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ABSTRACT: Prefabricated timber fagade systems have emerged as a promising solution for accelerating deep
renovations, effectively addressing global targets for energy conservation and emissions reduction. These systems align
closely with circular economy principles by incorporating strategies such as design for disassembly, component reuse,
and modular standardization, significantly enhancing resource efficiency and reducing environmental impacts. This paper
analyses eight recent European demonstration projects employing prefabricated timber fagade retrofits, highlighting their
design considerations, technical implementations, and associated environmental, economic, and social advantages.
Insights from these cases reveal substantial opportunities for adoption within Australia's residential building stock, given

structural compatibility, rapid installation, minimal occupant disruption, and integrated performance upgrades.
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1 -INTRODUCTION

The building and construction sector is one of the most
significant contributors to global energy consumption and
CO: emissions, accounting for 34% of global energy use
and 37% of CO: emissions as of 2021 [1]. Reducing the
building-related share is critical to achieving the energy
conservation and emission reduction targets set by nations
under the Paris Agreement. A significant portion of the
existing building stock was constructed before the
implementation of modern energy performance
regulations. Considering that demolition and rebuilding
are neither economically viable nor environmentally
sustainable options, these buildings are expected to
remain in use for the foreseeable future. Thus,
undertaking energy upgrades stands as the most effective
solution to upgrade and align their energy performance to
current targets. For instance, research in Europe indicates
that energy demand in buildings can be reduced by up to
70% through improved insulation alone, but the sheer
scale of inefficient building stock necessitates an annual
renovation rate exceeding 2% to meet established energy
targets [2].

While the benefits of building renovation are significant,
the process may also entail hidden costs. Case studies
indicate that, when viewed from a building lifecycle

perspective, the waste at end-of-life can exceed the
materials used during construction by as much as 40%,
due to the replacement of materials and components
during the building’s life [3], showing that considerably
amount of material and energy is underutilized during
renovation. Thus, considering the significant volume of
imminent building renovation activities, designing
efficient renovation solutions that integrate reuse and
recyclability objectives during and after a building's life
can have a great impact environmentally, economically,
and socially. This perspective aligns closely with the
foundational principles of the circular economy, which
emphasize optimizing resource efficiency and minimizing
waste [4]. Since its introduction, this model has been
widely studied in the building and construction sector,
raising awareness of its potential to deliver significant
benefits [5], [6].

The circular economy is fundamentally a guiding
framework. In the context of building and construction, its
application strategies can vary according to different
stages of the building lifecycle, targeted objectives, and
various dimensions of implementation [7]. Currently,
there is a lack of standardized and universally applicable
approaches, highlighting the need for case-specific
strategies that balance theoretical principles with practical
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constraints [8], [9]. Despite these varied interpretations, a
consensus emerges on the foundational logic of the
circular economy model—namely, the imperative to
narrow, slow, close, and regenerate the flows of materials
and energy [10].

a material of
with circular

Within this context, timber emerges as
promise due to its inherent alignment
principles. As a renewable resource with carbon
sequestration capabilities, wood offers a favourable
balance of structural performance and environmental
benefits. Lifecycle analyses demonstrate that timber
construction can reduce embodied carbon greatly
compared to steel or concrete equivalents while enabling
easier material recovery at end-of-life stages [11].
Moreover, its biological composition allows multiple life
cycles through cascading use models—from primary
structural elements to secondary products, and ultimately
to energy recovery [12]. These characteristics make
timber an ideal candidate for circular construction
systems.

Integrating prefabrication technology further amplifies
these advantages. Prefabrication aligns with the principles
of'the circular economy by enhancing resource efficiency,
minimizing waste, and facilitating the reuse and recycling
of materials through controlled off-site production and
optimized construction processes. A case shows that, for
a two-storey office building, prefabricated timber
components with a well-managed BIM model can achieve
up to 65% in reusability rate, which can be further
improved with the use of demountable connections [13].
Another research report shows up to 40% reduction in
construction waste and 34% in embodied carbon for a
prefabricated timber system compared with traditional
methods of construction [14]. Moreover, prefabrication
techniques shorten construction durations, reduce on-site
errors through controlled manufacturing environments,
and ensure consistent quality across components. These
improvements expedite the building retrofit process,
thereby enhancing the feasibility of large-scale
renovations and underscoring the practical significance of
relevant studies.

