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ABSTRACT

Climate action requires rapid, evidence-based and locally appropriate adaptation
measures. Effective responses in the built environment depend on integrated, multilevel
solutions developed through inter- and transdisciplinary collaboration. Long-term,
effective adaptation must fulfil five key criteria: contextual fitness, capacity for local
implementation, systemic transformation, future-oriented planning and flexibility to
avoid maladaptation. This study applies this analytical framework derived from climate
adaptation theory to observational analyses and expert interviews to examine how
building technology laboratories (BTLs) and living labs (LLs) facilitate systemic and
context-specific adaptation in the built environment. By analysing purposely selected
research institutions, the study conveys the potential of these laboratories to drive
transformational climate change adaptation. These findings are discussed in relation to
their relevance for resource-constrained regions. The cross-case study analysis of selected
research facilities can inform the establishment of similar facilities in the Southern Africa
region, contributing to climate adaptation research, enhancing local adaptive capacity
and promoting long-term regional resilience.

POLICY RELEVANCE

In the context of a rapidly changing climate, practitioners and policymakers must act
decisively to implement effective built environment-related climate adaptation measures,
BTLs and LLs. Based on seven case studies, key adaptation criteria (contextual relevance,
local feasibility, systemic transformation, future-oriented planning and flexibility) are
used to assess how BTLs and LLs contribute to systemic and context-specific climate
adaptation. Transferable lessons from these laboratories are identified and their
potential application is discussed for resource-constrained settings. These insights are
contextualised for Southern Africa, advocating the implementation of laboratories to
enhance local research and development capacity, inform practical interventions and
strengthen long-term regional resilience to climate change.
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1. INTRODUCTION

Urgent action is needed today to reduce climate change vulnerabilities. On 4 July 2023, the
world recorded the hottest global average temperatures in modern history (Weather&Radar
2023); similar record-breaking temperatures were documented in 2024 (EU Copernicus Climate
Change Project 2024). The world has been dealing with near 1.5°C hotter environments since
May 2023 (EU Copernicus Climate Change Project 2024). Simultaneously, many regions have
already crossed the critical future threshold (1.5°C) that the Paris Agreement aimed to prevent
(UN 2015). As residents are living in a more dangerous world, with extreme weather conditions
being normalised, climate action should no longer be considered a luxury but rather a necessity.
This article considers the potential of building technology laboratories (BTLs) and living labs (LLs)
to promote locally appropriate, transformational climate action.

As climate change affects multiple regions worldwide (IPCC 2022), the wide-ranging extent
of these adverse climate change impacts emphasises the importance of preparing for such
externalities by undertaking effective climate change adaptation strategies. Climate adaptation
in the built environment requires not only technical improvements but also deeper social, policy
and institutional shifts involving transformational climate change adaptation and a call for
large-scale response measures to be transferred globally and tested in specific local conditions
(Kates et al. 2012).

This study uses five criteria to evaluate the effectiveness of climate adaptation of BTLs and LLs:
fitness of the solution to the local context, capacity for implementation, systemic transformation,
long-term future orientation and flexibility to prevent maladaptation. Criteria such as these are
widely advocated to distinguish shallow, incremental adjustments from more transformative
and systemic forms of climate change adaptation (Pelling et al. 2015; O’Brien 2018). In this
study, they function as evaluative criteria for understanding how BTLs and LLs can contribute to
climate adaptation.

BTLs support contextual fitness and implementation capacity by generating and testing locally
appropriate technologies (McNeil et al. 2014), while LLs facilitate structural transformation, long-
term behavioural change and flexible real-world experimentation (Bulkeley et al. 2016). This article
clarifies how the climate change adaptation criteria guide the analysis and how these laboratories
are positioned as critical infrastructure for building adaptive capacity in vulnerable regions such as
the Southern Africa region.

Africa is one of the fastest urbanising continents, with nearly 70% of its future built environment
yet to be constructed by 2050 (UNEP 2022). While this expansion increases exposure to
climate risks (Dodman et al. 2017), it also offers a significant opportunity for built-environment
practitioners to shape future cities as climate-resilient urban systems. If decisive and effective
climate action is taken, the rapid urbanisation of the Southern African region could shift the
developmental trajectory of the region towards climate change-resilient urban environments.
Achieving this, however, is challenging and requires the urgent development of locally appropriate
technologies and programmes that build regional adaptive capacity (Agboola et al. 2023). Capacity
development to guide, design and construct climate-resilient built environments is needed not
only for policymakers and the public but also for built-environment professionals (Williams et al.
2021; De Luca 2023).

The urgent need to develop climate-resilient built environments in Southern Africa (IPCC 2022) is
hampered by limited research infrastructure and networks, such as BTLs and LLs, that exist in the
region (Mbatha & Musango 2022). Although Mbatha & Musango (2022) refer to the establishment
of the African Network of Living Labs in 2010, few documented studies are available on BTLs and
LLs in the region. Coetzee et al. (2012) reported similar concerns in 2012 and point out that many
LLs are only planned as short-term initiatives.

