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Reincarnate project

The average lifespan of a building is 39 years — in Europe, it is only 25-30 years
— and the main reason for demolition is obsolescence. This is why there is a
large amount of construction and demolition waste (CDW) — representing
approximately 25-30% of all waste in Europe —, in addition to that generated
in current construction works.

The recycling rate for CDW s relatively high (above 75%). This activity
generated $126.89 billion in 2019 — Europe contributed the largest share,
almost two-fifths of the total global market — and is projected to reach
$149.19 billion by 2027. Unfortunately, many of the most valuable materials in
CDW cannot be meaningfully separated and end up in landfills.

This helps to get an idea of the efficiency potential for climate neutrality that
exists in construction.

Reincarnate aims at advancing circular economy practices within the
European construction industry and enabling to significantly maximise
the life cycle of buildings, construction products and materials, reduce
CDW by 80%, increase the reusability of buildings, construction products
and materials and, as a result, lower the sector's emissions by 70%.

As a result of these actions, Reincarnate will significantly advance circular
economy practices within the European construction industry.

First, it will create a Circular Potential Information Management (CP-IM)
platform and a set of innovations to use it. These solutions will draw upon
emerging digital technologies, such as digital twin representation, artificial
intelligence, and robotic automation.

3 empirically proven social science insights will allow fostering widespread
adoption of reused high-quality construction products and materials, and
business eco-system development frameworks to combine actors within
sustainable value chains.

All innovations will be demonstrated on eleven selected real-world projects
and value chains. Furthermore, business process guidelines and an e-learning
platform will be developed to drive the dissemination and exploitation of the
Reincarnate results.
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1. Executive summary

This project presents an innovative smart tiny house concept that combines
circular construction principles, full prefabrication, and robotic assembly to
deliver a scalable and cost-efficient housing solution. The innovation lies in
integrating recycled building materials with a modular, highly configurable
design system that enables mass customization while maintaining industrial
efficiency. The demonstration case consists of a fully functional prototype unit
produced off-site and assembled using robotic assistance, showcasing the
feasibility of automated construction processes even when working with

variable secondary materials.

The main objective is to validate a replicable housing model that reduces
construction costs and environmental impact compared to conventional
building, while maintaining high standards of quality, flexibility, and user
comfort. Particular emphasis is placed on design for disassembly, material

traceability, and lifecycle performance, supporting circular economy goals.

The outcomes demonstrate that the proposed approach can significantly lower
material waste, reduce embodied carbon, and shorten construction time
through industrialized production. In addition, the project confirms the
potential for cost reductions of up to 20-40% at scale, alongside improved
productivity and reduced on-site risks. Overall, the tiny house serves as a proof of
concept for transitioning from bespoke construction toward a standardized,

circular, and digitally enabled housing system.




2. Context and objectives

The construction sector faces persistent challenges: high material consumption,
significant waste generation, rising costs, and low productivity compared to
other industries. At the same time, there is increasing pressure to deliver
affordable housing while reducing environmental impact. Circular construction
- reusing materials and designing for disassembly - offers a promising pathway,
but it remains difficult to implement at scale due to variability in materials, lack
of standardization, and Ilimited integration with industrialized building

processes.

This tiny house demonstration responds to these challenges by combining
recycled materials, modular prefabrication, and robotic assembly into a single,
integrated solution. It builds on advances in digital design and automation to
show that circularity and industrial efficiency are not mutually exclusive. The
project’s motivation is to move beyond one-off experimental buildings and
instead validate a replicable, scalable housing model that is both affordable and

sustainable.



The demo directly contributes to REINCARNATE impacts (I11-118) by advancing
circular material use (I1, 15), enabling digital and automated construction
workflows (12, 16), and supporting design for disassembly (I3). It provides
measurable lifecycle and carbon insights (I4), while also addressing affordability
and social acceptance (17, 18). On a techno-economic level, it demonstrates cost
reduction, productivity gains, and new business models (113-116), while
highlighting pathways toward scalability and policy alignment (112, 118). Overall, it

acts as a bridge between research and real-world application.

3. Innovation description

3.1 Introduction and Conceptual Foundation

The construction industry is undergoing a fundamental transition driven by the
need to reduce environmental impact, improve productivity, and address
housing shortages. Traditional construction methods are characterized by high
material consumption, significant waste generation, fragmented workflows, and
limited scalability. At the same time, circular economy principles—particularly
the reuse of materials and design for disassembly—are gaining importance but

remain difficult to implement in practice.

