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Abstract

The urban heat island effect, characterised by high temperatures in urban areas compared to
their rural surroundings, is especially noticeable in industrial port environments due to their
unique environment and material characteristics. This thesis investigates the thermal
dynamics of the Rotterdam Harbour, Europe’s largest industrial port, focusing on the
relationship between surface materials, site design, and local microclimate variation. The
motivation for this study is the growing vulnerability of industrial areas to heat stress under
the threat of climate change because of their unique dense infrastructure, sparse vegetation,
and large impervious surfaces. These factors contribute to local warming and present
significant challenges to worker safety and climate adaptation in Rotterdam. The central
research question is “What morphological factors contribute to the variation in thermal
performance of the Rotterdam Harbour?”. Employing a mixed-methods approach, the study
integrates empirical field measurements at a pilot site in Pernis with spatial analysis using
geographic information systems and a review of relevant literature. The methodology
includes surface temperature mapping, identifying material thermal characteristics, and
microclimate observations, allowing for a nuanced assessment of how different industrial
environmental factors impact thermal conditions. The main findings reveal that areas
dominated by asphalt, concrete, and metal exhibit the highest surface temperatures, while
compact and enclosed building arrangements further exacerbate heat retention. Conversely,
adaptations in green infrastructure, surface colour and strategic spacing between buildings
can lower local temperatures by several degrees, highlighting the potential for targeted
interventions. The findings highlight the importance of climate-adaptive design

strategies in industrial port planning, with a focus on material choice, spatial arrangement,
and the use of vegetation to reduce localised heat. Ultimately, this research provides data-
driven solutions for enhancing the thermal resilience of industrial port environments and
informs policy recommendations improving urban sustainability in the face of a global heat

Crisis.



1. Introduction

1.1 Background
The urban heat island (UHI) effect describes the phenomenon where urban areas

experience higher temperatures than their rural surroundings. This temperature difference is
mainly driven by morphological factors, meaning the physical characteristics and spatial
arrangement of the local environment. Morphological factors include the types of materials
used in the constructions, the density and placement of buildings and infrastructure, and the
extent of vegetation present within an area (Deilami et al., 2018). Increased building density,
reduced green space, and the use of heat-retentive materials such as concrete and asphalt all
contribute to greater heat absorption and retention in cities. These attributes shape how urban
environments interact with solar radiation, store its heat, and ultimately influence local
microclimates. Because individuals living in cities are more susceptible to localised heat
stress, the impacts of UHIs have significantly increased due to accelerated climate change.
This concentrated heat also increases risks of serious health problems for the general
population, the need for energy for cooling, and makes cities less liveable, particularly during
heat waves (Norton et al., 2015; RIVM, 2021).

Because industrial zones are extensively made up of impermeable surfaces such as
concrete, asphalt, and metal, they are especially vulnerable to the impacts of UHIs. (Voogt &
Oke, 2003). The biggest industrial location in Europe, the Rotterdam Harbour and its
increased susceptibility to heat stress have resulted in a recent increase in research on the
distinctive design of industrial areas (Klok et al., 2012). Recent studies have indicated the rise
of 'industrial heat islands' (IHIs), in which groups of industrial operations produce localised
warming that is different from the overall urban environment (Meng et al., 2021; Yiiksel &

Yilmaz, 2008). Industrial regions like the Rotterdam Harbour tend to experience the most



pronounced warming during the summer months, coinciding with periods of greatest heat risk
(Meng et al., 2021).

These elements highlight how important it is to conduct focused heat risk
assessments and create customised mitigation plans to improve urban sustainability and
thermal resilience in industrial port settings.

1.2 Research context

This study was carried out in connection with the Rotterdam Heat Lab, a Resilient
Delta program initiative to address the growing issue of heat stress in the Rotterdam region.
This program gives students the chance to actively participate in creative solutions for urban
heat within the Rotterdam Heat Lab, through working with local stakeholders and experts to
address pressing issues of heat in the city. This research paper is an illustration of this
cooperative approach where professionals, researchers, and students collaborate to create a

city that is healthier, more resilient, and cooler.

1.3 Research Problem and Objectives

Although industrial areas within the Rotterdam Harbour have been identified as
thermal hotspots, few studies have explored the precise morphological factors that contribute
to thermal performance in industrial zones, especially in the context of port settings (Xiao et
al., 2018). Therefore, this thesis aims to tackle this problem through a case study of the Port
of Rotterdam, by using a pilot site in Pernis, to explore how spatial patterns in industrial
settings impact local microclimates. The first-hand field analysis was carried out at the Maple
Group terminal in Pernis. Assistant Professor Dr. Daniela Maiullari and Junior Researcher
Max van der Waal from Delft University of Technology assisted in selecting and visiting the
site. Through the integration of geographical and empirical data, the study seeks to evaluate

how well existing landscape layouts mitigate solar heat exposure.



1.4 Structure of the Thesis
The main research question that guides this thesis is: What morphological factors

contribute to the variation in thermal performance of the Rotterdam Harbour?

The structure of the thesis is as follows: The theoretical background and relevant literature on
urban and industrial heat islands are reviewed in Chapter 2. The methodology, including site
selection, data collection, and analytical tools, is covered in detail in Chapter 3. The Pernis
pilot site's spatial and visual analysis is presented in Chapter 4, supplemented by aerial
imagery (Figure 4) and QGIS mapping (Figure 8). Chapter 5 analyses the field data
measurements, interpreting the relationships between morphological factors and observed
thermal variations. Finally, the consequences for climate adaptation and recommendations for

improving the infrastructure of Rotterdam’s port will be discussed.

