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Abbreviations

ADB Asian Development Bank

AQl Air quality index

ASP Asphalt

CBA Cost-benefit analysis

COP26 26th Conference of the Parties to the United Nations Framework Convention on Climate
Change

CWG Climber green wall

DGF Direct green facade

GCR Green coverage ratio

Gl Green infrastructure

GR Green roof

GW Green wall

HUCE Hanoi University of Civil Engineering

HVAC Heating, ventilation, air conditioning

IAQ Indoor air quality

IAT Indoor air temperature

ICEM International Centre for Environmental Management

IGF Indirect green fagade

ILT Interlaced tiles

ILTV Interlaced tiles with vegetation cover

loT Internet of Things

IRR Internal rate of return

IST Indoor surface temperature

LAI Leaf area index

LW Living wall

MAE Ministry of Agriculture and Environment

MOC Ministry of Construction

MRT Mean radiant temperature

NbS Nature-based solutions

NPV Net present value

OAT Outdoor air temperature

oG Open ground

OST Outdoor air temperature

OoTTV Overall thermal transfer value

PBP Payback period

PET Physiological equivalent temperature

PM Particulate matter

PM,.5 Particulate matter less than 2.5 micrometres in diameter

PM,, Particulate matter less than 10 micrometres in diameter

QuUT Queensland University of Technology

RH Relative humidity

RUCaS Resilient Urban Centres and Surrounds

SDGs Sustainable Development Goals
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SET Standard effective temperature

UGl Urban green infrastructure

UHI Urban heat island

UNFCCC United Nations Framework Convention on Climate Change
uPVvC Unplasticised polyvinyl chloride

UTCI Universal thermal climate index

VGS Vertical greening systems

VOC Volatile organic compound

WSUD Water sensitive urban design

Glossary

Term(s)

Definition(s)

Reference(s)

Green facade

Green facades rely on climbing plants that grow
either directly in the soil or from planter boxes, using
trellises, meshes or structural supports to ascend
building exteriors to build a green cover.

Anderson (2024)

Green
infrastructure

Also sometimes called natural infrastructure, or
engineering with nature, green infrastructure
intentionally and strategically preserves, enhances or
restores elements of a natural system, such as
forests, agricultural land, floodplains, riparian areas,
coastal forests (such as mangroves), among others,
and combines them with grey infrastructure to
produce more resilient and lower-cost services.

Browder et al. (2019)

Green wall

Green walls (also referred to as vertical greening
systems, vegetated fagades or vertical gardens) are
engineered systems that support vegetation on
vertical surfaces to enhance stormwater
management, mitigate urban climate impacts and
improve building energy efficiency. At the city scale,
they offer a valuable means of integrating greenery
into dense urban areas where ground-level space for
trees is limited, with potential benefits for indoor
comfort, energy reduction and public health.

Cardinali et al. (2023) and
Ascione et al. (2020)

Grey
infrastructure

Grey infrastructure is built structures and mechanical
equipment, such as reservoirs, embankments, pipes,
pumps, water treatment plants and canals. These
engineered solutions are embedded within
watersheds or coastal ecosystems whose
hydrological and environmental attributes profoundly
affect the performance of the grey infrastructure.

Browder et al. (2019)

Living wall

Living walls are defined as designed, built and
maintained vegetation elements that potentially have
multifunctional and deliberate environmental benefits

for their built surroundings. They are self-sufficient

Radi¢ et al. (2019)
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living walls that are attached to either the exterior or
interior of a wall for structural support.

focus on sustainable water management,
environmental protection and socio-cultural
outcomes.

Nature-based | This is an umbrella term referring to “actions to IUCN (2020)
solutions protect, sustainably manage and restore natural or
(NbS) modified ecosystems that address societal challenges

effectively and adaptively, simultaneously providing

human wellbeing and biodiversity benefits”.
Urban heat Urban heat island occurs when urban areas IPCC (2021)
island (UHI) experience significantly higher air and surface

temperatures than their surrounding rural or natural

environments. This disparity is caused by the

replacement of natural vegetation with heat-absorbing

surfaces (such as concrete, asphalt, and steel), the

dense configuration of buildings that traps heat, and

the release of waste heat from human activities.
Vertical A vertical garden is a system in which plants are Kiran et al. (2025)
garden grown on a vertical surface, either directly on a

building fagade or on a self-contained structure, using

soil-based or soilless cultivation methods, and

supported by structural, irrigation and drainage

components. Also known as living or green walls.
Vertical Vertical greening systems, also known as green Irga et al. (2023)
greening walls, refer to engineered/design systems that enable
systems vegetation to grow vertically along, across or directly
(VGS) attached to wall surfaces. These are further classified

into two main types: green facades and living wall

systems.
Water This is an approach to planning and designing urban | CRC For Water Sensitive
sensitive environments that integrates the urban water cycle, Cities (n.d.)
urban design including potable water, wastewater and stormwater,
(WSUD) with the built and natural urban landscape, with a
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Executive summary

Southeast Asian cities are experiencing rapid urban growth alongside intensifying climate risks. Rising
temperatures, heavier rainfall events and worsening environmental conditions are placing increasing
pressure on already constrained urban systems. The widespread replacement of permeable,
vegetated surfaces with heat absorbing and impermeable materials is contributing to stronger urban
heat island effects, higher cooling demand, reduced thermal comfort, and increased runoff and
drainage pressure during monsoonal conditions. Together, these changes are worsening local
flooding, waterway pollution and broader urban liveability challenges, particularly for vulnerable
communities.

This technical paper examines urban green walls, also referred to as living walls or vertical greening
systems (VGS), as a nature-based solution (NbS) that can be integrated into dense urban
environments with limited horizontal space but abundant fagade area. It frames green walls as
functional infrastructure, with potential to deliver multiple services when designed, implemented and
maintained as part of broader urban systems. The paper responds to a recognised need for more
context-specific evidence on NbS performance in rapidly urbanising Southeast Asian settings,
particularly in Vietham and the wider Mekong region, where applied and locally grounded evidence
remains limited.

Drawing on the literature, the paper synthesises the main performance pathways through which green
walls can contribute to climate adaptive urban outcomes. They include thermal regulation and energy
performance through shading and evapotranspiration, air quality improvement via particulate and
gaseous pollutant capture, and hydrological regulation through rainfall interception and substrate
storage that can reduce and delay runoff. The paper also highlights that performance depends
strongly on factors such as species selection, wall configuration, fagade orientation, irrigation regime
and local meteorological conditions. At the same time, it identifies persistent gaps in the Southeast
Asian evidence base, including limited long-term field monitoring, limited guidance on species
selection for tropical rainfall and humidity conditions, and limited integrated assessment frameworks
that capture environmental, social and economic dimensions together.

A central argument is that green walls deliver greatest value when embedded within integrated NbS
and water sensitive urban design (WSUD) approaches that combine ecological processes with
engineered systems. WSUD is presented as a practical planning and design pathway for
operationalising NbS in urban settings, particularly where stormwater, flooding and water quality are
central challenges. WSUD translates system goals into site and precinct-scale measures such as
permeable pavements, rain gardens, stormwater harvesting, green roofs and green walls. This
framing is especially relevant in dense cities like Hanoi, where retrofitting and small-scale, space
efficient measures are often more feasible than land intensive redevelopment.

Within this context, the paper presents a proof-of-concept case study at the Hanoi University of Civil
Engineering (HUCE). A renovated campus precinct has been designed as an NbS and WSUD
training hub incorporating green walls, porous pavement, rainwater harvesting, rain gardens and
WSUD demonstration boxes. The case study is positioned as both a demonstration and a learning
platform, showing how complementary interventions can function together as a system while
strengthening local capacity through monitoring, teaching and applied research.

To build locally relevant evidence, HUCE is hosting a sensor-based environmental monitoring
scheme. Six low cost Internet-of-Things (IoT) sensors installed across intervention and control
locations are being used to compare microclimate and air quality conditions associated with the green
wall and porous pavement against comparable grey locations on campus, and to assess changes
across pre- and post-construction periods. The monitoring program aims to generate site-specific data
on temperature, humidity and air quality, strengthen teaching and research capability at HUCE, and
produce transferable lessons for NbS design and implementation in Vietnam and the region.

Initial sensor analysis at HUCE suggests that the green wall and porous pavement may be delivering

modest local benefits, with NbS locations recording slightly lower PM10 AQI and apparent “feels like”
temperatures than comparable grey infrastructure sites. These findings are preliminary and should be
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interpreted with care, as seasonal variation, short pre/post monitoring periods, sensor placement and
irrigation/maintenance practices may influence results; continued calibrated monitoring across
equivalent seasonal periods will be needed to strengthen the evidence base and guide future scaling.

Overall, the paper concludes that green walls can contribute meaningfully to climate adaptive urban
development in Southeast Asia, particularly in dense, heat stressed and flood prone settings, when
they are treated as infrastructure and integrated with WSUD and other complementary measures.
Realising this potential requires fit-for-purpose design, clear maintenance responsibilities and robust
monitoring to build confidence and guide scaling. By combining a regional synthesis with a monitored
demonstration site, the paper provides a practical step to addressing evidence gaps and informing
replication in rapidly urbanising cities.
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1. About this paper

This technical paper examines green walls, also referred to as living walls or vertical greening
systems (VGS), as a form of nature-based solution (NbS) that can be integrated into dense urban
environments with limited horizontal space but abundant facade area. It focuses on how green walls
can contribute to climate-adaptive urban development in Southeast Asia, particularly when they are
designed, implemented and maintained as part of broader urban systems.

The paper responds to a growing need for more context-specific evidence on the performance and
application of NbS in rapidly urbanising settings. While international research demonstrates the
potential of NbS to provide multiple environmental and social benefits, applied and locally grounded
evidence remains limited in Southeast Asia, particularly in Vietnam and the wider Mekong region. This
paper therefore considers not only the standalone performance of green walls, but also their role
within integrated NbS and water sensitive urban design (WSUD) approaches.

The paper is intended for urban planners, policy makers, engineers, researchers and practitioners
working in urban development, water management and climate resilience. It is particularly relevant for
those involved in the planning, design and implementation of nature-based and water-sensitive urban
interventions, as well as institutions seeking to strengthen the evidence base for practical application
and scaling.

The paper combines a regional literature review with a proof-of-concept case study at the Hanoi
University of Civil Engineering (HUCE). The literature review examines the main pathways through
which green walls may contribute to thermal regulation, air quality improvement, stormwater
management, biodiversity support and wider liveability outcomes, while also identifying key evidence
gaps in the Southeast Asian context. The HUCE case study provides a practical example of how
green walls can be integrated with other WSUD elements, including porous pavement, rainwater
harvesting and rain gardens within a dense urban setting.

A central argument is that green walls deliver greatest value when treated not simply as architectural
or aesthetic features, but as functional urban infrastructure embedded within wider NbS and WSUD
systems. The HUCE case study is therefore presented not only as a demonstration project, but also
as a monitored learning platform that can generate locally relevant evidence and inform future design,
implementation and scaling. Through this combined regional and site-based perspective, the paper
aims to support more informed use of green walls as part of climate-adaptive urban development in
Vietnam and across Southeast Asia.
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2. Urban growth challenges and
opportunities in Southeast Asia

2.1 Urbanisation, environmental degradation and
heat stress

Increasing urban sprawl in Southeast Asian cities like Jakarta, Ho Chi Minh City and Hanoi are
impacting economies, landscapes and environments. Rising populations are placing pressure on
infrastructure systems, driving land use changes, limiting green space and exacerbating vulnerability
to climate change and environmental degradation.

Rapid and often unplanned urban growth places natural systems under significant stress. Replacing
permeable, vegetated surfaces with impermeable, heat-absorbing materials such as asphalt and
concrete contributes to significant changes in local microclimates. Urban development changes local
waterways and ecosystems, for example, streams are reshaped, natural drainage is disrupted and
vegetation is reduced, in ways that make cities hotter than nearby rural areas. These changes reduce
thermal comfort, especially for vulnerable populations who face disproportionate health risks during
extreme heat events. They also make the urban heat island (UHI) effect more pronounced, increasing
cooling demand and elevating greenhouse gas emissions from energy use (Alcoforado & Andrade,
2008; Heaviside et al., 2017; Kotharkar et al., 2018).

Beyond temperature impacts, reduced green cover diminishes ecosystem services such as air
purification, carbon sequestration and stormwater regulation, exacerbating environmental degradation
(Coutts & Hahn, 2015; Nieuwenhuijsen, 2021). Vegetation plays an important role in filtering airborne
pollutants and particulate matter, improving urban air quality, while also acting as a carbon sink that
helps to offset emissions from urban activities. The loss of these functions contributes to declining air
quality and reduced urban capacity to sequester carbon in rapidly urbanising areas (Diener & Mudu,
2021; Ariluoma et al., 2023).

Reduced vegetation cover limits the capacity of urban landscapes to absorb and retain rainfall,
leading to increased surface runoff, reduced groundwater recharge and greater pressure on drainage
systems (Zhang & Chui, 2019; Li et al, 2019). These changes can heighten the risk of urban flooding,
particularly in cities with high proportions of impermeable surfaces and limited drainage capacity
(Fletcher et al., 2024). The combined loss of these ecosystem services not only degrades
environmental conditions but also reduces the resilience of urban systems to climate variability and
extreme weather events. Given these interconnected challenges, interest is growing in integrated
approaches that restore ecological functions within the urban fabric.

2.2 Limitations of grey infrastructure

Urban development often prioritises grey infrastructure such as hard surfaces and engineered
solutions, which often do not provide the same benefits as natural systems (Qi et al., 2019; Heaviside
et al., 2017). Increases in impermeable surface area accelerate stormwater runoff, limit the recharge
of aquifers and increase the risk of flash floods. Additionally, runoff contains harmful pollutants like
heavy metals, hydrocarbons and sediments that are often channelled into drainage systems without
being treated, and can have a significant negative impact on receiving water bodies.

The combination of grey infrastructure and the absence of significant vegetation cover further
intensifies land surface temperatures due to increased heat retention, reducing opportunities for
natural cooling and pollutant filtration (Dutta et al., 2021; Elizondo-Martinez et al., 2020). This
combination of heat stress and reduced air quality contributes to higher rates of respiratory illness and
heat-related health problems in urban populations (WHO, 2025; Nieuwenhuijsen et al., 2024).
Elevated temperatures can intensify the formation of ground-level ozone and increase the
concentration of airborne pollutants, further degrading air quality during peak heat periods (WHO,
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2025). At the same time, prolonged exposure to high temperatures places additional strain on the
human body, particularly affecting cardiovascular and respiratory systems (Ebi et al., 2021; Zhao et
al., 2022).

These impacts are often disproportionately experienced by vulnerable groups, including the elderly,
children and low-income communities, who may have limited access to cooling, health care or green
space (WHO, 2025; Jay et al., 2021. In densely built urban areas, where heat retention and pollutant
accumulation are most pronounced, these combined stressors can significantly reduce overall
liveability and increase public health risks (Lin et al., 2021; Nieuwenhuijsen et al., 2024). Addressing
both thermal conditions and air quality has therefore become a critical priority for urban planning and
climate adaptation strategies. These pressures also highlight the need for more integrated and
adaptive interventions that can retrofit ecological functions into existing urban fabric.

2.3 The role of NbS and WSUD

NbS offer a more holistic approach to ecological restoration through urban design, using vegetation,
soil and water processes to address climate resilience, biodiversity loss and quality of life issues
simultaneously. They represent a shift away from reactive, single-purpose engineering towards
adaptive, multifunctional systems (Kumar et al., 2024; Lechner et al., 2020). In urban areas, NbS can
help reduce urban heat, improve stormwater management, support biodiversity, and enhance amenity
and liveability. Applying NbS through urban green and blue infrastructure can help reduce urban heat
islands by changing how heat is absorbed, stored and released in cities (He et al., 2023; Li et al.,
2020).

In cities, NbS are often delivered through urban green infrastructure, which can be understood as the
planned integration of vegetation, soils and water systems into the built environment to provide
environmental, social and economic benefits. Urban green infrastructure can strengthen urban
resilience by creating connected networks of blue—green spaces that help reduce the impacts of
climate change and provide a range of ecosystem services, including improved air quality, reduced
urban heat island effects, and enhanced biodiversity and community health (Khalili et al., 2024; Singh
et al., 2020).

The effectiveness and long-term viability of urban green infrastructure also depend on how it is
perceived and valued by communities. Where communities recognise direct and indirect benefits,
including visual amenity, neighbourhood pride, improved wellbeing and local cooling, stewardship is
more likely and long-term care is strengthened (Meenar et al., 2022; Tsantopoulos et al., 2018).
Green walls and other forms of green infrastructure can also have economic implications, because
they may reduce long-term operational costs, generate energy savings and improve property value
through enhanced aesthetics and comfort (Rosasco, 2018; Huong et al., 2024).

While grey infrastructure remains necessary in urban areas, it often performs best when combined
with natural systems rather than treated as a standalone solution. In this sense, NbS are not a
complete substitute for engineered infrastructure, but a means of improving how urban systems
function by integrating ecological processes into the built environment. This outcome is particularly
important in dense urban areas, where drainage, cooling, water quality and public amenity need to be
addressed together rather than through isolated, single-purpose interventions.

WSUD provides an important planning and design pathway for applying these principles in urban
settings. WSUD is an approach to planning and designing urban areas that integrates all parts of the
urban water cycle, including drinking water, wastewater and stormwater, with the built and natural
environment. It supports ecologically sustainable development by promoting sustainable water
management, protecting the environment, and improving social and cultural outcomes (CRC for
Water Sensitive Cities, n.d.). In practice, WSUD helps translate the broader goals of NbS and green
infrastructure into site-level and precinct-scale design responses, such as rain gardens, bioretention
systems, permeable pavements, stormwater harvesting, green roofs and green walls.

WSUD is not separate from NbS, but one of the ways NbS can be operationalised in urban areas,

especially where water management is a central challenge. It provides a framework for combining
ecological and engineered elements to improve drainage, reduce runoff, moderate urban heat and
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enhance liveability. These outcomes are particularly relevant in rapidly urbanising Southeast Asian
cities, where pressure on drainage systems, high levels of impermeable surface cover and limited
availability of open land mean that integrated, space-efficient responses are needed.

2.4 Importance of small-scale NbS interventions

Within the broader framing of operationalising NbS to deliver WSUD, small-scale and building-
integrated interventions become especially important. Measures such as green walls, permeable
pavements and stormwater harvesting systems can function not only as individual site improvements,
but also as part of wider NbS and WSUD strategies that contribute to urban resilience (Herath & Bai,
2024; Scholz & Grabowiecki, 2007). Green walls, for example, can regulate temperatures on building
fagcades, improve local microclimates, provide shading and contribute to carbon sequestration. Porous
or permeable pavements can improve urban water management by enhancing infiltration,
groundwater recharge and retention (Scholz et al., 2014).

Through gradual improvements to existing infrastructure using NbS, cities can build ecological
corridors that support biodiversity, improve quality of life and strengthen community resilience. Among
small-scale NbS options, green walls are especially relevant in dense Southeast Asian cities; they can
be retrofitted onto existing buildings, deliver multiple environmental benefits and work where ground-
level space is limited. The next section examines what green walls can contribute, and where the
evidence remains limited.
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3. Urban green walls

Green walls, also known as living walls or VGS, are well suited to high-density cities with limited
horizontal space but abundant vertical surfaces. By introducing vegetation directly onto building
facades, they can improve thermal comfort, air quality and stormwater management without taking up
valuable ground space (Manso and Castro-Gomes, 2015; Parker and Zingoni de Baro, 2019).
Successful examples include Singapore’s “City in a Garden” policy framework and Bangkok’s
municipal initiatives promoting vertical greening as part of climate adaptation strategies (Kumar et al.,
2024).

The following section examines the benefits green walls can provide, and the evidence gaps that
remain in the regional literature.

3.1 Types of environmental performance

Support mental
wellbeing

Figure 1. Environmental benefits delivered by a moveable green wall system.

Research shows that green walls deliver significant environmental benefits across different climate
zones (Figure 1 and Appendix 1).