The proposed tiny house system addresses these challenges through a digitally
integrated, circular prefabrication concept that combines recycled materials,
parametric design, and robotic assembly. The central idea is to shift construction
away from a linear, site-based process toward a data-driven, industrialized
manufacturing model. Unlike conventional approaches, which begin with a
fixed design and then source materials accordingly, this system reverses the
logic: it uses available recycled materials as a primary input to inform and shape

the design itself.

This approach enables a new form of mass customization, where individual

housing units can be tailored to user needs while still benefiting from



standardized production processes. The result is a scalable, flexible, and
resource-efficient housing solution that aligns circularity with industrial

efficiency.
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3.2 System Architecture and Workflow

The system operates as an integrated workflow consisting of five main stages:
material sourcing and classification, digital design and configuration,

optimization and matching, robotic prefabrication, and on-site assembly.

The process begins with the sourcing of recycled materials from demolition
sites, industrial surplus streams, or material recovery facilities. These
materials—such as reclaimed timber beams, steel elements, or panel
products—are inherently variable in size, quality, and structural properties. To
manage this variability, each component is digitized using scanning

technologies and entered into a material database. This database stores key



attributes including geometry, mechanical properties, condition, and potential

reuse applications.

The next stage involves parametric design and configuration. A rule-based
digital model generates building layouts based on user-defined requirements,
such as floor area, spatial arrangement, and functional needs, while
simultaneously considering constraints imposed by the available material
inventory. This model allows for rapid generation of multiple design variants and
ensures that each configuration remains feasible within structural and

fabrication limits.

A critical component of the system is the material-design matching process,
which links irregular recycled elements to standardized building modules. This
is achieved through an optimization algorithm that assigns materials to
structural and non-structural components. The algorithm operates under
multiple constraints, including load-bearing requirements, geometric
compatibility, and minimization of waste. Depending on the level of complexity
and computational resources, this process may use heuristic methods for speed

or more advanced combinatorial optimization techniques for higher accuracy.

Once the design is finalized, it is translated into fabrication-ready data and
passed to the robotic prefabrication stage. Here, wall, floor, and roof modules are
manufactured in a controlled factory environment. Robotic systems are adapted
to handle slight variations in material dimensions, ensuring precision while
maintaining flexibility. The wuse of prefabrication significantly reduces

construction time, material waste, and on-site labor requirements.

Finally, the modules are transported to the site and assembled using robotic or
semi-automated systems. Mechanical connections are used instead of
permanent bonding methods, enabling disassembly and future reuse. This
stage completes the transition from digital model to physical building while

maintaining alignment with circular design principles.
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3.3 Algorithms and Digital Models

At the core of the system are several interconnected digital tools and algorithms
that enable the integration of circular materials with industrialized construction

pprocesses.

The parametric design model functions as a rule-based system that generates
adaptable building geometries. It takes into account user inputs, site conditions,
and material availability, producing designs that are both customizable and
compatible with prefabrication constraints. This model ensures that all

generated solutions remain structurally sound and manufacturable.

The material matching algorithm is responsible for assigning available recycled
components to specific building functions. This can be formulated as a
constrained optimization problem with objectives such as maximizing reuse
rates, minimizing cutting and processing, and ensuring compliance with

structural requirements. The algorithm must also handle uncertainty and



variability in material properties, making it a key innovation in bridging

circularity and automation.

In addition, the system incorporates a digital twin and material passport
framework, which tracks each component throughout its lifecycle. This includes
information about its origin, properties, usage, and potential for future reuse.
Such data enables lifecycle assessment, supports regulatory compliance, and

facilitates future circular flows of materials.
3.4 Materials Strategy and Circular Integration

A defining feature of the system is its reliance on secondary materials as primary
construction inputs. These include reclaimed timber, recycled steel, and
repurposed insulation or cladding elements. Unlike conventional construction,
which depends on standardized new materials, this approach embraces

variability and uses digital tools to manage it effectively.

The system prioritizes materials that can be reused with minimal processing,
thereby preserving their embodied energy and reducing environmental impact.
Structural applications are a particular focus, as they offer the greatest potential
for carbon savings. At the same time, the design ensures that all materials meet
safety and performance standards, addressing one of the key barriers to

widespread adoption of recycled construction materials.

By integrating material passports and design for disassembly, the system also
ensures that today’'s buildings become material banks for the future, enabling

multiple life cycles for each component.
3.5 Novelty and Innovation

The innovation of the proposed system lies not in a single technological
breakthrough but in the integration of multiple advanced concepts into a

coherent and scalable framework.