2. Literature Review

2.1 Urban Heat Islands in Industrial Zones
Luke Howard (1833) was the first to document the phenomenon of heat islands in the

early 19th century when he observed that London was warmer than it usually was than the
nearby countryside. Urbanisation, which modifies surface materials, spatial arrangements,
and the addition of new heat sources, is the cause of this effect. The way heat is absorbed,
stored, and released has been drastically transformed as cities grow denser and replace natural
landscapes with urban spaces (Oke, 1982; Norton et al., 2015). Oke (1982) laid the
groundwork for later urban climate modelling by offering a methodical scientific framework
for comprehending the energy exchanges that lead to the formation of UHI (Voogt & Oke,
2003). As a result of their poor solar reflectivity (albedo) and high thermal capacity (how
much heat energy a substance can absorb), these materials collect more solar energy during
the day and release it gradually at night, which persistently keeps cities warm (Mohajerani et

al., 2017; Stewart & Oke, 2012).



A growing body of research is now distinguishing between the traditional UHI and
the Industrial Heat Island (IHI) effect (Meng et al., 2021). In contrast to residential areas,
which frequently take advantage of the natural cooling effects of evaporation from green
spaces and tree cover, industrial zones are characterised by a lack of vegetation and vast
stretches of impermeable surfaces (Xiao et al., 2018; Shishegar, 2014). Heat accumulation is
increased, and nighttime cooling is decreased due to the spatial organisation of factories,
warehouses, and container yards as well as the prevalence of heat-retentive materials (Norton
et al., 2015). Additionally, operational and fixed features of the port environment such as
continuous machinery usage, process waste heat, and the concentration of big, flat-roofed
structures, contribute to industrial heat islands in addition to their material characteristics
(Yiiksel & Yilmaz, 2008).

Figure 1 makes this spatial pattern quite evident. The image shows that industrial
areas continuously have greater UHI values than their surrounding vegetation or water,

emphasising the significant heat load in these areas (Klok et al., 2012; Gartland, 2008).

:a“.i" i‘-’.xﬁu £l

Figur;z 1
Surface heat island (SHI) intensity map of Rotterdam, derived from MODIS satellite data. Cooler tones signify
lower temperatures in green spaces and water bodies, while warmer tones indicate higher surface temperatures



in industrial and urban regions. Adapted from “The surface heat island of Rotterdam and its relationship with
urban surface characteristics,” by Klok et al. https://doi.org/10.1016/j.resconrec.2012.01.009

2.2 Morphological Factors Influencing Thermal Performance

The morphological factors of industrial port regions mentioned earlier significantly
influence their thermal environment. These factors interact to create unique UHI dynamics in
industrial zones, setting them apart from residential areas and making them a critical focus
for understanding local heat stress in the Rotterdam Harbour.

For instance, asphalt absorbs a significant amount of solar energy (albedo 0.05-0.20),
which causes surface temperatures to rise by 15-20°C, relative to its surroundings, during
periods of intense sunshine (Harmay & Choi, 2023; Roesler et al., 2016). Metal surfaces,
which are common on industrial rooftops and container yards, heat up quickly and transmit
this heat to the surrounding air due to their high conductivity, thus creating powerful local
hotspots. Concrete, while somewhat more reflective, possesses significant thermal inertia,
causing it to store heat throughout the day and release it slowly at night, thereby delaying
cooling (Gartland, 2008; Mohajerani et al., 2017). When combined, these materials increase
the area's ability to absorb and hold heat, which exacerbates the UHI impact in comparison to
permeable or vegetated surfaces (Klok et al., 2012).

Thermal performance is also influenced by the way industrial zones are arranged
spatially. Narrow service roads and large, low-rise buildings are characteristics of high-
density layouts that limit natural ventilation and lower the possibility of convective cooling
from the wind (Yuan & Chen, 2011; Van Hove et al., 2014). According to Stewart and Oke
(2012), large warehouses and closely placed infrastructure reduce sky view factors and
produce wind shadows, which trap heat at ground level and prevent radiative heat dissipation.
Nonetheless, research shows that carefully placing buildings apart can improve ventilation

and reduce local temperatures by 2—4°C (Chen et al., 2019). Therefore, depending on how
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they promote or hinder air circulation, the placement of buildings and machinery in industrial
settings can either increase or decrease thermal stress (Wang et al., 2024).

Recent studies have highlighted the possibilities of creative cooling techniques, such
as applying reflecting coatings to pavements and roofs or using permeable paving materials
that promote evaporative cooling (Mohajerani et al., 2017). These studies have shown a
decrease in surface temperature, demonstrating the potential paths for future adaptation in
Rotterdam Harbour, even if these technologies are not yet widely used in European ports.