Given the limited research infrastructure, coupled with rapid urbanisation and increasing climate
risk, it is argued here that the opportunity exists to establish BTLs and LLs. This would advance
locally appropriate climate adaptation in the Southern African region. Although distinct in structure,
both approaches support the development and testing of localised technological solutions. BTLs
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provide controlled environments where isolated and synergistic innovations can be evaluated and
refined (McNeil et al. 2014), while LLs, described by Bulkeley et al. (2016: 3) as ‘forums’ for co-
creation, enable collaborative innovation involving professionals and end-users.

This article examines the potential of BTLs and LLs in promoting localised climate adaptation
capacity and strategies. It starts by presenting an analytical framework for evaluating adaptation
effectiveness in the built environment, using a logical narrative. The analytical framework is
subsequently used to analyse insights from observational analyses and interviews with experts
and laboratory managers of selected case studies. Using a cross-case study comparison, the study
aims to establish a robust understanding of how these laboratory models can support climate
adaptation in resource-constrained regions such as Southern Africa.

The article is structured as follows. Next, a literature review of BTLs and LLs is presented. This is
followed by the methods and a description of the climate change adaptation evaluation criteria,
before a discussion of the potential of BTLs and LLs to support locally appropriate transformational
climate change adaptation.

2. BTLs AND LLs

As climate change has global repercussions, governments have started to take urgent measures
at national levels to enable climate change adaptation and support climate change-resilient built
environments (Biswas & Rahman 2023). Effective adaptation of the built environment requires
multifaceted and multilevel strategies that provide practical, political and personal responses
(O’Brien 2018). While O’'Brien (2018: 155-156) supports technologically driven climate change
adaptation strategies, she argues for response strategies that question the status quo and
promote alternative social innovations between state and non-state actors, as well as initiatives
that focus on the values and worldviews of end-users to promote behavioural changes. These
climate change adaptation strategies need to be grounded in broader adaptation priorities,
including enhancing the resilience of buildings, communities and ecosystems to climate-related
shocks; promoting sustainable development and environmental initiatives; strengthening urban
infrastructure to ensure cities remain resilient to future climate impacts; encouraging the use of
innovative technologies to conserve resources; and ensuring the efficient use of natural resources
through participatory community decision-making (Biswas & Rahman 2023; Ouweneel & Simpson
2023). Developing such climate change-resilient built environments requires efficient, flexible and
responsive built environments that can withstand climate-induced stresses while minimising their
contribution to future climate change (Hu et al. 2023). To inform such climate change-resilient
development, it is essential to analyse existing built environments and identify opportunities for
transformation (Hong et al. 2023).

Laboratory environments such as BTLs and LLs provide structured environments in which
researchers have tested innovative adaptation strategies (Brell-Cokcan et al. 2023). Drawing on
the experiences and insights of experts in these advanced laboratories, this study assesses the
potential for similar facilities in Southern Africa to promote effective adaptations along the five key
climate change adaptation criteria outlined in the introduction, and consequently discusses local
capacity-building, knowledge transfer and climate adaptation solutions tailored to the region’s
conditions. The development and evolution of BTLs and LLs reflected a parallel shift toward
sustainability, innovation and climate responsiveness in the built environment.

BTLs emerged during the Industrial Revolution (Agren & Wing 2014), initially focusing on the
strength and durability of building materials (Gooday 2008). By the late 19th century, government
and university-affiliated laboratories expanded their research to construction materials and
technologies, aiming to enhance sustainability, safety and efficiency (Gooday 2008). The post-
Second World War construction boom in Europe further accelerated their development, with BTLs
addressing energy efficiency, structural integrity and fire safety (Rosenberg 2012). The development
of computers in the 1980s enabled advanced modelling and simulation for structural analysis
and materials testing (Mishra & Patnayaka 2015). By the end of the 20th century, environmental

Hugo and Farhadian
Buildings and Cities
DOI: 10.5334/bc.584

128



concerns took precedence, prompting research on life-cycle costing, energy-efficient materials
and sustainable building practices (Masseck 2017; Yilmaz & Ertekin 2023). Today, BTLs globally
investigate innovative materials, systems and sustainable building compositions.

