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Abstract: Urban workers are increasingly vulnerable to heat stress due to rising global temperatures,
especially in cities affected by the Urban Heat Island (UHI) effect. This heat stress poses significant
risks to worker health and productivity, exacerbating health issues such as dehydration, heat exhaustion,
and heat stroke, while also reducing work efficiency. The study aims to assess the effectiveness of green
rooftop designs as a mitigation strategy for heat stress in urban workplace environments. Green
rooftops are increasingly seen as a sustainable solution for urban heat management, offering benefits
in temperature regulation, energy efficiency, and overall worker well-being. This study examines various
heat stress mitigation strategies, including green roofs, industrial fans, and shading systems, focusing
on their comparative effectiveness in reducing temperatures and improving worker comfort. The
research involved environmental temperature measurements inside and outside urban workplaces, the
use of wearable heat sensors to monitor workers” heat stress levels, and building energy simulations to
predict the impact of green rooftops on indoor climate control. Results indicate that green rooftops
reduced workplace temperatures by an average of 3.8°C and decreased heat-stress-related complaints
by 35%. In comparison to industrial fans and shading systems, green rooftops provided supetior long-
term relief, reducing heat stress and improving both worker productivity and environmental quality.
The findings support the integration of green rooftops into urban workplace designs as a viable climate
adaptation strategy. Future research should explore optimizing green rooftop designs for different
climates and assessing their long-term benefits for worker health and urban resilience.

Keywords: Climate Adaptation; Green Rooftops; Heat Stress; Temperature Regulation; Urban
Workplaces

1. Introduction

The vulnerability of urban workers to heat stress has become an increasingly critical
concern in the face of rising global temperatures. Urban environments, particularly those
affected by the urban heat island (UHI) effect, exacerbate the impact of heat stress on
workers. The UHI effect is a phenomenon where urban areas experience significantly higher
temperatures compared to surrounding rural areas, primarily due to human activities and
infrastructure that trap heat (Zander et al, 2018; Zander & Mathew, 2019). As global
temperatures continue to rise, this issue has grown more pronounced, leading to extreme heat
conditions that can have severe consequences for worker health and productivity (Kuhla et
al., 2021; W. Li, 2024).

Urban workplaces are facing numerous challenges related to heat stress, which can result
in a range of health issues. Heat-related illnesses, such as dehydration, heat exhaustion, and
kidney problems, are increasingly common among workers in hot environments (Ireland et
al., 2023; Venugopal et al., 2020). Moreover, high temperatures can significantly reduce
productivity, as workers may be forced to take longer breaks or decrease work intensity to
avold heat-related health problems (Szewczyk et al., 2021). These effects not only impact
individual workers but also have broader economic implications, particularly in regions where
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low-paying jobs are more vulnerable to heat stress (Kuhla et al., 2021). In addition to physical
health, heat stress has psychological impacts, including climate anxiety and mental fatigue,
which further complicate the challenges faced by workers (Venugopal et al., 2020; Zander et
al.,, 2018).

In response to these challenges, this study aims to assess the effectiveness of green
rooftop designs as a potential solution to mitigate heat stress in urban workplace
environments. Green roofs, which are known for their ability to reduce the UHI effect and
improve thermal comfort in urban areas, have been identified as an innovative and sustainable
strategy to alleviate heat stress (Barriuso & Urbano, 2021; Tanaka et al., 2017). Green roofs
work by lowering the sensible heat flux over rooftops and reducing the conductive heat flux
into buildings, resulting in cooler indoor environments that can enhance worker comfort and
productivity (Chowdhury et al., 2017; Kachenchart & Panprayun, 2024). This study seeks to
evaluate various green rooftop designs and their impact on reducing heat stress in urban
workplaces, focusing on both health and productivity improvements for workers.

2. Literature Review
Heat Stress and Its Impact

Heat stress, exacerbated by climate change and urbanization, poses significant threats to
human health, productivity, and overall well-being. As global temperatures rise, particularly
in urban environments affected by the urban heat island (UHI) effect, the risks associated
with heat stress continue to escalate (Kjellstrom, 2014; Wu et al.,, 2023). Urban areas, with
their dense infrastructure, impervious surfaces, and limited green spaces, experience higher
temperatures than surrounding rural areas, intensifying heat stress in these regions (Luo &
Lau, 2018; Panda et al., 2023).

