVI-met 5.6.1, an area input file comprising a three-
dimensional model and meteorological data is generated from the study area field obser-
vation. Aerial images captured by DJI Mavic Pro are input into DJI Terra for building
a 3D model of the urban area (Figure 5b). This 3D model contains detailed information
on building positions, dimensions, urban materials, and vegetations, which serve as a
reference when building the ENVI-met model. Using Sketchup Pro, a simplified version of
the urban area model could be created, which would then be exported directly to ENVI-met
using the Sketchup INX plugin. This plugin is used to convert the 3D Sketchup model
as a 3D Sketchup model into a 3D INX model that can be opened in ENVI-met. With
the accurate building models built into the ENVI-met, vegetation and textures could be
modelled closely according to the detailed reference model and field observations. ENVI-
met has a large database of building materials, wall surfaces, and roofing materials with
their thermal properties. Based on the UAV aerial images, appropriate materials could
be assigned as detailed as possible to the 3D urban model. In the simplified ENVI-met
model, five vegetation species commonly found in Xiamen (Appendix A), approximating
the actual vegetation in the study site, were assigned in the corresponding areas of the
site. The vegetation’s height, size, and leaf density were modelled based on the existing
ENVI-met tree database and modified to closely resemble the selected trees. The final
ENVI-met model dimensions were 114 × 114 × 51 grids, where every grid size was 1 m
square (Figure 5d). Nesting grids were modelled on the borders of the simulation following
the ENVI-met simulation guidelines.

The meteorological data input for ENVI-met simulation could be collected from a
nearby weather station or in situ temperature humidity sensors. For this study, the weather
data were taken from the temperature humidity sensors installed at the six points of the site.
The recorded temperature at point A represents the highest temperature condition of the
urban area, which was used as simulation input data, while the other temperature sensors
were used to assess the spatial accuracy of the simulation. The wind direction and speed
data during the day were collected from the nearby weather station. The simulations were
performed with the specified parameter conditions (Table 2) on 26 August 2024. ENVI-met
software generated hourly simulation data for the duration of 24 h for every grid assigned
to the model.

Table 2. ENVI-met meteorological boundary condition and parameters.

Simulation Parameters

Location Xiamen, China
Simulation Date 26 August 2024
Simulation Period 24 h
Meteorological Boundary Condition Simple Forcing
Dimensions 288 m × 228 m × 168.21 m (144 × 114 × 51)
Resolution (X, Y, Z) 2 × 2 × 2 m
Nesting Grid 19 cells (38 m)
Lowest Grid Cell Split Yes (5 cells)
Vertical Telescoping Grid Yes (17%)
Start Telescoping Grid 76 m
Model Rotation 50 degrees
Wind Direction 270 degrees (East)

https://doi.org/10.3390/buildings16020334

https://doi.org/10.3390/buildings16020334


Buildings 2026, 16, 334 9 of 21

2.6. Simulation Validation

To validate the reliability of simulation results, statistical metrics such as the coefficient
of determinants (R2), the index of agreement, the root mean squared error (RMSE), and
the mean biased (MBE) are often used [23,33,34]. The actual data of 26 August 2024, from
the data loggers are correlated for every hour against the simulated data at the exact grid
position and height where temperature loggers were installed. In this study, the model is
validated using R and R2. All the temperature data at the selected points showed a positive
strong correlation R > 0.9 and R2 > 0.8, demonstrating the validity of the model.

3. Results
3.1. The Impact of Building Surface Materials’ Colours and Properties on Surface Temperature

During the monitoring period, the air temperature recorded from the weather station
in Jakarta varied between 23 ◦C and 31 ◦C, representing hot weather, while the weather in
Xiamen varied between 12 ◦C and 19 ◦C, representing cold weather. When the monitoring
results from both study areas are compared, the Ts of materials in Jakarta are significantly
higher than the Ts of materials in Xiamen.