LLs gained prominence in built environment research during the 1970s and 1980s, alongside
growing environmental awareness. Early projects emphasised passive solar design and natural
materials, while later pilot studies in the 1980s and 1990s tested sustainable construction
methods (Dabaieh et al. 2018). The establishment in 2006 of the ‘Living Laboratory for Improving
the Sustainability of Buildings’ in the Netherlands marked the formal recognition of LLs, expanding
research to the urban environment (Marvin et al. 2018). Since the 2010s, LLs have increasingly
incorporated smart technologies, such as building information modelling (BIM) and the Internet
of Things (IoT), to analyse climate data and enhance building adaptability. Examples include the
Bullitt Center in Seattle, Washington (US), focusing on renewable energy and water conservation,
and Norway’s Research Centre on Zero Emission Buildings campus, testing zero energy buildings
with real-time monitoring (Craddock 2021; Goia et al. 2015).

Building on these global insights, this study contextualises how the functions and principles of
BTLs and LLs can inform adaptation strategies and capacity-building efforts in Southern Africa.
In this context, BTLs improve energy efficiency and reduce material waste, while LLs accelerate
sustainable innovation and foster collaboration between multiple stakeholders to integrate
climate adaptation strategies (Keyson et al. 2017; Leal Filho et al. 2023). Most recent LL studies
advocate large-scale adaptation planning and management (Jenewein & Hummel 2022;
Smaliychuk & Latocha-Wites 2023). Both BTLs and LLs provide platforms for testing, collaboration
and integration of advanced technologies in real-world contexts (Goransson et al. 2008).

BTLs, as specialised facilities, typically focus on the following aspects:

* Material testing

Evaluating durability, energy efficiency and environmental impact, including performance
under local climate conditions, to improve building stability and reduce maintenance costs.

* Energy efficiency
Using simulations and experiments to assess energy-saving technologies, informing

architecture and urban planning strategies.

* (limate change adaptation

Developing and testing building designs that can withstand climatic stresses through physical
or digital simulations.

* (limate-responsive urban planning
Collaborating with urban planners to apply findings to larger urban scales.

(Trombetta & Milardi 2015)

LLs, similar to BTLs, address multiple challenges, including climate change (Lucchesi & Rutkowski
2021). Within this context, they also contribute to the following aspects:

 Establishing legislation and standards by incorporating LL findings to ensure future buildings
perform under changing climate conditions (Brell-Cokcan et al. 2023).

* Resource management by developing and testing strategies that promote efficiency and
circularity (Alamanos et al. 2022; Farrell et al. 2015; Brell-Cokcan et al. 2023).

* Retrofitting existing buildings to increase resilience (Brell-Cokcan et al. 2023).

* Developing, evaluating and refining design tools through real-time monitoring to optimise
construction and design practices (Brell-Cokcan et al. 2023).

These BTLs and LLs provide innovative environments for addressing real-world issues, particularly
climate change, through integrated research, community engagement and practical application
(Afacan 2023; Song et al. 2021).
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3. METHODS

The experiences of researchers and managers from existing research facilities are used to assesses
the potential for BTLs and LLs to strengthen local research capacity and adaptation strategies in
Southern Africa. As part of a larger project focused on the development of research infrastructure to
develop and test built environment-specific climate change adaptation strategies and technologies,
the study employs a comparative case study analysis (Yin 2014) and assesses a purposely selected
sample group using an analytical framework to examine the opportunities and challenges in
utilising BTLs and LLs to promote climate adaptation and transformational climate action.

A purposive sampling approach was employed to select seven exemplary case studies across four
regions, chosen based on their recognised success in the research, planning and management of
BTLs and LLs. The objective was not to provide an exhaustive review of global BTLs and LLs, but to
draw lessons from leading examples and expert insights to assess the potential for establishing
similar laboratories in Southern Africa. This included seven case studies, two of which are located
in South Africa (Figures 1 and 2).

The seven case studies include the following:

» South Africa (two sites): a BTL site managed by The Council for Scientific and Industrial
Research (CSIR) in Tshwane (case study A); and the Eric Molobi site managed by the National
Home Building Registration Council (case study B).

» Singapore (two sites): the Tropical Technologies Laboratory at the National University of
Singapore (case study C); and SkyLab at the Building and Construction Authority (case study G).

* Sweden: HSB Living Lab, Chalmers University of Technology, Gothenburg (case study D).
* The Netherlands: Green Village, Delft University of Technology (case study E).
» US: FlexLab at Berkeley Lab, University of California (case study F).

Allthese facilities focus on developing sustainable technologies applicable to the built environment.
Engagement with these sites comprised semi-structured interviews with expert researchers,
complemented by observational analyses and visual documentation. Online interviews were
conducted with experts (due to financial constraints), while on-site visits provided field-based
insights to evaluate the potential of establishing similar facilities in Southern Africa.
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Figure 1: Building technology
laboratories (BTLs) reviewed as
case studies in Singapore and
South Africa.

In terms of the case study analysis, the research project followed an abductive research method
(Groat & Wang 2013: 35-37). This analysis approach resulted from an inductive analysis of the
case studies which identified the role of the BTLs and LLs in promoting localised climate change
adaptation. Consequently, the team deductively developed an analytical framework to review
and consider the efficacy of these research entities in promoting transformational climate change
adaptation. This analytical framework was developed independently of the case study analysis
and thereafter applied to the analysis.



