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Abstract

The proliferation of new urban and smart areas has become a dominant development
strategy in the Global South, including Vietham, where rapidly expanding residential
districts intensify urban density, strain infrastructure, and contribute to urban-heat-
island formation. This dissertation proposes an alternative paradigm: to conceptualise
cities, districts, and particularly high-rise buildings as multidimensional, metabolically
active organisms rather than static, resource-consuming constructions.

Building on this premise, the research employs a multidimensional systems approach
to examine the distributive high-rise as an interactive node within a complex urban
mega-system. High-rise buildings are investigated not as isolated architectural objects
but as adaptive, biophilic, and technologically mediated systems capable of managing
and redistributing resource flows - energy, water, and data - while contributing actively
to district-level resilience.

The study integrates principles from construction material ecology, green
infrastructure, decentralised water management, and digital monitoring. Particular
emphasis is placed on the ecological performance of vegetated building envelopes,
the potential of decentralised water treatment, and the role of digital shadows and
sensor networks in enabling localised feedback loops. These dimensions are explored
through a mixed-methods case study of high-rise development in the metropolitan
region of Hanoi, where controlled experimental conditions (TestBed 02) and real-scale
observations (Tonkin 2) allowed for cross-scalar evaluation across nano-, micro-, and
meso-urban levels.

The findings demonstrate that environmental performance in tropical high-rise districts
emerges not from singular technologies but from the interaction of ecological,
material, and digital subsystems functioning as interdependent metabolic units.
Vegetation proved to deliver the most stable long-term performance, while
decentralised water systems and sensor infrastructures require substantial adaptation
to operate robustly under tropical conditions. The study synthesises these insights
into the conceptual model of Adaptive Node Urbanism, positioning high-rise buildings
as active contributors to urban resilience rather than passive consumers of resources.
Ultimately, this dissertation advances future-oriented planning approaches by
illustrating how distributive high-rises and adaptive urban nodes can strengthen local
resource cycles, mitigate climatic stresses, and foster more sustainable, resilient, and

liveable metropolitan environments.

Zusammenfassung

Die zunehmende Entwicklung neuer urbaner Gebiete pragt die Stadtentwicklung im



Globalen Siden, insbesondere in Vietnam, und fihrt zu verdichteten Stadtstrukturen,
infrastrukturellen Belastungen und stadtischen Warmeinseln. Diese Dissertation
schlagt ein alternatives Paradigma vor: Hochhauser, Quartiere und stédtische Systeme
als multidimensionale, metabolisch aktive Organismen zu begreifen.

Auf dieser Grundlage untersucht die Arbeit das Konzept des distributiven Hochhauses
als adaptiven urbanen Netzwerkpunkt, der Energie-, Wasser- und Datenstrdme nicht
nur effizient verwaltet, sondern aktiv in das Quartier zurtckfihrt. Der
multidimensionale Ansatz kombiniert Materialékologie des Hochbaus, horizontale und
vertikale Begrinungsprinzipien, dezentrale Wasseraufbereitung und digitale Modelle.
Die empirische Grundlage bilden zwei Fallstudien in Hanoi - kontrollierte Messungen
(TestBed 02) und Skalierungen (Tonkin 2) - die eine Bewertung tber Nano-, Mikro- und
Mesoebenen hinweg ermdglichen.

Die Ergebnisse zeigen, dass Leistungsfahigkeit und Resilienz tropischer
Hochhausquartiere aus dem Zusammenspiel dkologischer, materieller und digitaler
Subsysteme entstehen. Die Vegetation erwies sich als die mit Abstand stabilste
Infrastrukturkomponente, wéahrend dezentrale Wasser- und Sensorsysteme hohe
Anpassungsanforderungen aufweisen und weiterflihrende Optimierungspotentiale
offerieren. Die Studie entwickelt daraus das Konzept des Adaptive Node Urbanism,
das Hochh&auser als aktive Bausteine urbaner Resilienz positioniert.

Die Arbeit leistet damit einen Beitrag zu zukunftsorientierten Planungsansatzen fir
nachhaltige, klimaangepasste und lebenswerte Metropolregionen.
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Introduction

Chapter 1 provides an overview of the motivation and contextual background
that form the basis of the dissertation. The chapter concludes with an outline of
the dissertation’s overall structure.

1.1 Why buildings and urban areas must be understood as integral

organisms?

Over a past period of 25 years, the city of Hanoi has undergone a time of rapid
urbanisation and exceptional population growth. According to the UN World
Urbanisation Prospects 20181, the population of the Hanoi Metropolitan Area
increased from approximately 1.6 million in 2000 to estimated 6.4 million in 2024, with
an average annual growth rate of 3.41% - a trend projected to continue well into the
coming decades. At the national level, Vietnam’s population rose from 96.5 million in
2019 to over 100.7 million by 2024, reflecting both natural population increase and
intensified rural-to-urban migration.

Based on observations as academic assistant made between 2001 and 20083,
followed by continuous professional and academic engagement from 2014 to 2025,
highlight the intensity and pace of this urban transformation. During this time, Hanoi
evolved from a largely provincial capital into an internationally networked metropolis,
marked by the expansion of its skyline and the consolidation of large-scale
infrastructure systems.

One of the most visible manifestations of this change is the transformation of urban
mobility. While Hanoi’s streets were once dominated by bicycles, motorcycles, and
public buses in the early 2000s, today’s streetscape is increasingly characterised by
large private vehicles—including SUVs, electric motorbikes, and light commercial
vans. According to projections by the Hanoi Department of Transport, the number of
registered cars was expected to reach 1.9 million, and motorcycles 7.5 million by 2030
(Vu Van Hien, 2017). This trend toward motorisation is directly associated with rising
air pollution, reduced walkability, and negative impacts on public health and urban
livability (Pham et al., 2020).

In parallel, Hanoi has witnessed the emergence of extensive high-rise urban
developments. These are especially concentrated along strategic transport corridors,
such as the new Central Business District at the intersection of Kim Ma and Nguyen
Chi Thanh streets, the inner ring road (Vo Chi Cong to Minh Khai), and the outer ring
corridor (Phan Van Dong to Do Muoi). Over the last two decades, more than 30 New

(22.10.2024)


https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/files/documents/2020/Jan/un_2018_wup_report.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/files/documents/2020/Jan/un_2018_wup_report.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/files/documents/2020/Jan/un_2018_wup_report.pdf

Urban Areas (NUAs) and countless high-rise complexes have transformed the city’s
morphology, extending into perimeter urban zones and redefining local microclimates,
socio-spatial patterns, and land-use logic (Nguyen & Harms, 2019; Hong & Kim, 2023).
However, many of these developments are characterised by standardised architectural
typologies and limited contextual responsiveness. They often lack connection to
public transport infrastructure, ignore climatic orientation, and contribute little to
socio-functional diversity. Since the mid-1990s, urban development discourse has
been shaped by the Smart City paradigm, generally advocating the use of digital
technologies to increase urban efficiency and sustainability. Nevertheless, early
conceptualisations of Smart Cities - particularly those associated with “Urban Mega-
Systems” - emphasised not only ICT infrastructures but also the integration of natural,
social, and built systems in large-scale adaptive feedback loops, but also questioning
their inclusivity and accessibility (Hall et al., 2000; Batty et al., 2012).

Recent critiques from within the Viethamese urban context have problematised the
technological determinism embedded in dominant Smart City strategies. Scholars
have called for more inclusive and context-sensitive frameworks that account for
cultural, environmental, and infrastructural disparities (Thai et al., 2021). This becomes
even more pressing in the transition from fossil-based to post-fossil societies, where
resilience, equity, and regenerative capacities must be prioritised across urban
systems (Bai et al., 2016; Leach et al., 2012).

This study is informed by two interrelated strands of experience. The first is rooted in
over a decade of academic lecturing at the Hanoi University of Architecture (HAU),
focusing on sustainable high-rise design and the integration of green building
materials within dense urban built environments. The second draws from 15 years of
professional practice in a global background, including the development of urban
quarter concepts and the operation of a multidisciplinary design office in Hanoi
operating in the years 2014 to 2020.

Two conceptual design studies conducted in 2018 and 2019 (Figure 1.1) constituted a
turning point, signalling the transition from practice-oriented engagement toward a
more systemic academic inquiry. Both projects are related to strategies in accordance
for existing or establishing CBD developments. One project, located in the historic
center of Hai Phong, proposed a multifunctional Mixed-Use Development (MUD) with
early elements of Transit-Oriented Design (TOD). The other explored a vertical mixed-
use tower within the emerging CBD in Hanoi at Lieu Giai street, including a green
rooftop for the residential community. In both cases, systemic questions emerged
regarding the role of vertical structure impacts of that size in shaping environmental
performance, infrastructural demands, and direct impact of urban quality of life in their
surrounding neighbourhoods. These experiences form the ground for this



Figure 1.1: (a) Mixed-use Quartier Hai Phong, (b) Mixed-use High-Rise, new CBD Hanoi

dissertation’s holistic research approach, which seeks to identify and evaluate
sustainable design and planning strategies for emerging Urban Areas. The overarching
aim is to enhance the long-term adaptability and systemic performance of dense
urban districts by integrating climate-responsive design, socio-technical infrastructure,
and systems thinking into the core of urban development. Particular emphasis is
placed on interdisciplinary methods that link material construction, environmental
simulation, and digital tools to support livability, equity, and resilience in Vietham and
other rapidly urbanising contexts.

1.2 Structure of the Dissertation

This dissertation is structured into six chapters.

Chapter 1 outlines the motivation behind the research and provides an overview of
the current state of research in the context of urban development. It formulates the
central research questions and presents both the overall structure and the
methodological approach of the dissertation.

Chapter 2 offers a comprehensive analysis of the theoretical framework and the
background of the research initiative “Smart Urban Areas” (SUA). Due to the thematic
complexity of the topic, fundamental concepts and key terminology relevant to the
research and analysis are defined and contextualised. The aim is to clarify both the
theoretical underpinnings and the practical dimensions of a holistic approach to urban
development.

Chapter 3 introduces the SUA research project in detail. It presents the project
partners, the test sites in Hanoi, and the project timeline. Furthermore, the applied
working methods and key challenges encountered during implementation are
discussed, particularly those that shaped the project’s progress. These preliminary
phases form the foundation for the methodologies described in the subsequent
chapter.



The core of the dissertation lies in Chapter 4, which investigates the essential
preconditions for planning Smart Urban Areas through a detailed case study. A variety
of methodological approaches are applied to examine interdependencies and
influencing factors, with the goal of deriving relevant indicators for optimized planning
strategies. This chapter is divided into sub sections, each focused on the case study
of Tonkin 2 (T2) and TestBed 02 (TB2) in Hanoi. The investigations include analyses of
building-integrated vegetation, statistical evaluations of building materiality and
infrastructure, the use of Augmented and Virtual Reality (AR/VR) tools, the circular
economy of water infrastructure and a brief assessment of construction costs. The
results support the identification of optimization potential and serve as a foundation
for future urban and architectural developments.

Chapter 5 is dedicated to the findings and reflections as interpretation of the results
presented in Chapter 4. These findings are applied in a diverse processes to the
reference building Tonkin 2, located within the Vinhomes Smart City (VSC). In addition,
this chapter formulates holistic solutions and presents innovative approaches for the
development of urban districts and Smart Urban Areas.

The final Chapter 6 summarises the key findings of the dissertation and evaluates the
extent to which the objectives of the SUA project have been achieved. It concludes
with perspectives and recommendations for the future application of the developed
methodologies in the context of sustainable urban development.



Framework and State of Research

The following chapter aims to investigate and determine insights into the

current state of research and the background of the intended topic. This is

followed by a definition of the research objectives and the formulation of the
central research questions.

2.1 The Context of Hanoi and New Urban Areas

Urban development in Hanoi is increasingly shaped by large-scale, capital-intensive
projects that are fundamentally transforming the urban fabric. In particular, the
emergence of so-called New Urban Areas (NUAs) is associated with a profound
restructuring of both the cityscape and the ecological and social composition of urban
space (Hong & Kim, 2023). These high-density, mixed-use districts are being
developed both on the city’s periphery and within its existing core areas (see Figure
1.3), and they stand in stark contrast to Hanoi’s traditional urban morphology.
Typically, NUAs follow international or Western-influenced urban development models
that emphasise spatial functional separation, large-scale residential construction, and
private capital investment. The aim is to create modern living environments with
integrated infrastructure, shopping centers, office space, and service facilities.
However, these developments are often planned in isolation from the site-specific
environmental and socio-spatial conditions. Aspects such as natural ventilation
patterns, urban heat stress, water infrastructure, or social diversity are frequently only
marginally considered (Koch & Vu, 2020). In practice, this frequently results in deficits
related to microclimatic resilience and social integration of these neighbourhoods (Le
et al., 2022).

Construction is typically carried out by private developers in close collaboration with
local authorities through public-private partnerships (PPPs). Since the early 2000s,
Hanoi has evolved into a major site for large-scale real estate projects. Developers
such as Vinhomes, BRG Group, Sun Group, and Ecopark are now key actors shaping
the city's emerging landscape. Their projects comprise urban-scale structures with
tens of thousands of housing units, independent energy and water infrastructure,
educational facilities, parks, and smart infrastructure systems (Pham et al., 2023).

At the same time, this form of development entails significant risks regarding social
exclusion, environmental stress, and spatial disparities. While certain population
groups gain access to high-quality infrastructure and housing within gated
communities, tendencies toward segregation from older, informally structured urban
districts are intensifying (Nguyen & Harms, 2019).

A forward looking urban transformation process in Hanoi must incorporate a broader
integration of climatic, social, and cultural dimensions. In particular, the inclusion of



Table 2.1: Developments in Hanoi carried out between 2000 - 2024

Urban Areas District Developer Construction time

1 Vinhomes Smart City Nam Tu Liem | Vinhomes (Vietnam) 2018 -2025

2 Vinhomes Ocean Park Gia Lam Vinhomes (Vietnam) 2018 - 2030
UDIC & Ciputra Group

3 |Ciputra Hanoi Bac Tu Llem ) 2003 - 2030
(Indonesia)
Viet Hung Urban Development

4 | Ecopark Hung Yen ) 2009 - 2030+
(Vietnam)

5 |Gamuda Gardens Hoang Mai Gamuda Land (Malaysia) 2007 - ongoing

6 | Starlake Tay Ho Daewoo E&C (South Korea) 2010 - 2030

7 | Times City Hai Ba Trung | Vinhomes (Vietnam) 2011 - 2017

8 Royal City Thanh Xuan Vinhomes (Vietnam) 2010 - 2013

9 |Sunshine City Tay Ho Sunshine Group 2017 - 2023

10 | The Manor Central Park Hoang Mai Bitexco Group (Vietnam) 2016 - 2026

11 |ParkCity Hanoi Ha Dong Perdana ParkCity (Malaysia) 2009 - 2013+
An Khanh JVC (Vietnam South-

12 |Splendora Hoai Duc 2006 - 2025+

Korea Joint Venture)

climate adaptation strategies, participatory planning processes, the preservation of
cultural identities, and the adoption of sustainable mobility and resource-efficient
supply systems are central to enhancing the long-term resilience of new urban
districts.

The large-scale urban projects depicted in Table 2.1 were implemented between 2000
and 2024 and are exemplary of the transformation occurring in Hanoi’s urban
environment. Table 2.1 maps the 15 largest NUAs within the administrative structure of
the capital, assigning them to specific city districts and development actors. Instead
Table 2.2 presents a differentiated classification framework that enables systematic
comparison of key attributes, including location, function, building typology,
infrastructure integration, and development status.Noteworthy is the broad spectrum
in terms of planning horizon and implementation timelines: while large-scale projects
such as Ciputra, Ocean Park, Ecopark, and Starlake have undergone phased
development over decades and continue to exhibit further expansion potential, others,
such as Royal and Time City, were completed in their entirety within a very short
timeframe. At the time of reporting, BRG Smart City or Vinhomes Global Gate are still
in the early stage of infrastructural development or already under construction but will
not be used as examples of Hanoi’s dynamic urban growth due missing data.



Table 2.2: Classification of current Urban Areas

Size . Status Bldg Green Smart City
Urban Area (ha) Functions 2025 Typology Index* Infrastr.
Vinhomes Mixed-use / High Rise
1 . 280 In operation ) 40/60 Integrated
Smart City TOD Dominance
Vinhomes High Rise
2 420 Mixed-use | In operation 20/80 Integrated
Ocean Park Dominance
Partly
3 Ciputra Hanoi 320 'Mixed-use |In operation Mix Typology 50/50 )
integrated
High Rise Partly
4 Ecopark 500 'Mixed-use |In operation ) 85/15 .
Dominance integrated
Gamuda Partly
5 75 Mixed-use | In operation Mid Rise 30/70 )
Gardens integrated
Partly
6 | Starlake 188 |Mixed-use |Partly in operation Mix Typology 50/50 )
integrated
High Rise Partly
7 |Times City 36 | Mixed-use | In operation ) 10/90 )
Dominance integrated
Mixed-use / High Rise Partly
8 |Royal City 23 In operation ) 5/95 )
TOD Dominance integrated
High Rise Partly
9 |Sunshine City |5 Mixed-use |Partly in operation ) 10/90 )
Dominance integrated
The Manor Partly
10 200 | Mixed-use | Partly in operation Low Rise 50/50 .
Central Park integrated
Partly
11 |ParkCity Hanoi (76 |Mixed-use |In operation Low Rise 30/70 )
integrated
Partly
12  Splendora 265 |Mixed-use | Partly in operation Mid Rise 50/50 .
integrated

* Green Index: unoccupied area in comparison to occupied area (by structure) in percentage
(vegetated % / non-vegetated %)

2.2 Urban Areas (UAs) versus Smart Urban Areas

In the context of rapid urbanisation across Southeast Asia, the distinction between
conventional Urban Areas (UAs) and emergent Smart Urban Areas (SUAs) has become
increasingly relevant. Urban Areas, as formally defined by UN-Habitat and national
planning agencies, refer to spatially contiguous settlements characterised by high
population density, mixed land use, and consolidated infrastructure networks (UN-
Habitat, 2020; World Bank, 2019). These areas prioritise space-efficient development,
often with limited ecological integration or adaptive infrastructure.

In contrast, Smart Urban Areas represent a conceptual and operational evolution of
UAs. Rooted in the Smart City discourse of the early 2000s (Hall et al., 2000), SUAs



aim to embed advanced information and communication technologies (ICT), systemic
sustainability strategies, and multifunctional land use into urban development.
International standards such as ISO 37122 and ITU-T Y.4903 propose that SUAs be
understood not merely as technology-driven zones, but as complex urban ecosystems
designed for resilience, equity, and environmental efficiency (ISO, 2019; ITU, 2020). In
the Vietnamese context, however, the implementation of smart city principles has
been heavily directed toward ICT integration - often at the expense of ecological
responsiveness or social inclusivity (Thai et al., 2021; Le et al., 2022).

 Urban Areas (UAs): Densely built-up zones defined by formal land use, mixed
residential and commercial functions, and typical infrastructure consolidation.
Development emphasis is often on high density and efficient spatial layout.

« Smart Urban Areas (SUAs): Evolved UA models that explicitly integrate digital
technologies (ICT/loT), sustainable resource strategies, and system-level
design principles aimed at resilience and enhanced livability.

Although historically defined at varying scales, both UA and SUA practices apply a
systematic analysis approach, often represented through scaling diagrams and
weighting frameworks. In UA planning, the focus remains largely on physical form and
land-use mix. In contrast, SUA frameworks elevate digital connectivity and real-time
control systems. Yet this orientation toward ICT dominance can overshadow critical
environmental and social dimensions (Hong & Kim, 2023; Thai et al., 2021).

Qualities and Dysfunctional Outcomes:
Urban Areas often suffer from microclimatic heat stress, limited amenity space, and
infrastructure overload—especially in rapidly densifying cities. In contrast, Smart
Urban Areas aspire to integrate circular resource use, green infrastructure, and real-
time adaptability. However, they frequently remain technological marketing constructs:
many SUA frameworks still emphasise data systems over functional environmental
and social justice (Koch & Vu, 2020). Rather than relying solely on conventional
indicators (density, wall to window ratio, floor area), the dissertation tries to advocate a
broadened suite of metrics, including:

o  Green area ratio (e.g. per building footprint)

o  Water recirculation and rainwater harvesting indices

« Facade and rooftop greening extent

« Building-infrastructure interconnectivity (e.g. heat exchange, sensor integration,

micro-climate buffering)

Observational Challenges and Critical Viewpoints:



o Density vs openness: UA planning tends to maximise density; SUA often
prescribes distributed open space, but implementation in high-demand growth
areas remains variable.

e Infrastructure bundling vs marketing: While SUAs promise integrated utility
systems (energy grids, digital infrastructure, (water recycling)), actual practice
often lags many projects use “SUA” branding without substantive
implementation (Pham et al., 2023).

o« Local adaptation: Because planning tools are frequently imported from
Western contexts, they may disregard local climate, socio-cultural values, and
stakeholder needs, reducing real-world resilience.

SUAs offer a valuable conceptual evolution beyond UAs, but only if digital
augmentation is embedded in ecological, social, and systemic sustainability design. It
is important to recognise that the development of urban districts represents a natural
progression of urbanisation, evolving in parallel with broader societal transformations.
Smart Urban Areas (SUASs) introduce a technological dimension to the already matured
and highly dense inner-city Urban Areas (UAs). This evolution itself reflects an ongoing
process - one that may initially be shaped by market-oriented narratives as mentioned
beforehand but can ultimately lead to more critical reflection and substantive
optimisation over time.

2.3 System Solutions and Networks

A step further, the conceptual underpinnings SUAs reveal similarities to systemic and
network-based solutions that emerged in the mid-20th century. In particular, the idea
of decentralised and distributive systems can be traced back to telecommunications
research conducted in the early 1960s by Paul Baran at the RAND Corporation2,
ordered by the NASA. Baran’s seminal work on survivable communication systems
introduced the notion of distributed network topologies as a means to preserve
functionality in the event of partial system failure, originally conceived as a strategic
response to Cold War-era threats to U.S. communications infrastructure (Baran, 1964).
His diagrams of centralised, decentralised, and distributed networks remain
foundational in understanding systemic resilience (Figure 2.1). While initially designed
for digital data transmission, Baran’s distributed logic has since found resonance in
various domains, including urban systems thinking. In the context of urban
development, particularly in rapidly expanding megacities, the parallels are evident:
rather than concentrating critical infrastructure in singular urban centers, resilience can

2
(22.10.2021)


https://www.rand.org/pubs/articles/2018/paul-baran-and-the-origins-of-the-internet.html
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Figure 2.1: Networks by RAND (illustration based on RAND)

be enhanced by distributing essential services and functionalities across multiple
interconnected nodes. This decentralisation mitigates the risk of systemic failure,
enhances local autonomy, and improves the adaptive capacity of urban systems
(Batty, 2013). The distributive city model echoes other progressive urban paradigms
developed since the late 20th century, such as the “Green Urbanism” approach
(Lehmann, 2010), the “Carbon Neutral City” (Newman & Jennings, 2008), and the
“Zero Waste City” (Zaman & Lehmann, 2011). These models share a systems-based
view that treats the city as a complex, dynamic organism, with feedback loops
between environmental, infrastructural, and social sub-systems. (Zaman & Lehmann,
2011). These models share a systems-based view that treats the city as a complex,
dynamic organism, with feedback loops between environmental, infrastructural, and
social sub-systems. The idea of “mega-systems” as outlined by Hall et al. (2000)
reflects this interconnectivity, advocating for the integration of digital technologies,
spatial design, and ecological principles in urban planning.

Lehmann (2014) has further advanced this discourse by demonstrating how low-
carbon districts can mitigate urban heat stress through the application of green roof
infrastructure and ecosystem-based design. His research emphasises the potential of
decentralised, building-integrated systems to act as thermal regulators, particularly in
high-density cities where conventional infrastructure is overburdened. In this context,
green roofs do not only serve as ecological amenities, but also operate as functional
micro-infrastructures within the urban metabolism—cooling buildings, reducing
stormwater runoff, and enhancing air quality at the neighbourhood scale.

In contemporary smart city research, the predominance of ICT- and loT-centered
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Figure 2.2: (a) Cedric Price3, (b) Yona Friedman4, (c) Archigram?®

infrastructures often overarching more nuanced system-level perspectives. The
deployment of sensor networks, real-time data platforms, and centralised data centers
- while technically efficient - risks reproducing centralised dependencies (Vanolo,
2016). Emerging computing paradigms such as Edge Computing challenge this by
localising data processing near its point of origin, thereby reducing latency, improving
response times, and lowering energy loads in central servers (Shi et al., 2016). This
dissertation extends these distributive principles into the architectural scale,
particularly to high-rise buildings in dense urban districts. It formalises the term
adaptive node to conceptualise high-rise buildings not as passive resource
consumers, but as active infrastructural contributors within the broader urban system.
Positioned strategically within SUAs, such buildings could decentralise critical
functions - water management, energy generation, cooling, and greening - thus
relieving stress from the metropolitan macro-system. For example, high-rise buildings

3 (25.10.2021)
4 /(25.10.2021)

5 (15.11.2020)


https://vernaculaire.com/yona-friedman-ville-spatiale
https://simbiosisgroup.net/wp-content/uploads/2009/02/24.jpg
https://www.arkitektuel.com/fun-palace-cedric-price/
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equipped with facade and rooftop greening not only support passive cooling but also
enhance microclimatic conditions by generating oxygen and improving air quality in
their immediate surroundings. When aggregated at scale across an urban fabric, such
nodes could significantly improve urban resilience and livability, especially in
megacities like Hanoi, where densification and climatic stress coincide. The shift from
a centralised to a distributive systems approach - borrowed from early cybernetics
and now reshaped through contemporary urban ecology - provides a theoretical
foundation for reimagining high-density development not as a burden, but as an
opportunity for regenerative infrastructure. By integrating technological,
environmental, and spatial systems at the building level, the Adaptive Node paradigm
contributes to a more resilient and equitable form of smart urbanism.

Another Insight:

Long before the term "Smart Urban Area" itself became central to contemporary
discourse, a lineage of visionary system thinking had already begun to shape
architectural and urban imaginaries. During the 1960s and 1970s - an era marked by
technological optimism and critical engagement with the future - interdisciplinary
thinkers, engineers, scientists and architects developed complex ideas around
systems, networks, and infrastructural self-sufficiency based on biological organisms,
such as mycelia. This period gave rise not only to the early foundations of the internet
but also to speculative frameworks that deeply influenced urban theory and design. At
the heart of this technological development was Paul Baran’s before mentioned
pioneering work. Conceived initially as a Cold War strategy to ensure communication
resilience in the event of a nuclear attack, Baran’s decentralised and later distributed
network topology laid the groundwork for today’s internet architecture (Baran, 1964).
The principle was simple but revolutionary: to design systems that could withstand
node failures and maintain functionality through redundancy and local autonomy -
properties now essential to robust urban systems as well. These network concepts
were quickly taken up by urban theorists and planners. Cedric Price’s Fun Palace,
Yona Friedman’s Ville Spatiale or Archigram’s Plug-In City (Figure 2.2) imagined
buildings not as fixed structures but as adaptable systems, connected,
reprogrammable, responsive and flexible. The organism analogy provides a
conceptual framework that can be critically reapplied to contemporary conditions of
rapid urbanisation. That is precisely why the work of ecological systems theorists
Howard T. Odum (1924-2002), who applied energy loop analysis and feedback logic to
urban metabolism and anticipating the later development of circular economy
frameworks and regenerative urban design (Odum, 1971, 2007), is indispensable.
What connects these visionaries is their shared departure from linear, top-down
planning toward dynamic, multi-scalar systems capable of learning and evolving. Fred
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Scharmen’s recent study Space Settlements (2019) revisits this period of optimism by
analysing NASA-commissioned visions, such as those by Gerard O’Neillé (1927-1992)
and the Princeton physics team. These speculative proposals projected closed-loop
ecosystems and infrastructural autonomy into orbital habitats. Although visionary, and
still in stark contrast to nowadays research, they reflected a radical openness toward
self-regulating environments, modularity, and the interdependence of human and
technical systems. Rather than treating cities as fixed hierarchies, these visions
embraced the complexity of feedback-driven, adaptive networks.

In contemporary architectural research, this systems-based legacy is resurfacing in
the context of Smart Urban Areas. The notion of “adaptive nodes”, buildings that do
not merely consume resources but actively contribute to the performance and
resilience of the urban environment, can be understood as a direct architectural
response to Baran’s network logic. High-rise buildings in this model function
analogously to distributed servers: semi-autonomous, locally responsive, and infra-
structurally embedded. They filter stormwater, generate renewable energy, or reduce
urban heat through vegetative facades and rooftops, feeding microclimatic,
hydrological, or energy benefits back into the urban system (Lehmann, 2014).

The growing relevance of edge computing in ICT, where data processing is
decentralised to the edge of the network, further strengthens this analogy. Just as
edge systems reduce latency and energy consumption by processing information
locally, so too can architectural systems localise environmental control, thereby
reducing dependency on centralised urban infrastructure. The building as adaptive
node becomes a mediator between human activity, environmental flows, and digital
systems. This work done here rather put the focus on edge computing than adopts
and extends this systems logic to propose a redefinition of dense urban areas. Rather
than viewing high-rise development as a stressor on urban infrastructure, the chapter
argues for its reconceptualisation as a distributed infrastructural asset, capable of
contributing to climate resilience, localised resource cycles, and systemic adaptability.
In doing so, it situates SUAs and especially vertical structures such as high-rise not
merely as ICT technoid-like zones but as potentials to a broader legacy of
instrumental, integrative, and regenerative systems thinking and ultimately in the
further extend as operational units.

2.4 The High-Rise Building as an Adaptive Node

Based on the investigation of adaptive networks, this section proposes to
conceptualise the high-rise building as an adaptive node within a broader urban

6 974/
(08.08.2025)
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Figure 2.3: High-Rise. Adaptive Node

system - one that not only consumes energy flows and raw materials but also returns
resources back into the urban macrostructure. In doing so, it becomes a fundamental
building block for enhancing overall urban resilience in the face of climate change and
for advancing principles of sustainable development. The high-rise is thus reimagined
as a living organism - simultaneously forming a symbiotic relationship and feedback
loop with its surrounding neighbourhood (Caprotti & Cowley, 2017; Sharifi &
Yamagata, 2018). While core ideas of adaptivity in architecture, smart infrastructures,
and network thinking have existed for decades, the explicit application of “adaptive
node” logic to high-rise buildings is just emerging. Such systems logic is mirrored in
the architecture of contemporary Smart Cities, where distributed energy systems,

decentralized water management, and building-integrated infrastructure aim to create

urban environments that are both self-sufficient and interconnected. With the

increasing use of Building Information Modeling (BIM), loT-integrated sensors, and Al-
driven controls, a growing body of research is now investigating adaptive building
typologies - a movement that converges with concepts of resilience and regenerative
design (Loonen et al., 2013; Lehmann, 2014). In addition to that in this complex and
abstract line of reasoning relates to the understanding that spatial structuring in urban
systems evolves from a two-dimensional surface into a three-dimensional volume -
shifting from the horizontal to the vertical. While telecommunications networks are
often visualised in planar diagrams, they in fact constitute a three-dimensional system
when including orbital satellite constellations, which form a spherical information shell
surrounding the Earth (Baran, 1964; Graham & Marvin, 2001). A similar transformation
occurs in urban planning processes. Planning traditionally begins in two-dimensional
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cartographic or GIS-based formats, yet increasingly unfolds into three-dimensional
spatial logic through the use of parametric tools and spatial simulations (Batty, 2013;
Portugali, 2021). This transformation marks a conceptual threshold: the high-rise
building becomes a critical system component that extends urban structure from the
surface into vertical space (Klotz, 2020). As this domain is still relatively new in
conceptual understanding, the body of scientific data remains limited and modest in
scope. Nevertheless, initial examples do exist, and the Smart Urban Areas project
applies this line of thinking to buildings in Hanoi, Vietnam, aiming to develop solutions
specifically within zones of high-density and rapid urban transformation in the global
south especially cities with tendencies to become Mega-Cities.

A seminal example in this direction is the adaptive high-rise demonstrator “D12447” at
the University of Stuttgart (2021), which integrates 128 strain gauges, 24 hydraulic
actuators, 230V and 400V connectors, internet and modular, reconfigurable
components into a 36-meter prototype tower for scientists and researchers. The
building dynamically adjusts to wind loads and environmental conditions in real time
and is explicitly described by its developers as an “adaptive node” in structural and
climatic terms (Schumacher et al., 2022). The Stuttgart case study demonstrates that
system thinking, long applied in industrial control systems, can be transferred to the
architectural scale to increase not only structural efficiency but also energy
performance and spatial intelligence. Aside from the above mentioned abstract-
visionary besides advanced concepts and beyond adaptive facades and climate-
responsive systems, high-rise buildings in SUAs can act as urban infrastructure hubs.
With integrated greywater recycling, green roof and facade systems (Trudo Toren8,
Eindhoven), solar energy production (Power Nest9, Eindhoven), and real-time
environmental monitoring, they can contribute actively to their surrounding urban
fabric - redistributing resources and improving microclimates. In a city like Hanoi,
where rapid urbanization and infrastructure overload coincide, such nodal buildings
may help decentralize stress, particularly in peripheral and high-density districts (Koch
& Vu, 2020; Le et al., 2022). From this perspective, high-rises are no longer merely
passive containers of program. Instead, they become agentis within a wider
regenerative network, contributing fresh air through rooftop greenery (Lehmann, 2014;
Susca et al., 2011), reducing stormwater runoff through green roof infrastructure and
permeable layers (Berardi, 2016), moderating heat island effects via passive thermal
regulation (Sailor, 2011), and potentially sharing data and resources with nearby
infrastructure as part of decentralized smart systems (Batty et al., 2012; Angelidou,

7 (30.07.2025)
8 (26.01.2023)

° (26.01.2023)


https://www.trudo.nl/haasje-over-strijp-s/standalone-energie-dashboard
https://www.sfb1244.uni-stuttgart.de/en/demonstrator/
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2014). This shift in role aligns with the concept of high-rises as adaptive nodes -
architectural systems embedded within and responsive to their urban and ecological
context (Figure 2.3).

2.5 Modern Urban Network Approach (MUNA)

Recent urban development initiatives are increasingly focused on implementing
theoretical spatial models by leveraging available data, particularly in the Global South
where there is a strong emphasis on generating self-sufficient solutions for urban
growth (Watson, 2009; UN-Habitat, 2020). While not yet fully integrated in Europe,
these approaches are gaining traction. This section will discuss two key concepts
within this framework: Mixed-Use Development and Transit-Oriented Development,
and their evolution towards a modern urban network approach (MUNA).

The Mixed-Use Development (MUD) model has become a cornerstone of
contemporary urban planning, aiming to create compact, walkable, and functionally
diverse urban environments. MUD integrates residential, commercial, cultural, and
institutional functions within the same development or neighbourhood to foster spatial
synergy, reduce travel demand, and enhance social interaction (Grant, 2002,
Hoppenbrouwer & Louw, 2005). As a response to suburban sprawl and a means to
improve land-use efficiency and promote sustainable growth, MUD has proven
instrumental in creating vibrant, livable, and resilient communities (Talen, 2005). This
approach aligns particularly well with concepts like the 15-minute city, a model that
could be highly suitable for a capital city like Hanoi, given its historical urban fabric,
particularly the 36 streets of the Old Quarter north of Hoan Kiem Lake.

Figure 2.4 shows successful examples from Singapore, Australia, Malaysia and Japan
that integrate high-rise structures - partly with green appliances - into their urban
environment while combining city elements and functions into the verticality structure.
Building upon the principles of MUD, the Transit-Oriented Development (TOD)
introduces an additional layer of strategic coordination between land use and public
transportation infrastructure. Widely applied in metropolitan areas worldwide, TOD
intensifies land use around transit nodes and corridors by adhering to the principles of
density, diversity, and design (Curtis, Renne, & Bertolini, 2009; Waters, 2016). The
primary obijective is to concentrate mobility flows, unlock cross-functional synergies,
and increase the diversity of uses within walking distance of public transit (Calthorpe,
1993; Cervero, 1998). A core element of TOD is the integration of high-density
residential space near transit infrastructure, which encourages public transport usage,
shortens travel distances, and reduces the environmental footprint of urban mobility
systems (Suzuki, Cervero, & luchi, 2013). This strategy not only optimises
transportation efficiency but also fosters mixed-income communities, supports local
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Figure 2.4: Mixed-Use Development (MUD)19, (a) CapitaSpring, (b) Marina One, (c)
Southbank, (d) KL Gateway, (e) Azabudai Hills (based on Project related Sources)

10 Wardner, Pamela. (2014). Explaining mixed-use developments: a critical realist's perspective.
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Figure 2.5: Transit Oriented Development (TOD)11, (a) Dukuh Atas, (b) Shibuya Central (c)
Eight Eight, (d) Hudson Yard, (e) Euralille (based on Project related Sources)

11 hitps://tod.itdp.org/what-is-tod.html (20.11.2024)
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economic activity, and enables the functional transformation of underutilised urban
areas (Cervero & Murakami, 2009). Figure 2.5 exemplifies TOD projects from
Indonesia, Japan, India, United States and France that often redeveloped and
transferred previously used industrial areas within the urbanity into hub of traffic
transition, interconnectivity and condensation while developing vertical structures to
accommodate office, retail and residential spaces. All projects aiming for selective
densification for urbanist to commute and live in short distance between private and
public. In further extend several former industrial sites within Hanoi, currently
undergoing redevelopment into urban areas, are ideally suited for the MUNA-inspired
development approach. These sites are typically situated along strategic road axes
and at key transportation nodes. Examples of such locations in Hanoi include:

. VinaTaba Factory, Nguyen Trai, Thanh Xuan, Hanoi
. Railway Factory, Ngoc Lam, Long Bien, Hanoi
» Alcohol Factory, between Nguyen Cong Tru and Hoa Ma, Hai Ba Trung, Hanoi

The redevelopment of these locations offers a unique opportunity to generate urban
transport hubs both vertically and horizontally. This approach combines the principle
of short distances by projecting key urban functions, for example the 15-minutes
walkable city, into high-rises and establishing multi-level connectivity (Vertical City),
something Nina Rappaport widely examines in her research. Furthermore, horizontal
development, such as elevated pedestrian walkways and bridges that connect
adjacent building structures, expands upon the concept of pedestrian-oriented
development (POD). This type of urban renewal allows for the reinterpretation and
integration of new urban functions such accessible cities also allow individuals the
ability to access economic opportunities (Watson, 2016). The availability of land
makes it possible to reintegrate small-scale manufacturing back into the city, thereby
providing accessible workplaces. This MUNA-inspired approach could significantly
contribute to the resilience and climate adaptation (SDG 9, 11, 12, 13) of cities in the
Global South by operationalising the Adaptive Node concept. Further successful TOD
examples in Asia are prominent in global cities such as Hong Kong, Bangkok, and
Manila, as well as in Japanese cities like Tokyo and Sendai, and Australian
metropolises including Adelaide, Melbourne, and Sydney (Suzuki et al., 2013). In
contrast, the application of TOD principles in European urbanism has been more
limited. Early-stage applications have been observed in London, Paris, Berlin, and
Rotterdam, while a theoretical TOD scenario was also explored in Dortmund,
Germany, highlighting its potential adaptability to mid-sized cities (Riad et al., 2022).

However, the implementation of TOD and MUD requires critical reflection. A number of
projects have evolved into prestige-driven developments that often disregard climate-
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responsive design. Even in 2024, many transit-oriented buildings are constructed with
fully glazed facades, which results in significant solar heat gain and high cooling
demands. A notable example is Hudson Yards in New York City, an emblematic TOD
project that has been criticised for its excessive solar exposure and minimal
environmental adaptation (Pinto, 2022).

A key deficiency in many TOD and MUD projects is the lack of vertical greening and
bioclimatic integration. The pioneering work of Ken Yeang in ecological design is
particularly relevant here. As early as the 1980s, Yeang developed the concept of the
“bioclimatic / biophilic skyscraper,” which proposes that tall buildings should function
as vertical ecosystems by integrating green facades, sky gardens, natural ventilation,
and passive energy systems (Yeang, 1996, 2006, 2011). His designs, such as the
Menara Mesiniaga in Malaysia, demonstrate how vegetation and ecological principles
can be structurally and functionally embedded into high-density architecture. Yeang’s
research also emphasises biomimicry, where the built environment reflects the
behaviour and adaptability of natural systems (Yeang, 2011).

Building on this foundation, the expansion of TOD into Green Transit-Oriented
Development (gTOD) and MUD into Green Mixed-Use Development (QMUD) offers a
forward-thinking strategy to reposition these dense urban nodes as climatically and
ecologically active infrastructure besides its potential for circular economy. By
integrating vegetated facades, rooftop landscapes, and building-integrated
ecosystems, these developments could function as urban cooling systems, improving
microclimate regulation, air quality, and overall urban resilience and livability.

Both MUD and TOD are in their nascent stages of integration in Vietham. Nevertheless
these trends are currently a subject of strategic discussion across Southeast Asia
(SEA) at conferences such as the OECD & International Transport Forum (2023)12. This
highlights the immense pressure faced by cities in the region and the significant effort
being directed towards identifying sustainable and reliable solutions for urban
development. As NUAs are developed over the next decade to meet the high demand
for urbanisation, the principles of MUD, TOD and further extend MUNA will play an
crucial role in fostering sustainable urban development.

2.6 Research Objectives and Key Question

The central objective of this dissertation is to enhance the conceptual and functional
understanding of urban districts as dynamic, adaptive systems within the broader
urbanity. By investigating their capacity to serve as interfaces between high-rise
structures, neighbourhood units, and metropolitan infrastructures, the research aims

(08.08.2025)
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https://www.itf-oecd.org/sites/default/files/docs/transit-oriented-development-accessibility-southeast-asia.pdf
https://www.itf-oecd.org/sites/default/files/docs/transit-oriented-development-accessibility-southeast-asia.pdf
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to uncover scalable strategies that alleviate pressure on centralised systems while
reinforcing climate resilience and socio-spatial cohesion.

The applied methodologies are tested through site-specific case studies in Hanoi,
Vietnam, where high urban density, climate exposure, and rapid spatial transformation
offer a complex but instructive testing ground. These case studies are not only
intended to reflect the practical relevance of implemented measures - such as
decentralised water treatment, green envelope systems, and real-time sensor
monitoring - but also to critically interrogate their systemic effects within the district
and the city as a whole. Through an integrative approach combining empirical data,
digital modeling, and urban systems theory, the study seeks to identify adaptive
strategies that align local interventions with global sustainability objectives. Particular
emphasis is placed on the interdependencies between buildings and infrastructures,
the resilience of urban ecosystems, and the need for context-sensitive design in the
Global South (Ahern, 2011; Leach et al., 2012; Bai et al., 2016). The research is
situated within current discourses on urban metabolism, nature-based solutions, and
smart infrastructure, with the overarching goal of contributing to a systemic
perspective on future-proof urban development. By aligning field-tested
methodologies with analytical evaluation, the dissertation aims to deliver applicable
knowledge for practitioners and policymakers engaged in the sustainable
transformation of urban areas.

Key Research Question:

In which ways can urban districts and especially high-rises function as
adaptive interfaces within complex mega-systems to reduce infrastructure
stress and strengthen urban resilience through site-specific interventions?

This guiding question reflects a multi-scalar perspective that acknowledges the nested
nature of urban systems - from building envelopes and neighbourhood infrastructures
to wider city-wide and regional networks. It also assumes that resilience is not a static
condition but a dynamic capacity for transformation, requiring integrated approaches
that combine technological, ecological, and socio-cultural dimensions (Meerow et al.,
2016; Wilkinson, 2012). The present study conceptualises buildings as organisms -
adaptive systems that not only consume resources but are also capable of returning
part of these resources to the wider urban system. Figure 2.6 illustrates the spectrum
of existing systems within cities. While automobiles rely on fossil or non-fossil energy
sources that must be replenished externally, trains operate on decentralised energy
inputs that generate traction directly at the axles. At a larger scale, cruise ships
combine the characteristics of vehicles and buildings: they are mobile, relatively self-
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Figure 2.6: Methodology of the High-Rise as an Adaptive Node

sufficient, and require fossil fuels to secure decentralised electricity generation.
Onboard, water and wastewater are partially treated and reintegrated into the
operational cycle - a feedback loop absent in conventional vehicles.

In structural analogy, an inverted cruise ship resembles a high-rise building: fixed in
place, immobile, and dependent on municipal resource provision, with fallback
reliance on fossil energy. Most contemporary high-rises primarily act as consumers of
electricity and water, discharging wastewater directly into centralised sewer systems,
while on-site treatment and reuse remain rare. Particularly in urban districts of the
Global South, including the study area, high-rises therefore function predominantly as
resource sinks. Yet the cumulative potential of these structures is immense - for
example, decentralised water treatment could provide irrigation for adjacent green
spaces.

Current high-rise typologies also contribute to urban heat islands (UHI) effects through
the exhaust heat of facade-mounted air conditioning units and internal thermal loads.
The final step of the diagram (right-hand side) proposes a reconceptualisation: The
high-rise is framed as an autonomous organism within the urban quarter and, at
macro scale, within the metropolitan system. In this scenario, building materials and
operations adapt resource flows and dependancies in such a way that filtered water
for instance can be redistributed locally. At the same time, a fully green adapted
building envelope act as a carbon sink and as a “cooling fin” rather than a “radiator”
within the urban district. Scaled across the multitude of towers in megacities, such an
approach could generate “cooling islands” that not only counteract heat stress but
also foster biodiversity, supporting insect and bird grow rates. This potential forms one



23

of the central dimensions of the present investigation towards the understanding of
High-rise building as an adaptive node.
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Project Context and Case Studies

As a transition to Chapter 4, which outlines the applied methodologies, this

chapter provides an overview of the overarching research initiative “Smart

Urban Areas (SUA) - Sustainable System Solutions for Urban Development”
in the capital city of Hanoi. This chapter introduces the specific case study sites -
Tonkin 2, TestBed 1, and TestBed 2 - while also mapping the project timeline,
highlighting key milestones, and outlining the challenges and limitations encountered
throughout the research process

3.1 Research Project Smart Urban Areas

This dissertation is embedded within the broader research initiative Smart Urban Areas
(SUA) — Sustainable System Solutions for Urban Development in Hanoi, Vietham. The
project, designed as a Public-Private Partnership (PPP), is jointly led by TU Dortmund
University, WILO SE, and Vinhomes, with funding provided by the German Federal
Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer
Protection (BMUV), nowadays the German Federal Ministry for the Environment,
Climate Action, Nature Conservation and Nuclear Safety (BMUKN) under the Export
Initiative for Environmental Technologies (EXI)'3. Grant administration was conducted
by the federal agency Zukunft — Umwelt — Gesellschaft (ZUG) located in Berlin,
Germany.