Table 1 summarises the main types of environmental performance associated with green walls,
including their key functions, indicative evidence and relevance to Southeast Asian cities.
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Table 1. Key environmental performance benefits of green walls

Performance area

Main benefit of green

Indicative evidence /

Why it matters in

Thermal regulation and
energy efficiency

walls

Lowers temperatures in
immediate vicinity;
reduces cooling
demand

effect

Surface temperature
reductions of 15-20°C;
surrounding air
reductions of 2-5°C;
cooling energy savings
up to 30%

Southeast Asia

Helps address urban
heat and high cooling
demand in tropical
cities

Air quality

Captures particulate
matter (PM) and
absorbs gaseous
pollutants

PM and gaseous
pollutant removal; high
removal efficiency
reported in active
systems under
controlled conditions

Relevant in dense,
high-traffic urban areas
with poor air quality

Stormwater retention
and hydrological
regulation

Retains rainfall and
delays runoff

Retention of 40—60% of
rainfall depending on
design and climate

Supports flood
management during
intense rainfall and
monsoon events

Biodiversity and
ecological connectivity

Provides habitat and
supports ecological
linkages

Can function as
stepping-stone habitat
for birds, pollinators and
invertebrates

Important where
urbanisation is
fragmenting habitats

Human health,
wellbeing and
productivity

Provides physical and
mental stability and
supports increased
productivity

Reduces cortisol and
stress levels enhancing
liveability standards

Important in high stress
inducing environments
like workplaces and
hospitals

Economic performance
and property value

Increased energy
savings providing
positive long term
economic benefits

Achieves a 6—-15%
value premium with
offset on initial
investments; payback
periods between 8-10
years

Cost-effective and
suitable for tropical
urban environments

The following sections discuss each performance area in more detail, with particular attention to the
strength of evidence and its relevance to tropical urban conditions.

3.1.1 Thermal regulation and energy efficiency

By shading the fagade and promoting evapotranspiration, green walls reduce building surface and
ambient temperatures. Studies show surface temperature reduction of 15-20°C during peak summer
and 2-5°C surrounding air temperature reduction (Manso & Castro-Gomes, 2015; Kumar et al.,
2024). This result improves outdoor thermal comfort and mitigates the UHI effect at the

neighbourhood scale.

Thermal regulation translates to energy savings. Buildings with VGS have shown up to 30% reduction
in cooling energy demand (Wang et al., 2023), and in winter, green walls can provide additional
insulation, reducing heating losses by around 15-20% (Perini & Rosasco, 2013; Safikhani et al.,
2014). These results improve building performance and reduce carbon emissions.

Many experimental and simulation-based studies confirm these findings, with reported reductions of
2—7°C in ambient air temperature and up to 15-20°C on wall surfaces depending on system design,
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orientation and plant species (Nocera et al., 2024; Zaid et al., 2018). In tropical cities such as
Singapore and Kuala Lumpur, this thermal buffering translates to significant reductions in indoor
cooling demand, reinforcing the role of green walls as part of the building envelope.

3.1.2Indoor and outdoor air quality

Vegetation in green walls acts as a biological filter, capturing particulate matter (PM,.s and PM,,) and
gaseous pollutants. Hedera helix (ivy) and Iberis sempervirens (evergreen candytuft) have been
shown to be effective at particulate capture due to their dense leaf morphology (Anderson, 2024).

The literature shows that green wall vegetation can trap particulate matter on leaf surfaces while also
absorbing gaseous pollutants such as nitrogen dioxide (NO,), sulphur dioxide (SO,) and volatile
organic compounds (VOCs) (Anderson, 2024; Kumar et al., 2024). Experimental studies indicate that
species with high leaf density, rough texture and persistent foliage are particularly effective.

In active living wall systems, pollutant removal efficiency is above 65% for particulates and up to 90—
96% for VOCs under controlled conditions (Anderson, 2024). While field measurements in tropical
Southeast Asia remain limited, simulation-based studies suggest that large-scale green wall
integration can yield measurable improvements in ambient urban air quality, particularly in high-traffic
areas.

3.1.3 Stormwater retention and hydrological regulation

The planting substrate and root networks in living wall systems absorb and store rainwater, reducing
runoff and peak flow loads on urban drainage systems. Depending on wall design and climate,
retention rates of 40—60% of rainfall have been recorded (Manso & Castro-Gomes, 2015).

The substrate and planting media act as a temporary reservoir, allowing for both stormwater retention
and delayed runoff release. These results reduce pressure on conventional drainage systems,
particularly during heavy rainfall events.

This function is especially important in Southeast Asian cities, where increased runoff during
monsoon seasons is a frequent hazard leading to urban flooding (Dutta et al., 2021). Irrigation
systems designed to recycle greywater can further enhance the sustainability of VGS by linking water
reuse with environmental service delivery.

3.1.4 Biodiversity and ecological connectivity

Green walls contribute to urban biodiversity by providing vertical habitats for birds, pollinators and
invertebrates. Studies show that VGS can act as stepping-stone habitats that complement green
roofs, urban parks and street trees, enhancing ecological connectivity in dense urban environments
(Parker & Zingoni de Baro, 2019).

Plant species diversity in living walls can be designed to support pollinator-friendly flora, seasonal
flowering and microhabitats. This ecological function is particularly important in Southeast Asia, where
rapid urbanisation continues to fragment natural habitats and place additional pressure on native
biodiversity.

3.1.5 Human health, wellbeing and productivity

The health and wellbeing benefits of exposure to greenery are well documented. Studies show that
access to vertical greenery can reduce cortisol levels, lower stress, improve emotional stability and
support recovery from fatigue (Nieuwenhuijsen, 2021; Coutts & Hahn, 2015).

In workplace environments, VGS have been linked to increased productivity, satisfaction and
concentration. In compact tropical cities where per capita green space is limited, green walls provide
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an effective means of delivering restorative natural contact without requiring additional land (Radic,
Brkovi¢ Dodig & Auer, 2019).

These benefits extend to improved visual comfort, noise reduction and enhanced liveability,
reinforcing the role of green walls as both technical and social infrastructure.

3.1.6 Economic performance and property value

While green wall systems can be costly to install and maintain, lifecycle cost analyses consistently
show positive long-term economic benefits. Energy savings associated with reduced cooling demand
can offset initial investment costs over time, with payback periods typically estimated at 8—15 years
depending on system type and energy prices.

Properties incorporating VGS may also achieve a 6—15% value premium due to improved aesthetics,
marketability and sustainability performance. In Singapore, modelling studies indicate that green walls
are cost-effective under a wide range of scenarios, highlighting their potential suitability for tropical
urban environments.

3.2 Gaps in regional literature findings

The Southeast Asian literature demonstrates clear evidence of green wall benefits but also reveals
critical knowledge and practice gaps. Studies on green walls and other VGS in Southeast Asia are
expanding but remain fragmented and uneven. Evidence is concentrated in Singapore, Malaysia and
Indonesia, with limited or no studies available from the Mekong region (Cambodia, Laos, Vietnam and
Thailand). This geographical gap is significant given the region’s rapid urbanisation and climate
vulnerability.

Several other gaps emerge. Studies have confirmed limitations in long-term monitoring and species
selection guidance in Southeast Asian contexts. Several authors highlight the lack of empirical
research into the durability and performance of VGS systems under tropical rainfall and humidity
conditions, with maintenance challenges and costs emerging as recurring themes (Lechner et al.,
2020; Ramamkreshnan & Aghamohammadi, 2024). Air quality benefits, though widely cited in global
research, remain under-researched in Southeast Asia, with few direct particulate matter (PM)
concentration studies conducted in real-world tropical settings (Khalil et al., 2024; Page et al., 2021).

Another regional trend is a lack of holistic evaluation frameworks. While thermal and energy
performance are relatively well documented, fewer studies integrate social, ecological and economic
dimensions in a single assessment (Tun et al., 2024; Wolff et al., 2023). This gap limits the ability of
policy makers to justify large-scale adoption beyond the energy efficiency narrative. Community
perception studies, while generally positive, remain relatively small in scale, suggesting the need for
broader participatory research to better understand public acceptance and user experience.

These gaps are particularly pronounced in Vietnam, where empirical, site-specific evidence on the
performance, maintenance requirements and long-term viability of green wall systems remains
limited. Although the broader literature confirms the environmental benefits of green walls in tropical
climates, much of this evidence is derived from studies conducted in controlled conditions or in cities
outside Vietnam. As a result, applied data is lacking that reflects local climatic, urban and institutional
conditions. In this context, examining the policy, planning and implementation environment in Vietham
and Hanoi provides an important foundation for understanding how green walls and related WSUD
interventions may be applied in practice.
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4. Policy, planning and
implementation context in
Vietham and Hanoi

Vietnam and Hanoi provide an important context in which to examine how green walls and related
WSUD interventions may be applied in practice. Although policy interest in NbS and water sensitive
approaches is growing, translating these ideas into urban planning, design and implementation
remains uneven. This section examines the broader policy, planning and implementation conditions
that shape their uptake.

4.1 Vietnam and Hanoi urban context

Vietnam’s cities, including Hanoi, are experiencing many of the pressures outlined in earlier sections,
including intensifying heat, increasing runoff, degraded waterways and growing pressure on urban
infrastructure. In Hanoi, these pressures are amplified by rapid urbanisation, high population density,
mixed-use development and expanding impervious surfaces, all of which reduce infiltration and
increase exposure to flooding and heat stress (Nguyen et al., 2019). In this context, interest in NbS
and WSUD is growing, particularly as conventional grey infrastructure has struggled to keep pace with
urban growth and climate risk (Linh et al., 2022).

At the same time, Vietnam’s urban development context also presents an important opportunity.
Green walls and related WSUD measures are particularly relevant in dense urban settings such as
Hanoi where land is limited, existing buildings dominate the urban form and retrofitting is often more
feasible than large-scale redevelopment. Hanoi is therefore not only a city facing urgent climate and
infrastructure pressures, but also a strategic setting in which to test how small-scale, building-
integrated NbS can contribute to broader urban resilience goals.

4.2 Global and Vietnamese policy frameworks

Vietnam’s engagement with NbS and green infrastructure is underpinned by a wide range of
international commitments and national policies. These instruments provide an enabling environment
for integrating NbS and WSUD into urban development, though the degree of translation from high-
level policy into practical implementation remains uneven. The relevant commitments and policies
may be broadly categorised into climate, biodiversity and sustainability themes. While these
categories are not all explicitly urban-focused, they represent the principal channels through which
NbS are promoted and regulated in urban centres such as Hanoi.

In relation to climate, Vietnam is a signatory to the United Nations Framework Convention on Climate
Change and the Paris Agreement (United Nations, 2015), and at COP26 committed to net-zero
greenhouse gas emissions by 2050. National policy settings, including the National Strategy on
Climate Change to 2050 and the National Adaptation Plan, reinforce the need to integrate climate
resilience into urban planning and support ecosystem-based adaptation pathways. These policy
directions create important entry points for NbS and WSUD, particularly relating to stormwater
management, flood retention and urban cooling.

In relation to biodiversity, Vietnam is aligning with the Kunming—Montreal Global Biodiversity
Framework through the National Biodiversity Adaptation Plan to 2030 with a Vision to 2050 strategy,
which calls for mainstreaming biodiversity in land use planning and infrastructure design, creating
space for NbS such as green belts, urban parks and vegetated waterways (Government of Vietnam,
2022). Although implementation in urban areas remains uneven, these commitments support the use
of green infrastructure, ecological corridors, vegetated waterways and other NbS that can enhance
habitat, connectivity and urban environmental quality.
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In relation to sustainability, along with being a signatory to the UN Sustainable Development Goals
(SDGs), Vietnam’s Green Growth Strategy and the Law on Environmental Protection further
strengthens the policy basis for greener, more climate-adaptive urban development. Together, these
frameworks support integrating green space, sustainable drainage and ecosystem-based approaches
into planning and development. At the city level, Hanoi’s planning framework also recognises the
need to improve green space, restore water bodies and strengthen drainage systems. While these
policy directions do not yet amount to a fully integrated green infrastructure or WSUD framework, they
provide a strong rationale for pilot implementation and future scaling.

4.3 From policy ambition to urban implementation
in Hanol

Despite this supportive policy environment, translation into practice remains limited. In Hanoi, green
infrastructure is recognised in planning documents (including reference to green cities and corridors in
the Hanoi Capital Development Master Plan 2021-2030), but it is not yet embedded in binding
technical standards, zoning controls, procurement requirements or dedicated funding mechanisms
(Trihamdani et al., 2015; World Bank, 2020)." As a result, green measures are often introduced as
landscape or amenity features rather than as integrated elements of urban infrastructure systems.
Although there is growing recognition of the value of detention ponds to alleviate urban flooding (Mai
& Nhi, 2024), WSUD approaches such as rain gardens, bioswales and permeable pavements remain
largely absent from mainstream urban programs and tend to appear only in isolated pilots.

This challenge is compounded by Hanoi’s physical structure. The city’s dense urban fabric, narrow
streets, unevenly distributed green spaces and degraded waterways all make retrofitting more difficult
(Uy & Nakagoshi, 2008). Nonetheless, at the neighbourhood scale, smaller “attached” green spaces
such as gardens, courtyards and organisation-owned plots, provide residents with access to nature
and help maintain local biodiversity. Within the urban core, 54 significant public parks and green
spaces act as oases in the dense downtown fabric. Hanoi’s roads and waterways also form key parts
of its green structure. In addition, tree-lined streets, such as those planted with Alstonia scholaris or
Dracontomelum duperreanum, are important symbols of the city and provide shade, identity and
ecological value, though their continuity is challenged by the city’s narrow road network, especially in
the old quarter. Likewise, Hanoi’'s many rivers, lakes and canals serve as riparian green spaces that
support recreation, regulate floods and provide habitat,

However, these spaces are difficult to expand due to land scarcity, making their preservation critical to
sustaining recreational opportunities and urban ecology. Further, chronic water pollution, land
competition and limited ecological connectivity of existing green spaces reduce their contribution to
climate adaptation and urban liveability. As a result, the need is clear for interventions that can
operate within constrained urban settings while still contributing to cooling, water management and
environmental improvement.

Financing also remains a constraint. Conventional grey infrastructure is more readily supported
through public budgets and major investment programs, while NbS initiatives often depend on
fragmented or short-term project funding. Expanding financing mechanisms such as green bonds,
public—private partnerships and ecosystem service payment schemes would help to place NbS on an
equal footing with conventional infrastructure and enable a shift from pilots to mainstream adoption.

Experience from donor-supported projects in Hanoi and Ho Chi Minh City shows that NbS and WSUD
can work effectively at neighbourhood and district levels, particularly in lake restoration and drainage
upgrades. However, lessons from these pilots have not been systematically captured or scaled.
Institutionalising such learning through national design guidelines, performance indicators and funding
programs will be critical for moving from pilot to mainstream adoption.

' Other examples include Revision of the Hanoi General Planning to 2045 (vision to 2065) and the Hanoi
Drainage Master Plan.
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Figure 2. Hanoi's rapid urban expansion and tightly-packed urban environment makes it difficult to
retrofit NbS or WSUD features (left). However, areas with prominent integration of green features have
become synonymous with the city, such as Phan Dinh Phung Street (right)

4.4 Institutional, technical and maintenance
constraints

Implementing NbS and WSUD in Vietnam requires coordination across multiple agencies, including
the Ministry of Agriculture and Environment (MAE) and the Ministry of Construction (MOC), as well as
Hanoi’'s Department of Construction, Department of Agriculture and Environment, and Department of
Planning and Architecture. While national ministries set policy direction, design standards and
environmental regulations, municipal agencies are responsible for integrating them into local plans
and projects. In practice, these responsibilities are often fragmented, making integrated design and
delivery difficult. Technical expertise in WSUD, ecological engineering and performance monitoring
also remains limited, with many projects still relying on external consultants or donor-supported
initiatives.

The importance of close collaboration between institutional actors is increasingly clear. Satellite
imagery suggests that Hanoi lost approximately 50% of its total area of lakes and ponds between
2000 and 2020 (Figure 3).2 In the same time period, the urban and built area increased by
approximately 121%. This rapid conversion of natural and semi-natural surfaces has intensified
pressures on drainage capacity, groundwater recharge and urban microclimates, which require
institutional collaboration and forward planning. Strengthening coordination across agencies is
essential to address these intersecting challenges and guide more resilient urban development.

2 From Hanoi Department of Planning and Architecture (see https://diendandoanhnghiep.vn/ha-noi-cu-mua-la-
ngap-quy-hoach-do-thi-thieu-tam-nhin-10009003.html).
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Figure 3. Changes in lakes, ponds and water bodies from 2000 to 2023, with estimation for 2050

Long-term performance creates an additional challenge. Vietnam currently lacks a unified framework
for monitoring and maintaining urban NbS and WSUD systems. In Hanoi, green infrastructure is often
maintained in the same way as conventional landscaping, with limited attention to its hydraulic,
thermal or ecological performance. Routine monitoring, adaptive maintenance and clear allocation of
responsibilities are still uncommon. This situation reduces the ability of practitioners and decision
makers to assess effectiveness, justify investment and build confidence in wider implementation.

4.5 Relevance of HUCE case study

These constraints point to the value of carefully designed pilot projects. Demonstration sites that
combine implementation, monitoring and training can help address several barriers at once by
generating locally relevant evidence, supporting technical learning, and showing how NbS and WSUD
can function in real urban conditions. Against this backdrop, the HUCE case study provides a
practical opportunity to test how green walls and related WSUD interventions can be implemented,
monitored and assessed in a dense Vietnamese urban setting.
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5. Hanoli University of Civil
Engineering Case study

5.1 Site description and project rationale

HUCE is hosting an environmental sensor monitoring scheme under the Resilient Urban Centres and
Surrounds (RUCaS) program supported by the Australian Government. Located within a dense urban
setting in Hanoi, the site provides an opportunity to test how green walls and related WSUD
interventions perform in practice, while also building local capacity in environmental monitoring and
sustainable urban design. The scheme complements HUCE'’s existing research and contributes
evidence on how NbS can enhance climate resilience, air quality and urban liveability.

5.2 Renovation of C4 area

HUCE’s C4 building has recently undergone renovation as part of an Asian Development Bank (ADB)
supported effort to modernise teaching facilities and showcase NbS and WSUD in practice (Figure 4).
With support from HUCE, the International Centre for Environmental Management (ICEM) team
redesigned the C4 compound as an NbS and WSUD Training Hub, incorporating green walls, rain
gardens, a rainwater harvesting system and porous pavements. Together, these elements aim to
reduce overheating, improve drainage, reduce flooding, enhance energy and water efficiency, and
restore biodiversity within the C4 complex.

The green walls were established along

the entrance and in front of the

classrooms. They are intended both as a
o functional climate-adaptive measure and
as a demonstration of NbS in practice.
They are designed to provide shading,
cooling and improved air quality along
the entrance and in and around the
classrooms, while also serving as a
visible teaching tool for HUCE students
studying architecture, planning and
environmental engineering (Figure 5).

The green wall intervention was
implemented as a building-integrated
NbS measure within the C4 training hub.
It combines vegetated climbing
structures with adjacent hard surfaces,
allowing comparison between green and
grey conditions within the same site. In
addition to cooling and amenity benefits,
the intervention is a practical
demonstration of how small-scale,
building-integrated NbS can be
incorporated into dense urban
educational settings. The sensor

Figure 4. Overall design of the renovated C4 building area monitoring program described below was
designed to assess the intervention’s
environmental performance relative to
adjacent control locations on campus.
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Figure 5. Green walls planted to improve shading and cooling
Note: The plants will grow up the steel frames to act as a visible teaching tool.

The C4 courtyard was selected as a trial site for porous pavement to replace the existing conventional
concrete surface (Figure 6). Thanks to its permeability and ability to reduce heat absorption and
enhance evaporative cooling, porous pavement effectively decreases surface runoff from the roofs
and yard area, alleviates local urban flooding and helps mitigate the UHI effect.

Figure 6. Porous pavement installed in the C4 courtyard
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A rainwater harvesting system (Figure 7) collects and stores rainwater from the roofs of a C4
classroom and the multifunctional area. The system comprises collection surfaces (roof and gutter),
rainwater conveyance (a uPVC pipe system), rainwater cleaning (a first flush device to remove dirty
water at the beginning of the rain) and rainwater storage (a stainless steel tank). The harvested
rainwater is intended for non-potable uses within the C4 area, such as landscape irrigation, toilet
flushing, irrigating the green wall, and cooling and cleaning outdoor surfaces. It also provides the
water source for students and faculty to interact with and experiment on the WSUD demonstration
boxes installed at the site.

Figure 7. Rainwater harvesting tank installed at the C4 building

In addition, seven WSUD demonstration boxes — featuring bioretention basins, tree pits, porous
pavement, green roof and traditional road surface — serve as hands-on teaching tools that allow
students to engage directly with sustainable design solutions (Figure 8).

Figure 8. NbS demonstration boxes at HUCE
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6. Early observations and
anticipated performance
questions

As well as a demonstration project, the HUCE intervention is a monitored test of how green walls and
associated WSUD elements perform in practice. The following section outlines the monitoring setup,
expected comparisons and key performance questions.

