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ACRONYM DESCRIPTION

BIM Building Informat on Modeling

BNB German Sustainable Building Cert f cat on System
EN European Norm

EPB Energy Performance of new and exist ng Buildings
EPS Expanded Polystyrene

FOS Factor of Safety

GEG German Building Energy Act
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0SS One-stop-shop
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PEB Posit ve Energy Building
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PV Photovoltaic
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SS Stainless Steel

TRL Technology Readiness Level

U Thermal transmit ance coef cient

UBA German Environment Agency
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ZEB Zero Energy Building
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Funded by the European Union. The content of this deliverable ref ects the authors’ views. Views and
opinions expressed are, however, those of the author(s) only and do not necessarily ref ect those of
the European Union or the European Climate, Infrastructure and Environment Executve Agency
(CINEA). Neither the European Union nor the grant ng authority can be held responsible for them.

SIRCULAR is coordinated by RINA-C and combines the expert se of 22 partners from six European
countries, including universit es, SMEs, NGOs, and industries. During the next three-and-a-half-years,
SIRCULAR will contribute to transform the building sector into a circular and sustainable industry,
aligned with the Built4People partnership principles.

The SIRCULAR project will test and demonstrate innovat ve technologies and services across four
regional clusters: init ally in Estonia and Spain, followed by Germany and Greece. These clusters will
engage construct on companies, housing companies, universit es, and local administrat ve ent t es,
focusing on buildings owned or occupied by vulnerable populat on groups, in line with the SIRCULAR
just and af ordable transit on approach.
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In the scope of this report, innovat ve retrof t ng solut ons for achieving the ZEB status are presented.
The proposed solut ons are based on the idea of prefabricat on retrof t ng solut ons, aiming to speed
up the renovat on procedures in order for the European Union to achieve its 2030 and 2050 goals.
Two dif erent prefabricat on solut ons are proposed, a t mber reuse-based solut on, and a solut on
based on prefabricated components directly at ached to the building envelope. More specif cally, the
proposed prefabricated component is a small-scale and f exible unit.

The main conclusions of this report emphasize the advantages of prefabricat on in retrof t ng, and
the benefts result ng from applying this approach in terms of speed in renovat on, streamlined
renovat on procedures, building’s resilience, energy ef ciency of buildings, and thermal comfort for
the occupants. Prefabricat on also limits human errors during construct on or retrof t ng, reduces the
construct on cost, and minimizes the disturbance to the occupants.
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The SIRCULAR project aims to create a methodology that combines sustainable and low-carbon
techniques for construct on, deconstruct on, and reuse in the building sector. The main object ve of
this project is to transform the construct on sector into a sustainable and low-carbon industry by
creat ng and highlight ng alternat ve low-carbon building materials and techniques.

In this direct on, the SIRCULAR project aims to introduce two innovat ve construct on and renovat on
approaches based ont mber reuse and exploitat on of prefabricated solut ons. The proposed solut ons
directly contribute to the technical and technology-related object ve of the SIRCULAR project for
improving the availability of creat ve plans for environmentally friendly buildings by developing new
and creat ve construct on and renovat on strategies and components. Furthermore, it contributes to
the object ve of spreading the knowledge for reusing building elements by providing holist c and
innovat ve technology solut ons, integrat ng reused components, and prefabricat on elements.

The main object ve of Deliverable D3.2 is to develop a technical report regarding the act vit es carried
out in tasks T3.3 and T3.4 for t mber reuse and prefabricated renovat on elements respect vely. In
part cular, “Karlsruhe Inst tute for Technology” (KIT) and “ZRS Architekten Gesellshaf von Architekten
MBH” (ZRS) have designed and proposed a holist ¢ renovat on strategy for an exist ng building based
on reused and recycled t mber. This design process addresses all the sustainability, economic, and
social aspects throughout the whole development. Moreover, an innovat ve waste wood harvest ng
and processing strategy has been developed, maximizing the reusability of building components. Also,
a zero-carbon t mber facade has been developed and examined in a virtual demo building. In addit on,
specif ¢ pract ces for achieving a zero-building emission standard have been def ned. Regarding the
prefabricated renovat on component, the “Nat onal Technical University of Athens” (NTUA) and the
“Hellenic Passive House Inst tute” (HPHI) have designed and proposed a f exible and simple universal
prefabricated constructon system based on sustainable and recyclable materials. A detailed
descript on of all the design and construct on aspects of the prefabricated element is presented, and
the adopted methodology is def ned. The design of these element emphasizes on minimizing the
disturbance to building’s occupants during the constructon or renovaton process, and easy
installat on while following the design for deconstruct on methodology. These solut ons will be
exploited during the demo implementat on process in WP4 of the project. Also, the solut ons have
been virtually tested using the virtual demo sites of KIT and HPHI.

In conclusion, Deliverable D3.2 will present a holist c renovat on strategy based on t mber reuse, and
a prefabricated circular renovat on component, providing new, creat ve, and sustainable technical
solut ons for energy retroft ng in the building sector. Thus, the available range of choices for
achieving decarbonizat on of the sector will be broadened, and the industrial sector will increase its
knowledge on energy-ef cient and environmentally friendly technologies and techniques.

1.1 Object ves of the Deliverable

The Deliverable D3.2 addresses both the Tasks T3.3 and T3.4 for design studied on t mber reuse and
prefabricated components for renovat on respect vely. KIT and ZRS are the responsible partners for
the act vit es of T3.3, while NTUA and HPHI are the responsible partners for the act vit es of T3.4. Thus,
this deliverable has some individual object ves for each task, but also some crit cal common object ves.

The main object ves for T3.3, “Preliminary design studies on t mber reuse” are:
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To develop a renovat on strategy for an exist ng building based on reused and recycled t mber.
To def ne of -set t me for achieving zero-emission.

To develop a waste wood harvest ng and processing strategy.

To develop a zero-carbon t mber facade and roof for the renovat on of a virtual demo.

YV VY

The main object ves for T3.4, “Innovat ve prefabricated circular renovat on components” are:
» To develop a universal prefabricated construct on system.

» To minimize the disturbance of buildings during the renovat on process.

» To minimize the durat on of deep-retrof t ng processes.

The target audience of the Deliverable D3.2 consists of all the project partners, and especially it is
crucial for all the partners involved in the exploitat on of the developed solut ons during the demo
implementat on phase of the SIRCULAR project. The main goal is to provide the project partners with
creat ve, sustainable, low-carbon, and energy-ef cient techniques and solut ons for renovat on or
construct on of buildings. Moreover, the outcomes of this deliverable will reach out industrial and
public stakeholders to increase their knowledge and awareness on innovat ve renovat on solut ons.

1.2 Structure of the Document

This document is structured into six dist nct sect ons, leading to a detailed and comprehensive
invest gat on on t mber reuse and prefabricat on solut ons for construct on and renovat on. Sect on 1
introduces the main scope, goals, methodology, and approach of this deliverable. Sect on 2 focuses
on the design studies for t mber reuse, emphasizing possible restrict ons and the real potent al of this
technology. Also, the second sect on points out the related available design strategies, concluding with
an overall renovat on strategy regarding t mber reuse, followed by an assessment and validat on
methodology. This sect on is associated with task T3.3, “Preliminary design studies on t mber reuse”.
Sect on 3 presents and analyses a circular renovat on component. The third sect on introduces the
methodology for prefabricat on solut ons and addresses the materials and techniques ut lized,
conduct ng simulat ons and feasibility studies on component and system-level analyses. This sect on
is associated with task T3.4, “Innovat ve prefabricated circular renovat on components”. Sect on 4
concludes all the results and valuable outcomes of this deliverable to be used by all the project
partners for the demonstrat on phase of the project. Sect on 5 showcases any support ng material
considered as necessary, thus complet ng the analysis of the proposed innovat ve solut ons. Finally,
Sect on 6 presents the references and bibliography used.

1.3 Relat on to Project Documents

This deliverable is a technical report, thus it is related to other technical reports of the SIRCULAR
project and with the act vit es regarding the demo implementat on phase. Some documents were used
as input, and some other documents require input based on the results and conclusions of this
deliverable.

Project documents whose results are used as input in this deliverable:

= Deliverable D1.4 — Health, IAQ and construct on materials correlat ons report (T1.4) [1]: Material
compositon and circularity. Evaluat ng recycling construct on and demolit on-based waste
materials, bio-based alternat ves, and hybrid solut ons.

Project documents that will ut lize the results from this document:
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= Deliverable D4.1 — Local supply chain format on (T4.1) [2]: Take into considerat on the materials
used for the t mber facade and the prefabricated elements to implement them in the format on
of a local supply chain, enhancing circularity and advancing local markets.

= Deliverable D4.4 — Impact assessment of the SIRCULAR technologies and monitoring act vit es
report (T4.4, T4.5) [3]: Given all the details for the t mber and prefabricated solut ons, an analysis
on the environmental, technological, economic, socio-economic and comfort perspect ve impacts
of these technologies will be conducted.

= Deliverable D5.3 — Innovat ve contractual schemes for sustainable construct on and renovat on
value chain (T5.4) [4]: Based on the prefabricated and t mber solut ons proposed from this
document, an analysis to address the stakeholder needs will be carried out.

1.4 Overall Approach

The main scope of this deliverable is to invest gate and propose two new and creat ve renovat on
ideas, thus providing energy-ef cient and low-carbon solut ons for the project partners to implement,
and new solut ons for the building renovat on and construct on industry. These solut ons are t mber
reuse facades and prefabricated components. KIT and ZRS have invest gated the potent al of t mber
reuse in detail, providing low-carbon t mber solut ons for an exist ng building. Furthermore, they have
emphasized on waste wood harvest ng and processing techniques, and passive strategies for
improving occupants’ thermal comfort and health. NTUA and HPHI have designed a small-scale
prefabricated component to provide real solut ons covering many aspects of a complete renovat on
strategy. In this direct on, partners considered the detailed report of the Deliverable D1.4 for the
material selecton [1]. In conclusion, a holist c approach to present innovatve and feasible
technologies were conducted by the project partners, providing to the SIRCULAR project realist c and
ef cient solut ons.

The construct on industry, as a major consumer of resources and producer of waste, plays a crit cal
role in the transit on toward sustainable and circular pract ces. In this context, Task 3.3 focused on
developing a holist c renovat on strategy for exist ng university or of ce buildings to achieve the Zero
Emission Building (ZEB) standard—using reused, recycled, or natural materials, with a special focus on
reclaimed wood.

The design addressed all building envelope components (facade, roof, and basement) based on
circular principles, enabling future dismantling and reuse. A building survey was conducted to def ne
the design approach, supported by Life-Cycle-Assessment (LCA) analysis and Life-Cycle-Cost ng (LCC)
related aspects. Innovat ve methods for reclaiming and processing waste wood, including treated
t mber, were explored. Key aspects include energy ef ciency, user comfort, health, and climate
resilience—priorit zing passive solut ons and minimizing emissions. A concept for building services and
a t meline toward zero emissions were also developed. The reuse potent al of materials was assessed,
and a Circularity Index was introduced to measure outcomes. The following sect ons present in detail
the methods, strategies, and results of this work.
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2.1 Restrict ons and Potent als of Timber Reuse

In light of climate change and resource scarcity, reclaimed wood of ers signif cant potent al for
sustainable construct on aligned with circular economy principles. Achieving this requires a
fundamental transformat on of the construct on sector, addressing material ef ciency, emission
reduct on, and the development of resilient value chains [5].