The project commenced in September 2022 and is scheduled to conclude in
December 2025. Its overarching aim is to test climate-adaptive and resource-efficient
system solutions for rapidly urbanising contexts, with Hanoi serving as an exemplary
case. TU Dortmund University (TUDO) provides scientific leadership through the Chair
of Spatial Information Management and Modeling (RIM), responsible for research
design and methodology. WILO SE contributes technical expertise in decentralised
water recycling and smart pump systems, while Vinhomes provides access to
representative high-rise structures within its Smart City development. Local partners
and subcontractors support the research project (Figure 3.1).

The research agenda is explicitly aligned with the UN Sustainable Development Goals
(SDGs), particularly SDG 6 (Clean Water and Sanitation), SDG 9 (Industry, Innovation
and Infrastructure), SDG 11 (Sustainable Cities and Communities), SDG 12
(Responsible Consumption and Production), SDG 13 (Climate Action), and SDG 17
(Partnerships for the Goals). The project is organised into 17 interrelated work
packages, integrating empirical fieldwork, technological implementation, and urban

systems analysis.

13 (31.12.2025)


https://www.exportinitiative-umweltschutz.de/projekte/sua
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3.1.1 Academic Leadership

The lead academic institution is TU Dortmund University, specifically the Chair of
Research Group of Spatial Information Management and Modeling (RIM), directed by
Prof. Dr. Nguyen Xuan Thinh. The chair is responsible for overall project leadership,
research methodology, and scientific oversight. The project research team coordinates
and execute the tasks required.

The project’s research agenda aligns closely with the UN Sustainable Development
Goals (SDGs) named down below:

o« SDG 6: Clean Water and Sanitation

o SDG 9: Industry, Innovation and Infrastructure

o SDG 11: Sustainable Cities and Communities

« SDG 12: Responsible Consumption and Production

« SDG 13: Climate Action

o SDG 17: Partnerships for the Goals
The project is organised into 17 interrelated work packages, each contributing to the
project’s integrative methodology and cumulative knowledge generation.

3.1.2 Industry Partner

Founded in 1872 as the “Kupfer- und Messingwaren-Fabrik Louis Oplander,” WILO SE
is a family-owned German manufacturer headquartered in Dortmund city. With a
global workforce of 9,000 employees, WILO is a market leader in fluid management
technologies, particularly in the water and building services sector. Digitalisation has
played a central role in WILO’s international expansion and innovation strategy.
WILO’s longstanding cooperation with TU Dortmund laid the foundation for its
participation in the SUA project. The company brings technical expertise in energy-
efficient pumping systems, membrane-based water recycling technologies (MBR), and
intelligent system integration for sustainable urban infrastructure. The SUA project
serves as a testing ground for the latest generation of WILO’s smart water pumps,
adapted to the subtropical climate of Hanoi, based on that a system solution for urban
areas and smart urban areas could be established.

In this context, WILO is responsible for the design and installation of:
» High-efficiency pumps
e A building-integrated MBR water filtration unit (in cooperation with its
subsidiary Abionik GmbH)
« Rainwater and grey water treatment infrastructure for irrigation of green roofs
and facades
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Figure 3.1: Research Project Structure

3.1.3 Local Partner

Vinhomes, a subsidiary of the Vingroup conglomerate with over 40,000 employees, is
Vietnam’s largest real estate developer. Its portfolio includes integrated urban
townships and satellite cities across the country’s most populous regions, targeting
the mid residential market. Due to its market share and economic influence, Vinhomes
plays an active role in shaping building codes and urban planning regulations in
Vietnam. Within the SUA project, Vinhomes provides the Tonkin 2 high-rise in
Vinhomes Smart City (VSC), Hanoi, as a key case study building. The tower serves as
a hybrid testbed for empirical data collection, digital modeling, and the conceptual
development of localised system solutions for sustainable high-rise design.

The shared obijective of the collaboration is to design and implement climate-adaptive,
resource-efficient solutions tailored to the dynamics of rapidly urbanising
environments, as exemplified by the standard development strategies of Vinhomes.
Through a scenario-based methodology, the project addresses both ecological and
economic imperatives, with the goal of generating scalable models that enhance
urban resilience, promote energy-conscious development, and mitigate stress factors
affecting residents, buildings, and the wider urban system.

3.2 Case Studies Overview

The capital city of Hanoi, Vietnam is located at latitude 21.028511° N and longitude
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Figure 3.2: Case Study Locations within the Urbanity of Hanoi

105.804817° E, encompassing a metropolitan area of approximately 3,359 sq. km.
With a population nearing ten million'4 by at least 2030, Hanoi qualifies as a megacity.
Government planning documents for 2030 and 2050 outline an ambitious strategy for
urban expansion. Over the past decade alone, more than 50 new high-rise clusters
and urban districts have been gradually developed. These urban building blocks are
designed to accommodate rapid population growth, yet they simultaneously
contribute to challenges such as intensified urban heat islands and increasing traffic
congestion. In contrast, the development of accompanying infrastructure - particularly
in the domains of mobility and transportation - has lagged behind, creating
considerable strain on the city's overall resilience. Against this backdrop of rapid
transformation, the SUA research project applies its methodologies to three real-world
case studies in Vietham to assess and analyse the multifaceted interactions between
urban form, climate, and society. Figure 3.2 provides a spatial overview of the three
case studies within the urban fabric of Hanoi, illustrating both their strategic
distribution and the spectrum of challenges they address within the research
framework:
o Case Study 1: Tonkin 2 (T2)

(02.08.2025)


https://en.vietnamplus.vn/hanoi-plans-to-transform-into-a-global-hub-by-2045-post307883.vnp
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Located within the Vinhomes Smart City (VSC) in the Tay Mo District, western
Hanoi, this high-rise tower sits along the CTO03 arterial road to Hoa Binh
(Coordinates: 21.004720° N, 105.740911° E). As a representative building within
the Vinhomes Smart City Hanoi urban area, TONKIN 2 serves as a testbed for
investigating smart building performance and system scenarios in a high-
density urban context.

o  Case Study 2: TestBed 01 (TB1)
Situated at 82/80 Yen Lang, Lang Ha in Dong Da District (Coordinates:
21.012081° N, 105.815323° E), this location provides an inner-city microclimatic
contrast and allows for the deployment of compact green infrastructure
strategies under spatial constraints applied on traditional tube houses that
represent the majority of building types in Hanoi.

o Case Study 3: TestBed 02 (TB2)
Located at 21/35 Nguyen Cong Tru, Dong Nhan in Hai Ba Trung District
(Coordinates: 21.013569° N, 105.855225° E), this site serves as the project’s
central blueprint for data-driven analysis and experimental implementation. As
the most technically instrumented case, TestBed 02 supports sensor-based
monitoring, performance evaluation of green infrastructure, building envelope
analysing and building-environment feedback modeling. It plays a key role in
generating valid, transferable data for wider scientific analysis.

3.2.1 Case Study 1: Tonkin 2

The T2 building (Figure 3.3) represents a standardised high-rise model within the
Vinhomes Smart City development in Hanoi. It serves as a core component of the
serially produced residential blocks within the district. Designed as a modular and
replicable system, this building typology has been implemented in multiple identical
configurations across various developments throughout Vietnam. This widespread
application makes it a symbolic and important case study for examining the system-
based approaches to modern standardised residential construction. With an average
construction period of approximately 18 months to turnkey delivery, the building
exemplifies the efficiency of industrially optimized planning and execution processes.
The structural system is based on a reinforced concrete skeleton frame with load-
bearing cores. Non-load-bearing walls, constructed from fired solid bricks (2-hole), are
traditionally built and cement-plastered. The building’s exterior is characterised by
light-coloured facades with brown-toned accents, resulting in a cohesive yet visually
articulated urban fabric within the urban area. Identical building types are also found in
other developments in Hanoi i.e. Vinhomes Gardenia, Vinhomes Oceanside or
Vinhomes Parkside.
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Figure 3.3: (a) Tonkin 2 and 1, (b) Site Plan of the VSC 2023

General Building Information

Designation: Tonkin 2
Location: Vinhomes Smart City, Nam Tir Liém, Hanoi
Typology: Residential High-Rise

Function: Residential apartments, communal areas, technical rooms

Key Construction Parameters

Total height: approx. 145 meters

¢ Number of stories: 39 full above-ground floors
« Basement levels: 1 (underground parking, technical infrastructure)
«  Construction type: Reinforced concrete frame with load-bearing cores
« Facade system: Non-load-bearing solid brick (2-hole), cement-plastered
« Rooftop use: Primarily for HVYAC and water storage equipment
Residential Configuration
« Total residential units: +- 600 units per building, depending on configuration
« Apartment sizes: 1 - 3 bed rooms (BR), ranging from 35 to 100 m2
e« Floor plan layout: Central corridor with bilateral access; centrally located
elevator core
. Vertical circulation: 6 elevators, including 1 service elevator
« Communal spaces: Lobby, waste collection station, underground parking
access, community room
Technical Features
e Air conditioning: Individual split AC systems per unit
«  Hot water supply: Central boiler systems located on the rooftop
e  Security: 24/7 CCTV surveillance, biometric access control (facial recognition/
fingerprint)
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« Smart technologies: Smart metering (electricity/water), remote control via app,
loT-based sensors for energy use and air quality
o  Greening elements: Ground-floor landscaping and vegetation
Construction Timeline
o  Construction start: late 2020
o  Structural completion: Mid-2022
e Interior works & commissioning: Phased during 2022-2023
o Planned full occupancy: T2 in use since mid 2023; district-wide expansion
continuing through 2025
Consumption / Key Data (based on data available (not provided by local partner))

o Concrete: Reinforced concrete:

e Brick: Traditional backed bricks:

« Inhabitants: It ranges from 1.560 to 1.992 (depending on occupancy)
o  Water: Table 3.1, 130 L/day/capita’®

o  Electricity: Table 3.2, average data by 202316

The TONKIN 2 Tower serves as the initial subject for this investigation, as its design
and operation allow for the exploration and application of optimization strategies.

Table 3.1: Occupation and Consumption per capita T2

Qt Factor Min. Factor Max.
Y- Min. Occupancy Max. Occupancy
Studio 111 1,0 111 1,0 111
1 Bed Room Apt. 111 1,5 166,5 2,0 222
2 Bed Room Apt. 296 3,0 888 4,0 1.184
3 Bed Room Apt. 74 5,0 370 6,0 444
592 1.535,5 1.961
Water consumption s 5
47,45 m3/year m /y 72.859 m /y 93.049
Water consumption
per day L/d 234.000 L/d 298.000
Electricity consumption
Electricity consumption
per day kWh/d 11.823,90 kWh/d 15.098,26
15 (06.08.2025)

16 (06.08.2025)


https://www.worlddata.info/asia/vietnam/energy-consumption.php
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These strategies can be tested either through practical implementation or
conceptualised via simulations. Given its scale and consumption metrics, the tower
can be understood as an "adaptive node," a concept that can be extrapolated to
interpret the entire cluster of similar building typologies within the Smart City as a
single, cohesive unit. In addition, the T2 building is important for scaling factors, as it
allows for the testing of results and the transfer of findings at the end of this research.

3.2.2 Case Study 2: TestBed 1

TestBed 1 (TB1) is located in the inner-city district of Dong Da, situated within a
narrow alleyway - a typical characteristic of the plot layouts in Hanoi. This location
was specifically chosen to examine the methodology of green roof and facade
systems on a manageable scale. The system integrates rainwater harvesting to
automatically irrigate a selection of native plant species. The primary challenges in
implementing this system on an existing, twenty-year-old building were the gathering,
storage, and reintroduction of rainwater. The building stands typologically
representative of the majority of Hanoi’'s "tube houses”. A key challenge was the
complete absence of architectural or structural plans for the building. Through on-site
measurements, schematic drawings, and empirical knowledge, a digital model of the
structure was successfully created.
The four-story residential building is 3.30 meters wide, 17.83 meters long, and reaches
a height of 20 meters. Rooms are located on either side of a central staircase, and
centrally arranged bathrooms, along with the staircase, form the building's structural
core. The building was constructed with a typical reinforced concrete frame, with
traditional fired bricks filling the wall surfaces to form the exterior envelope. Plastic-
framed windows are integrated into the punched facade, and balconies are arranged
on the northern side of each floor. The rooftop is finished with square terracotta tiles.
The research area is located on the flat roof of the fifth level. Here, a 16 m2 area was
planted with four native Viethamese plant species within a soil container system
(chapter 4.4), thereby replacing an existing green corrugated iron roof as a natural
shading element. The southwest facade was equipped with hanging plants
descending from the roof and is intended to be fully covered with vegetation over
time. The automated irrigation system is supported by the rainwater harvesting setup
in conjunction with a Wilo pump.
For continuous monitoring of meteorological conditions, a Davis Vantage Pro2 Plus -
wired - weather station was installed on the rooftop ventilation and daylight
attachment. This station provides information on:

o Air temperature and humidity

o  Wind direction and speed
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Figure 3.4: (a) TB1 North Elevation, (b) Location in Yen Lang Area

«  Solar and ultraviolet radiation

«  Precipitation levels
The station collects and stores this data in a cloud-based system via a central
gateway at five-minute intervals. The accumulated daily datasets ranges in kilobyte
size and can be viewed directly on a smartphone via the Weatherlink app or exported
in .CSV format for detailed analysis (Schaefer et al., 2024). Overall, TB1 provided
valuable empirical in-depth information into the local implementation of green
infrastructure technologies under real-world conditions and laid the groundwork for
scaling methods to other buildings in the SUA framework. The systematic approach at
TB1 illuminates granular views in the on-site implementation of practices,
technologies, and neighbourhood communication. As a relatively small component
within the overarching system, it offered detailed knowledge at micro scale, a
foundation without which scalability and transferability would risk remaining imprecise
and unreliable. In the matter of building condition challenges TB1 was dismantled and
moved to an interim location in Long Bien to become TB6 which is not part of this
work.

3.2.3 Case Study 3: TestBed 2

The research area of TestBed 2 (TB2) is located on the rooftop and facade of a seven-
floor residential building situated in the densely built-up Hai Ba Trung District of Hanoi
(105.8552° E, 21.0135° N), south of the historic Old Quarter and within walking
distance of Hai Ba Trung Lake (Ho Hai Ba Trung). Densely in the case of Hanoi TB2
stands for a site area of 0.9 - 1.0. Completed in February 2024, the building stands
approximately 25 meters tall from street level on a slight slope. It contains seven
residential floors, with a total of twenty studio apartments, two two-bedroom
apartments, and a three-bedroom owner's unit on the seventh floor. The apartments
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Figure 3.5: (a) TestBed 2 North Elevation, (b) Location in Hai Ba Trung District

are currently managed by a rental apartment service provider. Table 3.2 explains the
estimated occupation and consumption per capita. Each floor covers 143 square
meters, giving the building a gross floor area of 1,144 square meters from the first to
the eighth (rooftop) floor. The 143-square-meter basement floor serves as a garage,
storage, fire fighting access and houses a water treatment unit. Due to the building's
location in a narrow alley, the basement is only accessible by bicycle or motorbike.
The elevated ground floor accommodates the entrance lobby and provides vertical
access to the residential units via an elevator. A fire escape stairwell, positioned next
to the elevator core, connects all floors from the rooftop to the basement, which is
accessed via an exit ramp. Consequently, the permanently open ramp and stairwell
provide natural ventilation throughout the building.

The building is oriented along a north-south axis and is based on an L-shaped
footprint (Figure 3.5). The narrow northern wing contains studios only, the ramp, and
the main entrance to the building. The southern wing, laid out as a square plan,
contains the main circulation core, the fire stairwell, and additional studio besides two-
room apartments, with the latter oriented toward the south. Along the full width of the
southern facade, the building is set back 1.5 meters from the property boundary,
creating a ventilation shaft that is not connected to the basement and therefore lacks
openings necessary for continuous air circulation. The building is bordered on three
sides by neighbouring structures. To the north, an adjacent building reaches up to the
fifth floor. On the eastern side, neighbouring structures rise to the sixth floor and, in
the southeast, even exceed the test building by two additional floors. To the south, a
neighbouring building reaches the height of the fifth floor, with an enclosed air gab of
1.5 meters, while buildings to the west extend only to the height of the first floor. The
southern and western facades remain largely uncovered and are directly exposed to
the local climatic conditions and solar radiation in particular. The southern facade
exhibits a wall-to-window ratio of 40:60, resulting in high solar exposure for the rooms
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Table 3.2: Occupation and Consumption per capita TB2

Q Factor Min. Factor Max.
ty. Min. Occupancy Max. Occupancy
1 Bed Room Apt. 20 1,0 20 2,0 40
2 Bed Room Apt. 2 2,0 4 4,0 8
3 Bed Room Apt. 1 4,0 4 6,0 6
23 28 54
Water consumption s 5
54,75 mé/year m3/y 1.533 m3/y 2.957
Water consumption
per day L/d 4.200 L/d 8.101
Electricity consumption
2,766.5 kWh/year kWh/y 77.462 kWh/y 149.391
Electricity consumption
per day kWh/d 212 kWh/d 409

located behind the glazing. In contrast, the western facade is largely closed, with a
wall-to-window ratio of 95:5, containing only small ventilation openings for the
emergency stairwell. All exterior wall cores are constructed using 110 mm brick
masonry, and the surfaces are finished with cement-based plaster of 10-15 mm
thickness. The test building itself is painted in a warm beige-grey tone while the
shaded northern facade is painted white. The rooftop on the eight floor houses the
technical core that accommodates access to the elevator shaft, a small prayer room, a
restroom, a loggia facing north and the landing of the fire escape stairwell. On this
particular roof attachment, two water tanks - each with a capacity of two cubic meters
- are installed for the tenants, along with a solar thermal collector for the home owner
and besides various pipe systems, and pumps. The floor is paved with traditional
terracotta tiles 300 x 300 mm typical of the Hanoi urban housing. The main rooftop
terrace on the eighth floor covers an area of 108 m? and is also fully covered with
terracotta tiling used for flat roofs in Hanoi. A 1.10-meter-high parapet wall encloses
the terrace on the east, south, and west sides. In 2024, the neighbouring building to
the east was completed, rising two floors above the height of the test building. A
freestanding metal shed covered by corrugated sheet metal using a green coating
shelters an area of approximately 20 m? that accommodates washing machines,
dryers, and the glass cover of the light well. The elevator shaft connects the floors
from basement up to the seventh floor. Access to the roof top is available through the
emergency stairwell. Access to the water tanks on top of the roof attachment is
possible by using a mobil ladder. Along the central axis of the southern elevation,
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outdoor air conditioning units are vertically aligned from the ground floor to the
seventh floor. The air conditioning outdoor units belonging to the northern oriented
studio apartments are wall mounted on individual metal brackets. The design and
construction of the building - characterised by full lot utilisation - are typical of urban
residential architecture in Hanoi since the early 2000s, making it a representative case
study for testing the performance of green roofs and facades under real-life
conditions. A further advantage for this research lies in the fact that the rooftop is still
largely undeveloped, offering favorable conditions for experimental implementation.
Similar to TB1, for continuous monitoring of meteorological conditions, a Davis
Vantage Pro2 Plus weather station - wireless - was installed on the rooftop staircase
attachment. This station provides information on:

o  Air temperature and humidity

o  Wind direction and speed

« Solar and ultraviolet radiation

»  Precipitation levels
In addition to the weather station, a network of Davis Nodes and environmental
sensors was installed across the green roof and fagcades to monitor key parameters
such as soil moisture, leaf wetness, surface temperature, and relative humidity. This
sensor infrastructure provides empirical data to assess the performance and resilience
of the vegetated building envelope under real conditions. In a subsequent project
phase, the automated irrigation system was linked to the building’s integrated water
treatment unit, located in the basement, which filters and reuses grey, black and rain
water. This connection effectively established a closed-loop water cycle within the
building, aligning with principles of circular resource management.
The implementation of the proposed methods - from the initial contact with the
building owner to the installation of the green roof - was completed within a four-
month period, between April and July 2024. In addition TB2 not only fulfilled the
structural prerequisites for the practical implementation of the project's assumptions
and scenarios on a manageable scale, but it also offered a degree of architectural
flexibility that was not available at T2 or TB1. Due to the building’s new construction
status and its active commissioning phase, TB2 served as an ideal site for our
investigation. A crucial factor was the highly cooperative collaboration with the owner,
who proactively supported the work from the outset. This personal interest and active
participation were unique to TB2 and were not observed at the other testbeds T2 and
TB1. As a result, the developed greening and irrigation systems could be approached
in a holistic manner, aligned with circular economy principles, and monitored over
several months. The data, empirical experience, and insights gained from the research
and application at TB2 are of immense value to the overall SUA research project and
to this dissertation, as they will be essential for the subsequent consolidation and
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synthesis of data to identify system-compatible solutions and comparative analyses.
The shop drawings in the Appendix B.2 provide detailed information about TestBed 2.

3.3 Tasks, Timeline and Operational Management

The official project period of the SUA research initiative was defined from 1 September
2022 to 31 August 2025 and was later extended without additional funding to 31
December 2025. The project comprised seventeen work packages and seven
milestones (Figure 3.6), which were coordinated and refined over the course of the
implementation. Within this timeline, the research team organised a range of activities,
including academic conferences, stakeholder workshops, and a concluding
symposium. Additionally, scientifically prepared surveys were conducted as part of the
project’s dissemination and stakeholder engagement strategy. Two of the work
packages were dedicated exclusively to project and risk management, a structural
legacy inherited from the initial funding proposal. In preparation for implementation,
the team conducted an internal inquiry into which project management software (PMS)
tools were most suitable and widely used within TU Dortmund. As an example the
department of mechanical engineering and physics were contacted upfront to gather
insights, and a comparison was made between Microsoft Project (MS Project), Factro,
and Merlin Project. The feedback revealed substantial disparities between theoretical
expectations, practical implementation and marketing related advertisement. MS
Project was considered overly complex and time-consuming. Internal teams in
academia reported difficulties in managing the software without assigning a dedicated
staff member solely for its administration. The licensing model - charging per user on a
monthly basis - expected budgetary challenges, as this cost had not been adequately
projected in the original funding application. Reports of user frustration and
inefficiencies overshadowed workflow continuity and quality standards (Kerzner, 2017;
Lynch & Smith, 2021). In the case of Factro, a ticket-based PMS system highlighted
that more time and cognitive effort were spent on the assignment and processing of
task tickets than on the research work itself. This led to a reduction in research quality
and increased strain on team members. Most project teams abandoned the use of MS
Project and Factro after trial periods of up to six months due to physical exhaustion
and performance losses (Schmidt & Zimmermann, 2022). For the SUA project, similar
constraints emerged. After internal discussion, Merlin Project was selected as the
most suitable and adjustable PMS due to its cross-functional capabilities and cost-
effectiveness. It was intended to be managed by a single person and used across the
team for tracking and coordination.

However, significant time investment was required to input and update project data in
the initial phase. This effort was further impeded by incompatibility barriers through
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Figure 3.6: (a) Merlin Project Gantt, (b)+(c) Project Management Solution in

Communication (schematic View of Simplification)

the internal SAP-based administrative system, which prevented direct integration of
financial planning and expenditure reporting besides data interoperability. Another
institutional hurdle concerned the use of third-party software on university-owned
servers. Strict privacy and security protocols imposed by the university’s IT center
created barriers to installation especially in the case of sensor data gain and transfer
onto the university’s own server in the later stages. As the university’s portable device
was used both in Germany and on-site in Vietnam, recurring access restrictions
impeded efficient project workflows. These constraints necessitated the use of a
privately owned device, which, when connected via VPN, enabled faster and more
stable access to the university’s IT network from the outside rather than from the
inside. A challenge that was also mentioned throughout the research of Hansen &
Jaatun, 2020, for coordination and data synchronisation.

A further complexity, common to many international research projects, was the
implementation of technologies and systems in real-world settings that had not
previously been deployed in Vietnam. The rigidity of an overly formalised PMS
environment requiring iterative engagement from all participants stood in contrast to
the flexibility needed on-site. As a result, the project adopted a hybrid project
management strategy during its first eighteen months using Merlin Project (Figure 3.6),
which offers functionalities for Gantt charts, Kanban and mind maps along with cost
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Figure 3.7: Task Flow within three Years of Project

estimation features. Due to the before mentioned interface conflict between the PMS,
the servers and the administration system (SPS elements), cost tracking and
expenditure reconciliation were even not possible. Consequently, the PMS was
primarily used for scheduling work packages and tasks, such as conceptualisation,
implementation, data collection, analysis, and transfer modeling. These tasks were
often executed autonomously and in parallel. A ticket-based system instead would be
antithetical to the holistic project approach, which requires the team to collaboratively
seek cross-functional solutions. Such systems can constrain independent thought by
fragmenting the workflow into isolated, single tasks. While this approach may increase
individual accountability, it can hinder overall progress and lead to project delays, a
finding observed by the project team in the academic environment itself. In order to
effectively communicate with time parameters in both Germany and Vietnam,
simplified schedules were graphically prepared to avoid foregrounding the complexity
of the tasks (Figure 3.6 (a)-(c)). This simplification method also proved to be a helpful
addition to the project workflow especially in Vietnam. Consequently, from an early
stage, intensive graphical visualisations and scenarios were developed for both online
and in-person meetings, which contributed essentially to the project's progress path.

The Sankey diagram (Figure 3.7) visually represents the task flow over the three-year
period, illustrating the complex and intertwined elements in a constant proceed to
verification or cancelation. Three distinct phases can be identified in the diagram. The
first is the conceptualisation phase, which focuses on the testing and configuration of
the applied technologies. At the core lies the planning and simulation, approval, and
implementation phase, marking a critical transition into system operation and data
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collection in the second half of the project, which initiates the third phase of
monitoring the adjusting and improving process. The final synthesis of results
subsequently feeds into the transfer model, forming the basis for broader applicability
and scalability. To provide a chronological framework for the project, one workshop,
one symposium, and three conferences were strategically scheduled to present key
project results and findings. In addition, the project team used these events to gather
feedback from experts in the field by conducting online surveys (Ishikawa & Delphi).
This approach provided the team with a baseline validation, ensuring the project's
focus was correctly addressed and aligned with the expectations of the professional
community.

3.4 Challenges and Limitations

Interdisciplinary and Cross-Cultural Collaboration:

The SUA research project and umbrella for this dissertation as a transnational
initiative, faced typical hurdles common to interdisciplinary and intercultural
collaborations from the outset. Initial differences in language, subject matter, and
culture led to divergent expectations, interpretations, and understandings of the
project's objectives and measures. This was particularly evident in the inconsistent
use of the agreed-upon project language during meetings and in varied interpretations
of technical terminology. Divergent role perceptions between academic research and
practical implementation also posed obstacles: while the research team primarily
sought cooperative knowledge exchange, the practical partners often focused on
operational pressures, monetary efficiency, and adherence to sometimes rigid internal
procedures. These differing priorities prompted a temporary adjustment of the project
strategy, from a participatory orientation to a more application-driven approach. This
did not signify a breakdown in collaboration but rather a strategic rebalancing that
allowed for realistic goal achievement under the given conditions.

Communication and Operational Dynamics:

Another key challenge was the inconsistent communication flow. Despite clearly
articulated goals in both the project proposal and verbal workshops, the transfer of
knowledge was subject to fluctuations throughout the project. The physical distance
between project sites meant that communication often lost momentum after the
project partners returned to their home locations. Although the consortium recognise,
that a continuous local presence was necessary for a project of this scale, this was not
fully implemented due to budgetary constraints and a disadvantage for the first year.
In day-to-day operations, frequent personnel changes and comprehension gaps in
project execution repeatedly required constant coordination adjustments. Sustainable
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information exchange was achieved only through the establishment of robust
communication structures, using the locally common platform Zalo directly connected
to the author of this work. A previously mentioned critical insight was the
transformation to visual communication and highly condensed presentation of project
information. For instance, video formats were limited to a maximum of two minutes to
maintain attention and enhance comprehension. These experiences underscore the
importance of adaptability, culturally sensitive communication, and iterative process
design in complex project contexts.

Structural and Institutional Constraints:

The SUA project also exposed structural challenges in decision-making on all sides of
the project partners. The TU Dortmund University is an educational institution, the
German industry partner Wilo a global player and the local partner Vinhomes the
biggest real-estate company in Vietham. Decisions were either made rapidly or
subjected to protracted processes involving multiple layers of internal checks and
balances, moving from bottom to top and back again. A consistent willingness to
innovate - combined with direct feedback - was observed among private,
decentralised partners, particularly small and medium-sized enterprises (SMEs), which
demonstrated greater engagement than participants from the public and institutional
sectors. This observation provides valuable insights into potential success factors for
future project constellations. A central challenge lay in balancing scientifically
analytical requirements with practical feasibility. Reconciling research-driven
recommendations with solution-oriented decision-making logics proved repeatedly
complex. The findings underscored that existing institutional structures, hierarchical
arrangements, and established decision-making mechanisms exert a decisive
influence on project management. At times, institutional guidelines created ambiguity
over where responsibility and decision-making authority resided. Moreover this
dynamic, in certain phases, slowed the implementation of planned measures.
Moreover, innovative concepts, particularly those with a holistic scope, tended to be
assessed cautiously and integrated only incrementally into established operational
procedures, existing reference frameworks, and published codes or regulations. As a
result, smaller, well-defined pilot measures emerged as the more effective strategy for
building long-term trust and laying the groundwork for wider adoption. The originally
conceived systemic planning concept was therefore disaggregated into individual
submodules to ensure compatibility with existing processes. In retrospect, this
adjustment was regarded as a necessary intermediate step - one that fostered
acceptance, created opportunities for joint learning, and kept the project aligned with
its overarching trajectory.
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Figure 3.8: 3D Data Space within the Case Studies

Technical Challenges and Limitations:

The technical and material documentation provided for the case study buildings
Tonkin 2 and TestBed 2, explicitly marked as as-built, was not always accurate. The
conventional 2D plans, when translated into 3D formats, revealed deficiencies and
construction discrepancies that necessitated on-site inspections and precise re-
measurements to correct or to identify as built-in weaknesses, that supported the
greater picture of optimisation potentials. Similar information gaps were encountered
in technical building equipment planning that lacks information. In this context, the 3D
models produced should be regarded as digital shadows - constructed retrospectively
as uni-directional connection - rather than digital twins, which are designed from the
beginning as foundational data-driven construct with bi-directional connection
supporting real-time planning and implementation (Sepasgozar, 2021). Consumption
datasets were largely unavailable from local partners, primarily due to privacy
concerns and the absence of monitoring systems. Accordingly, systems were
designed based on assumptions and only refined during operation, leading to
schedule delays and

Limitations in accuracy:

A hybrid approach emerged: real-world construction was compared with empirical
assumptions through scenario-based modeling, which closely approximated reality
but required frequent revisions. This necessity for flexibility highlights the tension
between practical adaptability and the scientific ideal of precision. The real
laboratories that were established and managed during the project fostered bilateral
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exchange of technological know-how and supported the cultivation of holistic systems
thinking for resilient urban design. Additional limitations stem from foundational
planning assumptions, such as understanding the building envelope as a thermal
boundary, which plays a pivotal role in energy efficiency. Considering its impact on
building energy demand, the design and material specification of envelope
components remain central to sustainable performance (Evola & Lucchi, 2024).

Delimitation:

The diverse aspects examined in this study demand a high degree of complexity in
merging the interdependencies of system-relevant concepts. The initial urban macro-
level, along with its conceptual framework, is narrowed down to the nano-level with
respect to the buildings under investigation. This level is visually understood as a
three-dimensional data space (Figure 3.8), from which a scaling process back to the
macro-level is to be performed. In the context of examining system solutions, the work
fundamentally aims to establish an understanding of the interaction between building
components and the bigger scale of a system that substitute urban resilience.
Subsequently, through the integration of these findings into an urban area, a coupling
to the Adaptive Node for high-rises in the Global South is feasible, scalable, still
challengeable and in further extent adaptable to similar conditions. Technical able to
continue such development stands in contrast to cultural limitations, interdisciplinary
challenges and a general hesitation for integral system thinking into practice on the
one side and constrains between distributing and manufacturing goals on the other.
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Methodologies and Implementation

This chapter describes the methodologies with a primary focus on T2 and

TB2, and includes a comparative material analysis referencing the T2
residential tower. Although the two buildings differ significantly in height and
function, they share an identical structural system and construction method, making
them suitable for direct comparison. The methodological section further elaborates on
the applied strategies concerning the building itself and the associated
implementation processes. Particular emphasis is placed on thermal monitoring,
facade and rooftop greening, infrastructural enhancements, material usage,
construction performance, and the implications for long-term durability and
environmental resilience under the specific climatic and urban conditions of Hanoi.

4.1 Methodologies Overview

Between 2022 and 2025, methods and technologies were implemented across four
distinct buildings in Hanoi: the Tonkin 2 (T2), TestBed 1 (TB1), TestBed 2 (TB2), and,
towards the project’s conclusion, TestBed 6 (TB6). The data generated from two of
these sites were synthesised and integrated into a transfer model, which was
designed to identify optimization potentials for developing smart urban districts.

Some of the technologies deployed were tested in Vietnam for the first time and
therefore faces challenges. Their prototypical application under real-world conditions
not only provided empirical evidence of their effectiveness but also enabled a context-
specific evaluation within local climatic, infrastructural, and socioeconomic
frameworks (Nguyen & Kim, 2020; UN-Habitat, 2022). The underlying holistic systems
approach at the building level prompts a critical re-evaluation of conventional
development paths. While still in an early stage of maturity, this approach shows
substantial potential for scalability and transferability to high-density urban districts in
metropolitan regions (Wong et al., 2021).

The schematic development diagram in Figure 4.1 illustrates the methodical scaling
process. The initial concept was developed for the reference building, T2. The system
was then scaled down and transferred to TB1, followed by its application in TB2 under
more realistic conditions. Subsequently, insights gained from these testbeds were fed
back into the original high-rise, creating an application-oriented cycle that allowed for
a practical validation of the system solutions within existing buildings. This process
simultaneously produced a representative cross-section of typical Vietnamese building
typologies, serving as the basis for developing standardised building categories (Pham
et al., 2023).

A comparative look at building classifications in Germany and Vietnam highlights
fundamental differences in their systems, safety philosophies, and evaluation criteria.
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Figure 4.1: Project Scope of Scale

While the German Model Building Code (MBO, § 2, 2019) defines five building classes
(GK I-V) primarily based on building height, usage units, and fire safety requirements,
the Vietnamese classification system follows a more normative and function-based
approach. The Vietnamese system classifies buildings predominantly according to
QCVN 083:2012/BXD (technical standards) and QCVN 06:2020/BXD (fire safety
standards). In addition, residential high-rises are categorised into classes A, B, and C
based on their amenities, energy efficiency, fire protection, and infrastructural quality
(Ministry of Construction, 2016; Phung & Nguyen, 2018). These divergent approaches
are exemplified by the T2 building typology. In Germany, the building would be
classified under GK V, while in Vietnam, it is assigned to Class A. A striking difference
is seen in the installation of sprinkler systems: in Viethamese Class A buildings,
sprinklers are installed throughout, partly including in private apartments. In contrast,
in Germany, the requirement for sprinklers begins above the high-rise limit of 22
meters and primarily focuses on corridors (public zone) and technical zones (BMI,
2020). Sprinkler systems within individual apartments are currently uncommon in
Germany (Feuerwehrverband, 2022). In addition to technical related aspects, the SUA
project utilised a range of other methods to support perspective-building and strategic
orientation. These included a Delphi survey, visual time management tools, scenario
planning, and digital modeling (Linstone & Turoff, 2002; Shenhar & Dvir, 2007). These
methods were combined with practical field experiments on rainwater harvesting,
building greening, and system development (Campiotti et al., 2022). In close
coordination with project partners, these methods were adapted to local conditions
and validated through an iterative process. This led to numerous situational
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modifications in the methodological approach, a process consistent with the "move-
and-proof" strategy common in local practice. By directly linking theory to practice,
and in avoidance abstract complexity of system thinking and integration mentioned in
chapter one, the project generated relevant solutions that now must prove their value
in the built environment to be further developed into scalable technologies and to gain
economic viability. Many of the procedures and findings developed are classified as
applied research and development, with a clear interface to market entry. Following
the initial three-year scientific research, development and adaptation phase, the next
step, from an economic perspective, is a phase of monitoring and operational
optimization. While this could not be fully completed within the funding period, the
project's transfer to local stakeholders ensures its continuation.

4.2 Thermographic Imaging

4.2.1 Preconditions

Within the framework of the Smart Urban Areas (SUA) project, particular emphasis is
placed on the paradigm shift regarding the treatment of high-rise buildings in the
Global South, especially in relation to their integration within existing urban structures.
Against this backdrop, it was considered essential to examine buildings of similar
typology to the case study building T2 within the urban context of Hanoi, in order to
gain a more nuanced understanding of the extent to which optimisation strategies
related to energy efficiency and urban integration may be realistically implemented. A
central question frequently arises as to whether high-rise buildings can be
reinterpreted - both in planning and functionality - beyond their standardised
normative use value.

In parallel with the implementation of the greening system at TB2, thermographic
imaging was conducted between 7 and 10 August 2025 on the case study building
itself as well as on T1, T2, and other structurally comparable buildings within the urban
fabric of Hanoi. The measurements were carried out using a mobile thermal imaging
camera. The selection of this specific time window was based on prior studies
indicating that the highest concentration of extreme heat days in Hanoi occurs during
the month of August. Furthermore, the weather stations and environmental sensors
installed at TB1 and TB2 recorded the highest outdoor temperatures of the entire
monitoring period during this week. For the purpose of data evaluation, 10 August
2025 was selected as the primary reference date, as it marked the peak ambient
temperature within the measurement campaign.
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4.2.2 Thermal Imaging Camera

To ensure accurate thermal measurements under urban field conditions, the selection
and technical specification of the thermal imaging device used in this study are of
critical importance. The device employed was the FLIR ONE PRO'7 (iOS version), a
high-resolution, mobile thermal imaging camera that connects directly to a
smartphone via a Lightning interface. In this case, it was used in combination with an
iPhone 13 mini.

The camera is equipped with a Lepton 3.5 microbolometer sensor, an uncooled
infrared detector with a native thermal resolution of 160 x 120 pixels. FLIR’s
proprietary image enhancement technology, VividIR™, digitally interpolates this
resolution up to 320 x 240 pixels, significantly improving image detail and edge
detection. The sensor captures long-wave infrared radiation in the spectral range of 8
to 14 micrometers and offers a thermal sensitivity of approximately 70 Millikelvin. The
frame rate is below 9 Hz, consistent with export regulations for mobile thermal
imaging devices.

To enhance image clarity, the device incorporates a VGA visible-light camera (640 x
480 pixels). Its edge information is overlaid on the thermal image using MSX® (Multi-
Spectral Dynamic Imaging) technology, enabling improved interpretation of structural
features such as window frames and building edges.

The FLIR ONE PRO allows temperature measurements in a range from approximately
—20 °C to +400 °C, with an accuracy of +3 °C or 5% of the measured value,
depending on ambient conditions. While sub-zero temperatures do not occur in Hanoi,
extreme summer temperatures combined with high humidity levels are typical. The
measurement is based on a spot metering system, which can be expanded to up to
three measurement points via the accompanying app.

Data were recorded and analysed using the FLIR ONE App, available for download via
the App Store. The app offers live image display, still image and video recording, and
the export of thermal data in JPG or MP4 format. For this study, the JPG format was
primarily used, which presents a combined overlay of the thermal image and the
corresponding visual contours. Despite its advanced functionality, the device remains
compact, with dimensions of approximately 68 x 34 x 14 mm and a weight of 42.8
grams. This made it especially suitable for mobile use across multiple measurement
points in dense urban areas using a mobile phone. The manufacturer specifies an
operational temperature range of 0°C to 35°C.

However, during field measurements in Hanoi—where ambient temperatures reached
up to 45 °C—the device developed significant internal heat. As a result, the battery
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runtime was reduced to approximately 15 minutes, and occasional connectivity issues
with the mobile device were observed. These were resolved by temporarily switching
off and allowing the device to cool before resuming operation. The validation of the
recorded surface temperature distributions, simulation data generated using ENVI-met
(Schaefer et al., 2025) were selectively referenced. These served as a qualitative
cross-check and confirmed that, under methodologically controlled conditions, the
thermal camera is capable of producing reliable reference values for thermographic
urban analysis.

The thermal imaging sessions were conducted during predefined time windows - in
the morning (06:00 - 07:00), midday (13:00 - 14:00), and evening (18:00 - 19:00) -
while accounting for time-dependent variations in traffic density. As expected, the
highest surface temperatures were recorded during the midday interval between 13:00
and 14:00.

4.2.3 Thermal Imaging to Building Surfaces

On 7 and 8 August 2024, thermal imaging was conducted on urban structures in the
Greater Hanoi area, including high-rise facades in NUAs and developments (Appendix
A). These recordings can be considered reference data, as they were taken during the
period of highest solar heat exposure within those days. The eastern facades were
photographed at approximately 10:00 local time, and the western facades at around
16:00 in the afternoon, coinciding with the periods of maximum solar radiation on
materials and surfaces in Vietham. As most measurements were taken at pedestrian
eye level, the viewing angle changes with increasing building height. Deviations within
the normal range of 1 °C are considered acceptable. Surface temperatures between
30 °C and 90 °C were recorded, depending on the surface material. Residential high-
rises are generally finished with cement plaster, whereas office buildings are more
commonly constructed with aluminium glass curtain walls.

A large proportion of roofs, particularly on private buildings, for instance the traditional
tube buildings in Hanoi, are covered or shaded with sheet metal. In Vietham, sheet
metal roofing in red, green, or blue is most commonly used. This surface material
reaches the highest recorded heat temperatures but also cools down relatively quickly.
Nevertheless, it continues to emit heat into the surrounding air, thereby increasing the
risk of heat islands and heat stress. Figure 4.2 illustrates thermal images with a
spectrum of typical surface temperatures on days of intense heat exposure and solar
radiation. The images were taken on 5 July 2024 and on 3 August 2024 between 13:00
and 17:00 around TestBed 2 just before and after greening the roof. Thermal imaging
are used as accurate measurement of surface dynamics and general understanding.
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Figure 4.2: (a) Window Frame from Inside, (b) Sheet Metal Roof grey, (c) Roof Top after
Greening, (d) Roof Top before Greening, (e) Detail of Plants and Construction, (f) Surface

Temperature of West Wall to East Neighbour
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4.3 Empirical Building Envelope Parameters

4.3.1 Building Organism

This chapter questioning the specific methodology of building and material analysis,
using the residential high-rise building T2 as primary reference cases for investigation
about the building envelope's system.

Although differing significantly in height and function, both buildings share an identical
structural typology that reflects the current standard in multi-storey construction in
Hanoi. Both structures are based on reinforced concrete frame systems with down-
stand beams, with walls inserted between floor slabs to enclose the building and
provide climatic protection. This structural consistency allows for a comparative
analysis of materiality and construction detailing, as well as implications for long-term
performance under tropical urban conditions.

A central component of the methodological approach is the comparison of design and
construction practices with national and voluntary standards. The analysis references:

o« QCVN 09:2017/BXD — National Technical Regulation on Energy Efficiency in
Buildings, a binding baseline for sustainable construction in Vietham.

« LOTUS NC V3, a voluntary green building rating system published by the
Vietnam Green Building Council (VGBC). While non-mandatory, it serves as an
additional comparative benchmark for sustainable construction practices.

To systematically assess material choices, implementation quality, and construction
the analysis relies on digital building models. These were developed using ArchiCAD,
a BIM software platform common in Vietham alongside Autodesk Revit. ArchiCAD was
selected due to its integrated BIMx environment for Augmented Reality (AR)
visualisation, and its compatibility with Twinmotion (TM) and Unreal Engine (UE) for
immersive virtual simulation. Existing user expertise further justified the choice of
platform, enabling a more time-efficient and technically precise modeling process.
Supporting the increasing recognition of high-rise buildings as urban organisms
(Figure 4.3), the analysis places particular emphasis on the building envelope,
understood as a protective interface similar to the human skin. The investigation is
guided by a biomimetic framework, structured around the following analogies:

e« Skin Building Envelope

o« Brain Building Management System

o« Bones Structural Framework

o Vascular System Building Infrastructure (with a focus on water cycle)

o Respiratory System Building Ventilation
The conceptual approach supports a holistic understanding of building performance in
a rapidly urbanising, tropical context.
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Figure 4.3: Building Organism System

As part of the material analysis, metrics such as the Wall-to-Window Ratio (WWR) are
evaluated for their thermal impact. Commonly used wall and fagade materials in the
Vietnamese building construction market are examined in terms of performance and
environmental suitability in the Brick-to-Concrete ratio (BCR). The investigation further
addresses optimization potential in concrete slab construction techniques,
comparative weight assessments for mechanical equipment, and the integration of
green infrastructure systems in a separate chapter. Reference data from TB2 is used
as a calibration point to validate building mass, vegetation load, and structural
constraints and applied on Tonkin 2.

4.3.2 Wall to Window Ratio

Based on the available technical documentation, both Tonkin residential towers 1 and
2 were digitally modelled in 3D using the aforementioned BIM software. In addition to
representing the building structure and construction elements, the initial step focused
on understanding the wall-to-window ratio (WWR), which provides preliminary insights
into fagade performance. The percentage ratio is externally visible and was examined
and calculated for this purpose. Large openings within the punctuated facade of a
high-rise building proof high levels of daylight penetration into the interior, and they
indicate the potential for rapid indoor heat gain due to solar radiation. This raises the
question of the material quality of both the wall and the window elements.

On-site observations, consistent with many typical high-rise buildings in sub tropical
Hanoi, not only the Tonkin towers, revealed regular and large-scale fenestration, often
covered from the inside with curtains. In such cases, the principle of healthy daylight
provision is effectively abandoned. Two primary factors contribute to this:

1. Curtains are kept closed for reasons of privacy.
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Tonkin 2 Elevations

Wall
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Figure 4.4: Tonkin 2, Wall-to-Window Ratio (WWR)

2. Curtains are kept closed due to excessive solar heat gain.

Large glazed areas are an important factor in the pre-sale marketing of apartments
and play a significant role in the real estate developers’ promotional strategies. In
contrast, questions of energy performance and the functional appropriateness of the
installed wall materials are of secondary importance. In the case of Tonkin towers 1
and 2, achieving a uniform visual appearance and replicating the building type took
precedence. At present, 26 buildings of this type have been constructed within
Vinhomes Smart City Hanoi. A doubled variant of this building type exists or is under
construction in 15 additional cases. Various other building types, including L-shaped
and semi-circular configurations, are also present, resulting in a total of 50 high-rise
buildings, each with an average of at least 38 floors. The Tonkin 2 tower has 39 floors
and is finished with a white grid pattern applied to the rendered facade. The infill areas
within the grid are highlighted in anthracite and grey-beige tones. At the base, the
lower three floors are clad in dark brown textured render. The ground floor
accommodates a lobby, communal spaces, retail units, as well as vertical circulation
cores and emergency exits. Both Tonkin towers 1 and 2 are positioned above a
basement used as a car park and for technical service rooms. For the purposes of
determining the WWR, the external facade area from the ground floor up to the attic
level of the roof top was considered (Figure 4.4). The wall-to-window ratio was
calculated as shown in Table 4.1, based on wall surfaces that facing direct sun light
and containing windows. The total WWR must not be misinterpreted, as it generally
reflects a higher proportion of wall area. The values for the east and west facades are
critical in determining the thermal gain of the building mass and, consequently, the
facade’s performance quality. Furthermore, measurements through simulation
revealed that the north facade is affected by unexpected solar heat gain.
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Table 4.1: Tonkin 2, Wall-to-Window Ratio (WWR)

WWR Total (m2) Wall (m2) Window (m?2) Ratio (%/%)
North 3.650,467 2.550,159 1.100,308 70/30
East 10.305,723 4.082,777 6.235,019 40/60
South 3.648,889 2.731,606 917,283 75/25
West 9.960,798 5.184,593 4.776,205 52/48
WWR total 27.565,877 14.549,135 13.028,815 59/41

4.3.3 Brick to Concrete Ratio

The subsequent stage of the investigation focused on determining the brick-to-
concrete ratio (BCR), which corresponds to the masonry-to-framework ratio. The
Tonkin 2 residential tower is constructed using conventional methods: a reinforced
concrete frame, comprising columns, floor slabs, and supporting beams, is infilled
with traditionally fired clay bricks. These infill walls occupy the vertical openings within
the concrete framework, providing protection against climatic influences, but are non-
load-bearing.