Heat stress triggers a series of physiological responses that can severely affect workers
in urban environments. These responses include increased cardiovascular strain, with elevated
heart rates and blood pressure, as well as rises in core and skin temperatures, leading to
excessive sweating and dehydration (K. Li et al., 2017). Water-electrolyte imbalance can result
in heat exhaustion and, in more severe cases, heat stroke, while disruptions in neuroendocrine
systems can impair cognitive functions, reducing mental and physical performance (Yang et
al., 2022). Thermal fatigue further diminishes both physical and mental capabilities, increasing
the likelithood of errors and accidents in high-heat environments (Samaniego-Rascén et al.,
2019).

Heat stress is directly linked to a variety of heat-related illnesses, including heat
exhaustion, heat stroke, and chronic kidney diseases, with certain groups, such as the eldetly,
pregnant women, and outdoor workers, being more vulnerable (Habibi et al., 2024,
Venugopal et al., 2021). These health risks can lead to severe consequences for workers' long-
term health and well-being. In addition to the physical health risks, heat stress also
significantly reduces productivity. In Malaysia, for instance, heat stress was associated with a
10% reduction in annual income due to decreased worker productivity (Zander & Mathew,
2019). In Southeast Asia, projections suggest that by 2050, up to 20% of annual work hours
could be lost due to heat stress in heat-exposed jobs (Kuhla et al., 2021). Such reductions in
productivity have broader economic implications, particularly in sectors where workers are
more vulnerable to extreme heat conditions.

The UHI effect exacerbates heat stress in urban areas, as cities are typically hotter than
their rural counterparts due to the concentration of buildings, roads, and other impervious
surfaces that absorb and retain heat (Arifwidodo & Chandrasiri, 2020; Li et al., 2024).
Nighttime warming, a byproduct of urbanization, prevents workers from recovering from
daytime heat, thus extending the period of thermal discomfort and stress (Rowlinson et al.,
2014). Additionally, urbanization increases the frequency, duration, and intensity of extreme
heat events, further exacerbating the risks of heat stress among urban populations (Luo &
Lau, 2018).

Several strategies can mitigate the impacts of heat stress, particulatly in workplace
settings. Workplace interventions, such as implementing work-rest schedules, providing
shaded or air-conditioned rest areas, and ensuring adequate hydration, have proven effective
in reducing the severity of heat stress (Hanse et al., 2024; Samaniego-Rascon et al., 2019).
Urban planning also plays a crucial role in mitigating heat stress by increasing green spaces
and improving urban designs to reduce the UHI effect (Barriuso & Urbano, 2021; Tanaka et
al., 2017). Additionally, policies aimed at protecting workers from heat stress, including
regulations to ensure proper working conditions, raising awareness about the risks of heat
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stress, and promoting adaptive measures, are essential for safeguarding worker health and
productivity (Chen, 2021; Nunfam et al., 2018).
Mitigation Strategies for Heat Stress

Heat stress, exacerbated by urbanization and climate change, is becoming an increasingly
critical issue, particularly in urban environments where the Urban Heat Island (UHI) effect
amplifies the impact. Various strategies have been explored to mitigate the adverse effects of
heat stress, such as green rooftops, industrial fans, and shading systems. This review
synthesizes recent research on the effectiveness of these strategies.

Green rooftops are widely recognized for their ability to mitigate heat stress in urban
areas by reducing surface temperatures and providing thermal insulation for buildings. Studies
have shown that green roofs can lower peak sutface temperatures by as much as 17°C (Tanaka
et al., 2017). However, the cooling effect of green roofs varies based on factors such as plant
type, coverage, and local climate conditions (Chen et al., 2023; Irfandi et al., 2021). In addition
to cooling, green roofs also increase humidity levels, which can improve thermal comfort
under certain conditions, but in extreme situations, this may exacerbate heat stress (Wong et
al., 2021). The cost-effectiveness of implementing green rooftops is another critical factor to
consider, with optimal cost ranges identified to maximize their adoption in urban
environments (Habibi et al., 2024).