One of the main natural deterrents to these heat-retentive characteristics is vegetation
and green infrastructure, as they provide shade that lowers surface heat absorption and
increases evaporative cooling by taking heat out of the atmosphere (Bowler et al., 2010;
Norton et al., 2015). Studies have shown that even small additions of green infrastructure,
like pathways lined with trees, can significantly lower surface temperatures in adjacent
asphalt areas, frequently by several degrees Celsius (Xiao et al., 2018; Koc et al., 2018).
Species selection (for example, broadleaf trees with large leaf area indices perform better
than conifers) and spatial distribution determine how effective vegetation is in cooling
(Shashua-Bar et al., 2011). Clustered plantings provide more microclimate advantages than
isolated examples (Lopes et al., 2025). A viable method for reducing the urban heat island
effect in industrial environments, in addition to vegetation, is the use of "cool pavement"
technologies (Kappou et al., 2022). Generally, two factors can be altered to increase a
pavement's reflectiveness: the pavement's colour and surface roughness (Mohajerani et al.,
2017). Making pavement surfaces whiter, or as light-colored as feasible, is a practicable way
to reduce the UHI effect, according to studies. A lighter pavement surface increases the
quantity of light and heat radiation reflected into the atmosphere while decreasing the amount

of solar radiation absorbed (Mohajerani et al., 2017).
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As highlighted above, the distinct morphological makeup of industrial port areas is
complicated and site-specific. To examine how these morphological features influence
temperature variance in Rotterdam Harbour, this study applies a mixed-methods approach,

drawing results from various data sources, detailed in the following section.

3. Methodology

3.1 Research Approach

This study integrates empirical field measurements, GIS-based spatial modeling, and
qualitative literature analysis to investigate the morphological drivers of temperature
variation in Rotterdam Harbour. This integration of quantitative and qualitative insights
allows for a deeper understanding of how physical morphology shapes the thermal
environment of the port (Clark, 2016). Combining these methods allows this research to
utilise macro-scale spatial analysis, through QGIS, with micro-scale environmental data

through field research. The three primary pillars supporting the research, therefore are:

1. Literature Review: The research paper was framed within the body of knowledge
available about industrial thermal dynamics, UHIs, and the impact of material and
morphological factors on microclimate by examining peer-reviewed literature. Emphasising
material characteristics, the lack of vegetation, and the design of industrial zones, the review
guided the analysis and interpretation of important variables for field and spatial analysis
(Deilami et al., 2018; Norton et al., 2015). Among the key elements selected for spatial
modelling based on this first study were the distribution of green space and building density.

2. GIS-Based Spatial Analysis: Spatial analysis was performed using Quantum

Geographic Information Systems (QGIS) version 3.40.4. The Basisregistratie Grootschalige
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Topografie (BGT), the Dutch national large-scale topography database, and the Publieke
Dienstverlening Op de Kaart (PDOK), an open-access Dutch government geospatial data
portal, provided high-resolution land use and material data. These databases offered
comprehensive data on the distribution of green spaces in the study area, surface materials,
and building footprints.

3. Empirical Field Measurements: On March 31, 2025, field measurements were
taken at the Pernis pilot site. Kestrel 5400 Heat Stress Trackers were used to collect
microclimatic data at three different zones, each of which represented a typical industrial
microenvironment:

1. Water's Edge Asphalt: A paved, open space next to the waterfront that is close to the

Eemhaven basin and receives direct sunlight.

2. Open Container Landscape: As a typical port logistics zone, this exposed area is
dominated by stacked shipping containers and paved surfaces.
3. Confined Empty Steel Container: The inside of an empty steel shipping container,

simulating an extreme enclosed industrial environment.
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Microsoft Excel was used for data analysis, and each variable was analysed using the average
(AVERAGE) and standard deviation (STDDEV.P) functions to quantify variability both
within and between the microenvironments and to highlight central tendencies. Furthermore,
temporal trends and spatial disparities were visualised using Excel's graphing capabilities,
which ensured that every plot had an equal time axis for a simple comparison. Figure 2
provides a map of the greater Rotterdam Harbour area and highlights the location of the field

study pilot site.

Map of Rotterdam Harbour - Location of Pilot Site

Map of Rotterdam  Harbour
Wouter van Wijngaarden - June
2025

Figure 2

Map of the Rotterdam Harbour with the Location of the Pilot Site. The red box (inset map) shows a zoomed-in
view of the pilot site at the Maple Group terminal in Pernis. The red marker with black arrow indicates the
exact location where environmental measurements were collected on March 31, 2025. The scale bar (0—12 km)
is located at the bottom center of the map. North is oriented upward. Coordinate system: WGS 84
(EPSG:4326). Map created using QGIS.
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3.2 Literature Review

Peer-reviewed studies on industrial UHIs were retrieved, screened, and selected
through a PRISMA 2020 systematic process (Page et al., 2021). This ensured alignment with
the thesis's focus on morphological drivers of thermal variation in Rotterdam Harbour. The
procedure followed stringent inclusion/exclusion guidelines and combined results with field
measurements and QGIS spatial analysis to fill in research gaps on port-specific UHI. This
review's inclusion and exclusion criteria guarantee a focused study of the structural factors
that contribute to industrial UHIs in the contemporary Port settings, for the following reasons.
Recent developments in measurement methods, methodology, and industrial climate
adaptation have been included using only primary research studies that were published
between 2010 and 2025. According to Klok et al. (2012) and Mohajerani et al. (2017), studies
that met the eligibility requirements had to present empirical data on UHIs in industrial
settings, specifically addressing important morphological factors like surface albedo, urban
layout, or building materials. To guarantee accessibility and contextual relevance, only
English-language or significant translated studies that were related to Rotterdam were taken
into consideration. Non-peer-reviewed reports, opinion pieces, and review articles were
excluded to preserve reliability and centre on empirical data. To account for the fundamental
differences in thermal dynamics, research that exclusively concentrated on non-industrial
settings was also disregarded (Yuan & Chen, 2011; Meng et al., 2021). The analysis of
morphological effects on thermal performance in Rotterdam Harbour is directly supported by
the literature thanks to this focused approach.