Two-hole standard bricks with hominal dimensions of 210 x 100 x 57 mm are laid in a
single layer and coated on both sides with cement render. The cement render exhibits
greater hardness than the masonry units. Both render and mortar are mixed and
applied on-site, a process that introduces additional moisture into the construction;
however, this aspect is not part of the present investigation. The average mass of a
single two-hole brick is approximately 1.3 kg. For one square meter of exterior wall,
56.5 bricks are required, assuming a 18-20 mm mortar joint thickness. This
construction method remains dominant in the local building industry despite the
availability - over the past decade - of more advanced masonry materials, such as
autoclaved aerated concrete (AAC), which have only gradually gained momentum and
market acceptance. Notably, this persistence can be linked to historical patterns in
urban morphology: in traditional districts of Hanoi, narrow alleys limited material
delivery to small vehicles. By contrast, contemporary urban developments are large in
scale, with delivery now handled by trucks carrying loads of 20-30 metric tonnes,
allowing for more flexible material logistics.

Due to dimensional tolerances related to local brick manufacturing, internal plaster
thickness averages approximately 15 mm, while exterior plaster can reach 35 mm or
more to compensate for misalignments between masonry and concrete frame.
Consequently, an overall exterior wall thickness of 150 mm - consistent with the
original design documentation - is adopted for calculation purposes.
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Figure 4.5: Tonkin 2, Brick-to-Concrete Ratio (BCR)

Using the digital 3D building model, construction elements were classified and visually
differentiated, enabling quantification of the brick-to-concrete ratio (Figure 4.5). The
BCR was calculated as shown in Table 4.2, based on the total external envelope area
(including wall surfaces in emergency exit zones) and excluding window openings. The
overall BCR of 44/56 shows a dominance of concrete material in the overall facade

surface.

4.3.4 Brick Wall Conditions

In the following step, one square metre of the existing exterior brick wall of the
building is examined, as this material currently presents the greatest system-relevant
potential for optimisation. It also helps to get a comprehensive picture about the brick-
to-wall conditions (BWC). As part of the building envelope - the “skin” of the structure
- the wall is exposed to the highest fluctuations in solar radiation and is intended to
protect the interior apartments from thermal and climatic impacts. Furthermore, the
exterior facade contributes significantly to the building’s overarching system and
exerts considerable influence on its performance. For this reason, the wall merits close
analysis, particularly with a view to assessing potential resilience characteristics at the
conclusion of the study. For comparative purposes, the Viethamese building code
QCVN 09:2017/BXD is referenced alongside datasets from local suppliers. Evidence of
thermal bridging is inherent in the wall construction method, which is commonly
observed throughout Vietnam. In the south of the country, a wider range of brick
formats are available, such as six-hole bricks with improved thermal transmittance
values, yet it is notable that the uppermost line of the masonry shell between
reinforced concrete slabs is invariably laid with diagonally positioned bricks (Figure
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Table 4.2: Tonkin 2, Brick-to-Concrete Ratio (BCR)

BCR Wall (m?) Brick (m?) Concrete (m?) Ratio (%/%)
North 5.009,418 1.603,504 3.699,673 32/68
East 5.584,737 3.314,991 2.269,746 59/41
South 5.453,771 1.713,628 3.740,143 31/69
West 5.889,609 3.164,275 2.725,334 54/46
BCR total 21.937,535 9.796,398 12.434,896 44/56

4.6). Questions concerning the technical specifications or construction pace
advantages of this practice could not be answered consistently. From a building
physics perspective, however, this detail is of significance when solar heat gains are
transmitted through the wall. This construction detail also illustrates that the walls are
non-load-bearing elements, positioned between slabs solely to enclose the building
envelope against weather without further physical obstacles.

The definition of one square meter of the exterior envelope for this break down
analysis is: 35 mm exterior cement render (plaster), 100 mm single-layer brickwork,
and 15 mm interior cement render. In addition to calculating the number of bricks
used, the analysis includes mortar and cement plaster quantities, total weight and
construction cost besides time. Detailed Table 4.3 summarises the specific values per
square meter as-built based on measurements taken on site and compared with the
National Technical Regulation on Energy Efficiency in Buildings QCVN 09:2017/BXD,
and the relevant EN ISO 6946:2007 standard.

Thermal Conductivity in accordance with EN ISO 6946:2007:

1

U= y

n i

Rsi + Zi:l /1_[ + Rse

U = Thermal transmittance [W/(m2-K)]
Resi = Internal surface resistance [m2-K/W]
Rse = External surface resistance [m2-K/W]
di = Thickness of layer i [m]
Ai = Thermal conductivity of layer i [W/(mK)]

n = Number of layers in the wall assembly
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Figure 4.6: (a) Concrete-Brick Wall, (b) Wall-Slab/Beam Transition, (c) AAC Walls

For the layer resistance following equation was taken:

d.
Rtotal = Rsi + Z Tl + Rse

For the masonry layer (brick + mortar), an effective thermal conductivity (Aeff) was
calculated as a volume-weighted value:

ieﬁ =fbrick : /1brick +fmortar ) /1mortar

fbrick =0.6763
Abrick =0.52 W/mK
fmortar =0.3237
Amortar =0.93 W/mK
et = 0.652717

Table 4.3: Tonkin 2, exterior Brick-to-Wall Condition (BWC) (as built) of one Square Meter

Item Parameters Unit Source

Wall specifiations

Material Clay On site

Hollow brick dimension | 210 x 100 x 57 mm On site; TCVN 1450-1998
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Item  Parameters Unit Source
Cement mortar (bed/head) 20 mm On site
Exterior cement render 35 mm On site
Interior cement render 15 mm On site
Thermal air gab - - Missing
Total wall thickness 150 mm On site
Quantities & Weights
Brick count 56,50 Pcs/m2  On site
Unit mass 1,30 Kg/pc  Material sample
Brick mass 73,45 Kg/m2  Calculation
Cement-sand mortar 1.800 Kg/m3  QCVN 09:2017/BXD
Mortar mass 58,27 Kg/m2  Calculation
Cement plaster 1.600 Kg/m3  QCVN 09:2017/BXD
Exterior plaster 56 Kg/m2  Calculation
Interior plaster 24 Kg/m2  Calculation
Mass plaster 80 Kg/m2  Calculation
Total wall weight 211,72 Kg/m2 | Sum of calculation
Brick volume 0.06763 m3 Calculation
Mortar volume 0.03237 m3 Calculation
Gross masonry volume 0.10000 m3 Calculation
Brick volume fraction 0.6763 - Calculation
Mortar volume fraction 0.3237 - Calculation
Thermal condition
Plaster conductivity 0.93 W/mK  QCVN 09:2017/BXD
Mortar conductivity 0.93 W/mK  QCVN 09:2017/BXD
Brick conductivity 0.52 W/mK  QCVN 09:2017/BXD
Int. surface resistance Rs; 0.13 - EN ISO 6946:2007
Ext. surface resistance Rse 0.04 - EN ISO 6946:2007
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Item Parameters Unit Source
Thermal R-Value 0.3769 m2K/W  EN ISO 6946:2007
Thermal U-Value 2.65 W/m2K EN ISO 6946:2007
Prices (dry mix) Quantity Unit m?2 Unit m?2
(m2 (VND) (VND) (USD) (USD)
Bricks (Pos.12) 56,50 3.500 197.750 0,41 7,91
Brick mortar (25kg/bag) 2,33 22.500 52.425 0,90 2,10
Exterior plaster (25kg/bag) 2,24 350.000 784.000 14,00 31,96
Interior plaster (25kg/bag) 0,96 500.000 480.000 20,00 19,20
Water (Liter) 20,00 10,00 200,00 0,00 0,01
d 1.514.375 US$ 61,17
Construction time ‘(I:’r::; C(::ii:)g
Masonry (brick laying) 80 200
Plaster (in 2 layers) 120 300

4.3.5 Construction Framework

Concrete, particularly reinforced concrete, remains one of the principal building
materials in contemporary construction. As the primary structural system for many
high-rise buildings worldwide, concrete frameworks form the fundamental load-
bearing skeleton. By providing substantial usable space on a relatively small footprint,
high-rise buildings accommodate diverse urban functions. In city centers where land
prices are high, vertical development becomes the logical approach, with maximum
height limited primarily by factors such as airport flight paths, as seen in several cities
of the Global South.

The construction industry is responsible for approximately 40 % of global CO,
emissions, with Portland cement and concrete production being major contributors
(Scrivener et al., 2018). The largest concentration of current megacities lies between
latitudes 30° N and 30° S, with future growth expected to cluster particularly in the
Middle East and Southeast Asia’8.19.

(18.12.2024)

(12.08.2024)


https://www.oxfordeconomics.com/resource/rise-of-new-megacities-will-drive-global-urban-growth/
https://www.oxfordeconomics.com/resource/rise-of-new-megacities-will-drive-global-urban-growth/
https://www.oxfordeconomics.com/resource/rise-of-new-megacities-will-drive-global-urban-growth/
https://population.un.org/wup/maps?tab=Percentage%20Urban%20by%20Size%20Class&year=2030
https://population.un.org/wup/maps?tab=Percentage%20Urban%20by%20Size%20Class&year=2030
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Table 4.4: Tonkin 2 Construction Framework Elements

Volume Weight CO,e/m3 CO.e/m3
Construction Elements ~ concrete concrete Manu Trans
(m3) (t) (t) (t)

Downstand beam

290x300 mm (outside) 799,457 1.918,697 334,173 7,675
Downstand beam

290x200 mm 461,936 1.108,646 193,089 4,435
(inside)
Core 3.24 m

(without 160 mm slab) 1.009,584 2.423,002 422,006 9,692
Core 5.34 m

(without 160 mm slab) 43,788 105,091 18,303 0,420
Slab

7.678,445 18.428,268 3.209,590 73,713

(thickness 160 mm)

Columns 2.950 m
floors 2-38 5.507,709 13.218,502 2.302,222 52,874
(50 pcs/floor)

Columns 5.050 m
floor 1 254,823 611,575 106,516 2,446
(50 pcs/floor)

Total | 15.755,742 37.813,781 6.585,900 151,255

Cradle-to-gate CO,e/m3 6.737,155

In Vietham, rapid urbanisation and large-scale infrastructure development have driven
a sustained increase in demand for concrete. These conditions highlight the
importance of identifying optimisation potential within the structural design of the
Tonkin 2 residential tower. The project employs a reinforced concrete frame with
down-stand beams, a prototypical design approach currently used by Vinhomes in
many large-scale developments across the country.

The scalability of the findings is a priority, alongside improving material efficiency,
reducing CO, emissions (Cheng et al., 2023), and enhancing construction quality.
Emerging techniques such as modular and prefabricated construction, optimised
concrete spacers, and the integration of cross-laminated timber (CLT) elements
present opportunities to reduce material consumption, improve structural
performance, expand usable floor area, and open new market applications. This study
focuses specifically on the floor slabs of the Tonkin 2 construction framework (CF)
above ground, as they present tangible potential for material savings. Table 4.4
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summarises the overall assumptions for the building’s total concrete volume and CO2
emissions.

Manufacturing emissions were evaluated by the equation down below:

3 t CO,e
Emfg (t COze) = V(m ) X 0.35 —
1’113
\% = concrete volume in m3

0,418 = emission factor conventional concrete (Gomes et al., 2019) CO,e/m3

The calculation for transport emissions per cubic meter is based on the truck's
payload and the emission factor. A standard truck with a volume of 10 m?® has a
payload of approximately 24 tonnes. This results in a material density of 2.4 t/ms.
Using a well-to-wheel emission factor of 80 g CO,e per tonne-km, the specific
emission per cubic meter of transported material can be calculated:

The density of 2.4 t/m3 is multiplied by the emission factor (2.4 t/m3 x 80 g CO,e/
[t-km]), which yields a value of 192 g CO,e per m3-km. This means that for every cubic
meter of material transported for one Kilometer, 192 grams of CO, equivalent are
emitted.

E, (kg CO,em™) = 0.08 p,.,. (t m™>)d,, (km)

Peonc = 2.400kg/m? (2.4t/m?)

d, =50km — ~9.6 kg/m?3 (0.0096 t/m3) (average laden)20
The equation with parameters and units included used:
Eyga (t COe) =V (m?®) x (0.418 4+ 0.0096) (t m™)

The integration of Supplementary Cementitious Materials (SCMs21), such as fly ash
and slag, has become a central focus of scientific and industrial efforts to provide the
cement sector with economically viable solutions for reducing its carbon footprint
while simultaneously enhancing the performance and durability of concrete. These

20 Emissions for vehicles and goods:
(12.08.2025)

21 Supplementary Cementitious Materials (CMS):
(12.08.2025)


https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2023
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2023
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2023
https://jst-ud.vn/jst-ud/article/download/8762/6058/18817
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materials contribute to the long-term strength development of the cementitious matrix
through pozzolanic and/or hydraulic reactions, as substantiated by extensive research
(Scrivener et al., 2018; Azad et al., 2021). The resulting refined microstructure is crucial
for significantly reducing permeability, thereby improving durability and resistance to
aggressive agents like chlorides and sulphates. Furthermore, SCMs enhance the
workability of fresh concrete, which facilitates placement and pumping. A key
advantage is also the reduction of the heat of hydration, which inhibits the risk of
thermal cracking in large-scale structural elements. This approach, to a certain extent,
mirrors the principal method of opus caementicium (Roman concrete), which utilised
naturally occurring volcanic ash as a pozzolan rather than industrial byproducts.

4.3.6 Virtual Modeling as Instrument

The application of virtual models constituted an essential methodological component
of the SUA project and of this study. The objective was both to enhance the
understanding of the investigated buildings and to establish a basis for partial
evaluation besides embedding information of the virtual model into the project
website.

The starting point consisted of the available as-built documentation, which in the case
of the Tonkin 2 tower and TestBeds 01, 02, and 06 proved to be incomplete,
erroneous, or entirely absent. While the plans for Tonkin 2 and TestBed 2 did not
reflect the realised “as-built” condition, no documentation was available for TestBeds
01 and 06. In all cases, supplementary field surveys, sketches, and control
measurements were required to verify missing or inaccurate information and to
generate digital models. In this way, a data foundation was established that
adequately represented the actual built condition for investigations.

The CAD modeling was carried out in ArchiCAD. The three-dimensional building
models enabled precise visualisation of spatial relationships and technical interfaces.
Furthermore, during the transfer of two-dimensional black white plans into a 3D
context, planning inconsistencies such as axis offsets or unclear shaft positions could
already be identified. Communication with local partners, however, proved
problematic, as technical queries were not addressed directly but channelled through
intermediaries or left unanswered.

The models developed in this study are best classified as digital shadows:
retrospective, one-directional reconstructions of built conditions. By contrast, digital
twins are conceived from the outset as bi-directional, data-driven environments
supporting real-time planning and implementation. Within the SUA project, digital
shadows were applied as analytical tools, supplemented by virtual modeling for
communication and scenario testing. Although these do not provide complete
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Figure 4.7: Augmented Reality (AR) and Virtual Reality (VR) Visualisation Process

documentation, they proved sufficient for the purposes of simulation and visualisation
in a research context. The models were exported to BIMx for use in interactive
presentations during technical meetings and interdisciplinary communication. In
addition, models were transferred to Twinmotion to generate immersive virtual reality
(VR) scenarios. Within the SUA research team, further attempts were made to embed
the models in a GIS environment using Unreal Engine and to link them with real-time
data. This approach, however, failed due to software compatibility issues and data
restrictions spanning two countries and third parties.

In parallel, experimental efforts were undertaken to integrate real-time climate data
into the ArchiCAD models and to make these outputs visible via BIMx on the project
website. The website itself was developed in Sparkle, which enabled the embedding
of the models through an HTML widget, allowing external users to access the virtual
environments. In the longer term, the intention was to develop a web-based
dashboard displaying the test fields and buildings in real time. However, this
implementation encountered significant challenges concerning interface
interoperability, server-side data management, and compliance with data protection
requirements. These experiences made clear at an early stage that both the
construction industry and academia currently exploit the potential of BIM for
simulation and adaptive scenario development only to a limited extent. Nevertheless,
the creation and application of Digital Shadows within the SUA project demonstrate
that even on this basic level a significant gain in knowledge can be achieved with
regard to construction comprehension, communication, and research. Figure 4.7
illustrates the process flows of model visualisation. The upper sequence represents
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Augmented Reality (AR): starting from the ArchiCAD model, the data are exported in
BIMx format. Following storage in the BIMx Model Transfer Cloud, a hyperlink is
generated and integrated into the HTML widget of the website builder. This procedure
enables the online visualisation of the three-dimensional model including all AR
functionalities. Hosting via the cloud environment ensures access across digital
devices. A comparable sequence applies to Virtual Reality (VR): starting from the BIM
model, a VR model is developed and exported via DirectLink. In this workflow, no
inconsistencies were observed; realistic effects were specifically prepared for
immersive presentation with a 3D headset. For scaling and the integration of real-time
data, however, the VR model had to be transferred to Unreal Engine in .datasmith
format, as a direct export from TwinMotion was not possible. From there, GIS
functions could be incorporated. The LoRaWAN data of Tonkin 2 were linked to the
building model via .csv format and prepared for display through the VR headset.

4.4 Field Study of Green System and Sensor Network

4.4.1 Planting Concept and Spatial Organisation

The roof area at case study TB2, totalling 103 m?, is fully exposes to solar radiation
and covered by red terracotta tiles with dimensions of 30 x 30 cm and a thickness of 4
cm, featuring a joint width of 1.5 cm. The perimeter parapet wall is rendered with
cement plaster and finished in white paint. A freestanding metal structure with green-
coated corrugated sheet metal provides cover for laundry facilities, natural laundry
drying and protects the skylight for the daylight and ventilation shaft, which vertically
connects the floors from the lobby in 1st floor and ensures natural air exchange.
Rainwater drainage, consisting of DN 90 mm piping, is facilitated by 1% slope of the
flat roof towards East and West to a ground-level gutter located at the edge of the
flooring, leading to floor drains and downpipes. Wastewater from washing machines is
also discharged into these floor drains. According to the existing technical plans, the
rainwater and wastewater lines are designed as separate systems. However, on-site
investigations and construction measures revealed this to be incorrect; the rainwater
pipe is connected to the grey water line in the basement area. Due to the structural
freedom on the roof, the following arrangement could be implemented on the roof and
facade:

The utilisation of native plant species is crucial for the sustainable implementation of
greening, as they exhibit superior adaptation to tropical climate conditions compared
to exotic succulents (Klein and Coffman, 2015). Following detailed prior planning, the
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Figure 4.8: Configuration of the Plant Containers A + B

facade and intensive roof greening were coordinated and implemented in July 2024.
Standard commercially available plastic containers with edge lengths of 780 x 500 x
430 mm and two distinct plant combinations (A and B) were employed to allow for a
flexible alternation of the roof greening arrangement. The greening system was
designed to be reversible, in the event that the property owner decides on dismantling
after the research project's completion. The containers of Group A consist of four
native evergreen plant species:

Butterfly palm, Dypsis lutescens (canopy layer), heights of 2,0 - 2,5 m,
Common fern, Nephrolepsis exaltata (bush layer), heights of 0,5 m,
Blood clamshell, Tradescantia spathacea (shrub layer), heights of 0,2 m,

Spider plant, Chlorophytum comosum (shrub layer), heights of 0,15 m.

Containers of Group B contained the same plant species as Group A, with the
exception of Dypsis lutescens (Figure 4.8). The containers were arranged in an
alternating A, B, A, B, etc. sequence to provide sufficient space for plant growth. Sets
of six and eight plant containers, respectively, were secured with tension straps (width
=5 cm) to withstand wind loads. All containers were elevated by 5 cm using bricks to
avoid direct contact with the underlying surface. Each container base was equipped
with eight drainage holes (d = 18 mm) and lightly covered with a fleece to ensure
adequate water runoff and prevent substrate loss. All containers were filled with a
homogenous mixture consisting of topsoil, rice husk compost, and humic substances
(organic matter) as a 200 mm substrate layer (Layer 1), underlain by a 100 mm coal
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slag drainage layer (Layer 2). The planting process was completed within two working
days. The uppermost substrate layer was intentionally mounded to create a convex
surface with a central elevation of at least 5-10 cm. This configuration aims to
enhance solar irradiance exposure for the lower-lying plants. Simultaneously, the
anticipated settling of the substrate over time will necessitate subsequent infilling,
allowing for a more predictable maintenance schedule for substrate replenishment.
The facade greening was concentrated on the parapet wall of the south-facing and the
exposed west-facing sides, which experience the highest solar radiation incidence
during the day. Both sides were equipped with 27 smaller containers (C), with edge
dimensions of 420 x 300 x 240 mm, arranged in three individual installations
positioned on a cantilevered and white-painted metal structure mounted above the
balustrade. Each container (C) was planted with two cascading Vernonia elliptica
(Asterales: Vernonia (Cuc Tan An Do)) specimens, forming a natural curtain at a
spacing of a = 800 mm in front of the facade. According to the existing structural
design specifications, the maximum required load on balconies, roofs, and loggias is a
maximum of 250 kg per square meter. The weights of containers A, B, and C are as
follows:

plant container A containing butterfly palm, 90 kg
plant container B containing without butterfly palm, 85 kg
plant container C containing Cuc Tan An Do, 15 kg

For the implemented greening System eighty blue plastic container were placed and
labeled as Acon and Bcon . In addition to that 27 transparent plastic containers labeled
Ccon Were used (Appendix C). Vertical forces on the roof are distributed as area loads
while vertical forces through the parapet are calculated as line loads:

Acon  40pcs * 90 kg = 3.600 kg = 3,60 metrische Tonnen (t)
Beon  40pcs * 85 kg = 3.400 kg = 3,40 metrische Tonnen (t)
Coon  27pcs * 15 kg = 405 kg = 0,405 metrische Tonnen (t)

Rainfall and irrigation can be accounted for by a 3% weight increase for containers

Acon and Bcon, and 8% for container Ceon.

Acon  (x = (40*90kg) * 3%) = 3.708 kg = (3,71 1)
Beon  (x = (40 *85kg) * 3%) = 3.502 kg = (3,50 t)
Ccon (x = (27 * 15kg) * 8%) = 437 kg = (0,437 t)
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Area loads (kg/m?) accounted for container A and B including rainfall and irrigation:

A (x =80*(0,78m *0,50m)) = 31,2 m2

Wi (x =3.708kg + 3.502kg) = 7.210 kg = (7,21 1)
_ 7.210kg

2 = 31,2m?

) = 231,09 kg/m?

Line loads (kg/Im) for plant container C including rainfall and irrigation:

Ai (x =27%(0,42m *0,30m)) = 3,4 m2

Lm  (x = 4,840Im + 2,60im + 3,60lm) = 11,04 Im
437kg

= ——) = 39,58 kg/I
N T g/im

Occupation by greening (without shading):
Y =312m%+3.4m? = 34.6 m?

In addition to the mentioned tension straps used for weight bundling and securing
multiple containers, a supplementary structure based on standard commercially
available bamboo poles was installed at a height of 400 - 500 mm above ground level
and firmly connected to the containers. This measure was implemented to ensure
safety and stability against local wind loads. The functionality of this reinforcement
was demonstrated on September 7, 2024, when the historic Typhoon Yagi severely
impacted Hanoi. The roof greening system withstood the wind loads, and the damage
remained at a minimal level.

4.4.2 Miyawaki Method as Greening System

The Japanese botanist Akira Miyawaki (1928-2021) developed a methodology in the
1980s and 1990s of the preceding century to denaturalise forest areas and temporarily
enhance urban brownfields, applying his "native forest by native trees" method
(Miyawaki, 1998 & 1999; Kavana, 2023). Projects of this nature, also referred to as
"Biofencing" (Kumar et al., 2023) in the context of greenbelts placed as buffers in
transition to urban infrastructure, have been implemented on brownfields in Japan,
South America, Malaysia, and Europe (Kavana, 2023). The core principle involves
utilising a high diversity of native tree species per square meter to establish a natural
environment conducive to plant growth. Following soil enrichment measures,
specifically the incorporation of organic manures and soil loosening, 3-5 seedlings up
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to a size of 1.2 m are planted as bare-root stock per square meter and subsequently
covered with straw to regulate soil moisture retention. The saplings are managed for
the initial two to three years against weeds to facilitate autonomous development
thereafter. Ensuring forest autonomy by irrigating regularly, depending on climate and
season, until the forest becomes self-sustaining without any need for pesticides or
further intervention. The advantages of random seed distribution to mimic natural
forest complexity and promote vigorous growth in this method promotes dense
growth akin to natural forests, fosters the soil ecosystem, and creates refuge and
breeding sites for birds and small animals. While the rapidly growing forest positively
influences human health and furthermore contributes to the mitigation of air pollution
in densely populated megacities of the Global South (Singh et al., 2019).

Therefore the roof greening on TestBed 1 and 2, this methodology was adopted and
adapted in several respects to suit the specific conditions of the buildings first time in
Vietnam. To obtain relevant microclimatic data, the high species diversity was reduced
to establish comparable baseline assumptions. Consequently, five native plant species
were selected and implemented in a grid pattern as detailed in Chapter 4.4.1. In
addition to butterflies, local bird species were observed approaching the roof forests
on TestBed 1 and 2. After eight months, a nesting site by a pair of birds in the
branches of a palm tree in TestBed 2 provides empirical evidence supporting our
hypothesis regarding the enhancement of local fauna. In summary a total of 734
individual plants were placed in the roof greening system.

4.4.3 Irrigation System

Irrigation was automated through a system that harvesting rainwater, grey and black
water coupled with a Wilo pump and Abionik water filter unit, enabling continuous
operation under local conditions (Figure 4.9) to measure the water flow via a water
meter and corresponding valves (1, 2, 3). The pipes consist of standard commercially
available PVC pipes (d = 24 mm) of a length over 50 m and flexible hoses (d = 10 mm)
in length of 20 cm at the end of each PVC pipe. Water is delivered to the plants of
plant container A and B via combination nozzles designed for both drip irrigation and
fogging. Especially the Butterly palm requires nebular cooling in the area of the shaft
to avoid overheating. Hanging plants in the plant container C are exclusively supplied
through drip irrigation nozzles at the end of a flexible rubber hose. Automatic irrigation
was scheduled to operate at 8:00 AM and 8:00 PM daily, with a water volume of 125
liters per three-minute cycle. This cycle is adjusted seasonally.

The irrigation system implemented at TestBed 02 represents a significant advancement
over the configuration used at TestBed 01. At this second installation site, upgraded
outlet nozzles were deployed that allow for both targeted drip irrigation and fine mist
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Figure 4.9: Irrigation System applied at TestBed 2

spraying Provided that sufficient water pressure is maintained, each nozzle can be
manually and individually adjusted to the specific requirements of its associated
planting container using a threaded flow control mechanism. The only notable
limitation of this system lies in its operational reliability, which necessitates a higher
degree of on site maintenance due its prototype configuration. In response to this, the
irrigation infrastructure was comprehensively overhauled: the tank-based supply line
was reconnected to the treated water (filirate) supply line, and the system was
reconfigured to reflect the current operating conditions after approximately ten months
of use. The resulting increase in water pressure has improved the precision with which
each nozzle can be calibrated. These iterative refinements contribute to valuable
insights into system optimization under real-world conditions. Furthermore, TestBed 02
serves as a “proof of concept” for the mobile planting system developed in
accordance with the Miyawaki afforestation method.

4.4.4 Maintenance Measures and Protective Structures

As a root supplement, the Japanese fertiliser HB-101 was applied at a dilution of 1:10
(v/v) to promote root development in Dypsis lutescens. This measure was necessary
given the severe root pruning undertaken prior to delivery, which increased
vulnerability to wind-induced uprooting. A temporary wind-bracing system
constructed from bamboo poles (20-30 mm diameter) provided additional support
during establishment for palms with flexible, arching fronds.

During installation of the greening structures and anchorage elements, three types of
fasteners were used: metal wire (0,5 mm, no coating), nylon cable ties (black and
white), and flax twine (most natural). Under local climatic exposure, the metal wire
exhibited early surface corrosion; black cable ties degraded rapidly, whereas white ties
showed slightly longer service life. Flax twine performed best operationally: it tightens
under rain and high humidity and tolerated wind loading effectively. Annual replace-
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Table 4.5: Plants and Replacement

Type Quantity A+B Quantity C Lost Replacement
Butterfly palm, 40 0 0 .
Dypsis lutescens
Common fern,
Nephrolepsis exaltata 200 0 5 0
Blood clamshell,
Tradescantia spathacea 120 0 10 8
Spider plant,
Chlorophytum 320 0 37 37
comosum
Hanging plan't, 0 50 . ;
Asterales vernonia
SUM 680 50 49 45
Total 730

ment of flax twine is recommended, while some cable ties required replacement after
only weeks to months. Corrosion of the metal wire did not immediately compromise
load-bearing capacity but accelerated under elevated air-pollutant levels typical for
Hanoi; material specification should therefore be clarified (e.g., uncoated vs
galvanised).

During the acclimatisation phase of the two green roofs on TestBed 1 and 2, the
disposal of dry leaves and branches from the palms was significantly more frequent.
This rate decreased considerably during the establishment phase, albeit with some
dependence on the specific location. In addition to TestBed 1, a significantly delayed
establishment and acclimatisation phase was observed in TestBed 2, attributable to
the exposed location of the roof. This exposure resulted in intensified wind currents
and stagnation zones, leading to the formation of heat pockets that induced stress in
the plants. The displacement of these heat pockets across the roof further contributed
to delays in establishment (Schaefer et al., 2025). These stress factors prolonged the
recovery period, necessitating more intensive initial maintenance until the plants had
sufficiently recovered to allow for a normalisation of care requirements. Furthermore
and in contrast to TestBed 1, TestBed 2 experienced a snail infestation in containers A
and B during the acclimatisation phase. The garden snail caused losses in the topsoil
and shrub layer affecting plants of the genera Tradescantia spathacea and
Chlorophytum comosum. The juvenile plants were irretrievably lost over a period of the
first four to six weeks in five affected plant containers. During a subsequent site visit to
TestBed 2 in early October 2024, the hollow snail shell was discovered. Following an
inspection of the plant stock in late 2024 and early 2025, offshoots of the plants in
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TestBed 1 were collected and replanted in TestBed 2 (Table 4.5). Species dynamics
diverged between sites. On TestBed 1, Chlorophytum comosum declined while
Tradescantia spathacea thrived under the prevailing light regime. Conversely, on
TestBed 2, the reduced vertical growth of Dypsis lutescens increased shading within
the shrub and ground-cover layers, favoring Chlorophytum comosum, which partially
to fully displaced the neighbouring Tradescantia spathacea, consistent with its higher
shade tolerance. These observations during installation inform material selection
(fastener specification), replacement intervals, and early-phase maintenance
scheduling for rooftop greening in subtropical urban climates, and they underscore the
role of micro-site wind and heat patterns in establishment success.

4.4.5 Sensor Network and Visual Monitoring

For comprehensive environmental monitoring at TestBed 02, a network of
meteorological sensors was deployed at six rooftop locations, as illustrated in Figure
4.10. These were organised into four primary measurement axes, each for specific
observational purposes:

A. Vertical Axis 1:
One wireless DAVIS Vantage Pro222 weather station, solar-powered and mounted
on a galvanised steel pole (5.0 m height, 48 mm diameter), fixed with four
hexagonal bolts to the southern rooftop fagcade. Beneath the station a DAVIS
EnviroMonitor Gateway?23 collects sensor data and transmits it to the DAVIS Cloud.

B. Vertical Axis 2:
Two DAVIS Nodes equipped with sensors for surface temperature, leaf wetness,
soil moisture, air temperature, and relative humidity.

C. Horizontal Control Axis — South (800 mm distance):
Three Nodes gather data through sensors for air temperature and relative humidity;
additional sensors monitor wall surface temperature.

D. Horizontal Axis — South (800 mm distance):
Air temperature, relative humidity, and facade surface temperature sensors.

E. Horizontal Control Axis — West (250 mm distance):
three Nodes gather data through sensors for air temperature and relative humidity.
additional sensors monitor wall surface temperature.

F. Horizontal Axis — West (250 mm distance):

22
(06.05.2024)

23 (06.05 2024)


https://www.davisinstruments.com/collections/vantage-pro2/products/wireless-vantage-pro2-plus-iss-with-24-hr-fan-aspirated-rad-shield
https://www.davisinstruments.com/collections/vantage-pro2/products/wireless-vantage-pro2-plus-iss-with-24-hr-fan-aspirated-rad-shield
https://www.davisinstruments.com/collections/vantage-pro2/products/wireless-vantage-pro2-plus-iss-with-24-hr-fan-aspirated-rad-shield
https://www.davisinstruments.com/products/enviromonitor-gateway
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Air temperature, relative humidity, and facade surface temperature sensors.

Horizontal sensor axes were mounted on custom-fabricated steel brackets painted
white to reduce heat absorption and thereby minimise potential interference with data
readings. Each bracket was fixed to the facade using four hexagonal bolts and local
available dowels, while temperature sensors were attached with galvanised screws or
just laid into prepared holes. Cabling was arranged with cable ties and fastening wire
to ensure stability and minimise disturbance. Sensor nodes were placed on steel poles
(1.5 - 2.0 m in height), anchored either to the parapet or within planting containers to
withstand wind loads using rubber straps. Each node supports up to four sensor
inputs, allowing flexible integration of monitoring devices. This modular configuration
facilitated the targeted placement of sensors on south- and west-facing facades,
prioritised due to their higher solar exposure. In addition, a vertical sensor rod
embedded within the rooftop vegetation enabled comparative analysis of thermal
dynamics between the green roof and exposed surfaces.

To complement the environmental sensor data with visual observation, a remote-
controlled IMOU Cruiser SE 2MP loT24 surveillance camera was installed beneath the
meteorological weather station with a 64GB MicroSD card. This component provides
real-time image-based monitoring of rooftop vegetation and infrastructure.

Key specifications and integration aspects:

o  Camera Type: IMOU Cruiser SE 2MP (Model: IPC-S6DP-3MOWE)

o Resolution: 2.0 megapixels (1920 x 1080), full HD streaming

o Lens & Field of View: 3.6 mm fixed lens with 93° diagonal viewing angle

« Rotation Functionality: 355° horizontal pan / 90° vertical tilt

« Night Vision: IR and spotlight-based enhanced night mode, up to 30m range

o  Connectivity: Wi-Fi (2.4 GHz) with RJ45 port for wired LAN

»  Storage Options: MicroSD card and IMOU Cloud

o  Weather Resistance: IP66-certified waterproof and dust proof housing

o Power Supply: 12V DC input, surge protection integrated

o  Software Interface: IMOU Life App (iOS/Android) for remote live viewing, PTZ
control, screenshots, and event recording

« Mounting: Fixed below the DAVIS pole mast using a stainless-steel mounting
bracket with vibration dampers

24 (28.07.2024)


https://www.imou.com/en/product/detail/cruiser-se-plus
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Figure 4.10: Sensor Placement on TB2

Planning and conceptual development of TestBed 02 were conducted in Germany,
following the precedent set by TestBed 01. Initial coordination with the building owner
was facilitated through private channels. Preliminary sketches were used to
communicate the project concept and secure consent. This enabled an integrated
planning approach, incorporating all methodological insights and objectives derived
from previous project phases. The sensor network could set into place within five
working days.

4.4.6 Economics of the Greening System

As part of supervising a Master’s thesis on the economic feasibility and maintenance
of building greening through roof and facade systems at TestBed 2, two on-site
inspections were conducted. Shortly after completion of the greening works, water
meter readings and irrigation valve data were recorded twice daily. At the same time,
all relevant cost components for materials, plants, and installation were cross-
checked.

The thesis was structured around a life cycle perspective, with emphasis on both Life
Cycle Assessment (LCA) and Life Cycle Costing (LCC). The LCC framework included
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four principal categories:

1. Initial Costs — comprising planning, materials, plants, logistics, and installation
of the irrigation system.

2. Operating Costs — covering water consumption, routine plant care, and
cleaning.

3. Maintenance Costs - including upkeep of the irrigation system and roof
structure.

4. Disposal Costs — considering the eventual dismantling and removal of the
greening system.

Each cost category was projected over a 50-year period to ensure comparability with
established building life cycle frameworks. The approach thus combined quantitative
monitoring data (e.g., water consumption) with cost modeling for recurring and long-
term impacts. To extend the findings beyond the scale of TestBed 2, the results were
extrapolated to the Tonkin 2 residential tower, allowing the cost framework to be
applied to a high-rise case scenario. This scaling process provided insights into the
economic implications of facade and roof greening in dense urban contexts,
highlighting both the potential and the challenges of transferring experimental results
into large-scale residential construction.

4.5 Field Study Water Infrastructure

4.5.1 On-Site Conditions

The basement accommodates the WA-MBR-TB225 water filtration system, installed
by the project partner WILO Abionik, alongside its secondary function as a motorcycle
parking area. The L-shaped floor plan (Appendix B.2) allowed placement of the
filtration system along the access ramp, covering a footprint of approximately 10.5 m2.
The ramp, with a slope of 35%, provides the only access from the rear alley and also
serves as the direct fire exit. Natural ventilation is ensured year-round through the
open ramp and a metal-framed entrance gate at the property boundary, securing
adequate air circulation within the space. The system layout was designed to
compactly accommodate all critical components while ensuring compliance with
requirements for ventilation, maintenance access, and escape-route clearance. The
location offers short, direct connections to the building’s pipe infrastructure and meets
essential spatial and safety standards. Four separate greywater and blackwater lines
(DN 90/110) connect to the filtration system. Adjacent to the filtration unit is the control
panel for the building’s fire suppression system, also operating on a 400 V power
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supply. The main electricity meter is located on the second-floor stairwell landing,
serving as the principal access point for the filtration unit’s power demand. Additional
basement features include a lockable storage room and access to the service-water
cistern (freshwater intake). Two booster pumps for fire protection are mounted on a
raised concrete platform, while the delivery pump conveys treated water to two
rooftop storage tanks (2 m3 each) at a height of +25.00 m. The basement walls are
plastered and painted white; the floor is finished with 600 x 600 mm ceramic tiles. A
drainage gutter - made of cast iron - is positioned at the ramp transition, functioning
both as a rainwater collector and as an overflow outlet for the filtration system. The
ramp surface consists of grooved concrete to improve traction.

The basement clear ceiling height is 2.35 m, with reduced clearance of 2.05 m
beneath beams. The lowest passage height of 1.94 m at the ramp-beam transition
influenced the logistical planning and dictated the maximum installation height of
system components. The lowest section of the water-bearing pipe system is
positioned at 1.90 m above finished floor level. These construction parameters were
decisive for the spatial calibration of the unit during the preliminary design phase.
According to as-built drawings, the ceramic floor has a specified load-bearing
capacity of 750 kg/m2. The building contains 24 rental units with an estimated daily
occupancy of up to 50 persons. Peak sanitary demand occurs between 08:00 - 10:00
and 19:00 - 21:00, when elevated water consumption is expected. In addition, rooftop
laundry facilities with multiple washing machines operate throughout the day, each
consuming an average of 40-60 L per washing cycle. Current per capita water
consumption in Viethnam averages between 120 and 150 liters per day, depending on
regional and urban conditions (Otaki et al., 2013; DAWACO, 2023). Based on these
benchmarks and internal estimations, the total daily consumption for the building is
approximated at 6,500 liters (6.5 m3). Accordingly, the filtration system was
dimensioned to meet this demand, with a standard processing capacity of 5 - 7 m3 per
day, providing a sufficient margin under peak usage conditions.

4.5.2 Waste Water Treatment Plant (WWTP)

In collaboration with the project partner and technical manufacturer WILO and its
subsidiary Abionik GmBH, the manufacture’s smallest unit membrane bioreactor
(MBR) BMA-107525 - later renamed and commissioned as WA-MBR-TB225 waste
water treatment plant (WWTP) was developed based on the technical pre-planning of
the research building. The unit is capable of process the wastewater generated by up
to 50 people. Abionik, acting on behalf of its parent company WILO, specialises in the

25 (06.09.2024)


https://abionik.com/en/products/wastewater-treatment/mbr-package-plants
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Figure 4.11: Water Cycle within TB2

production of membrane-based water treatment systems for inland and maritime
applications. These systems are designed to treat wastewater for user groups ranging
from 50 to 5,000 individuals. Within the scope of this research project, the WA-MBR-
TB225 WWTP was implemented for the first time in Vietham in a fixed building
context. Initial challenges arose due to the fundamental differences between marine
and building technology requirements. These discrepancies were addressed and
resolved during the project planning phase.

To guide the conceptual development, a visual systems model (Figure 4.11) was
created to explain the water cycle or water loop to the local participants and owner
family to explain resource saving technology. This diagram defined the overall
framework of the water cycle, as well as the associated functions and performance
expectations of the filtration system. Based on this framework, the system design and
implementation were coordinated closely with the building owner and the responsible
engineering consultants and with support of local labors.

The technical configuration of the WA-MBR-TB225 consists of seven core
components that together enable a closed-loop water cycle and efficient irrigation of
the rooftop and fagcade greenery:

a) Mix tank
b) Screening
c) Denitrification reactor

d

—~ o~ o~ o~

)
)

Nitrification reactor
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(e) Filtrate tank
() Exhaust
(9) Wilo Pump (Medana smart pump)

Each component is constructed from corrosion- and chemical-resistant materials,
detailed as follows:

(@) Mix tank High-density polyethylene (HDPE)
(b) Screening Stainless steel

(c) Denitrification reactor Polypropylene (PP)

(d) Nitrification reactor Stainless steel

(e) Filtrate tank High-density polyethylene (HDPE)
() Exhaust pipe Polypropylene (PP)

(9) Wilo Pump Die-cast aluminum

The standardised process flow of membrane-based wastewater treatment, as defined
in the piping and instrumentation diagram, is also visualised via the local system
display in the building’s basement. Due to the structural constraints at the installation
site, several adaptations were necessary. These modifications included a
reconfiguration of the module layout and the directional flow path (Figure 4.12),
without altering the underlying process sequence. The adjustments were limited to the
length and routing of interconnecting pipelines. Connection points on the top of tanks
(@), (c), (d), and (e) are equipped with standard sockets for PVC piping (DN 90/110),
securely linking the modules and guiding the flow toward the downstream activated
carbon filter. Overflow ports on tanks (a), (b), and (e) prevent unintended spillage. The
filtrate water later is guided to the smart pump from Wilo that supplies the irrigation
system on the roof.

Figure 4.12 (c) sketches the power supply provided via a five-core heavy-duty cable
(400 V, 5 x 4.0mm?), extending 25 meters from the main distribution board located on
the second floor to the basement socket. A 400V CEE industrial socket ensures the
secure connection to the filter unit WA-MBR-TB225. While four-core cabling with
combined neutral and protective conductors (N/PE) is standard in Vietnam, the
German-supplied five-core cable (L1, L2, L3, N, PE) was compatible without requiring
bridge connections. This is due to the national utility provider EVN (Energy Vietnam)
already supplying five-core cables to buildings, where the connection between N and
PE is made in the main panel. In addition to that, the WA-MBR-TB225 is therefore
directly integrated into the building’s electrical system. Power consumption is
monitored via a separate digital meter, allowing precise tracking. For safety reasons,
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the 32 A/ 400V CEE socket was mounted on a ceiling beam, above head height, to
avoid potential hazards associated with flooding or water overflows. The activated
carbon filter is positioned outside the building near the ramp access. In order to
visually harmonise with the architectural setting, the associated piping was
retroactively painted white.

Commissioning Process and Water Treatment:

The wastewater treatment plant (WWTP) WA-MBR-TB225 is designed for the
treatment of grey water, laundry water, black water and kitchen wastewater from the
apartments, as well as rainwater collected from the balcony and roof drainage
downpipes. In accordance with DIN 4045, all influent is initially stored in a mixing and
equalisation tank (mix tank) to balance flow and pollutant load. From there, it is
transferred to the treatment system via a submersible transfer pump in compliance
with DIN EN ISO 5199 a technical norm for centrifugal pumps. The treatment process
consists of three principal stages, as defined in DIN EN 122552¢:

1. Mechanical separation (DIN EN 12255-3),
2. Biological treatment (DIN EN 12255-6), and
3. Membrane filtration (DIN EN 12255-16),

To initiate the three treatment stages, it is recommended that the system be seeded
with aerobic activated sludge (Bun thai) to establish bacterial cultures in both the
denitrification and nitrification tanks. This promotes effective biological activity,
enabling the wastewater to be treated and reused as non-potable service water for
irrigation purposes. Implementing this measure proved challenging at the local site.
Instead, sugar and effective microorganisms (EM) were introduced as alternative
inoculants. Trials using both approaches revealed that bacteria—particularly those
thriving on black water—were difficult to cultivate due to significant differences in
wastewater composition compared with Western systems.

The filtration circuit operates autonomously, with electronic control and a predefined
internal piping layout. Consumption values are displayed on the control panel, while
energy use is recorded manually from the digital power meter on a weekly basis,
though not always consistently.

Ball joints are installed on the four main wastewater pipes, allowing for positional
adjustment and enabling the system to be disconnected from the filtration unit and
later reconnected to its original configuration if required for maintenance or operational

26
(11.07.2025)


https://www.baunormenlexikon.de/norm/din-en-12255-3/9aae0c07-0af0-4472-9a09-e3d3e33b56a7
https://www.baunormenlexikon.de/norm/din-en-12255-3/9aae0c07-0af0-4472-9a09-e3d3e33b56a7
https://www.baunormenlexikon.de/norm/din-en-12255-3/9aae0c07-0af0-4472-9a09-e3d3e33b56a7
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purposes.