6.1 Site conditions and baseline expectation
(Sensor locations and monitoring focus)

The green walls and porous pavement at the C4 building form the main focus of the HUCE monitoring
program. Under the RUCaS-supported sensor monitoring scheme, six sensors (S1-S6) were installed
across the HUCE campus in May 2025 (Figure 9), with three located near the NbS interventions and
three in comparable grey infrastructure areas elsewhere on campus. This arrangement allows
environmental data to be collected before and after construction, and compared between green and
grey measures.
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Figure 9. Locations of sensors installed in HUCE campus

The system uses low-cost 10T sensors developed by the Queensland University of Technology’s
(QUT) BoSL lab, with data logged every few minutes and transmitted to a central platform. Two
training workshops have been conducted for HUCE faculty, covering the installation, calibration and
maintenance of the sensors, and data analysis, to ensure the reliable operation and sustainability of
these sensors.
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Test sites

S1 (front of C4 green wall) — Measures temperature, humidity and air quality in the
breathing zone (1.7-2 m) to assess cooling and pollutant-reducing effects of the green wall.
S2 (behind C4 green wall) — Installed in the air gap between the wall and vegetation to
compare microclimate conditions inside the green wall system.

83 (C4 courtyard porous pavement) — Measures surface temperature, humidity and air
quality above porous pavement, providing evidence of cooling and permeability benefits.

Control sites

S4 (front of H1 building) — A control site in a grey infrastructure area to compare with S1;
monitors the same variables under similar sun exposure conditions but without the green wall.
S5 (front of A1 building, behind the wall column) — A control site to compare with S2; has
similar sun exposure conditions but without the green wall.

S6 (in a concrete path near the rose garden, next to A1 building) — A control to compare
with porous pavement at S3 by measuring surface temperature, humidity and air quality over
a conventional concrete surface.

Figure 10. Sensors installed at the C4 building

Notes: Top: pre-construction; bottom: post-construction. Left: S3; right: S1 and S2
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6.2 Purpose and expected outcomes

The monitoring program has three main purposes. First, it is intended to generate site-specific
evidence on how NbS interventions at C4 influence local temperature, humidity and air quality.
Second, it supports teaching and research by strengthening HUCE’s capacity in environmental
monitoring and data analysis. Third, it provides practical lessons that may be relevant to similar NbS
and WSUD applications in Vietnam and other Southeast Asian cities.

The environmental monitoring using the sensors will generate real-time data to support:

e Urban resilience planning — demonstrating the tangible benefits of NbS for climate-resilient
urban development, including enhanced cooling, reduced pollution and improved
microclimates

e Educational value - integrating sensor use into HUCE’s teaching and research program,
strengthening capacity in loT monitoring and providing opportunities for students to engage
with real-world applications

e Regional learning — providing transferable lessons for other cities in Vietnam and Southeast
Asia on NbS performance and design. Initial analysis of data collected by the sensors in the
first few months of operations shows clear daily trends in temperature and humidity, with
suggestions that patterns in particulate matter are linked to rainfall and weather events. This
initial dataset provides the baseline against which data collected post-renovation during the
same period of the year in 2026 will be compared.

6.3 Preliminary data analysis on key comparisons

The monitoring applied a structured and standardised data processing workflow enabling consistent
comparison across time, infrastructure types and sensor locations. This analysis consisted of sensor
readings from 13 May 2025 to 12 May 2026, excluding maintenance periods, downtime and extreme
outliers. Derived indicators, including air quality indexes (AQls, such as particulate ratios®) and
apparent temperature indices (such as heat index) were also calculated to support interpretation of
environmental conditions. The processed data were aggregated to hourly and daily time steps and
used to generate statistical summaries and visualisations.

This approach enabled four key analytical comparisons:

e Pre- and post-construction comparison — The methodology supports direct comparison of
environmental conditions before and after installation. Changes in temperature, humidity,
particulate matter concentrations and derived indices are assessed to identify measurable
improvements associated with implementing the nature-based system. This comparison is
limited due to the amount of short-term data available before and after the intervention.

e NbS versus grey infrastructure comparison — Comparative analysis between locations
representing nature-based and conventional grey infrastructure enables assessment of
relative performance. Differences in thermal conditions, air quality and derived indicators are
used to evaluate the extent to which the NbS improves local environmental conditions.

e Microclimatic effects within the wall air gap (S2) — Sensor S2 assesses conditions within
the wall air gap to examine the degree to which the system moderates microclimatic
conditions relative to the surrounding environment. Analysis focuses on temperature variation,
humidity and heat index to identify the presence and magnitude of localised thermal buffering.

e Combined effect of green wall and porous pavement (S3 and S6) — Comparison between
sensors S3 and S6 isolates the combined performance of the green wall and porous pavement
system. Differences between these locations and other monitoring points assess cumulative
effects, including temperature reductions, humidity moderation and air quality improvements.
These comparisons are supported by temporal analysis that groups data into defined periods
of the day, to identify diurnal patterns and peak performance periods.

3 Including PM2.5 AQI, PM1o AQI and PM2.s/PMjg ratio.
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The preliminary analysis revealed the following observations:

NbS sites may provide slight benefit in reducing PM1o pollutions

Readings near the NbS sites detect slightly less coarse pollutants (PM10 AQI) than their grey
infrastructure counterparts, with the majority of differences ranging from -10 to 0. Figure 11 show
readings captured by the NbS sensors (represented by the green boxplots) against their control group
sensors (represented by the red boxplots), with months including October and November showing
that the NbS readings capture, on average, less PM1o pollution than their control groups.

These results suggest that the NbS interventions may provide slight air quality benefits. These
differences are not as significant for fine pollutants (PM2s AQlI).

Green(S1&S2) vs Grey(S4&S5) PM10_AQI Comparison by Month and Year
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Figure 11. Temporal distribution of PM25s / PM1 ratio of NbS sensor group (S1 and S2,
represented in green) against control group (S4 and S5, represented in red). Note that NbS
sensor readings are not available from June to September 2025 as they are relocated for the
green wall installation.
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NbS sites may provide slight benefit in apparent temperature

Readings near the NbS sites detect slightly less apparent (‘feels like’) temperature than their grey
infrastructure counterparts, with the majority of the differences ranging from -2 to -0.01°C. Figure 12
show readings captured by the NbS sensors (represented by the green boxplots) against their control
group sensors (represented by the red boxplots), with months between October and March showing
that the NbS readings capture, on average, cooler apparent temperature than their control groups.

These results suggest that the NbS interventions may provide slight heat comfort benefits. The
differences are consistently more pronounced in the early morning periods (01:00-09:00) and are less
observable throughout the day.

Green(S18S2) vs Grey(S4&S5) HI Comparison by Month and Year
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Figure 12. Temporal distribution of apparent temperature by sensor groups
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6.4 Risks, limitations and confounders

The analysis in Section 6.3 provides useful early indications of performance, particularly the slight
reductions in PM10 AQI and apparent temperature observed at NbS locations compared with grey
infrastructure locations. However, these results should be interpreted as preliminary signals rather
than definitive evidence of impact. The dataset is valuable for establishing a monitoring workflow and
baseline, but several limitations affect attribution and the strength of conclusions that can be drawn at
this stage.

Key limitations include:

Short and uneven pre- and post-construction record - The comparison is constrained by the
relatively limited amount of data available before and after installation. This makes it difficult to
distinguish intervention effects from background variation, particularly where changes are small.

Seasonal and weather effects - Temperature, humidity and particulate matter readings are
influenced by Hanoi’s seasonal cycle, rainfall, wind and changing background pollution. Without
seasonal adjustment or comparison across equivalent months, some differences between test and
control locations may reflect weather conditions rather than the interventions.

Sensor comparability and exposure - The six sensors are located in different micro-settings with
different shading, ventilation, wall geometry, surface materials and proximity to campus activity.
These site-level differences can affect readings independently of the green wall or porous pavement.

Data completeness and maintenance periods - The analysis excludes maintenance periods,
downtime and extreme outliers, but gaps remain in some periods and across some sensors. Uneven
records can bias averages and reduce confidence in month-to-month or site-to-site comparisons.

Low-cost sensor uncertainty - The sensors are appropriate for high-frequency real time monitoring,
teaching and capacity building, but readings can drift over time and may be affected by humidity, dust,
enclosure condition and battery performance. Regular calibration and co-location checks are needed
to improve confidence.

Attribution of combined interventions - Some monitoring locations are influenced by more than
one intervention or site condition, including the green wall, porous pavement, courtyard geometry and
local airflow. As a result, the current analysis cannot yet fully isolate the effect of each individual NbS
element.

Limited statistical testing- The current analysis is descriptive and uses summary statistics and
visualisations. It does not yet test whether observed differences are statistically significant or whether
they persist after controlling for season, rainfall, time of day and sensor location.

Establishment and maintenance effects - Plant growth, canopy density, irrigation, pruning and
plant replacement all affect green wall performance. Early results may underestimate future benefits if
vegetation cover is still establishing, or overstate benefits if maintenance is unusually intensive during
the pilot period.

These limitations clarify how the results should be used. The early findings are most useful for
identifying patterns, refining the monitoring design and building HUCE’s capability to analyse NbS
performance over time. They should not yet be presented as a final estimate of the cooling or air
quality benefits of the HUCE green wall.

Recommended actions for HUCE include:
e Extend monitoring through at least one further full seasonal cycle after vegetation

establishment, and prioritise comparisons across equivalent months, rainfall conditions and
time-of-day categories.
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e Maintain a sensor quality assurance protocol, including periodic co-location (having the
sensors all at one site to see if there are differences between sensors in a neutral location),
calibration checks, battery and enclosure inspections, and clear logs of maintenance,
downtime and sensor movements.

o Record operational metadata, including irrigation schedules, pruning and plant replacement,
plant health, canopy coverage, nearby construction or campus activity, and rainfall events, so
environmental data can be interpreted against site conditions.

e Strengthen the analysis with seasonal adjustment and statistical testing, including confidence
intervals, effect sizes and models that control for time of day, rainfall, wind, humidity, month
and sensor location.

e Use the findings as a teaching and decision-support tool by integrating dashboards and
student analysis exercises into HUCE courses, and by packaging results in accessible
formats for facilities staff, students and urban decision-makers.

o Use the evidence to refine future design and maintenance guidance, including plant species
selection, irrigation management, structural inspection and integration with rainwater
harvesting and porous pavement.

Applying these recommendations would allow HUCE to move from a proof-of-concept monitoring
exercise toward a stronger evidence base for urban green walls in Hanoi. Over time, the site can
support practical guidance on where green walls perform best, what level of maintenance is required
and how campus-scale NbS can be replicated in other dense urban settings.
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7. Practical implications: design,
monitoring, maintenance and
scaling

Taken together, the literature review and the HUCE case study suggest that the effectiveness of
green walls depends on their technical performance, as well as how they are designed, integrated,
monitored and maintained within broader urban systems. In rapidly urbanising Southeast Asian cities,
green walls may contribute meaningfully to urban resilience, but realising this potential requires
careful attention to both system design and long-term implementation conditions.

7.1 Design, integration and performance
considerations

The HUCE case study highlights that the performance of green walls is strongly influenced by design
choices, including system type, plant selection, fagade orientation and integration with other
infrastructure systems. In tropical and monsoonal climates, plant species must be selected for their
tolerance to high humidity, intense rainfall and variable solar exposure. Inappropriate species
selection can result in poor survival rates, increased maintenance requirements and reduced
environmental benefits.

Design should be guided by the intended function of the system. Green walls expected to contribute
to stormwater management need sufficient substrate depth and drainage capacity to retain water and
delay runoff. Fagade orientation and shading effects become more important when thermal
performance is a priority. These considerations highlight the need to move beyond aesthetic
applications and design green walls as functional infrastructure.

The HUCE case study highlights the importance of integration and understand green walls as
components of interconnected urban systems. When combined with complementary interventions
such as stormwater harvesting systems and permeable pavements, green walls can contribute to a
broader nature-based or water-sensitive urban system. This integrated approach delivers multiple
benefits simultaneously, including runoff reduction, urban cooling and reduced pressure on drainage
infrastructure.

7.2 Monitoring, maintenance and scaling for
implementation

The HUCE case study reinforces the importance of long-term monitoring and maintenance for green
wall performance. Tracking variables such as temperature, humidity and plant condition is essential
for generating reliable, context-specific evidence, particularly in tropical environments where
performance may vary across seasons and rainfall conditions. This information can inform future
guidelines, standards and investment decisions.

Maintenance requirements include irrigation management, pruning, replacement of plant species, and
inspection of structural and drainage components. Without clear maintenance regimes and assigned
responsibilities, system performance can decline rapidly, undermining both environmental benefits
and stakeholder confidence.

There is significant potential for replication and scaling, particularly through retrofitting existing
buildings, public infrastructure and institutional campuses. However, scaling requires not only
technical solutions but also capacity development, including training for designers, engineers and
maintenance personnel, as well as stronger coordination between planning, environmental and
infrastructure agencies.
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Appendix 1. Systematic literature review

Below is the systematic review of existing green walls (and associated terms) literature, focusing on countries with similar
climatic conditions as Vietnam.
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with 1,048.9 kWh/m? annual heat
exposure, making it the ideal
location for VGS installation.

- Inline Drip irrigation system was
used for VGS, with Hedera helix as
the selected vine plant.
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were not
assessed.

Huang, Z., Lu, Y.

Wong, N. H., &
Poh, C. H. (2019).

The true cost of
‘greening” a
building: Life cycle
cost analysis of
vertical greenery
systems (VGS) in
tropical climate.
Journal of Cleaner
Production, 228
437-454.
https://doi.org/10.1

016/j.jclepro.2019.
04.275

VGS

Tropical
Climate

The study investigates the lifecycle
cost (LCC) analysis of vertical
greening systems (VGS) in tropical
climates, particularly in Singapore. It
focuses on three main VGS types:
carrier, planter and support
systems, analysing their costs at
different lifecycle stages:
initialisation, installation, operation
& maintenance, and disposal.
Findings show that the support
system has the lowest lifecycle cost
(S$885/m?), followed by the planter
system (S$3,786/m?) and the carrier
system (S$4,919/m?). The operation
& maintenance stage contributes
the most (73.7%—83.9%) to the total
LCC, with plant replacement rate
and price being the key
determinants. The study highlights
that support systems can balance
LCC through building energy
savings over 30 years, but the
carrier and planter systems remain
financially unviable without
subsidies. Strategies for cost
reduction include choosing
appropriate plant species,
optimising maintenance practices,
and integrating VGS with building
systems like HVAC and water
recycling.

- VGS reduces surface
temperatures, mean radiant
temperatures and air
temperatures, leading to
reduced cooling energy
demand. Indoor temperatures
were lowered by 3—4°C, while
cavity temperatures were
reduced by 6.5-8°C.

- The study does not directly
address the urban heat island
(UHI) effect but acknowledges
that VGS contributes to
mitigating localised heat
impacts.

- Energy savings vary between
10.35% and 17.93%,
depending on the type of
system. The support system
has the best return on energy
savings, potentially balancing
costs over its lifespan. For the
carrier and planter systems,
the LCC outweighs energy
savings, making them less
financially viable.

- VGS has potential air
purification benefits, improving
ventilation and filtering
pollutants. When integrated
with HVAC, VGS can reduce
ventilation energy use by up to
160% and improve air quality
by removing up to 90% of
contaminants.

The study lacks
direct
measurements of
PM concentration
and air quality
improvements. It
does not assess
long-term plant
survival rates or
the economic
feasibility of VGS
in different
climates. Further
research is
needed on VGS
integration with
HVAC and water
systems for
optimised cost
savings.

8 case
studies
from 6
companies
in
Singapore
with data
collected
through
interview
with VGS
service
providers

Monte Carlo
simulation to
assess cost
uncertainties.

Evaluating the
economic
viability of
VGS based on
lifecycle costs.
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- The study does not measure
particulate matter (PM)
concentration directly, but it
cites previous research
indicating that VGS can help
reduce air pollution levels.

Coma, J., Chafer

The study examines how internal
heat loads influence the
effectiveness of vertical greening
systems (VGS) for thermal
regulation in buildings. Conducted
in a continental Mediterranean

- VGS reduces indoor
temperatures by up to 6.5°C in

The study does
not quantify air

The study was

M., Pérez, G., & climate (Spain), it compares the summer, but their heating quality .
- . . conducted in
Cabeza, L. F. thermal performance of a green wall |efficiency is lower due to improvements or Puiaverd de
(2020). How (evergreen), a green facade reduced solar gains. PM reduction, .g .
! . . \ Lleida, Spain, |[Real-scale
internal heat loads (deciduous) and a reference bare |- The study does not directly  |nor does it . .
o . ) Experiment |under experimental
of buildings affect . wall across summer and winter analyse UHI but confirms evaluate long- S
. Spain: " al study controlled analysis with a
the effectiveness of . conditions. Results show that VGS [reduced external wall term plant .
. Continental e . , using three |laboratory reference
vertical greenery  |VGS . significantly reduces cooling temperatures with VGS. performance and . .
Mediterranean . ) . . . full-scale conditions. cubicle, a
systems? An ) demand but has limited benefits for |- Cooling energy consumption |maintenance .
. Climate . . test Experiments |green wall,
experimental study. heating. Internal heat loads is reduced by 27.8% (green challenges. Its .
. . - cubicles ran for 10 and a green
Renewable decrease cooling efficiency by wall) and 16.7% (green findings are davs in facade
Energy, 151, 919— 22.5-26.7% but increase heating facade) under internal loads. |specific to sur);mer and
930. efficiency by 3.1-3.6%. The green [However, heating continental 13 davs in
https://doi.org/10.1 wall provided higher thermal consumption increased Mediterranean wintery
016/j.renene.2019. stability, reducing indoor slightly. climates, limiting ’
11.077 temperature fluctuations and generalisability.
delaying peak temperatures. The
study underscores the need to
account for internal heat loads when
assessing VGS effectiveness.
Tropical Vertical greening systems (VGS) - VGS effectively reduces Despite evidence The research [The studies
Safikhani, T. Climate (incld. |offer significant environmental, indoor and outdoor supporting the encompasses |reviewed focus
Abdullah, A. M. subtropical) economic and social benefits, with a [temperatures by shading benefits of VGS, case studies, |on the thermal
Ossen,D.R., & Mediterranean |primary focus on energy efficiency |surfaces and enhancing gaps remain in simulations performance of
Baharvand, M. VGS (incld. dry) and temperature reduction. Studies |evaporative cooling, with quantifying their 29 and real-world |VGS,
(2014). A review of Oceanic (incld. |confirm that VGS reduces urban temperature reductions long-term energy experiments |assessing their
energy moderate heat islands, lowers indoor ranging from 1.2°C to 15.2°C, |[savings and analysing effectiveness
characteristic of oceanic) temperatures and contributes to depending on the system type |maintenance temperature |in reducing
vertical greenery energy savings by decreasing and climate. costs. More reduction, cooling loads,
systems. Note: different [cooling demand. These systems - The systems help mitigate research is energy mitigating
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Renewable &
Sustainable Energy
Reviews, 40, 450—
462.
https://doi.org/10.1
016/j.rser.2014.07.
166

regions
around the
world have
been
considered

provide insulation, limit heat transfer
through building facades, and
improve air quality by filtering
pollutants. Research highlights the
effectiveness of different types of
VGS, including green facades and
living walls, in various climates.
However, their efficiency is
influenced by factors such as plant
species, orientation and integration
with architectural features. Further
research is needed to optimise VGS
performance and maximise
benefits.
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urban heat islands by lowering
ambient temperatures,
particularly in dense urban
areas where vegetation is
scarce.

- Studies indicate that VGS
reduces cooling energy
demand by up to 20%, with
higher efficiency observed in
tropical and Mediterranean
climates.

- Green walls improve air
quality by absorbing pollutants
such as carbon dioxide,
particulate matter and volatile
organic compounds.

- VGS contributes to
particulate matter reduction by
capturing dust and airborne
particles, thereby improving air

needed on the
performance of
different plant
species, optimal
orientation for
various climates
and integration
with building
materials. The
impact of VGS on
ventilation, air
movement and
humidity
regulation also
requires further
investigation.
Additionally,
there is limited
public awareness
of their economic

savings and
air quality
improvements
. The studies
include
different VGS
typologies,
such as green
facades, living
walls and
hybrid
systems.

urban heat
islands and
enhancing
indoor
environmental
quality.

Wang, C., Er, S.-
S., & Abdul-

Rahman, H.
(2016). Indoor
vertical greenery
system in urban
tropics. Indoor +
Built Environment,
25(2), 340-356.
https://doi.org/10.1
177/1420326X145
50508

VGS
(Indoor
environme
nt)

Urban Tropics

filtration in urban advantages,
environments. which may hinder
widespread
adoption.
This study examined indoor vertical |- Thermal heating/cooling: The authors
greening systems (iVGS) in a iVGS is perceived to reduce |explicitly
tropical urban context to (1) identify |indoor temperature (ranked identified that

characteristics of commonly used
indoor plants and (2) determine
perceived advantages /
disadvantages, installation-selection
criteria, layout preferences, and
relationships among locations,
parameters, types and pros/cons,
using three case studies and a
questionnaire survey analysed with
PLS-SEM (SmartPLS 2.0). The
case studies (two nurseries and one
small installation) provided practical
information on plant suitability and
installation needs (e.g., reliance on

among the top benefits),
mainly through plant-driven
cooling effects (e.g.,
evapotranspiration/shading).
- Urban heat island effect:
VGS is presented as a
potential UHI mitigation
approach by cooling
surrounding air via
evapotranspiration, though
UHI wasn’t measured.