Table 1. Reasons for Inclusion/Exclusion Based on Full-Text Screening

Criterion Inclusion Exclusion

Publication Type Primary research articles Opinion pieces, review papers,
non-peer-reviewed reports
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Publication Date

2010-2025

Published before 2010

Language

English or significant English
translation; Rotterdam-relevant
works

Non-English publications without
significant translation

Research Focus

Empirical data on UHIs in
industrial settings

Studies focusing on residential or
commercial UHIs only

Geographical Relevance

Studies relevant to Rotterdam or
similar contemporary
port/industrial areas

Studies on outdated or non-
comparable urban morphologies

Variables Studied

Analysis of morphological factors
(e.g., surface albedo, urban layout,
materials)

Studies lacking empirical
investigation of morphological
factors

Technological Relevance

Use of modern measurement
techniques and climate adaptation
methods

Studies not reflecting recent
developments in measuring
technology or adaptation strategies

To align with the thesis's focus on morphological drivers of thermal variation in

Rotterdam Harbour, the literature review identified, screened, and selected peer-reviewed

studies on industrial UHIs using a systematic process that complied with PRISMA 2020

(Page et al., 2021). Strict inclusion/exclusion criteria were followed, and results were

combined with field measurements and QGIS spatial analysis to fill in the gaps in port-

specific UHI research. The screening of 114 uploaded sources is summarised in the figure

below (see Figure 3 for structure):
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Identification of studies via databases and registers ]
)
3
.—°- Records identified from*:
3 Google Scholar, Science »| Records removed before screening (n = 0)
= Direct (n = 114) v
S
3
—
l Records excluded™*
) (n=179)
Not industrial/port contexts: n = 32
E]egﬂrf:)screened »| - Non-English/translated: n = 14
- Older than 15 years (pre-2010): n = 25
l - Reviews/theoretical papers: n = 8
Reports sought for retrieval »| Reports not retrieved (n = 2)
o (n =35) - Paywalled/unavailable full text: n = 2 (n = 2)
=
§ !
Reports assessed for eligibility
(n=233) —¥| Reports excluded (n = 18)
- Insufficient morphological focus (n = 12)
- No primary data (e.g., models without
validation) (n = 6)
—
™ y
b o R
= Studies included in review
° (n=15)
£
e —

Figure 3. PRISMA 2020 flow diagram illustrating the identification, screening, eligibility, and inclusion process
for studies in this systematic review. Adapted from PRISMA 2020 flow diagram for new systematic reviews
which included searches of databases and registers only (https://www.prisma-
statement.org/PRISMAStatement/FlowDiagram,).

3.3 QGIS Spatial Analysis

In addition to its versatility, strong analytical capabilities, and compatibility with a
variety of geospatial data types, Quantum Geographic Information Systems (QGIS) version
3.40.4 is a platform that is free to use and frequently used in urban research. QGIS makes it
possible to spatially visualise, make maps and quantitatively evaluate the spatial correlations
between urban form and heat patterns for the spatial analysis component of this work. High-
resolution land use and surface material data were obtained from two key Dutch geospatial

resources:
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1. Basisregistratie Grootschalige Topografie (BGT): The national large-scale
topographical database of the Netherlands, which offers a wide range of current
information on land cover, surface types, and building footprints.

2. Publieke Dienstverlening Op de Kaart (PDOK): An open-access Dutch
governmental portal offering downloadable geospatial datasets, including the BGT,
for integration into GIS applications.

To map the spatial distribution of building density, green infrastructure, and materials
throughout the Pernis pilot site, these datasets were imported into QGIS with the BGT Import
dowloadable plugin. The material composition of container yards and roads, as well as
building footprints, were extracted from BGT datasets and current satellite images using the
PDOK material mapping database. For researchers wishing to replicate or extend this
analysis, download links for QGIS and the PDOK BGT downloader are provided under
Appendix D.

There are various benefits of using QGIS, because it is free and has a sizable user
base, it is accessible for both academic and professional users. Its comprehensive spatial
analysis tools make it feasible to integrate different data layers and provide analysis of the
materials and urban layout. Since all processes and data sources can be shared and
documented online, the platform encourages reproducibility. User created plug-ins like this
made it possible to pinpoint the locations of regions that are mostly made of heat-retentive
materials as well as their spatial relationships to nearby green spaces and bodies of water. The
generated visualisations serve as the basis for the correlation between morphological traits

and observed microclimatic parameters.
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3.4 Field Observations in the Maple Group Site Pernis