Mechanical Separation:

In the first stage, the wastewater undergoes mechanical pre-treatment (screening),
whereby coarse particles and solids are removed from the collected influent to prevent
membrane clogging by large debris. All wastewater must initially pass, under gravity
flow, through the fine screen fitted with a 1 mm perforated plate. Solids such as toilet
paper, hair, and fibrous materials, which could cause undesirable obstructions in the
process, are retained in the screening basket. The organic matter contained in the
screenings, serving as a carbon source for the biological treatment stage, is washed
out and subsequently degraded during the biological process. The wastewater enters
the screenings tank, where its velocity is reduced. Specifically heavier particles sink to
the bottom by gravity, while lighter materials float to the surface. The wastewater then
rises upwards through a riser pipe and passes through the fine screen. A rotating
brush in the fine screen cleans clogged pores and, due to its lamellar and spiral
configuration, conveys the coarse materials downwards into the screenings tank. A
hydrostatic level sensor is installed in the screenings tank, and the brush's rotation is
level-controlled. To loosen stubborn blockages, the direction of the brush's rotation
can be manually reversed. A pump-driven suction system is located at the base of this
treatment stage, which reintroduces the residual materials into the wastewater line
downstream of the ball valves.

Biological Treatment:

In the second stage, biological wastewater treatment is carried out using the activated
sludge process. In two aerated filtration reactors, the wastewater is biologically
purified by microorganisms (activated sludge) under the supply of bubble aeration.
The suspended microorganisms utilise the constituents of the wastewater as a nutrient
source for their metabolism. The biological treatment is implemented in two steps to
achieve maximum degradation efficiency:

1. Anaerobic process - upstream denitrification:
In the denitrification reactor, anaerobic microorganisms reduce the wastewater
constituents under anoxic conditions. To homogenise the activated sludge, air is
introduced cyclically via membrane tube diffusers located at the bottom of the
tank. A hydrostatic level sensor monitors the water level and controls the filtration
process or the filtrate pump. System-defined set points for ‘filtration volume’ and
“filtration stop’ are stored in the control unit.

2. Aerobic process - downstream nitrification:

This step takes place in the filtration reactor, where aerobic microorganisms
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oxidise the wastewater constituents under oxygen supply. Oxygen is provided via
membrane tube diffusers and the aeration blower. The sludge volume index must
be measured regularly, and the dry solids content (TS) adjusted to a range of 8 - 12

g/l measured. Excess sludge is continuously returned to the wastewater line.

For regular TS the treatment unit provides a one liter container with scale. In the phase
of commissioning the measures were taken every third day. The water has two rest for
20 minutes before receiving a reliable value. Based on the ‘artificial or external’ feeding
bacterias are able to grow until the develop themselves on their own.

Membrane Filtration:

Membrane filtration is a physical separation process for solid-liquid separation. The
driving force of the separation mechanism is a pressure differential between both
sides of the membrane, referred to as the transmembrane pressure (TMP). The
resulting flow through the membrane is known as the flux. In the designated Abionik
Cube process, synthetic, polymeric, static flat membranes with a separation limit of 35
nm from the field of ultrafiltration (UF) are in use. Consequently, all substances with a
particle diameter larger than the membrane pores, such as the smallest
microorganisms (bacteria), are retained. Water and dissolved constituents pass
through the membrane and form the filtrate.

During continuous membrane operation, a surface layer forms on the membrane. The
formation and compaction of this layer - comprising mainly biomass and extracellular
polymeric substances (EPS), as well as colloids embedded in the EPS - is referred to
as fouling. To reduce fouling, an overflow across the membrane is induced, known as
cross-flow filtration. The shear forces generated in this process cause parts of the
surface layer to detach and return to the activated sludge. As the final treatment step,
ultrafiltration membranes are installed in the filtration reactor to physically separate the
treated wastewater from the activated sludge.

Treated Water Analysis:

The filtrate is stored in a 1 m3 Intermediate Bulk Containers (IBC) with overflow. When
the maximum fill level is reached, the filtration process is limited to prevent overflow. In
addition to avoid any inconvenience for the building owner and operator the filtration
IBC tank was equipped with a DN 40 PVC pipe as overflow. The filtrate than is able to
be used for irrigating the garden areas located on the roof of the residential complex.
Further investigation was conducted into water quality of the treated water in
comparison to the municipal water in collaboration with the Institute of Chemistry of
the Vietham Academy of Science and Technology in Hanoi. The intention for this
clarification was the use of treated water for washing machine, that generate the most



80

water consumption overall per day. Using filtrate water for washing machine would be
a major upgrade towards sustainable hotel operating and handling of water resource.

4.5.3 Installation Process and Monitoring

The delivery of the Intermediate Bulk Containers (IBCs) and associated modules for
the WA-MBR-TB225 system - delivered from Germany - was organised through local
logistics providers and with support from the project partner Wilo. In accordance with
Hanoi’s traffic regulations, which restrict truck access during daytime hours, delivery
was scheduled for the evening. The system components arrived on site at 22:00 via a
crane-equipped truck. Two key modules - the nitrification treatment unit and the
denitrification reactor - were transported in wooden crates. Customs documentation
recorded the nitrification module at 1,800 kg (2,770 x 1,860 x 1,900 mm) and the
denitrification unit at 650 kg (2,320 x 1,450 x 1,900 mm). International shipping and
customs clearance were coordinated by the German technology partner, while local
on-site logistics were supervised by Wilo Hanoi.

Unpacking and positioning required staged procedures adapted to the spatial
constraints of the alleyway and basement. The protective OSB (Oriented Strand
Board) coverings and bolts were removed on site, and the modules were transferred
on locally rented pallet jacks (3,000 kg load capacity). Up to six workers transported
the components through a 2.20 m wide alley to the building entrance. An initial
attempt to lower the stainless-steel nitrification unit into the basement via pulley
system was aborted for safety reasons, whereas the lighter denitrification tank was
successfully placed manually. The following day, the filtration unit was moved into the
basement by ten workers using a carpet runner to control movement on the steep
access ramp and to protect the ceramic flooring. At the ramp-floor transition, the
module was lifted onto pallet jacks and manoeuvred into its predefined installation
position, determined in advance to ensure clearance for building services within a total
available floor area of 10.5 m2. Once positioned, the denitrification unit and two IBC
tanks (mix and filtrate) were integrated according to the adjusted layout.

Subsequent installation involved piping and electrical connections. A Wilo Medana
smart pump was installed to supply treated water to the preconfigured rooftop
irrigation infrastructure. For vertical transport, a DN 30 polypropylene random
copolymer (PPR) riser was mounted in the escape stairwell, designed for accessibility
and maintenance. At roof level, this line connected to a DN 20 PVC pipe with a valve
fitting, distributing water via flexible tubing (6-8 mm) to drip irrigation and misting
nozzles. Pipe fittings and connectors were procured from local sanitary suppliers.
Routing was implemented manually by the project team in coordination with the
German partner, taking into account structural limitations of the building.



81

Following connection to the 32 A / 400 V CEE industrial socket, the system underwent
a multi-day functional test. This phase included leak detection, pump performance
verification, and gasket integrity checks. Integration into the building’s wastewater
infrastructure required the preparation of four DN 90/110 ball valves. An initial late-
night connection attempt was discontinued for safety reasons; final integration of
greywater and blackwater discharge lines into the mix tank was completed the
following day during off-peak occupancy. During commissioning, irregularities in pump
performance were identified through the system control panel and rooftop pressure
measurements. These were resolved iteratively.

For example, the filtrate piping was reconfigured: the DN 30 PPR originally installed
was replaced by DN 60 PPR up to the Wilo circulation pump (PH-401E), then reduced
again to DN 30 PPR. Synchronised operation of the circulation pump with the Wilo
Medana pump achieved the required irrigation pressure. Final calibration was carried
out via the Medana pump interface.

To minimise vibration and noise emissions, the system was placed on 8 mm rubber
mats (1 m wide, 16.6 kg/m? surface mass), which also added a protecting layer to the
tiled flooring. Two axial fans (650 mm diameter) were installed on the rear basement
wall to secure air circulation and mitigate odours from fermentation gases; these can
be manually operated and oriented as required.

Installation was completed in twelve calendar days, including weekend work, so the
overall logistics - from preparation to completion - extended over two months (mid-
December 2024 to mid-February 2025). Technical planning and custom fabrication
required an additional three months, and the entire process from initial consultation to
commissioning spanned approximately twelve months.

Training sessions accompanied installation and trial operation, enabling local partners
and Wilo Hanoi staff to independently monitor and service the system. For remote
monitoring and technical support, a STARVIS™ CMOS 2 MP WDR network camera
was installed, connected via 4G SIM card to a smart video recorder and WiFi router,
allowing access to the WA-MBR-TB225 control panel through the CMSS application.
Excess water from irrigation, planter drainage, and rainfall is redirected into the
building’s rain gutter system, thereby closing the water cycle at the site scale.
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Results and Discussion

The preceding chapter outlined the methodological approaches in detail. This

chapter presents the key findings derived from these methods and discusses
their implications for the development of urban districts.

5.1 Thermographic Imaging - Results and Reflections

Results

Surface temperatures at survey buildings and comparable buildings in Hanoi:

The following list presents surface temperature data from the west-facing facades of
residential high-rise buildings in Hanoi, serving as a comparative reference for the
facades of Tonkin 1 and Tonkin 2. Owing to its position in the sunset direction, Tonkin
2 was partly overshadowed by Tonkin 1. Measurements were carried out on 7 August
2024 between 15:00 and 16:00, coinciding with the onset of afternoon traffic
congestion. Within this time frame, the installed sensor system captured the period of
peak heat intensity. Table 5.1 provides an overview of the measured surface
temperatures, differentiated by facade orientation and building height. The buildings
comparable to Tonkin 1 and Tonkin 2 range from 30 to 70 floors, while TestBed 2 is
compared with its direct eastern neighbour of nine floors and another residential
building with 4 floors facing West. Specifications of the facade in general are primarily
composed of cement render applied to a brick masonry core, supplemented by glass
and metal elements. From three to four thermal measurements on the high-rise
facades, the minimum and maximum values were recorded in the list. Where
additional measurements were available, these were consolidated into an average
value for inclusion. Notable are facade surface temperatures consistently exceeding
51 °C, as well as average values of approximately 39 - 42 °C, which impact on the
facades between 13:00 and 18:00. This indicates that thermal loads are transferred
into the masonry of the building envelope. This effect could be verified more clearly at
TestBed 2: wall-mounted sensors, together with external and internal thermal
measurements on the west-facing wall, confirmed the storage and release of heat
loads within the masonry. For the interior, this translates into an increased reliance on
artificial ventilation systems, i.e. AC systems. In most cases, air conditioning is
employed to maintain indoor air temperatures at approximately 27 °C. The data
indicate that these air-conditioning systems operate continuously, in some instances
throughout the night, a pattern previously confirmed in Hanoi by a survey conducted
within the CAMaRSEC?27 project in collaboration with the author of this study.

27 (12.05.2023)


https://bmbf-client.de/projekte/camarsec

Table 5.1: Surface Temperatures of West-Facing Facades,
Date 07.08.2024, 15:00-16:00

Building Name Average Maximum
(Bidg) (1:\e)] (Max)
Tonkin1 (T1) (1) 43,6 °C 45,9 °C 53,1°C
Tonkin 2 (T2) (2 36,9 °C 37,8°C 47,7 °C
Diplomatic Area NO/T1  (3) 37,1°C 44,5 °C 58,1 °C
Diplomatic Area NO/T7  (4) 37,6 °C 42,7 °C 56,5 °C
Diplomatic Area N02  (5) 34,5 °C 37,3°C 55,9 °C
Diplomatic Area N0O3  (6) 33,9°C 41,9°C 51,3°C
Diplomatic Area N04  (7) 38,9 °C 40,2 °C 52,5°C
Kosmo Tay Ho  (8) 38,9 °C 40,2 °C 49,8 °C
Starlake Samsung  (9) 48,9 °C 52,3°C 57,7 °C
Nghia Do CT3 (10) 36,8 °C 38,6 °C 43,9 °C
Landmark 72 (11) 40,7 °C 43,3 °C 46,9 °C
Smart City Imperia  (12) 36,7 °C 38,6 °C 41,4 °C
38,71 °C 41,94 °C 51,23 °C
TestBed 2 (TB2) (13) 39°C 40 °C 50 °C
TB2 Neighbour East = (14) 39,9 °C 41,2 °C 50 °C
TB2 Neighbour East (20:30) (19) 38,2 °C 38,9 °C 40 °C
CiputraD5 (16) —— —— 47,5°C
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Comparative surfaces:

Comparative surface measurements during this period provide insights into the
general processes of heat absorption and reflection, which contribute to plant heat
stress (Schaefer et al., 2025) and to the formation of urban heat islands. The
temperatures presented in Figure 5.2 illustrate the behaviour of construction materials
commonly used in Hanoi. Alongside the traditional terracotta tile for rooftops, roofs
and upper floors are often constructed as lightweight metal structures clad in
corrugated sheet metal. This material is commercially available in red, blue, green, and
dark grey, while white-coated sheets remain uncommon. By contrast, Korean and
Japanese factories more frequently clad large production halls in white corrugated
sheets. In Hanoi, particularly in industrial areas and technology parks, large halls are
frequently clad in red, green, and especially blue sheet metal, exposing workers inside
to extreme heat stress.

The widespread use of blue, green or red cladding remains largely unexplained.
Anecdotal explanations point to cultural or symbolic associations, including Feng Shui
principles or the perception of blue as a ‘cool’ colour. Such interpretations illustrate
the interplay between spiritual-cultural knowledge and artistic colour theory, yet they
diverge from the physical properties of solar heat absorption across different colours.
Similar patterns were observed in the Vinhomes Smart City development, where the
roof of a kindergarten was painted blue and playground surfaces (Appendix A.1) were
covered with artificial turf placed directly alongside natural grass. Direct
measurements confirmed the differentiation of heat extremes between such surfaces
by 50%.

The dataset also includes a reference measurement obtained through thermal imaging
of the upper side of the implemented palm trees, as well as two further reference
measurements taken from the inside of TestBed 2. By contrast, no relevant thermal
recordings could be obtained from the inside of the Tonkin Towers due to privacy
restrictions. Overall, thermal images taken from the rooftop of TestBed 2 into the
surrounding urban fabric at midday provide evidence of a general heat layer of
approximately 51 °C. The readings of metallic and ceramic surfaces stand in marked
contrast to the much lower temperatures recorded in shaded vegetated areas. The
interior measurements, meanwhile, provide additional insights into construction quality
and heat emission from the building envelope.

Thermal bridges:

Thermal bridging plays a significant role in the performance of high-rise buildings and
other constructed objects in Hanoi. Ideally, the building envelope should be designed
to prevent external heat while retaining internal cooling. The case studies of Tonkin 2
and TestBed 2, however, indicate that the relatively thin exterior wall sections allow
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Table 5.2: Comparative Surface Temperatures of Building Materials measured

Surface Material Time & Date Temperatures

Metal 05.08.2024; 13:00

Ceramic 05.08.2024; 13:00

Grass 02.05.2025; 13:00

Artificial turf  (7) 74,2 °C

Vegetation TB2 10.08.2024; 12:30

Indoors TB2
_ (10) 02.05.2025; 14:00 32,3°C
_ (11) 02.05.2025; 21:30 33,1°C
Urban fabric baseline
_ (12) 10.08.2024; 12:30 51,2°C
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heat to be transmitted rapidly to the interior. Thermally, the constructed exterior walls
perform similarly to internal partitions and therefore provide little resistance as a
protective outer skin.

Interior measurements of window panes and frames further revealed thermal
discontinuities. While the window glazing consists of double-layered tempered glass,
the aluminium frame (Xingfa, China) is non-insulated and installed directly into 130-150
mm masonry without a thermal break. As a result, solar heat readily penetrates
through the frame into the interior, even though the glass itself reduces radiant heat
gain. The masonry, in turn, absorbs ambient and direct solar heat throughout the day
and releases it radially into both interior and exterior spaces during the cooler
nighttime hours. Following Table 5.3 evaluates the standard U-value for one square
meter of identical exterior wall for Tonkin 2 and Testbed 2.

Table 5.3: U-value Evaluation for one Square Meter

Thermal Thermal
Component Thickness Conductivity Resistance U-Value
(m) A (W/m:-K) Ro (m2K/W) (W/m2K)
Single-layer wall, cement 0.150 058 0.430 5133
rendered (150 mm) ’ ’ ’ ’
Double-layer tempered gla}ss, 0,016 0,78 0,189 5,00
(2 x 8 mm + film)
Aluminium framel, unlr_13ulated 0,0018 220,00 0,170 5.88
(1.8 mm material thickness)
Total U-value 13,425
Total Ro-value 0,789

R-values include standard internal (Rsi = 0.13 m?K/W) and external (Rse = 0.04 m2K/W)

surface resistances in the calculation of U-values.

1
Us—7F—
Rsi+7+Rse

0.15
Ropan = 0.13 + —— +0.04 = 0.43 m2K/W
0.58

0.016
R, =0.13+ — +0.04 = 0.189 m2K/W
Owindow 0.78
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0.0018
0.220

The calculated overall U-value of 13.425 W/m?2K is substantially higher than the QCVN
09:2017/BXD reference limit of 2.38 W/m2K, indicating pronounced heat transfer into
the building. In other words the facade is acting as radiator on both sides to the
exterior and interior. The corresponding thermal resistance of 0.789 m2K/W aligns
closely with the normative target range, although values above 1.0 m2K/W would
denote improved thermal performance and resilience factors for the building itself.

Thermal focus on vegetated and non-vegetated facade sections:

Table 5.4 presents data from the sensor installations on the south- and west-facing
facades of TestBed 2, differentiating between vegetated and non-vegetated sections.
On the west side, the green facade had to be installed with a reduced offset of 250
mm from the exterior wall due to the dense urban setting and privacy constraints with
neighbouring properties. This limited depth left the west fagade more directly exposed
to solar heat gain. By contrast, the system on the south side was implemented as
planned with an 800 mm offset.

Measurements taken on 8 August 2024 indicate maximum temperature differences
(AT) of up to 11 °C on both facades around 13:00, with the vegetated sections
consistently outperforming the non-vegetated surfaces over the course of the day.
Peak differences occurred between 15:30 and 16:00 on the west facade. This
coincided with direct solar exposure, whereas on the south facade the maximum
cooling effect appeared with a delay of approximately 2.5 hours. These results
highlight the combined influence of orientation and vegetation offset on facade cooling
performance. At the time of measurement, the vegetation was still relatively young,
reaching approximately 2.5 m in vertical depth from the top edge.

Table 5.5 provides data from November 2024, three months later. Seasonal cooling
reduced overall temperature differences compared to August, yet the same diurnal
patterns of peak and delayed cooling were observed, with the vegetated sections
continuing to outperform the non-vegetated reference.

Table 5.6 shows results from February 2025. Here, facade temperatures equalised at
around 14:00, approximately 1-1.5 hours earlier than in the previous datasets. This
shift reflects seasonal solar altitude and incidence angles under cooler climatic
conditions in Hanoi. Peak temperature differences decreased to 3 °C on the west
facade and 4 °C on the south facade. Nevertheless, the vegetated facade continued
to demonstrate measurable thermal advantages and indicate concepts of building
envelope shading as passive cooling.
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Table 5.4: In-wall Temperatures of vegetated and non-vegetated Facades, Date 10.08.2024

In-Wall temperatures °(C)

Time West Temp. South Temp.
(hrs) (blank) (AT) (blank) (AT)
00:00 33°C 0,0°C 32°C 1,0°C
02:00 31°C 0,0°C 31°C 1,0°C
04:00 31°C 0,0°C 30°C 1,0°C
06:00 30 °C 1,0°C 30°C 1,0°C
08:00 32°C 1,0 °C 31°C 0,0 °C
09:00 35°C 0,0°C 35°C 3°C
10:00 39 °C 3°C 40 °C 7°C
11:00 43 °C 6 °C 44 °C 10°C
12:00 46 °C 8°C 47 °C 11°C

13:00 49 °C - ...... 49 °C ...... 38 °C -
14:00 49 °C 10°c 48 °C ....... 39°C 9°C
15:00 49 °C 10°C 47 °C 39°C 8°C
p— 50 OC ............................ foec o BN 40 OC ...... o
ool 47 OC ............................ g o pr— 40 OC ....... o
17:00 45 °C 6 °C 43 °C 39°C 4°C
18:00 43°C 5°C 41°C 39°C 2°C
20:00 38°C 2°C 37°C 37°C 0,0°C
22:00 34 °C 1°C 33°C 34 °C 1,0°C
24:00 33°C 0,0°C 32°C 33°C 1,0°C
60 60
54 A1 54
3N
IO o SRR - e
X s XRRK o 4 X oo
% X v . gé%x § % X X x?i
30 | "x---xgg::% g 30 ¥ 3. 35530 %
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Table 5.5: In-wall Temperature of vegetated and non-vegetated Facades, Date 10.11.2024

Time West Temp. South Temp.
(hrs) (blank) (AT) (blank) (AT)
00:00 24 °C 0,0 °C 24 °C 2,0°C
02:00 23 °C 1,0°C 23 °C 2,0°C
04:00 22 °C 1,0°C 22 °C 2,0°C
06:00 21°C 1,0°C 22 °C 2,0 °C
08:00 24 °C 1,0°C 26 °C 2°C
09:00 27 °C 0,0°C 29 °C 4°C
10:00 31°C 2°C 31°C 4°C
11:00 35°C 4°C 33 °C 29 °C -
12:00 39 °C 6 °C 34 °C 31°C 3°C
13:00  42°C 8°C i 85°C : 32°C 3°C
14:00 42 °C 7 °C 34 °C 33°C 1°C
15:00: 43°C _ 33°C i 34°C : 1,0°C
15:30 41 °C 6 °C 32°C 34 °C 2,0°C
16:00 38 °C 4°C 31°C 33°C 2,0°C
17:00 35°C 2°C 29 °C 32°C 3,0°C
18:00 32 °C 0,0°C 28 °C 32°C 4,0°C
20:00 29 °C 0,0°C 27 °C 30°C 3,0°C
22:00 27 °C 0,0 °C 25°C 28 °C 3,0°C
24:00 25 °C 1,0°C 25 °C 27 °C 2,0°C
50 - 50
X
XX
@ 40 I % Q 40
° X (KX X ° ,
o 8 o800
© .:« © : X%
o X %y © X Xop- X X X
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S %30y K o % 3 % XX
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Table 5.6: In-wall Temperatures of vegetated and non-vegetated Facades, Date 10.02.2025

Time West Temp. South Temp.
(hrs) (blank) (AT) (blank) (AT)
00:00 14 °C 1,0°C 14 °C 1,0°C
02:00 14 °C 1,0°C 14 °C 1,0°C
04:00 14 °C 0,0°C 14 °C 1,0°C
06:00 14 °C 0,0°C 14 °C 1,0°C
08:00 15°C 0,0°C 15°C 1,0°C
09:00 17 °C 1°C 16 °C 0,0°C
10:00 18 °C 1°C 18 °C 1°C
11:00 20 °C 2°C 20 °C 2°C
12:00 21°C 2°C 21°C 3°C
13:00 21°C 2°C 21°C 3°C
1500 21°C 2°C 21°C 3°C
15:30 21°C 2°C 21°C 3°C
16:00 20 °C 1°C 20 °C 2°C
17:00 19°C 1°C 18 °C 1°C
18:00 18 °C 0,0°C 17 °C 0,0°C
20:00 17 °C 0,0°C 16 °C 1,0°C
22:00 16 °C 1,0°C 16 °C 1,0°C
24:00 16 °C 0,0°C 16 °C 1,0°C
30 - 30
25 25
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Table 5.7: Top-Surface Temperatures of Metal and Terracotta

Time (hrs) - Roof

Time (hrs) - Roof

Time
(hrs)
Date 10.08.2024 10.11.2024 10.02.2025
00:00 31°C 30°C 21°C 23°C 11 °C 15°C
02:00 30°C 30°C 20 °C 24 °C 14 °C 15°C
04:00 29 °C 30°C 20 °C 23°C 14 °C 15°C
06:00 29 °C 30°C 22°C - 14 °C 15°C
08:00 44 °C 30°C 37°C 24 °C 19 °C 15°C
09:00 50 °C - 44 °C 24 °C 20 °C 15°C
10:00 56 °C 29 °C 45 °C 25°C 25°C 15°C
11:00: 61°C 30°C 49 °C 25°C 28 °C -
12:00 58 °C 30°C 49 °C 26 °C 22 °C 15°C
13:00 57 °C 30°C 48 °C 26 °C 25°C 15 °C
14:00 53 °C 30°C 44 °C 25°C 25°C 15°C
15:00 55 °C 30°C 40 °C 25°C 21°C 15°C
16:00 42 °C 30°C 27 °C 25°C 19 °C 15°C
17:00 40 °C 30°C 24 °C 25°C 15°C 15°C
18:00 38°C 30°C 23°C 25°C 16 °C 15°C
20:00 34°C 30°C 23°C 25°C 16 °C 15°C
22:00 31°C 29 °C 24 °C 24 °C 15°C 15 °C
24:00 30°C 29 °C 23 °C 24 °C 15°C 15°C
70 70 70
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Thermal focus on roof top-surface materials and vegetation:

At least Table 5.7 presents temperature data from a sensor mounted on the green
sheet-metal sandwich panel (50 mm) covering part of the roof area, and from another
sensor placed on top of the terracotta tiles beneath plant containers A and B.
Measurements were taken on 10 August 2024, 10 November 2024, and 10 February
2025. Notable are the peak surface temperatures of the sheet metal, which
consistently occur around 11:00 in the morning across all three periods, shifting only
seasonally in absolute value. During the early morning hours (00:00-06:00), the sheet
metal cools to levels below the terracotta tile surface. By contrast, the terracotta tiles
on the flat roof remain relatively stable throughout the year, levelling at approximately
30 °C in summer, 25 °C in autumn, and 15 °C in winter. Particularly striking is the near-
constant halving of surface temperatures between the exposed sheet metal panel and
the shaded terracotta beneath the plant containers. Continuous shading of the tiles
plays a crucial role in this process and highlights the importance of shading as a
strategy to reduce solar heat gain through the building envelope. This effect becomes
even clearer when compared with Table 5.2 unshaded terracotta tiles reached peak
values of 66.2 °C, again showing a near-halving of surface temperature under shading
conditions. These results underline the role of rooftop shading systems as effective
passive cooling strategies, offering valuable implications for roof design in tropical
urban contexts.

Across the various measurements, several recurring patterns can be identified. First,
surface materials strongly influence thermal behaviour, with coloured corrugated sheet
metal and terracotta tiles reaching extreme peak values above 50 °C, while shaded or
vegetated surfaces consistently show moderated conditions. Second, facade greening
provides measurable cooling benefits of up to 11 °C, though performance varies by
orientation, distance from the wall, and seasonal solar altitude. Third, thermal bridges
in walls, windows, and frames demonstrate how insufficient construction quality
amplifies internal cooling demands, leading to prolonged use of air conditioning
systems. Finally, the comparison of vegetated versus non-vegetated surfaces confirms
that shading and material choices interact directly. Taken together, these patterns
underline that building envelopes in dense urban settings act as critical mediators
between solar heat input, material properties, and indoor comfort. Finally, from mid-
November 2024 onwards, technical issues began to occur, that sensor data
increasingly disrupted until March 2025, when most units failed entirely. The failure
could not be solved from remote distance. A detailed explanation of this issue is
provided in Chapter 5.3.
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Figure 5.1: Thermal Imaging of AC Outdoor Units at Tonkin 2. (a) Twin Unit, (b) Top
Surface Heat, (c) Top Outlets of AC Units

Reflections

Building envelope performance:

What does this concretely imply? First, it becomes evident that a shaded building
envelope has a strong influence on the building fabric and, more importantly, that
cooler exterior walls contribute significantly to indoor comfort. Qualitative
inconsistencies in the thermal performance of the envelope, by contrast, result in
increased cooling energy demand. Figuratively speaking, if the ‘skin’ is not
consistently protected, it suffers thermal stress (‘sun burn’ effect) that must be
‘healed’ internally through intensified cooling. In building terms, this means that air-
conditioning systems operate more frequently and for longer periods. Their exhaust
heat, often exceeding 50 °C (Figure 5.1), is released into the surrounding environment,
thereby elevating local ambient temperatures and aggravating urban heat stress. A
thermally coherent envelope is therefore indispensable for a functioning system.
Otherwise, gaps in the facade - such as non-insulated aluminium window frames -
lead to unnecessary energy losses. These frames act, in effect, as radiators,
conducting heat directly into the indoor environment. Under such conditions, the
concept of the building as an adaptive node - dynamically interacting with its
surroundings - cannot be realised. In contrary it underpins the common sense of thin
exterior walls as method to led heat inside and try to release them through a ‘pushing
back’ method by air conditioning usage.

Experience in the tropics:

The results obtained through thermal imaging, supported by the embedded wall
sensors, stand in contrast to the Vietnamese building code QCVN 09:2017/BXD for
energy-efficient buildings. In particular, high-rise construction in tropical climates
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should address passive cooling and shading strategies more thoroughly. As an early
pioneer, Ken Yeang (Yeang, 1996, 2006) has explored such approaches in Malaysia for
decades, many of which are transferable to Vietham given the climatic similarities
between the two countries. Adaptive advantages could be leveraged to design high-
rises that contribute not only to their own passive cooling but also exert a positive
impact on the immediate microclimate. Recent studies underline that facade
adaptation and design play a critical role in reducing urban heat islands (UHI) (Ornam,
2024). Likewise, investigations in Singapore have demonstrated that cool wall
strategies and reduced cooling loads from air-conditioning systems can significantly
improve thermal resilience in tropical conditions (Nazarian et al., 2019).

Site Note: Colour Perception and Thermal Performance:

An aspect in the discussion of urban heat is the understanding of colour in relation to
material energy and surface temperature. The author encountered this topic in
exchanges with engineers and in lecturing practice, where it became evident that
colour choices for building products are often shaped by symbolic or cultural
reasoning rather than by thermal performance. Although this remark can only be made
in passing here, it highlights a clear research gap: despite its practical relevance for
construction and urban planning, systematic scientific investigation of colour-specific
thermal effects in roofing materials remains scarce.

Thermographic surveys in Hanoi confirmed that average surface temperatures of up to
51.2 °C (Table. 5.2) can be reached on hot days. The extensive use of coloured
corrugated metal sheets - commonly in red, green, blue, or grey - intensifies local heat
absorption and contributes to urban heat islands. By lowering the albedo of the built
environment, these materials in contrast amplify heat stress for residents and workers.
Figure 5.2 illustrates this relationship by juxtaposing (a) the classical colour wheel and
its primary, secondary and tertiary colours28, that split the circle of colour into halves
of warm and cold colour tones. The colour recognition scale of the thermal camera
used is shown in (b), and (c) the symbolic Feng Shui (Phong Thuy) compass, in which
blue represents the north, water, and coldness. In Vietham, such associations are
common knowledge as reasons for the widespread use of blue sheet-metal roofs in
urban and industrial settings. However, this narrative is misleading: the thermal load of
coloured materials is not determined by symbolic attributes but by physical properties
of solar absorption and reflection. Therefore they stay in stark contrast. White surfaces
exhibit the highest reflectance, whereas black absorbs the most. In short, light colours
perform as ‘cool' surfaces, while dark or saturated colours - commonly perceived as
‘cold’ - often reach the highest surface temperatures, effectively acting as ‘hot’

28 (09.10.2024)


https://www.youtube.com/watch?v=pnu0Z43HrMg
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colours (d). This inversion is confirmed by the results in Table 5.2, where coloured
sheet metals record the highest thermal values, reaching nearly 90 degrees Celsius.

In the literature on roofing and heat islands, cool roofs29.30 with high solar reflectance
are consistently shown to reduce cooling energy demand and mitigate ambient heat
stress. By contrast, conventional coloured sheet-metal claddings (red, blue, green)
have low solar reflectance index (SRI) values and significantly increase solar heat gain
in hot climates. While reflective coatings can improve performance, their efficacy
diminishes over time in tropical conditions. Scientific attention has focused primarily
on white or light coatings, leaving a research gap regarding the thermal behaviour of
coloured roofing materials that are prevalent in cities of the Global South. This issue
deserves further study, as arguments grounded solely in traditional or symbolic
interpretations of colour are increasingly inadequate under conditions of climate
change and urban densification.

Limitations of thermal imaging in the study:

Limitations in surface measurement lie in the use of the FLIR ONE PRO thermal
camera. The camera delivers reliable data that compares well with professional-grade
devices. Far greater challenges arose in terms of access to buildings and apartments,
where access from the building management is always required.

Building envelopes were mostly photographed from street level. Mounting thermal
cameras on unmanned aerial vehicles (UAV) would represent the most advanced
approach, allowing for perpendicular recordings of facade and thus more accurate
results. In this study, the method to capture facades from various elevations, using
vantage points such as other buildings, balconies, parking structures, and other
locations that improved the angle of view was applied to most situations.
Nevertheless, most recordings were taken from street level or flat rooftops. Deviations
in accuracy due to distance from the surface were mitigated by taking multiple
recordings from different points. The fact that the camera tended to overheat at high
outdoor temperatures, leading to occasional interruptions, did not compromise the
overall quality of the results. Thermal recordings were further constrained by the
limited time frame of on-site visits, meaning that a continuous year-round observation
of the facades could not be achieved. By contrast, the installed sensor network
provided continuous 24/7 operation in the beginning.

29
(10.10.2024)

30 (20.08.2025)


https://www.aceee.org/files/proceedings/2004/data/papers/SS04_Panel1_Paper01.pdf
https://www.mdpi.com/2075-5309/15/5/685
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5.2 Building Envelope Parameters - Results and Reflections

The empirical analyses of the Tonkin 2 building envelope, presented in Chapter 4,
provide the basis for a critical discussion of material characteristics, construction
practices, and performance outcomes. By examining parameters such as the wall-to-
window ratio (WWR), the brick-to-concrete ratio (BCR), and the one-square-meter
reference wall section, quantifiable insights into thermal performance through building
materials can be derived. These findings not only highlight the technical qualities of
the as-built structure but also reveal systemic inefficiencies, such as elevated U-
values, inconsistent construction, and limited adaptation to climatic stressors. The
following findings and reflections contextualise these results within economic,
regulatory, and sustainability frameworks, serving as a bridge to broader
considerations of resilience and adaptive capacity in the subsequent chapter.

Results

Geometry of the residential tower Tonkin 2 (Twin of Tonkin 1):

The assessment of the building envelope begins with its geometrical parameters,
expressed through the wall-to-window ratio (WWR) and the brick-to-concrete ratio
(BCR). Both indices are commonly applied in evaluating energy performance, since
higher shares of glazing generally lead to increased heat gain and cooling demand. In
the case of Tonkin 2, the calculated WWR of 59/41 indicates a smaller proportion of
facade glazing compared with rendered wall sections. The installed glazing in doors
and windows consists of a three-layer composite of 4 mm glass + 0.38 mm polyvinyl
butyral (PVB) interlayer + 4 mm glass, summing to 8.38 mm in total, mounted in
uninsulated aluminium frames. The specific weight of 25 kg/m2 at 10 mm thickness
can serve as a calculation reference. In the case of Tonkin 2, the weight is 20 kg/m?2,
with the thin PVB interlayer disregarded. The aluminium frame is withdrawn with 8% of
the overall glazing weight. Thermal investigations revealed that the aluminium frames
of windows and doors act as radiators, transferring heat into the building, while air-
conditioning units attempt to maintain indoor comfort levels. Thermal bridges occur
particularly at the aluminium frames of the windows and the diagonally positioned
bricks mentioned in chapter 4.3.4. It should therefore be considered either to install
insulated frame systems or to reduce the overall window surface.

On-site observations further demonstrated that most residents keep curtains or blinds
permanently closed in order to limit daylight and heat entry. As a result, higher reliance
on artificial lighting indoors must be assumed. It should also be noted that thermal
loads are already present within the building interior before mitigation is attempted.
This behaviour reduces the intended advantages of large window surfaces, while their
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disadvantages in terms of heat transfer and cooling demand remain.

For the brick-to-concrete ratio (BCR), a distribution of 44/56 was identified, indicating
a higher proportion of concrete compared with masonry in the fagade. Conventional
brickwork, as applied in Tonkin 2 and TestBed 2, stores heat over extended periods
and subsequently releases it back indoors. The principle remains: heat must be kept
outside, coolness retained inside. In building physics, this is often achievable only
through more massive wall sections that properly interlock with the slab edges.
Preliminary inspections, however, revealed execution gaps at slab junctions, indicating
a limited appreciation of the functional role of the wall.

Given that walls play an essential role in the thermal cycle of a building, a comparative
analysis at the scale of one square meter was undertaken to identify potential
improvements in thermal performance. Walls only form a homogeneous building
envelope when they are flush with the slabs. Three typical masonry solutions - single
brick (B1), double brick (B2, in line with prevailing standards), and autoclaved aerated
concrete (AAC) - were compared with respect to thermal performance, material
density and weight, embodied CO, emissions, and economic cost. The results
indicate that the shift from single to double brick provides measurable improvements
in U-value and indoor comfort, albeit at the expense of increased material
consumption and structural loads. By contrast, AAC presents an alternative with a
suitable balance of insulation capacity and weight, while also offering potential for
emission reductions compared to conventional brick masonry. Figure 5.3 illustrates
three wall types: (a) traditional brickwork, (b) AAC block construction, and (c) an
advanced clay-based brick block system currently available in Europe. The
comparison highlights the impact of thermal conductivity, underlining the common
observation that a reduction in cement joints enhances thermal resistance. The more
homogeneous the wall structure between floor slabs, the more effectively solar heat
gains is been prevented. Ergo, less joints are key factors for building envelope
resilience.

Although wall types (a) and (c) are both developed from the same natural resource -
clay - they differ fundamentally in thermal behaviour but proof the natural qualities of
clay based building materials if considering applied technology. The main function of
the building envelope is to block external heat transfer and to manage internally
generated heat loads from occupants and technical equipment besides moisture,
meanwhile maintaining indoor cooling for comfort living. In the case of traditionally
fired bricks, external heat diffuses into the building fabric through the brick and
cement joints while the brick masonry stores the radiation over a longer period. with
equal pace as seen in Tables 5.4-5.6. In addition the following Table 5.8 summarises
the comparative values (Appendix A.2) and forms the basis for subsequent reflection
on envelope performance, cost implications, and ecological footprint. However, it is
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Figure 5.3: Schematic Wall Masonry Elevation in Transition to reinforced Concrete Slab /
Beam (a) traditional Brick (as built), (b) AAC Block, (c) Poroton Brick Block; and exterior
Wall Sections (d) single Layer Brick 150 mm (as built), (e) double Layer Brick 240 mm
(required by Regulation), (f) AAC Wall 200 mm and (g) Poroton Brick Block 365 mm
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Table 5.8: Comparative Wall Material Parameters (per m? of Wall Area)

Brick (B2)

. Brick (B1) AAC Poroton
Parameter Unit Single Layer DLoubIe Single Layer | Single Layer
ayer
Material &
Dimensions
Dimension mm 210/100/55 210/100/55  200/200/600 | 248/365/249
Weight Kg 1.3-15 1.3-15 15.6 13,5
Autoclaved
Material - Clay Clay Aereted Clay
Concrete
Thermall -y /i 0.7 0.7 0.16 0.08
conductivity A

U-Value, W/m2K 2.65 2.92 0.77

R-Value| m2K/W 0.38 0.34 1.31
Consumption &
Weight

Bricks pcs 56.60 113 9 16

Weight Kg/m?2 197.24 339.25 151.80 236.6
Construction
time (min)*

Total min 180 500 60 140
* time including laying brick and plastering surface
Life Cycle
Assessment
(LCA)
Total | kg CO,e/m2 28 46 30 51

Weight (Kg/m?3)

L Weight @ Time

340

272

204

136

68

SL Brick

CO2 == Terhmal Con

DL Brick

Wall type

U-Value

R-Value # QCVN




101

misleading to assume that absorbed heat is released outward again.

Wall type performances

At the smallest unit of analysis - one square meter of wall - preliminary assumptions
can already be drawn for the entire Tonkin 2 building envelope, which, as the ‘skin’, is
intended to protect the structure. The regulatory benchmark is the national building
standard QCVN 09:2017/BXD. The weight difference between the lightest and
heaviest wall type is significant at 187 kg, with the AAC block wall representing the
lightest configuration and the double brick wall the heaviest. It is important to note
that both the double brick wall (DL Brick), the AAC wall (SL AAC), and, by way of
comparison, the Poroton wall (SL Poro) are defined as external walls, whereas the
single layered brick wall (SL Brick) act as typical interior partition.

When parameters such as U-value, R-value, installation and curing time, and unit
count are considered, the AAC block wall clearly outperforms, particularly in terms of
thermal transmittance (U-value) and thermal resistance (R-value). These values are
crucial indicators of the quality of the building envelope, which, as outlined earlier,
functions as the building’s largest organ, shielding it most directly from external
climatic influences and solar radiation. With regard to embodied CO, emissions, the
differences between wall types are less pronounced, clustering around an average of
38.75 kg CO,e/m2. Poroton, introduced here as an example of a clay-based
construction material, lay in the middle of comparison in terms of weight but
demonstrates excellent thermal performance. Since Poroton is not available in
Vietnam, it is excluded from further analyses, though it can be regarded as a
development potential for the domestic brick industry to modernise production and
replace outdated clay presses.

Focusing on the three wall types listed in QCVN 09:2017/BXD, AAC surpasses both
brick variants across all categories except embodied CO, emissions. Moreover, strict
compliance with standards would prohibit the use of SL Brick as an external wall due
to its excessive solar heat gain. Construction speed is another important factor in
high-rise building construction. Here again, AAC proves superior, primarily due to its
larger format: only nine AAC blocks are required per square meter, compared to 56.6
for SL Brick and 113 for DL Brick. AAC also offers practical handling advantages,
being easy to cut and place. In addition, its thin-bed adhesive technique outperforms
the traditional thick-bed mortar method, which requires on-site mixing and moistening
of each brick. Another factor lies in the production tolerances of building materials.
Traditional bricks often deviate 8 - 10 mm from nominal dimensions, resulting in
uneven wall surfaces even when properly aligned. Subsequent plastering
compensates for these irregularities, producing layer thicknesses that frequently
exceed standards (Figure 5.4).
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Figure 5.4: (a) Brick Masonry - Transition to Beam, (b) DL Brick cut, Air Gab visible, (c) DL
Brick broken, (d) Thickness Plaster Layer, (e) Brick Deviation and (f) AAC Wall Type

In contrast, AAC and Poroton exhibit tolerances within + 1 mm. When laid in thin-bed
adhesive with a maximum joint thickness of 3 mm, the system creates a
homogeneous wall with very good thermal properties and equal surfaces.
Consequently, plaster layers remain in the Millimeter rather than Centimeter range.
Taken together, these aspects of weight differences, inferior performance, and longer
construction times associated with traditional brick walls led imagine about upscaling
those measures to the T2 building and in further step to the entire high-rises of the
Vinhomes Smart City Hanoi.

Upscaling findings to the research building T2:

Building on the one-square-meter analysis, the following step applies the parameters
to the brick-to-concrete ratio (BCR) value of 9.796 m2 of masonry facade at Tonkin 2.
The resulting quantities shift considerably. In terms of weight, there is a difference of
approximately 500 tonnes between the AAC wall and the single-layer brick wall. This
additional load is comparable to the mass of the entire technical building equipment
installed in and on the case study building. The effect can be visualised as a backpack
carried by a hiker - clearly perceptible in structural terms. The difference becomes
even more obvious when comparing AAC with the double-layer brick wall, which
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Table 5.9: Scaled Parameters on T2 related to BCR (9.796 m?)

Parameters Unit SL Brick (B1) DL Brick (B2) SL AAC

Material weight

Total Tsd (t) 1.932 3.323 1.487

Construction time
per one labor

Total yrs 3 9 1

CO2 emission

Total | kg CO,e/m2 11.120 18.723 6.925
[
Payloads ......
y ©0© '@@m@
Total pl 1.074 1.682 144
Table 5.10: Scaled Parameters on VSC High-Rise Buildings
Parameters Unit SL Brick (B1) DL Brick (B2) SL AAC

Material weight

Total Tsd (1) 115.930 199.398 80.222

Construction time

Total yrs 202 561 67

CO2 emission

Total | kg CO,e/m? 667.202 1.123.400 414.900
N
Payloads ENEEE ,
Total pl 64.441 100.897 8.622

qualifies as a proper external wall: here, a potential weight reduction of around 1,000
tonnes can be identified. These disparities extend consistently across other
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parameters such as construction time and emissions as seen in Table 5.9 and in more
detail in appendix A.2. For example, when expressed as cumulative construction
weeks, AAC achieves an advantage of nearly 500 weeks over the single-layer brick
wall, and about 1,500 weeks compared with the double-layer brick wall. In Vietnam,
the effect is partially offset by the widespread reliance on low-cost labour, with large
workforces compensating for inefficiencies in wall assembly. It must also be noted that
the construction industry is in continuous transformation, with incremental
improvements observable from site to site, particularly in safety measures and
logistics. A further dimension of this comparison emerges in transport requirements.
Using a standard 30-ton and five axle truck as reference, the calculated number of
deliveries diverges sharply: 1,074 trips for single-layer brick, 1,682 trips for double-
layer brick, and only 144 trips for AAC. These differences carry direct implications for
sustainability considerations - not only through the reduction of transport-related CO,
emissions, which are modest per trip but accumulate substantially - but also through

procurement costs, which are strongly influenced by logistics.

Upscaling to VSC Hanoi:

When taken the values identified above and extrapolated to all high-rise buildings of
the VSC, which combined are 60 towers in total, the results increase dramatically and
more visible. This cumulative calculation is feasible because the buildings follow highly
standardised construction principles; their architecture is largely identical and
marginally varied. It should be noted that these calculations are traceable back to the
square-meter scale made by one labour, and thus to individual bricks and goods
delivered in 25 kg sacks. More precise data is hardly available due to confidentiality
constraints. Appendix A.2 provides more detailed calculations and in extend
calculation of payloads.

In summary, it can be stated that, for instance, approximately 27 million tons of
masonry can be saved when comparing AAC to the single-layer brick wall. In relation
to the double-layer external brick wall, AAC demonstrates potential material savings of
nearly 110 million tonnes that represents nearly 46% resource savings as visible seen
in table 5.11. The CO2 emission savings are similar to that of weight and bond to the
bricks, mortar and plaster. Further differences and similarities are clearly stated in
Table 5.10, particularly under the parameter of payloads: AAC requires only 8,622
truckloads, which amounts to less than one-tenth of the over 100,000 trips necessary
for double-layer brick walls. This provides evident opportunities for resource-efficient
planning and execution of high-rise buildings. Even though many of these material
transports are mitigated by the on-site provision of silos, which reduce delivery
frequency, the environmental impacts of truck movements on the surrounding context
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Table 5.11: T2 Comparison to VSC Resource Benefits
L Weight Tsd (1) < C02 b Weight Tsd (t) < C02
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Figure 5.5: (a) Tonkin 2 Floor Plan with Concrete Spacers, (b) Zoom Concrete Spacer, (c)

Slab Section before and after using Concrete Spacers

cannot be overlooked. AAC achieves an order-of-magnitude reduction in truck
movements and time compared to double-layer brickwork, cutting required payloads
by nearly 90%. This reinforces AAC’s role as a resource-efficient wall material for high-
rise construction in Vietnam’s context in in comparison to the thermal comparable
double brick wall besides following regulations stated.