Despite its advantages, t mber remains underut lized in European mult -storey construct on, with a
market share of only 2.7% [6]. Yet, its capacity to store approximately one tonne of carbon dioxide
(CO,) per cubic meter, coupled with advances in prefabricat on, makes it a key material for reducing
emissions, shortening construct on t mes, and increasing energy ef ciency.

In Germany, t mber construct on is gaining momentum, supported by public funding and strategic
init at ves [7]. However, growing reliance on primary wood from intensively managed forests raises
ecological concerns, including overexploitat on, drought stress, and pest damage. This challenges the
long-term viability of t mber supply and highlights the urgency of reclaiming wood from the
dismantled building stock [8]. Furthermore, in Germany, roughly 10 million tonnes of reclaimed wood
are incinerated annually, releasing around 15 million tonnes of CO, instead of being reused [9]. The
CO, emissions from burning wood exceed the original wood mass by a factor of about 1.5, because
during combust on, the carbon stored in the wood (approximately 50% by mass) oxidizes by binding
with atmospheric oxygen to form CO,, where the molecular weight rat o results in the range of 1.5 to
1.8 tonnes of CO; per tonne of wood burned. This widespread reliance on thermal ut lizat on ref ects
a structural gap in current construct on and waste management systems, where end-of-life t mber is
rarely reintegrated into the building cycles.

2.1.1 Current Status: Reclaimed Wood Harvest ng and Evaluat on Process

The reuse of reclaimed t mber in construct on is gaining at ent on in research and pract ce but remains
limited by signif cant pract cal and regulatory barriers. In this sect on, the most signif cant limitat ons
and barriers, such as regulatory and cert f cat on framework, design and construct on of t mber-based
materials, digital tools, material passports, and other social and economic factors, are presented and
discussed.

Regulat on and Cert f cat on: Despite ongoing research ef orts, the lack of consistent classif cat on
standards remains a key challenge. Ageing, damage, wood preservat ves, insuf cient documentat on,
and others of en compromise the usability of reclaimed t mber. Non-destruct ve test ng methods,
such as visual grading (DIN 4074-1) [10] and machine strength grading (DIN EN 14081-1) [11], of er
formal means to assess and cert fy reclaimed elements for structural reuse. However, these methods
are rarely implemented in pract ce due to high technical and personnel requirements, t me intensity,
and the challenge of achieving lower strength values with manual sort ng, as safety factors must be
applied to account for the reduced accuracy compared to machine grading. A major step forward is
the “Guideline on Reuse of Load-Bearing Components from Steel and Timber Construct on” by the
Ministry of State Development and Housing in Baden-Wirt emberg 2025, as well as the Norwegian
Standard “prNS 3691-1: Evaluat on of Recycled Wood 2024” [12], which provides the f rst pract ce-
oriented framework for approving reclaimed structural elements, including t mber. It highlights the
importance of early assessment, controlled deconstruct on, and technical evaluat on (e.g., density,
cracking, load-bearing capacity) [13].
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Although polit cal support for circular construct on is growing, the reuse of structural t mber remains
legally complex, similar to structural elements manufactured from other materials. The German Waste
Wood Ordinance primarily regulates waste wood management by categorizing it into four classes (A
to I-IV) based on contaminat on and treatment history, establishing specif ¢ recycling and recovery
pathways for each class. On the other hand, direct material reuse as structural components is only
permit ed in exceptonal cases. [14]. A clear regulatory pathway for structural applicat ons of
reclaimed t mber is st Il missing.

Design and Construct on: From a design perspect ve, reclaimed t mber of ers signif cant potent al for
innovat ve and resource-ef cient architecture. Key advantages include easier deconstruct on, lower
weight, the possibility of dry joint ng, and the f exibility to cut structural elements such as columns or
beams to required dimensions on-site. Demonstrat on projects such as RE4: Strategies for Circular
Prefab Buildings from Waste Wood [15] and Roof Kit's Housing Unit [16] show how modular systems,
traceability, and intent onal reuse can be successfully applied. However, standardized reversible
connect on systems enabling damage-free reuse of t mber components are st |l lacking—posing a
major research gap in construct on methods.

Digital Tools and Material Passports: Digital plat orms increasingly support the documentat on,
cataloguing, and traceability of reusable building components. Sustainability cert f cat on systems
such as DGNB (German Sustainable Building Council) incorporate material passports and circularity
assessment as integral evaluat on criteria [17]. German-based commercial enterprises such as
Concular provide market-ready solut ons for material documentat on and marketplace plat orms. The
research project BauCycle [18] develops scient f ¢ foundat ons for circular construct on pract ces,
while the Urban Mining Index [19] funct ons as an evaluat on framework that establishes standardized
criteria for assessing reuse potent al. These diverse approaches collect vely aim to transparently map
material f ows throughout the entre building lifecycle and facilitate the integrat on of circularity
principles into design and planning processes. Yet, reclaimed t mber remains underrepresented and
inconsistently integrated into these systems. The systemat c inclusion of reclaimed wood in digital
material passports and BIM-based workfows, especially for assessing condit ons, planning
deconstruct on, and def ning circularity metrics, remains a key area for future research.

Social and Economic Factors: The acceptance of reclaimed t mber in design, construct on, and among
clients remains limited. Concerns regarding quality, availability, liability, and f nancial risk of en hinder
wider market uptake [20]. Simultaneously, emerging market niches such as deconstruct on services,
processing, and reuse design remain under-researched. Currently, pract ce-oriented models for
assessing reclaimed t mber quality, designing reusable components, and integrat ng reclaimed wood
into planning and approval processes are largely missing. The goal of Task 3.3 was to address these
gaps by developing an applied toolkit combining design, construct on, legal frameworks, technology,
and environmental assessment. The approach is demonstrated through a digital prototype based on
a real building, aiming to promote circular t mber construct on in pract ce.

2.1.2 Future Prospects: Reintegrat on of reclaimed wood into value chain

A central challenge for future-oriented resource strategies is the current reliance on incinerat on: in
Germany, approximately 10 million tonnes of reclaimed wood are burned annually, leading to the
release of 15 million tonnes of CO, and highlight ng the urgent need to reintegrate end-of-life t mber
into the material value chain [9]. While energy recovery provides short-term ut lity, it results in the
irreversible loss of both carbon storage potent al and valuable resources. To align with climate and
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resource goals, future strategies must shif towards a circular approach: reclaimed wood should f rst
be reused in construct on or recycled into high-value applicat ons. Only when these pathways are no
longer viable should cascading use be applied, extending the material’s service life through successive
stages, from structural reuse to secondary products like composite materials or bio-based substances,
with energy recovery as a f nal step.

Figure 1 illustrates a circular value chain for reclaimed wood, of ering a structured alternat ve to the
prevailing pract ce of incinerat on. The process begins with the non-destruct ve dismantling of t mber
components, followed by sort ng and relevant contaminant removal, such as metal f t ngs, fasteners,
and other harmful substances. Subsequently, material test ng and strength grading are conducted to
determine reuse potent al. Based on the results, components are dimensioned and matched to
suitable applicat ons. New elements are then manufactured and reintroduced into the construct on
cycle.

1.Dismantling

3. Remove
contaminants
and impurities

Current situation: "
Incineration
~10,000kt burned
every year in GER

4, Testing &
strength
analysis
re

7. New lifespan 5. Define size

and reuse of the and possible

component applications

) 6. Create new
8. Endof life: components and bring

it backinto the
construction cycle

return to a cascade system
for biological recycling

Figure 1. Process of recycling reclaimed wood.

Following a second service life, materials that are no longer suitable for direct reuse are directed to
recycling either at the same level or into a cascading ut lizat on system, where they are gradually
repurposed for lower-grade applicat ons such as engineered wood products or insulat on materials
before ult mately entering biodegradat on. This approach maximizes resource ef ciency, prolongs
carbon storage, and supports the transit on toward a circular construct on economy.

2.2 Design strategies for Timber Reuse

2.2.1 Exist ng Building under Invest gat on

Planning in t mber construct on requires a high degree of precision, especially in exist ng buildings. A
detailed analysis of the exist ng structure is a prerequisite for developing suitable strategies. The
design-based approach aims to develop a transferable solut on for a specif ¢ building typology. The
building under invest gaton serves as a pilot project. Due to the lack of adequate exist ng
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documentat on, a new building survey was conducted by KIT as part of Task 3.3. The set of exist ng
building plans of this invest gat on is presented in the Appendix sect on, Figures A1-A8. The select on
of the exist ng building is based on its typological representat veness: it is a structure that is not only
common on the campus of the Karlsruhe Inst tute of Technology (KIT) but also widespread throughout
Germany. An overview of comparable buildings is provided right below, in Figure 2.

Picture

Year of Type of
constr. Building name use
1968 KIT Teaching
Campus South Building
Building 20.11-
20.14

1968 TU Berlin
Mathematics
Building

Teaching
Building

1970er Heidelberg
University
Campus
Neuenheimer Feld
Building 364
Pharmacy

1970er Heidelberg
University
Campus
Neuenheimer Feld
Building 368

1970er KIT Teaching
Campus South Bldg. Building
30.43 Biotower,
Building 30.44

Chemistryv-Tower Il
1971 KIT Teaching

Campus South SCC Building
Building 20.20-
20.21

Teaching
Building

Teaching
Building

1975 University of
Hamburg
"Geomatikum"

Teaching
Building

1970 Mannheim Office
Helmut Striffler Building
House

=

Description

4 Flat-proportioned grid facade

with regular window spacing
and simple concrete parapets

| External pergolas made of steel

and concrete on the long sides
serve as horizontal escape
routes and facade structuring

elements
Building block with concrete

escape balconies running
completely around the
perimeter as a horizontal access
level, with external stair towers

Building block with concrete
escape balconies running
completely around the

| perimeter as a horizontal access

level, with external stair towers
Vertically structured exposed
concrete fagade with regular
window band grid and clearly
protruding emergency stair
tower at the front

" Horizontal exposed concrete
" facade with continuous,

" projecting gallery levels and

i visible escape staircases along

thelongside

Reinforced concrete slab high-
rise building with galleries
running along thesides as
escape routes and vertical stair
towers

" Steel and glass facade with

delicate stainless steel mullions
in an integrated grid, clear
horizontal window bands, no
escape balconies

bitos/as:

maoohein de/das
eshasude himl

Figure 2. Comparison of similar building types (in Germany) with the building under invest gat on.
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This typology, typical of buildings constructed in the 1960s and 1970s, is characterized by a clearly
def ned modular grid structure. The buildings are usually based on a reinforced concrete skeleton with
a repet t ve structural grid of 3.75 by 3.75 meters. This regularity is visibly ref ected in the facade and
enables the use of prefabricated concrete elements in a repet t ve manner. A dist nct ve architectural
feature is the cont nuous balconies surrounding the building. Originally, these balconies served not
only for maintenance access but also had a f re safety funct on. However, due to today’s stricter f re
protect on requirements, the widths of these balconies are of en insuf cient, posing challenges for
compliance with current regulat ons. In case of renovat on, exist ng building rights protect on no
longer applies, and f re protect on concepts must be redesigned according to current standards. These
issues are discussed in Sect on 2.4.5.