Over the last decade, the renovation of existing buildings
using prefabricated timber components has gained
momentum worldwide, driven by urgent sustainability
goals, rising energy costs, and mounting pressure to
minimize construction-related disruptions [15]. A
substantial body of research and demonstration projects
has emerged in Europe, where government-backed
initiatives have advanced both technical development and
market acceptance [16], [17], [18].

In Australia, the need for and context of circular deep
renovation, as well as the associated challenges, closely
mirror those in Europe. These challenges include a large
building stock urgently requiring energy upgrades, policy
mandates for emissions reduction and energy efficiency,
limited clarity around behavioural motivations and
outcomes, low public awareness, and higher upfront costs
compared to conventional renovation methods, leading to
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limited uptake [19]. Moreover, Australia faces unique
barriers, such as more complex housing ownership
structures, a highly speculative and privatized housing
market, lower energy standards than Europe, less
supportive policy frameworks, and a pronounced lack of
research and practical examples in this area [19]. Under
these conditions, localized research is both urgent and
essential. As numerous studies have been undertaken
worldwide, drawing upon their lessons could be highly
beneficial. Furthermore, given the practical nature of this
topic, collecting insights from actual built projects, rather
than purely theoretical research, would yield more
substantial contributions. Based on the above discussion,
the research questions of this paper are as follows:

RQ1: How do the design considerations employed in the
case study align with circular design principles?

RQ2: What lessons and insights can these real-world
cases provide for the Australian local building stock?

2 -METHODOLOGY

The methodology comprised three main steps:
establishing case selection criteria, conducting literature
and project searches, and systematically collecting data
from suitable cases.

2.1 Case Selection Criteria

To ensure that the examined projects could provide
meaningful insights, this study applied the following
criteria:

Real-world application: The projects must involve actual,
physical renovations on existing buildings rather than
conceptual proposals, prototype tests, or purely academic
simulations, and they require a comprehensive update of
the entire building rather than only partial modifications.

Demo case selection: In instances where multiple demo
cases exist within the same project, only one was selected
to maintain overall diversity within the limited sample.

Documentation: Only cases with publicly accessible,
detailed, and comprehensive documentation in English,
such as project reports, technical specifications, or
stakeholder interviews, were included. This requirement
ensured the availability of both technical and contextual
information for discussion.

Year: Only projects with demo cases initiated within the
last decade (i.e., from 2014 onward) were considered.

Technique: The renovation had to feature timber-based,
off-site fabricated fagade products as a primary
intervention.

2.2 Literature and Database Searches

The study employed a two-stage search strategy for a
comprehensive result.



An academic literature search was performed in the
Scopus database, using a search string ‘(“timber" OR
"wood*" OR "Bio-based”) AND (“Renovat*" OR
"Retrofit*") AND (“envelope" OR "facade”)’. Titles and
abstracts were screened for relevance, and shortlisted
documents underwent full-text review to confirm that
they described actual renovation projects.

In parallel, internet-based and official project database
searches complemented the academic review. Publicly
available repositories, such as CORDIS (an EU project
database), provided detailed reports from EU-funded
demonstration projects, while general online sources (e.g.,
official project websites, and government portals)
revealed valuable case studies, often with visual
documentation and stakeholder comments. Each potential
project located through these channels was assessed
against the selection criteria stated above.

The search led to the identification of seven relevant case
studies, all located in Europe, primarily due to the region’s
strong policy directives, such as the Energy Performance
of Buildings Directive (EPBD), which have fostered
innovative renovation practices. Among them, most
received funding from the European Union, necessitating
comprehensive documentation and open access to project
reports. The cases are as follows:

1 — INFINITE Italy case study 2 — e-SAFE real pilot
building; 3 — Drive 0 Estonia demo case; 4 — PLURAL
Czech demonstration; 5 — AdeSA system case study
building; 6 — 4RinEU Norwegian demo case; 7 —
P2Endure Warsaw demo case; 8 — MORE-CONNECT
Estonia case study.