Following - apart from academia - a recent article in Nhan Dan31 from 7 January 2025,
which projects urban districts in Vietham to continue expand by over 44% in the
coming years, questions of sustainable construction are gaining urgency. Holistic
approaches, such as those outlined in this study, are therefore increasingly important
for the implementation of urban districts - and particularly for “smart,” resource-saving
forms of construction and development. To keep a system of healthy high rise
buildings

Performance and potentials for concrete resource saving:
To deepen the perspective on system resilience, it is necessary to look beyond the

31
(10.09.2025)
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building envelope and consider the structural framework, specifically the reinforced
concrete frame construction. This framework is dimensioned to transfer the loads of
masonry and external forces into the structure with appropriate safety factors.
Alongside optimisation potentials in the walls - whether material-related or thermal-
technological innovations exist that can reduce concrete consumption while
simultaneously improving construction quality, structural stability, and additional
factors such as lowering CO, emissions.

One such innovation involves the use of concrete void formers, which are placed
between the rebar layers to create hollow-core slabs instead of solid concrete decks.
These reduce the overall weight of the building while increasing its stiffness. In Asia,
the so-called U-Boot system (grid aligning 520 x 520 mm) has been established,
though it is - as a standard - not yet widely applied in high-rise construction in
Vietnam. Athira Anil and Vidya Jose32 review the advancements for U-Boot in
Construction in India. In Europe, comparable technologies include BubbleDeck from
the Netherlands and Unidome, a German product that has been in use for over a
decade. The advantage of concrete spacers lie in eliminating the need for the
downstand beams that are present in virtually every Vietnamese building to ensure
structural stiffness. Their removal results in flat slabs functioning as surface load-
bearing systems, thereby making downstand beams redundant.

For the present case study, the Unidome system was applied in the CAD and
empirical simulation. For the Tonkin 2 residential tower, conservative calculations
indicated concrete savings for slaps of 25% using Unidome XS60 (grid aligning 350 x
350 mm) that increases the overall slab thickness from currently 160 mm to 210 mm
while subsequently reduces the amount of concrete for the overall construction by
16%. Another advantage of employing void formers is that buildings can be designed
both lighter and lower in floor-to-floor height. In practical terms, this means that for
every eight to ten standard floors, depending on the floor height, one additional floor
could be structurally added (Figure 5.5). In the case of Tonkin 2, this would mean four
to five additional floors. This has implications not only for the resource efficiency of the
building but also for its economic viability, particularly regarding water management
and resource reuse. From a marketing perspective, it also offers potential for higher
profitability.

In this case study, the use of void formers was calculated to save up to 700 concrete
mixer truck deliveries, corresponding to an additional 5 tonnes of CO, savings per
building. From a holistic standpoint, such measures clearly demonstrate where
optimisation levers can be adjusted to design, build, and operate buildings that are
more resilient for the future. The calculations are not taking into account the reduced
amount of rebars - while the manufacturer is estimating 20% in weight reduction.

32 (12.09.2025)
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Table 5.12: Concrete Slab Resource Potentials for T2

Parameters Unit Volume
Material
Currently Metric (ton) 39.138
Reduction Metric (ton) 6.250
Total Metric (ton) 32.888

CO2 emission

Currently kg CO,e/m3 24.422
Reduction kg CO,e/m3 3.900
Total kg CO,e/m3 20.522
Concrete Mixers E
OO=0,

Currently pl 3.914

Reduction pl 625
Total pl 3.289

Instead the following table 5.12 and 5.13, accompanied by a graph, summarises the
calculated parameters from Appendix A3.4 of T2 and extrapolates them to the high-
rise cluster of VSC Hanoi, similar to the earlier example on wall materials. Overall
resource potentials of reducing the consumption for Concrete, CO2 emissions and
subsequently reducing the amount of truck deliveries by 16%. Vinhomes, as the
largest developer of new urban districts in Vietnam, typically manages 20-30 parallel
projects in planning, each relatively consisting of clusters of high-rise towers,
shophouses, villas, malls, schools, hospitals and further facilities. While these districts
are broadly similar in design principles and alignment apart from local orientation, they
highlight the scale at which urban development and densification take place. They
also illustrate the magnitude of resources that could be used more efficiently through
the application of the above-mentioned optimisation strategies.

MEP weight impact on the building envelope :

In a final step, the building envelope of Tonkin 2 is examined in relation to its
mechanical, electrical and plumbing (MEP) systems. Local developers such as
Vinhomes are continuously striving to optimise water supply and cooling systems in
their high-rise projects. In the case of the Smart City towers, and in their typologically
identical counterparts, the majority of technical equipment is concentrated on the roof.
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Table 5.13: Concrete Slab Resource Potentials for VSC

Parameters Unit Volume
Material
Currently Metric (ton) 2.348.274
Reduction (saving) Metric (ton) 375.024
Total Metric (ton) 1.973.250

CO2 emission

Currently kg CO,e/m3 1.465.323
Reduction (saving) kg CO,e/m3 234.015
Total kg COe/m3 1.231.308
Concrete Mixer - @.
OO=E
Currently pl 234.827
Reduction (saving) pl 37.502
Total pl 197.325
[ Trucks (pl) kb Material metric (ton) co2
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This includes three stainless-steel water tanks: a 160 m? firefighting water tank, a 120
m?3 cold-water tank, and a 55 m3 hot-water tank. These are mounted on concrete
foundations that transfer the loads vertically into the reinforced concrete frame.
Additional chillers for hot-water generation are placed on separate foundations.
Alongside connecting pipework, the roof also accommodates exhaust systems for
kitchen and bathroom shafts as well as outdoor AC units for technical rooms (Figure
5.6).

As context information, a central cistern is located between the twin towers Tonkin 1
and 2 above the underground car park, storing municipal water. After filtration through
sand filters in the basement, the water is pumped to the roof tanks, from where static
pressure, supplemented by booster pumps, distributes it throughout the building.
Accordingly, pump rooms are located both in the basement and on the roof. The
sprinkler system serving the public corridors is also situated on the roof in a separate
technical room. Although the available planning documents did not allow for a
complete reconstruction of the system, site inspections and discussions with the
building management clarified many request for information.

The water supply and corridor cooling are thus not centralised from below but
delivered from above - figuratively “from the head of the building.” All stainless-steel
tanks and technical devices remain fully exposed to solar radiation and weather
conditions year-round, with condensation consistently observed on tank surfaces.
Roof greening for shading of the upper floors was neither implemented nor
retrofittable at the current stage without major structural intervention. Consequently,
greening scenarios were only simulated virtually and presented to the developer.

The focus of the analysis lies in the loads introduced by this arrangement of MEP
systems - particularly AC units and their brackets - which might be reduced through
updated technologies and alternative configurations. The data compiled in Appendix
A3.6, derived from planning documents, should be interpreted with caution, yet they
provide tangible values: facade-mounted units impose shear forces of approximately
84 tonnes, while rooftop equipment contributes vertical loads of approximately 400
tonnes. Photographic and empirical analysis further revealed differentiated load
distributions, depending on the unit owner who is responsible for mounting its own AC
unit: the east and west fagades carry the highest loads, with approximately 41 tonnes
and 36 tonnes respectively, while the south facade carries no AC units. The north
facade instead, due to the allocation of loggias, provides space for mounting and
calculated loads of around 6 tonnes. For reference, the combined load corresponds to
the take-off weight of an Airbus A380 (= 560 tonnes) seen in Figure 5.6 (a) and
Appendix A2. Relocating rooftop MEP components to the basement would reduce the
overall mass distribution of the building that has an effect to the foundation pillars. The
aim is to store and supply water directly from the basement, for example via a booster
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pump system, rather than routing it through to the roof tanks. This relocation would
also offer additional advantages by keeping stored water in the shaded and cooler
basement environment, decreasing affection of bacteria whilst improving both
treatment efficiency and operational resilience.

Usage of Augmented and Virtual Reality:

The use of augmented reality (AR) offers significant advantages for technical
coordination, particularly when all project partners employ the same tools from the
early beginning of the planning process. It is important to emphasise, however, that
within this research project only digital shadows of the case study buildings Tonkin 2
and TestBed 2 were created. These models do not claim completeness but serve as
partial representations for analytical and communicative purposes.

The digital models were first developed in CAD software and subsequently exported
via add-ons, partly as direct Link. In the case of Tonkin 2 and TestBed 2, a direct
export to Twinmotion as virtual engine was possible, while Unreal Engine required
conversion via the .datasmith format before further editing. Twinmotion outputs met
the visual requirements for communication and decision support on site, but carried
the risk of being perceived as gaming environment. Surface information was
represented, whereas technical information was not transmitted. By contrast, AR
models exported construction, product, and material data and thus enabled visual
representation of otherwise non-visible information. For this reason, AR proved
particularly useful at early stages for identifying and discussing technical problems
requiring solutions. The visual representation was therefore kept deliberately simple to
focus on essential, non-visible technical parameters.

The distinction between the two modes of representation became evident in practice:
local partners and building owners primarily engaged with the virtual model, while the
technical AR model was used mainly by engineering staff. An attempt was made to
embed the AR model into the project website via a hot link through the BIMx model
transfer platform. This revealed problems related to the differing functionalities of the
educational and professional software versions - issues that were only partially
resolved by the provider. A particular limitation was the 24-hour restriction of the
display mode, which complicated problem-solving across long distances and often
led to delays that could not be fully mitigated. By contrast, embedding the virtual
model via video placeholders on the project website was straightforward. So basically
AR Models were placed as images rather than integrated Links.

From the outset, interface integration was further complicated by the fact that the
project website could not be hosted on the university’s server but had to be provided
by a third-party platform outside academia. For this reason, the digital shadows were
ultimately presented via static image formats (AR) or video formats (VR). Real-time



113

data integration was not possible. Methodologically, this approach proved valid (Figure
4.7), yet it was constrained by persistent issues of feedback latency and interface
compatibility or operability. The mixture of third-party providers, cloud platforms,
academic institutions, and private-sector partners across two countries was
ambitious, but could not be implemented without technical frictions. The virtual model,
in contrast to the augmented model, was able to replicate the physical object with
high fidelity, including materials and vegetation. A drone survey conducted after the
planting of TestBed 2 confirmed this correspondence, underscoring the extent to
which virtual environments increasingly approximate real-world conditions.

Reflections

Building Skin and Materials:

The critical investigation of the building envelope and its materiality frames the
building as a ‘living organism’, revealing both systemic strengths and weaknesses that
inform strategies for future construction. A comprehensive understanding of the
envelope as an integrated whole, and of the parameters that shape its performance, is
essential. Yet, in practice, material choices are rarely determined by holistic evaluation.
Instead, they are guided by cost calculations and amortisation against time factors,
with deficiencies often deferred to the operational sphere of facility management. This
results in a narrow optimisation of short-term expenditure rather than a long-term
pursuit of resilience and resource efficiency.

Resource-conscious planning requires extended considerations during the early
design phase, a process frequently perceived as inefficient within conventional
construction practice. However, once translated to the level of construction logistics
and workforce effort (one labor calculations), the systemic leverage points become
clear. Material mass and embodied energy illustrate this vividly: the difference between
an AAC block wall with adhesive joints and a conventional double-brick wall is not
marginal but structural, reducing overall wall thickness, mortar consumption, and
weight on the foundation. When extrapolated to the scale of a 145 m high-rise or the
overall skyline, these savings correspond to dozens of truckloads and significant CO,
reductions. Although comparisons to the weight of aircraft or freight convoys may
appear exaggerated, they are effective in communicating the magnitude of
construction material flows and their climate impacts.

The envelope must therefore be viewed not merely as a protective skin but as a
decisive parameter in shaping building performance. Window-to-wall ratios (WWR)
and building coverage ratios (BCR) influence daylight access, energy consumption,
and thermal balance. One possible design strategy would be to reduce window area
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by 30 - 50 percent, thereby increasing the proportion of masonry. While such an
approach might appear restrictive, it can in fact reduce the amount of internal shading
devices such as curtains, while still ensuring adequate daylight levels whilst improved
wall performances. Another scenario would be to add a second skin that takes
responsibility for shading and therefore cooling. Then in contrast window areas could
be wider and curtains might be not necessary.

Mortar and plaster thickness, though seemingly minor, compound into significant
material and emission factors at scale. Thermal imaging confirms the effect: poorly
insulated joints, under-dimensioned plaster layers, or unshaded glazing generate
measurable thermal bridges and surface overheating, accelerating urban heat-island
effects. The Tonkin 2 case illustrates how such inefficiencies accumulate across entire
ensembles of typologically identical towers, amplifying systemic vulnerabilities within
the district.

The reflection that emerges is twofold. First, resource efficiency and climate-conscious
construction must be established as design necessities rather than post hoc
management tasks. Second, efficiency does not necessarily conflict with cost parity.
On the contrary, equal cost alternatives can be identified that reduce embodied mass,
improve thermal performance, enhance architectural quality and comfort. Realistic
optimisation of costs should follow once these parameters are secured, ensuring that
building envelopes evolve into adaptive, low-impact systems rather than persistent
liabilities.

Augmented and Virtual Reality:

Across the construction industry, and particularly in the development of large-scale
urban districts, implementation techniques are continuously refined to improve
efficiency. Smart City projects exemplify this trend, as their execution demands
sophisticated organisational and technical coordination. Such requirements are
typically addressed through management tools that facilitate communication across
multiple stakeholders. In practice, the scale and complexity of these projects restrict
delivery to a small number of established firms, usually employing more than 500 staff.
Consequently, the market segment is dominated by a limited number of major
corporations.

In Vietnam, the high-rise and housing sectors are likewise led by a handful of large
companies. In Hanoi, prominent actors include Hoa Binh Construction, Coteccons,
Unicons, Newtecons, and Delta. Public tenders in this field are largely circulated within
this closed professional network. Within these firms, Building Information Modeling
(BIM) has become an established tool for planning and coordination, providing three-
dimensional animated construction models that support workflows.

Within the Smart Urban Areas (SUA) project, BIM was also employed to generate
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digital models of the investigated buildings. This process was, however, constrained
by the availability and quality of technical documentation. For Tonkin 2, the dataset did
not reflect the final as-built condition, while documentation for TestBed 02 contained
discrepancies that required extensive on-site verification. For TestBeds 01 and 06,
technical documentation was entirely absent, necessitating reconstruction of the
models from site sketches and empirical knowledge.

The strength of three-dimensional modeling lies in its ability to integrate, verify, and
cross-reference structural information. During the reconstruction of the Tonkin Tower
ensemble, including its basement levels, the transfer of two-dimensional drawings into
the BIM environment revealed errors such as misaligned walls, misplaced service
shafts, and inconsistent column grids. Hence the documentation received belongs to
Tonkin 1 and was digital mirrored. These discrepancies could not be clarified with the
local partner, as communication with the Vinhomes planning team was mediated
through corporate communication departments rather than technical staff. At TestBed
02, the absence of direct contact with the design office likewise restricted the
verification process, as technical information was transmitted indirectly via the building
owner.

Such examples highlight the extent to which collaborative workflows can be
compromised by communication barriers. To mitigate these limitations, digital models
were generated based on the received documentation, existing site conditions and
accumulated field experience in Vietnam. This distinction revealed a critical
methodological insight: a difference between Digital Twins (DTs) and Digital Shadows
(DSs). A DT is developed from the earliest planning stages, partly managed through
BIM contracts, and consolidates multidisciplinary data in interoperable formats (e.g.,
IFC). It represents a 1:1 digital counterpart of the physical asset, enabling real-time
monitoring and predictive adjustments. By contrast, the SUA models must be
classified as digital shadows, as linear non interacting models: retrospective, partial
reconstructions of the assumed current state, without the data provenance,
traceability, or collaborative integration of a true DT. Despite these limitations, the DSs
provided a functional basis for simulations and supported the exploration of interface
constraints and applied BIM practices in real-world contexts.

Although BIM models are rich in data, they are often too complex for non-specialist
audiences. One advantage lies in their capacity to generate environments in
Augmented Reality (AR) and Virtual Reality (VR). AR overlays digital information onto
the physical building and its immediate surroundings, while VR expands the scope to
immersive representations of the urban environment. Within the SUA project, VR
models were adapted for head-mounted displays and embedded into the project
website, where they served as interactive media for communication. The VR models
provided immersive yet simplified reconstructions, occasionally perceived as gamified
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environments, whereas AR models were oriented toward technical users, offering
targeted overlays of construction, material, and product data.

This experience underscores a broader lesson: while BIM adoption in the construction
industry continues to expand, its potential for simulation and predictive design
remains underutilised. The incomplete integration of SUA climate sensors into the AR
environment highlights these constraints but also points toward a future opportunity.
Linking real-time environmental data with digital building models remains a promising
pathway for enhancing planning reliability, adaptive management, and resilience in
high-rise developments.

The reflections on building envelopes and materiality suggest that buildings must be
understood not only as static containers of use but as evolving organisms embedded
in wider systems of urbanity. The envelope becomes an interface where material
choices, energy performance, and urban climate converge. When multiplied across
high-rise ensembles such as Tonkin 2, even modest adjustments - whether reducing
glazing ratios, optimising wall compositions, or integrating greenery - scale into
significant shifts in urban energy balance and resource demand. This perspective
resonates with the visionary systems thinking of the 1960s and 1970s mentioned in
Chapter 2, when architects, builders and scientists alike imagined infrastructures as
adaptive, self-regulating environments.

5.3 Vegetation Placement and Sensors - Results and Reflections

Results

Vegetation benefits and maintaining:

Within the framework of the SUA research project, the roof and facade greening
system was implemented using standardised containers arranged in accordance with
the planting concept, enabling later dismantling. To minimise direct contact with the
terracotta roof tiles, the containers were elevated by 50-55 mm on conventional
bricks, a requirement agreed in coordination with the building owner.

Containers A, B, and C, described in Chapter 4.4, are widely available on the
Vietnamese market and posed no challenges. Corresponding, containers A and B are
typically used for motorcycle deliveries, while container C is commonly used for
packaging and storage. Native plant species were placed in containers A and B to
establish a ‘rooftop forest’ that could be monitored with the installed sensor system.
System comparability with TestBed 1 (TB1) was an essential criterion, facilitating
analytical comparison of two rooftop gardens in different Hanoi districts. After eight
months in operation the first bird nesting was observed (Figure 5.7) at TestBed 2 (TB2).
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Figure 5.7: (a) Bird Nesting at TB2, (b) Ant Settlement in the Palm Leaf Sheath,

(c) Caterpillar on Bamboo Bracing

The roof’s elevation of 23 m above street level further proved insect and bird
concentrations at this height. Additional planting of blossom vegetation (Bird of
paradise / Strelitzia reginae) after 10 months of the initial installation of TB2 further
supports fauna attraction. Nevertheless ants and caterpillars settlements were
discovered within one year. Ants in particular were attracted to the palm leaf sheath as
protective environment with access to water that runs down the leaf stem collected by
the leaf blade.

In addition to the documented increase in local insect biodiversity, thermal imaging
observations and measurements (Chapter 5.1) confirmed the advantages of vegetated
building envelopes, as illustrated in Tables 5.4-5.6. Maximum temperature peaks of up
to 11 °C were recorded between vegetated and non-vegetated facades. Further
benefits of green roofs are shown in Table 5.7, where temperature maxima of exposed
metal roofs are compared with vegetation shaded surfaces. In conjunction with the
reference values in Table 5.2, these findings indicate average surface temperature
reductions of approximately 30 °C between non-vegetated and vegetated, shaded
surfaces. The reduction of solar load on wall surfaces is therefore largely absorbed by
the vegetation layer of the green facade. When combined with optimised wall
materials - such as the use of AAC blocks (Chapter 5.2) - these effects enable the
design of double-layered exterior walls that expose interior spaces to significantly
lower baseline temperatures.

With focus on observations from TB2 a recognisable difference in palm development
was observed between both TB1 and TB2. Delivered Palms to TB1 reached 2.5-3.0 m
height with robust single stems, while those delivered to TB2 were shorter (1.8-2.5 m)
in height and often with multiple shoots at base. Shorter palms showed greater
flexibility during the storm-prone annual season (July-September), but subsequently
avoided slower canopy growth and increased basal shoot formation. This intensified
shading of the shrub and ground-cover layers, limiting their development. Three major
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Figure 5.8: Plant Rehabilitation at TB1 and TB2

pruning in the basal area over a year helped to guide growth vertical rather horizontal.
To further support root establishment for stability, the Japanese fertiliser HB-101 was
recommended by the landscaper. Watering one to three times weekly within the first
weeks are necessary, as palms were delivered with pruned root systems. Vigorous
root regeneration confirmed the efficacy of this measure. A bamboo bracing frame
was additionally installed to stabilise the palms during the first months and support
stability during typhoon season. The bracing was maintained three times within the
first year. At time of September 2025, the roof garden reached an age of 14 months,
the stability of the palms is that quality that the bracing can be removed. 120 kg soil
plant was added to the containers A and B after three months again due soil settling.

Weather extremes and plant rehabilitation:

On 7 September 2024, typhoon Yagi struck northern Vietham, classified as a “century
storm” with wind strengths of 6-7 Bft33. The event caused widespread power outages
and uprooted trees across Hanoi. Despite these conditions, the rooftop and facade
greening system and the sensor network at TB2 remained operational. The
observation camera continued functioning despite heavy vibrations and provided
uninterrupted image and video recordings34. Observation unfold that non vegetation
was unrooted but the palm blades sustained significant leaf damage at the leaf edges.
The impact of typhoon Yagi therefore provided an unexpected while valuable stress

33 Beaufort Wind Force Scale

34 (14.09.2025)


https://smarturbanareas.de/sua-dashboard/sua-dashboard-tb2.html

119

Bt

Figure 5.9: (a) Palm Roots from A and B Container TB1, (b) Close up to Palm Roots in

Container, (c) Separation hanging Plants and Rooting

test for TB2. During measures of TestBed 1 (TB1) and TestBed 2 (TB2) notable
patterns of plant regeneration revealed, although causal attribution to local conditions
remains partly uncertain or not evident enough. Figure 5.8 illustrates the vegetation
dynamics over a 14-month period. At TB1, the treetop layer - after planting - reached
approximately 2 meters above the ground-covering vegetation, consisting primarily of
Nephrolepis exaltata (common fern), Chlorophytum comosum (spider plant), and
Tradescantia spathacea (blood clamshell). The testbed was located on the fifth floor
and surrounded by adjacent buildings and walls on three sides, with exposure only to
the west. As a result, natural influences were moderated, with light and air entering
primarily from above, while wind and storm impacts such as typhoon Yagi caused less
damage compared to open streetscapes or unprotected rooftops. Vegetation
dynamics at TB1 followed a distinct succession. During the initial rehabilitation phase,
spider plants expanded vigorously and produced numerous offshoots. After eight
months, a shift was observed as blood clamshell outcompeted spider plants, while
ferns continued to thrive steadily in the shaded centre of the setup. By the end of the
14-month period, shortly before the dismantling and relocation of TB1 becoming TB6,
spider plants had nearly disappeared. Ground cover was dominated by blood
clamshell and extensively developed fern, while palms had become well-established,
anchoring themselves structurally and increasing in height by approximately 80 cm,
even extending through the rooftop construction. In contrast, the climbing species
Dypsis Iutescens (Cuc Tan An Do) showed limited growth throughout the observation
period.

At TB2 in contrast, the vegetation development over the same period showed both
parallels and divergences. Spider plants initially dominated were progressively
displaced by fern and blood clamshell, which asserted dominance in at least three
containers. A temporary snail infestation led to losses but was compensated by
replanting offshoots sourced from TB1. Palm development proved more influential
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than anticipated: dense treetop growth suppressed ground-cover expansion. Only
after the radical pruning of palm shoots to 1-3 main stems, did essential support plant
recovery. Damage sustained by palm leaves from Typhoon Yagi - occurring two
months after planting, a time when plants are in their recovery phase - took
approximately 12 months to fully regenerate. In this interval, ferns expanded
vigorously, surpassing both spider plants and blood clamshell in height and width, and
ultimately gained dominance in containers A and B through its vast expand of shoots.
Spider plants and blood clamshell are reduced to a minor but equal position in the
container. An additional planting of Strelitzia reginae (Bird of paradise) in previously
damaged areas successfully established itself and competed successful with the fern,
though it is not listed in Figure 5.8 due to its role as a special planting. Cuc Tan An Do
as hanging plant showed an immense growth rate of about 3 m over 12 months with a
minor set back in recovery after Typhoon Yagi - who set the benchmark. Due its high
pace in growth Cuc Tan An Do was cut after twelve months by the owner.

Overall palm growth at TB2 was substantial, with height increases of up to 1 m,
confirming that radical shoot pruning successfully channelled energy into vertical
growth while improving light and spatial availability for the understory. A side note of
this development has been the progressive shading of sensor nodes by palm fronds,
suggesting that repositioning or elevation of the solar panels will soon be required to
maintain functionality.

Keeping the focus on the palm again comparable patterns were observed in root
development. The heavily pruned root balls of palms and climbing plants regenerated
with unexpected vigor. At delivery, the palms for TB1 and TB2 were supplied with
knotted root balls no larger than 30 cm in diameter for a better handling. The bamboo
frames installed against wind loads initially served primarily to stabilise the palms
against one another and to prevent toppling. These frames, extending approximately
50 cm above the soil surface, ensured upright growth during the establishment phase.
During the dismantling of TB1, plants designated for reuse were separated and stored.
Several palms had to be cut out of their containers because the expanded root
systems made them too heavy for transport. The root balls had grown so extensively
that the new mass exceeded manageable weight limits for labours to carry. At the
container base, root mats of 8 - 10 cm thickness had formed, particularly in containers
A and B for palms, and in container C for the climbing species. Figure 5.9 illustrates
this root expansion, highlighting the structural anchoring capacity of the planting
system and the plants’ adaptation to confined container environments.

A closer look: The roots proved soft and flexible, intertwining within the confined
space of the planting containers in search of optimal anchorage. This natural
stabilisation expanded the foundation area of the palms and provided a stronger
counterweight against wind loads. After approximately 14 months, the bamboo
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Figure 5.10: (a) Ring-Drip Irrigation at TB1, (b) Mist-Drip Irrigation for Container A and B
at TB2, (c) Drip Irrigation for Container C at TB2

bracing system was no longer necessary, except as protection against vertical
displacement. By this stage, following the recovery period from implementing in July
2024 and storm damage, the palms had developed sufficient anchorage and stability
to withstand wind exposure independently.

Irrigation observation:

Irrigation systems at TB1 and TB2 sourced locally available standard components but
delivered different results. TB1 used ring-drip hoses with 10 cm outlet spacing, which
ensured uniform water distribution. TB2 employed flexible hoses with combined
misting and drip outlets at container A and B; at containers C, only drip nozzles were
installed (Figure 5.10). This led to uneven watering and dry zones in the beginning,
reducing growth in certain areas until adjusting was done. The misting function at
containers A and B proved beneficial, cooling palm stems and reducing heat-stress
responses, whereas drip irrigation alone was comparatively weak. Heat flux
observations confirmed that palm stems reached elevated surface temperatures,
regulating stomata activity.

Overall, TB1 irrigation achieved more consistent substrate moisture, while TB2’s
system produced patchier growth outcomes. The survival of the greening system and
the functionality of the sensors demonstrated resilience, though structural stabilisation
measures (bamboo bracing, container elevation and tie-back) were essential. Such
exceptional events underline the need for adaptive greening systems that can
withstand extreme weather conditions and maintain ecological as well as technical
functions in the greater urban environment.

Sensor installation, placement and product constraints:
The DAVIS sensor network on the roof of TestBed 2 was installed for microclimatic
monitoring of the vegetation and the immediate building environment. Following
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detailed planning and technical consultation with the supplier’s support team, the
system was successfully assembled and put into operation. During the initialisation,
however, software-related difficulties occurred when integrating the soil sensors for
the planting containers C on the south and west facades. These sensors could not be
activated despite the replacement of several drivers. In contrast, the Sentek soill
sensor (length 300 mm) installed in one of the rooftop planting containers A
consistently delivered reliable data.

The system issued its first warning messages in late November 2024. Data
interruptions occurred in connection with construction activities at the south fagade
carried out by the building owner. Battery warnings followed from December 2024 -
approximately six months after installation. The gateway, powered by a solar panel
and a 6 V battery, was initially mounted upright on the southern wall of the rooftop
structure and provided stable performance. The system’s nodes were connected to
the gateway via Bluetooth, fixed to the masonry using a steel bar, and oriented east-
west. The individual sensors were wired to the nodes with long cables well suited for
extended distances. Each node was additionally equipped with four D4 batteries and
powered by a solar panel with backup from the integrated battery. The batteries were
designed to bridge periods of insufficient solar charging. In most cases, all four sensor
slots in the node housing were occupied. By January 2025, battery warnings were
being reported from all nodes, and further data outages were recorded.

In mid-April, the gateway-node-sensor network was inspected on site after the
majority of sensors had been transmitting data unreliably for several weeks. A
complete system failure was confirmed between late March and mid April 2025,
around ten months after installation. Communication with the German distributor and
support team did not yield any solutions. According to their statements, such a total
failure had not previously been encountered. Externally, orange-rust discolouration
was visible on the hardware and sensor cables leading out of the nodes, with similar
signs at the mounting points (Figure 5.11). On opening the nodes, corroded battery
caps and leakages were observed, which had damaged the metallic plate connectors
of the battery holders. This accounted for the battery failure messages and ultimately
led to the discolouration. It was further noted that the 1P44 splash-proof casings of the
nodes were indeed tightly sealed and mechanically robust. However, this construction
favoured condensation inside the housings, accelerating corrosion of the battery caps
and leading to short circuits. The solar panels mounted on the casing lids generated
considerable heat, producing strong temperature differences inside the housings -
another driver of condensation in the tropical environment. The temperatures must
have been substantial, as some battery tops and bottoms were found to have
ruptured. Follow-up queries and exchanges with the supplier, and even direct contact
with the manufacturer in California, remained inconclusive. At present, only the
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meteorological station Vantage Pro2 continues to deliver reliable data.

Closer inspection of the gateway as the central hub of the network revealed that its
battery provided insufficient performance. The 6V battery (made in Vietham) was
recharged with a charging station, the gateway was repositioned horizontally on a
support bracket, and the solar panel thereby received direct daylight primarily from
above and the west. This repositioning demonstrated that both the gateway and the
nodes operate more accurate and reliable when installed horizontally. Another
probable factor in the node failures was shading of the solar panels caused by the
growth of the palm trees from plant containers A and B, which prevented adequate
battery charging. Nevertheless, this does not resolve the fundamental issue of
condensation inside the casings. In short, a microclimate developed within the sealed
casings themselves, directly affecting the electronics.

Moreover, prolonged exposure to high levels of ultraviolet (UV) radiation, in
combination with Hanoi’'s humid climate and elevated air pollution, caused visible
material degradation on exposed components - mostly fasteners. In particular, plastic
elements exhibited signs of embrittlement and fatigue. As a preventive measure,
switching to more durable materials, such as natural fibre cords (Flax), is
recommended to enhance long-term environmental resilience. For this study,
therefore, only the data collected during the first seven months after installation can be
considered reliable. The quality of the measurements besides visibility in the
Application dashboard is high, but the operational stability is restricted and requires a
more intensive maintenance effort than initially anticipated.

Reflections

General observations and experiences:

The vegetation experiments provide important lessons for rooftop greening initiatives.
Increasing plant diversity is recommended to enhance both ecological and health
performance. Greater species variation can improve shading, cooling capacity, and
resilience, while also promoting the settlement of birds and insects. The nesting
observed at TB2 underscores the potential of rooftop gardens to create habitats even
in dense urban environments.

Differences in palm development highlight the importance of species and planting
selection. Palms with a minimum initial height of 2.5 m are preferable, as they develop
stronger canopies and maintain sufficient clearance for understory vegetation. Single-
stem palms are recommended because they direct growth energy into height and
crown development rather than basal shoot extension, which at TB2 inhibited shrub
expansion. In addition, planting should be scheduled to avoid the storm-prone
summer months (May to September), when peak solar radiation, high temperatures,
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Figure 5.11: Deface in Node Casing and on Equipment after ten Months since
Commissioning. (a) Discolouration on Wire, (b) Discolouration on Metal Post, (c) ruptured
Battery Bottom, (d) in Battery Holder, (e) in Case, (f) ruptured Battery Heads, (g) Deface in

Case, (h) Discolouration on Equipment (rel. Humidity / amb. Temperature Sensor)

and heavy rainfall coincide. Establishment during February-April or October-December
reduces stress factors and promotes more stable vegetation growth.

The Irrigation design proved critical. Uniform distribution at TB1 delivered consistent
development, while patchy distribution at TB2 initially limited plant performance. A
practical modification for container type C is relocating drainage holes from the base
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to the side walls, approximately 3 cm above the container bottom, to retain soil
moisture and reduce excessive drainage. This adjustment enhances water availability
during dry seasons and improves flexibility in irrigation control. With regard to climbing
species, planting a single Cuc Tan An Do per container is advisable, as its vigorous
root growth tends to outcompete neighbouring plants. Although efficient for facade
greening, this species is a “soil consumer” and requires periodic soil replenishment.
Seasonal irrigation adjustment is also essential: during the rainy summer months
irrigation may be reduced or temporarily shut down, but such measures must be
coordinated with the water filtration system as part of the integrated filtrate cycle. For
this purpose, more advanced technical equipment and external monitoring are
recommended, rather than relying solely on manual commissioning by building
owners.

Neighbourhood dynamics play an important role in construction processes in Vietnam.
In a city such as Hanoi, where building activity is constant, neighbours cannot be
assumed to be uniform stakeholders. In the case of TB2, despite prior notification,
installations on the critical west-facing wall ultimately had to be dismantled -
fortunately only after the data collection phase was completed. Since buildings in
Hanoi are typically constructed up to the property boundary, any overhanging element
requires explicit neighbour approval. For TB2, negotiations involved 13 different
neighbours, which illustrates how even well-conceived technical approaches
encounter limitations in practice. Against this backdrop, the successful
implementation of the rooftop greening system can be regarded as a noteworthy
achievement.

Overall, the findings confirm that rooftop vegetation functions more than a decorative
element. It simultaneously provides habitat, cooling, and resilience benefits for the
building envelope. However, its success depends on deliberate system design: careful
species selection, well-engineered irrigation, and structural reinforcement. These
insights reinforce the value of rooftop greening as an adaptive strategy for high-
density urban contexts such as Hanoi and other cities located within the equatorial
belt.

Miyawaki roof vegetation:

The original method of applying three biological substrate layers was adopted and
adapted to the local context using available products. This approach served as a
proof of concept in the implemented test fields, demonstrating that both substrate
stratification and the combination of diverse plant species accelerated growth within a
short period. The resulting vegetation provided clear benefits in terms of shading the
building envelope and supporting local fauna. It also demonstrably reduced rooftop
and facade heat absorption and buffered soil moisture, confirming its role as a passive
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cooling and retention measure.

In general, Miyawaki-type vegetation on buildings has shown notable resilience
factors: high survival rates of planted species, rapid canopy closure, improved soil
stabilisation, and a strong capacity for self-regeneration after extreme weather events.
These qualities contribute not only to microclimatic regulation but also to long-term
ecological stability in dense urban settings.

Although the test fields remain engineer-designed systems, they are expected to
“naturalise” over time through continued ecological processes. For future urban
planning, it is essential to integrate such insights so that buildings operate as adaptive
nodes within wider urban systems. Establishing standardised frameworks for scalable
greening strategies can significantly enhance environmental performance and well-
being in new developments, and more broadly within the evolving mega-city context.

An observation phenomena, a noteworthy - not validated yet - discovery:

Over the period of 15 months a phenomena was observed regularly, warrants of closer
examination, as it illustrates in remarkable clarity how biological organisms in
coexistence complement one another within a mutually beneficial system. Beyond its
botanical specificity, this example may be understood as a guiding metaphor for the
present study and for the SUA project in Vietham more broadly. Figure 5.12 pictures
the relationship between the palm and an ant colony that exemplifies the biological
principle of symbiosis, defined as a close relationship between different types of
organisms in which they live together and benefit from each other. In this case, the
interdependence between the palm (Arecaceae) and the ants offers a vivid
demonstration of a natural system loop, characterised by reciprocal advantages and
sustained by minimal external inputs. The palm produces new height by forming
fronds composed of three parts: the leaf base (sheath), petiole, and the fan-shaped or
pinnate blade. In the case of the butterfly palm, rainfall collected on the leaf blade is
channelled towards the concave petiole and subsequently guided into the lower leaf
base, which enfolds the trunk as the plant grows until the frond is shed. At the
transition between petiole and leaf sheath, a lip-shaped thickening rises slightly above
the concave channel, allowing water to run in a controlled manner along the trunk.
This “lip” functions as a funnel-like interface between the leaf and the stem. Through
the narrow gap between the sheath and the trunk, a film of moisture reaches the
growing stem (Fig. 5.12 (a)), cooling the meristem during periods of high temperature.
The palm thus acquires water not only through its root system but also through this
highly effective leaf-based collection mechanism. This internally coherent cycle alone
is notable, as it reveals an autonomous cooling strategy extending across the entire
height of the plant - far exceeding the limited reach of artificial misting systems
applied at the base of TestBed 2.
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Figure 5.12: (a) Lip filled with Water, (b) Lip filled with Soil, (c) Sheath after Removal,

(d) Coexistence System

How to understand a symbiosis as feedback loop within? The symbiotic dimension
becomes visible in the lower half of the palm, precisely in the zone around the “lip.”
Repeated observations showed ant colonies establishing themselves in the narrow
funnel-like space between the leaf sheath and the trunk. When fresh sheaths were
removed, entire colonies with egg clusters were found in this micro-habitat. The water
film (Fig. 5.12 (c)) that cools the palm simultaneously provides a stable, humid,
nutrient-rich environment for the ants, facilitating reproduction. Soil particles
deposited by the ants (Fig. 5.12 (b)) gradually narrow the opening of the “funnel,”
indirectly regulating the inflow of water if the leaf’'s channel is oversized - an
inadvertent yet beneficial modulation of the palm’s cooling function.

As the frond ages, it undergoes a multi-week process of detachment: it discolours,
dries, hardens, and eventually separates from the trunk by itself. The ants detect this
condition change early and relocate to a younger, moisture-providing sheath. The
palm thus serves as a host organism, offering shelter, humidity, and structural stability;
in return, the ants maintain the stem by removing small organisms and organic debris.
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This closed, temporally evolving loop represents a transient yet efficient symbiotic
system - an autonomous, self-sustaining habitat governed by adaptive feedback and
iteration. The figure 5.12 illustrates the biological reciprocal system as a diagram,
highlighting its conceptual relevance as a model for adaptive, self-sustaining urban
nodes.

Operational recommendation for green roofs:

The management of the two green spaces on Buildings TB1 (till May 2025) and TB2
has been intensively monitored, allowing for the establishment of a maintenance plan
after fourteen months. Following the initial establishment phase - which spans two to
three weeks depending on the roof area - a maintenance period for care, fertilisation,
and after-treatment commences. Once the vegetation has stabilised in its species
composition and orientation, typically after twelve to eighteen months, the gardens
can be formally transferred to the participating owner for self-management. Due to the
self-regulating nature of these gardens and/or engineered forests, the vegetation
naturally develops through the exogenous addition of seeds via local fauna. This
natural progression is only interrupted or significantly altered when human intervention
occurs and the species composition is fundamentally changed. Such an alteration
necessitates the start of a new rehabilitation and recovery cycle.

Sensor network:

The sensor network was commissioned under normal conditions but required
adjustments at an early stage. Additional facade works may have caused temporary
disturbances to the installation. Ideally, all nodes should be mounted horizontally and
oriented to the west; however, this proved difficult to achieve within the constraints of
the dense urban building configuration. The most serious technical issue was battery
corrosion, which caused persistent damage and has not yet been fully resolved.
Despite these challenges, the quality of the collected data remained within scientific
standards and was readily usable in mobile applications and research. Communication
with the manufacturer in the United States and the distributor in Germany proved
lengthy. Nevertheless, the distributor responded positively by supplying replacement
parts to repair the corroded contact plates, while no feedback has yet been received
from the manufacturer. Overall, the experience underscores the necessity of adapting
hardware specifications to local environmental conditions in order to ensure long-term
system reliability. A further critical point concerns the supply chain of the 6V battery.
Although manufactured in Vietnam, the unit was procured through a German
distributor, resulting in a logistical loop in which the battery was shipped from Vietnam
to Germany and subsequently back to Vietnam. This process leaves an ecological
footprint that warrants critical reflection. While this issue extends beyond the SUA
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project to the global battery market as a whole, it illustrates the systemic
contradictions that can undermine otherwise sustainability-oriented initiatives.

Cost calculations:

The calculated results for building greening derived from the Master’s thesis by Sophie
Girlich from TU Berlin indicate that cost neutrality cannot be achieved when assessed
over the full life cycle of 50 years. At present, no financial incentives for green
buildings are available in Vietnam, and the integration of sustainability measures
therefore depends largely on the voluntary initiative of individual investors. According
to Girlich, cost reductions can only be realised through regulatory adjustments and
increased frequency of application. As awareness grows regarding use, management,
and the associated social added value, demand is expected to rise, fostering
competition among providers and ultimately leading to lower costs. A contributor to
sustainable developments anchored the LOTUS certification strategies of the Vietnam
Green Building Council (VGBC) as advisor of the Vietnam Ministry of Construction.
Apart this context, so-called “soft factors” must be strategically and sustainably
established as value-generating elements. Comfort-related qualities that enhance
well-being contribute directly to improved living conditions and, in turn, to increased
property value, thereby making such investments more attractive to investors. It
should be noted, however, that Girlich’s analysis did not incorporate the value of
filtered water - i.e. recycled wastewater reused for irrigation at TestBed 2 - into the
cost and life-cycle calculations. Based on the author’s own calculations, which
indicate potential water savings of up to 90%, further cost reductions can be
expected after accounting for the investment and amortisation of the filtration system
and associated piping infrastructure, as significantly less municipal water would need
to be purchased from the outset. This assumption, however, requires validation
through long-term operation of an optimised filtration system within a real-world
project setting. By contrast, the ecological contribution of soft factors to improved
quality of life for residents and urbanity can already be confirmed.

5.4 Water Infrastructure - Results and Reflections

Results

Water filtration unit:

The pilot unit WA-MBR-TB225, described in detail in Chapter 4.3, consists of seven
modules combining German-manufactured products with locally sourced
components, underlining its experimental - prototype character. During commissioning
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and early operation, several technical and biological limitations became apparent.

The system was initially operated without inoculation using activated sludge (Bun
Thai), which is normally recommended to establish aerobic and anoxic bacterial
cultures for biological treatment. Attempts to substitute this step through dosing with
sugar and Effective Microorganisms (EM) achieved only temporary improvements, with
bacterial growth collapsing within days. A second attempt led to the same outcome.
Consequently, the system relied primarily on the membranes for water purification.
Operational observations indicated additional challenges. In order to avoid premature
membrane fouling, the system was operated predominantly with blackwater (80 -
90%) and a minimal proportion of greywater (~5%). This ratio had to be manually
adjusted at the ball valves, since no automated valves or sensors were integrated into
the unit. Monitoring showed inflows were highest during morning (06:00 - 08:00) and
evening (19:00-21:00) hours, consistent with household usage patterns, while
greywater flows remained highly volatile and influenced by rainfall events. Heavy rain
from May - September (monsoon season) revealed that the 1000 L IBC Mixtank was
undersized, requiring frequent additional buffer capacities of up to 3000-5000 liters to
manage stormwater inputs, which were not available due the space conditions on site.
The building’s function as serviced apartments also created a much higher load than
typical residential use. Frequent laundry by staff and guests resulted in continuous
operation of five washing machines (in average 10 hours per day), with an average of
50 liters consumed per cycle. This substantially increased inflow volumes of grey
water distribute system stress in accordance with bacterial growth.

For the commissioning of the system in connection with the riser for rooftop irrigation,
the available Wilo Medana high-efficiency pump proved insufficient. Originally
intended for TB1, where it was not deployed, it faced higher operational demands in
TB2. To address this, a centrifugal pump (Wilo PH-401E) was additionally installed
upstream of the Medana pump, thereby increasing both pressure and flow rate. The
filtrate tank is improved via a DN 60 PVC/PPR pipeline to the centrifugal pump, which
transfers the fluid through a DN 35 PPR pipeline to the Medana pump. Through this
additional pressure and flow support, combined with software adjustments in the
Medana control, the filtrate reliably reaches the rooftop and supplies the irrigation
nozzles with adequate pressure and water volume. Both pumps operate in
synchronised mode.

Operational constraints:

After monitoring the daily inflows from the building’s four discharge lines - two for
greywater (including rainwater) and two for blackwater - their arrangement, with pipes
recessed from the basement ceiling, is illustrated in Figure 5.12. The Testbed 2
building is oriented on a north-south axis. Greywater and blackwater pipes | are
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Integrated ball valves on all four pipes
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Figure 5.12: Waste Water Pipe Arrangement in the Basement of TestBed 2 with its related

Ball Valves.

connected on the east side of the building and include the downpipes from the
washing machines, whereas pipes Il are connected to the west side. Consequently,
greywater pipe | distributes the entire wastewater load from the washing machines.
According to the manufacturer and mentioned beforehand, the WA-MBR-TB225 is
capable of filtering 5-7 cubic meters of water per day. For this capacity to be
achieved, sufficient buffer volume must be available in the form of mix tanks. In the
case of TestBed 2, such buffer capacity was not feasible due to spatial constraints.
Due to this limited space on-site, the system was constructed in a highly compact
form. The initially targeted capacities of 6000 liters (six IBC tanks), three for each of
the Mixtank and filtrate tank could not be realised, resulting in a controlled but
reduced wastewater inflow. This design leaves no buffer capacity for contingencies
such as heavy rainfall or the additional feeding for bacteria growth. The matrix
detailing the different ball valve settings and their observed effects incrementally is
presented in Table 5.14. To accommodate the inflow volumes, the system was
therefore adjusted at the inlet in order to minimise overflow. Therefore repeated
manual adjustment of the ball valves were necessary. The results led to the
determination that the building produces approximately 90% greywater and 10%
blackwater. While a higher proportion of blackwater is necessary for the survival of
bacterial cultures, the current inflow only occasionally fills the Mixtank. Although
greywater admixture is also required, the optimal ratio remains uncertain. If the
greywater share is set too high, the Mixtank is susceptible to overflow, leaving the DN
40 spillway insufficient and avoid bacterias growth. The fluctuations in the two
greywater lines, which also carry stormwater, must be balanced to ensure operation.
The comparative analysis of the different valve settings demonstrates that stable
operation of the WA-MBR-TB225 requires a sufficiently high proportion of blackwater
in the intake to sustain bacterial activity. Greywater admixture remains necessary, yet
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Table 5.14: Ball Valve Settings and Results

Setting Pipe No. Grey Ball Valve Black Ball Valve Comment

| 0% 0w @—e
All valves closed; wastewater
1 is discharged to the public

I 0 % 0% .:. sewer.