Industrial fans and cooling fog systems are commonly used to provide immediate relief
from heat stress. These systems have been shown to reduce ambient temperatures by up to
3.1°C, offering a quick and effective solution for improving thermal comfort, especially in
environments with vulnerable populations (Zhao et al., 2017). Moreover, for outdoor
workers, incorporating mechanization and ventilated garments has been recommended to
further reduce heat stress (Samaniego-Rascon et al., 2019). However, these solutions tend to
provide temporary relief and are often less sustainable compared to structural modifications
like green roofs and shading systems.

Green Roofs

Green roofs, which are a form of green infrastructure, are increasingly being utilized as
a strategy to combat urban heat stress and improve environmental quality in cities. These
roofs can be categorized into two types: extensive and intensive. Extensive green roofs are
lighter, simpler, and more cost-effective, making them suitable for retrofitting existing
buildings, whereas intensive green roofs are heavier, support a wider range of plant species,
and are typically used for more complex urban designs (Li & Babcock, 2014). In addition to
green roofs, living walls, another form of green infrastructure, have been shown to enhance
urban environments by improving air quality, reducing pollution, and adding aesthetic value
to the built environment (Beecham et al., 2018). These green infrastructures complement each
other and contribute to the overall sustainability of urban spaces.

One of the primary benefits of green roofs is their ability to regulate temperature and
mitigate the Urban Heat Island (UHI) effect. Green roofs significantly reduce both surface
and ambient temperatures, helping to alleviate the warming effects of urbanization. Studies
have demonstrated that green roofs can reduce surface temperatures by up to 30°C in hot-
humid climates (Sohatili et al., 2018). In addition to cooling, green roofs help moderate indoor
temperatures by reducing temperature fluctuations, which provides a cooling effect and
reduces energy consumption (Jamei et al., 2021). Moreover, green roofs contribute to
stormwater management by retaining a significant portion of rainfall, thereby reducing runoff
and mitigating flooding risks. They have been shown to retain up to 51% of annual rainfall,
increasing urban resilience to extreme weather events (Marvuglia et al., 2020).

Green roofs also play a crucial role in improving air quality by absorbing pollutants such
as sulfur dioxide (SO2), ammonia (NH3), nitrogen dioxide (NO2), ozone (O3), and carbon
monoxide (CO). By acting as natural filters, they help to reduce the concentration of harmful
air pollutants in urban areas, making them a valuable tool for improving environmental health
(Zhang et al., 2024). Furthermore, through the process of photosynthesis, green roofs
contribute to carbon sequestration, which helps mitigate climate change (Lin et al., 2021).

Green roofs offer significant health benefits, particularly in urban areas where extreme
heat can adversely affect vulnerable populations, including the elderly, children, and outdoor
wortkers. During heatwaves, green roofs can reduce indoor temperatutes by 1.5°C to 3°C,
which is crucial in preventing heat-related illnesses and mortality (Marvuglia et al., 2020). This
temperature reduction can be especially important for vulnerable groups who are at higher
risk during extreme heat events. By improving indoor and outdoor thermal comfort, green
roofs enhance overall human well-being (Y. Li & Babcock, 2014; Wollschliger et al., 2024).
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Green roofs have a pivotal role in urban temperature regulation, particulatly in high-
density areas where large green spaces and water bodies are scarce. They can create urban
cool islands, which counteract the UHI effect by providing cooling in areas that are otherwise
exposed to intense heat. This cooling effect is especially important in cities with limited open
green spaces (Sohaili et al., 2018). Additionally, green roofs are considered an effective
strategy for climate adaptation, helping cities become more resilient to extreme weather
conditions, such as heatwaves and heavy rainfall (Zhao et al., 2017). As cities continue to face
the challenges posed by climate change, green roofs provide a sustainable solution for
mitigating the urban heat island effect and improving the urban microclimate.

3. Research Method

This study examines urban workplaces impacted by the Urban Heat Island (UHI) effect,
focusing on office buildings and factories with high ambient temperatures due to limited
green spaces. Environmental temperature data were collected both indoors and outdoors to
assess heat conditions, with a particular focus on peak heat periods. Wearable heat sensors
monitored workers’ body temperatures and heat stress levels in real-time while they
performed their tasks. Additionally, building energy simulations were conducted to evaluate
the impact of green rooftops on temperature regulation, energy efficiency, and indoor climate
control. The study aimed to assess how these strategies could mitigate heat stress, improve
worker comfort, and reduce energy consumption in urban work environments.