A further challenge lies in the building’s thermal performance. Many of these structures are either
poorly insulated or not insulated at all. The load-bearing elements that cant lever beyond the thermal
envelope to support the balconies create numerous thermal bridges, result ng in signif cant heat
losses. This leads to elevated energy consumpt on, increased CO, emissions, a reduced level of thermal
comfort for users, and, in the worst case, also to construct on defects. Moreover, many materials used
during the original construct on period were contaminated with hazardous substances. For example,
asbestos-containing panels are of en stll found behind suspended ceilings and must be carefully
addressed in any renovat on process.

Within the framework of this demonstrator, the proposed approach will be tested for its replicability
in the context of non-resident al building stock. To identfy suitable renovat on strategies, an
evaluat on matrix that maps dif erent levels of intervent on in the exist ng structure — ranging from
minimally invasive to comprehensive approaches — was developed. The assessment was conducted
based on the following criteria:

e Impact: Reduct on of energy consumpt on, improvement of user comfort, extension of building
lifespan, and potent al for replicat on.

e Feasibility: Compat bility with exist ng building use, cost ef ciency, and low technical complexity.

e Sustainability and circularity: Use of exist ng structures, avoidance of carbon-intensive materials,
low waste generat on, and robustness and adaptability of the proposed solut ons.

e Architectural appearance: Preservat on of the original appearance, clarity of the design concept,
and spat al and daylight quality.

The complete assessment is documented in the Appendix sect on, in Figure A9. Based on the results,
three main strategies were selected for further development and detailed planning. These strategies
are described in the following sect on, Sect on 2.2.2.

2.2.2 Comparison of Dif erent Retrof t ng Strategies

In the following analysis, various renovat on strategies were compared with one another, ranging from
the least invasive to the most invasive intervent ons. Figure 3 presents a schemat c preliminary
representat on of the facade renovat on strategies. In the subsequent sect on of this invest gat on,
several of these strategies were examined and evaluated in more detail.

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.

]



Security level: RINA/CL/PUBLIC

(7 E), SIRCULAR

N

N

il /4

\4 w
|

7

Al

7
&

A A

A -

(1t 1

1. Leave itasitis 2. Partial i 3. | Insul: 4. Partial Thermal buffer 5. Full Thermal buffer 6. New Facade 7. New Facade + Balconies

The building itself is left 23) The opaque surfaces All existing facade All existing facade elements. The existing facade is The existing facade and  The existing facade and the

untouched and not ‘obtain an additional layer of elements remain, The remain. The balconies are removed. The balconies are the balconies from balconies from prefabricated

retrofitted. external insulation on site. opaque surfaces obtain an “wrapped” with a light, “wrapped" with a fully prefabricated concrete  concrete are removed. New
additional layer of internal translucent second layer, functioning thermal are removed. New facade elements are installed wit

Keeping the ariginal 2b) * + The opening frames / insulation on site, The creating a thermally insulating envelope. A new exoskeleton facade elements are new glazing and highly insulated

appearance and vent frames of the windows opening frames / vent buffer zone. is added to take up increased installed with new opaque surfaces. The balconies

avolding costs, waste are exchanged (tbc). frames of the windows loads. The indoor space is glazing and highly are reinstalled,

and (embodied) energy could be exchanged (tbe). extended (partition walls, insulated opaque

for the renovation is 2c) The existing room-high floors, ceilings). The escape surfaces. The escape

given priority over window elements are concept has to be redone. concept hasto be

minimising energy losses removed and refurbished redone.
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Figure 3. Comparison of dif erent renovat on strategies based on t mber reuse.

The aim of developing the spectrum from least invasive (maintaining the building in its current state)
to most invasive (complete demolit on and replacement with a new facade) was to cover a realist ¢
range of all possible intervent ons. Based on this preliminary set of optons - which served as
preparatory work and will not be examined further - three main strategies (A, B, and C) have been
developed. For the subsequent, more detailed analysis, the focus was narrowed to the following
approaches:

e Strategy A: A minimally invasive refurbishment, aiming to preserve as much of the exist ng
structure as possible in order to minimize CO, emissions and not to destroy construct on-related
CO; emissions contained in the exist ng building.

e Strategy B: Avoids demolit on entrely, no embodied energy is released, exist ng facade and
balconies remain intact, complemented by an external glazed layer creat ng a thermal buf er zone.

e Strategy C: Removal of the exist ng facade and introducing new reclaimed t mber frame elements,
which serve as a CO, sink, divided into three sub-variants:

o C.1: Retent on of the facade’s prefabricated elements down to the parapet.

o C.2: Complete removal of balcony elements, with the lost space compensated by a new
f oor.

o C.3:Relocat on of the thermal envelope to the interior, combined with the complete
removal of the surrounding balcony structure.

For simplif cat on, it was assumed that both the roof and the basement ceiling would be retrof t ed
with addit onal insulat on. This measure is ident cal across all strategies and illustrated in Figure 4. In
the following subsect ons of Sect on 2.2.2, the structural drawings for the retrof t ng strategies are
illustrated in detail. Figure 5 refers to Strategy A, while Figure 6 refers to Strategy B. The following
f gures, Figure 7, Figure 8, and Figure 9, refer to the retroft ng strategies C.1, C.2, and C.3
respect vely.
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Figure 4. Roof and basement ceiling retrof t ng strategy with addit onal insulat on (valid for all the
proposed t mber reuse-based renovat on strategies).
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2.2.2.1 First strategy: Strategy A
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Strategy A

This Minimally Invasive strategy relies on a gentle intervention,
presenving the existing fagade and balcony structures in full. Only the
windows and the infill dadding are removed. To improve energy
efficiency, the existing timber structure is doubled on the interior side
and complemented by flank insulation at the ceilings. The new wall
build-up is designed to be vapor-permeable and finished with clay
plaster, which, together with the flank insulation, regulates moisture,
prevents mold growth, and contributes positively to the indoor climate.
A particular challenge arises at the balcony connections: significant
thermal bridges occur here, as this approach does not allow for
continuous insulation. The same applies to ensuring airtightness at the
junctions between new and existing building elements. The doubling of
the timber studs slightly reduces the usable floor area. In addition,
existing electrical and heating systems may need to be adapted to
ensure smooth integration. A further advantage is that the balconies can
retain their function as escape routes, making a new concept for
emergency egress unnecessary.

Detail 1:50 2
(s |

1. flank insulation calcium silicate 50 mm
2 clay plaster 15 mm
wood fiber board 35 mm
structural timber 200 mm
cellulose blow-in insulation 200 mm
wood fiber board 35 mm
lime plaster 15 mm

Vertical Section 1:50

Horizontal Section 1:50

Figure 5. Structural drawings for the t mber reuse-based retrof t ng strategy A.
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2.2.2.2 Second strategy: Strategy B
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Standard Floor 1:400 (0 Thermal Envelope

Strategy B

This variant avoids demolition entirely, meaning no deconstruction
waste is produced and no embodied energy is released, while the
existing fagade and balconies remain intact. During the
refurbishment, the rooms can continue to be used without
restrictions, as the intervention is carried out externally. By adding a
post-and-mullion fagade with single glazing and extemal shading in
front of the original structure, a thermal buffer zone is created that
can significantly improve the building's energy performance.
However, questions regarding ventilation remain: a purely low-tech
solution is unlikely, and an integrated ventilation system will
probably be required to ensure comfort. Since the balconies would 1 1
no longer serve as escape routes, an additional staircase might be
needed, which at the same time could improve the overall safety
concept. Even if everyday use is reduced, they could still serve as
maintenance access and provide a visual and climatic buffer. h‘:
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Figure 6. Structural drawings for the t mber reuse-based retrof t ng strategy B.
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Standard Floor 1:400 (0 Thermal Envelope

Strategy C1

This option represents the most extensive intervention in the building,
yet it also delivers the highest-performing thermal envelope. While the
removal of many concrete components generates deconstruction 1

waste, the new timber frame facade elements can serve as a CO, sink, ‘ I //, o7,

4 ¢

\l

especially if made from reused or recyded materials. Compared to
variants C2 and C3, this approach removes the entire balcony
and facade elements, including the cantilevering joists, which
need to be cut back as they are not detachable. This leads to a
significantly higher effort in deconstruction. With the removal of
the projecting balconies, the substantial building depth can now
be better illuminated and utilized, improving both spatial quality
and flexibility. During refurbishment, the building would not remain
operational and new escape routes will have to be integrated into the
design, ensuring compliance with current safety requlations.
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Detail 1:50 1

1. larch cladding 18 mm «
battens 60x 30 mm {
counter battens 60x 30 mm |
wood fiber board 40 mm ‘
cellulose blow-in insulation 240 mm
structural timber 240 x 80 mm
OSB/3 board 18 mm
gypsum fibre board 12,5 mm ‘

VenicaI‘Section 1:50

Horizontal Section 1:50

PRI " " " " T

Figure 7. Structural drawings for the t mber reuse-based retrof t ng strategy C.1.
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2.2.2.4 Fourth strategy: Strategy C.2
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Standard Floor 1:400 (U Thermal Envelope
Strategy C2
By dismantling the original fagade and retaining the cantilevering 1:
joists, this strategy creates about 140 m? of extra floor area per 3

level without increasing depth. This significantly improves usable S
space and layout flexibility. A structural analysis must confirm
whether the joists can bear the additional load or require
reinforcement. If needed, supporting pillars under each joist
head could convert the cantilevered balconies into supported

ones.
|
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1. larch cladding 18 mm =
battens 60x 30 mm |
counter battens 60x 30 mm =N
wood fiber board 40 mm 3
cellulose blow-in insulation 240 mm
structural timber 240 x 80 mm
OSB/3 board 18 mm
gypsum fibre board 125 mm
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Figure 8. Structural drawings for the t mber reuse-based retrof t ng strategy C.2.
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2.2.2.5 Fif h strategy: Strategy C.3
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Standard Floor 1:400

Thermal Envelope

Strategy C3

This variant differs from C2 mainly in the slab design of the
former balcony zone: the existing concrete joists are removed
and replaced. This intervention enables new connections to the
reinforced concrete skeleton that comply with current fire and
acoustic standards. The new cross-laminated timber slab can be (IE 7 :
dimensioned to ensure fire resistance, while its significantly lower Ji=r8 { 7“2/ ’,l—-
weight compared to the former concrete elements reduces -

overall loads and avoids additional structural challenges. In terms
of space, the dismantling of the facade yields the same gains as
C2, an enlarged and extended interior with more usable floor
area and flexibility.