- Energy savings: iVGS is
perceived to support energy
saving by reducing heat

costing was not
analysed despite
“high
construction and
maintenance
cost” being the
main perceived
obstacle. They
recommend
future research
on costing
aspects across
different iVGS

types.
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adequate light, use of coconut fibre
medium to prevent mess, watering
frequency, pest attention and
modular replaceability). The survey
results ranked “aesthetic” as the top
perceived benefit of iVGS, followed
by reducing indoor temperature,
improving indoor air quality, stress
reduction/productivity and energy
saving, while noise reduction was
rated the least effective advantage.
On the disadvantages side,
respondents identified high
construction and maintenance cost
as the main barrier, followed by
concerns about wall damage/mould,
insects and allergy

transfer/cooling loads, but the
paper reports no direct energy
(kWh) measurements.

- Indoor air quality: iVGS can
improve IAQ by
filtering/capturing pollutants
(e.g., dust, gases, VOC-
related contaminants), which
respondents rated a high
advantage.

- PM concentration: The paper
notes plants can capture
particulate matter on leaf
surfaces, but does not provide
measured PM (PM,.5/PM,)
results.

Safikhani, T.
Abdullah, A. M.
Ossen, D.R., &
Baharvand, M.
(2014). Thermal
Impacts of Vertical
Greenery Systems.

Environmental and
Climate
Technologies,
14(1), 5-11.
https://doi.org/10.1
515/rtuect-2014-
0007

VGS

Universiti
Teknologi
Malaysia:
Tropical
Climate

This experimental study compared
the thermal performance of two
vertical greening systems (VGS): a
living wall and a green fagade under
hot, humid conditions using three
identical small-scale test boxes (two
vegetated, one bare benchmark).
Indoor air temperature/humidity and
the cavity microclimate (gap
between greenery and wall) were
measured over three sunny days
(April 2013), with an additional
phase examining performance with
natural ventilation. Results showed
both systems reduced indoor and
cavity temperatures, with the living
wall consistently outperforming the
green fagade, but both increased
humidity, highlighting the need for
ventilation strategies.

- The living wall reduced
indoor air temperature by up to
4.0 °C and the green fagade
by up to 3.0 °C (vs. bare
benchmark) during hot
periods. In the wall cavity, the
living wall reduced air
temperature up to 8.0 °C and
the green fagade up to 6.5 °C,
showing strong buffering at the
envelope interface. With
natural ventilation, peak indoor
reductions were ~3.5 °C (living
wall) and ~2.5 °C (green
fagade), indicating ventilation
moderates the magnitude of
cooling but supports comfort.

- VGS can help reduce urban
heat islands through shading
and evapotranspiration, but
this study did not measure UHI
directly (it focused on
box/cavity/indoor
temperatures).

Key gaps include
the lack of full-
scale building
validation, limited
species/substrate
diversity, and the
absence of
energy, UHI and
IAQ/PM
measurements,
despite
discussing them
as benefits. The
study also
identifies
humidity increase
as a drawback
and calls for
more work on
denser green
fagades,
alternative living-
wall substrates
and deeper

This
controlled
experiment
al study
used three
test boxes
and
instrumenta
tion.

VGS types
tested: green
fagade vs.
living wall;
both installed
15 cm from
the wall, west-
oriented for
hot afternoon
sun exposure;
metrics
included
indoor/cavity
air
temperature,
surface
temperature
and humidity

Main practical
caution: both
systems
increased
humidity, so

Experimental,
comparative
thermal study
in a hot=humid
climate using
small-scale
rooms
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- By reducing heat
transmission and indoor
temperatures, VGS are
positioned as a passive
strategy that can lower cooling
demand, but the study did not
quantify energy use (kWh) or
HVAC savings.

- The introduction notes VGS
can clean air by absorbing
dust and reducing pollution
and improving freshness via
CO,/0, exchange, but no IAQ
measurements were taken in
this experiment.

- Particulate matter reduction
is mentioned conceptually
(e.g., dust absorption), but the
study reports no PM;.s/PMy,
concentration data.

investigation of
VGS combined
with ventilation
strategies.

openings/
ventilation
strategies are
important
alongside
VGS in hot—
humid
climates.

Nugroho, A. M.

(2020). The Impact

of Living Wall on
Building Passive
Cooling: A

Systematic Review

and Initial Test.
IOP Conference

Series: Earth and

Environmental

Science, 448(1)
12120-.

https://doi.org/10.1

088/1755-

1315/448/1/012120

Living
Walls

Tropical
Climates

The paper investigates living walls
(LWSs) as a passive cooling strategy
through a systematic literature
review complemented by an initial
field test in a dense residential
context in Malang, Indonesia. The
review follows a reproducible,
four-phase protocol based on
Moher’s 2010 approach, using
keyword searches in indexed
databases and restricting
publications to 2010—early 2019.
From 123 included studies, thermal
performance is the dominant theme
(53/123), and the most-cited works
largely address air temperature
reduction, energy and pollutant
reduction potentials of LWs. The
paper synthesises how LW cooling
is driven by shading, insulation and
evapotranspiration, with

- Living walls/green walls can
reduce temperatures through
shading, thermal insulation
and transpiration
(evapotranspiration) cooling,
lowering fagade and near-wall
temperatures in tropical
conditions.

- In the initial test, modifying
the planting air gap affected
cooling; measured air
temperature reduction during
12-hour monitoring was about
0.9-1.2°C, and the study
notes stronger cooling
potential with a larger growing-
media distance (1 m) and
suitable plant/leaf
characteristics.

- The review reiterates that
vegetation systems (including

The paper
highlights that
LW benefits are
often presented
as general
vegetation
benefits, while
comparative,
standardised
evaluations
across LW types, 123
climates,
orientations and
plant species
remain limited. It
calls for more
research on
plant-species
behaviour by
climate, optimal
orientation and

Clearly
distinguishes
green fagades
vs. living
walls, and
further
classifies
living walls as
continuous,
modular and
linear
systems.
Stresses the
role of
growing media
location,
irrigation and
maintenance
(living walls
typically
higher
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performance strongly influenced by

LWs) are associated in the

integrating

maintenance).

climate, orientation, plant type, leaf |literature with reducing UHI via |ventilation with Emphasises
properties (e.g., leaf area index) shading and LWs, alongside performance
and air-gap configuration. The initial |evapotranspiration, but the sustainability drivers:
test examines green-wall air gaps  |paper does not measure UHI |improvements climate
(0.5 mvs. 1 m) using small outcomes in the initial test. using lower- (temperature/
herbal/medicinal plants, showing - LWs have strong potential to [embodied-energy humidity/wind)
measurable air temperature increase building energy materials, , orientation,
reductions (~0.9-1.2°C) and savings by enabling passive |climate-adapted plant species
suggesting that larger planting gaps |cooling (reduced indoor/near- |plants and and leaf area
and appropriate plant selection can |wall temperatures imply lower [reduced irrigation index, plus
enhance cooling in tropical houses, |[cooling demand), though the [needs. design
supporting the conclusion that LWs |[initial test focuses on features such
can contribute to energy savings via [temperature change rather as air-gap
passive cooling. than direct energy metering. distance.
- Across the reviewed
literature, LWs are frequently
linked to pollutant reduction
and broader environmental
restoration benefits; but, the
initial test component is
temperature-focused and does
not include IAQ
measurements.
- PM/dust capture is discussed
as part of the broader
literature claims on pollutant
reduction (e.g., dust trapping
in prominent case examples
cited), but this paper’s initial
test does not report
PM,.s/PM,, data, and PM
outcomes are treated mainly
as secondary findings from
prior studies.
This study investigates the - LWs reduce fagade surface |[The study is Simulation- [Examines Thermal
Bakhtyari, V. effectiveness of living walls (LWs) |temperatures by up to 18 °C  |climate-specific |based living walls as |performance
Fattahi, K. Living Shiraz, as a passive cooling and and stabilise thermal (hot, semi-arid peer-review |part of VGS at |and
Movahed, K., & Walls Southern Iran |energy-saving strategy at both behaviour across orientations, |Shiraz), which ed research [fagade and cooling-energy
Franz, A. (2024). building and urban-block scales in a |with the west fagade showing |limits direct using urban-block [reduction, not
Investigating the hot semi-arid climate (Shiraz, Iran). |the strongest cooling effect. generalisation to |validated [scales. economic
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Effect of Living
Walls on Cooling
Energy

Consumption in
Various Urban

Microclimates

Building Heights,
and Greenery
Coverage Areas.
Sustainability,

16(2), 920-.
https://doi.org/10.3

390/su16020920

Using a coupled simulation
framework, the authors examined
how LWs influence ambient air
temperature, fagade surface
temperature and cooling energy
consumption under varying urban
microclimates, building heights,
orientations and greenery coverage
ratios. Two residential building
types were modelled — Case A

(9 m) and Case B (18 m) — within an
urban block of 48 buildings. Living
wall scenarios tested 25-100%
fagade coverage, multiple
orientations and “green site” versus
“bare site” contexts.

Results show that living walls
significantly lower fagcade surface
temperatures (up to 18 °C
compared with bare walls) and
reduce ambient air temperature by
an average of 1.35°C and a
maximum of 2.25 °C within the
urban block. These microclimatic
improvements translate into
substantial cooling-energy savings,
reaching up to 15.85% in taller
buildings with west—east
orientations. Energy savings
increased linearly with greenery
coverage, were orientation
dependent (greatest on west and
east fagades) and were more
pronounced in taller buildings,
highlighting scalability benefits in
dense urban settings. Overall, the
study demonstrates that LWs
function not only as facade-level
thermal modifiers but also as
urban-scale cooling infrastructure,
supporting energy efficiency and
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- At the urban-block scale,
LWs reduce ambient air
temperature by 1.35°C on
average (max 2.25 °C),
demonstrating a measurable
UHI-mitigation effect.

- Cooling-energy demand
decreased by 6-10% in
low-rise buildings and up to
15.85% in taller buildings, with
an additional ~4.3% benefit
attributable to microclimate
modification.

- IAQ improvement is
discussed conceptually (e.g.,
ecosystem services, pollutant
adsorption), but no direct IAQ
measurements were
conducted.

- PM reduction is referenced
through prior literature, but
PM,.s/PM;, were not
quantified in this study.

other climates.
Results are
based on
validated
simulations
rather than
long-term field
measurements,
and plant
species, irrigation
regimes and
maintenance
degradation over
time were not
varied.
Additionally,
while IAQ and
PM benefits are
discussed, no
direct pollutant
measurements
were included,
indicating a need
for integrated
thermal—
air-quality field
studies across
climates and
building
typologies

software
tools

It considers
orientation,
building
height,
greenery
coverage ratio
and
microclimate
coupling, with
leaf area
index =3,
plant height
0.3m, and
substrate
thickness
0.1m.

cost—benefit or
social
perception
Building- and
neighbourhood
-scale
assessment of
LWsina
developing-city
context
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urban heat mitigation when
appropriately oriented and
sufficiently vegetated.

Sheweka, S.
Magdy, Arch. N.,
ElTahchi, M.
Salame, C.
ElCharif, H., &
Hassan, F. (2011).
The Living walls as

an Approach for a
Healthy Urban
Environment.
Energy Procedia,
6, 592-599.
https://doi.org/10.1
016/j.egypro.2011.
05.068

Living
Walls

Egypt

This paper provides a conceptual
and qualitative review of living walls
(green/vertical walls) as a
sustainable strategy to improve
urban environmental quality,
particularly in dense and arid urban
contexts. The study discusses how
rapid urbanisation and the
replacement of vegetated surfaces
with impervious materials intensify
the urban heat island (UHI) effect,
increase energy demand and
degrade air quality. Living walls are
presented as an effective means of
reintroducing vegetation into cities
by utilising vertical building
surfaces, especially where
ground-level green space is limited.
It explains the mechanisms through
which living walls influence the
urban environment, including
shading, evapotranspiration, wind
shielding and photosynthesis, which
collectively reduce surface and
ambient temperatures while
increasing thermal comfort. Living
walls are also highlighted for their
capacity to filter airborne pollutants,
absorb gaseous contaminants such
as CO,, CO and NO,, and capture
particulate matter on leaf surfaces,
thereby improving urban air quality.
Beyond environmental benefits, the
study outlines economic, social and
aesthetic advantages, such as
reduced cooling energy demand,
prolonged fagade lifespan, noise
attenuation, psychological wellbeing

- Living walls reduce surface
and ambient air temperatures
through shading and
evapotranspiration, improving
outdoor and fagade-level
thermal comfort.

- By increasing urban
vegetation density, living walls
help mitigate the UHI effect,
particularly in dense cities with
limited horizontal green space.
- Reduced heat gain at
fagades leads to lower cooling
energy demand, decreasing
reliance on mechanical HVAC
systems and associated
energy costs.

- Indoor and fagade-integrated
living walls can improve IAQ
by reducing sick-building
symptoms, enhancing
ventilation quality and
supporting psychological
wellbeing.

- Vegetation on living walls
can capture particulate matter
and gaseous pollutants on leaf
surfaces, contributing to
cleaner urban air, although no
quantitative PM
measurements are reported.

The study is
non-experimental
and does not
provide
quantitative
measurements of
temperature
reduction, energy
savings or
pollutant
removal. Most
conclusions are
derived from
literature
synthesis and
illustrative case
studies, limiting
empirical
validation. The
paper also does
not address
long-term
maintenance
performance,
water use
efficiency or
comparative
cost—benefit
analysis,
highlighting the
need for
measured field
studies and
performance
monitoring
across different
climates.

Peer-review
ed
conceptual
review with
case
studies (no
surveys or
experiment
s)

Identifies
three main
green wall
types:
wall-climbing,
hanging-down
and modular
systems

Emphasises
suitability of
living walls for
high-rise and
arid urban
environments
due to efficient
vertical land
use and
reduced
evaporation
compared with
horizontal
greenery
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and enhanced visual quality of the
built environment. Several
international case studies (e.g.,
Chilean Consortia Building, Tokyo
Nara Tower and Genzyme Center)
are used illustratively to
demonstrate indoor and outdoor
applications of living walls. The
authors conclude that living walls
should be integrated as part of a
holistic green-building strategy,
alongside green roofs and
ground-level vegetation, to mitigate
UHI, reduce energy consumption
and promote healthier urban
environments.
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Ghazalli, A. J.
Brack, C., Bai, X.
& Said, I. (2019).

Physical and Non-

Physical Benefits
of Vertical

Greenery Systems:

A Review. The
Journal of Urban
Technology, 26(4),

53-78.
https://doi.org/10.1
080/10630732.201

9.1637694

VGS

This paper presents a
comprehensive systematic review of
108 publications examining the
physical and non-physical benefits
of vertical greening systems (VGS)
in urban environments. The review
synthesises peer-reviewed journal
articles, conference papers, theses
and design guides sourced mainly
from Scopus and ScienceDirect,
covering research published across
engineering, architecture,
environmental science, psychology
and planning disciplines. Findings
show that the majority of VGS
research focuses on physical
environmental performance,
particularly thermal regulation and
energy savings at the building
scale. Outdoor VGS are shown to
reduce surface, ambient and indoor
temperatures through shading,
evapotranspiration and fagade
insulation, leading to cooling-energy
reductions of up to ~37% in some

- VGS significantly reduce
fagade, ambient and indoor
temperatures through shading,
evapotranspiration and
insulation effects, improving
thermal comfort in both
outdoor and indoor
environments.

- By reintroducing vegetation
onto vertical surfaces, VGS
contributes to UHI mitigation,
particularly in dense urban
canyons with limited horizontal
green space.

- Reduced heat gain from VGS
leads to lower cooling-energy
demand, with reported savings
reaching up to ~37%,
depending on system type,
orientation and plant
coverage.

- Indoor VGS have potential to
improve IAQ by absorbing
CO, and moderating
temperature and humidity, but

The review
identifies major
gaps in indoor
VGS research,
psychological
and physiological
health
measurements,
and standardised
experimental
protocols. Most
evidence for
wellbeing
benefits is
perception-based
rather than
clinically or
physiologically
validated.
Additionally,
limited long-term
studies exist on
maintenance,
lifecycle
sustainability,

108

Clearly

classifies VGS

into direct,
indirect and
modular
systems.
Compares
outdoor VGS
vs. indoor
VGS,
highlighting
stronger
evidence for
outdoor
systems.
Discusses
substrates,
plant species,
PM capture,
acoustics,
biodiversity
and lifecycle
impacts.

Systematic
literature
review multi-
disciplinary in
nature with a
focus on
environmental
(thermal,
energy, air
quality) and
emerging
non-physical
benefits
(wellbeing,
perception).
No
experimental
or economic
modelling, but
synthesises
experimental,
simulation,
perception and
lifecycle
studies.
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cases. VGS also contribute to urban
heat island (UHI) mitigation by
lowering fagade and surrounding air
temperatures, especially when
installed on sun-exposed
orientations. In addition, the review
highlights strong evidence that VGS
can improve urban air quality, as
plant surfaces capture particulate
matter (PM,.s and PM,,) and
adsorb gaseous pollutants. Several
studies using leaf-surface analysis
and simulations confirm VGS act as
effective particulate sinks in street
canyons and dense urban areas.
Conversely, non-physical benefits—
including psychological restoration,
stress reduction, wellbeing and
aesthetic value—are discussed
largely through perception studies
and inferred benefits, with very
limited direct physiological or health
measurements. Indoor VGS remain
under-studied compared with
outdoor systems, despite
indications that they can improve
indoor air quality, acoustics and
thermal comfort. Overall, the review
concludes that VGS offers
multidimensional benefits but
requires more standardised and
interdisciplinary research to fully
support evidence-based urban
implementation.

empirical indoor studies
remain scarce.

- Outdoor VGS act as effective
PM sinks, capturing PM,.5 and
PM,, on leaf surfaces and
contributing to improved urban
air quality, especially along
facades and street canyons.

substrate
performance and
humidity control,
particularly
across different
climates and
building heights.

Jayakody, G. D. C.,

Weerasinghe, K.
G.N. H.

Jayasinghe, G. Y.,
& Halwatura, R. U.
(2023). Economical

VGS

Sri Lanka,
Tropical
Climate

This study evaluates the economic
sustainability of VGS in a tropical
climate, using Sri Lanka as a
representative case. While previous
research has demonstrated the
thermal and energy benefits of
vertical greening, its economic

- VGS significantly reduce
external wall surface
temperatures (up to =9 °C in
field measurements), primarily
through shading and additional
insulating air layers.

- By lowering fagade and

The study
focuses primarily
on economic and
energy
performance and
does not quantify
air-quality or

Peer-review
ed
simulation-
and
measureme
nt-based
economic

Compares
three VGS
typologies
(DGF, IGF,
LWS) under
worst, middle
and best
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sustainability of
vertical greeneries
in tropical climate.
Energy and

Buildings, 299
113580-.

https://doi.org/10.1

016/j.enbuild.2023.

113580

feasibility remains unclear,
particularly for middle-income
countries. The authors assess three
VGS typologies: Direct Green
Fagade (DGF), Indirect Green
Fagade (IGF) and Living Wall
System (LWS) through an
integrated approach combining field
temperature measurements,
building energy simulation
(DesignBuilder/EnergyPlus) and
lifecycle cost—benefit analysis
(CBA). Simulation results show that
all three systems reduce wall
surface temperatures and cooling
energy demand, with LWS
achieving the highest
cooling-energy savings (=26.8%),
followed by IGF (=15.4%) and DGF
(=12.9%). However, when
installation and maintenance costs
are included over a 50-year
lifecycle, economic outcomes differ
substantially. DGF demonstrates
positive Net Present Value (NPV),
acceptable Internal Rate of Return
(IRR =21-24%), and a 6-year
payback period across all
scenarios. IGF is also economically
viable, particularly under middle and
best-case scenarios, with payback
periods of 6—7 years. In contrast,
despite superior energy
performance, LWS is not
economically viable, showing
negative NPVs, zero IRR, Benefit—
Cost Ratios <1, and payback
periods exceeding 50 years, mainly
due to high installation and
maintenance costs.

Overall, the study concludes that

Green Walls as Urban NbS — HUCE | 49

ambient temperatures, VGS
contributes indirectly to urban
heat island mitigation,
particularly on west-facing
fagades in tropical cities.

- Annual cooling-energy
savings of =12.9% (DGF),
=15.4% (IGF) and ~26.8%
(LWS) were achieved
compared with a bare fagade.
- Indoor air quality was not
directly measured; benefits are
inferred indirectly through
reduced cooling demand and
improved thermal comfort.