In terms of the field visits and interviews, the visits lasted between 90 and 180 min, while the
online interviews lasted up to 60 min. At least one, in some cases two, senior researchers or
managers of the research site were interviewed and asked to reflect on the facility they manage.
Collected data were analysed thematically using observation notes, archival records and reflective
diaries, consistent with established fieldwork methods (Ryan & Bernard 2003). Patterns, similarities
and differences across the case studies were identified, enabling the research team to highlight
current trends and opportunities in BTL and LL practices, with a particular focus on their climate
adaptation potential relevant to the Southern African context.

The analytical framework used to structure the cross-case study comparison emphasises five
key criteria for climate adaptation: contextual suitability, implementation capacity, systemic
transformation, forward-looking considerations and flexibility to achieve resilience. Although
the study was limited to seven case studies due to budgetary constraints, methodological rigour
was ensured through site visits and expert consultation to achieve data saturation. Findings
demonstrate how lessons from the case studies advocate for and inform the development of
research facilities in vulnerable resource constrained regions.

Specific respondent identities were anonymised (only revealed where permission was granted).
Draft findings were shared with consulted experts for consent and to ensure the accurate
representation of their facilities.

4. CRITERIA FOR CONSIDERING THE EFFICACY OF CLIMATE
CHANGE ADAPTATION

Climate change adaptation has, since its conceptualisation, been continuously redefined
and applied to different contexts and scenarios to achieve specific outcomes. The focus and
implementation of climate change adaptation have been significantly improved since its first
mention in the Intergovernmental Panel on Climate Change’s (IPCC) first assessment report
(IPCC 1992). In 2014, the IPCC’s fifth assessment report (IPCC 2014: 5) defined climate change
adaptation as:

the adjustment (of natural and human systems) to actual and expected climate and its
effects [...] to moderate or avoid harm or exploit beneficial opportunities [...].
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Figure 2: Building technology
laboratories (BTLs) and

living labs (LLs) reviewed as
case studies in Sweden, the
Netherlands and South Africa.



While this definition gives clear guidance to climate change adaptation strategies that need first
and foremost to limit the exposure and sensitivity of inhabitants to climate change-driven risks,
it also addresses multiple spheres ranging from social and economic to environmental aspects.
To affect such changes, the climate change adaptation strategies must address many of these
spheres (Sharpe et al. 2016). The latest IPCC assessment report (AR6) advocates adding equity,
justice and transformation to concepts such as vulnerability and exposure when considering
climate change adaptation (IPCC 2022). This raises the question of what constitutes appropriate
climate change adaptation in the built environment.

Climate change adaptation strategies must be well-integrated and embedded within their
immediate context to enable significant change. O’'Brien (2018) argues that to impel change,
climate change adaptation strategies must address three spheres: the practical (or technological
problems); political systems or structures; and personal values or beliefs. To achieve such
significant climate change adaptation interventions, Kates et al. (2012) argue that incremental
interventions are insufficient and transformational climate change adaptation is needed. This
study developed evaluation criteria that consider the appropriateness and efficacy of climate
change adaptation strategies.

4.1 FITNESS OF THE SOLUTION TO THE CONTEXT

The fitness of the solution to the context represents one of the most critical factors in achieving
meaningful climate adaptation. Adaptation measures must be closely aligned with local realities,
considering the characteristics of users, the built environment, available natural resources
and climatic conditions. As Smith (2010) emphasises, effective adaptation requires proactive
planning that recognises local risks and long-term exposure to climate-related hazards. This
involves a clear understanding of both the ‘hardware’ (infrastructure, technologies and materials)
and ‘software’ (methods, maintenance and regulations) necessary to implement and sustain
adaptation strategies (Jiang & Arnold 2023). Moreover, continuous monitoring and evaluation are
essential to ensure these solutions remain relevant and effective over time (Mukheibir & Ziervogel
2007). Simulation modelling can further enhance this process by allowing pre-implementation
assessments of potential impacts, ensuring that proposed solutions are appropriately designed
for the local context.

4.2 CAPACITY TO IMPLEMENT THE SOLUTION

The capacity to implement climate adaptation solutions is a key determinant of their effectiveness.
Adaptation strategies must consider not only the scale of potential hazards but also the ability of
communities and individuals to respond, reducing their exposure and sensitivity to risks (O’Brien
& O’Keefe 2014; Villaverde et al. 2024). Adaptive capacity is influenced by multiple factors,
including the distribution of resources, access to knowledge, the immediate environment, existing
infrastructure and human capital (Carter et al. 2015; Dabaieh et al. 2022). While households often
possess some degree of adaptive capacity, broader policy frameworks and institutional support are
needed to leverage this potential at community and regional levels (Lwasa 2010). Technological
solutions also play a critical role: they must be accessible, understandable and adaptable to
local contexts to enhance resilience effectively (Campbell 2017). Furthermore, building adaptive
capacity requires both upskilling professionals for contextually appropriate design and fostering an
understanding of local spatial and regulatory environments to identify the obstacles, opportunities
and leverage points for climate action (De Luca 2023; Villaverde et al. 2024).