An overhead perspective on the pilot site is shown in Figure 4, where the locations of
the heat trackers are identifiable in the surrounding material environment and land cover. The
image's numbers 1 through 3 represent the exact places where Kestrel 5400 WBGT Heat
Stress Tracker (T) & Weather Meters were set up during the field activity, across the 200 by
70-meter Maple Group location. The measurements at the locations were started
sequentially during the field campaign rather than all at once. Especially, the T3
measurement began later than T1 and T2 because of the order in which the temperature
trackers were set up. Consequently, the total overlapping duration for all three trackers is
fifteen minutes. This overlap, while brief, is sufficient for comparative analysis and ensures
that the observed differences are not artifacts of changing external conditions. These three
tracker sites were chosen under guidance from Dr. Daniela Maiullari to represent the variety
of surface materials, spatial arrangements, and microclimatic factors that exist at the terminal,
to collect data that is representative of the harbour environment. Data was collected on March
31, 2025, during a time of normal early spring weather in Rotterdam. Average outdoor
temperatures on this day were around 8.2°C (4.4°C at the lowest and 12.0°C at the highest),

with slightly cloudy skies.
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Figure 4

Red numbers (1, 2, 3): Locations of environmental sensors, 1: T1 (Waterfront, adjacent to water and mixed
surfaces), 2: T2 (Terminal, in hardscaped industrial area), 3: T3 (Container, inside a shipping container),
Green areas: Urban greenery and parkland, Industrial zones: Hardscaped and containerized areas, Water:
Eemhaven, a branch of the Nieuwe Maas. Retrieved May 7, 2025, from https://earth.google.com

With its location on the bank of the river Nieuwe Maas and improved air flow, T1 is
situated near the waterfront, next to the concrete and open water, where it could have a
cooling effect compared to the interior locations of the Maple Group terminal. To measure
this difference, T2 was situated in an open terrain area that is encircled by a large warehouse,
containers, and industrial machinery like forklifts and cranes. This region is characteristic of
the microclimate for port operations since it is large, paved, has no vegetation, and is exposed
to direct sunlight. Inside a shipping container, T3 records thermal conditions in a confined,

metal-dominated space that is notorious for its poor ventilation and excessive heat retention.



Figure 5

Ground-level view of the Kestrel 5400 Heat Stress
Tracker at Site 1 (Waterfront), set up on asphalt
adjacent to the Eemhaven waterfront (51° 53'14.22"
N, 4°24'1.05" E).

20

Figure 6
Ground-level view of the Kestrel 5400 Heat Stress
Tracker 2 (Terminal), positioned on paved terrain

surrounded by industrial containers and equipment
(51°53"15.58" N, 4°23'50.67" E).
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Figure 7
Interior of the steel shipping container at Site 3 (Container), showing the measurement environment for the
third sensor (51° 53'15.55" N, 4°23'52.31" E).

4 Results

4.1 QGIS Spatial Analysis

The clear morphological and land cover contrasts between the industrial port zone and
the nearby residential neighbourhood are visualised by the QGIS spatial analysis of the
Maple Group terminal area in Pernis. The map, as shown in Figure 8, combines field
observations and BGT data. Surface types are colour-coded to signify their geographical

distribution and their influence on the local microclimate.
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QGIS VISUAL MAP OF PERNIS
Spatial and Visual Analysis

Figure 8

Spatial distribution of surface cover types at the Maple Group pilot site in Pernis, Rotterdam Harbour,
visualised using QGIS (51° 53' 14.34" N, 4° 23' 57.62" E). Green: Vegetation (trees, bushes, parks), Red:
Impermeable surfaces (asphalt, cement, container yards), Dark Red: Warehouses and industrial buildings,
Black: Roads, Blue: Water bodies (harbour, docks), Pins T1, T2, T3: Field measurement stations

The most noticeable aspect of the spatial arrangement is the clear separation, created
by a continuous green corridor, between the industrial terminal (to the east/right) and the
Pernis residential neighbourhood (to the west/left). The highly populated residential buildings
and the impermeable, heat-retentive port surfaces are separated by this green corridor, which
is marked in green and is made up of parks, tree lines, and vegetated embankments. The
residential neighbourhood itself is distinguished by a large percentage of green-coloured

vegetated surfaces, such as street trees, tiny parks, and private gardens. By providing shade
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and allowing for evapotranspiration, these vegetated zones are known to improve local
cooling and occupants' thermal comfort (Bowler et al., 2010).

On the other hand, impermeable surfaces, shown in red, dominate the Maple Group
terminal. These include expansive stretches of cement and asphalt used for open yards,
vehicle transport, and container storage. The UHI effect and higher surface temperatures are
caused by these surfaces' increased absorption and retention of heat (Oke, 1982; Mohajerani
et al., 2017). The dominance of heat-retentive structures in the port zone is further
highlighted by the dark red colour of warehouses and industrial buildings. Additionally, roads
are shown in black to represent their function as extra heat sources because of their high
thermal conductivity and poor albedo.

The Pernis residential neighbourhood, which is surrounded by green infrastructure,
contrasts sharply with the terminal's enormous, exclusively treeless area, forming a clear,
visually catching spatial conflict of two different land uses. This separation supports
significant variations in thermal performance and human comfort throughout the research
region, which also reflects variations in land use and urban design. Because of this, the map
was utilised to identify measures to mitigate heat, indicate the microclimatic hotspots in the
harbour, and offer recommendations for improving thermal resistance in both the residential

as well as port area.