At peak temperature at 14:00 in the afternoon in both Xiamen and Jakarta, surface
materials with the darkest colour (CB-BL and A-BN) show 10 ◦C to 20 ◦C higher surface
temperature compared to the lightest colour (CR-WT and CB-LG) in both Jakarta and
Xiamen (Figure 6). These materials both have a low solar reflectance ranging from 0.1 to
0.35 and a high solar absorbance coefficient, therefore absorbing more sunlight radiation.
In both study areas, the lowest Ts value was recorded at 5:00 in the morning and the
temperature peaked in the afternoon between 13:00 and 14:00. The temperature increased
gradually during sunrise (6:00) and subsided during sunset (18:00). The surface temperature
of the lightest-coloured materials was the lowest (CR-WT and CB-LG). These materials had
the highest solar reflectance value and the lowest solar absorption value, reflecting most
of the radiation. This can be observed in the thermal images shown in Figure 6. In both
the Jakarta and Xiamen study, the thermal images show the lowest Ts for white ceramic
(CR-WT) and the highest for brown andesite (A-BN). The same trend can be observed in
the Ts comparison of light grey (CB-LG) and black (CB-BL) cement boards. The average Ts

difference between the light and dark colour materials in both areas exceeded 10 ◦C during
the peak Ts (Ts max) in the testing conducted in Jakarta and Xiamen. Both peak surface
temperatures were recorded around 14:00 in the afternoon.

The data from Xiamen and Jakarta show an identical Ts distribution, where dark
samples with the lowest solar reflectance value (albedo) have the highest Ts, and the
light samples with the highest solar reflectance value have the lowest Ts. The darker
materials have a higher solar absorbance value compared to the lighter sample materials,
therefore exhibiting a higher surface temperature trend. The temperature dropped slightly
around 12:00 due to cloud cover on the study site and lowered steadily during sunset after
5:00 until 24:00. At midnight, the Ts decreased, showing heat loss from the sample. This
means that the material samples released heat during the night. Based on the test results in
Figure 6, there is a 10–15 ◦C difference in surface temperature between the lightest-coloured
ceramic white (CR-WT) and the darkest-coloured material andesite (A-BN). CR-WT has the
highest solar reflectance and the lowest solar absorbance value, while A-BN has the lowest
reflectance and the highest absorbance value. This means that A-BN absorbs more heat
compared to CR-WT during the day. In terms of thermal properties, A-BN has a higher
specific heat range compared to CR-WT and could absorb more heat. These outcomes
answer the first research question, where materials with darker colours have lower solar
reflectance, higher specific heat, and higher surface temperature because they absorb

https://doi.org/10.3390/buildings16020334

https://doi.org/10.3390/buildings16020334


Buildings 2026, 16, 334 10 of 21

more heat compared to materials with a lighter colour, higher solar reflectance, and lower
specific heat.

Figure 6. The hourly temperature of surface material samples monitored for 24 h with thermocouples
and infrared camera in Jakarta 8 February 2024 (a,b) and Xiamen 24 February 2024 (e,f). The
infrared images show the surface materials during the peak (c,g) and lowest observed surface
temperature (d,h).

3.1.1. Surface Temperature Comparison Between Infrared Camera and K-Type
Thermocouple

The results of the measurements taken with thermocouples and a thermal camera
in Jakarta are illustrated in Figure 7. The trend of the Ts temperature taken from the
thermal camera is consistent with the thermocouple readings. The surface temperature
data from both the infrared camera and the K-type thermocouple show identical trends
and correlation between both datasets (Table 3).
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Figure 7. Box plot comparison of surface temperature data between FLIR C5 and K-type thermocouple.
(a) Thermocouple measurements in Jakarta; (b) thermocouple measurements in Xiamen; (c) IR camera
measurements in Jakarta; (d) IR measurements in Xiamen. The legend represents the initials and
colour coding of the monitored building surface materials.

Table 3. Comparison of 24 h monitoring data between FLIR C5 and K-type thermocouple at 1
h intervals. The maximum temperatures were recorded between 13:00 and 14:00 and minimum
temperatures were recorded between 5:00 and 6:00.