Fig. 1 presents photos from the renovation process of each
case; however, as no photographs were available for Case
2, a rendered image was used as a substitute.
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Figure 1. Photo of selected cases during the renovation process

2.3 Data Collection

From the final pool of identified cases, a structured data
collection protocol was followed to gather consistent and
comparable information across projects. The core data
fields included:

a. Building Profile: Year of construction, location,
height, size, structure types (ST1 — Clay brickwork/
blockwork; ST2 — Concrete brickwork/ blockwork;
ST3 — Concrete beam-column structure; ST4 —
Prefabricated concrete panel system; STS — Timber
truss structure). Baseline data, such as pre-renovation
energy use and fagade condition, were also recorded.

b. System Profile: Details of the prefabricated timber
facade system applied, including integrated sub-
system type (IST1 — Building integrated photovoltaic
or/and building integrated solar thermal; IST2 —
Mechanical ventilation devices; IST 3 — Supply
media, e.g. electric wire, water pipe; IST 4 — Heat
pump; IST 5 — Smart window, only showed in case
1, configured as insulated glazing units with
integrated wireless sensors for dynamic sunblind
control and incorporate dual-band electrochromic
glass for selective modulation of near-infrared
radiation), panel sizes, load transferring mode,
stratification, thermal performance, etc.

c. Key Performance Indicators (KPIs): Energy
consumption and carbon footprint data before and
after installation, cost, working hours, any
improvements in indoor environmental quality, and
metrics on waste generation or recycling.

d. Renovation Process Record: Project documentation
outlining on-site installation procedures, scheduling,
logistics, and financial records. Where available,
construction logs and stakeholder communication
notes were reviewed to capture project management
details.

e. Stakeholder Perspectives: Subjective assessments
from building occupants, architects, contractors, and
other parties involved. This included surveys,
interviews, or informal feedback on construction
disruptions, perceived benefits, and lessons learned.

Both quantitative and qualitative aspects of each
renovation project were captured. By examining the
interplay between technical choices, project execution,
and resulting performance outcomes, the study sought to
derive broader insights into how prefabricated timber
fagade solutions can contribute to more circular
renovation practices.

3 - PROJECT DESCRIPTION

To facilitate a preliminary understanding of the projects
and their associated data, key metrics related to building
characteristics, renovation systems, and common
performance indicators (sourced from data categories a, b,
and c in Section 2.3) were extracted and compiled into
Tab. 1. It should be noted that Case 1, as the most recent
pilot, has many pieces of information that have not yet
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Table 1: Information summary for selected cases
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o: Included *: Inferred from reference

been disclosed or published. In addition, Case 2 employs
two distinct panel types (e-CLT and e-PANEL) in its
renovation; for the sake of clarity, the analysis focuses on
the more extensively used e-CLT panels. Due to
variations in statistical methods, scope, and timeframes,
objective comparisons between projects remain
challenging. Consequently, Table 1 primarily serves as an
overall summary of each case.

Detailed explanations for specific parameters, which
acknowledge differences in statistical analysis and
interpretation, are provided below:

HVAC energy data: Case 2, simulated by Energyplus;
Case 3, measured Energy Performance Value; Case 4,
simulated by TRYNSYS- Type 56; Case 5, simulated by
TRYNSYS; Case 6, calculated by SIMIEN the company;
Case 7, simulated by Energyplus using thermal model
CYPETHERME; Case 8, simulated by IDA Indoor
Climate and Energy 4.8 (IDA- ICE). Reduction is
calculated based on the same method.

Installation time elaboration: Case 3: installation of timber
element, demolition works, removing of old windows,
installation of load-bearing steel corners and base timber
[28]; Case 4: installation and related works’ time [33];
Case 5: installation of prefabricated panels [35]; case 6:

https://doi.org/10.52202/080513-0564

4584

On-site construction time [37]; Case 8: Prefab panels
mounting at the building site including joints sealing
(from internet search).

Cost comparison elaboration: Case 1: Investment cost
difference between the best industrialised and traditional
scenarios with same energy level target [21]; Case 3:
Initial cost compared to ETICS renovation solution with
rock wool insulation [29]; Case 6: The offered price for
the works is compared to an estimate provided by the
Norwegian carpenter’s association of the cost for the same
job executed as a traditional contract [39]; Case 8: Cost of
the pilot building prefabricated wooden insulation panels
compared to the cost of ETICS system insulation solution,
which is preferred in the renovation market because of the
lowest investment cost [49].