4.2 Field Measurement

Air Temperature, Relative Humidity, Wind Speed, Globe Temperature, Heat Index
and Wet Bulb Globe Temperature (WBGT) were among the field data gathered at each
station. WBGT measurement has the advantage of being able to incorporate temperature,
humidity, wind, and radiant heat, making it a more complete indicator of possible heat strain
than air temperature alone. This is especially important in port and industrial settings where

workers are subjected to complicated thermal loads from heat-retentive surfaces and solar
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radiation. The open terminal (T2) and container (T3) locations continuously had higher

WBGT and heat index values than the waterfront (T1), as shown by the filtered data and

summary statistics. This indicates that surface materials have an impact on local heat stress.
Line graphs of mean values during the measurement period at all three sites are

presented as Figures 9-13.
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Figure 9

Time series of air temperature (°C) measured at the three pilot site locations: Tl (Waterfront), T2 (Open
Container Landscape), and T3 (Confined Container) on March 31, 2025. The graph illustrates the variation in
ambient air temperature across distinct microenvironments within the port terminal.
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Wet Bulb Globe Temperature (WBGT)
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Figure 10

Wet Bulb Globe Temperature (WBGT, °C) at each measurement site, indicating the composite heat stress
experienced by workers, accounting for temperature, humidity, wind speed, and radiant heat. Elevated WBGT
values in T3 emphasize the risk of heat accumulation in enclosed spaces.
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Figure 11

Relative humidity (%) trends at the three pilot site locations. The graph demonstrates the influence of enclosure
and proximity to water on local moisture levels, with the highest values consistently observed at the waterfront
(T1) and the lowest inside the container (T3).
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Figure 12

Wind speed (m/s) measured at T1, T2, and T3. The data reveal significant differences in ventilation, with the
waterfront (T1) benefiting from higher wind speeds and the container (T3) showing zero wind speed
contributing to heat retention.
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Figure 13

Heat index (°C) calculated for each measurement location, representing the perceived temperature by
combining air temperature and relative humidity. The graph highlights how both temperature and humidity
contribute to thermal comfort and heat stress across different port microenvironments.
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4.3 Material Thermal Behaviour

The Pernis pilot site's materials-thermal behaviour link provides a powerful
illustration of how materials and urban architecture directly influence microclimatic
conditions in industrial port settings. The area's industrial surfaces, residential blocks,
waterfront infrastructure, and urban vegetation are contrasting, each of which contributes
unique microclimatic impacts and thermal signatures.

Each site's environmental data illustrates how local microclimate and material
characteristics interact. With mild globe temperatures (22.05°C), T1, which is along the
waterfront and next to open water and mixed surfaces, has the lowest average air temperature
(11.14°C) and the highest relative humidity (63.3%). Due to its high specific heat capacity
and ability to function as a buffer for heat, water helps to reduce temperature swings and
increase humidity, which helps to prevent heat buildup even during periods of maximum sun
exposure. The average wind speed here is 2.99 m/s, which promotes convective cooling and
stabilises the microclimate even more.

T2 (Terminal), on the other hand, is in an area that is primarily paved by concrete and
asphalt. This location has the greatest average globe temperature (24.08°C), the lowest
relative humidity (58.7%), and a slightly higher average air temperature (11.87°C). Because
of their high thermal mass and low albedo, these materials absorb and reradiate large
quantities of solar energy, raising the temperature of the surface and surrounding air. Heat
absorption is made worse by the lack of vegetation and shade, and convective cooling is
lessened by the slower breeze (1.97 m/s) than along the riverbank. The end consequence is a
microclimate that is more likely to experience UHI effects in industrial settings.

When T3 is placed inside a shipping container, the most noticeable thermal difference
is seen there. relative humidity is much lower here (39.7%), and the average air temperature

(20.31°C) and globe temperature (21.13°C) are much higher than at the other locations. Due
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to its high thermal conductivity and low thermal inertia (capacity to withstand thermal
changes), the metal structure of the container absorbs and transmits solar radiation quickly,
raising the inside temperature considerably. The steadily rising temperatures can be seen in
Figures 8, 9 and 12, as heat is trapped by a lack of ventilation, resulting in a
microenvironment with high temperatures and little airflow. The wind speed data at T3,
which continuously registers 0.0 m/s, supports this, showing stagnant air and no cooling from
the wind at all. The dangerous thermal environment produced by the combination of material
qualities and enclosure effects is highlighted by the much higher heat index and WBGT
values at T3.

By methodically comparing microclimatic data from the three different measurement
zones, the following section interprets the findings and delves into the meaning, importance,

and relevance of the results of the field data.

5. Discussion
5.1 Interpretation of Findings

The Maple Group terminal's field measurements and QGIS spatial analysis show clear
variation in thermal performance, impermeable surfaces continuously recording the highest
temperatures during periods of maximum solar exposure. Furthermore, it is important to note
that, despite the brief overlap of the tracker measurements and the relatively cold ambient
conditions on the day during fieldwork, the data revealed substantial temperature differences
between T3 and the other two locations. This highlights the strong influence of local
materiality and spatial configuration on microclimate, even under non-extreme weather.
Therefore, it is reasonable to expect that these results would be even more extreme during
summer heatwaves, intensifying heat risks. Furthermore, the site's microclimatic data and
visual documentation highlight how important spatial organisation and a scarcity of green

infrastructure are in escalating heat stress. In industrial areas such as Pernis, the lack of
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vegetation reduces the cooling effects of shading and evaporation, and large,
neighbouring buildings and narrow ventilation corridors prevent heat dissipation, resulting in
high temperatures that last well into the night (Bowler et al., 2010; Klok et al., 2012).