Detail 1:50
|
1. larch cladding 18 mm
battens 60x 30 mm
counter battens 60 x 30 mm
wood fiber board 40 mm L
cellulose blow-in insulation 240 mm
structural timber 240 x 80 mm
0S58/3 board 18 mm =N
gypsum fibre board 125 mm P E===
2. Floor 15 mm
impact sound insulation 25 mm R
loose fill 190 mm
cross-laminated timber slab (CLT) 200 mm | f =]
suspended ceiling 450 mm Vertical Section 1:50
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Figure 9. Structural drawings for the t mber reuse-based retrof t ng strategy C.3.
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2.3 Assessment and Validat on

2.3.1 Energy performance before and af er refurbishment

To verify and quant fy the assumpt ons made during the preliminary design process of the three
renovat on variants, an environmental assessment is carried out as the basis for f nal validat on. The
f rst part of the assessment invest gates the energy demand of the exist ng building before and af er
renovat on. The renovated state is modelled using the Hot genroth Sof ware [21] for all three wall-
related strategies A, B, and C, which have been introduced in the previous chapter. In addit on to the
walls, comprehensive measures are also planned to improve the thermal performance of other
building components, such as the roof, basement ceiling, and other adjoining elements. Unlike the
wall, which is evaluated in three dif erent variants, these other components are assigned one uniform
renovat on solut on. This approach ensures comparability across the wall-retroft ng scenarios,
enabling a clear validat on of their respect ve impacts. The object ve of this frst stage of the
assessment is to determine the ef ect of the renovat on about energy savings in the future.

2.3.1.1 Energy performance before renovat on: Exist ng building

To begin with, the exist ng building in its current state is analyzed as the baseline for comparison.
Table 1 presents the most signif cant informat on about the invest gated building, which is located in
the campus of KIT.

Table 1. Informat on about the invest gated building for the retrof t ng strategies.
Informat on Details
Building type University inst tute building with of ce space and laboratories
Year of Construct on | 1970
Heated volume (Ve) | 35,855 m? (determined in accordance with GEG using external dimensions)
Air volume (V) 28.684 m?
Net f oor area Ancr 7,655 m?

The demonstrator building, “Materialprifungs- und Forschungsanstalt Karlsruhe (MPA Karlsruhe)”, is
used as a research facility and consists mainly of of ce spaces, seminar rooms, sanitary facilit es, and
circulat on areas. The technical service rooms are located in the basement and at c, with the
basement being unheated. The building is currently supplied with heat via a district heat ng system,
with heat primarily delivered to the rooms through radiators. No cooling system is installed. Domest c
hot water heat ng has been excluded from the scope of this report due to a lack of available
informat on. In the sanitary areas, a period-typical exhaust vent lat on system is in place, while the
common areas do not have any vent lat on system. Light ng mainly relies on f uorescent lamps, with
many underut lized areas such as basements and storage rooms lacking occupancy sensors. At
present, no regenerat ve energy systems are in place. Accordingly, no photovoltaic system is installed
on the roof, although the roof surface of ers substant al potent al for solar energy generat on.

Figure 10 shows the energy balance of the building in its current state, analyzing heat losses for space
heat ng and heat gains (e.g., solar gains through the windows). Energy losses occur in varying
proport ons through the building envelope, due to air exchange, and during the generat on and supply
of the required energy.
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Figure 10. Breakdown of energy losses for space heat ng (unrenovated state).

As Figure 10 illustrates, a signif cant port on of the overall heat loss — 1,069,350 kWh/a out of a total
of 1,811,752 kWh/a — is caused by transmission through the building envelope. This is primarily due
to the insuf cient thermal insulat on of the exist ng structure. Of all envelope-related losses, 84% are
at ributed to the external walls and windows, while the remaining losses are associated with the roof
and basement. A closer examinat on of the envelope in its current condit on reveals that the largest
share of the envelope consists of an uninsulated standard wall construct on. This construct on is made
up of 0.8 cm HPL panels, an 8 cm wooden stud frame with uninsulated cavit es, and a roughly 1.2 cm
thick wood-based panel. The transparent elements are double-glazed t mber-frame windows from the
1970s. The exterior walls of the top-f oor technical services area are likely concrete with a 1 cm plaster
layer. The vert cal installat on zones are conf ned by an 18 cm metal stud frame f lled with mineral
wool and cladded with 1.5 cm plastered gypsum boards. The roof structure is likely concrete with
minimal insulat on and a bitumen waterproof ng layer. The basement is presumably unheated, and its
ceiling appears to remain in the original as-built condit on.

Table 2 below presents the substandard U-values of the main envelope components of the exist ng
building, as calculated with Hot genroth Sof ware (lef column). These values exceed the maximum
allowable limits def ned by current regulat ons (GEG — Building Energy Act, Germany), which are
presented in the right column.

Table 2. U-values of the main building envelope elements.

U-value U-valuemax
Envelope element Unrenovated GEG
[w/(m?K)] [w/(m?K)]
Flat roof 1.22 0.24
Exterior door 3.50 1.80
External wall technical f oor (top f oor) 3.02 0.24
External wall installat on zones 1.60 0.24
External wall facade elements 2.25 0.24
Windows 2.70 1.30
Basement ceiling 1.01 0.30
Secondary facade (strategy B) - -

The currently low-performing envelope and outdated building services lead to a high energy demand
of the exist ng building. The energy demand of the building is presented in Table 3.
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Table 3. Energy demand of the unrenovated building.

Parameter Value
Final energy demand [kWh/a] 1,401,229.0
Primary energy demand [kWh/a] 1,862,016.0
Primary energy demand per square meter of usable f oor area [kWh/m?a] 243.2

2.3.1.2 Energy performance af er renovat on

In a second step, the values outlined above are compared with the projected energy demand af er
renovat on to assess its impact. The assumpt ons for this init al analysis are based on the preliminary
design of the renovat on scenarios and incorporate generalized est mates where necessary, to provide
a consistent assessment and support decision-making at this early stage of the planning process. The
renovat on comprises the following measures as described in Sect on 2.2:

Retrof t ng of the walls in three variants (Strategies A, B, and C): Three promising wall designs were
selected from the preliminary set of variants (see sect ons 2.2.3, 2.2.4, and 2.2.5). To compare their
performance from an energy point of view, each design is modelled as a separate scenario using the
Hot genroth Sof ware.

Retrof t ng of the roof: The exist ng roof, which provides only limited thermal performance, is
retrof t ed with an extensive green roof on an addit onal 30 cm thick layer of high-performance, bio-
based insulat on. This improves the insulat ng propert es of the retrof t ed building component
signif cantly, achieving a U-value equal to 0.12 W/m?K. The same measure is applied across all three
retrof t ngscenarios.

Retrof t ng of the basement: Insulaton of the basement ceiling has been identfed as an
economically ef cient method to reduce thermal losses. Accordingly, the basement ceiling is insulated
to achieve a U-value of 0.28 W/m?K. Again, the same measure applies to all three scenarios.

Revised energy concept: To support the transformat on towards ZEB, the building services are
retrof t ed according to the following in all renovat on scenarios. Given the high quality of the building
envelope components in all renovat on variants, the heat ng system can be converted to a ground-
source heat pump supplying heat via low-temperature radiators. The main distribut on system will be
insulated. Due to a lack of informat on, hot water generat on has not been considered either in the
current state or in the renovat on scenarios. The exhaust system in the sanitary areas will be renewed,
and the light ng will be reviewed and upgraded to LED technology. In addit on, the installat on of
occupancy sensors in corridors, sanitary, and storage rooms of ers the possibility of energy savings
through reduced operat ng t mes. As the roof of ers signif cant potent al for installat on of a PV system,
PV modules will be mounted as part of the virtual renovat on concept to cover the building’s electricity
demand. The structural capacity of the roof to support the addit onal load of the PV and the extensive
green roof would need to be verif ed during the detailed planning phase of an actual building project
to determine whether any reinforcement measures are required. For the purpose of this virtual
demonstrat on, however, the roof is assumed to have suf cient structural capacity to support the
loads of the PV system, based on preliminary est mates.

Table 4 provides an overview of how the main envelope components perform af er the renovat on
(strategies A, B, and C) and compares them to the current maximum values given by the exist ng law
(GEG). As Table 4 indicates, the solut ons developed within the virtual demonstrat on of the SIRCULAR
project substant ally enhance the U-values of the main envelope components, thereby reducing
thermal losses and contribut ng to the transformat on towards a zero-emission building.
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Table 4. U-values of the main envelope elements according to the retrof t ng strategy.

U-value U-value U-value U-value U-value
Envelope element Unrenovated GEG Strategy A | Strategy B | Strategy C
[W/(m?K)] | [W/(m*K)] | [W/(mK)] | [W/(m?K)] | [W/(m?K)]
Flat roof 1.22 0.24 0.12 0.12 0.12
Exterior door 3.50 1.8 1.30 3.50 1.30
External wall technical 3.02 0.24 013 013 013
f oor (top f oor)
External wall installat on 1.60 0.24 0.45 1.60 0.45
zones
External wall facade 2.25 0.24 0.15 2.25 0.15
elements
Windows 2.70 1.3 0.80 2.70 0.80
Basement ceiling 1.01 0.30 0.28 0.28 0.28
Secondary facade
(strategy B) 0.95

The previous table, Table 4, highlights signif cant improvements across all three scenarios. As a result
of the reduced transmission losses and the updated energy concept, the corresponding f nal and
primary energy demands for the three renovat on scenarios are presented in Table 5 and Figure 11,
present ng the energy demand according to each strategy and the result ng savings, respect vely. The
result ng savings are in the range of 91% to 94%, which are very promising. Both f nal and primary
energy savings are key indicators for assessing the ef ect of the dif erent renovat on strategies.

Table 5. Energy demand of the building according the retrof t ng strategies.
Parameter ‘ Unrenovated ‘ Strategy A ‘ Strategy B ‘ Strategy C
Final energy demand
Final energy demand in total [kWh/a] 1,401,229 130,686 150,505 12,014

Final energy covered by PV [kWh/a] 0 - 52,308 - 52,308 - 52,308
Net balance [kWh/a] 1,401,229 78,378 98,197 74,706
Net balance per m? [kWh/m?a] 183 10 11 10

Primary energy demand
Primary energy demand in total [kWh/a] 1,862,016 235,235 270,909 228,625

Primary energy covered by PV [kWh/a] 0 -94,154 -94,154 -94,154
Net balance [kWh/a] 1,862,016 141,081 176,755 134,471
Net balance per m? [kWh/m?a] 243 18 19 18
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Final energy demand [kWh/a] Primary energy demand [kWh/a]
-94% -93% ) -95% ) -82% _ -81% _ -93%
1.401.229 78.378 98.197 74706 1.862.016 141.081 176.755 134.471
Unrenovated Strategy A Strategy B Strategy C Unrenovated Strategy A Strategy B Strategy C
(a) (b)

Figure 11. The energy demand according to each retrof t ng strategy. The results (a) for the f nal
energy demand, and (b) for the primary energy demand.