Observed

K-Type Thermocouple (◦C) FLIR C5 IR Camera

Jakarta Xiamen Jakarta Xiamen

Min Max Median Min Max Median Min Max Median Min Max Median

A-BN 25.5 71.9 29.9 13.0 49.3 16.2 24.7 73.5 28.8 12.0 43.3 15.9
C-GY 25.2 67.0 29.6 12.9 44.7 16.2 24.5 66.9 28.5 12.1 37.4 16.0
W-BG 24.9 62.2 29.4 13.0 42.8 16.3 24.1 61.7 28.7 12.0 32.0 15.2

CR-WT 25.2 61.7 29.5 13.0 43.5 16.2 25.0 58.1 28.9 11.7 27.9 14.9
CB-LG 25.2 61.8 29.6 12.6 35.0 15.9 24.4 65.7 28.7 12.1 34.4 15.1
CB-BN 25.0 68.4 29.2 12.7 39.5 15.8 23.8 69.1 27.9 12.1 36.2 15.8
CB-GY 25.1 64.3 29.6 12.8 38.9 16.0 24.3 65.3 28.6 12.2 35.6 15.7
CB-BL 24.9 72.8 29.4 12.9 47.0 16.0 24.0 73.5 28.4 12.0 44.3 15.4

Ta 22.8 31.3 26.5 12.0 19.0 14.0 22.8 31.3 26.5 12.0 19.0 14.0
RH% 59.0 96.0 88.0 60.0 82.0 77.0 59.0 96.0 88.0 60.0 82.0 77.0

Note: Material abbreviations, A-BN: andesite brown; C-GY: concrete grey; W-BG: pinewood beige; CR-WT:
ceramic white; CB-LG: cement board light grey; CB-BN: cement board brown; CB-GY: cement board grey; CB-BL:
cement board black; Ta: air temperature; RH%: relative humidity. The median climatic value is calculated from
the recorded 24 h surface temperature data at 1 h intervals.

In terms of the precision of the measurement, based on the manufacturer’s specifica-
tions, the FLIR C5 thermal camera has higher measurement errors (±3 ◦C) compared to the
TA612C K-type thermocouple measurement (±0.2 ◦C + 0.7 ◦C). However, the thermocouple
is only capable of detecting temperature on a spot of a sample, and errors could occur if a
homogenous temperature distribution across the entire piece of material is assumed. Ther-
mal cameras, on the other hand, can provide visualised surface temperature distribution of
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the materials, which thermocouple cannot achieve. The temperature distribution on the
surface is considered an important parameter. As such, the error margin of ±3 ◦C made
by the thermal camera is considered acceptable and can be calibrated using thermocouple
measurements at critical points within the thermal camera’s field of view. Overall, with the
current measurements, the accuracy of the TA612C K-type thermocouple and that of the
FLIR C5 thermal camera have comparable data and identical trends. This trend could be
observed during both hot tropical and mild winter climate.

3.1.2. UAV-IR Measurement of Urban Surface Temperatures

By utilising infrared aerial imaging on UAV, the surface temperature of the study area
was measured (Figure 8). The aerial thermal monitoring was conducted from 6:00 sunrise
until 18:00 sunset every 2 h. During sunrise 6:00 (Figure 8b), the surface temperature of
the study area started to increase due to solar radiation. The surface temperature recorded
on all the sample points reached around 20 ◦C to 21 ◦C. The water body projected a
temperature lower than 20 ◦C. At 8:00 AM, the surface temperature on all the sample
points except point B started to increase by 2 ◦C to 3 ◦C. Point B was located under a
canopy; unlike the other sample points, it had no direct sunlight radiation exposure. At
10:00 AM, surface temperature started to increase significantly on all the sample points,
reaching 28 ◦C to 29 ◦C. Roof materials made from concrete and aluminium steel had a
higher surface temperature, reaching 60 ◦C. At noon 12:00 PM, the surface temperature
on all sample points increased significantly, ranging from 27 ◦C to 31 ◦C. At this hour, the
differences between the surface temperatures of the materials in the study area were clearly
shown. Roof materials generally had a higher surface temperature as they were exposed to
sun radiation. During peak air temperatures at 14:00 PM, concrete roofs and pavements
showed the highest surface temperature. The areas surrounding reference points A and E
with less green and soil cover had the highest surface temperature of 35 ◦C and 35.7 ◦C,
respectively. Reference point B had the lowest surface temperature of 25.7 ◦C compared to
all the other points. This surface temperature trend continued to 16:00 PM, where surface
temperature had not yet decreased. During this period, point A had the highest surface
temperature of 36.2 ◦C. This was the highest surface temperature of all the reference points
during the day. During sunset at 18:00, there was less sun radiation exposure in the area.
Surface temperatures started to decrease significantly. Based on the surface temperature
observation, points A, C, and E still had a higher surface temperature compared to points B,
D, and F. This shows how the surface temperature was greatly affected by the composition
of the surface materials in the reference area.