PM-reduction
benefits, nor
does it assess
occupant comfort
or health
outcomes.
Results are
based on a single
building typology
and climatic
context, which
may limit
generalisability to
other tropical or
non-tropical
regions.
Additionally,
benefits beyond
cooling energy
savings (e.g.,
carbon reduction,
acoustic
performance or
ecosystem
services) were
not monetised in
the CBA.

analysis
with no
surveys

economic
scenarios.
Uses
DesignBuilder
validated
against field
temperature
measurement
s (R2=0.98).
Lifecycle
period
assumed as
50 years for
all systems.
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green fagades (direct and indirect)
offer a balanced solution for tropical
cities by delivering measurable
thermal and energy benefits with
economic feasibility, whereas living
walls, although thermally effective,
are currently unsuitable from an
economic perspective in similar
contexts.

Charoenkit, S.
Yiemwattana, S., &

Rachapradit, N.
(2020). Plant
characteristics and
the potential for
living walls to
reduce

temperatures and
sequester carbon.
Energy and

Buildings, 225
110286-.

https://doi.org/10.1
016/j.enbuild.2020.
110286

Living
Walls

Phitsanulok,
Thailand:
Tropical
Climate

This study experimentally
investigates how plant
characteristics influence the thermal
and carbon-sequestration
performance of living walls (LWs) in
a tropical climate. Field experiments
were conducted at Naresuan
University, Thailand, using two LW
systems (felt-pocket and planter)
installed on west-facing walls and
compared against a bare wall
control. Twelve plant species were
evaluated over wet and cool
seasons (August—-November 2018)
using detailed measurements of
surface, wall and indoor
temperatures, heat flux, leaf area
index (LAI), plant coverage and
biomass carbon content. Results
show that LWs significantly reduced
daytime temperatures compared
with bare walls, achieving a
maximum indoor air temperature
reduction of 3.6 °C and providing
additional thermal resistance of
0.05-0.09 m?K/W. Planter systems
outperformed felt-pocket systems
due to higher plant density and
moisture retention, reducing heat
transfer through walls by =83%
relative to bare walls. Plant
characteristics strongly affected

- Living walls reduced surface,
wall and indoor temperatures,
with a maximum indoor
reduction of 3.6 °C and an
83% decrease in heat gain
compared with bare walls.

- By lowering fagade and
adjacent air temperatures,
LWs contribute to local urban
heat-island mitigation,
particularly during hot periods
in tropical climates.

- Increased thermal resistance
(+0.05-0.09 m?K/W) and
reduced heat flux imply lower
cooling energy demand,
although energy use was not
directly modelled.

- Indoor air quality was not
directly measured,
improvements are inferred
indirectly via reduced indoor
temperatures.

The study
focuses on
thermal and
carbon-sequestra
tion performance
but does not
directly measure
energy
consumption,
indoor air quality,
or
particulate-matter
removal. Results
are based on
small-scale
experimental test
cellsand a
limited set of
plant species,
which may
restrict
generalisation to
full-scale
buildings or other
climates.
Long-term
maintenance,
water-use
efficiency and
lifecycle impacts
were also outside
the study scope.

Peer-review
ed
experiment
al field
study using
physical
measureme
nts (12
plant
species,
two LW
systems)

Compares
felt-pocket vs.
planter living
wall systems.
It highlights
the
importance of
LAI, plant
coverage, leaf
size and plant
type (woody
vs. forb/
succulent).
Provides
quantitative
carbon-
sequestration
values for
living walls in
tropical
climates.

Controlled
experimental
study with
in-situ
measurements
and statistical
analysis
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performance: plant coverage and
LAl were positively correlated with
cooling, with species exhibiting
coverage > 100% and LAI>3
delivering the best thermal
outcomes. Plants with
medium-sized leaves achieved
greater cooling than those with
small or large leaves.

In terms of climate-mitigation
potential, LWs sequestered 62.6—
118.4 g C/m?/year, with planter
systems and woody plant species
storing the most carbon. Carbon
sequestration was higher in plants
with dense foliage and substantial
below-ground biomass. Overall, the
study confirms that appropriate
plant selection and system design
are critical to maximising both
cooling and carbon-sequestration
benefits of living walls in tropical
environments.
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Yanardag Erdener,

H. M., & Edis, E.

(2024). The effect
of living wall
systems’ variables
on the energy
consumption of
buildings. Built
Environment
Project and Asset
Management,
14(3), 333-348.
https://doi.org/10.1
108/BEPAM-12-
2022-0204

Living
Walls

Antalya,
Turkey:
Mediterranean

This study investigates how plant
characteristics of living wall systems
(LWs) influence building energy
consumption and thermal behaviour
in a hot-humid Mediterranean
climate (Antalya, Turkey). Using
dynamic parametric simulations with
ENVI-met, the authors analysed the
relative impacts of leaf albedo, leaf
transmittance and leaf area index
(LAI) across four seasons and four
fagade orientations. A total of 112
calibrated simulations compared
buildings with living walls against
bare-wall reference cases.

Results show that LWs reduce
annual building energy demand,
despite slightly increasing heating

- LWs lower wall surface
temperatures and heat flux in
summer through shading and
evapotranspiration, while
slightly increasing
insulation-related heating
demand in winter.

- LWs reduce fagade surface
temperatures and sensible
heat fluxes, supporting local
urban heat island mitigation,
especially on south and west
fagades.

- Annual energy demand was
reduced overall by =90—

100 kW, despite a 12—

14 kW/day increase in winter
heating demand. Leaf albedo

The study is
entirely
simulation-based,
with no direct
field
measurements of
indoor comfort,
air quality or PM
removal. Only a
single climate
(hot-humid
Mediterranean)
and continuous
felt-type living
wall system were
examined,
limiting
generalisability to

112

Focuses on
plant-level
variables (LAl,
leaf albedo,
leaf
transmittance)
rather than
system
construction
cost
Demonstrates
strong
orientation
dependency,
with south and
west fagades
yielding
highest

Quantitative
simulation-
driven
research with
sensitivity
analysis
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energy needs during winter.
Cooling-season benefits dominated,
producing an overall net annual
energy reduction of approximately
90-100 kW for the case building.
The south and west fagades
provided the highest energy-saving
potential, due to greater exposure to
solar radiation. Sensitivity analysis
revealed that leaf albedo and leaf
transmittance were the most
influential variables, accounting for
44-46% of the total thermal impact,
while LAI contributed around 10%.
In summer, high-albedo and
higher-transmittance leaves
enhanced shading and evaporative
cooling, whereas in winter, lower
albedo and lower transmittance
improved heat retention,
highlighting seasonal trade-offs.
Although variations in plant
characteristics altered annual
energy demand by only =1%, this
difference was considered
significant over a building’s lifecycle.
The study demonstrates that plant
selection and fagade orientation are
critical design parameters for
optimising LW performance.
Overall, the findings provide
quantitative guidance for architects
and planners on selecting LW plant
properties to balance cooling and
heating needs in hot-humid
climates.

and transmittance were the
dominant contributors to
energy performance.

- Indoor air quality was not
directly assessed; impacts are
inferred indirectly through
reduced cooling loads.

other climates or
modular systems.
Economic
feasibility and
lifecycle
maintenance
impacts were
also outside the
study scope.

benefits
Uses
calibrated
ENVI-met
models
validated
against
experimental
temperature
data

Charoenkit, S., &
Yiemwattana, S.

(2021). The
performance of

Living
Walls

Thailand:
Tropical
Climate

This study experimentally evaluates
the performance of outdoor plant
species in living wall (LW) systems
under hot and humid tropical
conditions in Thailand. Twelve

- Living wall cooling
performance varied by
species; plants with high
coverage and rapid growth
achieved lower leaf surface

The study
focuses on
plant-level
performance and
surface

Peer-review
ed
experiment
al field
study
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outdoor plants in

living walls under
hot and humid

conditions.
Landscape and

Ecological
Engineering, 17(2),

55-73.
https://doi.org/10.1
007/s11355-020-
00433-8

perennial plant species were
assessed in two LW typologies; a
felt-pocket system and a planter
system, over wet and cool seasons
(approximately 6—-8 months). Plant
performance was analysed using
multiple indicators, including growth
rate, plant coverage, visual quality,
surface temperature reduction and
carbon sequestration, providing a
holistic evaluation of living wall
effectiveness. Results indicate that
plant species selection and LW
system design strongly influence
environmental performance. Woody
plant species generally exhibited
higher growth rates, greater plant
coverage, better visual quality and
superior carbon-sequestration
capacity compared with herbaceous
and succulent species. The planter
system consistently outperformed
the felt-pocket system, largely due
to higher planting density and better
water-retention capacity, leading to
healthier plant growth and greater
biomass accumulation. Surface
temperature measurements showed
that plants with high coverage and
rapid growth (e.g., woody and
spreading forms) achieved lower
leaf surface temperatures,
indicating better cooling
performance. In contrast,
succulents and some herbaceous
plants performed poorly due to
sensitivity to excess moisture and
pest damage. Regarding
climate-mitigation potential, living
walls demonstrated meaningful
carbon sequestration, averaging
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temperatures, indicating
stronger cooling effects.

- By reducing surface
temperatures and increasing
vegetative cover, LWs
contribute to local UHI
mitigation in hot-humid urban
environments.

- Energy use was not directly
measured, but reduced plant
surface temperatures imply
potential cooling-energy
savings at the building scale.

temperatures,
without direct
measurement of
building energy
consumption,
indoor thermal
comfort, indoor
air quality or PM
removal.
Observations
were limited to
one tropical
location and two
LW system
types, and results
may differ under
other climates or
long-term
maintenance
regimes.
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48.2 g C m™2 per 6 months for
felt-pocket systems and

166.7 g C m~2 per 6 months for
planter systems, equivalent to
~96.4-333.4gCm™2yr. Overall,
the study concludes that
planter-based LWs planted with
woody, spreading species offer the
best balance between thermal
regulation, aesthetics and carbon
sequestration in hot-humid climates,
while mixed-species planting is
recommended to optimise
performance and resilience.

Goel, M., Jha, B., &
Khan, S. (2022).
Living walls

enhancing the
urban realm: a

review.
Environmental
Science and
Pollution Research
International
29(26), 38715—
38734.
https://doi.org/10.1
007/s11356-022-
19501-7

Living
Walls

Multiple
locations and
climatic
conditions

This paper presents a
comprehensive narrative review on
living walls (LWs) as vertical
greening systems and their role in
enhancing the urban realm, with
emphasis on environmental,
energy, health, social and
urban-design benefits. The authors
reviewed 170 publications,
shortlisting and thematically
reviewing 60 key studies. The
review synthesises empirical
evidence showing that LWs
contribute significantly to thermal
regulation, air-quality improvement,
energy savings, noise reduction and
urban liveability, particularly in
dense cities with limited horizontal
green space. From an
environmental perspective, LWs
reduce fagade and ambient
temperatures (up to 10-11.5°C
surface temperature reduction
reported in experimental studies),
mitigate UHI effects, and act as
biofilters by absorbing carbon
dioxide and atmospheric pollutants.

- LWs reduce wall and
ambient temperatures
(reported reductions up to
=10-11.5 °C) through shading
and evapotranspiration.

- LWs mitigate the UHI effect
by reducing heat flux through
fagades and lowering
surrounding air temperatures,
particularly in dense urban
areas.

- Reviewed studies report up
to 20% reduction in cooling
energy demand and =9-10%
annual energy savings at the
building scale.

- LWs improve air quality
indirectly by acting as
biofilters, absorbing CO, and
gaseous pollutants, and
supporting better microclimatic
conditions.

- Evidence from cited studies
indicates reductions in PM,.5
and PM, concentrations in
areas adjacent to LWs.

The review
identifies a lack
of empirical,
urban-scale
studies on the
social and health
benefits of living
walls, despite

strong theoretical

and qualitative
evidence. Most

existing research

focuses on
thermal and
energy
performance,
while long-term
field
measurements,
standardised
performance
metrics and
comparative
studies across
climates remain
limited.

170

Integrates
urban design
concepts
(streetscape,
building
frontage,
image and
identity) with
environmental
performance,
focusing on
nature-based
solutions for
dense cities

Conceptual
synthesis
supported by
empirical
evidence from
prior studies
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Evidence from cited studies
indicates reductions in PM,.5 and
PM,, concentrations and
improvements in local
microclimates. Energy-related
literature reviewed shows that LWs
can lower cooling energy demand
by up to 20% and reduce annual
building energy consumption by =9—
10% in simulation-based case
studies. Beyond environmental
performance, the review highlights
psychological and social benefits,
noting that LWs improve mental
wellbeing, stress recovery,
streetscape quality and social
interaction. Case studies such as
CaixaForum Madrid and corridor
experiments in Australia
demonstrate that LWs can increase
pedestrian activity, enhance urban
image and identity and transform
inactive spaces into vibrant public
realms. Overall, the review positions
LWs as a multifunctional, nature-
based solution that addresses
climate adaptation, urban
sustainability and human wellbeing.
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Charoenkit, S., &
Yiemwattana, S.
(2016). Living walls

and their
contribution to

improved thermal
comfort and carbon

emission reduction:

A review. Building
and Environment

105, 82-94.
https://doi.org/10.1

Living
Walls

Multiple
locations:
Tropical
Desert
Temperate
Mediterranean

This paper comprehensively
reviews the role of living walls
(LWSs) in improving thermal comfort,
reducing building energy
consumption and mitigating carbon
emissions in urban environments.
The authors systematically
reviewed peer-reviewed studies on
LW performance across tropical,
subtropical, desert, Mediterranean
and temperate climates, focusing on
thermal behaviour, energy savings
and CO, sequestration. Findings

- LWs reduce fagade surface
temperatures by =0.3-20 °C
and indoor temperatures by
~2-6 °C, with stronger effects
in hot climates and on
sun-exposed facades.

- By lowering surface and
ambient temperatures and
increasing evapotranspiration,
LWs contribute to local UHI
mitigation, particularly in
dense urban areas.

- Reported cooling-energy

The review
identifies a
scarcity of
experimental
studies on
carbon
sequestration in
living walls, with
most evidence
derived from
modelling or
analogies with
green roofs.

31

Compares
continuous vs.
modular living
wall systems
and identifies
plant
characteristics
(LA, leaf
reflectivity,
stomatal
resistance)
and substrate
depth/

A systematic
literature
review
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016/j.buildenv.2016 show that LWs consistently reduce [reductions range from 8% to | Thermal and moisture as
.05.031 fagade surface temperatures and 20.5%, depending on climate, |carbon- key
indoor air temperatures during fagade orientation, glazing sequestration performance
daytime through combined shading, [ratio and LW coverage. performances are drivers
insulation, evapotranspiration and |- Indoor air quality was not often studied
substrate thermal resistance. directly measured, but independently,
Reported reductions in fagcade improved thermal comfort and |despite sharing
surface temperature ranged from reduced cooling demand imply |common
0.3 °C to over 20 °C, depending on [indirect IAQ benefits. influencing
climate, orientation, LW system type factors such as
and plant characteristics. Indoor plant and
temperature reductions of 2—6 °C substrate
were commonly observed in hot characteristics. In
climates, with simulation studies addition,
indicating reductions of up to 10°C inconsistent
for buildings with opaque experimental
envelopes. These thermal effects setups and
translated into cooling-energy reporting metrics
savings of approximately 8-20.5%, limit cross-study
with greater benefits in hot climates comparability.
and when LWs covered larger
facade areas. The review also
highlights the carbon-sequestration
potential of LWs. Annual carbon
sequestration values ranged from
0.14 t0 0.98 kg C m~2yr™', mainly
stored in plant biomass, with
substrates contributing a smaller
share due to limited depth. Woody
and herbaceous plants had higher
sequestration capacity than
succulents. Overall, the study
concludes that LWs can act as an
effective climate-mitigation strategy,
but stresses the need for integrated
studies that jointly assess thermal
and carbon-sequestration
performance rather than treating
them separately.
Vertical Sri Lanka: This study investigates the thermal |- Living walls achieved the The study Peer- Direct Experimental
Rupasinghe, H. T., |Greening |Tropical and energy-related benefits of highest thermal moderation, focuses primarily [reviewed comparison of [field study
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& Halwatura, R. U.
(2020). Benéefits of

implementing
vertical greening in

tropical climates.
Urban Forestry &

Urban Greening,
53, 126708-.

https://doi.org/10.1
016/j.ufug.2020.12
6708

Climate

vertical greening systems (VGS) in
a tropical climate, focusing on Sri
Lanka. The research combined
on-site field investigations,
controlled plant-performance
experiments and building-scale
energy simulations to identify the
most effective VGS typology and
plant species for maximising
thermal performance. The study
evaluated three types of vertical
greening — living walls, indirect
green fagades and direct green
fagades — using real buildings in
Colombo. Results from field
measurements showed that living
walls consistently outperformed
other VGS types, achieving
maximum temperature reductions of
10.2 °C at the external wall surface,
3.3 °C at the internal wall surface
and 2.1 °C in indoor air temperature
compared with adjacent bare walls.
Indirect and direct green fagades
provided lower but still measurable
thermal benefits. Plant-selection
experiments identified Axonopus
compressus as the most suitable
species for LWs due to its high
survival rate, low maintenance
requirements, dense canopy and
strong thermal performance,
achieving up to 10.1 °C reduction in
external wall temperature and

3.2 °C reduction in internal wall
surface temperature. Building-scale
simulation using calibrated
EnergyPlus models indicated that
extending vertical greening to
multiple fagades further improved
performance, with a maximum
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with up to 10.2 °C reduction in
external wall temperature and
up to 2.1 °C reduction in
indoor air temperature in
tropical conditions.

- Reduced external wall
surface temperatures indicate
a local mitigation of UHI
effects, especially when
applied at scale in dense
urban areas.

- Building-scale simulations
showed significant year-round
reductions in cooling-energy
consumption, particularly
when vertical greening was
applied to all fagades.

- Indoor air quality was not
directly measured; benefits are
inferred indirectly through
improved thermal comfort and
reduced reliance on air
conditioning.

on thermal and
energy
performance,
with no direct
measurements of
indoor air quality,
particulate matter
or long-term
urban-scale
impacts. Field
investigations
were limited to
Colombo, and
broader climatic
variability within
tropical regions
was not explored.
Long-term
maintenance
costs and
lifecycle
environmental
impacts were
also beyond the
study scope.

experiment
al and
simulation-
based study
involving 20
building
case
studies, 12
plant
species
screened
and 5
species
tested in
detailed
thermal
experiment
s.

living walls vs.

indirect and
direct green
fagades and
the
identification
of Axonopus
compressus
as a high-
performance,
low-
maintenance
plant for
tropical living
walls

combined with
building-
energy
simulation
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indoor temperature reduction of

4.9 °C when all fagades were
greened. Year-round cooling-energy
demand was significantly reduced,
demonstrating living walls as an
effective climate-adaptation and
energy-efficiency strategy for dense
tropical cities. Overall, the study
provides strong empirical evidence
supporting integrating living walls in
tropical urban buildings to mitigate
heat stress and reduce energy
consumption.

Radi¢, M., Dodig
M. B., & Auer, T.

(2019). Green

facades and living

walls-A review

establishing the
classification of

construction types

and mapping the
benefits.
Sustainability,
11(17), 4579-.

https://doi.org/10.3

390/su11174579

Green
Facades &
Living
Walls

Temperate
Dry
Tropical

This paper is a comprehensive
scoping review of vertical greening
systems (VGS) specifically green
facades and living walls,
establishing a clear construction-
type classification and mapping
documented benefits to specific
VGS types. A systematic and
extended literature search covering
academic databases and
manufacturers’ catalogues resulted
in the review of 93 sources.
Thirteen distinct VGS construction
types were identified, comprising
four green facade types and nine
living wall types, addressing
longstanding confusion in
terminology and nomenclature. The
review demonstrates that thermal
performance is the most extensively
and empirically studied benefit of
VGS. Evidence shows that green
facades and living walls can reduce
indoor temperatures by up to ~10 °C
and lower building cooling energy
demand by up to ~20-30%,
depending on climate, orientation,
plant density and construction type.

- Thermal performance is the
most empirically validated
benefit; VGS can reduce
indoor temperatures by up to
~10 °C and fagade surface
temperatures substantially,
depending on climate and
system type.

- By reducing fagade and
ambient temperatures and
increasing evapotranspiration,
VGS contribute to UHI
mitigation, particularly when
applied at scale.

- Reported cooling-energy
savings range up to ~20-30%,
with higher effectiveness in
warm and dry climates and on
sun-exposed facades.

- VGS can improve indoor and
outdoor air quality through
pollutant filtration and
oxygenation, but empirical
indoor measurements remain
limited.

- Empirical studies cited show
significant PM and NO,
reduction, including PM,.5

Despite the
breadth of
literature, the
review identifies
major gaps in
empirical
evidence for
non-thermal
benefits,
particularly
air-quality
improvement,
hydrological
performance,
social,
educational and

health outcomes.