The empirical results from the Pernis pilot site have provided a better understanding
of thermal variability. Thus, the results of this study could encourage adjustments to material
choice and spatial arrangement to improve the performance of thermal microenvironments in
industrial port regions. Strategies for climate adaptation to reduce heat stress are outlined in

the following section.

5.2 Implications for Focused Recommendations

As seen in Figure 8 and its corresponding ground-level image, the open container
landscape (T2) is distinguished by its paved areas and lack of shade. WBGT measurements
were 13.4+0.8 °C, globe temperatures peaked at 24.1 + 1.5 °C, and average air temperatures
were 11.9+0.7 °C. The average wind speed in this area was 2.0 + 0.8 m/s. High global
temperatures and moderate wind indicate that heat stress in this setting is mostly caused by
solar radiation, although airflow offers considerable protection. Heat accumulation occurs
throughout the day because of the absence of vegetation and the domination of heat-retentive
materials. The findings here highlight the necessity of solutions that target surface heat
retention as well as direct sun exposure. According to research on urban greening, localised
cooling can probably be achieved with even relatively minimal plants or a modular green
wall. Heat buildup may be further reduced by choosing high-albedo materials for surfaces
and optimising building layouts to encourage airflow (Akbari & Kolokotsa, 2016; Gartland,
2008). It has been demonstrated that these cool pavement techniques greatly lower surface
temperatures, often by several degrees Celsius, which lowers the total thermal load in
industrial regions (Aleksandrowicz et al., 2017). To minimise any negative effects like

increased reflected heat, these pavements work best when paired with other cooling strategies
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like more vegetation or thoughtful shading. The implementation of high-albedo cool
pavements could be a feasible and scalable adaptation strategy. In port environments, these
adaptations are crucial when combined with operational adjustments like designating areas
for shaded rest and shifting demanding outdoor work to cooler times of the day.

With the greatest average wind speed across all locations (3.0 + 1.2 m/s), T1
consistently reported the lowest air temperatures (11.1 £0.7 °C) and lower globe
temperatures (22.0 £ 2.3 °C). T1 also had the highest relative humidity (63.3 + 3.4 %), which
is evidence of the nearby water's cooling effect. Therefore, the data support the relevance of
ventilation in reducing heat stress and the cooling impact of water bodies, which means that
optimising the connection between waterfronts and operating areas can be a successful
passive cooling technique for industrial port architecture. To make efficient use of
evaporative cooling and natural breezes, recommendations could include locating rest areas,
administrative buildings, or the most heat-sensitive tasks close to the water's edge. Improving
thermal comfort with temperature control could be supported by keeping orientation and air
corridors exposed to the waterfront, helping improve wind penetration in the terminal's
interior.

The heat profile of the enclosed container (T3), shown in Figure 7, is significantly
different. In addition to globe temperatures (21.1 + 1.6 °C) and WBGT (15.4 + 1.0 °C), air
temperatures within the container averaged 20.3 + 1.0 °C, which was almost twice as high as
those recorded in the open zones. Crucially, relative humidity was the lowest across all zones
(39.7+ 1.4 %), and wind speed was always zero. The danger of heat buildup in confined,
inadequately ventilated metal structures, a prevalent characteristic of industrial ports, is best
shown by this setting. Even in mild ambient circumstances, heat builds up quickly and
persistently due to steel's strong thermal conductivity and the lack of ventilation. It is

therefore a crucial recommendation for these areas to concentrate on improving ventilation
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and lowering solar heat gain. When it comes to container exteriors, reflective coatings or
shading can decrease heat absorption, while passive ventilation options like vents or roof
openings can help with air exchange. Additionally, it is necessary to implement operational
safety measures, such as limiting the amount of time that employees are exposed to
containers during warm weather and coordinating loading and unloading during cooler hours
of the day.

The data show that thermal risks are heavily site-specific. This means it is unlikely
that a single solution for heat mitigation will have any substantial impact. Interventions
would need to be customised to each microenvironment's unique thermal challenges instead.
Shade and surface reflectivity should be prioritised for open, sun-exposed areas. For example,
ventilation and safety procedures are critical for enclosed spaces and natural cooling
mechanisms should be identified for areas adjacent to the waterfront, preserving and perhaps
enhancing these relieving effects. Furthermore, as this study shows, making use of regular
microclimatic monitoring could provide helpful data to guide long-term development plans,
along with immediate responses to heat waves, for example.

Most notably, the confined container environment (T3) exhibited substantially higher
air temperatures (20.3 £ 1.0°C) compared to both the open container landscape (11.9 + 0.7°C)
and waterfront (11.1 + 0.7°C), despite relatively low relative humidity (39.7% compared to
58.7% and 63.3%, respectively). Coupled with the high WBGT values (15.4 + 1.0°C) and the
lack of wind (0.0 m/s), this temperature difference stresses how important ventilation is to
prevent excessive heat in enclosed metal constructions. Passive ventilation techniques,
including strategically placed vents or reflective exterior coatings that lower solar heat gain,
could enhance these spaces' thermal performance.