3.2. Impact of Building Surface Materials on the Local Microclimate

To examine the impact of the surface temperature on urban microclimates, six sensors
have been placed at several locations to compare the air temperature under different
conditions. The surrounding conditions of the sensor locations are depicted in Figure 8a.
During peak temperature at 3:00 PM, air temperature data at points A, C, and E, where
materials consisted mostly of concrete surface, show higher temperature trends, while B, D,
and F, with more vegetation cover, record lower temperature trends throughout the day
(Figure 9). The maximum temperature recorded at points A and C reached 39 ◦C, while the
lowest temperature recorded was at point B (32 ◦C). Point B was located under a canopy
building with lower temperature and solar radiation. This answers the second research
question of how the surrounding materials strongly influence the temperature recorded at
every point. Points surrounded by concrete pavement surface and less vegetation showed
higher recorded air temperatures.
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Figure 8. Surface temperature of IUE campus captured using infrared UAV every 2 h from 6:00
(sunrise) to 18:00 (sunset). The maximum and minimum surface temperatures are highlighted.
(a) Aerial image of the study area IUE campus, selected points (A, B, C, D, E, and F) are selected for
surface monitoring; (b) IR aerial image of IUE at 6:00; (c) IR aerial image of IUE at 8:00; (d) IR aerial
image of IUE at 10:00; (e) IR aerial image of IUE at 12:00; (f) IR aerial image of IUE at 14:00; (g) IR
aerial image of IUE at 16:00; (h) IR aerial image of IUE at 18:00.
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Figure 9. Comparison of observed and simulated temperature at points A, B, C, D, E, and F on
26 August 2024 for 24 h at 1-h intervals. The height of the recorded air temperature is at 1.4 m.
(a) Observed temperature of point A compared to simulation; (b) Observed temperature of point B
compared to simulation; (c) Observed temperature of point C compared to simulation; (d) Observed
temperature of point D compared to simulation; (e) Observed temperature of point E compared to
simulation; (f) Observed temperature of point F compared to simulation; (g) Visual images of sensor
positions at point A, B, C, D, E and F.

Using the validated ENVI-met simulation model, we further investigate the temper-
ature distribution in the surrounding area (Figure 10). ENVI-met simulation results are
compared to the air temperature on the reference points A, B, C, D, E, and F (Figure 9).
Points A (reference point of the ENVI-met modelling), C, and E show the highest correla-
tion between observation and simulation. Points B, D, and F show less accuracy between
observed and simulated data. However, all the temperature distribution in the model
satisfies the R > 0.9 and R2 >0.8. The ENVI-met simulation results show a similar trend to
the air temperature sensors data. In the simulation results, point A, C, D, E, and F reach
a peak temperature of 39 ◦C. The temperature distribution in the ENVI-met simulation
results (Figure 10) also reflect how the surface materials affect the temperature above it. On
water bodies and vegetation areas, less air temperature is projected throughout the day.
Areas with more pavement cover have higher air temperatures above it.
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Figure 10. ENVI-met simulated potential air temperature at 1.4 m height of IUE campus on
26 August 2024. (a) Potential air temperature of IUE at 9:00; (b) Potential air temperature of IUE
at 10:00; (c) Potential air temperature of IUE at 11:00; (d) Potential air temperature of IUE at 12:00;
(e) Potential air temperature of IUE at 13:00; (f) Potential air temperature of IUE at 14:00; (g) Poten-
tial air temperature of IUE at 15:00; (h) Potential air temperature of IUE at 16:00; (i) Potential air
temperature of IUE at 17:00; (j) Potential air temperature of IUE at 18:00.