In addition to presenting building and system parameters,
Fig. 2 offers a visual comparison of representative fagade
panels from each building project. Drawings and textual
descriptions extracted from the reference were used to
compile essential plan details of the panels, and diagrams
were generated to illustrate the function of each layer [21],
[22], [25], [30], [31], [35], [39], [41], [49]. In Case 1, due
to a lack of detailed on-site panel information, a mock-up
of a BIPV-integrated panel from the same project was
used as a representative example. In Case 3, where corner
connections are more common than continuous linear
ones, a detail of a corner connection was selected to
exemplify typical stratification.
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L1 - Insulation; L2 - Insulated protective layer; L3 - Insulated levelling
layer; L4 - Timber frame/stud; L5 - CLT panel; L6 - Cladding; L7 - Pro-
tective layer: L8 - Adjacent panel; L9 - Existing building

Figure 2. Schematic layer stratification diagrams for each case (Not to
scale)



4 ANALYSIS UNDER CIRCULAR
ECONOMY PERSPECTIVE

This chapter presents a qualitative analysis of how each
selected project aligns with circular economy (CE) design
principles and the potential benefits brought by them. To
structure this examination, a set of circular design criteria
has been synthesized from several key sources in the field
[5], [8], [50], [51]. Existing literature converges on broad
objectives, and there is no universally accepted,
standardized framework. Consequently, the specific
principles applied here are selective and serve as a
practical guide for evaluating these case studies. Due to
varying documentation standards and performance
indicators across projects, it is not feasible to conduct a
strict quantitative comparison. In different cases, datasets
include different metrics, which are reported according to
the specific goals and methods of each project. As a result,
the analysis relies primarily on qualitative descriptions
and internal observations rather than cross-case numerical
benchmarks.

Tab. 2 presents a subset of circular design strategies
applicable at the component and material levels, extracted
from the reference [8]. Eberhart et al. indicate that many
of the summarized strategies overlap and are
interconnected. Consequently, for the sake of brevity and
analytical clarity, strategies deemed similar or not
sufficiently represented in the case studies have not been
included. Among the listed principles, "prefabrication’ is
considered a fundamental criterion for case selection, and
its characteristics and advantages have been thoroughly
discussed; therefore, it will not be analysed separately.

4.1 Assembly/ disassembly

The development of Design for Disassembly (DfD) has
become a key strategy in sustainable and circular design,
and timber structures have been particularly emphasized
in DD, with potential environmental benefits like up to
99% reduction in GHG emissions per functional unit in
life cycle assessment [52].

Table 2: Selected circular design strategies from [8]

“ircular design

Description extracted from [8]
A o D

the building, comp s or materials to be easily
assembled/disassembled. A precondition is reversible connections.

disassembly

Choosing or substituting materials for materials that are e.g. local,
renewable, natural/eco/bio, have lower environmental impact, of
high quality, durable, easy assembly/disassembly, reusable and re-
cyclable, pure, maintenance free, retain or increase their value,
match the performance lifespan, non-toxic/ hazardous etc.

Material
selection/
substitution

Is used to ensure e.g. reclamation, reusability and recyclability,
: P a IR
y and dis-

constiuction time

assembly, enhanced adaptability avoidance of off-cut materials etc.

P

Reusing existing

building/ Is used to directly reuse existing buildings, components or materials
components/ for new construction projects.
materials
Optimised Design to precise material measurements/specification in order to
shapes/ support more aspects of handling components and materials;
di i h and enable future adaptability/flexibility.

Used to provide good access to connections between components to
Accessibility enhance design for assembly/disassembly, to ease maintenance, and

maximise recovery of materials at end-of-life.
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As indicated in Tab. 2, reversible connections are a core
requirement for this strategy. Industrialized panel systems
nowadays typically incorporate a variety of components
and functional layers; therefore, in such systems,
connections encompass those between the panel and the
existing building, between adjacent panels, and among the
various functional components or layers within each
panel. Fig. 3 depicts a schematic diagram outlining the
panel's stratified layers and connections. In all selected
cases, products interface with the existing building in
ways that reflect connection reversibility—an approach
that naturally suits prefabrication technologies. Simple,
mass-produced metal components—such as steel plates
and profiles secured with anchors, bolts, and screws—are
widely employed in most cases, with the exceptions of
Case 5 and Case 7. In Case 5, however, complex, high-
performance customized steel components were utilized
among panels to meet seismic reinforcement requirements,
whereas Case 7 featured tongue-and-groove joints with
insulation tape interposed. Tab. 3 summarizes connection
types between the building and panels, and which among
panels. It should be noted that this table is compiled based
on the information listed in the reference, which may not
capture all details, resulting in some incompleteness.
Additionally, it represents only general information, as
certain specialized component locations, such as corners,
may feature unique construction methods.