Many benefits
are inferred
descriptively or
by analogy with
green roofs.
Inconsistent
nomenclature,
lack of
standardised
measurement
methods, and

93

Covers
building-scale
and
urban-scale
impacts of
green facades
and living
walls
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Other benefits, including air-quality
improvement, PM capture, noise
reduction, hydrological regulation,
social, visual, educational,
biodiversity and economic benefits
are reported largely through
descriptive or limited empirical
studies. Empirical evidence for
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reductions up to ~45-70% and
street-canyon reductions up to
60%, depending on species
and configuration.

limited
post-occupancy
and human-
perception
studies further
hinder
cross-study
comparison and

air-pollution reduction indicates that real-world

VGS can significantly reduce NO, application.

and PM concentrations, with

reductions of up to 40-60% at

street-canyon scale reported in

specific studies cited in the review.

Overall, the paper concludes that

while VGS have strong potential as

sustainable building-envelope

solutions, future progress depends

on standardised classification, clear

linkage between benefits and

construction types, and more robust

quantitative and qualitative

empirical research, especially

beyond thermal and energy

performance.

This study evaluates the economic |- Vertical greening provides The main

sustainability of vertical greening additional insulation and limitation is that [Peer-

. systems (VGS) including direct shading, reducing cooling several reviewed
Perini, K., & - ) ) -
Rosasco. P green fagades, indirect green demand by =10-20% for a environmental economic |Explicit
2013 Cos't fagcades and living wall systems, south-facing fagade in a and social and comparison of Highlights the
S 2. - . . . . 3 . .
benefit analvsis for through a detailed cost—benefit Mediterranean climate. benefits, lifecycle six VGS str%n 9
Y Green analysis (CBA) over a 50-year - VGS contributes to UHI including UHI analysis configurations, | 9

green facades and . . . . e . e influence of
- Facades & |Multiple lifecycle. Unlike most VGS studies |mitigation through shading, mitigation, study (cost—|from low-cost |. .
living wall systems. |, .". . . . L o . i . installation and
Building and Living locations that focus primarily on evapotranspiration and lower |biodiversity benefit climber maintenance
_g_. Walls environmental performance, this surface albedo, but this benefit [enhancement, analysis) fagades to
Environment, 70, . . . - . . . costs on

paper integrates personal (private) |is only significant at aesthetic value |using high-cost .
110-121. . . . . . . L feasibility

o and social (public) costs and neighbourhood or city scale and health simulation |living wall
https://doi.org/10.1 ) . ) . o .
- benefits, using three financial and could not be quantified for [impacts could not |models and |systems

016/j.buildenv.2013 - . L
08.012 indicators: net present value (NPV), |a single facade. be quantitatively [secondary
I internal rate of return (IRR) and - Cooling-energy savings are |assessed due to |data

payback period (PBP). The analysis

the most economically

lack of reliable
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is based on a virtual office building
located in Genoa, ltaly
(Mediterranean climate), with
vertical greening applied to a
south-facing fagade. Results show
that direct green fagades are
economically sustainable in all
scenarios (worst, middle, best), with
positive NPVs, IRR values between
~7.7-10.7%, and payback periods
of 16—24 years. Indirect green
fagcades can also be economically
viable, particularly when low-cost
materials are used. In contrast,
living wall systems, despite offering
higher aesthetic and functional
potential, were not economically
sustainable under any scenario due
to high installation and maintenance
costs, including irrigation systems,
panel replacement and plant
renewal. From an environmental
perspective, the study confirms that
VGS can reduce cooling energy
demand by approximately 10-20%
in Mediterranean climates,
contribute to UHI mitigation,
improve air quality through pollutant
and PM reduction, enhance fagade
durability, and increase property
and rental value. However, most
social and macro-scale benefits
could only be treated qualitatively
due to data limitations. Overall, the
paper concludes that economic
incentives (e.g., tax reductions) are
critical for enabling wider adoption
of VGS, particularly living walls, in
dense urban areas.

relevant benefit, outweighing
heating savings, which were
found to be minimal in
Mediterranean climates.

- Improved air quality is
acknowledged through
pollutant absorption (e.g.,
NOx), but indoor air quality
benefits were not directly
measured and are based on
literature assumptions.

- VGS are assumed to reduce
PM,, and gaseous pollutants,
drawing on empirical studies
from green roofs and facades;
however, PM reduction was
not directly measured in this
case study.

facade-scale
data. Air-quality
and PM benefits
were estimated
indirectly from
literature rather
than measured
empirically.
Results are also
location-specific
(Mediterranean
climate, Genoa),
limiting
transferability to
other climates
without
recalibration.

Green
Roofs

Ebadati, M., &

3 Locations in
Iran (Bandar-

This study investigates the thermal
and energy performance of green

- Green roofs reduce thermal
loads mainly through shading,

The study relies
entirely on

Peer-
reviewed

Focuses on
green roofs

Simulation-
driven thermal
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Ehyaei, M. A.
(2020). Reduction
of energy
consumption in
residential
buildings with
green roofs in three
different climates of
Iran. Advances in
Building Energy
Research, 14(1),
66-93.
https://doi.org/10.1
080/17512549.201
8.1489894

Abbas,
Tehran,
Tabriz)
3 different
climatic
conditions

roofs applied to a two-storey
residential building across three
distinct Iranian climates: Tehran
(warm—dry), Tabriz (cold—dry) and
Bandar Abbas (hot—humid). Using
EnergyPlus dynamic simulation, the
authors compared a conventional
asphalt roof with an otherwise
identical building incorporating a
lightweight green roof (vegetation
and soil layer). Heating and cooling
demands were supplied by
heat-pump systems, allowing direct
comparison of annual energy
consumption. Results demonstrate
that green roofs significantly reduce
total annual energy demand for
space conditioning, with reductions
of 16.3% in Tehran, 12.5% in Tabriz
and 23% in Bandar Abbas. The
strongest performance occurred in
the hot=humid climate, where
cooling loads dominate and the
green roof acts primarily as an
evaporative and shading-based
cooling system. In colder climates
(Tabriz), energy savings were lower
due to reduced cooling demand and
increased heating needs during
winter. Monthly analysis confirmed
that energy savings are
concentrated in warm months,
particularly June—September. A
sensitivity analysis showed that
increasing leaf area index (LAI) and
soil thickness further enhances
cooling performance but may
slightly increase heating demand in
winter. Economic analysis indicated
payback periods of approximately
11 years for Tehran, 10 years for
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insulation, thermal mass and
evapotranspiration, with
strongest cooling effects in hot
climates.

- By lowering roof surface
temperatures and cooling
demand, green roofs indirectly
contribute to UHI mitigation,
especially in hot—humid cities.
- Annual energy consumption
for heating and cooling was
reduced by 16.3% (Tehran),
12.5% (Tabriz) and 23%
(Bandar Abbas).

- Indoor air quality was not
directly measured; benefits are
inferred indirectly through
reduced HVAC operation and
improved thermal conditions.

- PM reduction was not
quantified, although literature
is cited indicating green roofs’
potential for pollutant removal.

simulation
modelling and
does not include
field
measurements or
indoor
environmental
quality
monitoring. PM
removal, indoor
air quality and
long-term
maintenance
impacts were not
quantified.
Economic results
are sensitive to
energy-price
assumptions,
which were kept
constant,
potentially
underestimating
future benefits.
Findings are also
specific to Iranian
climates and may
require
recalibration for
other regions.

simulation-
based study
using one
residential
building
model
evaluated
across
three
climate
zones

and includes
parametric
sensitivity
analysis

Combines
thermal,
energy and
economic
evaluation

and energy
study with
supplementary
economic
analysis
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Tabriz and over 40 years for Bandar
Abbas, assuming fixed energy
prices. Overall, the study concludes
that green roofs are a climate-
dependent energy-efficiency
strategy, with maximum benefits in
cooling-dominated regions,
supporting their role in reducing
urban energy demand and heat
stress.

Huang, J. M., &
Chen, L. C. (2020).

A numerical study
on mitigation
strategies of urban
heat islands in a
tropical megacity:
A case study in
Kaohsiung city,
Taiwan.
Sustainability,

12(10), 3952-.
https://doi.org/10.3
390/SU12103952

Green
Cover
(GCRon
roofs)

Kaohsiung
City, Taiwan

This study evaluates urban heat
island (UHI) mitigation strategies at
the block scale in Kaohsiung City,
Taiwan, a tropical megacity, using
CFD-based ENVI-met simulations.
A real mixed-use urban block
(23.9 ha) was modelled under
extreme summer conditions, and
five feasible planning strategies
were compared with the existing
condition (B0): permeable
pavements, increased street green
coverage ratio (GCR), increased
park GCR, roof greening of public
buildings and combined strategies.
Thermal variables (air and surface
temperature, wind speed, MRT) and
outdoor thermal comfort indices
(SET, PET) were analysed at
multiple vertical levels, with
emphasis on the pedestrian layer.
The baseline condition showed
severe heat stress, with average
pedestrian air temperature of

36.0 °C, surface temperatures near
50°C, SET =38.3°C and PET
=50.5 °C, classifying the
environment as very hot. Among all
scenarios, the combined strategy
(C5) permeable pavements, 60%
street GCR, 80% park GCR and

- Combined greening and
permeable-surface strategies
reduced pedestrian-level air
temperature by up to ~2.0 °C
under extreme summer
conditions.

- UHI mitigation was strongest
with permeable pavements +
high street GCR, confirming
the importance of surface
temperature reduction and
evapotranspiration at street
level.

- Building energy consumption
was not directly assessed;
potential energy benefits are
inferred indirectly through
reduced ambient and surface
temperatures.

- Indoor air quality was not
evaluated, as the study
focused exclusively on outdoor
microclimate and pedestrian
comfort.

The research is
entirely
simulation-based,
with no on-site
measurements or
validation using
field microclimate
or air-quality
data. Building
energy use,
indoor comfort
and PM reduction
were not
quantified.
Results are
specific to one
tropical city
block, limiting
generalisability
without
recalibration for
other urban
morphologies or
climates.

Peer-
reviewed
numerical
simulation
study using
ENVI-met

Uses SET and
PET indices
for outdoor
thermal
comfort
assessment
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100% roof greening of public
buildings performed best, reducing
pedestrian-level air temperature by
~2.0 °C, surface temperature by
~11.7°C, PET by ~7.1°C and SET
by ~2.5°C.

Results demonstrate that
permeable pavements produced
stronger cooling effects than tree
planting alone, mainly through
substantial surface-temperature
reduction and enhanced latent heat
flux. Street greening showed a
linear cooling relationship, with
every 10% increase in street GCR
lowering pedestrian air temperature
by ~0.15 °C. In contrast, roof
greening had limited influence at
pedestrian level (~0.2 °C cooling)
due to average building heights.
The study concludes that
integrated, ground-level greening
and permeable surfaces are most
effective for UHI mitigation and
outdoor comfort in tropical cities.
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Moreno, A., Austin,
M. C., & Mora, D.
(2021). A
parametric study of
implementing
green roofs to
improve building
energy
performance in

tropical climate.
E3S Web of

Conferences, 312,
2004-.

https://doi.org/10.1
051/e3sconf/20213

Green
Roofs

Panama:
Tropical
Climate

This study presents a parametric,
simulation-based evaluation of
green roofs aimed at improving
building thermal and energy
performance in a tropical climate,
using Panama City as the case
context. Two residential building
typologies — a one-storey (80 m?)
and a two-storey (200 m?) model —
were analysed using DesignBuilder
dynamic simulations under both
passive (natural ventilation) and
active (air conditioned) operating
modes. The research focused on
identifying which vegetation-layer
parameters most strongly influence

- Green roofs significantly
reduce roof heat gains and
indoor temperatures,
especially when plant height
exceeds 0.4 m.

- UHI mitigation is discussed
conceptually, but not directly
quantified.

- Cooling electricity demand
decreased for the 200 m?
building under active
operation; negligible impact
was observed for the smaller
80 m? building.

- Indoor air quality was not
directly assessed; analysis

The study is
limited to
numerical
simulation and
does not include
field
measurements or
long-term
monitoring.
Urban-scale
impacts (UHI
mitigation, air
quality, PM
removal) were
not quantified.
Results are

Peer-
reviewed
simulation-
based
parametric
study

Evaluates
passive vs.
mechanically
cooled
buildings in a
tropical
climate
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1202004

indoor temperature, roof heat gains
and cooling demand. A sensitivity
analysis demonstrated that plant
height is the most influential
parameter: values greater than

0.4 m consistently produced
significant reductions in roof heat
gains and indoor temperature for
both building sizes and operating
modes. Leaf area index (LAIl), leaf
reflectivity and minimum stomatal
resistance showed secondary
importance, with their effects
depending on building size and
operating mode. Notably, the larger
200 m? building benefited
substantially more from green roofs
than the smaller 80 m? model,
where reductions in cooling demand
were negligible. In the second
phase, four plant species suitable
for Panama’s tropical climate
(Tradescantia spathacea,
Sansevieria sp., Aloe Vera and
Arachis hypogaea) were assessed.
Results confirmed that green roofs
consistently lowered roof heat gains
and cooling electricity consumption
in the larger building under active
cooling. The study concludes that
green roofs are an effective passive
cooling strategy in tropical climates,
particularly for larger or multi-storey
buildings, provided that vegetation
height and physiological properties
are appropriately selected.

focused on temperature,
humidity and energy loads.

climate- and
building-type-
specific, and
economic
feasibility or
lifecycle costs
were not
evaluated.

Lee,L.S.H., &

Jim, C. Y. (2017).

Subtropical
summer thermal

Green
Walls

Hong Kong:
Subtropical

This field-based study investigated
the summer thermal performance of
climber green walls (CGWs) in a
humid subtropical climate, using an
electricity substation in Hong Kong

- CGWs significantly reduced
external wall surface
temperatures (up to 3.5°C
daytime cooling); night-time
cooling was smaller but

The study

focused primarily

on thermal
parameters,
without

Peer-
reviewed
field
monitoring
experiment

Thermal
behaviour of
green walls
under different
weather
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effects of wirerope
climber green walls
with different air-
gap depths.

Building and
Environment, 126,

1-12.
https://doi.org/10.1
016/j.buildenv.2017

.09.021

as a real-world experimental setting.
Two wirerope CGWs with different
air-gap depths (1.0 m and 0.3 m)
and orientations (northeast and
northwest) were monitored
alongside adjacent bare walls as
controls. Continuous in-situ
measurements of indoor and
outdoor air and surface
temperatures were conducted at
15-minute intervals across sunny,
cloudy and rainy summer days in
2016. Statistical analyses (i-tests,
ANOVA, Mann—Whitney U) were
applied to quantify thermal
differences between greened and
bare fagades. Green walls
consistently reduced exterior wall
surface temperatures, with the
largest cooling under sunny
conditions. During daytime, average
external surface cooling reached
3.5 °C (high-block wall with 1.0 m air
gap) and 2.7 °C (low-block wall with
0.3 m air gap). Night-time cooling
was smaller but still evident (up to
0.8-1.3 °C). Exterior air temperature
reductions were modest (generally
<1 °C), while indoor thermal effects
were mixed, with occasional indoor
warming under cloudy and rainy
conditions due to wall heat storage
and glazing effects. The study found
air-gap depth and wall orientation
play a more decisive role than
climber species in subtropical
climates. Deeper air gaps enhanced
convective heat dissipation, while
fagades with higher solar exposure
delivered greater cooling benefits.
These findings highlight the
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persistent.

- By lowering facade surface
temperatures, CGWs
contribute to UHI mitigation,
especially on sun-exposed
walls.

- Direct building energy
savings were not measured,
but reduced fagade
temperatures imply lower
cooling demand potential.

- Indoor air quality was not
assessed; indoor thermal
response was variable and
influenced by wall thickness
and glazing.

- PM removal was not
quantified, although leaf
deposition is discussed in the
literature review.

measuring
building energy
consumption,
indoor air quality
or PM removal.
Indoor thermal
results were
partly
confounded by
differences in
wall construction
and glazing
between control
and greened
walls. Findings
are limited to
summer
conditions and a
single building
type in Hong
Kong.

using
instrumenta
|
measureme
nts

conditions
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importance of design-informed
CGW configurations to maximise
passive cooling and contribute to
UHI mitigation in compact
subtropical cities.

Ojha, S. K., &
Mukherjee, M.
(2024).
Investigating the
potential of

integrated urban
greening strategies

for reducing
outdoor thermal
stresses: a case of
asymmetrical
configuration in the
tropical city of

Bhopal.
International

Journal of
Biometeorology
68(7), 1451-1474.
https://doi.org/10.1
007/s00484-024-

02680-y

Green
Walls

Bhopal, India:
Tropical
Climate

This study evaluates how integrated
urban greening can reduce outdoor
thermal stress in an existing
commercial street canyon with
asymmetrical geometry in the
“tropical city of Bhopal”. It begins
with field measurement and site
surveys of microclimatic variables
such as air temperature, relative
humidity and wind speed, and
morphological attributes (street
aspect ratio, sky view factor, canopy
density), then identifies “hot spots”
associated with varying aspect ratio
and asymmetry. A validated
ENVI-met 5.0 model is used to
simulate iterative scenarios at both
street and building levels using
three greening strategies: street
trees, grass and green walls, plus a
combined strategy (trees + grass +
green wall). Thermal stress (human
heat-health risk) is quantified using
UTCI alongside air temperature (Ta)
and mean radiant temperature
(TMRT). Results indicate that no
single fixed strategy works across
the whole street because
asymmetric sections respond
differently. In summer, trees provide
the largest air temperature
reduction (~2.1 °C), while the
combined strategy achieves the
greatest reductions in TMRT
(~21°C) and UTCI (~6.5 °C). Green
walls generally show the lowest

- Trees deliver the largest
reduction in air temperature
(Ta) in summer, reported as
~2.1°C.

- The combined strategy (trees
+ grass + green wall)
produces the largest reduction
in TMRT (~21°C) and UTCI
(~6.5 °C), indicating stronger
overall thermal-stress
mitigation than single
measures.

- Green walls alone provide
limited cooling (reported
ranges for reductions such as
0.06-0.2°C Ta, 0.02-0.4°C
TMRT, 0.3-0.6 °C UTCI), and
in some sections may worsen
radiant heat exposure.

- The study’s primary focus is
outdoor thermal stress in a
street canyon, and it frames
greening as a feasible strategy
for mitigating extreme heat in
dense streets (a key
mechanism relevant to UHI
conditions), especially where
reconfiguring geometry is not
feasible.

- Street openness (aspect ratio
and sky view factor) strongly
governs thermal stress,
implying that UHI-type
overheating is not uniformly
treatable across asymmetric
street segments.

The analysis is
limited to the
commercial
market
operational hours
(10:00-20:00) for
the main
spatiotemporal
evaluation. The
work prioritises
outdoor thermal
discomfort and
does not quantify
indoor energy /
comfort impacts,
although it notes
those as
important
directions for
future research;
and green walls
can increase
TMRT/UTCl in
high, narrow
street sections
(HARS/HARAS),
highlighting the
need for
site-specific
design rules
rather than
blanket policies.
Due to data
inconsistency,
the manuscript
states the case is

This is a
field
measureme
nt+
numerical
simulation
study
(instrument
ed
monitoring
and
ENVI-met),
not a
questionnai
re/survey
study.

Uses three
urban
greening
strategies:
trees, grass
and building-
surface green
walls, plus a
combined
scenario.
Additionally,
thermal stress
is quantified
via UTCI,
supported by
Ta and TMRT
outputs.

Outdoor
thermal
stress/heat-
health risk in
asymmetrical
street
canyons, with
evidence-
based
selection of
greening
strategies;
includes a
spatiotemporal
assessment
during
commercial
operation
hours
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reduction and can even increase
TMRT and UTCI in some high
aspect-ratio sections due to direct
sun exposure and trapped
long-wave radiation.
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- Energy consumption is not
simulated or measured. The
paper notes that building-
surface treatments (green
walls, street trees) can also
affect indoor comfort and
energy use, but this is
identified as a future scope,
not a result.

- 1AQ is not assessed. The
study is focused on outdoor
microclimate and human
thermal stress indices (UTCI,
TMRT, Ta).

Bhopal
(23.2792°N,
77.3336°E) but
the ENVI-met
input table lists
coordinates
26.91°N,
75.78°E; this
inconsistency
should be
flagged in an
SLRas a
reporting clarity
issue.

Priva, U. K., &
Senthil, R. (2024).