First, it demonstrates the structural use of recycled materials within a highly

controlled prefabrication process, moving beyond aesthetic or non-load-bearing



applications. Second, it introduces a design-to-resource paradigm, where
buildings are configured based on available materials rather than predefined
specifications. This represents a fundamental shift in architectural and

engineering thinking.

Third, the system extends robotic fabrication into the domain of circular
construction, showing that automation can accommodate variability rather
than requiring uniform inputs. This challenges the traditional assumption that

robotics and standardization are incompatible with reuse.

Finally, the concept combines mass customization with circular economy
principles, enabling scalable production without sacrificing flexibility or
sustainability. This balance is essential for achieving both economic viability and

environmental impact at scale.
3.6 Conclusion

The circular, robotic prefabricated tiny house system represents a significant
step toward the industrialization of sustainable construction. By integrating
recycled materials, digital design, and automation into a unified workflow, it
addresses key challenges related to cost, scalability, and environmental
performance. The system demonstrates that circularity and efficiency are not
opposing goals but can be mutually reinforcing when supported by advanced

digital and manufacturing technologies.

Ultimately, this approach has the potential to transform the construction sector
from a fragmented, resource-intensive industry into a data-driven, circular
production system, capable of delivering affordable, high-quality housing while

significantly reducing its environmental footprint.




4. Demonstration Setup

The targeted user group is people interested in tiny house offers. These SIGs will
also be more willing to adopt reused materials and building products. Therefore,
in this demonstration, it will promote the possibility to entirely building tiny
houses from reused materials and products. To this end, around all materials
and products of all REINCARNATE demonstration projects, project partner 3L
will support the development of a parametric BIM-based design tool for tiny
houses, making use of existing, reused products and recycled materials at a
specific time. Additionally, possibilities for robotic automation for assembling
tiny houses have been explored using the TUB robot cell. At the project ‘'send, a
tiny house built entirely from reused components and recycled materials was
planned to be built and showcased in Berlin. The total costs of this realisation,
including a robot application, DFRA, and material storage, have been
investigated and proved by market partner offers. The total amount exceeded
the available budget for demonstrators, and the Technical Board decided to

switch the nature to virtual.

5. Results and Innovation

The social and economic Impact is high. However, considering that tiny houses

with recycled materials can:

Lower housing costs
Provide emergency or transitional housing

Encourage local, circular economies

Competitiveness compared with market partners and the USP are created by a
functional platform economy integrating various technical highlights, such as
lean process production, a digital configurator using smart interaction with the
CP-IM, the DFRA application, flexible material selection based on availability,

and application support from the developed parametric modeler.



KPI 1: Flexibility and variability of design and adaptation
KPI 2: Thermal performance while applying recycled materials

KPI 3: Recycled material ratio

KPI Baseline Expected /
Achieved

Flexibility and variability of design and | 30% >70% [/ 70%

adaptation

Thermal performance while applying 0% >60% /50 %

recycled materials

Recycled material ratio 10% 40% /75 %

6. Contribution to Impacts

The demonstration of a robotic, prefabricated tiny house built from recycled
materials contributes broadly to the REINCARNATE impact framework across
scientific, societal, and techno-economic dimensions. From a scientific
perspective, it significantly advances circular construction knowledge by
moving beyond theoretical concepts and providing real-world validation of
secondary material use in structural and building envelope applications. The
project generates valuable data on the performance and variability of recycled
materials, addressing a key gap in current research. At the same time, it strongly
supports digitalization in construction by integrating parametric design, robotic
fabrication, and material traceability systems such as material passports. This
creates a foundation for more transparent and data-driven circular building

pprocesses.

In addition, the demonstration inherently applies design for disassembly

principles through its modular prefabrication approach, enabling reversible



connections and future reuse of components. The precision offered by robotic
assembly further enhances this capability. It also contributes to lifecycle
assessment practices by providing a concrete case for comparing the
environmental impacts of recycled versus virgin materials and prefab versus
conventional construction methods, particularly in terms of embodied carbon
reduction. Furthermore, the project supports the development of standards for
secondary materials by highlighting the need for classification and quality
assurance systems, although this impact depends on scaling beyond a single
prototype. One of its most innovative scientific contributions lies in
demonstrating the feasibility of robotic assembly using non-uniform, reused
materials, effectively bridging the gap between industrial automation and the

inherent variability of circular resources.