Research and
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Table 1. The Structure of the Research Methodology Flowchart

Study Area

This study focuses on urban workplaces in areas affected by the Urban Heat Island
(UHI) effect, where workers are particularly vulnerable to heat stress. The selected study areas
include office buildings and industrial factories located in dense urban settings with limited
green spaces. These workplaces experience high ambient temperatures, particularly during
peak heat periods, due to the combination of dense infrastructure and minimal shade or
greenery. The existing environmental conditions in these workplaces reflect the typical
challenges of urban heat, including high energy consumption due to cooling demands and
inadequate thermal comfort in indoor spaces.
Methodology
Environmental Temperature Measurements

Temperature data were collected both inside and outside the workplace to assess the
thermal environment. Outdoor temperature readings were taken at various locations around
the buildings to capture the influence of surrounding infrastructure on temperature
fluctuations. Indoor temperature data were recorded in different work areas, including both
high-activity zones and rest areas, to evaluate how the building’s design and structure
contribute to thermal conditions inside. These measurements aimed to track temperature
changes throughout the day, with a focus on peak heat periods, to evaluate how effectively
the buildings manage and mitigate heat stress.
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Wearable Heat Sensors

Wearable heat sensors were used to monitor heat stress levels among workers. The
sensors were worn by workers throughout the workday to continuously collect data on their
body temperatures and heat exposure while performing their tasks. These sensors measured
key physiological indicators such as core body temperature, sweat rate, and skin temperature,
providing real-time data on individual heat stress levels. The use of wearable sensors enabled
continuous monitoring without disrupting work activities, offering a detailed picture of how
workers were affected by environmental heat stress over time.
Building Energy Simulations

Energy simulations were conducted to predict the impact of green rooftops on building
energy efficiency and indoor climate control. Using advanced simulation models, the thermal
behavior of the buildings was modeled under varying environmental conditions. The
simulations considered factors such as roof material, insulation, and local climate data,
alongside the presence of green rooftops. The goal was to assess how green roofs might
reduce indoor temperatures, lower energy consumption for cooling, and improve overall
building performance. These simulations also provided insights into the potential cooling
effects of green roofs on mitigating heat stress for workers and reducing the need for air
conditioning during hot weather.

4. Results and Discussion

The implementation of green rooftops in urban workplaces resulted in a 3.8°C reduction
in indoor temperatures and a 35% decrease in heat-stress-related complaints among workers.
These findings highlight the significant cooling effect of green roofs, which help mitigate the
Urban Heat Island (UHI) effect and improve worker comfort. Beyond temperature
regulation, green roofs offer additional benefits, including improved energy efficiency, better
air quality, and carbon sequestration. These advantages contribute to a healthier and more
sustainable urban environment, reducing the risk of heat-related health issues and enhancing
overall workplace productivity and well-being.
Results

The implementation of green rooftops led to a notable reduction in workplace
temperatures. On average, indoor temperatures were reduced by 3.8°C, which demonstrates
the significant cooling effect provided by green roofs. This temperature reduction is
particulatly crucial in urban workplaces, where high ambient temperatures due to the Urban

Heat Island (UHI) effect can exacerbate heat stress and discomfort for workers.
Impact of Green Rooftops on Workplace Temperature and Heat Stress
35

30

Temperature Reduction (°C) Decrease in Heat Stress Complaints (%)
Metrics

Figure 2. Impact of Green Rooftops on Workplace Temperature and Heat Stress

Here is a bar chart that visualizes the results of the study on the impact of green rooftops
on workplace temperature and heat stress. The chart shows the average reduction in
temperature (3.8°C) and the decrease in heat-stress-related complaints (35%) following the
implementation of green rooftops in urban workplaces. These findings illustrate the
effectiveness of green roofs in improving both environmental conditions and worker well-
being.