These diagrams show that a substant al reduct on in energy demand is achieved across all renovat on
scenarios, with only minor dif erences between them. With a slight edge, the most comprehensive
measures (Scenario C) deliver the best overall performance. For later comparison of operat onal
energy savings with construct on-related embodied energy, the f nal energy demands calculated
above are converted into GHG emissions according to an appendix of the German Energy Law (GEG)
[22]. To this end, the energy demand values are mult plied by the respect ve emission factors def ned
for each energy carrier (e.g., electricity, natural gas, and district heat ng). These factors represent the
average specif c greenhouse gas emissions per unit of delivered energy, expressed as CO,-equivalents.
The result ng values quant fy the operat onal GHG emissions of the exist ng building in kilograms of
CO;-equivalents per year. The results are presented in Table 6.

Table 6. The energy demand converted into GHG emissions according to the German Energy Law.

Parameter Unrenovated | Strategy A | Strategy B | Strategy C
Final energy demand per year
[kWh/a] 1,401,229 78,378 98,197 74,706
Final energy savings per year
[kWh/a] 1,322,851 1,303,032 1,326,523
GHG emissions per year
573.4 43.9 55.0 41.8
[t COz.cq/a]
GHG emission savings per year i 5295 518.4 5316
[t COz.eq/a]

As a preliminary outcome of the energy assessment, the projected annual f nal energy savings for the
renovat ons relat ve to the non-renovated baseline amount to approximately 1.3 million kWh/a and
520 tonnes of greenhouse gases, across all three renovat on scenarios. This project on is notably
conservat ve, and the actual CO; savings are expected to be higher as the decarbonizat on of the
electricity grid cont nues. These developments are part cularly relevant to the ecological operat on of
heat pumps, especially in dense inner-city areas where roof space is typically insuf cient to fully meet
electricity demand, which also applies to the demonstrator project. By 2030, Germany aims to source
around 80 percent of its electricity from renewable sources, with steps towards nearly 100 percent
renewables in the subsequent decade, signif cantly improving electricity-operated energy systems
[23].

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily

ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.




Security level: RINA/CL/PUBLIC

2.3.2 Life-cycle-Assessment of renovat on measures

2.3.2.1 LCA of the three renovat on strategies

Following the assessment of operat onal energy savings, the next sect on evaluates the renovat on
strategies in terms of embodied energy result ng from the renovat on measures and associated
maintenance over a 50-year period. Accordingly, this sect on aims to determine the environmental
footprint of the dif erent renovat on strategies, ult mately enabling a comparison of the GHG input
required for renovat on and the GHG savings due to the lower energy demand. At this stage, it is
important to emphasize that the assessment is based on qualif ed assumpt ons and est mates, due to
the preliminary design status and limited data availability. In the context of the virtual demonstrat on,
opportunit es to gather a complete dataset or invest gate unknown aspects of the exist ng structure
are inherently limited. Consequently, the assessment should be regarded as a preliminary basis for
decision-making.

Figure 12 below illustrates the results of the LCA for all three renovat on variants across a 50-year life
cycle. The diagram quant f es the Global Warming Potent al (GWP) in kg CO,-eq for the ent re building,
allowing an assessment of the overall ecological footprint of the renovat on. The assessment includes
Modules A1-A3, C3, and C4, covering the construct on phase and all maintenance or replacement
expected over the 50-year period. This analysis does not include the potent al recycling of the used
materials for the renovat on strategies. This potent al could further reduce the GWP of the strategies.

1,600,000 -

1,400,000 -
1,347,619.35

1,290,499.35
1,200,000 - 1,231,583.47

1,000,000 + 1,027,583.47
800,000 A

600,000 -

GWP [kg CO,-eq]

400,000 -

200,000 -

renovation strategy A renovation strategy B renovation strategy C

I overall balance excl. thermal utilisation overall balance incl. thermal utilisation

Figure 12. Global warming potent al of renovat on strategies (over 50 years).

The lighter bars represent the overall balance including thermal ut lizat on, complying with LCA
standards. In addit on, the darker bars illustrate an alternat ve outcome in which the carbon stored in
the solid t mber components remains sequestered, ref ect ngt mber reuse as a future scenario instead
of incinerat on. To this end, Module C3 (Waste Processing) has been determined separately for the
solid t mber parts of the construct ons (see also Table 7) and deducted from the overall balance. Doing
so leads to a considerably lower GWP — especially in the t mber-rich Strategy C — emphasizing the
strong climate mit gat on potent al of reusing building components rather than direct ng them into
the waste stream. The incorporat on of addit onal reused or recycled materials beyond the reclaimed
t mber components could potent ally reduce the GWP of the renovat ons even further —an aspect not
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yet ref ected in the previous f gures. This perspect ve not only highlights the large amounts of
embodied energy stored in the exist ng building stock but also underscores the opportunit es arising
from keeping this carbon in circulat on. By select vely dismantling and reusing components instead of
releasing carbon through demolit on and incinerat on, a powerful lever for climate mit gat on in the
building sector can be act vated. The diagram also illustrates how incinerat on af ects the dif erent
renovat on strategies to varying degrees, partcularly to the disadvantage of t mber-based
construct ons. Renovat on Strategy B, with its high proport on of carbon-intensive glass surfaces,
results in the highest GWP values under both calculat on methods, slightly exceeding those of Strategy
C. However, this gap widens signif cantly when incinerat on is excluded from the end-of-life scenario.
In that case, Strategy C — which incorporates the highest share of t mber — shows a substant ally
improved carbon balance. Regardless, Strategy A performs best in both scenarios. As the least
intrusive approach, it requires minimal resource input. Moreover, it makes extensive use of exist ng
structures and involves only minor deconstruct on work.

In this context, it is important to note that the LCA carried out for this report does not ref ect and
qguant fy deconstruct on measures. The dif erences in retained building mass among the renovat on
strategies are therefore not accounted for. While Strategies A and B both preserve most of the exist ng
structure, Strategy C involves full deconstruct on of the envelope and balconies, requiring energy and
generat ng waste. These impacts fall under Modules C1-C4 but are not included in the standardized
LCA assessment. Furthermore, the results presented above are based on standard values for t mber,
which refer to freshly sourced wood. Consequently, this assessment does not take into account that,
in the SIRCULAR renovat on scenarios, the t mber is sourced through urban mining and has been used
before. Factoring this into the LCA is challenging and requires a more detailed look. The following
sect on will explore possible approaches to represent and quant fy the reuse of t mber in the LCA.

2.3.2.2 Opportunit es and limits in ref ect ng reuse and future reusability in the LCA

While it may be a future challenge to ensure that components constructed today are protected from
incinerat on f f y years or more from now, the opportunity to save and reintegrate already available
building materials is immediate and act onable. This is the approach taken by the three renovat on
strategies presented in this deliverable: all of them incorporate reclaimed t mber. To determine the
posit ve impact of this design decision on the renovat on’s environmental footprint, this factor needs
to be adequately captured in the LCA. Even if achieving a fully accurate picture is challenging, it can
be very valuable to quant fy aspects that are important to foster — even though dif cult to ref ect
numerically — such as the reuse of building components. For this purpose, dif erent methods are
currently discussed, as analyzed by Allacker et al. [24] and De Wolf et al. [25], based on three dif erent
use phases:

e frst-t me usage with the resource being produced from scratch (e.g., through forestry and
product on plants),

e mid-phase usage, with the resource being reused (can be repeated several t mes),

e last-t me usage, af er which the resource is not reused again (instead, it is ut lized, disposed of, or
downcycled).

While there are several approaches currently being discussed to ref ect reuse in the LCA, one of them
is chosen for the scope of this report to show potent als and current limitat ons. Due to its pract cal
approach, the Cut-Of method [26], as implemented in several frameworks such as ISO 14040 [27], is
selected. The Cut-Of method suggests to allocate environmental ef ects to the phase where they
actually occur. Accordingly, the concept implies that the Product Stages A1-A3 are excluded when
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reclaimed material is used, and that the End-of-Life Module Cis only considered in the f nal use cycle.
Furthermore, it provides incent ves by assigning a reuse credit in Module D (“Benefts and loads
beyond the system boundary”).

In order to demonstrate the Cut-Of -method and its implicat ons, part cularly in relat on to reclaimed
wood, it will be applied on a material level for the solid t mber parts of the three dif erent renovat on
designs. The result ng GWP balance for the whole building across all three variants is shown in Table
7. The procedure will be explained below.

Table 7. CO; savings from reuse as ref ected under the Cut-Of method.

Parameter o[;g?;‘;i:t Strategy A | Strategy B | StrategyC
Amount of solid t mber in m3 1 75 70 250
A1-3 (GWP in kg CO,-eq.) for t mber parts -727 -54,525 -50,980 -181,750
C3 (GWP in kg COz-eq.) for t mber parts 816 61,200 57,120 204,000
D (GWP in kg CO,-eq.) for t mber parts -12.87 -965 -901 -3,218
Balance of whole building before
applicat on of Cut-Of -method for
reclaimed t mber parts (GWP in kg CO,- i 866,805 1,347,619 | 1,231,583
eq., incl. A1-A3, C3-C4)
Balance of whole building af er
applicat on of Cut-Of -method for
reclaimed t mber parts (GWP in kg CO,-
eq., incl. A1-3, C3-C4; deduct on of A1-A3 i 859,165 1,340,488 | 1,206,115
and C3 for t mber parts, addit on of D for
t mber parts)

According to the phase model, the t mber parts in the SIRCULAR renovat on strategies can be classif ed
as mid-phase usage, as they originate from prior applicat ons and are expected to be reused in the
future. In this case, the Cut-Of -method suggests the omission of the Product Stage Modules A1-A3.
The same applies to the End-of-Life Modules C3 and C4, as mid-phase usage implies that the reclaimed
materials will be further reused instead of being incinerated. Credits are granted from the Recycling
Potent al Module D. All these values are determined separately, as shown in Table 7, and accounted
for in the overall balance.

With this calculat on method, the Cut-Of -method aims to ref ect the expected environmental burdens
and credits of an isolated mid-phase usage life cycle as accurately as possible. Nevertheless, this
method remains approximate. For instance, reclaimed t mber stll requires processing steps and
transport similar to fresh wood before it can be reused. These aspects are not accounted for when
stages A1-A3 are ent rely omit ed. To address this distort on, emissions related to processing steps of
reclaimed materials could be approximated by using modules C1 and C2 for the mining process and
transports, and selected parts of A1-A3 for the processing itself. However, this is not foreseen under
the Cut-Of method and must be further invest gated.