From a societal standpoint, the project has strong potential to contribute to
affordable housing by reducing construction costs through prefabrication,
automation, and the use of recycled inputs, provided that regulatory barriers
can be addressed. It also plays an important role in increasing social acceptance
of circular housing by offering a tangible, high-quality living example that
challenges negative perceptions associated with waste-based construction. The
demonstration highlights a shift in required skills within the construction sector,
moving away from traditional on-site labour toward digital, robotic, and circular
material expertise, thereby contributing to workforce transformation. In terms of
health and wellbeing, the controlled factory environment may improve
construction quality and indoor conditions, although careful certification of
recycled materials is essential to ensure safety. The concept also supports new
forms of community and urban integration, such as micro-housing clusters or
accessory dwelling units, which can enable more flexible and efficient land use
depending on local contexts. Importantly, the project can influence policy by
providing evidence to support regulatory adaptation in areas such as circular
materials, prefabrication, and zoning, making it a valuable reference for

decision-makers.



From a techno-economic perspective, the demonstration shows strong
potential for reducing construction costs, with estimated savings of 20-40% at
scale due to industrialized production and reduced labour dependency. It also
contributes to the creation of a market for secondary materials by establishing
consistent demand and helping to transformm waste streams into valuable
resources. The project enables new Dbusiness models, including
housing-as-a-product approaches, mass customization platforms, and
integrated circular supply chains. In addition, it improves productivity by shifting
construction toward manufacturing-like processes, resulting in shorter build
times and reduced on-site disruption. Risk is also reduced through the
controlled factory setting and standardized workflows, which minimize delays
and uncertainties commonly associated with traditional construction. Finally,
the concept demonstrates strong scalability and replication potential due to its
modular design and repeatable robotic processes, although this remains

dependent on regulatory alignment and a balanced approach to customization.

Overall, the demonstration serves not merely as a prototype building but as a
systemic proof that circularity, industrialization, and automation can be
successfully combined into a scalable housing solution. Its greatest contribution
lies in transforming circular construction from a niche, experimental practice

into a repeatable and economically viable industrial process.

Category Impacts Focus Contribution
Level
Scientific Nn-16 Knowledge creation, CP-IM data | High

models, predictive methods

Societal [7-112 Training, awareness, stakeholder | Medium-Hig
engagement h
Techno-economic | [13-118 New value chains, digital tools, High

replication potential




7. Replication and Next Steps

Best market entry points representing the potential of replication are:

Affordable housing projects

Student housing

Temporary / emergency housing

Eco-communities

Backyard ADUs (Accessory Dwelling Units that are built in the backyard of

an existing residential property)

As always, in the building industry the strongest competitor of innovation is the
existing well-introduced offer, e.g. in this case the mainstream single-family

suburban housing streamlining the existing regulations and expectations.
Overall replication score based on the above highlighted assumptions are:

Technical feasibility: 8/10
Economic viability (at scale): 7-9/10

Regulatory feasibility: 3-6/10 (location-dependent)

The tiny house demonstration highlights several key lessons for advancing
circular, prefab housing systems. First, integrating recycled materials into
structural applications is technically feasible, but requires robust material
classification, quality control, and digital tracking. Variability in secondary
materials is not a barrier in itself; however, it must be actively managed through
parametric design tools and optimization algorithms. Second, the combination
of prefabrication and robotic assembly significantly improves precision, reduces
waste, and shortens construction time, confirming that industrialized processes
can support circular construction. A third lesson is that full customization is not
compatible with scalability—successful implementation depends on a balance
between standardization and flexible configuration (“mass customization”).
Finally, early alignment with regulations and certification bodies is essential, as

compliance can become a major bottleneck if addressed too late.



In terms of replication potential, the concept is highly promising, particularly in
contexts such as affordable housing, student housing, temporary
accommodation, and backyard or infill units. The modular and repeatable
nature of the system enables scalability across regions, provided that local
regulatory frameworks allow for prefab and circular construction methods.
Economically, the approach shows potential for significant cost reductions at
scale, alongside the creation of new value chains for secondary materials and

digital construction services.

Looking ahead, future development will focus on scaling the system from
prototype to industrial production. This includes refining the material-design
matching algorithms, standardizing interfaces and modules, and establishing
reliable supply chains for recycled materials. Key barriers to adoption remain
regulatory constraints, limited market acceptance, financing challenges, and
the need for new skills in the workforce. Addressing these will require
collaboration between industry, policymakers, and research institutions, as well

as continued demonstration projects to build confidence and evidence.
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