4.3 DEEP SYSTEMIC ADJUSTMENTS

Deep systemic adjustments are critical for meaningful climate adaptation, going beyond minor
modifications to existing practices. As O’Brien (2018) highlights, addressing climate change
requires identifying leverage points where substantial transformation can occur, targeting not just
surface-level problems but also the root causes and drivers of vulnerability (Pelling et al. 2015).
This includes considering deeply ingrained social norms, such as the expectations of thermal
comfort and understanding the capacity of existing systems to transform (Pallubinsky et al.
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2023; Ziervogel et al. 2016). Effective deep adaptation involves multilevel planning that engages
governance structures, local communities, civil society and academic institutions to identify and
implement sustainable solutions (Nissanka et al. 2024). Such a comprehensive approach ensures
that interventions address systemic social, environmental and urban vulnerabilities, ultimately
fostering long-term resilience.

4.4 FUTURE-ORIENTATED LONG-TERM SOLUTIONS

Future-orientated, long-term solutions are essential for climate adaptation because adaptation
measures typically involve significant initial investments and their ultimate success depends on
achieving substantial long-term benefits, such as reduced vulnerability, morbidity and mortality
(O’Brien & O’Keefe 2014). Planning for the future requires a thorough understanding of how
interventions will perform over time under changing climatic conditions. For example, projects
documented by Gething & Puckett (2013) demonstrated that modeling built projects against
expected climate impacts provides insights into long-term effectiveness, enabling better cost-
benefit outcomes. Similarly, De Luca (2023) and Jenewein & Hummel (2022) advocate using
simulations and parametric design to create adaptive solutions capable of responding to future
scenarios, while participatory approaches involving end-users help ensure that these long-term
interventions remain contextually relevant and locally appropriate.

4.5 FLEXIBLE SOLUTIONS

Flexibility is a defining characteristic of societies that have successfully adapted to changing
environmental and socio-economic conditions throughout history (Roaf et al. 2009). In the
context of climate adaptation, flexibility ensures that strategies and built environment solutions
remain responsive to evolving risks and uncertainties. Souza et al. (2015) and O’Brien & O’Keefe
(2014) emphasise the importance of emergent, adaptive systems that integrate feedback loops to
continuously optimise performance. Similarly, Jenewein & Hummel (2022) highlight that flexibility
can be maintained through the development of adaptation pathways: incremental, iterative
strategies that evolve over time as conditions change. Within the built environment, this requires
an understanding of community assets and adaptive capacities, ensuring that interventions are
not rigid or short-lived but capable of evolving with future climatic and contextual transformations.

5. BTLs AND LLs AS ENABLERS

In response to the urgent global climate crisis, this section explores the potential role of BTLs
and LLs in enabling and accelerating climate adaptation in Southern Africa. Drawing on lessons
from the case studies and insights from expert researchers involved in their management and
operation, the analysis evaluates how the experience of these well-established facilities can
inform the design, implementation and scaling of similar initiatives in developing regions. Based
on the literature review (see Section 2), five key criteria were identified to assess the potential
contribution of BTLs and LLs to local climate adaptation: fitness of the solution to the context;
capacity to implement the solution; support for local implementation capacity; facilitation of long-
term adaptation processes; and promotion of flexibility while limiting maladaptation.

5.1 CONTEXTUALLY FITTING SOLUTIONS

Expert respondents highlighted that BTLs and LLs play pivotal roles in ensuring the contextual
fitness of adaptation solutions. According to respondents from case studies E and G, these
laboratories function as vital bridges between theory and practice, translating conceptual ideas
into tested, viable and market-ready innovations while simultaneously assessing their performance
under different contextual conditions. A respondent from case study D further emphasised the
importance of interdisciplinary collaboration within these laboratories, noting that the integration
of engineering, architecture and environmental science fosters the development of holistic,
multifaceted solutions. The integration of disciplines and technologies is further emphasised in a
facility that focuses on resource efficiency, demand flexibility and optimisation using integrated,

Hugo and Farhadian
Buildings and Cities
DOI: 10.5334/bc.584

133



synergistic solutions (case study F). In these case studies, the focus shifts from conceptualising
single response measures to integrated sets of response strategies where the optimisation focuses
on the integration of technologies, expert interaction and context. This aligns with the broader
scholarly consensus that effective climate adaptation requires interdisciplinary cooperation (du
Plessis 2022; Orozco-Messana et al. 2020; Wright et al. 2021).