Enhancing
Sustainable

Thermal Comfort of

Tropical Urban
Buildings with
Indoor Plants.
Buildings (Basel),
14(8), 2353-.

https://doi.org/10.3

390/buildings 14082

353

Green
Building
and Green
Roofs

Chennai,
India: Tropical
Climate

This peer-reviewed experimental
field study tested whether balcony
potted plants can improve the
thermal environment of a mid-rise
(three-storey) residential building in
Chennai, India (warm—humid
climate). The authors monitored
indoor/outdoor air temperature
(IAT/OAT), indoor/outdoor surface
temperature (IST/OST), relative
humidity (RH), solar radiation and
wind using data loggers and a
rooftop weather station.
Measurements were conducted in
three phases on the same
north-facing balcony across 20 Apr—
20 May 2024 (10-day sets; with an
additional 5-day phase with night
ventilation). Analysis focused on
three matched “similar solar
radiation” days to enable like-for-like
comparison between “with plants”
and “without plants” conditions.
Results show that adding potted
plants consistently reduced indoor
air and surface temperatures, with
reported peak reductions of up to

- Balcony potted plants
produced measurable passive
cooling in a real occupied
residential setting (mechanical
ventilation turned off during
monitoring).

- Under matched solar
radiation days, peak
reductions were up to 2.3°C
(IAT)and 2.2°C (IST) in
daytime, and up to 1.8 °C
(IAT) and 1.9 °C (IST) at night
(no ventilation).

- Cooling effects were more
pronounced during higher
solar radiation periods;
morning hours showed
stronger IAT influence than
evenings.

- Adding night ventilation
increased nighttime cooling
(reported peak nighttime IAT
difference rising to ~3.2 °C on
the compared day).

- The study frames balcony
greening as a micro-scale
urban green infrastructure

The experiment
was conducted
on one (north)
orientation, on
the same balcony
across different
days (staged
phases), over a
short duration.
This factor limits
generalisability
and may
introduce
confounding from
day-to-day
conditions
despite the
matched-solar-
radiation
approach. The
authors also note
the need to better
quantify
mechanisms
(eg.,
evapotranspiratio
n rates) and to

The paper
references
(does not
collect) a prior
survey of 578
respondents
in Tamil Nadu
about
residential
greenery
preferences.
Additionally,
the
intervention
was not a
green
wall/VGS/
living wall; it
used mixed,
shade-tolerant
low-
maintenance
potted species
commonly
used in
Chennai
balconies

In-situ
experimental
monitoring with
three
measurement
phases (with
plants; with
plants + night
ventilation;
without plants)
and 10-minute
interval logging
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2.3°C (IAT) and 2.2 °C (IST) during
daytime, and up to 1.8 °C (IAT) and
1.9 °C (IST) at night (without
ventilation). Introducing night
ventilation further enhanced cooling,
with a reported additional nighttime
IAT drop up to 3.2°C (vs. 1.3°C
without ventilation on a comparable
day).

(UGI) strategy with potential to
reduce heat stress and
contribute to UHI mitigation
when adopted broadly, but it
did not directly measure UHI
intensity or city-scale
outcomes.

- Energy use/cooling demand
was not measured. The paper
infers potential cooling-energy
benefits from lower indoor
temperatures, but provides no
kWh or cost savings.

- IAQ was not measured in this
experiment (no CO,/VOC
sampling). IAQ benefits are
discussed mainly via
supporting literature on
pollutant removal by

examine
seasonal/
orientation
effects, as well
as additional
factors like plant
arrangement,
species variation,
occupancy and
local climatic
variables.
Importantly,
energy
consumption,
IAQ and PM
were not directly
measured, so
claims in those
areas remain

plants/green walls. inferential.

- PM (e.g., PM;.5)

concentrations were not

measured. The paper cites

external work (e.g., balcony

“green curtain” systems) as

context for possible PM

exposure reduction, but it is

not an outcome of this study.

This peer-reviewed field study - Vertical greening significantly [The study is This stud
Tan, C. L., Wong investigated how vertical greening |reduces mean radiant limited to two was urely
N. H., & Jusuf, S. systems (green walls) influence temperature (Tpr), with green walls at a an purely
K. (2014). Effects outdoor thermal comfort, with a maximum reductions of 10.9— [single tropical instrumente
of vertical greenery specific focus on mean radiant 12.9°C at 0.5 m from the wall |[site, restricting d
on mean radiant . . temperature (MRT) in a tropical under peak solar conditions.  |generalisability .
. Vertical Tropical . . . . . . environmen

temperature in the . . urban environment (Singapore). - Cooling effectiveness is across climates, i

. Greening |Climate . . . . . tal field
tropical urban Two full-scale green walls installed |strongest during direct solar  |orientations and .

- . . experiment
environment. on an external building fagade were |exposure and decreases with [urban usin
Landscape and monitored between September distance from the wall. morphologies. sens?ors
Urban Plannin 2011 and March 2012, and results |- The study does not directly  [Results focus on and GIS
127, 52-64. were compared before and after quantify UHI reduction, but mean radiant .

- . analysis.
https://doi.org/10.1 removal of one green wall. demonstrates mechanisms temperature,

(e.g.,
Aglaonema,
Syngonium,
Dracaena,
Monstera,
Philodendron,
Epipremnum,
Tradescantia).

The study
confirms that
shading, not
insulation,
was the
primary driver
of radiant heat
reduction.
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016/j.landurbplan.2 Measurements included Ty, (radiant heat attenuation and  |without
014.04.005 surface temperature, air surface cooling) that support |integrating
temperature, solar irradiance, and  |UHI mitigation at micro-scale. |human comfort
shading conditions at 28 outdoor - Energy consumption or indices (e.g.
points up to 2 m from the wall. cooling load was not PET, UTCI) or
Results demonstrate that vertical measured. Energy benefits are |direct
greening substantially reduced T, |discussed only in reference to |behavioural
particularly during periods of intense |previous literature. responses.
solar exposure. When both green Additionally,
walls were present, peak Tpyr energy
occurred earlier in the day (15:00), performance,
whereas removal of one wall shifted indoor conditions,
the peak to later hours (17:00) and and air-quality
increased Tp,r by 10.9-12.9°C at metrics were not
0.5 m from the fagade. The cooling measured, and
influence diminished with distance plant species
but remained detectable up to 1 m variation was not
from the wall. Air temperature systematically
changes were minor (=1-1.5°C), evaluated. The
confirming that radiant heat authors note that
reduction, not air cooling, was the wall dimensions
dominant comfort mechanism. and vegetation
GIS-based spatial mapping clearly type may
illustrates the temporal and spatial influence
extent of radiant heat attenuation outcomes and
provided by vertical greening, warrant further
highlighting its value as a passive study.
microclimate mitigation strategy in
dense tropical cities.
This peer-reviewed review article - In tropical urban contexts, Most VGS are .
. . . . . e Review paper
Priva, U. K., & . synthesises evidence on how green |reported maximum experimental classified into
- Tropical . . . . . . . (secondary
Senthil, R. (2021). ) . |landscape interventions (trees, air-temperature reductions in  |studies reviewed green fagades
. Climate: Asia . ; X . . research)
A review of the Green and Africa grasses/shrubs, vertical greening the reviewed literature reach [lasted <30 days, and living focusing on
impact of the green |Walls, . systems (VGS)/green walls/living ~4 °C for green roofs, ~9 °C for [fewer than 20% walls (LW), 9
o (Malaysia, o . urban
landscape Living ) walls, green roofs (GRs) and water |trees and ~12 °C for VGS. ran up to 6 with further . .
- - Singapore, . . . 170 microclimate
interventions on Walls and . . |bodies) affect the urban - Cooling mechanisms months and there sub-types .
Indonesia, Sri . . . . . e . . control in
the urban Green microclimate in tropical areas and |repeatedly identified include [is a noted lack of (direct/ .
. . Lanka, . e L . . o tropical areas
microclimate of Roofs . contribute to UHI mitigation, thermal [shading, insulation, literature traditional .
s Thailand and s . via UGl/green
tropical areas. o comfort and energy demand evapotranspiration and capturing facade,
P Mauritius) . . . . . landscape
Building and reduction. The authors searched wind-barrier/airflow effects; performance double-skin
. . . - . . elements
Environment, 205, Scopus and ScienceDirect, initially |performance varies by climate |across a full fagade,
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108190-.
https://doi.org/10.1
016/j.buildenv.2021
.108190

identifying 1675 articles, screening
to 280 abstracts, and finally
including 170 eligible documents
(including reports/books/research/
reviews); of these, 129 recent
research articles from tropical
climate backgrounds were selected
for quantitative analysis of
air/surface temperature reductions.
The review reports that, in tropical
settings, vegetation can reduce air
temperature by up to 4 °C (green
roofs), up to 9 °C (trees) and up to
12°C (VGS). It further reports
rooftop greenery energy impacts,
citing cooling-load reductions of
20.0% (trees), 18.9% (shrubs) and
9.1% (turfs) for rooftop greenery
scenarios. The authors emphasise
that performance depends strongly
on solar radiation, wind/ventilation,
plant traits (e.g., LAI, canopy
density, evapotranspiration), system
type (green fagade vs. living wall),
and orientation with west fagades
often providing stronger benefits
due to higher solar exposure. They
also highlight research gaps: many
experiments are short (<30 days),
fewer than 20% run up to 6 months
and year-round evidence is limited.

and design/species.

- The review notes that trees
tend to influence street/
pedestrian scale more, while
green walls/green roofs act
strongly at building-envelope
scale; combining elements
often performs better than a
single element.

- The paper positions UGI
(trees, GRs, GWs/VGS, etc.)
as a key UHI mitigation
strategy in tropical cities and
summarises evidence that
large-scale application of
GR/GW can contribute at
urban scale.

- Water bodies may cool
during daytime but can be
warmer than air at night
(thermal retention), potentially
worsening nighttime UHI
unless sited with wind/
vegetation considerations.

- Reported rooftop-greenery
cooling-load reductions
include 20.0% (trees), 18.9%
(shrubs), 9.1% (turfs) in a
simulation study cited within
the review.

- The review also summarises
multiple VGS studies reporting
energy-saving potential (e.g.,
cooling-load reductions in the
range 10-31% in a cited
Singapore simulation) and
other energy outcomes
compiled in the review tables.
- IAQ is discussed as a
co-benefit of UGI in general
terms (e.g., greeneries reduce

annual cycle for
different UGI
types in tropical
climates. They
also highlight the
need to integrate
broader
determinants
(solar geometry,
atmospheric
conditions, wind
patterns,
seasons,
plantation traits,
and social
activity) and to
address lifecycle

cost/maintenance

and end user
preferences,

which can hinder

adoption.

perimeter
flowerpots;
and
panel/module/
blanket living
walls).

The review
repeatedly
notes LW
systems can
offer stronger
thermal
reductions
than green
fagades in
some studies
(e.g., due to
denser
vegetation
and substrate
insulation) but
may involve
higher
installation
and
maintenance
costs. It also
mentions that
performance
generally
increases with
higher solar
radiation
exposure, and
notes west
fagades are
commonly
studied and
often show
strong
reductions in
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pollution and improve tropical
wellbeing), but this paper is a contexts.
microclimate review and does
not present new IAQ
measurements.
This peer-reviewed, quantitative - VGS reduced OTTV (heat The work is
modelling/prediction study transfer through fagades) in all |based on
evaluates how different vertical modelled cases; the study hypothetical case
greening system (VGS) types can  |reports reductions up to 7.47 |studies and a
reduce heat transfer through Wim? (7.33%). steady-state
building fagades in Malaysia’s - Living wall-type systems OTTV calculation
tropical climate by estimating performed best: Linear Green |implemented in
changes in Overall Thermal Wall (average 6.87%) and Excel, using
Transfer Value (OTTV) for Modular Green Wall (average |U-values and The paper
hypothetical buildings. The authors |6.82%) had higher OTTV shading p P
. . ) provides
Mohammad apply an OTTV calculation reductions than fagade-type coefficient
P . . . assumed
Shuhaimi, N. D. A,, approach based on Malaysian systems (Double-skin 2.97%; |assumptions The stud hvsical/
Mohamed Zaid, S., Standard MS1525:2019 using Direct 1.32%). drawn from uSes rio{ fheyrmal
Esfandiari, M., Lou, Microsoft Excel (no dynamic - Lower VGS U-values (higher |previous . P .
: . . . . . . published [properties for
E., & Mahyuddin simulation), testing 22 theoretical insulation effect) were research, rather research cach VGS
N. (2022). The Tropical case studies of a hypothetical associated with higher OTTV [than measuring and type (
impact of vertical Climate: five-storey commercial building with [reductions (e.g., Linear Green |real buildings or standards tz?cknefs:’
greenery system Predictions either brick or concrete wall facades |Wall U-value reported as 0.24 [running dynamic '
_ VGS ) . . . . . to set VGS [R-value,
on building thermal based on and multiple orientations W/m?2K vs. Direct Green simulations. The U-values/ |U-value) and
performance in Malaysia's (north/east/south/west). Four VGS |Facade 2.50 W/m?K). authors explicitly .
. . . ) . . . shading shows that
tropical climates. climate configurations are compared: Direct |- UHI is discussed as a note that the - L
P . o . o coefficients [living walls
Journal of Building Green Facade, Double-skin Green |motivation and potential analysis is limited and OTTV |have much
Engineering, 45, Facade, Modular Green Wall and co-benefit of greenery, but the |[to interior thermal method lower
103429-. Linear Green Wall; the latter two are|study does not model or reduction (OTTV) |.
— inputs. U-values than

https://doi.org/10.1
016/j.jobe.2021.10
3429

treated as living green wall systems.
Results show that VGS can reduce
facade heat transfer (lower OTTV)
and that system type and thermal
transmittance (U-value) strongly
influence performance: the Linear
Green Wall achieved the highest
average OTTV reduction (6.87%),
closely followed by Modular Green
Wall (6.82%), while Double-skin
Green Facades (2.97%) and Direct
Green Facades (1.32%) performed

measure UHI outcomes
(city-scale temperatures,
ambient microclimate).

- The paper links lower OTTV
to reduced cooling load
demand and states OTTV
reduction “helps to reduce the
overall cooling load demand,”
but it does not compute kWh,
costs or measured operational
energy savings.

- IAQ improvement is listed as

and that
surrounding
thermal/
microclimate
effects are out of
scope; results
are also specific
to Malaysia’s
tropical
conditions and
the chosen
assumptions.

green fagades
in their input
set.

Resilient Urban Centres and Surrounds | wscaustralia.org.au/rucas



https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429
https://doi.org/10.1016/j.jobe.2021.103429

72 | Green Walls as Urban NbS — HUCE

less well. The maximum reported
reduction across cases was 7.47
W/m2 (7.33%). Orientation and
shading coefficient assumptions
also affected results, with best
orientations differing depending on
whether the effective shading
coefficient was above or below 0.6

a general VGS benefit in the
background (via prior
literature), but no IAQ
variables (CO,/VOCs,
ventilation, etc.) are measured
or modelled in this study.

Herath, H. M. P. I
K., Halwatura, R.
U., & Jayasinghe
G.Y. (2018).

Evaluation of green

infrastructure
effects on tropical
Sri Lankan urban
context as an
urban heat island

adaptation
strategy. Urban

Forestry & Urban
Greening, 29, 212—

222.
https://doi.org/10.1
016/j.ufug.2017.11.
013

Green
Roofs and
Green
Walls

Sri Lanka

This peer-reviewed study evaluates
green infrastructure (Gl) as an
urban heat island (UHI) adaptation
strategy for the Colombo
Metropolitan Region (Sri Lanka)
using the ENVI-met microclimate
model (v4), calibrated and validated
with real ground monitoring.
Calibration used temperature
measurements over two warm days
(29-30 Aug 2016) on three surface
types (asphalt, cement, grass) at
two heights (0 m and 1.5 m),
producing strong agreement
between measured and modelled
temperatures (R? at 0 m: 0.91
asphalt, 0.96 cement, 0.88 grass; at
1.5 m: 0.78 asphalt, 0.81 cement,
0.92 grass). The validated model
was then applied to a 4.58 ha urban
area in Bambalapitiya (Colombo) to
test six scenarios: existing UHI
condition (T1), curbside trees (T2),
100% green roofs (T3), 50% green
roofs (T4), 50% green walls (T5)
and a combined strategy (trees +
50% roofs + 50% walls; T6). At the
peak temperature time (15:00), all
Gl scenarios reduced near-ground
air temperature (1.5 m) relative to
T1, with reductions of 1.87°C (T2),
1.76°C (T3), 1.79°C (T4), 1.86°C
(T5) and 1.90°C (T6). The authors

- Under simulated peak
conditions (15:00), all Gl
options lowered air
temperature at 1.5 m vs. the
baseline UHI case (T1), with
the largest reduction (1.90°C)
from the combined strategy
(T6).

- Individual strategies
produced similar-magnitude
peak reductions: trees 1.87°C,
green roofs ~ 1.76-1.79°C,
green walls 1.86°C.

- The study explicitly frames
Gl as a UHI
adaptation/mitigation approach
and models the “existing
condition” (T1) as the UHI
scenario; the tested Gl
scenarios reduced peak
temperatures by ~1.76—-1.90°C
relative to this UHI baseline.

- The paper concludes that
strategic urban greenery can
be used as a UHI mitigation
strategy in Colombo.

- Energy use was not
calculated or measured. The
paper discusses that
temperature reduction “would
achieve a higher energy
saving” conceptually, but
provides no kWh/cost/peak

The study’s main
limitation is that it
is microclimate-
focused and
simulation-based.
While ENVI-met
was carefully
calibrated and
validated for local
conditions, the
scenario results
remain model
outputs for a
single 4.58 ha
site and a
selected 24-hour
simulation period,
and do not
include direct
energy
modelling, indoor
thermal
conditions or
economic (cost)
analysis. The
authors explicitly
recommend that
future research
assess economic
interpretation
(cost) to select
the best
alternatives.

This is a
field
monitoring
and
simulation
based study
that
measured
temperature
s on three
surface
types at two
heights
over 48
hours for
model
calibration/
validation.

The study
compares
green walls
vs. green
roofs vs.
trees, and
reports that
green walls
can influence
canyon air by
controlling
heated air
mass
vertically,
whereas
green roofs
have stronger
effects at roof
level (not
directly
assessed here
beyond 1.5 m
air
temperature).
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conclude that strategically designed
urban greenery can enhance
microclimatic conditions and
outdoor thermal comfort in tropical
Sri Lanka.
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demand outputs for Colombo.
- Indoor air quality was not
measured or modelled; the
paper references broader links
between UHI and air pollution
but does not present IAQ
outcomes for the scenarios.

Chew, M. Y.L., &
Conejos, S. (2016).
Developing a green

maintainability
framework for
green walls in
Singapore.
Structural Survey
34(4/5), 379-406.
https://doi.org/10.1
108/SS-02-2016-
0007

Green
Walls

Singapore

This peer-reviewed qualitative
research paper develops a green
maintainability framework for green
walls in tropical Singapore, arguing
that maintainability addressed at the
design stage is essential for
long-term performance and
sustainability. The study combines a
systematic literature review, multiple
case studies, field observation
surveys and instrumental case
studies that include building plan
appraisal and interviews with facility
representatives. From 113 green
wall projects built in Singapore
(2005—-2015), the authors accessed
63 projects for field observation
(=56%) and conducted deeper
investigation on nine
award-winning, large green wall
case studies (>100 m? area and
>10 m green coverage), spanning
different green wall systems and
contexts. Findings show that
technical and environmental
defects/issues are prevalent in
tropical green walls, with recurrent
problems such as biological growth
(algae/mould), aesthetics-related
defects (staining/dirt),
waterproofing, irrigation/drainage
failures, structural durability issues,
plant dieback and maintenance
inaccessibility. The authors

- The paper discusses
temperature reduction/thermal
performance as a recognised
benefit of green walls (via
literature), but this study does
not measure or model
temperature changes; its
primary contribution is
maintainability/defect
prevention.

- UHI mitigation is presented
as a reason urban greenery is
important in the tropics and a
motivation for green wall
adoption, but no UHI intensity
modelling/measurement is
performed in this study.

- Improved energy efficiency is
listed among green wall
benefits (literature-based), yet
this study does not quantify
energy savings; it focuses on
design criteria to reduce
defects and lifecycle burden.

- The paper cites that some
plant species (e.g., Syngonium
podophyllum “White Butterfly”)
are reported to improve I1AQ
by removing toxins
(literature-based), but no IAQ
measurements are conducted
in the study.

While the
research is rich in
tropical
maintainability
evidence, it does
not provide
primary
quantitative
outcomes on
thermal comfort,
energy, |IAQ or
PM; the benefits
are mostly drawn
from prior
literature. The
authors also
acknowledge
limits to global
generalisability,
as the work is
grounded in the
Singapore
context, and
recommend
further validation
of the framework
using focus
groups and
survey
questionnaires to
develop a
weighted
maintainability
score and

The paper
identified a
total of 113
green wall
projects in
Singapore
between
2005-2015.
63
accessible
projects
were
surveyed
via field
observation
s with nine
in-depth
instrumenta
| case
studies that
were also
covered.

The paper
confirms
face-to-face

interviews with

facility
representative
s for the nine
in-depth
instrumental
case studies,
but does not
report how
many
individuals
were
interviewed.