From an installation standpoint, the benefits of such an
approach are apparent. By reducing on-site work, the need
for scaffolding diminishes, and occupants in some cases
can stay in place, yielding social, economic, and
environmental advantages. Case 3 reports that its on-site
construction phase lasted only 10 weeks, in contrast to the
five-to-six months required by traditional methods. Case
6 notes a total of 7 days and 10 hours for prefabricated
panels mounting, with the entire building renovation on-
site work finishing in 47 days and 10 hours, representing
a 17% reduction in man-hours compared to conventional
approaches.
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Figure 3. Diagram of layers and connections within a prefabricated
fagade system for renovation

https://doi.org/10.52202/080513-0564



Table 3: Connection types of cases

Connection 1 Connection 2

Vertical: BSC + MF + WIM
SC + MF
BSCHMI Horizontal: BSC + MF + CSC / FSC

BSC + MF BSC + MF + FSC + FAF

BSC + MF + GFA BSC + MF + FSC + FAF + GFA

BSC + MF CSC + MF
BSC + MF Unknown
BSC + MF WIM + FAF
BSC + MF BSC + MF + GFA

BSC: Basic steel component (e.g. steel plate, L-Profile); MF:
Mechanical fastener (e.g. screw, anchor, bolt); WIM: Wood joinery
method (e.g. mortise-tenon joint, tongue-groove joint); CSC:
Customized steel component; FSC: Flexible soft connector (e.g.
EPDM gasket, rubber strip); FAF: Flexible adhesive film (e.g. tape,
foil); GFA: Gap- filling adhesive (e.g. foam, sealant)

In Case 3, a prototype test took place roughly a year before
the main renovation. The prototype fagade components
were dismantled and reused in the final project, requiring
just 70 minutes to remove, demonstrating both
disassembly feasibility and component reusability.

Economically, Case 6 indicates a roughly 15% lower
overall cost relative to traditional methods, and estimates
savings of approximately €910 per week per tenant by
minimizing relocation requirements, amounting to a total
of €116,480 over the course of the project. Overall, these
examples demonstrate how the effective incorporation of
reversible connections and efficient prefabrication
practices can lead to tangible improvements in project
management and the potential for component reuse.

4.2 Material selection/ substitution

As noted earlier, timber possesses several attributes that
make it well-suited for renovation under a circular
economy framework. However, when used as a primary
structural material, timber's performance and end-of-life
efficiency must be carefully considered, as it inherently
exhibits limitations in fire resistance and hygrothermal
performance; consequently, beyond the essential
treatments required for structural applications, the
stratification design within prefabricated panels becomes
critical to mitigating these drawbacks—even though
research indicates that the service life of timber is
comparable to that of other construction materials [11].
Moreover, simulations using BIM models reveal that,
although efficient connection designs can enhance
timber’s end-of-life reusability and recyclability, these
metrics remain significantly lower than those observed for
steel and concrete structures [13].
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Beyond timber, insulation and cladding materials are also
central to this strategy, given their substantial proportion
in panels (as evidenced in Fig. 2) and the diverse range of
available choices. Tab. 4 summarizes the cladding and
insulation materials of selected cases.