A persistent challenge in developing localised climate change adaptation response measures
is the limited availability of data related to specific climate change impacts and the potential
performance of certain climate change adaptation strategies, which hampers the design of
contextually appropriate adaptation measures (Agboola et al. 2023). Case study G responds to
the lack of data by specifically focusing on the verification and testing of technologies and their
performance before introducing them to the local construction market. This allows for reliable
data and research findings to inform policy decisions and building performance standards (case
study G). A similar approach was followed in case study B, where the construction of test dwellings
provided data regarding the implementation and performance of innovative building technologies
which were then used to inform policy decision at a national level. Developing local BTLs and
LLs can help overcome ill-informed policy development by generating credible datasets that
support evidence-based interventions and foster research capacity at regional and national levels
(Williams et al. 2021).

In the Southern African context, ensuring the fitness of adaptation solutions to local redlities is
especidlly critical given the region’s climatic diversity, socio-economic inequalities and infrastructure
gaps. Establishing regional BTLs and LLs offers practical platforms for testing and refining solutions
that address these complexities. Such laboratories could help evaluate the viability of imported
technologies under local conditions, promote interdisciplinary collaboration among universities
and industry, and strengthen the region’s capacity to generate reliable climate-related data. By
supporting these efforts, Southern African climate change adaptation initiatives can move beyond
theoretical adaptation planning toward applied, context-specific innovation, ultimately building
a more resilient, knowledge-driven and adaptive built environment sector capable of addressing
both current and future climate challenges.

5.2 IMPLEMENTATION CAPACITY AND ADOPTION OF ADAPTATION SOLUTIONS

Expert respondents emphasised that BTLs and LLs are vital for strengthening the capacity to
implement adaptation solutions and their adoption by policymakers and end-users. According to
respondents from case studies A, D and E, these laboratories serve as demonstration sites where
alternative technologies for the built environment can be tested, refined and scaled, supporting
large-scale transitions toward climate-resilient infrastructure. The respondents from case studies
A and B reflected on the successes of using their research site to demonstrate technologies and
showcase the viability of alternative built environment technologies and adjusting the perception
of policymakers. However, they noted that this affects the functioning, layout and management
of such laboratories. In contrast, case studies F and G exclude the public to ensure rigorous and
reliable monitoring of the built environment, rather attributing their impact in the data generation
to inform policy. While BTLs can contribute to societal transformation by promoting eco-literacy,
facilitating interdisciplinary learning and encouraging paradigm shifts in education, values and
professional practices (Capra 1997; Srivastava 2020; du Plessis 2022; Gillard et al. 2016), LLs expand
this process by engaging end-users in co-design, testing and evaluation, enabling behavioural
shifts and reinforcing the adoption of locally relevant solutions (case study D). While research
limitations exist, such as restricted participant diversity in some LL projects (case study D), these
laboratories play critical roles in establishing research and implementation networks that drive
behavioural, regulatory and policy changes necessary for transformative resilience (O’Brien 2018;
du Plessis 2022).

In the Southern African region, enhancing the capacity to implement climate adaptation solutions
is essential given the region’s complex socio-economic challenges, infrastructure gaps and
climatic vulnerabilities. Establishing regional BTLs and LLs can provide hands-on platforms for
testing technologies in local contexts, training professionals and engaging communities directly in
co-design processes. By fostering eco-literacy, interdisciplinary collaboration and local innovation
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networks, these laboratories can strengthen both the technical and social dimensions of adaptive
capacity. Consequently, the region would be better equipped to implement scalable, contextually
appropriate climate solutions, bridging the gap between research, policy and practice to achieve
lasting resilience across its built environment.

5.3 DEEP SYSTEMIC ADJUSTMENTS

Expert respondents emphasised that BTLs and LLs are essential for enabling deep systemic
adjustments. LLs provide open innovation spaces where the capacity of communities and the
building sector to support adaptation measures can be assessed and strengthened. These
laboratories facilitate collaboration among diverse actors in the innovation ecosystem which
includes innovators, integrators, testers and contributors enabling inter- and transdisciplinary
problem-solving (Nystrom et al. 2014). The importance of including diverse actors in such projects
was reported by both respondents from case studies D and E. In both cases, industry partners
are included in the research and development process. Case study D was initiated to include end-
users in the research process. Notably, the respondents from case study D reported concerns
such participant continuity, participant fatigue and limited sample group as concerns during
such research projects. These experiences from LLs managers and researchers highlight both the
opportunities and constraints of LLs to impel systemic changes.