4. Discussion
4.1. The Impact of Building Surface Materials on Surface Temperature

The surface temperature of different types of materials varied after being exposed to
the same amount of solar radiation. Our finding confirms that darker materials with a high
specific heat capacity showed the highest surface temperature, while the lighter-coloured
materials with a low thermal mass exhibited the lowest surface temperature. In this case, the
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darkest material had the lowest solar reflectance value and a high absorbance value, which
means that that specific material will absorb more heat and radiate it to the environment. To
make sure that the relationship can be examined at different spatiotemporal scales, we first
verified that the IR camera showed the performance of detecting the surface temperature of
the selected surface materials at the same level as K-type thermocouples. It was identified in
Jakarta and Xiamen that materials with higher solar reflectance, lower solar absorbance and
lower specific heat capacity, such as white ceramic (CR-WT) and wood (W-BG), have the
lowest peak surface temperature throughout the day. On the other hand, materials with low
solar reflectance, high solar absorbance, and high specific heat capacity, such as andesite (A-
BN) and black concrete board (CB-BL), have the highest peak temperature trend recorded
during the day. In Jakarta, for example, the difference between the peak temperature of CR-
WT is 10 to 15 ◦C lower than that of A-BN using both the K-type thermocouple and the IR
camera. This shows that CR-WT reflects more and absorbs less sun radiation compared to A-
BN. While having a lower surface temperature could provide a better thermal environment
and less energy use for cooling, highly reflective materials may disturb the surrounding
population. The results showed how the two components, meteorological conditions and
material characteristics, affect the surface temperatures of building surface materials. First,
they affect the meteorological conditions (temperature, humidity, and sun radiation) and
materials’ thermal radiative properties (thermal conductivity, specific heat, reflectivity, and
emissivity). This finding shows how meteorological conditions play an important role
in affecting surface temperature. Moreover, during the nighttime in Jakarta, the material
surface temperature is 2–3 ◦C higher compared to the ambient temperature. This shows
that, in Jakarta, the material is absorbing more heat during the day and experiencing
a harsher UHI effect during the nighttime compared to Xiamen. Other studies have
also shown that climatic conditions greatly affect building surface materials and urban
microclimate [28,35]. The variation in surface temperature recorded between materials
shows that colours and material thermal properties greatly affect surface temperature.
Higher thermal mass materials like concrete (C-GY), andesite stone (A-BN), and black
cement board (CB-BL) have the highest surface temperature because they can store more
heat, which increases their surface temperature. These outcomes are also reflected in other,
similar research about building surface materials’ thermal performance [2,28,29]. The
distinct improvement between this study and the others is that, in this study, IR cameras
are tested together with thermocouples to complement each other. The surface temperature
of materials could show the UHI effect in the area and the surrounding air temperature.
The outcomes of the first experiment show that, by monitoring different building materials,
a classification of said materials could be made as guidance for future city planning and
urban management. With the correct building fabric composition, the UHI effect can be
reduced [2,36,37]. Some of the literature presented a hypothesis that, in harsher winters,
the heating effect for the same dark-coloured materials as building surface materials may
be desirable, as the surrounding microclimate may be warmed up [38,39]. Potentially, the
passive heating of materials in this certain area could make the temperature more thermally
comfortable. Applying lighter colours in hotter climates is suitable for mitigating UHI,
whereas it is possible that darker-coloured materials could increase air temperature during
winter, creating a more comfortable ambience temperature.

When compared, the performance of IR and K-type thermocouples are acceptable
for hourly monitoring tasks. K-type thermocouples typically have a higher response time
(0.015 s) than IR cameras’ image capturing capability. However, in the context of urban mon-
itoring, hourly recorded data are acceptable, since the building takes hours to absorb heat
and have surface temperature changes. Compared to thermocouples, IR cameras record up
to 2–3 ◦C higher temperature, but the measurements are precise. For building monitoring
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applications, this accuracy is acceptable to detect hotspots and temperature trends within
the materials monitored. In addition, IR cameras could provide visual information about
the temperature distribution, which a K-type thermocouple could not provide. Less waste
material and labour are required for monitoring when an IR camera is used. Furthermore,
although IR cameras could not accurately monitor highly reflective materials (Albedo above
0.5), in the urban context, such limitations are acceptable because less reflective materials
are used for the building surface. In an industry context, materials manufacturers could
add material thermal properties like emissivity, thermal capacity, thermal conductivity, and
albedo to surface material on the market to have easier implementation in the field. The
application of IR cameras in monitoring surface materials could be useful for architects,
urban planners, and policymakers in selecting suitable surface materials to contribute to
mitigating UHI.