I 100 % 100 %

All valves opened; wastewater
2 is collected in the Mixtank;
overflow anticipated.

I 100 % 100 %

All valves 50% opened; 50%
mix of wastewater collected
in the Mixtank; blackwater
insufficient to sustain
bacterial growth; overflow
anticipated due to greywater
intake.

I 50 % 50 %

I 50 % 50 %

Three valves 50% opened;
one valve closed: mix of
wastewater collected in the
Mixtank; blackwater.
insufficient to sustain
bacterial growth; overflow still
anticipated due to greywater
intake.

I 50 % 50 %

Il 0% 50 %

Two greywater valves 15%
open; two blackwater valves
100% open; blackwater
sufficient to sustain bacterial
growth; overflow risk present;
greywater admixture
favourable due to less
washing machine residue.

I 15 % 100 %

Il 15 % 100 %

One greywater valve closed;
one greywater valve 10%
open; two blackwater valves
30% open; Mixtank keep on
level of 350L; not sufficient or
alarm.

I 10 % 30 %

I 0% 30 %

I 109 9
0% 50 % Two greywater valves 10%

opened; two black water

VA ATITAAAN




133

Setting Pipe No. Grey Ball Valve Black Ball Valve Comment

T

valves 50% opened; heavy

rainfall causes overflow alarm.
Il 10 % 50 %

Two greywater valves 5%
open; two blackwater valves
95% open;

system stabilises rainwater
impact and meets blackwater
demand.

I 5% 95 %

I 5% 95 %

Two greywater valves 3%
open; two blackwater valves
97% open; bacterial growth
maintained; no overflow risk;
greywater nearly closed, still
supplemented by rainwater.

I 3% 97 %

I 3% 97 %

@—o O—0 0—9 0—»

its proportion is difficult to regulate due to variable inflows and rainfall events. During
Typhoon Yagi, which passed over Hanoi between 6 and 9 October 2024, the weather
station at TB2 recorded a maximum precipitation rate of 217.4 mm/hr. By contrast, no
reliable measurements could be taken during Typhoon Bualoi (28 September-3
October 2025), as the weather station, camera, and sensor network malfunctioned
due to roof flooding. Such volumes of stormwater significantly increase the risk of
Mixtank overflow, while insufficient blackwater content diminishes biological
performance.

The findings highlight that manual valve regulation can stabilise the system
temporarily, but long-term reliability requires larger buffer volumes and automated
control to balance the competing demands of bacterial growth, stormwater
management, and operational safety. Since 19 May 2025, the system has been
operated for irrigation purposes using the valve configuration defined in Scenario 9.
Under these settings, stable operation was maintained throughout summer 2025 until
mid-August, when Mixtank overflow alarms and overheating warnings were triggered,
particularly for the Medana pump. Remote monitoring via the installed on-site camera,
which provided live display access, together with coordination with the local
technician, enabled partial restoration of control without altering valve settings, as
such adjustments are time-consuming. Subsequent alerts, including error code 420
from the Medana pump, led to the decision to shut down the irrigation function while
maintaining limited filtration until further evaluation.
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Further instances of external interference with the wastewater treatment cycle were
reported by the building owner. These included the deactivation of the filtrate pump at
the filter unit and, more critically, the unauthorised opening of the rooftop water tank
inlet valve, which caused filtrate to enter the domestic water supply. In this case,
residents reported odour and quality concerns.

Water consumption evaluations:

Based on the observations from Setting 9 and the information knowledge gains
summarised in Appendix A.6 and in Table 5.15 can be derived. For the calculation of
overall water demand, an average consumption of 130 liters per capita per day was
applied. At full occupancy of TestBed 2, with a maximum of 50 residents, this
corresponds to a total municipal water consumption of 6,500 liters per day (6.5 m3).
The consumption assumptions and calculations are based on publicly available
pricing information, as the actual water and electricity bills (operational costs) for both
TestBed 2 and Tonkin 2 were not disclosed.

The figures are interpolated on the assumption that Setting 9 physically taps and filters
a portion of the wastewater. In this configuration, the ratio of 95/5 blackwater to
greywater is maintained, as presented in Table 5.15. If 100% of the wastewater were
to be treated, the ratio would reverse to 10/90 (blackwater to greywater), with an
estimated 3% loss attributed to bacterial processes and solid components redirected
into the sewage system. Under current conditions, the trend line indicates 598 litres
(0.60 m?3) of filtered water for TestBed 2 since the “System Go” date of 19 May 2025,
demonstrating that the filtration unit is currently operating at approximately one-fifth to
one-tenth of its rated capacity on intake water. A confusing aspect is the 50% of pipe
usage - 100 % black water equals two water pipes, while just 3% of greywater is led
into the Mixtank - the two grey water pipes operating nearly closed. The greywater
pipes deliver five to ten times more water. Based on this knowledge, the
corresponding data for Tonkin 2 has been interpolated.

Rainfall events are generally difficult to calculate in advance due to the high
fluctuations. At present, all three irrigation lines (1, 2, and 3) on the roof and facade are
scheduled to three minutes at 06:00 morning and 20:00 in the evening, consuming
132 liters of filtrated water each cycle and 264 liters of filtrate per day. Under the
current configuration of Setting 9, the filtrate output covers two days of irrigation
demand. This balance will change once washing machines are also supplied with
filtrate water. The calculations in table 5.15 are based on full occupancy. Based on this
table, potential savings from wastewater treatment were calculated for the high-rise
buildings of the Smart City. With 90% filtration of greywater, approximately
419,515,200 liters per month can be reused, while 10% filtration of blackwater
corresponds to 46,613,800 liters per month. Scaled to one year and multiplied by the
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Table 5.15: Water Consumption and Cost (Benefits)

Bldg Residents Intake Water Filtered Water
() (L/r) (L)
(min) (max) (Day) (Month) (Day) (Month)
(Grey) (Black) (Grey) (Black)
Ratio Measured (msd) 5 95 5 95
B2 25 3.250 97.500 163 3.088 4.875 92.625
50 6.500 195.000 325 6.175 9.750 185.250
Ratio Interpolated (ipld) 90 10 90 10
25 3.250 97.500 2.925 325 87.750 9.750
TB 2
50 6.500 195.000 5.850 650 175.500 19.500
Ratio Interpolated (ipld) 90 10 90 10
1.560 202.800 6.084.000 //
T2
1.992 258.960 7.768.800 (Grey) (Black)
60 towers, 365.040.000 328.536.000 36.504.000
VSC| Tonkin type,
liters/month 466.128.000 419.515.200 46.612.800
VSC Per year in 1,15 USD*/m3| US$  4.533.796,80 US$ 503.755,20
cubic meter 1,15 USD/m3| US$  5.789.309,76 US$  643.256,64
o Mean(msd) M TB2(msd) M TB2(pld) M T2 TB2 Elt. (m)
2000
1500
1000 -
@-------- L TREETEE @®------- ~ @i L SEREETTEEEEEEES ®
500
March April May June July August

*

30.09.2025: 1 cubic meter water, 30.000 VND, 1,15 USD (Oanda)
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current unit price of water, this equates to an estimated saving of around 6 million
USD in water costs. Beyond financial savings, the primary value lies in the sustainable
reuse of water that would otherwise need to be procured from municipal supply. These
potential savings should be compared against the investment costs of installing a
wastewater treatment unit for each tower in order to calculate amortisation. In
Vietnam, amortisation periods are typically set at 12 months, a benchmark that should
be considered in stakeholder communication.

Energy consumption:

Based on the measurements recorded at TB2 (Appendix A6) for the period from March
to September 2025, and up to the deactivation of the wastewater treatment plant
(WWTP) at the end of September, an average energy consumption of 1,318.5 kWh per
month was observed following the official “System Go” on 19 May 2025. This energy
demand relates to the filtration unit, which during this period filtered approximately
120 m?3 of water, albeit with reductions in output efficiency. As the system operated in
prototype mode and faced persistent technical compromises from the outset, these
values cannot yet be considered reliable for precise calculation or as a definitive basis
for dimensioning but functions as proof of concept to establish a water cycle and loop
within buildings.

Ad(ditional consideration:

One parameter largely absent from the literature is the inflow of bottled or otherwise
self-supplied drinking water into buildings. As municipal supply water is not potable,
drinking water is transported into the building in containers of 19 L, 5L, 2L, or 1 L. A
proportion of residents also use mobile kitchen filter systems that generate potable
water from the municipal supply, although no reliable data exist for this practice.
Although Elliott, Foster, and MacDonald (2021) report35 that in urban areas of Pacific
Asia, especially Vietnam, 18% of urban residents rely on self-supplied water sources,
field observations in TestBed 2 suggest that the actual proportion may be significantly
higher, potentially approaching 50% in the high-rise contexts of Tonkin 2. An indicative
estimate, such as 3 L per capita per day, would be misleading in the absence of
validated information but should be examined in greater depth in future calculations.
Such inflows could substantially alter assessments of building-scale resilience. Each
kilogram of externally introduced weight also affects the overall system, whether
through additional structural loads or through the potential need for infrastructural
optimisation, such as the integration of decentralised potable water treatment units.

3 (25.08.2025)
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Figure 5.12: Filtrate Examples for Water Quality Certificates, 16.06.2025. (a) both Samples
in 2 Liter Canisters, (b) Sample of Filtrate, (c) Sample of Tab Water

Water Filtrate Analysis:

To verify the quality of the filtrate and compare it against national water quality
regulations, two laboratory tests were conducted. On 19 May 2025, two litres of water
were sampled from the filtrate tank of the WA-MBR-TB225 filtration unit and submitted
for analysis at the Institute of Chemistry, Vietham Academy of Science and Technology
(full certificates see Appendix B3.3). A second sampling took place on 16 June 2025
(Figure 5.13), comprising both filtrate and municipal supply water, in order to reconfirm
the extreme values observed in the first test. The comparative analysis of city water
from the rooftop tap (lobby water) and two successive filtrate samples from the WA-
MBR-TB225 shows significant deviations (Table 5.16) regarding the national quality
regulation (QCVN 01-1:2018/BYT). While the municipal supply largely met the
requirements - apart from the detection of Pseudomonas aeruginosa (6.3x10" CFU/
100 mL) - both filtrate samples exhibited critical exceedances.

Most evident are the elevated concentrations of nitrogen compounds. Ammonium
levels reached 8.15 mg/L in May and 7.21 mg/L in June, exceeding the allowable limit
(0.3 mg/L) by more than an order of magnitude. Nitrate (39.5 mg/L in May; 31.6 mg/L
in June) and nitrite (1.59 mg/L and 0.34 mg/L, respectively) also remained well above
permissible thresholds. These findings point to incomplete biological treatment within
the MBR system. Organic loading, expressed through the permanganate index, was
likewise elevated in both filtrate measurements (6.4 and 6.2 mg/L compared with a
limit of 2.0 mg/L). Microbiological parameters varied between the two filtrate samples.
In May, total coliform (3 CFU/100 mL) and E. coli (6 CFU/100 mL) exceeded national
standards, while Pseudomonas aeruginosa was not detected. In June, E. coli was no
longer present, and coliforms were reduced to the detection threshold; however,
Pseudomonas aeruginosa was measured at 1.1x102 CFU/100 mL - considerably
above the regulatory limit and higher than in the municipal reference water. Overall,
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Table 5.16: Water Quality Differences of Tab Water, Filtrate and Regulation

Filtrate Filtrate QCVN
Parameters Unit ;r?%gv ;;;; (V\_II_I?B-ZIVA;R ) (V\.II.I'\B'ZNZIE)R S0 -I‘I3 :3?18/
19.05.2025 17.06.2025
Colour TCU <1 40 36 15
pH - 8 7,34 6,55 6,0-8,5
Hardness mg/L 100 112,0 180,0 300
TDS* mg/L 119,7 317,0 977,0 1.000
NH4* - Ammonium mg/L 0,02 8,145 7,211 0,3
ClI - Chloride mg/L 8,51 44,67 127,62 250
NOs - Nitrate mg/L 1,373 39,481 31,642 2
NO:2 - Nitrate mg/L 0,014 1,588 0,340 0,05
Na - Sodium mg/L 0,154 0,2056 0,006 200
S04 - Sulfate mg/L 8,18 26,6 77,82 250
Permanganate mg/L 0.1 6.4 6.2 2,0
Index
ool GRu00mL 0 3 1 <1
Escherichia coli - o )/10omL 0 6 0 <3
(E.coli)
Pseudomonas| ) 100mL  6,3x101 0 1,1x102 <1
aeruginosa
*| Total Dissolved Solids

the data suggest that although the MBR system achieved partial reduction of
microbial indicators between May and June, the persistence of nitrogen compounds
and opportunistic bacteria prevents compliance with domestic water standards. The
results demonstrate that, under current operation, the filtrate does not provide the
expected improvement over municipal water and requires further optimisation.

Reflections

Water filter unit:

First of all, this The heterogeneous material composition of the pilot unit illustrates its
prototype status and offers insight for future adaptations. For cost-efficient
manufacturing in Vietnam, the substitution of IBC containers with polypropylene (PP)
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tanks is recommended, as this would facilitate the integration of fittings and reduce
leakage risks at plastic-metal transitions. Likewise, the stainless-steel nitrification filter
used in the prototype could be replaced by PP tanks, offering local manufacturing,
simplified logistics, and weight reduction especially for building integration later on.
Two alternative design concepts can be derived:

A. Integration of all treatment stages, pumps, and fittings into a single PP module.
B. Division of the system into three to four PP modules, allowing greater flexibility,
easier transport, and simplified revisioning.

Hence, future systems should prioritise prefabricated PP modules to minimise the
number of critical interfaces, shorten installation times, and thereby reduce overall
costs. Preconfigured control units and the use of 8 - 10 mm rubber mats would further
enhance reliability by mitigating noise, leakage, and seal wear. Project experience also
emphasised the importance of inoculating biological stages with activated sludge from
the beginning. Without this step, bacterial growth remained minimal and purification
performance insufficient. Beyond these technical considerations, contextual
conditions such as seasonal rainfall, volatile greywater inflows, and cultural practices
strongly influenced system behaviour. Summer storms highlighted the need for larger
buffer tanks, while high daily shower frequencies and intensive laundry use
significantly increased inflow and organic load compared to European contexts.

In operational practice, the system faced challenges typical of pilot products. During
the first seven months, frequent adjustments and continuous monitoring were
necessary to stabilise performance. Critical failures exposed further weaknesses:
support from the German manufacturer was difficult to obtain, particularly during
summer vacation periods (June to August), when the system itself was under peak
demand. In such cases, the filtration unit had to be taken offline, with wastewater
temporarily redirected to the conventional sewer infrastructure until maintenance
could be completed. Another challenge concerns the lack of vocational training or
curricula for local technicians while the system remains in its test phase. Without this
capacity-building, potential customers remain hesitant to adopt new technologies.
This became evident in mid-August 2025, when the Medana irrigation pump issued
error code 420, indicating the need for hardware and/or software replacement, a
damage that could not be resolved locally.

Despite these constraints, the WA-MBR-TB225 pilot has demonstrated proof of
concept. Since May 2025, rooftop greening has been irrigated with filtrate,
demonstrating that treated wastewater can effectively substitute for municipal supply.
Subject to confirmation of water quality, filtrate use could also be extended to washing
machines, thereby amplifying water reuse and improving the efficiency of available
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resources. Taken together, these findings represent tangible contributions to urban
resilience, complementing the thermal and cooling benefits of the building envelope.

Water Quality Improvements:

Based on the values presented in Table 5.16, it is pertinent to consider which
measures are required to ensure that the filtrate reaches the quality of municipal tap
water, or at minimum complies with the national water quality regulation (QCVN
01-1:2018/BYT). To improve filtrate quality and extend its usability beyond irrigation,
targeted optimisation measures are necessary. The persistently elevated
concentrations of ammonium, nitrate, and nitrite (NH,*, NO3", NO,") indicate that the
biological treatment stages should be reinforced, for example through extended
aeration regimes or by adding a post-denitrification step with carbon dosing. Where
such process adaptations are not feasible, downstream upgrading options such as ion
exchange or zeolite filtration could provide a practical retrofit, depending on on-site
conditions. Microbiological exceedances further underline the need for a final
disinfection stage. Ultraviolet (UV) irradiation offers a compact and chemical-free
solution, while low-dose chlorination could be considered for systems with storage
capacity. However, chlorination entails higher maintenance requirements, undermines
sustainability considerations, and disqualifies the filtrate for irrigation use. To further
reduce residual organic content and improve colour, an activated carbon filter
downstream of the MBR is recommended. A combined polishing sequence of MBR
treatment, UV disinfection, and activated carbon would significantly enhance filtrate
quality, enabling reliable application for laundry purposes while reinforcing the
contribution of decentralised systems to urban water resilience.

Considering the observed water balance in TestBed 2, with 95% greywater and 5%
blackwater measured, it would also be feasible to operate the filtration system
exclusively on greywater, given that the blackwater share is limited primarily to support
bacterial cultures. Such an approach could reduce the overall system scale and
circumvent the difficulties associated with bacterial inoculation. In turn, investment
and maintenance costs could be lowered, thereby reducing barriers to the adoption of
decentralised treatment systems in high-rise buildings.

Water Cycles and circularity:

The concept of circular resource management within buildings remains largely novel
and must first be explained and established at a fundamental level. Practices such as
rainwater harvesting or wastewater filtration have so far not been systematically
integrated into buildings - particularly high-rises - yet they offer significant potential as
ancillary costs for water supply continue to rise, as already observed in many Western
countries. Despite high levels of annual rainfall, Vietham faces declining groundwater
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levels, which will increasingly compel urban areas to seek decentralised solutions in
the near future. The implementation of water filtration systems may still be three to five
years ahead of market readiness, as investment willingness remains limited.
Nevertheless, it is essential to foster a shift in thinking toward decentralised water
provision, whereby treated water is reused for toilet flushing and irrigation. This
requires the installation of piping systems from technical spaces to toilets and
irrigation outlets - design elements that are not yet standard in building codes or
planning guidelines.

Particularly during the storm season, large reserves of rainwater could be stored to
mitigate flooding, as illustrated by Typhoon Bualoi in late September and early
October 2025 with precipitation rise up to 400 mm per hour. This approach can be
seen as an extension of the “sponge city” concept: green roofs serve as storage
surfaces, while technical floors house cisterns for rainwater retention or treated
greywater. In this way, the urban water cycle could be closed, reducing the burden on
municipal sewer systems by regulating stormwater discharge. Tokyo provides a
reference, having developed large underground cisterns for stormwater retention over
several decades - costly constructions reminiscent of Roman cisterns in
Constantinople (Istanbul) and Rome millenniums ago.

From today’s perspective, and especially with regard to rapidly growing megacities in
the equatorial belt between 30° north and south latitude - where flat roofs are set the
standard - extensive green roof surfaces could be understood as retention basins
rather than sponge-like installations at street level. In this shift, rooftop surfaces,
whether privately or publicly accessible, would function as cooling interfaces for the
urban organism while simultaneously improving indoor comfort at the building scale.
The greatest obstacles to such measures remain questions of conviction and
economic competition. In equatorial regions, air-conditioning systems represent the
primary monetary competitor. Yet this balance may change rapidly once heat stress
and urban heat islands reach levels of social and environmental intolerance. Intensive
green roofs should therefore be understood not as a burden, but as a protective and
comfort-enhancing infrastructure.

5.5 Participation

Experience from the project implementation:

During the project period - particularly in the second half, when implementation gained
momentum - valuable insights into participation and collaboration were obtained. The
local private partner Vinhomes expressed concerns regarding facade and roof
greening at Tonkin 2 due to operational constraints. As a result, these measures were
not physically realised but instead simulated through a digital shadow model of the
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building. Feedback from the partner gradually increased after the completion of
TestBed 1 and TestBed 2, as well as the development of digital scenarios for the
Smart City and smaller pilot buildings. Eventually, the project team was advised to
shift focus toward greening a parking deck. The designated site was later changed
from Parkdeck Zone 3 to Parkdeck Zone 4. Both decks represent large sealed
surfaces within Vinhomes Smart City Hanoi. Their dark grey tiled roof areas are
exposed to high solar radiation and only partially occupied by technical equipment for
commercial ground-floor uses. In both cases, retail areas extend across the entry level
and parts of the upper floors. These conditions highlighted the potential to transform
unused areas into rooftop forests or shaded parks, offering both building-level cooling
and community-level green space. The local partner adopted parts of this idea by
installing facade greening with automated irrigation on Parkdeck Zone 4. The chosen
species, Vernonia elliptica (Cuc Tan An Do), combines rapid growth with low
maintenance, providing effective shading in a short period. Roof greening, however,
was not implemented.

The process for TestBed 1 differed markedly. Implemented with a public partner,
Vietnam National University, the project faced irregularities in contractor selection that
diverged from German procurement protocols but were resolved internally. The
original plan to retrofit a 1980s French-colonial building with facade and roof greening
would have required removal of the corrugated metal roof. Following administrative
delays, the site was relocated to a privately owned tube house affiliated with the
university. This substitution proved advantageous, as it enabled rapid installation
within 10 working days, with five additional days of preparation in advance. The
Miyawaki-adapted greening method was, for the first time, successfully transferred to
a building context in Vietham. TestBed 1 operated for 18 months, confirming proof of
concept before structural deficiencies and planned renovations required its
dismantling. Much of the system was quickly repurposed for TestBed 6 in Long Bien.
There, collaboration between the private owner, the landscape contractor (who had by
then evolved into a service partner since TestBed 2), and the project team
demonstrated effective knowledge transfer and joint commitment to advancing
environmental technologies.

The identification of TestBed 2 illustrates the importance of personal initiative and local
communication for adaptive measures. The rooftop site was secured through direct
exchange with the owner, who supported the project from the outset. Early meetings
were complemented by sketches, notes, and site visits to TestBed 1, which helped to
build trust and overcome acceptance barriers. With the owner’s support, detailed
planning was completed by mid-2024 based on as-built drawings, integrated into
ArchiCAD 27, and developed as a digital shadow in 3D. Outputs in AR (BIMx) and VR
(TwinMotion) facilitated transnational communication between Germany and Vietnam,
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accelerating design revisions and strengthening mutual understanding. Construction
of the green roof, including irrigation, required four weeks: five working days for
installation and the remainder for preparation and adjustments. The WA-MBR-TB225
water filtration system was subsequently added, demonstrating circular economy
principles at the building scale. Both systems - the vegetation modules and the water
filter - represent novel applications in Vietham and remain prototypes, yet they
illustrate adaptive reconfiguration alongside technological advancement.

The owner’s active participation was decisive. He engaged with planning details,
optimised the garden design, assumed responsibility for negotiations with
neighbouring households in the dense urban fabric, and co-financed selected
improvements (e.g. leaf screens). Given Hanoi’s narrow alleyways and building-to-
boundary typology, early communication with neighbours proved essential to secure
implementation - conditions that can shift unexpectedly at short notice. TestBed 2 was
therefore a rare case in which ownership engagement extended beyond formal
approval to sustained commitment: the owner assumed responsibility for maintenance
after installation and continues to manage the rooftop greenery personally and in
accordance with his own needs.

Reflections on Collaboration:

Collaboration across Germany and Vietham required constant exchange, conducted
primarily via the local platform Zalo. Lessons drawn from these experiences indicate
that cooperation with small to medium-sized enterprises (SMEs) offers the greatest
potential for innovation and timely implementation. SMEs demonstrated interest not
only in socio-ecological ambitions but also in the economic opportunities of
environmental technologies, often reinvesting benefits into community and ecological
value. By contrast, institutional partnerships were frequently characterised by
bureaucracy, which slowed progress and reduced effectiveness, often requiring
workarounds. Large corporate partners, while resource-rich, exhibited rigid structures
and limited flexibility for experimental technologies.

The SUA project thus revealed these contrasts in full. While institutional frameworks
introduced delays and constraints, collaboration with SMEs and individual owners
enabled adaptive, questioning while rapid, and concrete implementation.

Participation emerged as a decisive factor: private and SME actors provided agility
and innovation, whereas corporate and institutional partners often introduced rigidity.
This spectrum of experiences generated valuable insights into the conditions under
which participation can meaningfully contribute to urban innovation and development.

Final note on technical equipment in the tropical environment:

Across all technical installations - whether LoRaWAN, DAVIS sensors, or the
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wastewater treatment unit - first signs of malfunction or instability appeared after six
to eight months of operation in general. The LoRaWAN system exhibited data gaps;
the DAVIS sensors generated repeated error messages from the seventh month and
reached total failure by the tenth month, largely due to battery corrosion that
interrupted integral operation. The waste water filtration unit initially performed well,
with adjustments required in the second month. However, bacterial cultures could not
be stabilised, and by the sixth month the smart pump began overheating while
messaging failures. In the seventh month, the system was taken offline in the absence
of on-site service capacity, spare parts, or viable local solutions. Overall between six
to eight months the technical equipment evolved failures. Such equipment refers to a
constant maintenance service.

By contrast, roof and facade vegetation proved to be the most reliable element of the
investigations, offering the greatest impact and clear potential for further development.
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Findings, Vision and Outlook

The theoretical concepts and strategies related to resilience mechanisms in

urban development, introduced at the beginning of this dissertation, were
methodologically elaborated and examined through quantitative and
qualitative case analyses in the preceding chapters. Building on these foundations,
Chapter 6.1 consolidates the empirical findings and analytical insights presented in
the previous chapters. This section synthesises the behaviour of building envelopes,
vegetation systems, decentralised water treatment, digital monitoring infrastructures,
and cross-site observations, highlighting how these subsystems interact to produce
adaptive performance in high-rise environments.

This chapter provides a summary of the key findings and delivers consolidated
answers to the initial research question. Furthermore, it projects the insights from
Chapter 5 - aligned with the theoretical frameworks of Chapter 1 into a forward-
looking vision, and concludes by outlining limitations and strategies for further
development.

6.1 Summary the Objectives

Recap the initial research question, this work and the investigations besides empirical
insights developed in the previous chapters demonstrate that high-rise buildings can
be understood not as isolated solitary architectural and technical objects but as active
subsystems embedded within the larger Metropole areas and urban fabric to mitigate
heat stress and increase therefore resilience while contributing to the comfort of living.
Drawing on interactions between building envelope performance, vegetative greening
systems, decentralised water treatment, digital monitoring infrastructures, and
microclimatic surface processes reveal that these elements do not function
independently. Instead, they form intertwined and often invisible feedback loops
whose combined behaviour determines the adaptive capacity of the building as a
whole. The findings from chapter 5 converge into a multidimensional picture, an
holistically approach, of how such adaptive performance emerges when material,
ecological, and technical components interact dynamically under the extreme
conditions characteristic of tropical and sub-tropical megacities as in the example of
Hanoi.

The synthesis in this chapter is therefore intended as a conceptual framework - an
invitation to question conventional planning paradigms and to sketch pathways
toward building models that are more resilient, long-lasting, and contextually
grounded. Rapid urban densification in the global South, particularly in Vietnam,
demands solutions that exceed the limitations of rigid regulations and slowly evolving
standards. With the technologies, scientific knowledge, and engineering expertise
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already available today, significantly more adaptive and ecologically integrated high-
rise typologies as urban elements are not only imaginable but realistically achievable.
Yet the pace of regulatory adaptation lags behind environmental change, constraining
innovation at the moment when it is most urgently needed. Given the accelerating
dynamics of urban transformation, it is essential to tailor design strategies to local
conditions and to engage relevant actors in continuous dialogue. The “Blue Marble” is
too fragile for innovation to stagnate in procedural debates or regulatory inertia. The
question is about alternative urban models and how they can be systematically
articulated and implemented. This chapter therefore positions the high-rise building as
a potential Adaptive Node within an interconnected urban metabolism - an approach
that aligns architectural design with ecological principles, resource loops, and
distributed resilience.

6.1.1 Key Findings of Building Envelope

On the building level, the nano scale, the thermal behaviour of contemporary high-rise
facades in Hanoi is determined primarily by their material logic. Brick-concrete walls
with cement render exhibit U-values of up to 13 W/m2K (chapter 4.3.5), effectively
functioning as thermal radiators rather than protective barriers. Thermographic
surveys conducted evidence on multiple buildings across the city of Hanoi, mostly in
the western Cau Giay district and Yen Hoa area, revealed persistent afternoon surface
temperatures above 55 °C on west-facing facades around 16:00 - the time period of
maximum heat load (Table 5.1). These extreme external gains lead to substantial heat
storage within the masonry, delaying nocturnal cooling and extending the use of air-
conditioning systems. These conditions were confirmed both by the wall-mounted
sensor arrays in TestBed 02 as well as through photogrammetric facade
measurements taken at Tonkin 2.

Vegetated facade segments demonstrated a pronounced mitigation effect. In absolute
terms, the temperature reduction between metallic and ceramic surfaces reached
approximately 30%, with an additional reduction of nearly 50% between ceramic and
vegetated or shuttered surfaces (i.e. simplified 90°C to 60°C to 30°C). Measurements
taken across seasonal campaigns showed that planted sections were up to 11 °C
(Table 5.2) cooler than adjacent non-vegetated surfaces on peak days. Strongest
cooling effects on the west facade corresponded to periods of direct solar exposure,
while the south-facing facade exhibited delayed peak cooling due to its distinct
shading pattern. The offset depth of the vegetation structure - 250 mm on the west
facade versus 800 mm on the south - proved to be a decisive performance parameter,
highlighting the significance of spatial constraints in densely built urban

neighbourhoods.
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These findings demonstrate that microclimatic regulation arises from the dynamic
interplay between material surfaces, vegetation layers, air gaps, and exposure
conditions, rather than from any single architectural feature in isolation. Equally
importance underlines the findings that protected, cooled, and shaded building
envelopes leverage the overall building performance in megacities.

On micro scale, the urban area or district, the material-related findings presented in
Chapter 5 provide a broader basis for evaluating how construction practices can
support regulatory compliance, environmental performance, and resource-efficiency
objectives in rapidly growing urban areas. Thermal bridges are still not understood as
essential for the internal operation for buildings. Therefore the comparative analysis
between traditional brick masonry and autoclaved aerated concrete (AAC)
demonstrated that a shift in using AAC rather than brick could reduce CO, emissions
by up to 46% and lower truck payloads by approximately 16%. These values are
significant when viewed through the operational chain of construction, logistics, and
site organisation. At the scale of an entire urban area development, the time-efficiency
potential is equally notable, with AAC enabling construction processes that are more
than 80% faster than conventional brickwork (Table 5.11).

In addition to these logistical and environmental advantages, lightweight envelope
systems such as AAC also provide thermal benefits that help maintain cooler indoor
conditions than conventional brick structures. Table 2.2 summarises recent “smart”
urban areas in Hanoi - many of which promote loT- and ICT-driven technologies while
still relying on conventional construction methods. This contrast highlights a structural
gap between technologically oriented “smart” visions and the material practices that
continue to represent current urban development. Applying the material strategies
discussed in Chapter 5.2 across the high-rise sectors of these developments would:

« shorten construction timelines by months,

reduce transport emissions by thousands,

reduce cement demands by 25%, and
« lower overall CO, impacts by 50% or more per project.

Beyond environmental benefits, such shifts contributes to higher living standards,
improved thermal comfort, less energy consumption and more sustainable socio-
economic development within dense urban areas. The estimated cascading effects
from top to bottom of the building and within the multidimensional boundaries may
provide economical benefits that currently are underrated - yet not validated.

Besides that Hanoi and comparable megacities face significant pollution challenges
resulting from traffic congestion, construction dust, abrasive particulates from urban
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surfaces and automotive, industrial emissions, limited natural ventilation, and, at
times, the burning of agricultural residues. Implementing the construction and material
improvements outlined above would help mitigate these health burdens, strengthening
urban resilience and improving overall livability.

An attempt to extrapolate these optimisation effects across all new urban and smart
urban areas currently scheduled or under construction in Vietham lack methodological
reliability, given the absence of consolidated and publicly verifiable spatial datasets.

6.1.2 Key Findings of Vegetation System

The greening systems implemented in TestBed 01 and especially 02, based on the
Miyawaki inspired planting method, demonstrated a high degree of resilience and self-
regulation (chapter 5.3). Species diversity, layered substrate composition, and micro-
topographical variation across the A and B planters generated remarkable resistance
to both heatwaves and intense downpour events including major typhoons Yagi early
September 2024 and Bualoi late September 2025.

Measurements and physical experience confirmed that vegetation functions as a
distributed cooling mechanism, operating through self-shading, evapotranspiration,
and shading of adjacent surfaces in a mutually reinforcing manner. Following a
recovery period of three weeks to two months - depending on location and exposure
conditions of TB1 and TB2 - a stabilisation and growth phase of approximately 12 to
18 months ensued (Figure 5.8). After this period, the vegetation operated as an almost
autonomous system requiring only minimal maintenance interventions at building
level. By that stage, the root systems had developed sufficiently to eliminate the need
for the initial bamboo bracing structures (wind loads). Typhoon-related leaf damage
recovered naturally. Notably, vegetation delivered the most reliable long-term
performance of all systems examined: it continued to grow, regulate moisture, buffer
heat, and support micro-ecological processes even as several technological
monitoring components experienced failures (chapter 5.3.2).

These observations position vegetation not as ornamental greenery but as a form of
living environmental infrastructure capable of contributing to the ecological and
operational metabolism of high-rise buildings. Functioning as a ‘second skin’, it
provides both thermal and economic advantages, reinforcing the potential of
ecological systems to complement each other (Figure 5.12) and enhance conventional
building performance. The above mentioned outcomes underline the perspective of
understanding buildings as supporting ecological organisms and, at the metropolitan
meso-scale, high-rises as adaptive nodes within wider urban systems. Spinning this
thought horizontally from one flat roof to another and vertically connected between
different altitudes of building roofs an urban strengthening grid of green infrastructure
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can be imagined stretching through the urban fabric. At least from public buildings to
another such vegetated spots can be achieved by law and will.

6.1.3 Key Findings of Cycles and Loads

The performance of decentralised water treatment and its interaction with the building
structure emerged as a critical component in understanding adaptive behaviour at the
nano scale. The WA-MBR-TB225 prototype installation at TestBed 02 demonstrated
both the potential and the fragility of decentralised water cycles in high-rise
environments under real operating conditions. Although the filtration system was fully
functional during commissioning and a proof of concept, challenges in cultivating
stable bacterial cultures led to repeated collapses of the biological treatment process,
even after attempts to stabilise it using Effective Microorganisms (EM) and sugar
supplements. As a result, the membrane modules were required the majority of the
purification load, considerably increasing maintenance demands and operational risks.
Several technical and spatial constraints became evident during operation. The
system required manual balancing of greywater and blackwater inflows, lacked
automated valves and sensors, and was highly sensitive to extreme environmental
conditions such as heavy rainfall.

These issues were exacerbated by the limited rooftop footprint available for the
installation. Under such conditions, the pre-treatment buffer (mixing tank) would need
to be substantially enlarged to maintain operational stability. This requirement was
further underscored during Typhoon Bualoi, when rainfall measurements in the
basement indicated an inflow of 150 liters within 1 minute and 20 seconds, despite the
presence of vegetation on the 100 m? rooftop. Extrapolating these values indicates
that an eight-floor building would require an untreated-water buffer of approximately
5,000 liters to sustain similar rainfall conditions. In the case of Tonkin 2, with a 1,100
m? rooftop surface, the required buffer volume would increase to around 50,000 liters
to enable controlled filtration and subsequent irrigation to vertical or horizontal
vegetation. At a district scale, such as the Hanoi Smart City development with 50
high-rise buildings, the estimated rainwater harvesting potential amounts to
approximately 2.5 million liters (2,500 m3) per rainfall event. This volume could provide
a stable irrigation source for parks and green infrastructure, thereby reducing pressure
on municipal systems and demonstrating the broader systemic value of integrating
decentralised water management at the building scale, or centralised at the urban-
district scale, to support vegetation and microclimate strategies. These considerations
align with findings from Sophie Girlich’s master thesis that also mentioning declining
groundwater levels in Hanoi, reinforcing the potential of rainwater harvesting as a back
up. The strategic use of rainwater would therefore not only reduce pressure on local
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developers but also strengthen the resilience of urban ecosystems under intensifying
climatic and urbanisation pressures.

Further observations of the water cycle provided additional insight into system
performance. After six to eight months of operation, the smart pump, one of the most
critical components, failed, resulting in downtimes and interruptions in rooftop water
supply. External interference and potential tampering were also detected; although
their contribution to the malfunction could not be evidently determined. Despite these
challenges, the WA-MBR-TB225 prototype demonstrated that decentralised water
treatment can provide a reliable source of treated water for irrigation and reuse, if the
system is specifically tailored to the building, optimised for local conditions, and
adapted to the organic load characteristics of the wastewater. A key finding from the
filtration experiments was the unexpected amount of greywater that used as the
dominant input for decentralised treatment. The proportion of organic solids,
originating mainly from blackwater and essential for sustaining bacterial cultures, can
therefore be excluded without compromising treatment potential. The investigations
showed that nearly 90% of the required irrigation water could be obtained solely from
greywater filtration in TestBed 02, making blackwater treatment unnecessary at this
scale. For a Tonkin 2-type building with approximately 1,800 residents, the proportion
of blackwater would naturally be higher; however, if the system were designed to
process greywater only, the filtration unit could be reorganised and downsized
accordingly. This would result in a lighter, more compact system with reduced
structural and operational requirements. These discoveries reinforce the potential of
decentralised filtration systems to partially close hydrological loops at building level.
They also highlight the broader opportunities for integrating water management,
vegetation systems, and microclimatic regulation in high-rise districts. To obtain more
precise and scalable values for such scenarios, a full-scale investigation on a Tonkin
Tower or comparable high-rise typology would be necessary.

A broader questioning of the water cycle also requires considerations about structural
weight distribution presented in Chapter 5. These findings directly affect not only the
functioning of the decentralised water system but also the building’s overall
morphology, load paths, and construction logic. At present, more than 500 tonnes of
weight are distributed across the rooftop, facade through the concrete framework of
the Tonkin high-rise typologies. Reducing the number of rooftop air-conditioning units
through the integration of vertical vegetation is the goal. Replacing such loads through
lighter, more efficient vegetation, would significantly reduce these force impacts. While
such loads suffer to be eliminated entirely, they can be redistributed and utilised more
efficiently.

A first step would be relocating the three rooftop reservoirs to the basement or to
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intermediate technical floors. Currently, the structural point loads of these tanks
require substantial reinforced foundations, increasing the overall concrete volume and
embedded carbon of the building. Wind loads further complicate this configuration by
introducing additional stresses on both the facade and the elevated tanks.
Contemporary pressure-boosting technologies, however, can distribute water
precisely and reliably over vertical distances of up to 300 meters, making rooftop
storage tanks technically redundant. These adjustments significantly reduce
maintenance requirements while improving accessibility and durability, and minimise
weather-related material degradation.

The green roof system in TestBed 02 demonstrated that vegetated surfaces can halve
rooftop loads if using specific substrate and vegetation (Chapter 5.2.1). For a Tonkin
2-type of building, this effect translates into a more balanced load distribution across
the entire roof area.

Collectively, these results position water cycles and structural loads as interdependent
systems whose coordinated arrangement is essential for improving environmental
performance and urban resilience in high-rises that later may play a crucial role as
resource distributive buildings.

6.1.4 Key Findings of Digital Interfaces

Digital monitoring systems formed an essential analytical layer of this research but
simultaneously revealed substantial limitations in long-term functionality under tropical
conditions. The distributed Davis sensor network - installed across facades,
substrates, air cavities, and roof zones - provided high-resolution microclimatic data
that enabled the calibration and validation of simulation models (e.g., ENVI-met).
However, the system exhibited recurring failures after six to ten months of operation.
Corroded batteries, signal interruptions, data gaps, and hardware degradation were
observed across all device types integrated into the SUA project.

Many constraints stemmed from the physical, climatic conditions of high humidity,
heavy rainfall, intense solar loads, and air pollution that accelerated degradation.
Building-management restrictions, partly difficult rooftop access, and neighbourhood
negotiations delayed sensor placement and limited opportunities for recalibration. In
several cases, inconsistent data patterns - wether not validated data leak or
transmission issues - underscoring the fragility of digital infrastructures once deployed
beyond controlled laboratory conditions. Despite these limitations, the dataset
enabled the detection of microclimatic pattern analysis during operational periods,
including facade heat load dynamics, vegetation-induced cooling effects (shading),
and substrate responses. These insights demonstrate that digital shadows can
function as effective analytical, communication and complementary tools, only when
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they are embedded in robust maintenance structures. The task and investment of time
into using digital shadows in operational environments of real scenarios should be
critical questioned due to their impact in reality. Particular caution is required with
current loT- and ICT-driven trends in the global construction and green development
industry, which are often overstated in relation to their operational reliability. The
question “what is necessary, feasible or avoidable to increase living in dense urban
scenarios or high rises to promote comfort rather than control?” These observations
underpin that digital systems must complement, rather than replace, ecological and
material infrastructures. They also require substantial maintenance effort and, crucially,
a team with both physical and theoretical expertise capable of operating.

The intended integration of the Digital Shadow with real-time microclimatic data could
not be fully realised due to a series of technical, organisational, and regulatory
constraints. These limitations resulted from incomplete, outdated or inaccessible
building information, equipment failures that generated data gaps or prolonged
system downtimes, or privacy regulations affecting collaboration between academia
and the private sector. Additional challenges arose from cloud-based software
interfaces, data overload, data cleaning, and the subsequent data analytical
processing. These outcomes underline the need for continued research into
technological robustness and more reliable long-term digital monitoring solutions.

A critical insight relates to the use of augmented and virtual reality as analytical tools.
Effective application requires a shared conceptual understanding across all project
stakeholders. The project experience revealed substantial discrepancies: technical
interfaces were bridged but not interoperable be solved, and the inclusivity of AR and
VR ranged from highly instrumental to playful or illustrative rather than technical that
limit the acceptance of integration and decision tool as Nadine Damianova et al.
(2025) mentioned. It provides an advantage for quick results in communication and
meetings, disadvantaging in technical translation. Such divergences limited their
potential as consistent tools for environmental analysis and optimisation. Moreover,
AR and VR environments may introduce gamification dynamics, whose influence on
problem-solving and decision-making remains unclear. Whether such effects support
or undermine analytical clarity warrants dedicated future investigation.

Overall, these observations highlight that digital operationalisation - particularly when
distributed across institutions, sectors, and international boundaries - remains one of
the most significant challenges for implementing Digital Shadows in high-rise
environments.

6.1.5 Key Findings of Cross-Site Reflections

The hybrid combination of controlled experimental conditions in TestBed 02 and real-
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scale conditions in Tonkin 2 enabled a comparative synthesis across scales and
typologies through chapter 5 and the research methodologies. While TestBed 02
allowed for precise measurements, iterative adaptation, and methodological
refinement - related to neighbourhood interference - Tonkin 2 provided insights into
the constraints of large high-rise structures embedded within complex administrative
and institutional environments. In this context, scale becomes an obstacle: static
datasets such as BIM and 3D models, real-time sensor data recorded at five-minute
intervals, building management procedures, and international cooperation workflows
behave markedly differently when transferred from a controlled testbed to an
operational residential tower - and from remote distance.

The methodological approach adopted in this work combined perspectives from on-
site experimentation, multi-scalar monitoring, qualitative field observation, and
interdisciplinary collaboration between Viethnamese and German stakeholders. This
hybrid concept proved essential for understanding the interplay between material,
ecological, technological systems and human behaviour in a rapidly densifying
metropolis. At the same time, the approach revealed a number of structural, technical,
and organisational limitations that affect both the feasibility and the long-term
reliability of such ambitious and complex urban research.

By linking and observing the three urban scales - Meso, Micro, and Nano - together
with system-based insights, the methodology of circular and regenerative cities
enabled a deeper understanding of urban metabolic processes, an analogy to current
research by Zobra et al. (2025) about urban metabolism and its implications about a
Social Development Goals framework within developing countries - a case study that
is feasible of applying to emerging countries as well.

6.2 Towards a Vision

Reflecting the key findings adapted to the current TestBed Tonkin 2, then urban
metabolism on nano scale repositions the Tonkin 2 to the linear metabolism as shown
in figure 6.1. Instead seen through the lens of this dissertation, the palm-ant symbiosis
described in Chapter 5.3.2 exemplifies the type of decentralised, self-regulating, and
mutually reinforcing logic that future Smart Urban Areas must adopt. This relationship
mirrors the conceptual model of the Adaptive Node: local resource circulation, micro-
habitat establishment, decentralised operation, and responsive relocation under
changing conditions after incremental valuation. In contrast to the technological
systems described in this work - many of which exhibited corrosion, data instability, or
failure - the biological system demonstrates robustness and minimal maintenance
requirements. As such, it provides a compelling natural analogue for designing
resilient high-rise infrastructures capable of supporting localised feedback loops within
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Figure 6.1: Linear Metabolism

built environments. Analogous principles can be found in scientific discourse on
regulatory processes, ecological cycles, and regenerative urban metabolism. Figure
6.2 sketches this process on the nano-meso scale of the building, framed here as a
high-rise organism. Drawing on the empirical and observational insights generated
throughout this work, the chapter seeks to advance the research question by revisiting
Figure 1.2 from Chapter 1. The comparison suggests that high-rise buildings should
be understood in some manner similar to cruise ships - complex systems capable of
managing a wide spectrum of operational functions - yet anchored to a site and
integrated into the surrounding micro- and meso environment. In other words cruise
ships represent a mature typology of closed-loop environmental management
systems. High-rises, by contrast, remain structurally similar but operationally
underdeveloped in this regard. Although contemporary high-rise developments
already share many features traditionally found on cruise ships, whereas the latter
operate under stricter regulatory frameworks and regulations of the International
Maritime Organization, requiring on-board membrane (MBR) filtration for wastewater.
This parallel aligns with the transfer concept explored in Chapter 5.4, where the
membrane-based treatment unit (WA-MBR-TB225 unit) is introduced as a viable
contribution for tropical high-rise environments. The objective behind both approaches
- cruise ships and Adaptive Nodes - is similar: to treat and reuse water. Adaptive Node
Metabolism takes the generative context further ahead in order to cool through
vegetated systems, thereby reducing the overall heat load of buildings and in extend
urban areas. This system depicted is not yet represented in high-rise building
standards, which restricts the functional capacities of such structures. The Adaptive
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Node approach attempts to expand these capabilities.