While BTLs are less directly involved in co-creation, they play a crucial role in translating theoretical
design solutions into physical simulations, revealing unintended consequences and potential
conflicts and streamlining innovation (McNeil et al. 2014). Projects can also intentionally exclude
end-users to ensure rigorous monitoring and factor screening (case studies F and G). Nonetheless,
establishing and structuring BTLs correctly enables inter-disciplinary work which allows systemic
conflicts and synergistic benefits to be identified during experimentation (case study F). Translating
findings from these experiments into policy, ratings or standard changes allows for deep structural
changes (case study G). While a research board is often incorporated in these BTLs and LLs (case
study: D and F), the inclusion of commmunity advisory boards allows for planned inclusion in projects
where end user involvement is limited (case study A). Finally, respondents from case studies A and B
noted that these demonstration sites also serve as educational platforms to disseminate research
findings and technologies, supporting technological transitions while building the implementation
capacity of local communities and industry.

In the Southern African context, establishing regional LLs and BTLs can provide platforms for
testing, refining and implementing transformative adaptation solutions that address both
systemic and social dimensions of vulnerability. By fostering collaboration across disciplines and
actively engaging local communities, these laboratories can strengthen local capacity, inform
policy and promote educational initiatives that enable long-term, large-scale climate resilience.
Ultimately, such initiatives would help Southern Africa move from incremental adaptation
measures toward transformative, context-specific interventions that reshape both societal
practices and the built environment.

5.4 FUTURE-ORIENTED LONG-TERM SOLUTIONS

Expert respondents highlighted that BTLs and LLs are well-suited to support future-oriented
adaptation strategies by serving as platforms for in-depth analyses and long-term scenario
modelling. Respondents from case studies C and G noted that these laboratories are designed to
collect and analyse large datasets, allowing researchers to evaluate the projected performance of
adaptation measures over extended periods. This involved including the infrastructure and data
management structures in the LLs and BTLs that were analysed (case studies D, E, F and G). These
data management services are often included in the rental and utilisation contracts of the facilities
(case studies D,E and G). Although digital twin technology was not explicitly implemented in the
reviewed facilities, respondents recognised that integrating such approaches with physical models
could further enhance their predictive capabilities (case studies C and E). By leveraging large
datasets and simulation tools, BTLs and LLs enable a proactive, rather than reactive, approach
to climate adaptation, ensuring that interventions are robust, scalable and capable of avoiding
maladaptive outcomes (Jenewein & Hummel 2022).
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Recognising the value of large, locally generated data sets can assist Southern Africa in developing
future-oriented analytical capabilities, which is crucial for effective, proactive and sustainable
climate adaptation strategies. Using BTLs and LLs as laboratories can enable the collection
and analysis of long-term performance data, support scenario-based modelling, and integrate
community and end-user perspectives into the planning process. By fostering evidence-based,
locally sensitive approaches, Southern Africa can design adaptation measures that are resilient
to future climatic uncertainties, reduce the risk of maladaptation and maximise the long-term
effectiveness of investments in the built environment. Such future-orientated strategies are
essential to building adaptive, forward-looking and resilient urban and regional systems across
the region.

5.5 PROMOTION OF FLEXIBILITY

Flexibility and redundancies are important criteria to ensure climate adaptation measures are
resilient solutions and do not result in maladaptation over time (Walker & Salt 2012). Continuous
feedback and adjustment enables responsive solutions that can adapt to changing conditions
(Jenewein & Hummel 2022).

The case studies promoted the principle of flexibility in several ways. First, several of the case
studies explore transformation and retrofitting to achieve material and technological flexibility in
the built environment (case studies D, E and G). Furthermore, while concepts of energy efficiency
are being explored, which counters the principles of redundancies and flexibility promoted by
Walker & Salt (2012), case study F actively explored energy demand flexibility to ensure energy
efficiency and integrate multiple energy sources in the built environment. Finally, one LL reviewed
in the study is designed to be dismantled and relocated at the end of its life-cycle (case study
D), while another requires the removal of experimental installations after the research phase,
demonstrating flexibility in structure articulation and material use (case study E). Both sites allow
for further research and testing into integrating flexibility in the technological articulation and
construction of these sites.

To manage change and ensure continuous relevance, researchers and managers emphasised
the importance of continuous feedback and responsive adjustments in both research processes
and physical design strategies (case studies C-E). Although most BTLs and LLs were not explicitly
designed with long-term flexibility as their central goal, their operational frameworks inherently
encourage experimentation and adaptation. These principles are embedded in the management
of the facilities, but also through the infrastructure provision to achieve service flexibility at these
sites (case study E). Such research and management practices showcase how BTLs and LLs can
serve as testbeds for developing dynamic, modular and reconfigurable systems that embody the
principle of adaptability (Jenewein & Hummel 2022; Walker & Salt 2012).