4.2. Urban Scale Implications

This IR monitoring method was expanded further by assessing the IUE Xiamen cam-
pus as a case study. UAV equipped with IR was utilised to identify urban hot spots,
combined with ground temperature, humidity sensors, and ENVI-met software. The sur-
face temperature distribution could be observed throughout the whole area, and surfaces
with high temperatures could be identified (Figure 8). In Figure 8c, aluminium roofing ac-
quires surface temperature because it has a high thermal conductivity at 2:00 PM. However,
it is also the first material that cools down after sunset at 6:00 PM. Dark-coloured concrete
absorbs a lot of heat and has high surface temperatures. This type of material needs to be
avoided, as it will release heat to the environment as a UHI effect. Surface temperature near
vegetation and water bodies is found to be lower compared to surface temperature near
buildings or concrete objects. The sensor placements shows that the peak air temperature is
at points A, C, and E, while lower air temperature is at B, D, and F. The differences between
sensors’ temperatures are mostly caused by different a material composition within the
surroundings and how the materials radiate heat to the air. Points A, C, and E positions
are exposed to direct sunlight radiation throughout the whole day, whereas B, D, and F
have vegetation and canopy cover. In terms of surrounding materials, A’s, C’s, and E’s
grounds are covered mostly with concrete materials. B, D, and F are mostly covered with
soil and greenery. Aside from surface temperature, another cause of difference in recorded
temperature could also be attributed to the sun radiation angle and building orientations.
As the sun rises from the east to the west, the areas that are not shaded by the buildings
receive more sun radiation and therefore have higher surface temperatures. Therefore,
although points E, D, and F are positioned linearly, point E has higher surface and air
temperature. The vertical building surfaces that are facing to the east are exposed to more
direct sunlight. Hence, they have higher surface temperatures. This solar exposure also
indirectly impacts the building’s energy consumption by increasing cooling loads. Areas
of the building that received the most sun radiation throughout the day will most likely
have higher energy loads for cooling needs. Based on the findings, urban planners could
use this method to monitor the urban thermal distribution and highlight areas that are
greatly affected by thermal stress. The use of UAV to pinpoint temperature urban hotspots
combined with temperature sensors could be an efficient method to show which part of the
urban area requires UHI mitigations.

From the current findings, it is shown that materials’ colour and thermal properties
significantly impact the urban surface temperature, which inadvertently also affects the
surrounding air temperature. It is suggested to use less bulky materials with a low re-
flectance value like concrete as a surface material, as it will absorb additional heat. This
heat would be released to the microclimate, increasing the UHI effect. While high solar
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reflectance materials would be preferable, it is suggested not to install materials with
very high solar reflectivity, like steel. This may reflect solar flares directly to the ongoing
pedestrian, creating a transportation hazard. To test the suggested materials’ thermal
performance, microclimate simulation softwares like ENVI-met could be used to first test
the microclimate conditions.

4.3. Future Work

Future studies may experiment with how different materials could affect the air
temperature and microclimate conditions of an urban case study. The difference in heat
exposure with respect to human comfort could be compared and analysed. By using IR, it is
possible for manufacturers and researchers to perform a quick screening of building surface
materials. However, it is also possible to conduct further research on the microstructure of
the building surface materials and investigate how it will affect surface temperatures. There
is also a possibility of using remote sensing Land Surface Temperature as a comparison
to ENVI-met simulation results. Areas in the city that have high thermal stress could
be identified. The highlighted areas could then be simulated with ENVI-met simulation
to improve the urban thermal conditions. This could apply to big cities that are greatly
affected by UHI. Several materials or green cover scenario changes could be applied in
the simulation to test the effectiveness of the selected material modification as a UHI
mitigation strategy.