On the nano scale, the verticality of the high-rise offers opportunities to stack
functions, resulting in layered vertical dependencies and mutually reinforcing systems
that are more efficiently organised in the vertical than in the horizontal arrangement.
Comparable to a product - whether a car or a watch - the Adaptive Node operates as
a holistic urban puzzle piece. Through its vertically applied vegetation, it functions as a
cooling fin, moderating facade temperatures and influencing the immediate
microclimate, especially at ground level. Figure 6.3 sketches the Adaptive Node
concept by stacking the functions derived from the research findings into a vertical
cross-section of the high-rise. One possible configuration clusters 10-12 floors into a
vertical neighbourhood unit, where intermediate sky gardens ensuring horizontal
cross-ventilation, circulation, and communal space. These living clusters sit above a
podium zone housing parking, retail, and technical equipment. A central element of
this model reflects the elevation of functional areas above ground level. By avoiding
investments for basement constructions, this approach reduces the need for extensive
soil excavations, deep piling, waterproofed concrete besides mechanical ventilation
equipment for parking and technical spaces. Instead lifting these functions enables
natural ventilated parking with daylight access, and reducing operational maintenance
and safety burdens. A local example for such spatial organisation can be observed in
the Seasons Avenue Complex in Hanoi’s Ha Dong district, where lower floors provide
car and motorbike parking while the higher located apartment towers are vertically
separated by a sky garden for the residential community. Besides vertical attached
vegetated facades around the parking floors, the horizontal vegetated transition zone
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functions as both an environmental buffer and a social interface, reminiscent for
elevated infrastructural layers that support climate positive performance, spatial
quality, and functional efficiency within urban areas. Recent climate projections for
Vietnam indicate rising sea levels and associated ground subsidence and inundation
risks in Hanoi and especially Ho Chi Minh City. The Adaptive Node model anticipates
these developments, similar to ‘Intensive Buildings’ described by Ken Yeang from
Malaysia, by positioning high-rise buildings as elevated, operative, and resilient
structures capable of withstanding future climatic (predictable or unpredictable)
circumstances. Beyond these adaptive qualities, the Adaptive Node integrates the
capacity to recycle both organic and inorganic return flows - wastewater and solid
waste - at building level, thereby reducing burdens placed on the district system. The
building envelope, conceived as a second skin equipped with vertical vegetation and
irrigation, further contributes to air filtration and microclimatic modulation. In dense
high-rise clusters, such cumulative effects strengthen urban resilience by reducing
environmental loads transferred back into the meso-scale system and by enabling
localised coupling of resource flows. Findings from the research analysis conducted in
the bachelor thesis from SUA project colleague Flemming Eismann on climatic
impacts of vertical greening in the SUA area confirm that a comprehensive greening
scenario, especially the horizontal vegetation, yields overall positive impacts.

Beyond vertical vegetation, the greatest untapped potential for cooling effects and
biodiversity enhancement lies on the rooftops of vegetated high-rises. In the research
area where Tonkin 2 is located, each tower provides approximately 1,000 m? of roof
area, representing a largely underestimated spatial resource - if technical equipments
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are relocated to basement or lower levels. Indeed at the scale of the Hanoi Smart City
development, which combines 50 high-rise towers, an estimated cumulative
horizontalgreen area of 70,000 - 80,000 m2 becomes feasible. This corresponds to
roughly one fifth of the surface area of Thong Nhat Park (0.5 ha) in Hanoi’'s Hai Ba
Trung district.

When understood as a connected system, such elevated and horizontal arranged
green areas have the potential to significantly improve thermal comfort, support urban
habitats, and moderate microclimatic conditions at both the district and close-by
neighbourhood level. In a broader context, the integration of accessible and visible
green spaces (elevated parks) also contribute to comfort living, outdoor quality, and
safety, besides creating local jobs and in the long-term stimulating property values. A
valuable example is the high line in New York City, previous elevated tracks revived
into a walkable strip intertwined with the city’s fabric. Figure 6.4 illustrates such logic
by exemplify two Adaptive Nodes operating independently yet interconnected through
shared return flows, supporting the distributed network logic outlined in Chapter 2.4
while strengthening resilient factors for the urban area on the micro scale. In further
extension, the MUNA approach discussed in Chapter 2.5 finds its thesis, where
vertical and horizontal aligned circulation in urbanity merges at specific congestion
locations, in that case the adaptive nodes. Supported by available technologies and
knowledge on potential urban flooding while incorporating the strategies from MUD
and TOD, such methods reinforces the conceptualisation of districts as active,
distributive urban organisms. Raised pedestrian platforms enable the separation of
people from ground level traffic and create safe, ventilated mobility corridors between
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nodes and transport interfaces - a meaningful proposition for Hanoi, a city facing
significant air-pollution challenges. Ultimate, Figure 6.5 indicates, in a broader sense,
how modern district planning that incorporates Adaptive Nodes, as well as MUD and
TOD principles, can consolidate horizontal and vertical movement flows, diversify
functions, and establish climatically active zones within the urban fabric. These zones
act as climate-positive (CO2 sink holes) islands that strengthen the resilience of the
overarching meso-scale system. To some critics, such an approach may appear
utopian, particularly in light of land-use and property-right regulations that often
constrain or even prevent integrated spatial strategies of this kind. However, a broader
perspective on megacities reveals that they are not monolithic settlements, but rather
historically grown, formally planned, and in some cases informally developed areas.
Urban districts and residential areas function as settlements within settlements
systems embedded within larger systems. As a result, cities frequently expand as
horizontal agglomerations that progressively affect surrounding natural landscapes
and especially valuable farmland. Almost machine-like, and in a literal sense,
megacities can be pictured as vast machines, permeated by infrastructure and
controlled by loT and ICT technology. The current loT and ICT developmental trend
strongly adheres to this trajectory. If this trajectory is taken to its extreme, it echoes
speculative visions such as Arthur C. Clarke’s city of Diaspar in his novel The City and
the Stars, where urban life becomes fully enclosed, technologically controlled, and
detached from ecological surroundings. In contradiction, alternative theoretical
positions - such as those articulated by Fred Scharmen about NASA and RAND
(chapter 2.3) - conceptualise cities (interstellar) as interconnected settlements, human
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centered, where the building structure of the city establishing the necessary security
and quality of life to ensure a humane existence in future.

Megacities of the coming decades will inevitably become more complex,
technologically mediated, dense, and environmentally stressed. Within this context,
disruptive yet grounded design approaches that propose alternative urban
configurations can meaningfully contribute to more resilient settlement pathways.
Such approaches are particularly relevant in rapidly transforming cities such as Hanoi,
where developed urban projects and urban heat islands (UHI) currently dominate
urban expansion. Disruptive concepts that offer alternative options for urban design
processes can contribute positively to urban development, especially how rethinking
density, technology, and ecology can be reorganised vertically to enable local
production, resource circulation, and social interaction within limited land availability.
Key to this is vertical development, which embraces the concepts of the vertical city
and vertical production to reorganise functions and circulation locally within a minimal
footprint.

6.3 Contribution, Limitation and Outlook

This dissertation should be understood as a contribution to both research and
practice. The examined elements - namely the integration of vegetation, decentralised
water treatment, monitoring, and adaptations to the building envelope - critically
investigate the environmental performance of high-rise buildings in Hanoi as
becoming Megacity. Field experiments and multi-scalar analyses demonstrated that
resilience does not result from singular technologies but emerges from the interaction
of ecological, material, and technological systems functioning as interdependent
subsystems. The findings confirm that vegetation, due to its self-regenerative and low-
maintenance characteristics, constitutes as one of the most reliable infrastructural
components, whereas decentralised water systems and sensor networks require
substantial maintaining to operate robustly under the local climate conditions, but
offer the most potential. Digital shadows and digital twins must be regarded as
integral tools for communication and building management.

This work contributes to contemporary debates on sustainable urban development by
introducing the concept of Adaptive Node Urbanism, which repositions high-rise
buildings as active metabolic units capable of steering local resource cycles and
contributing to broader urban resilience. The methodological reflections emphasise
the necessity of context-sensitive communication and aligning that involve
government, institutions, local stakeholders and social needs in account for the
constraints and opportunities of rapidly developing urban environments. In further
extent this work also contribute to socio-ecological and spatial spaces for community
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in high-rises for integral planning of such vertical city structures as Phan My Linh
Nguyen (2025) stated in her research. In addition Nina Rappaport (2020) consolidates
in ‘Vertical Urban Factory’ thoughts of urbanity and ‘super-urban symbiosis’ that align
with the visionary approach of chapter 6.2 and the global debate that considers open
trends towards collaborative neighbourhood manufacturing, diversify areas and
distributive functions in order to create hybrid districts and urban areas rather than
siloed urban clusters. Indeed in their 2018 research series 'Extreme Urbanism’3s, Willy
Mdller and Jordi Vivaldi (IAAC and Barcelona Urban Science Lab)3” explored the
intricacies of urban planning through the lens of six transport modalities, challenging
prevailing paradigms regarding the evolution of megacities. Such developments
underline the concept of MUNA and reinforcing resilience factors in parts of Mega
Cities wile being a supportive element for society.

Although this research outlines clear pathways towards more sustainable integrated
high-rise buildings and districts, it also identifies several areas requiring further
development. These include long-term monitoring of system resilience, improved
technological robustness, and strategies for metabolic integration at the nano and
micro scale. Ultimately, the dissertation demonstrates that high-rise development -
when guided by holistically systemic design - can move beyond conventional
analytical models toward regenerative, adaptive, and contextually grounded forms of
urban architecture.

The methodological reflections suggest that future sustainability research in the global
South must embrace greater adaptability and longterm engagement paired with local
contexts. Field experiments should be complemented by robust maintenance
protocols, redundant monitoring strategies, and partnerships with local contractors,
suppliers and residents. However, such requirements often conflict with typical three-
year research frameworks, which rarely allow sufficient time for iterative refinement,
embedded collaboration, or longterm system observation. In the case of the SUA
research project, the allocated three years must be understood as an investment in
methodological development, on-site adaptation and interface problem-solving to set
early benchmarks. The actual qualitative research and subsequent refinement of early
findings would require a further three-year period to consolidate the established
networks, structures, and investments. Only then can true transdisciplinary
collaboration emerge, and only then can results be sufficiently grounded to serve as
validated blueprints for dense, climate-stressed metropolitan areas and regions.

The multidimensional design and research approach presented in this work remains a

3 (20.04.2022)

a7 (19.01.2026)
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complex undertaking, yet holds substantial potential to reorient urban development in
innovative ways. In many respects, this requires questioning long-standing
conventions in regulations, the construction and planning industries besides
introducing initially unfamiliar conceptual shifts to open new perspectives to share
knowledge. By involving diverse parameters and stakeholders in the earliest phases of
project development, negative impact factors can be reduced or prevented, while
constructive solutions for collective urban development can be framed. Cost-driven
decision-making - i.e. favouring the lowest bidder and the path of least resistance -
often results in technological and sustainability disadvantages over the building
lifecycle.

A multidimensional mindset instead demands longterm partnerships and a shared
understanding to integrate resilience factors as core components of urban areas and
district development. This work may serve as a conceptual framework and intellectual
stimulus for Megacity development of the global South - especially within the
equatorial belt between 30° northern and 20° southern latitude, the region expected to
host the fastest-growing megacities by 2050. Based on the UN urbanization prospects
202538, the South-East-Asia region accumulates the majority of megacities. The
findings can also be transferred to similar climatic zones globally, where they should
be adapted to local conditions and implemented accordingly.

For a further development of collaboration with the Southeast Asian region (SEA), the
establishment of a research and development centre in Viethnam - endorsed by
Germany or Europe - would be a viable and strategic option between both countries.
Singapore as technological leader in the region propagate tendencies, Vietnam
instead rises to an influential - manufacturing and IT - powerhouse that needs to
define itself. Such a centre could serve as a hub for anchoring, testing, and advancing
scientific knowledge, technologies, and expertise in the region, while enabling
reciprocal exchange and complementary development. It would form an independent
bridge of experience, knowledge, and technical capacity from which both sides could
benefit, and where insights generated in the region could be centrally consolidated
and maintained. A smart step towards sustainable strategies and goals that can be
solved together in a currently new polarised world.

38 (30.11.2025)
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Appendix A.1: Thermal Imaging and Facade Orientation

The thermal images down below were gathered on date 07.08.2024:

Tonkin 2
East Elevation
10:18

Tonkin 2
East Elevation
10:19

Tonkin 2
East Elevation
10:20
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Tonkin 1
East Elevation
10:43

Tonkin 2

MEP Equipment on
Roof Top

10:48

Tonkin 2
LoRaWAN power
supply box

10:52
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Tonkin 2
LoRaWAN
Gateway
Roof Top
10:52

The following images are taken in the afternoon on date 07.08.2024; all elevations
facing West.
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Tonkin 1
West
Elevation
16:35

Tonkin 1
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Smart
City
Imperia
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Ciputra
D5
15:05

TB2
Neighbour
to East;
West
elevation
12:24
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to East;
West
elevation
20:36




180

The following thermal images taken at playground of VSC on date 02.05.2025
represent natural grass compared to artificial turf:

Playground covered by
Artificial turf and
surrounded by natural
grass

12:58

Blue: natural
grass

Red: artificial
turf

12:57

Artificial Turf



181

Appendix A.2: Wall Assembly Material Breakdowns for the Building
Envelope of T2 (per m2 of Wall Area)

The table down below provides information based on National Technical Regulation on
Energy Efficiency Buildings QCVN 09:2017/BXD by the Ministry of Construction (MoC)
besides data taken by the author in correspondence accordingly. The construction
materials B1, B2 and AAC are available in Vietham while the advanced Poroton
(Planziegel T8-36,5)%° is a material based on clay, currently available in Europe, and
should provide information about technological possibilities working with traditional

clay.
Table A3.1: Comparative Wall Material Parameters for one Square Meter
Parameters Unit Brick (B1) Brick (B2) AAC Poroton
Single Layer Double Layer Single Layer | Single Layer
M_aterla! & 18-36.5
Dimensions
Dimension| mm  210/100/55 210710056 »44,500/600 | 248/365/249
(57) (57)
Weight Kg 1.3-1.5 1.3-1.5 15.6 13,5
Autoclaved
Material - Clay Clay Aereted Clay
Concrete
Thermall -,/ 0.7 0.7 0.16 0.08
conductivity A
U-Value| W/m2K 2.65 2.92 0.77
R-Value| m2 K/W 0.3769 0.34 1.31
One Square Meter
(m2)
Bricks| pcs 56,50 113 9 16
Brick weight| Kg/m2 73,45 146,90 140,40 216,00
Air gap thickness| mm - 20-30 - -
Mortar weight| Kg/m2 51,79 120,35 1,8 4,6
Plaster weight| Kg/m? 72,00 72,00 9,60 16,00

39 (5.6.2024)


http://www.wienerberger.de/produkte/wand/ziegel/poroton-planziegel-t8-36,5.html
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Parameters Unit Brick (B1) Brick (B2) AAC Poroton
Single Layer Double Layer Single Layer | Single Layer
Wall thickness (incl. cm 15 o5 20.6 36.5
plaster)
Wall type location - Interior Exterior Exterior Exterior
Weight | Kg/m2 197,24 339,25 151,80 236,60
Construction time
Laying time min 60 200 30 40
Plaster time
(2 layer) incl. min 120 300 30 100
curing
Total min 180 500 60 140
Calculations:

Cement render (plaster) for B1 and B2:
Volume = 0.030m3 = Mass = 0.030m?3 x 1600 kg/m? =

Outside (30 mm):

Inside (15 mm):

Total render mass:

48.0kg/m?

Volume = 0.015m?® = Mass = 0.015m? x 1600kg/m? =

24.0kg/m?
72.0kg/m2

Brickwork (core layer 100mm) B1:
210x100x 57 mm

Geometric volume per brick = 0.210x0.100 x 0.057 = 0.001197 m3
56.5 bricks/mz (with 20 mm joints)
56.5 x 0.001197 = 0.06763 m3/m?
1.83kg — Brick mass: 56.5 x 1.3 = 73.45kg/m?

Brick unit size:

Brick count:

Total brick volume:

Average mass per brick:

Mortar (bed + head joints) B1:
Gross layer volume at 100mm: 1.00m?2 x 0.10m = 0.10m?3

0.10 - 0.06763 = 0.03237 m3/m2
p_mortar = 1,600 kg/m3

mass = 0.03237 x 1,600 = 51.79 kg/m?

Mortar volume:
Mortar mass:

Brickwork (core layer 200 mm) B2
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Brick unit size: 210x100x 57 mm (x2)

Geometric volume per brick = 0.210x 0.200 x 0.057 = 0.002394 m3
Brick count: 113 bricks/m?2 (with 20 mm joints)
Total brick volume: 113 x 0.002394 = 0.270522 m3/m?

Average mass per brick: 1.3kg — Brick mass: 113 x 1.3 = 146.9kg/m?

Mortar (bed + head joints) B2:
Gross layer volume at 200mm: 1.00m? x 0.20m = 0.20 m3
Mortar volume: 0.270522 - 0.20 = 0.07522 m3/m2
Mortar mass: p_mortar = 1,600 kg/m3
mass = 0.07522 x 1,600 = 120.35 kg/m?

Render (plaster) for AAC:

Outside/Inside (3 mm): Volume = 0.003m3 — Mass = 0.030m?3 x 1.600kg/m? =
4.8kg/m?x 2
Total render mass: 9.6 kg/m?2

Block work (core layer 200 mm) AAC

Block unit size: 200 x 200 x 600 mm (x2)
Geometric volume per brick = 0.20x 0.20x 0.6 = 0.024 m?3
Block count: 9 blocks/m2 (with 3 mm joints)
Total block volume: 9 x 0.024 = 0.216 M3/m?

Average mass per block: 15.6 kg — Block mass: 9 x 15.6 = 140.4 kg/m?

Adhesive powder (bed + head joints) AAC:

Horizontal joint volume: 1.0 x 0.2 x 0.003 = 0.0006
Horizontal joint line: 0.0006 x 5 = 0.003m?
Vertical joint volume: 0.2 x 0.2 x 0.003 = 0.00012
Vertical joint line: 0.00012 x 5 = 0,0006
Joints together: 0.003 + 0.0006 = 0.0036
Mortar mass: p_mortar = 1.500 kg/m?

mass = 0.0036 x 1.500 = 5.4 kg/m?

Render (plaster) for Poroton:

Outside/Inside (10 mm): Volume = 0.010m3 = Mass = 0.010m3 x 1.600 kg/m?3 =
16kg/m2 x 2

Total render mass: 16 kg/m?
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Block work (core layer 365 mm) Poroton:

Brick unit size: 248 x365x249

Geometric volume per brick = 0.248 x 0.365 x 0.249 = 0.0225m3
Block count: 16 blocks/m? (with 3 mm joints)
Total block volume: 16 x 0.0225 = 0.36 m3/m2

Average mass per block: 13.5kg — Block mass: 16x 13.5 = 216 kg/m?

Adhesive powder (bed + head joints) Poroton:

Horizontal joint volume: 1.0 x 0.2 x 0.003 = 0.0006
Horizontal joint line: 0.0006 x 4 = 0.0024 m?3
Vertical joint volume: 0.2 x 0.2 x 0.003 = 0.00012
Vertical joint line: 0.00012 x 4 = 0,00048
Joints together: 0.0024 + 0.00048 = 0.00288
Mortar mass: p_mortar = 1.600 kg/m?

mass = 0.00288 x 1.600 = 4.6 kg/m?

Table A3.2: Cost Estimations for Materials, Construction Time, CO2 Emissions on one
Square Meter

Brick (B1) Brick (B2) AAC Poroton
Parameters Unit Single Double Single Single
Layer Layer Layer Layer
Cost estimation*
Brick VND 67.800 135.600 270.000 -
Plaster VND 130.000 130.000 100.000 -
Mortar/Adhesive VND 120.000 240.000 80.000 -
Laying cost VND 300.000 1.000.000 150.000 -
Plaster time VND 499.920 1.249.800 124.980
Total cost per m2 VND 1.117.720 2.755.400 724.980 -

Cost usD -

* prices are vague and depending on city, site, contractor
and product brand. Average prices are used:
_AAC: 30.000 VND per block
_Brick: 1.200 VND per brick
_Plaster: 65.000 VND per m2/ layer
Mortar cement: 120.000 VND per m?
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Brick (B1) Brick (B2) AAC Poroton
Parameters Unit Single Double Single Single
Layer Layer Layer Layer

_Adhesive: 80.000 VND per m?
_Labor cost: 300.000 VND per hour
_Plaster cost: 250.000 VND per hour

Life Cycle
Assessment
(LCA)**
A1-A3 | kg CO,e/m2 26,988 44,616 29,232 49,600
A4 | kg COe/m? 0,888 1,527 0,683 1,065
Total LCA | kg CO,e/m? 28 46 30 51

b calculations based on ICE v.2.0 from Bath University40 (2011) while the ICE v.4
(12/2024) both equational and advanced version malfunction. The LCA is
simplified and does not focus on 50 years commission or end of life
calculations due not viable and verified data:

A1-A3 (manufacturing (cradle-to-gate):

Fired clay brick: 0.24 kg CO,e/kg
AAC block: 0.20 kg CO,e/kg
Poroton block: 0.22 kg CO,e/kg

Gypsum based (plaster): 0.12 kg CO,e/kg (AAC)
Cement (mortar/plaster): 0.13 kg CO,e/kg (brick/Poroton)

A4 (transport):
heavy truck, 5 axle 0.09 kg CO,e/ton-km

Calculation example for traditional brick A1-AS:
Weight brick

73.45 kg x 0.24 CO,e/kg + cement plaster 72 kg x 0.13 — 26.988 kg CO,e/m?

Calculation example for brick wall A4 and radius of 50 km:
Mass/Weight wall

197.24 Kg/m2 x 50 km x 0.09 CO,e/tKm = 887 Kg CO,e / 1000 tKm =
0.88758 Kg CO,e/m2

The following table A3.2 provides information about the building envelope material
and construction time in conclusion with the amount of payloads and CO2 emission.

40
(3.5.2025)


https://greenbuildingencyclopaedia.uk/wp-content/uploads/2014/07/Full-BSRIA-ICE-guide.pdf
https://greenbuildingencyclopaedia.uk/wp-content/uploads/2014/07/Full-BSRIA-ICE-guide.pdf
https://greenbuildingencyclopaedia.uk/wp-content/uploads/2014/07/Full-BSRIA-ICE-guide.pdf
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Table A3.2: Scaled Building Envelope Materials on T2 BCR (9.796 m?)

Parameters Unit SL Brick (B1) DL Brick (B2) SL AAC

Construction Material

Bricks pcs 553.474 1.106.948 88.164
Brick weight Kg 719.516 1.439.032 1.375.358
Mortar weight Kg 507.335 1.178.949 17.633
Plaster weight Kg 705.312 705.312 94.042
Weight Kg 1.932.163 3.323.293 1.487.033

Construction time (min)

Laying time min 587.760 1.959.200 293.880

Plaster time

: . min 1.175.520 2.938.800 293.880
(2 layer) incl. curing

Sum min 1.763.280 4.898.000 587.760
hrs 29.388 81.633 9.796
d 1.225 3.401 408
w 175 486 58
Y 3 9 1
Payloads for Masonry* % I%h@
Trucks brick pl 29 57 47
Trucks mortar pl 437 1.016 15
Trucks plaster pl 608 608 81
Total pl 1.074 1.682 144

CO2 Emission

birck | kg CO,e/m? 3.238 6.476 6.189
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Parameters Unit SL Brick (B1) DL Brick (B2) SL AAC
mortar | kg CO,e/m?2 3.298 7.663 115
plaster | kg CO,e/m? 4.585 4.585 611

Total | kg CO,e/m? 11.120 18.723 6.915

Cost estimation

Bricks VND
Mortar VND
Plaster VND
Trucks VND
Total VND
Total uUsD
* Net vehicle weight of 5 axle truck (15 ton (t))

Gross vehicle weight (GVW) by regulation (max. 44t)
Payload calculation: 44.000 Kg - 15.000 Kg = 29.000 Kg

Calculation example for bricks (1.5 Kg/pc)

29.000 Kg / 1.5 Kg = 19.333 pcs/truck

Calculation example for AAC (15.6 Kg/pc)

29.000 Kg / 15.6 Kg = 1.859 pcs/truck

Calculation example for mortar and plaster (25 Kg/bag)
29.000 Kg / 25 Kg = 1.160 bags/truck

Table A3.3 provides information from table A3.2 scaled up to the dimensions of
Vinhomes Smart City Hanoi (VSC) high rise buildings based on the multiplied building
plans, similar heights and overall similar layouts. Even these numbers represent a
bigger picture of the overall data, inaccuracies and a deviation of about 5-10% is
realistic. This table underpins a tendency for further investigations and considerations.

Within the VSC similar types and shapes of Tonkin 2 (T2) are to be find and partly



188

under construction (2025):
26x T2 types of building

15x ‘T2 doubling types = 30 T2
2x L-shape tower = 2x T2 tower

2x Circular shape tower = 2x T2 tower

- 60 T2 similar towers
Table A3.3: Scaled Building Envelope adapted on VSC Hanoi
Parameters Unit sﬁgl:: Ifg;)er Dg;it::lz =.Bazy)er Sing?:fayer
Construction Material
Bricks pcs 33.208.440 66.416.880 5.289.840
Brick weight Kg 43.170.972 86.341.944 82.521.504
Mortar weight Kg 30.440.090 70.736.916 1.057.968
Plaster weight Kg 42.318.720 42.318.720 5.642.496
Weight Kg 115.929.782 199.397.580 89.221.968
Construction time
Laying time min 35.265.600 117.552.000 17.632.800
o |ayer)Pi|r?;t.ecrut:ir23 min 70531200  176.328.000  17.632.800
Sum min 105.796.800 293.880.000 35.265.600
hrs 1.763.280 4.898.000 587.760
d 73.470 204.083 24.490
w 10.496 29.155 3.499
y 202 561 67
payloads EEEREE|LS
Trucks brick pl 1.718 3.435 2.846




189

Parameters Unit Brick (B1) Brick (B2) AAC
Single Layer Double Layer Single Layer
Trucks mortar pl 26.241 60.980 912
Trucks plaster pl 36.482 36.482 4.864
Total pl 64.441 100.897 8.622
CO2 Emissions
brick | kg CO,e/m? 194.269 388.539 371.347
mortar | kg CO,e/m? 197.861 459.790 6.877
plaster | kg COze/m? 275.072 275.072 36.676
Total | kg CO,e/m2 667.202 1.123.400 414.900
Table A3.4: Reinforced Concrete Slab Calculations T2
Parameters Plan area Length Floors Volume
(m2) (Im) (f1) (m3)
General Notes
Standard floor height 3.400 mm = 3.40 m 38 floors
1st floor height 5.500 mm = 5.50 m 1 floor

Standard slab thickness 160 mm = 0.16 m all

All floor slabs are equipped with exterior boundary beams and
interior beams within the frame work construction of columns in
shape of rectangular walls

Construction

Reinforced concrete slab
(160 mm)
196.88 m3

Beams exterior
(290 x 300 mm)
22,25 m3

Beams interior
(290 x 200 mm)
12,16 m3

1.230,520 39 7.678,44
0,087 255,70 38 845,34
0,058 209,59 38 461,94
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Parameters Plan area Length Floors Volume
(m?) (Im) (fl) (m3)
Core walls 1 floor
(height = 5.340 mm) 8,200 5,34 1 43,79
w/ slab
Core walls other floors
(height = 3.240 mm) 8,200 3,24 38 1.009,58
w/ slab
Columns* 1 floor
(height = 5.340 mm) 50,766 5,34 1 271,09
w/ slap
Columns 2-10 floors
(height = 3.240 mm) 50,551 3,24 9 1.474,07
w/ slap
Columns 11-38 floors
(height = 3.240 mm) 49,859 3,24 28 4.523,21
w/ slap
Total F:oncrete 16.307,46
(reinforced)
Weight**
Total in Kg/m3 39.137.896
Total in metric ton 39.138
Concrete Mixer***
©0)—©
Total pl 3.914
CO2 Emissions****
Concrete A1-A3 | kg CO,e/ms3 4.070
Transport A4 | kg CO,e/m3 20.352
Total kg CO,e/m?3 24.422

Concrete Formers*****

Reinforced concrete slab
(210 mm)
177.01 m3

Core walls 1 floor
(height = 5.290 mm)
w/ slab

Reduction based on 4974 spheres in slabs, see down below:

1.230,520

8,200

5,29

39

6.903,36

43,38
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Parameters Plan area Length Floors Volume
(m?) (Im) (fl) (m3)
Core walls other floors
(height = 3.00 mm) 8,200 3,00 38 934,80
w/ slab
Columns* 1 floor
(height = 5.290 mm) 50,766 5,29 1 268,55
w/ slap
Columns 2-10 floors
(height = 3.00 mm) 50,551 3,00 9 1.364,88
w/ slap
Columns 11-38 floors
(height = 3.00 mm) 49,859 3,00 28 4.188,16
w/ slap
Total goncrete 13.703,12
(reinforced)
Weight (Saving) Diff m3 2.604,33

Total in Kg/m3 32.887.493

Unidome XS60
350 x 350 mm grid (Saving) Diff Kg/m3 6.250.404
(slab thickness 210 mm)
Total in metric ton 32.887
Concrete Mixer
©0©—©
Total pl 3.289
(Savings) Difference pl 625
CO2 Emissions
Concrete A1-A3 kg COze/m? 3.420
Transport A4 kg COe/m? 17.101
Total kg COe/m? 20.522
( Saving)Difference kg CO,e/m? 3.900
* There are in general 48 columns per floor plus additional 2 columns that close

the boundary of the emergency stair cases. These two wall were included and
excluded from the core. Therefore the calculation is based on 50 columns.
Weight calculation is based on 2.400 kg/m3 per cubic meter concrete.
Calculation based Gross vehicle weight (GVW) for a 24 ton 3 axle
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concrete mixer truck with a maximum payload of 10 cubic meter (cbm)
concrete.
il calculations based on ICE v.2.0 from Bath University, typical concrete factor
A1-A3 =0.104 kg CO,e/kg
= 2.400 kg/m3 x 0.104 kg CO,e/kg = 249.6 = 250 kg CO,e/m3
Calculations based on Greenhouse Gas Report4
A4 (50km) = 24 ton x 50km x 0.104 kg CO,e/kg / 10 m3 = 12.48 kg CO,e/
m3
**x Calculation for resource saving benefits using 4974 UniDome concrete former
XS60 (0.016366 m3/ea = 81.40 m3 total) stands equivalent to a slab thickness
of 210 mm, due the concrete former’s height of 90 mm plus concrete cover to
both sides of 60 mm.
Original slab with beams: 196.88 m3 + 22.25 m3 + 12.16 m3 = 231,29 m3
Unidom slab w/ beams: 1,230.52m3x0.21m-81.4m3=177.01 m3
=231.29 m3-177.01 m3 = 54.28 m3/ floor
=54.28 m3 x 39 floors = 2,116.92 m3
=7,978.44 m3 - 2,116.92 m3 = 5,861.52 m3
= 27.2% savings
or
(slabs) 7.678,44 + (beam ex) 845,34 + (beam in)
461,94 = 8.985,68 - 6.903,36 m3 = 2.082,32 m3
reduction in volume = 22%
It is really depending from which direction resource savings are measured and
calculated. An average of 25% can be set.

Table A3.5 interpolates the numbers from previous table and multiply those by factor
60 that is equivalent to the previously mentioned 60 high rise buildings in the VSC.

Tab. A3.5: Reinforced Concrete Consumption and Potentials at VSC

Parameters Unit Volume
Material
Currently Metric (ton) 2.348.274
Reduction (saving) Metric (ton) 375.024
Total Metric (ton) 1.973.250
CO2 emission

41
(09.09.2025)


https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2024
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2024
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2024
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Parameters Unit Volume
Currently kg CO,e/m3 1.465.323
Reduction (saving) kg CO,e/m3 234.015
Total kg COe/m3 1.231.308
Concrete Mixer
@O
Currently pl 234.827
Reduction (saving) pl 37.502
Total pl 197.325
Tab. A3.6: Technical Building Equipment
External loads (2?;) uﬁiCt:s t;\:):e bra?:f(;ets W(ekig)ht
S M L
2-38 12-15  18-24  36-60 6 kg
(37 floors) BTU BTU BTU (pair/unit)
(B0kg) (50kg)  80kg
East facade (E)
Studio | 74 74 74 444 2.664
1-bed Apartment | 74 148 74 74 888 6.808
2-bed Apartment | 148 444 592 148 2.664 27.824
3-bed Apartment| 37 111 111 666 3.996
Sub Total | 333 777 25.530 11.100 0 4.662 41.292
South facade (Sy)
Studio| O 0 0 0 0 0 0]
1-bed Apartment 0 0 0 0 0 0 0
2-bed Apartment | 74 0 0 0 0 0 0
3-bed Apartment| O 0 0 0 0 0 0
Sub Total | 74 0 0 0 0 0 0
West facade (Wy)
Studio | 37 37 37 222 1.332
1-bed Apartment | 37 74 37 37 444 3.404
2-bed Apartment | 148 444 592 148 2.664 27.824
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External loads Apt A.C AC AC Weight
(qty) units type brackets (kg)
S M L
2-38 12-15  18-24  36-60 6 kg
(37 floors) BTU BTU BTU (pair/unit)
(B0kg) (50kg)  80kg
3-bed Apartment| 37 111 111 666 3.996
Sub Total | 2569 666 23.310 9.250 0 3.996 36.556
North facade (N
Studio| O 0 0 0 0 0 0
1-bed Apartment 0 0 0 0 0 0 0
2-bed Apartment 0 0 0 0 0 0 0
3-bed Apartment| 74 74 0 0 74 444 6.364
Sub Total | 74 74 0 0 5.920 444 6.364
Total facade (Kg) 84.212
Total facade (ton) 84,2
Roof Top (r)
Firefighting water 1 160.000
Concrete support 1 45.840
Cold water | 1 120.000
Concrete support 1 40.680
Hot water| 1 55.000
Concrete support 1 17.400
Chiller | 6 15.000
Concrete support 6 14.200
ACunits | 2 5.000
Concrete Support 2 3.240
Exhaust/Fan*| 16 10.000
Concrete support | 16 24.880
Total roof (Kg) 511.240
Kg/m?2 415,5
Total roof (ton) 511,2
Comparison MTOW**
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External loads Apt AC AC AC Weight
(qty) units type brackets (kg)
S M L
2-38 12-15 18-24 36-60 6 kg
(37 floors) BTU BTU BTU (pair/unit)

30kg) (50kg)  80kg

Airbus A 380 ] _ 560.000

Airbus A 330 b 242.000

* The technical documentation received by the author is incomplete, omitting various
technical items of building equipment (such as pumps, related foundational elements,
and technical apparatus beyond metal piping and ducts) that are visibly on site. Due
to this inconsistency between documented and observed data, and in comparison
with measured structural information, it is estimated that an additional 5 to 10 percent
of the total calculated weight should be added as general external loads impacting the
structural framework of the entire building. This magnitude of unaccounted load
makes a comparative analogy with an Airbus A 380 a realistic example.

By replacing such loads through horizontal vegetation for roof greening reduces the
overall loads by nearly 50 percent that also affects the consumption of concrete, steel
rebars, sand and water, materials that are required for construction. Than in contrast a
comparison with a much smaller aircraft such as an Airbus A 330 is reasonable.
“*MTOW = Maximum Tons Of Weight
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Appendix A.6: Filtration Capacity Calculations and Electricity

Consumption

Down below in the table all data measured from February till September 2025 are
listed including average values.

Date Time Filtrate Days Avg Avg  Electricity Avg. EIt.
(d) (ICT-Hanoi) (m3) (btwn.)) (m3/d) (m3/m) (kW/h/d) (kW/h/m)
21/02/2025 18:38:47 0,0
26/02/2025 12:11:54 2
27/02/2025 14:59:36 41,3
08/03/2025 15:37:41 3 11 0,091
11/03/2025 17:04:05 3 3 0,000 0,045 ‘ 1.142,7
21/03/2025 10:06:20 821,6 ‘
05/04/2025 16:25:18 1.184,0
12/04/2025 15:37:13 1.323,0
23/04/2025 00:43:47 3 46 0,000 1.543,7
26/04/2025 14:25:22 8 3 1,667 1,233 1.665,3 1.009,6
28/04/2025 06:59:10 11 2 1,500
29/04/2025 07:31:24 13 1 2,000
30/04/2025 08:03:02 14 1 1,000 1.788,5
01/05/2025 09:50:45 17 1 3,000 1.831,2
02/05/2025 06:30:31 19 1 2,000
03/05/2025 08:57:39 20 1 1,000
04/05/2025 09:39:09 22 1 2,000 1.938,1
08/05/2025 06:32:23 28 4 1,500 2.078,1
09/05/2025 22:30:26 30 1 2,000 2.149,4
10/05/2025 23:21:11 32 1 2,000
12/05/2025 05:22:22 35 2 1,500 2.280,6
13/05/2025 11:11:44 37 1 2,000
14/05/2025 21:06:54 39 1 2,000 1,935 2.405,9 1.153,6
16/05/2025 06:08:01 43 2 2,000 2.480,6

17/05/2025 00:43:21 45 1 2,000
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Date Time Filtrate Days Avg Avg Electricity Avg. ER.
(d) (ICT-Hanoi) (m3) (btwn.) (m3/d) (m3/m) (kW/h/d) (kW/h/m)
18/05/2025 12:44:49 50 1 5,000
19/05/2025 10:26:11 52 1 2,000 2.664,7
20/05/2025 10:39:23 54 1 2,000
22/05/2025 10:44:40 54 2 0,000
25/05/2025 13:55:22 55 3 0,333 2.868,3
27/05/2025 05:46:42 56 2 0,500 2.950,1
28/05/2025 07:24:09 58 1 2,000 2.984,8
01/06/2025 02:58:16 62 4 1,000
08/06/2025 04:03:21 69 7 1,000
10/06/2025 21:33:37 72 2 1,500
13/06/2025 3.731,4
1,189 1.728,3
15/06/2025 10:27:52 76 3 1,333
19/06/2025 15:54:44 81 11 1,091 4.104,5
24/06/2025 15:42:48 86 5 1,000
29/06/2025 20:03:33 93 5 1,400
01/07/2025 23:58:57 98 3 1,667 4.713,1
15/07/2025 20:25:43 107 14 0,643 5.261,6
18/07/2025 18:01:05 5.696,4
22/07/2025 00:13:04 107 7 0,000 0,462 1.857,1
27/07/2025 11:14:41 6.240,6
28/07/2025 13:33:38 107 6 0,000
31/07/2025 05:52:16 107 3 0,000
01/08/2025 14:44:42 6.570,2
06/08/2025 04:11:32 111 6 0,667
11/08/2025 17:38:03 114 5 0,600
0,333 1.019,7
15/08/2025 01:53:06 114 4 0,000
21/08/2025 17:44:53 114 6 0,000
26/08/2025 12:25:05 116 5 0,400
01/09/2025 17:35:03 116 5 0,000 7.589,9
1.020,7

30/09/2025 12:26:00 120 29 0,138 8.610,6
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Date Time Filtrate Days Avg Avg Electricity Avg. ER.
(d) (ICT-Hanoi) (m3) (btwn.) (m3/d) (m3/m) (kW/h/d) (kW/h/m)
Average Total 116 225 0,516 38,3 1.488,6

Average System Go 64 136 0,471 0,9 36,2 1.318,5
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Appendix B.1: TestBed 1 (previous CEMM)

TestBed 1 emerged from preparatory work initially intended for another building. The
planning process, from line drawings as the basis for the building through to detailed
cost calculations, was developed for technical implementation on site. The plans were
also used for submissions and approvals. The short-term change to the final TestBed
1 building was carried out without difficulty, as the detailed groundwork had already
prepared the necessary knowledge of the relevant components and elements. The
following technical drawings show the original TestBed 1. The building itself was
roughly modelled digitally and presented in virtual reality as a before-and-after
scenario for demonstration and communication purposes. The model cannot be
described as a digital shadow or twin, as the necessary prerequisites were not fulfilled.
The technical drawings also include information on the planting configurations of the
containers based on native species, the design of the irrigation system, and details of
commercially available products used for the on-site implementation.

@

SMART URBAN AREAS - SUA

sub-project within the research project

Greening CEMM Building Scenario

prepared by RIM and WILO for implementation in Hanoi
10/2023
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Il The test scenario is scheduled in operation till July 2025 max. It will be dismantled right after !!!
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Irrigation System - schematic / Hé théng tuéi - so” d6
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4

Computer

H

SUA - Smart Urban Areas.
Torkin T2

" erexiso01a

Loaf Sensor SL Substrate Sensor 8 DataPath Gab Sensor GS Room Sensor RS e
Wall sensor WoS Wall sensor Wis 44227 Dormund.
combination combination Gerroy
Diagram Sensor P! / Ar 1t for ing (Wifi based) - The sensor equipment will be provided by RIM team; the wifi router is provided by CEMM e B

Fobr o e et facacte

Hus

siarta, migation atc
Slararsl Cimaen Data
Torst Sanacrs

Fenviy et

Sum Laat Sanacrs
[V —

i ‘Concept CEMM GREEN|

Sensor Placement Data

A.06.3

CEMM Sensor Types List

Irrigation Products / sén phdm thuy lo'i

Water tank with 1000 liter / 1m3 - bén chia nuré'c 1000 lit/Tm3 Plant pot A, B, - chdu cédy A, B /
Link and phone number / Lién két va sé dién thoai Link and phone number / Lién két va s6 dién thoai -

1.600.000 - 2.900.000 VND / céi (each) SRS
r—
T DMI?;CMW

o, o3
S e

| Y : 2 ot
Q X ‘Sample imags from Germany. Those containers are for B0-200 Liters and perfect for the e
«

pots A and B. Dimensions are approx. 800 x 500 x 300 mm and bigger.

Hinh énh méiu tor Dirc. Nhirng thing chira ndy o6 dung tich 80-200 Litvé hodn héo cho ’ WioSE
céc chau A va B. Kich thurc xp X1 800 x 500 x 300 mm va o o, w1

Equivalent samples found in the internet in Ha Noi, down below:

Géc méu turong durong drc tim thay trén intermet & Ha NGi, bén oo

Special Deal / cuéc thuong lwg'ng dac

Bacause of weight wo usng PVG contaners rathr than camentbesod plnt pots
ay

mang

100.000 - 160.000 VND / cai (each) 70 lit

Such containers are avaiable for plants with egs and o
Second bottom to avoid water logging. veran
Nngeng thing chira nhu vy 6 sin cho nhig céy o6

chén va déy thir hai 08 tréinh ngap Ung.

Colour: Gray
Mau sdc: Xam

https://shopee.vr/Ch%E1%BA%ADuU-
1r9%E1%BB%93ng-rau-tr%E1%BB%93ng-hoa:
r%E1%BB%93ng-s%C3%BANg-tr¥E1%BB%93ng-
sen-troE19,BB%93ng-C%Ca%ARY-th%C3%B4ng- g
Min-S%CB%A2N-%CE%B0%CEKATNg-S%CI%AZN- &
VAHCOHBO%E 194BB3SDn-.2047 1008.78073007432 Q
Sp_atk=3198Ded8.154-4c50-2016-
bb70afbc2cb18xptdk=3{98beds-f154-4c50-a6f8-
bb70afbc2cb1

S6 dién thoai / SDT cac nha cung cap
cal these numbers and get the best price for 2 tanks /

qoi dén 56 nay 06 co g 6t nhd cho 2 birh

SDT 0965 524 005 Si9%C3%AAU-0-70-lit-Ca0-CHHE1 %BA%ASD-

KD 0971 454 147 1.64999669.6956588133 F

097 469 0412 E

0327173282 D

0979 819 932 C

CTOP XNK Huang Phong - Hanoi B

0972804 A 06122008
another option / mot ya chon khdc .
wwnwshopee.n ~

A+B=QTY 6B0x =

Product Sourcing 1

A.07.1
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Irrigation Products / sén phdm thuy loii

Plant pot C, / chdu cdy C
Link and phone number / Lién két va sé dién thoai

67.000 VND combo of 5 = 335.000 VND

Comibo of 5 plastic pots and restanguier trays for
growing plants, long and high, DB3xW26xH300m for
hanging plants.

‘combo 5 chéu nhyra khay chir nhét tréng céy loai déi va
‘cao DE3XR26XC30C dé Cay treo.

Colour; Grey
Mau sc: Xam

hitps://shopee.un/combio-5-ch%E1 %BA%ADU-
AF-

publish_id=8sp_atk=63ccf6b5-903e-
bbOe-4a98dafbo2ddgxptak=t oo S0 dfc-
bbOe-4a98dafbo2dd

C = QTY 24x

Lum Sum ~1.608.000 VND

Drip irrigation Set / B§ tw'é’i nhé giot

v

=i,

Container A, B, C drip iigation hose for flexible connection
on balcories and roof fo

Gng i nhd giot container A, B, C két ndi lith hoat trén
ban cong v mdi nha

itps://shopee.vn/BYE1 %BB%09-kHCI%AD
196C6%BO%E1%BB%IBI-nh%E1 %BB%EF-
GI%E1%BB%BDI-40-D%CI%AIC-KHE 1 %BA%BFI-
Ph%E1%BB%A3p-phun-s%CE%B0%CE%ATng-

91 %BASAFD-tI%E1 % BBY%BC-lI%E1%BA%BFp:
V9C3%A00-v%C3%B2I-N%CO%BO%E1%BB%IBC-
A%C3%BIng-phun-s%C6%BO%CE%ATNG-c%CI%ALY-
1r80-1r%C3%AN-Ca0-¥%CI%HAD-
19606%BO%E1%BB%IBI-g%E1%BB%O1o:
1.398396879.1407550703175p_atk=a8a56ae6-a02a-4be2-
bace-7c02130008688xptck=a8a56ae6-202a-4062-
bace-76621390868

Favorite

A B, C=QTY 8x

Lum Sum ~3.920.000 VND

SUA - Smart Urban Areas.
Torkin T2

Automatic Plant Watering Device / Thiét bi tw'&i cay tu dong

=8 _

486,000 ===

C =QTY 4x

Lum Sum ~1.944.000 VND

Automatic lant Watering Deioe o colct e ime data for ach flte hose
déng & i gian thre cho

[sa =)
DV N

Container A, B, G drip imigation hose for flexible
‘connection on balconies and r0of top.