Embedding flexibility within adaptation strategies is essential to respond effectively to rapidly
evolving climate conditions and the resource constraints in Southern Africa. Establishing BTLs
and LLs that promote modular, reconfigurable and feedback-driven experimentation can ensure
that adaptation solutions remain neither static nor contextually mismatched. Such laboratories
would enable local researchers, practitioners and communities to co-develop and test adaptive
pathways that evolve in response to shifting climatic and socio-economic realities. By prioritising
flexibility, researchers and policymakers can avoid maladaptive outcomes, extend the lifespan
of interventions and cultivate a built environment that continuously learns and adjusts to new
challenges, therefore creating a more resilient and future-ready region.

6. DISCUSSION AND CONCLUSIONS

This discussion integrates both theoretical and empirical insights developed throughout the study.
By explicitly linking observed practices, interview evidence and analytical frameworks, it provides
an account of how laboratory infrastructures can facilitate transformational climate change
adaptation. By reviewing building technology laboratories (BTLs) and living labs (LLs) and engaging
with the experts managing and conducting research in them, the study identifies how approaches,
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such as applied research practices, sustainable built environment foci, transdisciplinary inclusion
and contexts supporting interdisciplinary collaboration, utilised in the case studies can inform the
development of similar, contextually relevant facilities in Southern Africa.

Although the selected cases represent only a fraction of the global network of BTLs and LLs, the
insights drawn from these engagements highlight the potential of such laboratories to shape
regional climate change adaptation pathways. Historically, BTLs and LLs have been instrumental
in driving innovation in the building industry and sustainable technology development. This
analysis extends this understanding by emphasising their evolving role as platforms for localised,
interdisciplinary and adaptive climate action.

The findings reveal that these research entities can:

» develop contextually fitting climate adaptation solutions

* promote deep structural and behavioural change

+ strengthen local implementation capacity

» support long-term and future-oriented scenario planning and

» encourage flexibility to minimise maladaptation.

While many BTLs and LLs are not always fully embedded in urban contexts, they nonetheless
enable inter- and transdisciplinary collaboration, providing environments where researchers,
practitioners and policymakers can co-create and test solutions in real time. Developing iterative
feedback loops and collaborative testing frameworks can accelerate the transition toward climate-
resilient built environments (Agboola et al. 2023) and the experiences shared by experts from the
selected case studies support this argument.

In an era where fragmented or overly simplistic responses to climate change often fail to address
systemic challenges, these laboratories offer valuable opportunities to develop integrated, locally
responsive and technologically advanced solutions (du Plessis 2022; Hugo 2023; Wright et al. 2021).
By fostering interdisciplinary research and engaging local communities in co-creation, BTLs and
LLs can bridge the persistent gap between theoretical innovation and real-world implementation
(Veillette et al. 2021).

As the global climate crisis affects all regions but manifests differently across local contexts
(IPCC 2022), the capacity to generate context-specific knowledge and locally grounded data is
essential to strengthening resilience in vulnerable regions. The study reveals insights from diverse
laboratories in Europe, North America, Southern Africa and Asia to argue for their role in promoting
transformational climate adaptation. However, the adaptation gap is significant in lower income
communities and resource-constraint regions (IPCC 2022), which poses challenges to undertake
climate change adaptation strategies, in this case establishing BTLs and LLs. High costs, technical
requirements and operational demands associated with BTLs and LLs (Coetzee et al. 2012;
Mukama et al. 2022) often limit the capacity and scalability of developing them. To address
these constraints, the development of hybrid digital-physical research ecosystems is proposed
to integrate digital twin technologies, shared datasets and collaborative research networks that
can complement physical testing environments. Integrating advances from research facilities
beyond Southern Africa and combining such innovations with physical experimentation and digital
simulations can expand the scope and cost-effectiveness of climate change adaptation research
in resource-constrained settings. Developing small-scale, cost-effective, physical and digital
research infrastructure that is locally grounded, yet globally connected, offers an adaptation
capacity development pathway for Southern Africa.

Further research should therefore focus on designing a framework for quasi-digital-physical
laboratories that combine simulation-based experimentation with locally managed physical
testing. Such a framework should draw from the organisational and methodological lessons of
advanced laboratories while tailoring strategies to the economic and environmental realities
of vulnerable regions such as Southern Africa. By fostering collaboration between international
research leaders and local institutions, this approach can help leapfrog traditional barriers to
development, promoting inclusive and regionally grounded innovation.
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This article has demonstrated how the knowledge, methodologies and operational experience Hugo and Farhadian
gained from advanced BTLs and LLs worldwide can be adapted to establish and sustain similar g%’{fj'lng_;ggf/g'ct_';;}
facilities in Southern Africa. This is particularly relevant to researchers and policymakers working in
resource-constrained, yet vulnerable, regions. Developing such infrastructure not only strengthens
local research and development capacity but also fosters long-term regional resilience through

inclusive, data-driven and adaptive innovation in the built environment.
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