5. Conclusions
Building surface materials have a significant impact on air temperature in urban en-

vironments. Selecting materials that could absorb and release less heat to the air could
effectively help alleviate UHI effects and enhance the thermal comfort of an area. Tra-
ditional UHI monitoring methods using temperature humidity sensors and satellite IR
images lack the resolution and data frequency to analyse the direct source of UHI in urban
environments. To address this gap, this study proposed a novel method to assess the UHI
effect by combining in situ measurement using IR cameras, thermocouples, and ENVI-met
simulation. The primary results of this study can be summarised as follows:

(1) IR thermal camera capability and practicality to complement the spot check of ther-
mocouples for monitoring materials is demonstrated in this study. Material samples
with the lightest colour, white ceramic (CR-WT), have the lowest surface temper-
ature of 58.1 ◦C (Jakarta) and 27.9 ◦C (Xiamen) during the peak temperature at
2:00 PM. On the other hand, the darkest-coloured material, black cement board (CB-
BL) has the highest surface temperature of 73.5 ◦C (Jakarta) and 44.3 ◦C (Xiamen). The
surface temperature difference between the lightest and the darkest material during
peak ambient temperature ranges between 16.4 ◦C to 30.2 ◦C. This demonstrates
that darker materials with lower albedo will absorb more heat and radiate higher
surface temperature.

(2) This study also investigates the impact of materials on temperature distribution in the
case study of the urban area in the IUE campus Xiamen using UAV and temperature
ground sensors. During peak ambient temperature at 2:00 PM, from the selected
sampling points (A, B, C, D, E, F) the highest surface temperatures detected were on
points A (35 ◦C) and E (35.7 ◦C). The maximum air temperature is also recorded on
points A (35.89 ◦C) and E (36.26 ◦C).

(3) The ENVI-met validated model in this study shows satisfactory correlation values of
R > 0.9 and R2 > 0.8. ENVI-met simulation results provide further visualisation of the
whole temperature distribution in the area.
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This study proposed a novel method for urban planners and policymakers to consider
the materials’ composition that comprises urban surfaces when designing future cities.
With a balanced materials composition, it is believed that the newly designed or modified
urban areas could mitigate or at least lower the UHI effects in said areas. Collectively, the
energy consumption and CO2 emissions in said areas could be reduced. Additionally, with
ENVI-met simulation, urban planners could test different materials and vegetation covers
to investigate the effectiveness of UHI mitigation techniques.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/buildings16020334/s1. The supplementary materials contain the
following: Figure S1. Infrared images Xiamen on 23 February 2024; Figure S2. Infrared images in
Jakarta on 8 February 2024; Figure S3. Flight path for infrared and RGB drone; Figure S4. IR image
captured from UAV at 2:00 PM during the peak surface temperature, the surface material with the
highest surface temperature is highlighted above; Figure S5. Temperature sensor location placements;
Figure S6. Potential temperature without (left) and with green wall installed (right) from 00:00 to
04:00; Figure S7. Potential temperature without (left) and with green wall installed (right) from 05:00
to 09:00; Figure S8. Potential temperature without (left) and with green wall installed (right) from
10:00 to 14:00; Figure S9. Potential temperature without (left) and with green wall installed (right)
from 15:00 to 19:00; Figure S10. Potential temperature without (left) and with green wall installed
(right) from 20:00 to 24:00; Table S1. Infrared image data measured in Jakarta on 8 February 2024;
Table S2. Thermocouple data measured in Jakarta on 8 February 2024; Table S3. Infrared image data
measured in Xiamen on 23 February 2024; Table S4. Thermocouple data measured in Xiamen on
23 February 2024; Table S5. Observed air temperature data compared with normal simulation and
green wall simulation data (Height 1.4 m).
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Appendix A

Table A1. Selected common vegetations in Xiamen to be used in the ENVI-met simulation.

No. Plant Name Scientific Name Height (m) Category

1 Palm Livisitona chinensis 10 Medium deciduous dense plant
2 Fragant osmanthus Osmanthus fragrans 10 Medium deciduous dense plant
3 Chinese banyan Ficus macrocarpa 10 Small deciduous sparse plant
4 Red frangipani Plumeria rubra 8 Small deciduous sparse plant
5 East Asian mallotus Mallotus japonicus 4 Small deciduous sparse plant
6 Sedum Sedum acre 0.25 Roof greening plant
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