For insulation material, case 2 employed wood fibre as
insulation material, while case 4 partly used hardwood
insulation (primarily made of wood fibre). Both are bio-
based, offering circular advantages—including reduced
toxicity, feasible reuse and recycling scenarios, and
contributions to lignocellulosic waste management [53].
Meanwhile, the remaining cases used mineral wool or
glass wool, which have comparatively favourable
embodied energy/carbon profiles and end-of-life
recyclability relative to other common insulation
materials [54]. For instance, Case 7 presents a
comparative analysis of the embodied energy of materials
used in a traditional renovation solution and those
employed in a plug-and-play panel system for the same
building. The analysis indicates that substituting
styrofoam with rock wool for insulation reduced the
embodied energy of that component by 61%. However,
variations in construction methods and material choices—
particularly the increased use of timber and the inclusion
of an additional protective layer (Fermacell HD) in the
plug-and-play system—resulted in additional embodied
energy [43]. Consequently, the overall reduction in
embodied energy was limited to approximately 18%. In
addition to the benefits mentioned above, Case 8
demonstrates that these materials offer excellent thermal
insulation, robust fire resistance, moderate costs, and
enhanced water vapour diffusion—qualities that not only
make them outstanding performance-based choices for
building renovation but also serve as effective
supplements to improve the hygrothermal and fire
resistance performance of timber structures [46].

Table 4: Cladding and insulation material of cases

Cladding material Insulation material

Mineral wool

unknown

Ceramic panels Wood fiber

Fiber cement panels and

hot-oiled wooden cladding Aelinetsl fe001

Glass wool +

Wooden ¢ i
Wooden ciadding Hard wood insulation

Plaster Rockwool

Solid wood based on slow-

) Rockwool
grown thermo-treated pine

Powerpanel (cement-based

Mineral wool
board) + plaster h

unknown Mineral wool




4.3 Reusing existing building/ components/
materials

Many of the prefabricated renovation solutions discussed
in the case studies emphasize enhancing recycling and
reuse prospects at a component’s end-of-life. As noted in
Section 4.2, the bio-based insulation materials
employed—such as cellulose and wood fiber—are
typically derived from wood-product waste streams (e.g.,
paper). Meanwhile, Case 3 demonstrates the direct reuse
of prototype facade elements. This example suggests
broader possibilities, such as using finger joints to connect
short, recycled wood pieces into longer segments suitable
for new components. In addition, 95% of the mineral wool
insulation removed from the prototype was successfully
reutilized, highlighting the potential for recovering and
repurposing materials within prefabricated building
systems.

4.4 Optimized shapes/ dimensions

An additional avenue for enhancing prefabricated
solutions is optimizing fagade geometry to minimize the
number of panel prototypes and maximize
standardization. Recent years have witnessed the
emergence of BIM (Building Information Modelling) and
3D scanning technologies that provide precise
measurements and digital models of existing buildings
[55], [56]. In several of the selected cases, facade layout
optimization emerges as a key strategy. Particularly in
homogeneous structural systems without a beam-and-
column framework (e.g. masonry and prefabricated
panelised systems), greater freedom exists in how the
fagade is subdivided and anchored. For instance, Case 8
employed only 23 distinct panel sizes across
approximately 2,000 m? of facade surface. Additionally,
local transportation constraints dictated a maximum panel
length 0f 9.969 m, adhering to a 10 m trucking limit. This
streamlined approach not only simplifies off-site
fabrication and on-site installation but also minimizes
carbon emissions in the transportation phase, further
supporting circular economy objectives.

4.5 Accessibility

As noted in Section 4.1, accessible connectors are
inherently required in designs that facilitate assembly and
disassembly. Given that most prefabricated panels are
connected using additional metal connectors and
considering that some connectors possess substantial
vertical thickness—in part to fulfil mechanical or
dissipative  requirements—employing  demountable
components to cover these connections on the fagade
becomes a straightforward, convenient choice. In the
selected case studies, Case 2 and Case 5 adopt this
approach. Case 2 wuses a prefabricated, insulating,
removable panel in the vertical direction between two
adjacent panels, secured below via a tongue-and-groove
joint. Case 5 also installs a separate connector with EPS
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insulation and a waterproof membrane, making room to
integrate water pipes and electrical conduits.

Beyond these external connections, accessibility is also
crucial from the interior, especially since many
prefabricated panels now incorporate HVAC, heating
systems, and other equipment. Case 7, for instance,
includes a complex internal design in which removable
cover plates are installed on both sides of the interior
surface. Steel profiles and gasketed aluminium profiles
respectively seal the horizontal and vertical joints,
enhancing thermal insulation and watertightness. While
these  accessible connections offer convenient
maintenance and upgrade pathways, their insulation
integrity and water-tight performance still require

experimental  verification to ensure long-term
effectiveness.