Gng tuéi nho giot container A, B, C két ndi linh hoat trén
ban cong va mai nha

Aroof = QTY 2x 25m set
B roof = QTY 2x 15m set
C roof = QTY 1x 15m set

itps://shopee.vr/HGE194BB%87 - ThYE1 %BB%OTng-
VKCIKB2I THCOKBOXE 1XBBHIBI Pun:

C%82-thodls 810G U

C balconies = QTY 3x 15m set

08 L
-%C4%01 C -HOT-322-b0%CCABHCCHER-
-catCC%82y-uHCCHIBUCTH
%4COKRATICOKER-hO%COHBZNCCHBIng-
10%CC%89-gio%CC%ATH-DO%CCIAILCCIE2-

4CC%i 4CC%IBIHCCIHAS-

HCCHAIIC
OB%CC%

ca%CC%82y-u%C
1WICCHIB

1 %C3%AZy-

3%ADNh-n% %BB%B1-9%C4%01%E1%BBY% %Ca%AO-
Cho6E1%BA%BF-%C4%919%E1%BB%00-kn%Ca%AT -nhau- 984771301.2257 11836397
sp. 7303

L areTaen02
S atk=co81101>-5009-4963
07443200905 8xptk= eatrion S0c8-4963.6073
7443200985

A, B,C=QTY8X

Lum Sum ~1.500.000 VND

67EXI5001A

Hus
VNU - University of Science

os 22020

‘Concept CEMM GREEN|

" Product Sourcing 2

A.07.2

Soil Products / Sdn phdm dat
Plant pot C, / chdu cady C

Layer 1 wood chips / Ddm gé Iop 1
approx. 60kg

allt. product / sén phdm thay thé

QTY 60x

Lum Sum ~3.900.000 VND

Soil Products / Sdn phdm dat

Plant pot C, / chdu cady C

Layer 3 cover soil / D4t phu Iép 3
approx. 60kg

allt. product / sén phdm thay thé

QTY 10x

Lum Sum ~2.500.000 VND

SUA - Smart Urban Areas
Torkin T2

Hus
VNU - University of Science

Soil Products / Sdn phdm dat
Plant pot C, / chdu cay C

Layer 2 humus soil / D&t mun I6p 2

approx. 60kg

allt. product / sén phdm thay thé

26,000 - 70000 =2

QTY 10x

Lum Sum ~1.000.000 VND

Lashing strap / Ddy dai buéc

Tie down planters, / Buéc chat chéu tréng cdy
Variable length 3-6m / Chiéu dai thay d6i 3-6m

»

smans 51,200 - 201100 CE3

QTY 10x

Lum Sum ~1.000.000 - 1.200.000 VND

>|@|O|0|m|m

roduct Sourcmg 3

A.07.3
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Appendix B.2: TestBed 2

The technical documentation for TestBed 2 is the most comprehensive within the
project. Building on the operational experience gained from Tonkin 2 and TestBed 1,
the design and implementation of TestBed 2 incorporated all relevant sensor systems
and technical components defined in the research framework. Despite minor data
inconsistencies, it provided the most complete and up-to-date dataset across the
study. Based on this material, a three-dimensional digital shadow of the building was
developed and subsequently exported into augmented and virtual reality environments
for visualisation, communication, and simulation purposes. The geometric accuracy of
the model - supported through drone-based photogrammetry - demonstrates the
reliability of current VR workflows for environmental and spatial assessment.

This technical set enabled the precise planning and configuration of sensor layouts,
weather station integration, roof and facade greening measures, calculations and the
installation of the WA-MBR-TB225 water filtration unit. As such, TestBed 2 represents
a reference case for scaling vegetated buildings and circular economy for water
cycles. At least it built the ground for implementation.

i m.l Vinsroup

% VINHOMES

GD ABIONIK

AIR WATER LIFE

Smart Urban Areas - SUA
TestBed_02

(Confetti AirBnB Apartment House,
sustainability building concept and design)

So 21, Ngo 35 Nguyen Cong Tru, Hai Ba Trung dist., Hanoi, Vietnam
Owner: Mr. Trung Dac Dung

uuuuuu




Sheet Indas.
Layeut I

A

REEREER

A4

ARSD
A5
ADSZ

A1

A3
ATo
ADTA
ATz

A1
ADE3
A

Al00
[ELE]
A2
A03
A
A2

e ]

Projoct informaton:

Ersarpnmant, Nt Consaresion. Mucksar Sabety and Consumar
dong  Pestection BMLA. Tre peoject parnens am TU Dormundl
D008 \istrarmess ria sstate company Vinhomes (g

organs,

DSBSt

8 bt L 4
RO 8 rtabed, Which uses

ackiion. an audomati sperkder
“Bbwater s i o y b er sysirn b the Wi Atscrik

TestBoc_ 0 & s brvabing new et i Vistram ey
8 buill | mrinor changes  conatcion,
PO T eeigicig, T Compuciinss o the fystem

Daners and owrers as weed s 1o Viomam Nasonal Unkrsty
8t CIEMM ittt P prcyoct wil ba docimented in detal

I forms o it pcroey.

1t sk term.

Thteg tis d dn:
‘entblond, {12 W it phdi s chr i Smart-Lroan- Armas SUA,
D00 18 ey i MK O e ghidn cuu chung 0 B MSH

5 0 oo Cong
g Dorimasa,roh sl by o G WAL S vl gty

s b,
ning IS usw e i uin i K8 nhi.
i Asgemd

g ra.
Sk g it SiF thung MO Mum ¥l DG Cung oip B

‘T coh VS Andl 8 T
Do 35, Toatihe

chu s B
i

i e o e ki cart e o o,

"N i T Irrong tong nang Pan.

e ek e i o

kG vy

b s o
Puring ok et e . P 7t v

Bk sy

pacstnars L moori, man et
. s )1 e 0 P, o 8 8 O

vt accmsn . 1.0
i TR, 5 01

5031, Hge 3 Mpaen Cong T 1l T, b

o o et b e

B sy
ks s e s 48 M s o o

s e e L s i e




209

Detasl D-10, axterior wal section

LR B AT | B BT A A e T L ki L e

Construction materials - somman beicks:
O e by g - i Shing Purimg:

P
e

b=

e o i
=y

e e e——

St 4 s e
. g 8 e o
i g e

Floor Plans / Mat bang

Flosr plasa: Mt blng:
e
T
by .
& it e 16, 48t ca
ey, a
. Tho same
COMEITCHON Syhe wish dee Lsad for Tonkin Tower 2. In other g b NG Ao il Surng oho Torkin Towar 2. NS clch
words. interor waly v e sama a5 exienor wals. This naturaly e Saomg bén
e ity
‘high haat ioad fom fh cutside. i o tal el G0 fur bin ngad.
e des o

L 3 o A R T s i ot et s e




210

o P e, e i e,
wu- mwwmwwww

Ve s S et 1 o
Asarany s 3 1 g f o g,
S g oy et . ol
.

it st T g
o b o e gt v
T o Pl i s o g s g e
e, e

st aret ot arwa o o .
e e e i 9

L o g o o o

N s s, P e B s
e Pl g g 2.

o P e, g i e,
\mu n--qanm Pt el st

o . b, e i
I\:uﬂmmdﬂoh“lw-m

P artarars.

B phing

e b v i s T e
e s s o o kg,

e
ety bt g et L
g o

Fisabin s | st i s it mpstsverd.
b e 6 i ch P

Mo g ] P STt
5 B sy i s g .

s s 4 st garage bor rosorbie and

et
Ll 98 g g e o5y
oy

gt e o .
s e i e

Mok e .
M chur s gl e

@

i v s e

Tocnevca s b g e, e i .
T o Pl ) 0 e e .
o, S

M, s S et £ 0k
A s 0V P DA

T e g et ol . L s
Ty ol e i .

g b i s g S,
1 i Ry onong shate sy ol erss Hars.

Pt st T g
ol s o i b, (. L .
:'Cn-a:m g g st gL rue

Wi 0 shaks vt g et
g i g e

Vo 5y kil st
g g v gl i 34 g 9 el

Bachricl ik o i, . b .
T P g o g i s g, s, e .

Tl st Ko o s, gl .
Ty Pt g 7 s g, e
o Tl g e D o e

s b s b, . b .
n:u T 0 o S e 1

g 0 Wk gy g S
501 00 i R ks P ol v M.

Evitcs it T Ty
Eechvicel s b s b, oo b
Muumumhmwm

g B/ st sparirerss fcng Her,
DI g g s g

Vet st ke
Vo Vg g i g s .

o o s, . b it
TRV Pl g o s B P L i, e

o e e, .
T -cu T o ooy e L

et et e e




211

o e S, gy Dl v
wnmmwmummw

e e ] Rl |
Aosn e 41 i o P G
ey o g L o

@

g b st apmrrvart g St
Cani ) et Py orng ke g o gria s,

e
st o e v
T o st g s e g P .
froper =y

o B Bk e W e,
G 2 i e shets e o e

e ar o
i B o O g

o e s o gtk v,
Tt i P i s e B e gL e e, e e

ekl s b s b, . b .
T P g o g B s gt s
e, s .

‘Tooneuca s bor e e, e D .
T Pl g g g s . e

A s o e o
Ao 1 s of o ki
Chumg i g w1 v
@ g en

g bt/ v sty g S,
a1 8 e P Wk or ol g s,

Pl T g
) e st o e o, g i
. T e e g s
T ——
Eart= e e e o
o e v
i e g e i 5

e i e

Tl s i e, G bl .
T Pt g o i e e,
i, s

‘Tactvca uhah ko i e, e bisck et
T Pttt o 19 st g e

e ot 2
ﬂ' “-l‘u-ﬁ:m L
(Ol + ]

2050 e o e e e o ot
e
e e Pkt g i g ok g e
cpae e s e . e il

®
e i Tt o
@ ekl st br o P, grey bl
Rt g o g g L
® et o
m-mw-mn-m

Tt e g b, g D
T Pl i g s sk e

Tkl st or e b, e blck
ey "‘-wn‘-‘hml“n-:

oot s o s .
o o e et e

Uk, e S Dt £ P A
freseprdattoyiyi gl

S ey et s L e o L vk

Fung ki .

T et s b e e, g e e
e s e A, ) s o i

s i T T

E) oo b o, o i e
a3 Pl i e S g s T
- ooy
D s ki g benn,
e e e R
© ot et
Wairg g vi gl i 36 g e il
B T e —
a5 Pl S e ot g s T,
@

—. Tachvaca s b o b, g b e
T Pl g 0 B e s .
H propr




212

2 o s 20 .
2 chs e 4000 8

@

R tares; Ly 0
i i e e, Mg o et

o Watertans
#90 Flaar Aoofiop

i oy o

Fatng e
i e . 78 8 oot g o o .

s s iy e, St o D
VA ch gy o i . s sy g

‘Toctrica shet or s e, g bisc
muumwmwmmm

Mhar tarcas b bt
Mo s o P o o b,
Gy ang oo g i e o, LS

jih‘[‘:‘ i |‘[‘ﬁ |'

e e ko e 57

— rarg Ly,

Tont e e

s
i e v chirg e
ot

Pgreng bt
o v e

L et e e e ] e e i s -

— - i
i @ e b e o . T e B Wl D1
I P ——

= @ i ettt b i b, o

— froip ey el e
o ratir
mmnmmnmwum
‘Suonescal st o e
Pl o g e ot o e

{ b i b, g b .
L r—— — | uuumnmwmwm

Elevations / Méat tién

Anaichten: Larert memm:

L A LT . LI IR ML | L RAETAACTT AT AR A o L e L S ATt L A e e e b et b e e




213

Nowth Elevation - Accass 82 bullding

o o g bkt on e st sk of Tt [0
i e & g g i 5.

@

i 4 2000

oty s g e
T 1 et 2 AT

Eant Blovation

e ot et e e ot

South Euvation

b g covmm s st
i e e e ks e e o ks

T e —
o st i,

=8 o 3

i
ST e = S b - sy e ' e
Ml A Wt P i = ki g mEEE

‘Wast Elwvation

s e i o Lt s e

e e e L s e e




214

Sections / Mat dung

Bustsing se<tiony: “.td‘_t tha nhic. o
rncomsary ki krthr pliering. ol P Bt
A T LB I 2 LA | L TR T A A e LR e L e T At ok B e LT P |

DS et s,
e e i DS,

0 . 0 @ ® @ @®

i ) . e W0 1 o D BUA - Srmart U Avnas
it ity i i 4o 8 e e ol e i e

L o e e e N e i L st s e e e L s -




215

ol® — 8a

il %

Il
|

5
b

1100 pipa; Drainage e / Bleck water | Sng thalt mot % tik
Einck watir = water from Solel / Nuot den = rute i B ol

»moommn!

007 o, Bativoorm crinagn B0 | Grey watee / Sng tholt e thm s
Gy witer = Wil borm shvowi, i v Kichen sk
Pircrs e = s v P ses, chd i i b i il bl

aerem & Feren pipe, Cokd witer / Frashwater from ik / ruoe ek

| L vt B P B TP i A o 7 B s e et Lt e e o




216

Green concept / Khai niém xanh

[ry— K ispen eamh:
Tostfed | e il

dng.
]

on e groen

ol that cocss The tukdng o sbew. e 1Pk ) s )t 50 i i e,

R A L e L R ke L e [T ———

o g e e pot 1
BB gt g . B, sy

30 1, v g g e 8 sl
ey iy o . P
o e 2 Sk g s
g i s .

1 Pl contanar i rargng par. 3 s
-
1 o i il o e, W o 3 e

or s e, g i

Tectrica vt "
T e Pl S s ) e o R,
[opr

ol S s s,

G g e g Ko o,

B Pt comtamar (] et TS Yo
CeENg inacing pla S P by
e

i Gl g oy ) 8 8 e
THAA o churs chy che b P g
P My

Eaney et Lo s U
i e a5 o 5.

v b ot e e arc cta e
i e i i care e el o s P
-

et e oo i 8 e anc e 1 -
s D P s o e Bt of
P St .

e g g 1 3 s iy s e
s e oo s cart s iy a4 4.
e e et e g S,

ol sustves st b st S bl
m:!muumnlwﬂ g,
g

Eamirg corcrs cobrmr s e i of DA

et wr,
S8 008 1 o P 4 900 Y e 14
fetgitd o

Saman

Pl cry e howa.
ety

Ao g o,
i e ot prte 6 e,

e et g )
LS o 88 b 0

e T p—
Ty Ry gl g A g

o ann o

i 5B

Toctrcal b o, e bl e
T S e B g, S
w05

Prosabin cater o e i gt e .
Al g i s e

A A o 7 0 1 LB kY L e | it e e e




217

Detadl 0-02 8
A, L 1

Gl o s i ks g chura hure vt AL B (G

Gk g cher 4] v (B chrorc sl il hoo chady gang i Mo nf

South stmvaticn aflee greanig

Scuth sievason after Gresesng wi
rain use waler irrigasion riser

Pty o
Gy G L

Hanging plant
oy G P s B

el et Vo ramerater srigeton “aer e
115 s g i

@ ®

‘Wast sisvation artar graeeing




218

Sensor placement / Vi tri cam bién
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Appendix B.3.1: Water Infrastructure

In collaboration with the owner of TestBed 2 and the German industry partner Wilo
Abionik, the positioning and configuration of the water filtration unit were jointly
reviewed and adapted. Over an eight-month period, three conceptual variants were
developed, culminating in the final design implemented in February 2025. A key factor
for successful implementation and stakeholder alignment was the clear graphical
representation of the system. While technical drawings are often only partially
understood by key actors, they proved highly effective during on-site preparation,
particularly for material procurement, where the plans served as a reliable forward-
looking guideline. The drawings presented in this appendix illustrate the as-built
condition and are complemented by photographs documenting the installation
process. The final image visualises the water cycle, which was printed bilingually and
installed in the basement as an information panel for visitors.

During installation, manual labour had to be employed, as none of the available safety
devices or mechanical aids proved suitable for lowering the filtration unit into position.
Laying out carpets and sliding the unit carefully into place turned out to be the safest
and most effective method. Despite these practical challenges, the installation was
executed successfully and provided important insights into the logistical and spatial
constraints of on-site implementation.
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Appendix B.3.2: RuL Schemata of WA-MBR-TB225
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Appendix B.3.3a: Quality Certificate of Lobby Water vs. Regulation 1

VIETNAM ACADEMY OF SCIENCE AND TECHNOLOGY
INSTITUTE OF CHEMISTRY
Department of Inorganic - Physical Chemistry, 18 Hoang Quoc Viet Street, Nghia Do Ward, Ha Noi, VN
Tel/Fax: 024.38362968
TEST RESULT
Customer: TU Dortmund University
Address: August-Schmidt-Str.10,44227 Dortmund, Germany
Date of receiving: 17.06.2025
Name of sample: Mau nudc tir hé théng nuée tda nha (From the lobby lavabo)
No. Parameter Unit Result 01- 1?231\;17BYT
1 Color TCU <1 15
2 | Odor, taste - No odor No odor and
strange taste
3 Turbidity NTU <1,0 2,0
4 |pH - 8,21 6,0 -8,5
5 Free Chlorine mg/L <0,01 0,2-1,0
6 | Hardness mg/L 100,0 300
7 |TDS mg/L 119,7 1000
8 | Al (Aluminium) mg/L 0,011 0,2
9 | NH4* (Ammonium) mg/L 0,02 0,3
10 | Sb (Antimony) mg/L < 0,001 0,02
11 | As (Arsenic) mg/L 0,0006 0,01
12 | Ba (Barium) mg/L 0,0018 0,7
13 | B (Boron) mg/L 0,001 0,3
14 | Cd (Cadmium) mg/L <0,0001 0,003
15 | CI- (Chloride) mg/L 8,51 250
16 | Cr (Chromium) mg/L 0,0012 0,05
17 | Cu (Copper) mg/L 0,0013 1,0
18 | CN-(Cyanide) mg/L < 0,001 0,05
Note Sample name wri/en accordingtocustomerinforma6on;
The resultsareonly validforanalybcalsample sent by the-custarer;
Resolve the quesbon within@5 businessdays ofreceivingthe result.
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Appendix B.3.3b: Quality Certificate of Lobby Water vs. Regulation 2

VIETNAM ACADEMY OF SCIENCE AND TECHNOLOGY

INSTITUTE OF CHEMISTRY

Department of Inorganic - Physical Chemistry, 18 Hoang Quoc Viet Street, Nghia Do Ward, Ha Noi, VN

Tel/Fax: 024.38362968

19 | F- (Fluoride) mg/L <0,01 1,5
20 | H2S (Hydrogen sulfide) mg/L <0,01 0,05
21 | Fe (Iron) mg/L 0,0014 0,3
22 | Pb (Lead) mg/L <0,0001 0,01
23 | Mn (Manganese) mg/L 0,0108 0,1
24 | Hg (Mercury) mg/L Not detected 0,001
25 | Ni (Nickel) mg/L <0,001 0,07
26 | NOs- (Nitrate) mg/L 1,373 2
27 | NO2- (Nitrite) mg/L 0,014 0,05
28 | Se (Selenium) mg/L 0,0018 0,01
29 | Na (Sodium) mg/L 0,154 200
30 | SOs (Sulfate) mg/L 8,18 250
31 |Zn (Zinc) mg/L 0,0016 2,0
32 | Permanganate Index mg/L 0,1 2,0
33 | Total Coliform CFU/100mL 0 <1
34 | E.coli CFU/100mL 0 <3
35 | Staphylococcus aureus CFU/100mL 0 <1
36 | Pseudomonas aeruginosa CFU/100mL 6,3x10! <1

Note: QCVN 01-1:2018/BYT : National technical regulation on domestic water quality

Ha Noi , July 8 2025
INSTITUTE OF CHEMISTRY Deputy Head of Lab

MSec. Ta Thuy Nguyen

Note Sample name wri/en accordingtocustomerinforma6on;
The resultsareonly validforanalybcalsample sent by the-custarer;
Resolve the quesbon within@5 business days ofreceivingthe result.
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Appendix B.3.3c: Quality Certificate of Filtrate vs. Regulation 1

VIETNAM ACADEMY OF SCIENCE AND TECHNOLOGY
INSTITUTE OF CHEMISTRY
Department of Inorganic - Physical Chemistry, 18 Hoang Quoc Viet Street, Nghia Do Ward, Ha Noi, VN
Tel/Fax: 024.38362968
TEST RESULT
Customer: TU Dortmund University
Address: August-Schmidt-Str.10,44227 Dortmund, Germany
Date of receiving: 17.06.2025
Name of sample: Mau nudc tir bé loc (filtrate tank)
No. Parameter Unit Result 01- lgfljl‘;ljBYT
1 | Color TCU 36 15
2 | Odor, taste - No odor No odor and
strange taste
3 | Turbidity NTU <1 2,0
4 | pH - 6,55 6,0-8,5
5 | Free Chlorine mg/L <0,01 0,2-1,0
6 | Hardness mg/L 180,0 300
7 |TDS mg/L 977,0 1000
8 | Al (Aluminium) mg/L 0,0084 0,2
9 NH4* (Ammonium) mg/L 7,211 0,3
10 | Sb (Antimony) mg/L < 0,001 0,02
11 | As (Arsenic) mg/L 0,0004 0,01
12 | Ba (Barium) mg/L 0,0005 0,7
13 | B (Boron) mg/L 0,001 0,3
14 | Cd (Cadmium) mg/L <0,0001 0,003
15 | CI- (Chloride) mg/L 127,62 250
16 | Cr (Chromium) mg/L 0,0005 0,05
17 | Cu (Copper) mg/L 0,0024 1,0
18 | CN-(Cyanide) mg/L < 0,001 0,05
Note Sample name wri/en accordingtocustomerinforma6on;
The resultsareonly validforanalybcalsample sent by the-custarer;
Resolve the quesbon within@5 businessdays ofreceivingthe result.
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Appendix B.3.3d: Quality Certificate of Filtrate Water vs. Regulation 2

VIETNAM ACADEMY OF SCIENCE AND TECHNOLOGY

INSTITUTE OF CHEMISTRY

Department of Inorganic - Physical Chemistry, 18 Hoang Quoc Viet Street, Nghia Do Ward, Ha Noi, VN

Tel/Fax: 024.38362968

19 | F- (Fluoride) mg/L <0,01 1,5
20 | HaS (Hydrogen sulfide) mg/L <0,01 0,05
21 | Fe (Iron) mg/L 0,0013 0,3
22 | Pb (Lead) mg/L 0,0002 0,01
23 | Mn (Manganese) mg/L 0,0083 0,1
24 | Hg (Mercury) mg/L Not detected 0,001
25 | Ni (Nickel) mg/L < 0,001 0,07
26 | NOs (Nitrate) mg/L 31,642 2
27 | NO> (Nitrite) mg/L 0,340 0,05
28 | Se (Selenium) mg/L 0,0019 0,01
29 | Na (Sodium) mg/L 0,006 200
30 | SO« (Sulfate) mg/L 77,82 250
31 | Zn (Zinc) mg/L 0,008 2,0
32 | Permanganate Index mg/L 6,2 2,0
33 | Total Coliform CFU/100mL 1 <1
34 | E.coli CFU/100mL 0 <3
35 | Staphylococcus aureus CFU/100mL 0 <1
36 | Pseudomonas aeruginosa CFU/100mL 1,1x102 <1

Note: QCVN 01-1:2018/BYT : National technical regulation on domestic water quality

Ha Noi , July 8 2025
INSTITUTE OF CHEMISTRY Deputy Head of Lab

MSc. Ta Thuy Nguyen

Note Sample name wri/en accordingtocustomerinforma6on;
The resultsareonly validforanalybcalsample sent by the-custarer;
Resolve the quesbon within@5 business days ofreceivingthe result.
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Appendix C.1: Greening Parkdeck 4

Building on a video scenario for Parking Deck Zone 4, which was produced prior to
the interventions at Tonkin 2 and illustrated the potential of unused areas on and
around buildings through animation, the local partner requested a detailed explanation
of the greening concept for Parking Deck Zone 4. In response, recommendation
documents were prepared which, through text and images based on 3D models,
highlighted the areas and their potential. The following document and instructions
provide information about how and where to apply greening and water storage for the
local partner Vinhomes for further integration.

W appreciate your step into grooning buildings for valuatie oporations and
SUPpOn you with some recommendations for greening Parkdeck Zone 3 +
4 for your 2

Both buldings are in many ways similar in their construction and buiding
qualty beskies purposes. Both buldngs am capabla of camying green on
the raof top rather than punsly grey tes that ateorts more solar rdation
that impacts tha inner cémata and room tempenatume. The bulldings an
made for parking with ground foor retal ansas and 10p floor office spaces.
Those spaces am exposed 10 the solar heat gan and faces high
operational cost for coolng through air conditionng. They often lack

budding quaity standards espacialy 8 the theeshold for glass doors
between indoor and outdoor transifions, waber leaks ndoors.

The advantage of the vast rmal space especially at Parkdeck Zone 3 is the
emptiness that can be transitionsd into a roof 10p garden and park for the
ichab#ants of Vinhomes Sman City. A sale location and destination for
pareris and grand panents 1o el play and revive after 4 long day with
their grand chikiren and childran. Tha ulimate concept is to understand

oL

=rim wilo

Vinasoue:
VIMHOMES

thase spaces as regained from construction for the betler and well biing of
ha Comemunity.

Dipposit thee road Parkdeck Zone 4 faces other opportunities that can help
1o green the bulding, lowering the enargy consumption, improve the office
spaces and in some ways the shopping expenence isell,

On the 10th foor here |s found & cowtyard not in use yet. Some doors
e 1o that open space that provides very good conditions for & green
escape at unch time or after work get together. Opening the exterior walls
with room high windows to get day ight into the deep floor plans would
Increasa work qualty and performance besides advantages in renting these
offics spaces.

Tha inner courtyard offers the possibilty of a mecreational istand within the
Zone 4 parking deck and espacially for the operatons of the office space.
Employees can also use this space during their lunch break and in the
alterncon hours to relax, find inspiralion and, above al, recharge their
batterios for work. The spaciousness of the courtyard alio offers the
oppofunity 1o create a park with raised beds and sealing. This would
crealn abractive amas with ush grionary, espocially in a “forest-lke™
design, which would ensure @ high level of wel-being. The norh-east
orentation of the courtyard offers very good conciions in the moming and
&t unchiima for the plants to deveiop under protection. Consicenation
coulkd be ghvan to dosigning the faade with greenory, which would further
anhanca the quaity of the space

In Me following, reference is made to !e plans sent, which only partally
depict the Zone 4 parking deck bullding. The plan drawings indicate areas
that can be used for inlensive greening. Intensive greening s redemed o as
a substrate stucture from a hesght of over 200 mm. Sectional drawings ans
used 10 show how such measires can be impementec. These should be
adapied to the local situstion. Landscape plannens and bullders can help
wou make the right choice of plants. We am hagpy 10 support you with the
system structure of the scil, 83 we combing experience from Vietnam with
bnowiedge of the Miyawakd method from Japan to create a “forest-iae”
situation that engures & high level of biodversty and strong shading. The
1ips on using rainwater can alo ba applied to other promcts. The SUA
project is puruing thase goals and apphing this technology 10 TesiBed 02,
whera mom detals and data will be avalable next year Acconding fo
current knowledge, savings of up 10 BO% of waler can be achieved wih the
systam of colocting and filenng rainwater, grey water and wastn waber

Greening recommendations

the system is designed and applied holisticaly This roquines carly
conceptuaksation in planning and changes in the general handing of MEF
Incicators, A step in the planting process that can be considined for new
bukdng and wiban aras developments. In this retrofit ensemble, we
recommend at lest the use of rinwater, which is alsa used to imigate the
plants,

©On the folowing pages, we share with you cur findngs krom the current
SUA project and further thoughts. which should be considered and
axamingd 85 a whol.

Tha plant selection we propose concems TestBed_ 01 and TestBed_02,
wihere we can sy with certainty that this system works. However, both
TesstBads should ba considered as “test plants”, organized and designed in
such @ way thal we can collect reliablle data wilh sensors in onder 1o realze
and, above all, optimize them in later applications, The groater the dhversity
of plants. the greater the reslence of the green spaca and the greater the
Ekodiversity but on the other hand the mom déicu® it is to coloct data
However, this will not be necessary on the Zone 4 parking deck. as we can
armachy work and axpand on the apenence we have gained in the SLA
project.

Good huck!




233

i
(i
z
)

tu s _==rim wilo

Vinasoue
B VINHOMES

Green spaces

TANG10

Parkdeck Zone 4

Pagezel?

Vinasoue
eV INHOMES




234

- dortmund
university

o

VINHOMES

The facade aea of Parkdeck Zone 4 spans approx. 16.000 - 18.000 square meter of green surface uncovered. A
surface that s exposed to solar radiation 1o the South and West and thensiore sutable for shading appliances.

The plant Cuc Tan An Do grows up 1o 3 mebars por year, comparnbiie o the hight of ona Soor. If these plants prepared
on each flocr, & green facade is ready within one year. If plarted on every second floor o randomly ananged due a
datailod design concept the facade wil be covering the bulding aftor two years.

The hanging container at TestBed_02 reaching around 15kg for two piants. Cus Tan An Do nedds kot of soll, therson
we recommend plant containers of 300x300 mm and S00-B00 mm in lengh. Al plants regure a decant storm
construction and safety. The gap of hanging curtsn to the extercr wall with 500-600 mm keeps distance and provdes
vertical ventiation as seen on tha detal section o the right, Thes ane different options haw to hang the containers at the
facade. The one shown on h ight sids s on lop of the il wal, provides loads directly info the wall. Another option is
hanging in front of tha wab. Both Is feasible. The plant names mensioned on the second right ara also feasible for oof
pantation but not suitabie for & grsen curtain, Stand alone i haavy facade the sokution & fistie, not as retroft a5 for
tuscing Parkdeck Zone 4

Random green containers with ‘forest’ on roof top.

On most sides of the bulding hanging grean can ba.
appiied to the facade.

On Bith floor there might be ancther courtyard that s
&bl to carmy and provide space for a ‘itte’ garden,

oaii

Pageiel?
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VINHOMES

All arsas that are ‘green’ marked are optional and
feasible to use for greening. Neverheless Dlacing

. =

H accass for publc is desired, requirsd andior
possible, we recommend creating a walking path, rest
areas and sitling benches. For instance the courtyard
would be a great anea fo rest at lunch time.

ks e TRobioE DeHPH etyicen
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On this page some technical detals show sohutons for roof tap and facade
green as sections. The hand skelch on the right side gives you information
about & suabis way for the 10th floor inchuding the plant species we Lsing
for TestBed 01 al Yen Lang road and TestBed 02 on Nguyen Cong Tru
sireet. Dua the wider spaces and aras on Parkdeck Zone 4 we recomimand

o
Al plants amanged in & dense mix provide & good shading of the bulding
surface and plant resBence. The rool fop plant containens o beds neguine
lass maintenance than the facade planters. We recommand e intensive
green with & mirimum of B00mm thickness of soll liyer, a combination made
from 1/3 drainage leyer and 2/3 sol layer. As higher the total thicknass the
ratis can be changed 1o 1/5 drainage and 4/5 sl lye The drsinage Eyer
meed to adust to the sthuations in accordance with. construction. Avoid
standing water or wet mots. Some products ae svalable at VGBEC platiorm.
Besides that landscapers can support you. We usng the Myawaki-method
o tast growing and natural densty for green.

The magrity of hanging plants Cuc Tan An Do can ba combined with the.
creeper plant Cay Tot Ke fedy the ki). The creeper cimbs up & fhe
coumns, the hanging plants just hang in dstance of approx. S00mm ta the
facade,

LRI

o

VINHOMES
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The rool top area of Parkdeck Zone 4 spans approx. 10.500 square meter of sirface uncovered basdes some before
mantioned technical equiprment (- 10%) for the parking garage, office space and shopping mall in 15t and 2nd floar,

A stomny and rainy day in Hanci provides 200-250 mm of pracipitation. Counted the roof 1op surface of ~9.000 squans
meaters and multioy by 1.600 mm precipaation ( = 1,60 cubic meater waler) annuaky, the down piges need 1o handis
14.400 Bitres of rin warler cver tho year, Warter that can ba used for plart imigation and reducing fush water usage. This
‘water should be stoned in water tanks. A suitable location is within tha ramps or on the near side of the bulding at ground
keved o in baserment.

With haty integrated waler systerns and grsn scenaris Ihirking all technical equipment for downfills can be optimised
towarnds smalier dmensions and amount of quantity dus tha tact that the plants stone waler in tha soil on the roof lop.
The cycle of water & a ciosed cycle f wsing rain, grey and black wates i the buiding asell and feed the imigation
‘Sysiem again.
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Appendix C.2: Construction Materials and Building Envelope

The following recommendations to the local partner on building materials and
construction methods incorporate detailed considerations and findings from this
research. That encourages the partner to adopt holistic aspects in the development of
urban districts in order to plan and build more cost-effectively, efficiently, and with
higher quality. The following images provide information about building envelope
recommendations, construction methods and construction materials.

_—, dortmund
university

o N

Dear Vinhomes,

As mentioned in the Green recommendations we approciate your
andeavours towards sustainable buldings

At our Zoom meating on October 28, 2024, we discussed tha possible use
of new materials and technologies for the consinuction of bulldings. In this
case, it & important o lock &t buldings holstically, (e, not ju cost
side, but also the bulding envelope and infrastruciure, because there s
potential there, Eventhing plays inlo each other and together, and
furthesmore the changing o
tha future and, above al, The operation and maintenance of evary bullding,

in Hanol slso has a strong influence on

The building envelope abeorbs energy and tries 10 reeass & again at
night, which can usually be recognized by heat radiation or reflaction, The

chmate therelore has a strong influence on bulding materals, weathering
and their curablity. The infrastnactune is subordnated 10 this order and
Einds o adapls 1o the recuremants, The higher tha gualty of the bulding
ammiope. the mom efficient the technical building aquiprmaent

For thess roasons, & is important that The bulding orveiope & considond
a3 a whole when constiucting a protatype house (Le. vila). All components

e
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of the buiding enveiope. Such &5 windows, doors, Mastiry, openings,
balconies and plaster we the same thermal propartes. Today's
buiking culture in Vigtnam urdérstands the wall of the high-rise or buldng
as a flat open
the iterior, W
sometimes vaning thicknesses, which often leads to themmal tridges.
Howeer, thess shoukd be avoided s they lead to a weakening of the
building emvelops and performance and tharedons 1o higher costs when
operaling the bulkding, e.0. energy costs for s condilioning systems. In
addiion 1o that they can
fat greny-Black midew SIS on the wal surtac
wall-vantiated bathrooms, but can also quickly manilest itself as a negatve
v e weather sides of the bulding. This should be prevented as it
affacts the hesith of the occupant and can only be combated with
chemicals chiofine or ammeenia).

aled batwesn concrete sia

| in

1t aften starts in the ks

Tiwo examphs: imagine a raincoat with holes in it. You get wet even though
you don't want to. Or & warm sweatshinl that is supposed 1o keep you
warrn in tha cod saascn, but the sleeves amn missing.

are damaged bulding envelopes when enangy,

The global constructon ndustry s responsibie for 40% of COZ emissions,
Urban areas are thersione important to conaider, as they creste bing
‘spaces on the one hand and use a ot of materials on the othar, Goncrets i
one of the oldest and mostly used maberal nowadays and wil st as
important buldng material LNt cument developments in sclnce and
ndustry enable soltions for regenerative conatruction. These inchude
renawable riw materials such as wood and bamboo, which can be used to
tranaform ciies ino antificial carbon sinks (ACS) through circulanity. The idea
behind the crouar construction is B0 use msources sparingly and
repeatedly, even after their criginal purpose has expired. You can imagine
ytrid ciies combining traditional buiding techniques with modern bulding
matariais. it wil reakstically remain & mdure.

R would be weong to think of one building matersl wanout the ather, hence
the focus hers on the tolowing two materials, meinforced concrete and
masonry. In addiion, windows and doors & ancther very mportant
wioment for the bulding ervelope, but thiy ame made of Sevoral materials.
Dus to their compladty, we will fepor mone on Bis at anather time. With

Material recommendations

the two aforementioned matenals, Vinhomes s able 1o bulld faster, more
aificiently and to & higher quality than before. The SLIA perogect is focusing
on these properties in the test bulding and wil try 1o present them

holisticaly i the coming year.

Your angineers can obtain furiher information from the ghven web links to
providers and technciogies
English. If you have specific QUESONS. You can contact us at any time,

adabie in Vietnamess andior

Good luck,

Page 168




e tusmmw
university
Ay

Tha technology of holiow com stabs i ower a hundrd
years okl and has entered new dmensions with the
development of hollow bodies made fom recycled
materials 25-30 years ago, which have a mumber of
achartages that shoukd be considored.

The acvantages arse with the use of hollow cone siabs:

* Lightweight construction and thessfors greater bulding
rigicity

» 30-40% savings on raw materials such as concrete in
the area of slab constrction

= Higher spans for cefings and slabs

* Less numiber of columng requined

= Roducing matesial for ple foundation and general
foundation

Wl ke COMpanies ane down Delow:

= Tha Imvantor: i ubbiedeck com
* The Newcormer: s LN i

= Tha Local in Viatnam: oA

Other exparienced supphers am avallable in Vietnam by
mow. 201819 wa once cooperate with 8 "u-boot” system
for a 25 story mixed-use budding In new CBOD Hanol
Ressourca savings by 34% were calculated at that time for

that specific buldng.

In the near haure those "spacers” will be avalable for
wvartical o, walls or e f

e
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The examphe on the right shows a section of a high-
fise buliding in which the “u-boot” system was used.
The oval shapes in the midde of the concrete celing
ana clearty vishia.

Al the same time, 4 construclion site in Hanol was
visited whre this fechnology is being usad in a high-
nise mesidential building in order %0 gain a persanal
impression of the technclogy on sibe in addition 10 an
intensive technical discussion with the workers
responaitie. The work processes and procedures ane
adapted to the technology. Some general contracions
N the Hanol area are famitar with Bis techaclogy and
can be consuted,

Recesses am usualy found in the ama of columns,
stairwels and bathrooms, as this is whene the lad-
beanng nodes and especialy the steel connections
are located. The ususl ceiing areas can be easly fled
with the spacers. hence the common nie of thumb of
30-409 maleeial savings n the concrels area.
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There are several wall masonry materias n

the market and especialy avallabie in

Vietranm:

1) traditional brick (oxisting since

100000 years)

Autoclaved Aereted Concrete -

AAC fexisting since 120 years)

3 Concrete wall block - CMU (gosting
since 130 years)

Thene are two further materals avalable n

Europa with wary higher thermal insulation

due coid weather conditions Vieinam doss

nat face:

4y Sand-lime brick KS (exatng since
200 years)

5 Insulated brick (ewsing snce 90

9 Masonry improvements

HOMES

L l'.O

e BRICK STONE

Al stones does follow specfications 1o
tusdd batter, taster and enargy effcient. The
focus wars put or;

1) Fire safety

) Sound prove
& Theermal insulation
4 Modusar and rational

With the development of flat masonry, the
transition to thin-bed mortar was
completed. A thin bed means & masimum
thickness of 3 mm. Conventional cement-
based mortar joints stil achieve & thickness
of up o 20 mm.

e
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In 2018, & test was conducted for & higherise
profotype in Hanoi 1o convince the ganeral
comtractor and the developer to switch trom
comventional becks to AACA wal matenals in lerms.
of cost, time and quality, especially with regard 1o
subsequent oparation and marntenance costs. For
thiss axarnple, we ordered materal for one Sguane
mater and “guad” the wall togathar whia wa
measured the time. Ater 30 minutes, the wall was
finishad,

Workers on a neighbouwring construction site
erected a wall for the frst floor with traditional
bricks in a thickness of 220-240 mm - which in
soMme ways I8 comparable to our wal - with
coment mortar miked on site and compisted 1he
square meter wall within 4-5 hours as the wal
hardenad.

COur wall consisted of 8.3 bricks. The neighbouring
brick wall consisted of 125 brcks.

The weight of & squarn meter was also dierent
Appron, 200 kg compared 10 120 kg, The acrated
concrete wal was 40% lighter than the brick wal
and slso had a higher wall surfsce quallly and
BOCURBCY

A Ik 1o the local suppler with highast quality:
= s AACET i A0, COM.TY

e

Vinasoue
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AAC STONE

i
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This tabia shows the specifications of bath walls
in comparison.

The numbers can be laken as reference Dut
nood an update to the pricing of nowadays.

Advantages 10 tradtional brick:

* 30-40% Jags wesght of the buiking

= B0-30% loss mortar used for joints

® 8-fimas faster builf than traditional

* Sound aptimised

* Pianar acitsive Systen (Smm)

= Reduced stona cut

» Highar Ml insutation whits thinvser
= Mo thermal brdges

» Rechueed meulkd appemance

* Lofus / LEED certtfication safy

Cost acvantages:

* A lighter buiding mquires a thinner stuctural
concrete ramewark and lass ple foundation =
lass armount of concruse noded.

* A higher thermal insulated bulding requires
smallor AC units = kess weoight on the bulding,
|B85 ENeNgy CONSUMpNon.
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Obsanations 8t the constuction site of Vinhomes
Oceanpark 1 show M8 AACA 100 mim i being used
for the Masterl \Waterfron! condominiums, Acconsng
to the EL) DIN standard and OCVN 09:201/BXC, the
100 mm sione is a classic imerior material that s onfy
usad for roOM paniioning and has no load-bearing
PrDperhes.

Suitable themal insulation & provided by 200 mm
AAC4 for extemnal wals, especially for large glass
walls and bakconssoggas.

Awoid mbing foo many wal materals, especialy
traciional bricks and serated concrete due 1o Ther
propertios. Brick is harder, while agrated concrate is
sofler and has & dfferent expansion and fractune
behavior. Sormefimes it &5 necessary to divide tho
buidng into an sbove-ground and an underground
construction fo counferact rising damp from the
subsod

From my visit to OosanPark, | know that you have
done some malerial lests with seraled concrete
before using the materal. Our recommendation is 1o
contirue thase tests and work with AAC. Risby fara
cost-effective alernative to traditional brick and offers
& viabie solution for high-rise construction in Viatnam,
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Thae schermatic shetches on the right show the buldng emesops and how it can
be optimezed. Especialy for high-rise bulidings. This leads 10 & relatively
seamiess construction of the walls and “bands” the flocrs 50 that no thermal
bridgas are created. Compared to comventional axlerior cement plaster, the
plaster spplcation s thinned kom 15-30 mm fo 3-5 mm whie the interor
plaster is thinned trom 10-15 mm of mortar based b0 3 mm thin plaster for
ABC.

Asanga the windows whers necessary 1o get the best dayight and algn them
window, especialy from an enangy-afficlent and thermal point of view.

If the buiding stands on the ground or 8 sublerancan garage. the buiding
evelope is below ground level and must be apphed agan separately
harizontally at ground level to prevent rising damp from entering tha masenry.

Taking this idaa a step further leads to compistely differant, interesting and
lucrative concepts Mal shouk be reconsidered for future developments.
Espucially in terms ol infegrating plants ino the bulding icreation of carbon
sinks), rrinkmizing fears when parking in basement lots and promating well-
baing in the residential ansa. More dotals in duo course.

LT Pagedols
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Appendix C.3: Villa 2.0

In early 2025, the local partner requested the methodological integration of greening
into a standard villa type in order to introduce new approaches within the planning
department for otherwise standardised mass housing. The planning for large urban
districts developed by the local partner offers the possibility of scaling up the ideas
and findings of this research, with clear advantages for resource-efficient construction
and water reuse. Such large-scale developments also allow for system-integrated
circular economies that have not previously been planned or built. Based on the
provided documents, the villa type was modelled in 3D, virtually greened, optimised in
detail, and documented. Knowledge from this research on systemic-holistic design
was incorporated, demonstrating how recycled water and greening can be combined.
Small measures of this kind can have significant impact at the district level. In this
case, more than 800 villas are planned, representing approximately 4,000 residents.
With an average water consumption of 130 liters per person per day, this corresponds
to 520,000 liters of water, of which 90% could be treated and reused.

It must also be noted that recommendations of this kind were often handled in the
same manner as experienced throughout the project: communication media were not
read or reflected upon, and established systems and products already available on the
market were preferred due to their lower cost and long-standing acceptance.

O —— _—, g i
= -~ i Villa Xanh recommendations
- — - VINHOMES
Desar Vinhomes, concrete. For the reinforced concnete celings, we refr again 1o the n s are mass-produced. they ca
Vietnam to reduo ard 10 the water fiter
A in the two previous recommendations for sustinabla and green s in the bulding or as iad-baaring elements ot & quarnitified pos

buldings and buiding matenals, hore is the third mcommendation for & on the stais can be

typical v

I B!
We have examined 1the plars you sent in PDF foemal in more detal, taken

the model vila with the kienl

r W4-DL2 a5 an

ke and adapted
suggestions 1o it. The vila was rebult in simpifed fom in CAD 1o lustrale
the prociples 0 mone detall using the POF plans and screenshots from
augmented and viual reality. These suggestions are 1o be considered by

you and examined lor real implementation.

We ghe these recommendations to you based on local construction

axpanences, approach and Teasibity in Vietnam

Buikding arvelope:
The buiding emeiops consists of 200 mm AAC blocks, ghed in thin bed.
Plastored on both sides with an appeox, 5 mm layer for AAC blocks. The

celings themsetves can also be made of AAC panels of in reinfored

maor o in thicknesses of 200 mm. Your

engneers can fall back on standardsed consinuction fechniques.

The Bustration on the left is the design you pravided, Tha bulding envalops,

consisting of nal bricks and covered cament plaser, i

the s AAC bricks a5 an

ally charged during the day, The aim han

option, This material has

o thermal properties, among other things.
The advardages of your

nwartd into 50 caled “eases” and provide cocler ar and

icing the sirface arma of tha buiding envelope

wade, thus e

n on demand and therslore energy eficient besides
tigges. This slminates the need for a water tank on the rool
ste the waer everty throughout 1he house with |.e. 8 smal
WILO SE pregsure-boosting pumps without the risk of a pressure ioss.

n addition, Mere s the hanvestng of raimwater and, i the event that

TANAGEMEnt Sorvice

The vila on the right shows Me same Boor plan &8 YOUrs in a smpified o

mademised design, but with grmenory in decont places on the bullding

i general ane groaned, 1 g thes
on the bulding walls and surtaces. This shading in 1m ensuies 3 cookr
emvirenmend and the reduced use of air conditionins consumplion resulls in

wvar heat output

in short, the greenery, water cireulation and a healthy building amvelcpe
create B cycle fom an energetic perspecthe that VinHomes can

sustainably set as a standard for its ecoiogical factprint

Good luck!
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Appendix D.1: Impact Factor - TU Dortmund University Campus

During the course of the project, it was possible to build on a miniature prototype in
Germany and to apply upscaled the so-called “tiny forest” system on the campus of
TU Dortmund University. As a walkable research garden and forest in collaboration
with the Academy-in-Exile42, the initial plans have been implemented and underwent
changes due conditions on site. The ‘Garden(s) of Refuge’ is scheduled for completion
by 2027. The illustrations provide information on the brownfield area to be renatured
on the university’s North Campus, the subdivided vegetation plots with resilient and
native plants, site sections, and visualisations prepared for communication with
stakeholders and investors.

dortmund
university

'Garden(s) of Refuge'

et

A joint initiative of two TU Dortmund University institutions

(im =0

Research Group of Academy in Exile
Spatial Information Management and Modelling (RIM) Martin-Schmeifier-Weg 1

42 (22.8.2024)


https://www.academy-in-exile.eu/about/?utm_source=chatgpt.com
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Section 5-01, scale 1:55
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