The waterfront location (T1) consistently records the lowest temperatures despite

variable wind conditions (3.0 + 1.2 m/s), which further demonstrates the cooling effect of
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proximity to water bodies. To take advantage of this natural cooling mechanism, industrial
port planning may benefit from optimising the connectivity between working areas and water
bodies. This could be achieved, for example, by arranging worker rest areas, or heat-sensitive
operations close to waterfront spaces. Furthermore, the higher wind speeds observed along
the waterfront emphasise how crucial it is to maintain and improve air corridors in industrial
layouts to promote natural ventilation across the property. The open container landscape (T2)
showed intermediate thermal conditions but significantly higher globe temperatures (24.1 +
1.5°C versus 22.0 + 2.3°C at the waterfront), suggesting significant absorption of solar
radiation, and suggesting that using temporary shade structures or high-albedo surface
materials in these large operating areas could be beneficial.

It should be mentioned that, as this field measurements of all three trackers overlap
for a short window, it fails to measure the thermal conditions are dynamic and react to
shifting environmental factors throughout the day. This temporal variability implies that
operational scheduling, especially for activities carried out in enclosed containers or on
exposed hardscaped surfaces, could be optimised to reduce worker exposure to periods of
peak heat stress. The importance of considering multiple thermal indices when assessing heat
stress risk is further highlighted by the notable differences in WBGT values between the three
zones (12.6 £0.9°C, 13.4 = 0.8°C and 15.4 + 1.0°C for T1, T2, and T3, respectively). This is
because different indices capture different aspects of the thermal environment.

The UHI impact will pose a growing danger to people's comfort and health in urban
and industrial regions as climate change ramps up. Because of the combined effects of
climate change and local industrial morphology, worker health may no longer be adequately
protected by conventional coping mechanisms like rest periods and water. According to
recent research, even small increases in the surrounding temperature can have a substantial

impact on the risk of occupational heat stress, lower productivity, and raise the possibility of
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accidents at work (Jacobs et al., 2019; Bowler et al., 2010). Understanding and reducing these
thermal risks is crucial in Rotterdam Harbour, where there are high physical demands and
even greater stakes for operational continuity. This is true not only to protect worker health
but also to ensure the long-term resilience of the port's vital infrastructure.

Therefore, tackling the heat island effect in Rotterdam Harbour is a social and
occupational health issue as well as an urban climate adaptation issue. To protect Rotterdam's
harbour workers from the escalating heat, this study hopes to identify the precise
morphological factors that increase heat retention and slow down cooling. This will

ultimately support a safer, healthier, and more sustainable port environment.

5.3 Limitations and Future Research

It is important to further address the limitations. Firstly, field data collection was done
on March 31%, and the Netherlands usually experiences the most intense UHI effects and
related thermal stress during the peak summer months (Heusinkveld et al., 2010; van der
Hoeven & Wandl, 2018). Therefore, the microclimatic gradients and temperature differences
that have been observed could not fully reflect the seasonal effects that citizens and workers
endure during heat waves. Given that the data was gathered over a very brief period is
another limitation of this study. For future studies to fully capture the range of microclimatic
variability, data collection covering the warmest times over a longer period should be
conducted. Additionally, it was not practical to determine the precise amount of
anthropogenic heat, meaning activities that raise local air and surface temperatures. This
includes manufacturing, burning fuel, and operating heavy machinery, all of which produce
this anthropogenic heat (Sailor, 2011). This direct measurement or calculation is primarily
difficult because it requires distinguishing between solar-derived heat and anthropogenic heat
emissions in such a complicated industrial setting, where the two sources overlap, and the

data requirements would be too great for the scale of this study.
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The fact that the study is constrained by the time coverage and resolution of the
available satellite and GIS information presents another limitation. Although imagery from
satellites is useful for capturing patterns of land cover on a large scale, it may not be able to
detect variation in surface materials or microclimatic conditions on a smaller scale, especially
in complex industrial areas. Furthermore, despite being quite extensive, the BGT dataset is
updated regularly and may not properly reflect the current site-level changes in infrastructure
or land use.

Future research should also focus on how microclimatic variation directly affects
human health. While this study focuses on regional patterns of thermal risk, it does not
measure health effects like heat stress incidence, productivity loss, or specific exposure to
vulnerable populations (Pogacar et al., 2018). A more thorough analysis of the relationships
between urban design, microclimate, and health outcomes might be possible by working with
public health organisations like GGD Rotterdam. In industrial and port settings, where
occupational exposure to severe heat is becoming a major problem due to climate change,
research like this would be very valuable in creating effective responses.

As global temperatures continue to rise, they are fuelling the UHI effect, intensifying
the heat in cities and making industrial zones even more formidable hotspots. Not only are
the findings of this study relevant to Rotterdam, but they also provide an important direction
for other port cities around the world that are navigating the challenges brought on by higher

industrialisation, rapidly growing cities, and the growing effects of climate change.
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8. Appendices

Appendix A: Microclimate Data by Location (13:00-13:30)
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Zone Air Temp Globe Temp WBGT Rel. Humidity Wind Speed (m/s)
°O °O (°O (%)
Waterfront 11.1+£0.7 22.0+23 12609 | 63.3+34 3.0+1.2
(T1)
Terminal (T2) | 11.9+0.7 24115 13.4£08 | 587+2.1 2.0£0.8
(Cz‘g’j’“’”e’ 203+1.0 211+ 16 15410 | 39.7+14 0.0
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Appendix C. Fieldwork Photo Download Link

Photos Maple Group 20-03-2025

Appendix D. Download Links for QGIS and the PDOK BGT Downloader

e QGIS: https://qgis.org/download/

e PDOK BGT Downloader: https://app.pdok.nl/lv/bgt/download-viewer/
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