5 - INSIGHT FOR AUSTRALIAN
BUILDING STOCK

The Australian building stock faces challenges similar to
those encountered internationally, like ambitious energy
conservation and emission reduction targets, residential
buildings that lag behind modern energy performance
standards, and an urgently needed boost in renovation
rates [57], [58]. This context creates fertile ground for the
research and implementation of renovation strategies
using prefabricated timber systems. Within Australia's
residential housing stock, rental properties—which
account for roughly one-third of the market and continue
to grow—are generally of lower quality than owner-
occupied dwellings [63]. This disparity stems largely
from complex property rights and misaligned incentives
between those who finance energy upgrades and those
who ultimately benefit from them, rendering rental
housing a key focus for energy retrofit initiatives.
Furthermore, from the perspective of circular deep
renovation, such projects typically demand substantial
initial investments and must meet stringent energy
upgrade standards that do not quickly yield short-term
economic returns, thereby prolonging the payback period.
In Australia, where private landlords are predominantly
small-scale investors and governmental economic
incentives for housing retrofits are relatively limited
compared to Europe, the private rental sector faces
significant challenges in implementing such retrofits [63].
Consequently, the most promising and feasible targets for
circular deep renovation are rental properties that are
government-owned or publicly managed, including social
housing which also represents some of the poorest-quality
dwellings in Australia [61]. It is estimated that 1% of the
Australian population is affected by energy poverty; a
substantial proportion of these households may reside in
social housing, and the inability of providers to enhance
the quality of their stock can have significant
consequences for these vulnerable groups [60].

5.1 Structural similarity
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In the selected cases, all existing buildings incorporate
structural components fabricated from brick and/or
concrete. The structural performance analysis of Case 2
indicates that such structures exhibit robust residual
capacity [24], rendering them well-suited to support
additional facade panels. Furthermore, these materials
facilitate reliable connections with the steel elements
commonly employed in these projects. Analysis of
material flows in the Australian housing industry from
1970 to 2020 indicates that Australia’s building stock is
predominantly composed of brick and concrete [59]. This
alignment suggests that similar renovation systems have
great potential for effective implementation in Australia.

5.2 Rapid, low-disruption retrofit strategies

Given the economic vulnerability of households in public
or government-owned rental properties, retrofit strategies
must prioritize rapid implementation and minimal
disruption [62]. The inherent split incentives in the rental
market and the high costs associated with temporary
relocation further complicate energy upgrade efforts.
Case studies suggest that prefabricated renovation
systems are particularly effective in this context, as their
expedited installation significantly reduces on-site
construction duration and minimizes tenant displacement
and relocation costs. Consequently, these systems
facilitate enhanced energy performance and mitigate
financial burdens on vulnerable households, thereby
advancing broader social sustainability objectives.

5.3 Comprehensive upgrade approaches

Beyond the necessity of enhancing a building’s thermal
performance, poorly performing housing often faces
additional issues related to overall living quality. These
include low water-use efficiency, suboptimal energy
efficiency in domestic hot water systems [3], and indoor
mould problems stemming from inadequate ventilation
[7]. Such issues are particularly prevalent in lower-quality
rental apartments, the same as the targeted group of
section 5.2. The case studies reviewed indicate that
integrating ventilation devices, (e.g. mechanical fans),
and water-related components (e.g. water tanks and hot
water piping) within prefabricated systems is feasible.
This integration offers a one-stop solution for
comprehensive residential upgrades, thereby simplifying
the overall renovation process while simultaneously
addressing multiple performance deficiencies.

6 — Limitation and future work

This study faces several limitations. First, the data
collection process was constrained by the available
sources. Despite the existence of numerous outstanding
international cases, many could not be incorporated into
the analysis due to limitations in data accessibility and the
fragmentary nature of the available information. Second,
the absence of a standardized framework for data
quantification and uniform statistical methodologies

https://doi.org/10.52202/080513-0564

4588

prevented an objective, cross-case comparison, resulting
in a predominantly qualitative and subjective analysis.

Future work will involve further exploration of the
opportunities and challenges of circular deep renovation
in the Australian public-owned housing sector. The
research plan includes an investigation into the design of
circular renovation systems and technologies. In addition,
efforts will focus on developing comprehensive circular
renovation strategies and guidelines deriving from actual
design, to establish a systematic framework for industry
practitioners and policymakers.
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