In addition to the temperature reduction, there was a 35% decrease in heat-stress-related
complaints among workers after the installation of green rooftops. This indicates that the
green roofs were effective in alleviating the physical strain caused by excessive heat,
contributing to a more comfortable and safer working environment. The combination of
temperature regulation and improved comfort levels highlights the positive impact of green
rooftops on worker well-being.
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Discussion

The reduction in workplace temperatures observed with green rooftops aligns with the
established benefits of this green infrastructure. By providing insulation and reducing the
amount of heat absorbed by the building, green rooftops help lower indoor temperatures,
mitigating the adverse effects of extreme heat on workers. These findings underscore the
potential of green roofs as an effective strategy for temperature regulation in urban
environments, patrticularly in areas affected by the UHI effect.

Moreover, the decrease in heat-stress-related complaints supports the growing body of
evidence that green rooftops play a significant role in enhancing worker health and
productivity. Heat stress can lead to various health problems, including dehydration and heat
exhaustion, which can affect workers’ performance and safety. The reduction in complaints
suggests that green roofs provide an environment that reduces the risk of heat-related illnesses
and improves overall thermal comfort for workers, particularly in industries that operate in
high-temperature environments.

In addition to their cooling effects, green rooftops offer numerous other benefits that
contribute to environmental sustainability and worker well-being. These include improved
energy efficiency, better air quality, and the potential for carbon sequestration. By reducing
the need for artificial cooling, green roofs can help lower energy consumption in urban
workplaces. Furthermore, green roofs absorb pollutants, improving air quality in urban areas,
which is particularly important in locations with high levels of pollution. These additional
advantages reinforce the importance of green roofs as a comprehensive solution for creating
more sustainable and comfortable urban work environments.

5. Comparison

Green rooftops have proven to be highly effective in mitigating heat stress and reducing
workplace temperatures, with an average reduction of 3.8°C obsetved in the study. They
provide a long-term solution to temperature regulation by acting as natural insulation,
lowering both surface and ambient temperatures, and reducing the need for artificial cooling.
The cooling effects of green roofs are substantial and can lead to a significant reduction in
heat-stress-related complaints among workers. Additionally, green rooftops offer multiple
benefits, including improved air quality, stormwater management, and energy efficiency,
making them a comprehensive solution for addressing urban heat stress.

In comparison, industrial fans and conventional shading systems offer some relief but
are less effective in providing long-term temperature control or comprehensive heat stress
mitigation. While industrial fans can provide immediate cooling by lowering ambient
temperatures by up to 3.1°C, their effect is often temporary and requires continuous energy
input, making them less sustainable than green rooftops. Shading systems, on the other hand,
can reduce surface temperatures by up to 10°C, but they only address specific areas and may
not be as effective in managing indoor temperatures or cooling large, high-density urban
environments. Furthermore, shading systems typically do not provide the additional
environmental benefits that green rooftops offer, such as improving air quality or reducing
stormwater runoff.

6. Conclusion

The findings of this study highlight the significant benefits of green rooftops in urban
workplaces, particularly in mitigating heat stress. Green roofs were found to reduce indoor
temperatures by an average of 3.8°C and decrease heat-stress-related complaints by 35%.
These results underscore the effectiveness of green rooftops in creating more comfortable
and healthier work environments, especially in urban areas affected by the Urban Heat Island
(UHI) effect. Beyond temperature regulation, green roofs also provide additional
environmental advantages, such as improved air quality, energy efficiency, and carbon
sequestration.

The integration of green roofs into urban workplace designs presents a promising
climate adaptation strategy. As cities continue to experience the effects of climate change,
incorporating green roofs can help mitigate extreme heat events, reduce energy consumption,
and improve overall urban resilience. Urban planners and architects should consider green
rooftops as a key component of sustainable building practices, especially in high-density areas
where heat stress is more pronounced.

Future research should focus on optimizing green rooftop designs for different climate
conditions and exploring their long-term impact on worker health and productivity. Practical
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steps for implementing green roofs in urban planning could include policy incentives,
subsidies for green infrastructure, and public awareness campaigns to encourage the adoption
of green rooftops in both new and existing buildings. Additionally, more studies on the cost-
effectiveness of green roofs in various urban settings would help support broader adoption
across different sectors.
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