Dominant
tropical
maintainability
problems
include
biological
growth,
aesthetics/
staining,
waterproofing,
plus irrigation/
drainage and
access issues.
Additionally,
operations,
defects and
maintainability
of green walls
in a tropical
climate,
culminating in
a design-stage
maintainability
framework
were explored.
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consolidate observed issues into 11
maintainability issues (grouped into
technical vs. environmental) and
propose a green maintainability
framework with nine design criteria
aligned to five maintainability factors
(maximise performance, minimise
cost, minimise risk, minimise
negative environmental impact,
minimise consumption of
matter/energy).

strengthen
broader
application.

Sigi Kumar, T. S.
Shafi, K. A.

Thomas, R. J., &
Mohammed, J.
(2023).

Experimental
evaluation of the

thermal
performance of coir
mat and green
facade as wall
insulation in a
tropical climate.
Thermal Science
and Engineering
Progress, 40
101757-.
https://doi.org/10.1
016/j.tsep.2023.10
1757

Green
Facades

Tropical
Climate:
Coastal South
India

This peer-reviewed experimental
study compares coconut coir mat
insulation and a green facade
(using Epipremnum aureum), alone
and combined as wall insulation for
passive cooling in a warm—humid
tropical climate (coastal South India,
Kerala). Two identical brick-and-
cement test cubicles (1.2m x 1.4 m
x 1.5 m) were built on a rooftop to
minimise shading, with the south
wall used for testing under four
cases: dry coir mat, wet coir mat,
green fagade and coir mat + green
fagade, each compared against a
bare reference wall (3 days/72 h per
case; hourly readings).
Measurements included heat flux
(Omega HFS-03), wall
temperatures (T-type
thermocouples, and weather data
(solar radiation, humidity, wind,
etc.). Over a 24-hour integration,
dry coir mat achieved ~41.45% heat
mitigation, wet coir mat ~36.5%,
while the green fagade alone only
~6.15% because it was described
as inefficient at rejecting heat during
non-solar hours; however, adding
coir mat increased the green

- 24-h heat mitigation potential
(vs. bare wall): dry coir mat
41.45%, wet coir mat 36.5%,
green fagade 6.15%, coir mat
+ green facade 40.3%.

- Heat saving (MJ/day, vs.
bare wall): dry coir mat 1.73,
wet coir mat 1.58, green
fagade 0.25, coir mat + green
fagade 3.31.

- Maximum temperature
reduction (vs. bare wall): coir
mat + green facade 8.41°C
(largest), green facade alone
6.31 °C, wet coir mat 5.25 °C,
dry coir mat 4.07 °C.

- The authors report a time-lag
effect (internal peak
temperatures occurring hours
after ambient peak), with time
lag values summarised as: dry
coir mat 7 h, wet coir mat 6 h,
green fagade 4.3 h, coir mat +
green fagade 7.5 h.

- The green fagade’s low 24-h
performance is attributed to
nighttime heat retention /
reduced heat rejection
(vegetation acting “as a
blanket”), which offsets

The work focuses
on heat flux and
wall
temperatures in
small test
cubicles and
does not
measure
whole-building
energy use,
occupant comfort
indices, IAQ or
PM. The authors
also note that
results are based
on experiments
conducted under
hot—humid
summer
conditions with
clear sky and
state that testing
should be
extended to other
climatic zones to
understand how
these insulation
skins behave
under different
conditions.

This is an
instrumente

experiment
al study
where four
insulation
cases, each
tested for
three days
with hourly
readings on
two
cubicles i.e.
insulated
VS.
reference.

The study
explicitly
compares
green fagade
performance
in solar vs.
non-solar
hours,
highlighting
that nighttime
heat retention
can reduce
net daily
benefit when
the facade is
used alone.

Experimental
field testing on
rooftop
cubicles with
sensors (heat
flux,
thermocouples
, weather
station).
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fagcade’s heat mitigation to ~40.3%.
The combined system also
produced the largest maximum
inside-wall temperature reduction
compared with bare wall (reported
8.41 °C) and extended the period
with inside wall temperature below
28 °C to 8 hours (8:00 am—4:00 pm).
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daytime benefits; adding coir
mat reduces this net penalty.

- UHI is discussed as
motivation (urban materials
absorbing and releasing heat),
but UHI intensity was not
measured or modelled in this
experiment.

- The study quantifies heat
saving (MJ/day) and discusses
implications for reducing active
cooling demand, but does not
report electricity (kWh), HVAC
energy or cost savings.

Thomas, G.
Thomas, J.
Mathews, G. M.
Alexander, S. P., &

Jose, J. (2023).

Assessment of the
potential of green
wall on
modification of
local urban
microclimate in
humid tropical
climate using
ENVI-met model.
Ecological

Engineering, 187
106868-.

https://doi.org/10.1
016/j.ecoleng.2022
.106868

Green
Walls

Tropical
Climate:
Catholicate
College of
Pathanamthitt
a, Kerala,
India

This peer-reviewed study evaluates
how green walls can modify the
local urban microclimate in a humid
tropical (Am), monsoon-influenced
setting using a combined field
measurement + ENVI-met
simulation approach on an
academic campus in
Pathanamthitta, Kerala (India). Field
monitoring was conducted at four
campus locations with different
underlying surfaces: asphalt (ASP),
interlocked tiles (ILT), interlocked
tiles with vegetation cover (ILTV)
and open ground (OG) during winter
(12-13 Dec 2019) and summer
(18-19 Mar 2020) under clear skies
and low wind. ENVI-met (V4.4.4)
was then run for 48 h per season,
using the final 24 h for analysis,
comparing existing building
morphology vs. a proposed “green
wall building morphology”.
Observations showed ILTV had
markedly lower surface
temperatures than ASP/ILT/OG
(e.g., winter max ILTV ~32.4 °C vs.

- Green wall morphology
reduced ambient air
temperature across the
campus in both seasons, but
with higher magnitude in
winter: mean reduction 1.3—
1.6 °C (winter) vs. 0.4-0.5°C
(summer).

- Maximum ambient air
temperature reductions
reached 1.9 °C in winter and
0.8 °C in summer.

- Surface/air temperatures
differed strongly by substrate;
ILTV consistently showed
lower temperatures,
reinforcing the importance of
shading/vegetation cover on
thermal environments.

- The paper reports model
performance metrics (e.g., R?
for observed vs. simulated air
temperature: winter 0.92-0.93
for ASP/ILT/ILTV and 0.80 for
OG; summer 0.97-1.00 across
surfaces), supporting
ENVI-met applicability here.

Results are
based on a single
academic
campus and
ENVI-met
representation of
existing vs. green
wall morphology,
and the study
shows
performance
varies by season
(winter benefits
notably larger
than summer),
likely linked to
plant stress/
coverage and
meteorological
conditions. The
authors stress
that plant species
selection is
critical to
achieving
consistent
thermal

The study
population
is the
campus
which is
described
as an
academic
hub for
>2,200
students
and 120
teaching
staff, but
they are not
participants
in a survey.

It flags
practical
constraints:
maintenance
and
replacement,
variable costs
by system/
materials, and
the need for
plant species
resilient to
seasonal
phenology
and stress; it
notes possible
structural
issues from
certain
herbaceous
species
penetrating
cracks/voids.

Focuses on
outdoor
microclimate
modification
(ambient air
temperature
over different
substrates;
MRT capability
noted as
available in
ENVI-met,
though the
primary
reported
outcome is air
temperature
reductions). It
also looks at
the explicit
comparison
across winter
vS. summer to
test how green
wall
effectiveness
changes in a
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ASP 63.5 °C; summer max ILTV
~36.0°C vs. ASP 67.0 °C),
highlighting the role of
shading/vegetation. Simulations
indicate green walls can reduce
ambient air temperature at campus
scale, with larger effects in winter:
average reductions 1.3-1.6 °C
(winter) and 0.4-0.5 °C (summer);
maximum reductions reached

1.9 °C (winter) and 0.8 °C
(summer). The study emphasises
that seasonality and plant species
choice are key constraints for
consistent performance in humid
tropical climates.

- UHI is discussed as a
background driver of urban
temperature differences and
as a rationale for green walls;
the paper also cites local UHI
intensities from prior work, but
this study’s primary outputs
are campus microclimate
temperature reductions rather
than direct UHI intensity
modelling for the wider city.

- The authors note green walls
are recommended in literature
as a potential UHI mitigation
strategy in tropical climates,
and their results support
temperature-reduction
potential at local scale.

- Energy consumption was not
directly measured or
simulated. The paper states
that reducing ambient air
temperature may reduce
energy consumption and
costs, but provides no kWh,
cooling load or cost outputs for
the campus.

- 1AQ is referenced as a
potential co-benefit of green
walls in the background, but
no |IAQ parameters were
measured or modelled in this
study.

performance
under humid
tropical
seasonality, but
the study does
not provide a
validated “best
species set” for
year-round
outcomes.
Additionally,
energy, IAQ and
PM outcomes are
discussed only
as implications/
background, not
as measured
endpoints.

monsoon-
dominated
humid tropical
climate.
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Appendix 2. Data analysis
methodology

This section describes the methodology of the quantitative data analysis process.
Objectives

This study gathered and disseminated data on utilisation of NbS installation in an urban environment for
potential impact.

Data source and preparation

The team utilised data from the clusters of 10T sensors specified in Section 6.1 (also see Table 2) which
monitored for the parameters specified in Table 3. The sensor logs in a 6-minute interval. The data
logged by the sensors (in .csv format) are automatically uploaded to the publicly accessible database at
https://bosl.com.au/loT/WSCA/databases/. A custom Python script downloaded sensor data for analysis
in lieu of an application programming interface. A separate custom Python script cleaned the data by
converting values into appropriate formats, clipping data outside of allowed ranges, removing data
associated with maintenance periods (e.g., battery change, removal and reinstallations), and removing
any remaining 1st and 99th percentile outliers. The script then calculated for additional derived indicators
specified in Table 4.

Overall, the readings are found to be impacted by seasonality (Figure 13) and are observed to be non-
parametric (Figure 14). Seasonal adjustment processes were not conducted at this stage.

Table 2. Sensor information

Sensor Note Category @ Latitude Longitude Hourly Most recent

records (N)

S1 Green wall monitoring | Test 21.0026448 105.8433922 | 4,762 12/1/2026
(Classroom 01, C4
Building)

S2 Green wall monitoring | Test 21.0026448 105.8433922 | 9,204 3/5/2026
(Classroom 01, C4
Building)

S3 NbS Courtyard & Test 21.0026448 105.8433922 | 9,294 7/5/2026
Porous Pavement (C4
Courtyard)

S4 Grey Infrastructure Control 21.0034964 105.8427364 | 9,260 6/5/2026
Control Sites (H1
Building)

S5 Grey Infrastructure Control 21.0038176 105.8420682 | 9,329 9/5/2026
Control Sites (A1
Buildings)

S6 Porous Pavement Control 21.0037788 105.8416877 | 9,382 11/5/2026
Control Site (A1
Parking Area)
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Table 3. Parameters logged by the IoT sensors.

Unit of Conversion
Output name measurement Target unit equation
Relative

Shield S H humidity %RH 0-100 %RH N/A

Shield ST Temperature  °C -40-80 °C N/A

Shield PM25 PM2.s ug/m?3 0-1000 pg/m?3 N/A

Shield PM10 PMio pg/m? 0-1000 pg/m?3 N/A
analogue

Wind W Wind speed readings 0-621 m/s 0.1127 * W

Board Bat V Battery voltage *1000 V 2000-4500 \% Bat V /1000

Table 4. Derived parameters calculated for the analysis

Additional Output Note Unit of Equation Reference
Name Measurement
PM25_AQl PM2.5 AQl N/A Lo—twoh o ppy.y United States
" BP,-BF, " " " | Environmental
Protection Agency
(EPA)*
PM10_AQl PM10 AQlI N/A Ly -1, United States
I,= ot (C,- BR,)+ I, .
BP, - BF, Environmental
Protection Agency
(EPA)*
PM25_10_ratio PMz.s / PM1o ‘fine-to- | % PMz.s / PMio Xu et al (2017)°
coarse PM' ratio
Overall_AQl Overall AQl N/A PM25_AQl or PM10_AQI, | United States
whichever is higher Environmental
Protection Agency
(EPA)*
HI Apparent Heat °C HI =-42.379 + National Oceanic
(‘feels like’) 2.04901523(S_T) + and Atmospheric
10.14333127(S_H) - Administration
0.22475541T(S_H) - (NOAA)®
0.00683783(S_T)*2 -
0.05481717(S_H)*2 +
0.00122874(S_T)"2(S_H)
+
0.00085282(S_T)(S_H)*2
0.00000199(S_T)"2(S_H)
A2

4 agi-technical-assistance-document-sept2018.pdf

5Xu, G., Jiao, L., Zhang, B., Zhao, S., Yuan, M., Gu, Y., Liu, J., & Tang, X. (2017). Spatial and Temporal Variability of

the PM2.5/PM10 Ratio in Wuhan, Central China. Aerosol Air Qual. Res. 17: 741-751.
https://doi.org/10.4209/aaqr.2016.09.0406.

6 National Weather Service (2022). The Heat Index Equation. National Weather Service Weather Prediction Center.
https://www.wpc.ncep.noaa.gov/htmi/heatindex equationbody.html
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Stacked Line Chart of Metrics by HUCE Sensor
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Figure 13. Hourly average plots of sensor parameters showing patterns of seasonality
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Kernel Density Estimations (KDE) of HUCE Sensor Parameters
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Figure 14. Kernel Density Estimation of the sensor parameters showing non-parametric patterns
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Data analysis

The processed readings for the sensors’ identified groups (test and control) are aggregated into hourly
averages to account for spatio-temporal variability using methods described by Xu et al. (2017).
Additional temporal categories are then identified to highlight findings by ‘time of day’ as specified in
Table 5. For this preliminary study, descriptive statistics (e.g., mean) were calculated and used to
generate the following visualisations which led to observations provided in Section 6.3. Statistical tests
were not performed at this stage.

All analyses were conducted using Numpy and Scipy Python packages. All visualisations were rendered
using Plotly Python packages. Tabular outputs are generated within the Python environment and
exported to Microsoft Excel for formatting. Additional custom utility Python scripts were also created to
facilitate the analysis process.

Table 5. ‘Time of day’ categorisation

Category Start time ‘ End time

Morning 00:00:00 06:00:00

Noon 06:00:01 12:00:00

Afternoon 12:00:01 18:00:00

Evening 18:00:01 23:59:59
Next steps

Given time, the preliminary observations can be further enhanced with more sensor readings to conduct
detailed analysis to obtain the real impact of NbS intervention in an urban scenario. Such analysis can
explore:

e Seasonal adjustment of parameters

e Statistical tests to approve or reject the null hypothesis (mean of differences in test and control
group is zero)

e Comparison of differences between sites in similar and different context (e.g., different city or
country).
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Table 6. Average apparent heat (°C) by time of day categorisation

Appa,ent Heat Average 202505 2025-06 2025-07 2025-08 2025-09 2025-10 2025-11 2025-12 2026-01 2026-02 2026-03 2026-04 2026-05

morning 28.10 32.89 #N/A  #N/A  #N/A 25.96 20.95 19.91 16.15 1883 22.63 2735 24.25
noon 29.32 33556 #N/A  #N/A | #N/A 26.03 2099 20.69 17.19 2038 2359 29.96 26.83
Green (S1 & S2)

afternoon 2439 2945 #N/A  #N/A  #N/A 23.77 1851 17.99 1419 1824 20.69 2438 22.77

evening 2333 27.68 #N/A  #N/A  #N/A 2285 17.40 17.02 1299 1736 19.67 23.18 21.35

morning 2854 33.00 33.62 3248 3342 2957 2276 21.02 9.59 18.85 21.15 26.47 25.17

noon 29.70 33.99 34.01 33.03 3297 29.02 2334 21.46 9.92 2039 2133 27.63 28.06

Grey (S4&S5)

afternoon 2441 2798 2820 2811 2757 2423 19.66 18.17 711 17.60 18.80 23.52 22.33

evening 2354 26.19 2674 2643 2573 2295 1841 17.29 6.67 16.60 1859 22.74  20.89

morning 27.87 3231 #N/A | #N/A | #N/A 2571 2052 19.23 1531 1930 22.27 26.05 24.77

noon 28.58 3311 #N/A  #N/A | #N/A 26.10 21.18 2039 16,57 21.07 2348 2924 27.12

NbS Courtyard (S3)

afternoon 23.81 27.48 #N/A  #N/A  #N/A 2390 18.80 17.90 14.06 1898 20.82 2436 22.46

evening 2296 2536 #N/A  #N/A  #N/A 2293 17.62 1679 13.03 18.12 1995 23.03 21.02

morning 28.67 3419 3561 33.19 3504 28.89 2253 2101 17.41 19.03 22.22 2737 2552

noon 29.59 3497 3515 3311 3275 27.99 2215 2138 1828 20.44 2274 27.70 2830

Grey Control (S6)

afternoon 2412 27.75 28.69 27.88 27.29 23.76 19.00 1818 15.16 18.06 19.92 23.22  22.09

evening 23.15 26.09 26.97 26.05 2548 2239 17.89 17.20 14.09 17.08 19.15 22.55 20.72

Note 1: Green wall installation period began in 2025-07 and ended in 2025-09. Sensor S1 and S2 were inactive during the installation period with empty readings
represented as not applicable (#N/A).

Note 2: Abnormal data patterns were detected in S4 and S5 during 2026-1 period but were left as is because conclusive evidence to reject such a pattern could
not be obtained at the time of analysis.
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Table 7. Average PM:z.5/ PM1o ratio (%) by time of day categorisation

PM2.5/PM10 Average  2025-05 2025-06 2025-07 2025-08 2025-09 2025-10 2025-11 2025-12 2026-01 2026-02 2026-03 2026-04

morning 70.32% 75.56% #N/A  #N/A  #N/A  72.61% 74.43% 70.35% 71.13% 68.78% 71.00% 72.40% 74.14%
noon 73.65%  76.79% #N/A  #N/A  #N/A  73.63% 75.33% 70.22% 71.93% 69.60% 72.55% 71.59% @ 78.46%

Green (S1 & S2)
afternoon 72.03% 73.22% #N/A | #N/A | #N/A  72.15% 71.79% 70.43% 71.21% 68.71% 71.15% 69.60% 72.66%
evening 71.03% 73.13% #N/A  #N/A  #N/A  72.14% 72.76% 71.20% 71.07% 68.16% 70.84% 69.48% 70.33%
morning 70.41% 72.38% 72.27% 73.59% 73.61% 71.52% 71.03% 68.49% 71.32% 66.70% 69.50% 70.94% 71.81%
noon 73.24% 74.34% 74.79% 75.95% 73.92% 72.16% 70.41% 69.02% 72.16% 67.53% 71.56% 70.12% 74.89%

Grey (S4&S5)
afternoon 70.28% 70.59% 72.23% 72.52% 71.38% 69.99% 69.04% 67.83% 71.57% 66.21% 69.01% 68.51% 69.41%
evening 71.76% 71.41% 71.62% 70.91% 71.63% 69.16% 68.36% 67.82% 72.60% 66.25% 68.64% 69.28% 68.84%
morning 69.56% 71.71% #N/A  #N/A  #N/A  72.07% 72.39% 68.96% 68.24% @ 65.41% 67.00% 72.24% 71.45%
noon 71.91% 71.70% #N/A  #N/A  #N/A | 72.71% 71.58% 69.50% 68.80% 66.13% 68.95% 71.20% 74.06%

NbS Courtyard (S3)
afternoon 69.78% 69.65% #N/A  #N/A  #N/A  71.44% 70.05% 68.11% 68.09% 65.64% 66.97% 69.06% 68.21%
evening 71.09% 68.36% #N/A  #N/A  #N/A  71.17% 70.16% 69.48% 68.67% 64.81% 67.33% 68.34% 67.64%
morning 72.70% 73.77% 73.83% 75.56% 75.34% 73.26% 73.67% 69.76% 69.26% 68.31% 71.87% 73.14% 75.45%
noon 75.53% 76.56% 76.30% 78.41% 75.80% 74.27% 73.83% 69.87% 70.20% 70.35% 74.88% 72.14% 77.86%

Grey Control (S6)
afternoon 73.17% 73.92% 74.34% 74.89% 73.37% 71.20% 71.41% 69.51% 69.86% 67.92% 72.59% 70.91% 73.22%
evening 73.94% 73.40% 72.87% 73.53% 73.86% 70.89% 72.22% 70.28% 68.86% 67.90% 70.98% 71.33% 69.50%

Note 1: Green wall installation period began in 2025-07 and ended in 2025-09. Sensor S1 and S2 were inactive during the installation period with empty readings
represented as not applicable (#N/A).

Note 2: Abnormal data patterns were detected in S4 and S5 during 2026-1 period but were left as is because conclusive evidence to reject such a pattern could
not be obtained at the time of analysis.
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