Another challenge lies in def ning the applicable usage phase (f rst, mid, and last) in the f rst place,
especially with regard to potent al life cycles that may or may not follow. Any future reuse remains
inherently speculat ve at the t me of design and construct on. Moreover, buildings are seldomly
designed to enable ease of disassembly and direct reuse. Allowances with regard to future reuse, as
suggested in the Cut-Of -method by omission of the End-of-Life scenario (C1-C4), may therefore be
viewed crit cally. As a consequence, it could be reasonable to set the “worst-case scenario” —allocat ng
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all environmental burdens from Module C — as the default. Any deviat on from this, such as omit ng
Module C, should be subject to specif c condit ons. For instance, a circularity concept could be
provided, showing that the design is suitable for non-destruct ve deconstruct on and reuse in the
future, i.e., by planning with reversible connect ons, avoiding glues, avoiding composite materials, etc.
This could prevent the improper omission of environmental burdens associated with the end-of-life
stage and further incent vize circular construct on. Lastly, while the Cut-Of method is well-suited for
est mat ng the expected environmental ef ects of a construct on measure, it is less suitable for
retrospect vely assessing the cumulat ve impact across all life cycles of a material. The reuse credit
allocated in Module D during one cycle and the avoided primary producton in A1-A3 in the
subsequent cycle would result in double-count ng.

With the SIRCULAR renovat ons placing part cular emphasis on reclaimed t mber, it is important to
note that wood, as a renewable building material, behaves dif erently in CO;, balances compared to
non-renewable materials, due to its inherent carbon storage capacity. For most building materials in
mid-phase usage, the Cut-Of -method leads to the omission of environmental burdens from both the
Product Stage and the End-of-Life Stage, thereby appropriately rewarding sustainable pract ces. In the
case of t mber, however, the Product Stage is associated with a negat ve total GWP, as the carbon
sequestered during the tree's growth signif cantly outweighs the minor fossil emissions from
processing. The stored biogenic carbon is only released at the end of life if the material is incinerated.
At that point, the previously negat ve and the newly posit ve values roughly cancel each other out.
The same balancing ef ect occurs when both the product and end-of-life stages are omit ed, as
suggested for a mid-phase life cycle assessment. Theoret cally, this could lead to a misleading
advantage for f rst-use t mber in the LCA: fresh wood appears part cularly benef cial due to its negat ve
GWP in the product stage, while the release of carbon at end-of-life is excluded if reuse is ant cipated.
This undermines the intent on of promot ng reuse, as it disincent vizes the integrat on of reclaimed
renewable material.

Two key points must be considered in this context. Firstly, Module D becomes relevant here. It allows
the posit ve ef ects of reuse to be part ally captured. However, it must be acknowledged that Module
D ref ects future recycling potent als, not the actual use of reclaimed material within the current
system. Secondly, it should be further examined whether biogenic carbon is to be included in the total
GWP at all. Excluding the carbon stored in the material resource could help prevent distort ons in the
results caused by varying allocat on of carbon release, part cularly in t mber construct on. In this case,
the GWP considered in the LCA would ref ect only fossil emissions, for instance, those from product on
processes. The biogenically stored carbon could be reported separately. Such a separat on would, in
turn, make the omission of these emissions in a reuse scenario both more meaningful and
methodologically accurate.

In summary, Table 7 shows that the CO; savings from reuse, as ref ected under the Cut-Of method,
remain moderate compared to the overall results. Therefore, LCA should not be the sole means of
assessing and incent vizing reuse and circular construct on. Complementary tools, such as circularity
indices (see Sect on 2.2.4), are essent al. Overall, the representat on of reuse and reusability in LCAs
remains a subject of ongoing discussion and is st Il evolving toward appropriate methodological
treatment. Yet, many of the benef ts of reuse lie beyond the scope of current LCA frameworks. Reuse
can foster new value chains and economic opportunit es, and more broadly, it has the potent al to
reshape our relat onship with material resources. At scale, it may even help reduce land take, preserve
natural habitats, lessen reliance on industrial forestry, and contribute meaningfully to addressing the
global biodiversity crisis.
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2.3.3 Life-cycle-cost analysis

Life-cycle-cost (LCC) analysis is a well-established method for assessing the comprehensive f nancial
implicat ons of a building or refurbishment project throughout its ent re lifespan, encompassing init al
investment, component replacements, maintenance, refurbishment, cleaning, and operatonal
expenses. However, conduct ng an accurate LCC requires detailed and reliable data, which can be
challenging to obtain — part cularly during the early stages of a project and when renovat ng exist ng
buildings. Despite these uncertaint es related to the preliminary planning phase of the SIRCULAR
renovat on strategies, cost considerat ons remain a crit cal factor in decision-making and are therefore
approximated here as accurately as possible.

To support this, the German Sustainable Building Cert f cat on System (BNB) of ers an LCC-tool,
facilitat ng the standardized assessment of life cycle costs. The LCC-analysis for the SIRCULAR
renovat on strategies was conducted using the BNB tool tailored for of ce buildings (BNB_B),
providing a comprehensive assessment of the building’s performance over a 50-year period [29].

As an init al step, the investment costs of the three dif erent variants were determined based on a
detailed cost est mat on of the renovat on measures, broken down to the level of individual building
components. These est mated costs have been derived from mult ple sources to ensure accuracy and
reliability. Primarily, the “Standardleistungsbuch” [30], a standardized catalogue of constructon
services widely used in German-speaking countries for pricing and tendering, serves as a reference.
Addit onally, data from the “Baukosteninformat onszentrum Deutscher Architektenkammern” (BKI)
[31], which provides comprehensive construct on cost informat on and benchmarks, was used. Finally,
pract cal experience from ongoing building projects was incorporated to complement and validate the
f gures. Exist ng building elements have not been included in the costs. The same applies to costs
associated with deconstruct on measures.

Based on the result ng investment costs for the renovat ons, replacement costs over a 50-year period
were calculated using the BNB tool, which relies on an associated standardized table providing
maximum service lives for various building components. In addit on to replacement costs, the BNB
tool also includes inspect on and maintenance, refurbishment, cleaning, and energy costs in its
calculat ons. Although water and sewage costs are typically considered, they were excluded from the
overall assessment in this report due to insuf cient data. However, these costs would remain constant
across all renovat on variants and therefore would not af ect the comparat ve evaluat on of the
building envelope systems.

The energy costs were calculated based on the previously def ned energy demands per renovat on
variant and the predef ned energy costs for the respect ve carrier media in Germany. To account for
the total energy expenses over a 50-year period, the BNB tool incorporates an annual price escalat on,
along with a discount rate to convert the sums into present value. Figure 13 illustrates the LCC-results
for all three renovat on strategies.
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Figure 13. Life-Cycle-Costs’ results according to the retrof t ng strategy, for (a) Strategy A, (b)
Strategy B (b), and (c) Strategy C.
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The results show that renovat on Strategy A, as the least intrusive variant, creates the lowest overall
costs over a period of 50 years, while Strategy B is expected to be the most expensive variant, with a
slightly higher proport on of energy costs compared to investment costs. Strategy C occupies an
intermediate posit on with relat vely low energy costs but the highest investment costs.

A crit cal aspect ident f ed during the LCC assessment is the set of service life assumpt ons. For
instance, components such as wood f bre boards or windows are assigned a maximum service life of
40 years by the BBSR, which automat cally triggers a full replacement in the model, looking at a 50-
year period. In reality, however, this may not always be necessary. A slight reduct on in insulat on
performance, as may occur with ageing wood f bre insulat on, does not inherently just fy complete
replacement, especially if the material stll performs adequately. Nevertheless, the calculat ons
presented above assume full replacements within the predef ned t meframes. In this context, the
payback periods indicated in sect ons 2.4.2 and 2.4.3 can be considered conservat ve, as a signif cant
port on of environmental and f nancial costs could potent ally be avoided if replacements are not
required in every case.

The fact that reclaimed t mber is used instead of fresh t mber has not been factored into the LCC
calculat ons of this deliverable. At present, there is no reliable data on the cost implicat ons of material
reuse. Nevertheless, the potent al for t mber reuse to reduce long-term material acquisit on and
disposal costs is promising. However, while reuse can of er considerable economic and environmental
benef ts in the future, it may presently even lead to increased upfront costs. This is largely due to the
absence of standardized processes and industrial experience with reclaimed materials, and the
addit onal planning complexity involved of en necessitates individual solut ons, detailed assessments,
or special approvals. As such, the f nancial impact of reuse remains dif cult to quant fy at this stage.
Nonetheless, as circular construct on pract ces mature and reuse strategies become more widespread,
supported by evolving regulatory frameworks and market structures, a reduct on in both cost and
planning ef ort is expected in the medium to long term. To accurately capture these dynamics,
appropriate methodologies for cost calculat on and their integrat on into LCC assessment tools must
be developed and implemented progressively as more experience is gained through pilot projects and
living labs.

2.4 Validat on of environmental aspects

2.4.1 Achieving ZEB status

For an evaluat on of the progress towards ZEB status, the share of non-renewable primary energy
demand (PENRT) from the overall primary energy demand is part cularly important. Due to the limited
roof area available for photovoltaic (PV) installat on relat ve to the large total f oor area of the high-
rise building, the on-site solar energy generat on is insuf cient to meet the building’s total energy
demand for operat ng the ground-source heat pump, light ng, and all other technical equipment. As
shown in Table 5, the roof op PV system can supply 52,308 kWh/a of f nal energy and 94,154 kWh/a
of primary energy. The remaining demand must be covered by electricity purchased from the grid.
According to the German Environment Agency (UBA), renewable energy sources accounted for 54.4 %
of the electricity sector in 2024 [19].

The non-renewable primary energy demand therefore makes up around half of the total primary
energy demand. If the building owner decides to procure electricity exclusively from a renewable
provider, the actual share of non-renewable primary energy would be zero. However, even if this is
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the case, purchased electricity does not fall under §23 of the German Buildings Energy Act (GEG) [32],
and therefore, cannot be deducted from the primary energy demand. Instead, it must be accounted
for in energy balances as the nat onal electricity mix, which includes both renewable and non-
renewable sources. This regulat on ensures consistency, comparability, and transferability of results.

Strictly speaking, this means that none of the renovat on variants achieves a zero non-renewable
primary energy balance, not even the most extensive measures implemented in Scenario C. On the
one hand, this results from the calculat on method prescribed by German energy legislat on. On the
other hand, it highlights both the challenges of retroft ng this specif c building typology and its
relevance, given the part cularly high energy demand of this type at the current renovat on rate.
However, achieving ZEB status could become feasible in the future by expanding PV capacity — for
instance, by installing PV facade panels on opaque building surfaces or through carport structures with
integrated PV modules on the exist ng parking lot. In pract ce, procuring renewable-only electricity
from an eco-provider could reduce the building’s actual non-renewable energy demand to zero at any
t me, although this is not ref ected in the of cial account ng framework. Addit onal measures, such as
neighborhood-level energy solut ons or the applicat on of art f cial intelligence, could further opt mize
energy performance and contribute to reaching net-zero targets.

2.4.2 LCA-related aspects and environmental payback

The determinat on of the environmental payback builds on the results of the previous assessments:
the energy demand evaluat on of the unrenovated and renovated building, and the LCA of the
renovat on measures in terms of GWP. The payback period expresses the t me required for the
ecological benef ts of a refurbishment — namely, the reduct on in operat onal emissions through
energy savings — to compensate for the embodied emissions generated during the implementat on of
the renovat on. It is calculated as the rat o of embodied GHG emissions (kg CO,-eq.) to the annual GHG
savings achieved by the measure (kg CO,-eq./a). In essence, the environmental payback period ref ects
when the intervent on transit ons from an ecological debt into a net climate benef t. It can thus be
regarded as a simplif ed ecological cost-beneft calculat on, clearly highlight ng the balance point
between environmental investment and return.

For the purpose of this validat on, the reuse-specif c aspects discussed in the second part of sect on
2.3.2 are not considered, as their ref ect on in the LCA remains experimental and is not compliant with
an agreed-on standard. The data used for the determinat on of the environmental payback-t me are
therefore taken from the LCA including the Modules A1-A3 and C3-C4. Figure 14 illustrates the
environmental payback period for the dif erent retrof t ng strategies.
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Figure 14. Environmental payback period according to the retrof t ng strategy, for (a) Strategy A,
(b) Strategy B (b), and (c) Strategy C.
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As can be observed from Figure 14, the GHG payback is reached af er 1.96 years (Strategy A), 3.11
years (Strategy B), and 2.78 years (Strategy C). Af er this period, the annual energy savings, shown by
the dot ed line, surpass the init al GHG emissions invested in the renovat on measures, represented
by the solid line. Among the three opt ons, Strategy A achieves the most favorable outcome. For all
three renovat on strategies, these est mates are conservat ve, as posit ve ef ects from reuse and reuse
potent als are not considered, and the end-of-life scenario, including thermal ut lizat on, is likewise
caut ously assessed.

2.4.3 LCC-related aspects and f nancial payback

Besides the environmental impact, determining the f nancial payback period can have a part cularly
pract cal purpose with regard to renovat ons, as it is crit cal for validat ng and demonstrat ng the
economic viability of renovat on measures to building owners and stakeholders. This, in turn, can
encourage increased investment in energy-ef cient renovat on and help accelerate renovat on rates
EU-wide. In this deliverable, the f nancial payback period is def ned as the t me required to recover
the init al renovat on investments through projected energy cost savings due to building envelope
improvements and retrof t ng of renewable energy systems.

In order to enable comparison between the investment costs of the renovat on variants, and the
corresponding energy savings relat ve to the unrenovated state, the total energy costs over a period
of 50 years are shown in the table below, Table 8.

Table 8. Operat onal energy savings according to strategy.

Parameter Unrenovated | Strategy A | Strategy B | Strategy C

Specif c operat onal energy costs over 50 1,701 280 305 266
years [€/m?]
Operat onal energy costs over 50 years 12,726,280 2,091,314 | 2,620,133 1,993,336
[€]
Operat onal energy cost savings over 50 - 10,634,966 | 10,106,147 | 10,732,944
years [€]

. - 3,219,873 | 3,454,520 | 3,645,423
Total investment costs for renovat on [€]

- 25 27 27
Financial payback t mes [Years]

As shown in Table 8, the operat onal energy savings compared to the unrenovated state are
signif cant. When applying the dynamic pricing model suggested by the BNB-LCC-tool to account for
projected energy cost developments, the f nancial payback of the total investment is reached af er
approximately 25 years for Strategy A, and 27 years for Strategies B and C.

In this context, it is important to note that this f nancial outlook is stll conservatve and rather
theoret cal, as CO; prices are expected to rise substant ally over the coming decades, while reliance
on fossil-based heat ng methods will be legally restricted within a relat vely short t meframe. The gap
in cost savings between the non-renovated and the renovated scenarios would therefore cont nue to
widen if no measures were taken, and investments would become compulsory at some point. This is
what the current energy legislat on in Germany indicates: a legislat ve ban on pure fossil-fuel heat ng
systems came into ef ect in 2024 for new construct on, requiring at least 65 percent renewable energy.
By 2045, the use of fossil-based heat ng will no longer be permit ed at all [33]. With the projected
energy savings shown in Table 8, nearly 1 million euros can be recovered within the f rst 10 years
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following the renovat on in all three variants. This clearly demonstrates the signif cant economic
potent al of energy-ef cientretrof t ng, part cularly for large buildings with high energy consumpt on,
such as universit es or of ce complexes.

2.4.4 Circularity index

In addit on to integrat ng reclaimed materials into today’s construct on projects, it is becoming
increasingly important to design buildings that are opt mized for reuse at the end of their life cycle.
Such an approach gradually prepares the building stock for future circular applicat ons by ensuring
that structures can be dismantled without demolit on, allowing components to re-enter cycles of
reuse, recycling, or biodegradat on. A useful tool to measure this is the Circularity Index, which
evaluates buildings and construct on methods based on criteria such as reusability, recyclability,
biodegradability, and design strategies for clean material separat on across the ent re life cycle, from
raw material extract on to dismantling and reuse.

The innovat ve renovat on strategies presented above consistently follow the principles of circular
construct on: materials are applied in a pure and separable form, reversible connectons are
priorit zed, adhesives or irreversible bonds are avoided, and natural, non-toxic materials are used.
Within this framework, the three approaches dif er in terms of their complexity depending on the
level of intervent on. Another signif cant challenge arises with achieving airt ghtness, which is crucial
for improving the building’s energy ef ciency, as discussed also in Sect on 3.1.3. Standard materials,
such as PE membranes and convent onal adhesive tapes, are problemat c because they are dif cult to
separate and are not recyclable. Laminated or permanently bonded products further reduce the
potent al for clean disassembly. To address this, in the approach, solid wood boards are used, which
are connected to the t mber studs with wooden nails, minimizing the need for adhesives. Where
adhesives are unavoidable, recycling-friendly or removable opt ons are priorit zed.

Strategy A uses minimally invasive prefabricated modules with wooden joints, and the screws are
needed to secure the clay boards. With only natural materials, all components are reusable,
recyclable, or biodegradable. The low-tech approach simplif es both assembly and disassembly.
Strategy B uses prefabricated post-and-beam elements from reclaimed t mber, combined with
mechanically detachable steel parts. Single glazing is chosen to maintain the recyclability of the glass.
This system achieves a high level of prefabricat on and of ers strong disassembly potent al. Strategy C
relies on prefabricated wall elements mounted onto the exist ng concrete structure with reversible
f xings. Wooden joints and nails are priorit zed, while metals are used economically when needed and
in such a way that they are easy to disassemble. In this case, triple glazing is required for the facade,
to ensure the thermal requirements, which reduces the recyclability of the windows due to the
bonded glass layers and air-f lled cavit es that complicate the separat on process.

In summary, all three renovaton strategies demonstrate high circularity through reversible
connectons and material purity, with Strategy A achieving the highest potental for complete
biodegradability and excelling through its minimal material consumpt on, while Strategies B and C
balance circularity with structural performance requirements. Overall, these approaches show that
circular renovat on is technically feasible across dif erent intervent on levels, but each strategy
requires specif c compromises between sustainability goals and building physics requirements.
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2.4.5 Other aspects
2.4.5.1 Usability of spaces during refurbishment

Since building refurbishments usually extend over a longer period, choosing the appropriate strategy
is crucial. A central quest on is whether the building must be closed ent rely during the works, or
whether a phased refurbishment, for example by f oor, by room, or by facade sect on, is possible.
Since this study addresses only the building envelope, it is assumed that the rest of the structure is
unaf ected.

Strategy A enables room- or f oor-wise refurbishment with minimal intervent on. The lightweight
prefabricated facade elements can be installed without large machinery, reducing noise and
construct on t me while allowing the building to remain largely in use. These crit cal points are also
discussed in Sect on 3 of this report. Strategy B avoids intervent ons inside the building but requires
scaf olding and crane operat ons on the facade. The construct on t me is relat vely short due to large,
prefabricated elements, though noise and anchoring works may temporarily restrict use. Strategy C
involves the complete removal of the exist ng facade. While the building cannot be used during the
works, this approach provides addit onal usable space, fexible layouts, and opportunites for
comprehensive modernizat on.

In summary, the three refurbishment strategies dif er primarily in their level of intervent on and
impact on building usability. Strategy A enables a low-invasive refurbishment process, allowing the
cont nued occupat on of the building with minimal disrupt on. Strategy B maintains internal
operat ons but requires signif cant external installat on ef ort, while Strategy C demands full closure
during works, albeit of ering the most extensive modernizat on potent al. Considering the object ves
of minimizing user disrupt on, maintaining building funct onality, and ensuring an ef cient
refurbishment process, Strategy A is considered the most suitable. Its lightweight prefabricated
system provides a balance between constructon, ef ciency, and spatal usability, making it
part cularly suitable for occupied buildings and phased renovat on approaches.

2.4.5.2 Architectural appearance in renovat on strategies

As described in Sect on 2.2.1, the buildings from the 1960s and 1970s are characterized by a modular
grid in reinforced concrete skeleton construct on, whose regularity is ref ected in the facades with
prefabricated concrete elements and cont nuous balconies. In addit on to the structural challenges
during renovat on, the external appearance and its future management play a signif cant role. The
following strategies adopt three dist nct approaches, which are summarized right below.

Strategy A follows a minimally invasive approach: the exist ng building is largely preserved,
maintaining its characterist c appearance. Through the replacement of windows and the renovat on
and complet on of the inf Il panels, the prominent balcony structure is retained, providing the facade
with depth and horizontal art culat on. Strategy B also preserves the exist ng building but signif cantly
alters the external appearance through an addit onal lightweight facade in a post-and-beam system.
This new cladding creates a planar ef ect, aligning the building more closely with contemporary of ce
architecture. By covering the balconies, the previous facade depth is lost, making the building appear
more voluminous. The exist ng structure is thus ef ect vely "encased" and conserved. Strategy C
adopts a highly intervent onist approach: the exist ng building is comprehensively transformed and
select vely used for the redesign, while the original appearance is largely abandoned. This allows
structural challenges of the construct on to be addressed directly. The embodied energy of the
concrete structures is preserved, while the facade design can be freely realized. The horizontal
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alignment of the balconies is maintained through parapets, and the use of a t mber facade with
appropriately scaled windows gives the building a modern appearance. Compared to Strategies C2
and C3, Strategy C1 appears slimmer due to the removal of the balconies.

The three strategies present fundamentally dif erent renovat on approaches for 1960s-1970s
reinforced concrete structures. Strategy A preserves the original character through minimal
intervent ons, maintaining facade depth and horizontal art culat on via retained balconies. Strategy B
encapsulates the exist ng building with a lightweight facade system, creat ng a contemporary planar
aesthet c. Strategy C pursues comprehensive transformat on, reimagining the architectural expression
through t mber cladding and reconf gured fenestrat on.

From an architectural perspect ve, Strategy A is recommended as it respects the building’s historical
ident ty while achieving necessary technical improvements through window replacement and inf |
panel renovat on. This approach maintains the characterist ¢ three-dimensional facade quality and
requires minimal intervent on, reducing construct on complexity. However, if preservat on of the
exist ng aesthet c is not priorit zed, Strategy C1 would of er signif cant advantages. It provides a
modern external appearance and addresses structural def ciencies more comprehensively, resolving
thermal bridging through balcony removal, and creates a ref ned volumetric expression with improved
energy performance while st Il retaining the embodied energy of the concrete skeleton.

2.4.5.3 Fire protect on considerat ons

The planned energy-ef cient renovaton of the demo building, which incorporates renewable
materials and reclaimed t mber elements, presents a range of specif c fre safety challenges. The
building is classif ed as Building Class 5 and designated a special-purpose building. As a high-rise
structure (>22 m), it falls under the scope of the Model High-Rise Direct ve (MHHR). Although this
direct ve is not legally adopted in the building regulat ons of the federal state of Baden-Wirt emberg,
it serves as a widely recognized reference commonly used by local building authorit es to assess
compliance with building standards. Specif ¢ requirements of high-rise buildings concerning fre
protect on are typically determined in coordinat on with the building authorit es as part of the fre
protect on concept and can vary depending on the materials used, building height, and facade system.
In any case, the classif cat ons ment oned above impose strict f re safety requirements, part cularly
concerning the retrof t ed wall construct on and escape routes.

This creates a signif cant challenge for the SIRCULAR project, where integrat ng t mber into the wall
elements and facade is a core object ve. In a high-rise context, the use of t mber faces major regulatory
hurdles, as the MHHR strictly prohibits combust ble materials in the external walls. This includes not
only the cladding itself but also substructures, window frames, shading devices, etc. The Model Timber
Construct on Guideline (MHolzBauRL) [34] provides limited allowances but st Il requires horizontal f re
barriers at each f oor level, especially for mult -story t mber facades. Moreover, a t mber facade is not
feasible on the balconies without special approval, as they are legally def ned as “open corridors”
under the building code, and adjacent building components must have a non-combust ble lining, non-
combust ble cladding, and F90 f re-resistance in accordance with the MHHR. Aside from the challenges
associated with the combust bility of t mber, another potent al key issue of the renovat on concept
lies in the fact that of the t mber is repurposed. The wall element manufacturer might not be willing
to conf rm compliance with the fre safety cert f cate if the t mber used is not a cert f ed product.
Accordingly, a project-specif c approval will likely be required in the current legal set ng. However, if
t mber reuse regulat ons and value chains for quality control and cert f cat on of reclaimed t mber
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products cont nue to develop, the need for such approvals could potent ally be reduced in the future
and improve replicability.

Besides material choices, retrof t ngthe building will also af ect the exist ng escape concept. Although
the building might currently benef t from exist ng use rights when unaltered, signif cant changes -
such as those ant cipated during the SIRCULAR renovat on — can revoke this status. Any alterat ons
that af ect the f re safety performance or require a new building permit may trigger the need to
comply with current regulat ons and elaborate on a revised f re safety and evacuat on concept. The
exist ng concept includes escape balconies and stairs as a secondary means of egress. However, the
MHHR mandates a minimum clear width of 1.20 m for all parts of escape routes. This requirement is
not met by the current balconies, and adding external insulat on as part of the energy retrof t would
further reduce the usable width. If the renovat on measurements resulted in the loss of exist ng use
rights, which would most likely be the case, new escape routes would be necessary. Only Strategy A
of ers a slightly higher chance of retaining the protect on status for both balconies and stairs and thus
their funct onality as escape routes, since the building envelope is only partally replaced in this
variant.

However, retaining the balconies poses other challenges, as they signif cantly compromise the
accessibility for the installaton of prefabricated facade systems and the building’s energy
performance due to the thermal bridges. On the other hand, the escape balconies are a def ning
architectural feature and contribute signif cantly to the building’s ident ty. They also help prevent
vert cal f re spread due to the concrete cant levers. These dif erent pros and cons are ref ected in the
dif erent renovat on approaches, including opt ons for both retent on and removal. In response to the
aspects concerning f re protect on, new escape routes are created in all three renovat on scenarios by
construct ng f re-rated corridors on each f oor leading to an external escape stair, providing a safer
and regulat on-compliant solut on. Based on a preliminary examinat on, the building’s structure and
f oor plan appear generally suitable for this adaptat on. However, since the precise measures required
to meet regulat ons depend on case-specif c decisions by the building authorit es and require
comprehensive planning, the revised f re protect on concept has only been incorporated to a limited
extent in the assessments of this report. Specif cally, a new external staircase has been included in
renovat on Strategies B and C, where exist ng usage rights are likely to be lost due to the extent of the
renovat on, serving as a placeholder for the concrete measures to be def ned at a later stage of the
planning process.

Despite the challenges, innovat on and the use of renewable materials can become viable if mit gat on
strategies are implemented that safeguard the f re protect on object ves. In order to reconcile the
architectural and sustainability goals with f re safety requirements, the following aspects can become
relevant in coordinat on with the building authorit es:

e Non-combust ble insulat on between the studs in sensit ve areas.

e Coverage of combust ble materials with f re-resistant linings. Clay boards are increasingly
available for f re-protect on applicat ons and are gradually being recognized in regulatory
frameworks.

e Horizontal f re stops between f oors to prevent vert cal f re spread; these can be metal sheets.
In scenario B, the retained concrete balconies are also well-suited for fulf lling this funct on.

e Non-combust ble external surfaces, such as plaster.
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e Integrat on of advanced f re protect on technologies, such as sprinkler systems or water mist
systems, which can potentally allow for relaxatons in material requirements or
compartmentat on, subject to approval by the building authorit es.

e Fire simulat on studies in accordance with DIN 18009-1 [35] to validate the proposed design
during the detailed planning phase.

Through intelligent system design, the use of non-combust ble layers, and careful planning in
coordinat on with building authorit es, a compliant and st Il sustainable solut on is achievable. Early
coordinat on with the relevant building inspect on authority is essental to assess acceptable
deviat ons or project-specif c approvals.

The main object ve for designing prefabricated circular renovat on components is to provide an extra
solut on towards decarbonizat on of the building sector. Prefabricated components are one-stop-shop
(OSS) solut ons towards achieving the status of Posit ve Energy Buildings (PEBs). The design of these
components focuses on providing a simplist ¢ solut on, emphasizing the geometry, the assembly, and
the ease of installat on and deconstruct on on the external building envelope. Also, the provided
solut ons have the potent al for future integrat on with Building Informat on Modeling (BIM) and 3D
print ng.

The prefabricated solut on targets some severe problems that const tute a signif cant obstacle to the
decarbonizat on of the building sector. First of all, there is a lack of technicians and the workforce to
renovate the current building stock. This means that there is a need for industrialized solut ons. Also,
there is a lack of deep quality renovat on, mainly due to the dif erence between the modeling and the
pract cal implementat on. Thus, new solut ons that minimize the possibility of wrong, inef cient, or
even incomplete implementat on are required. Finally, there is a lack of t me to reach the EU goals for
decarbonizat on unt | 2050, since with the exist ng solut ons and renovat on rate, the engineers and
technicians will not be able to renovate the exist ng building stock of the EU. These problems highlight
the necessity for prefabricated solut ons as a reliable and valuable strategy to tackle all these issues.

In this sect on, a prefabricated component is introduced as possible retrof t ng solut on. To begin
with, the main design considerat ons for prefabricated components are described. Also, detailed
mathemat cal, construct on, deconstruct on, and installat on methodologies are presented for both
solut ons. Finally, all the elements that comprise this component are illustrated, and component-level
and system-level simulat ons support the results for the thermal ef ciency and the total thermal
transmit ance (U-values).

3.1 Descript on of the Prefabricated Component

This sect on focuses on the main considerat ons when designing prefabricated renovat on units. First
of all, the materials selected for the frame and the insulat on are discussed. Such specif cat ons are
the selected materials, the integrat on with windows, the airt ghtness assurance, the water and vapor
resistance, and the integrat on of vent lat on systems. Also, similar products on the market are brief y
discussed.
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3.1.1 Select on of the Appropriate Materials

The select on of the appropriate materials is a crucial factor for both the design methodology and the
construct on of the prefabricated components. The required materials can be categorized into two
types. The f rst category regards the materials required for the frame, and the second category the
materials for the encapsulated insulat on. Also, for more complicated prefabricated components, a
third category of materials could be introduced. This category could include materials for vent lat on
or windows integrated into the components.

3.1.1.1 Framing materials

Framing is critcal for the prefabricat on components, regardless of the thermal and physical
propert es of the insulat on material that will be selected. The main reason is that the frame could
introduce thermal bridges to the component. Tackling thermal bridges is a very important design
parameter since they introduce thermal losses and are a signif cant factor for possible condensat on,
which could lead to future moisture or mold spots.

The materials used for the framing of such components can vary. The most important indices to
consider when select ng them are their thermophysical propert es, mechanical strength, and other
aspects such as yield, recyclability level, corrosion due to external moisture, and material ageing.
There is a wide range of materials used for the framing of windows, which could also be examined as
possible candidates for the prefabricat on components, from metals such as steel or aluminium to
wood or plast c. Each of the available materials on the market presents advantages and disadvantages.
A wooden frame would provide higher thermal resistance compared to a steel or an aluminum frame,
but at the same t me, less structural strength, which would possibly lead to some limitat ons regarding
the size of the module. Addit onally, wood may not be an easy solut on for some southern European
countries for various reasons, such as the lack of special forest area cult vat ons for wood product on,
and other environmental mat ers. These aspects can make wood harvest ng inef cient, expensive, or
even unsustainable. Such a country is Greece. However, Greece has a large aluminium industry that
facilitates wider availability and lower costs, while also having technical expert se in aluminium prof le
processing. Furthermore, aluminium is a fully recyclable material, and there is plenty of knowledge
and expert se in this f eld, thus making aluminium a suitable candidate. It is important to ment on that
aluminium can be recycled without degradat on of its mechanical propert es [36]. Moreover, the
energy demand is reduced by approximately 95% compared to the aluminium product on by raw
bauxite [37]. Another possible candidate is PVC, which is a solut on based on plast cs. This solut on
provides the advantage of a lower total weight for the produced component. However, from the
environmental point of view, it has a dif erent behavior compared to aluminium since af er some
recycling cycles its propert es degrade [38]. Table 9 presents the basic thermal propert es of the most
commonly used framing materials [8,9].

Table 9. Basic thermal propert es of common framing materials.

. Thermal conduct vity . 8 Specif c heat capacity
Material [W/(mK)] Density [kg/m3] 0/(keK)]
Aluminum 237.0 2702.0 903.0
316 Stainless steel 13.4 8238.0 468.0
Plast ¢ (PVC) 0.19 1470.0 840.0
Wood (Oak) 0.17 545.0 2385.0
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The previous analysis highlights a crit cal issue: the trade-of between thermal ef ciency and structural
composit on. Mult ple simulat ons were required to ident fy an opt mal solut on, since improvements
in structural integrity of en led to a decline in thermal ef ciency, and vice versa. The framing material
of the proposed prefabricat on component in this project is chosen to be aluminium.

3.1.1.2 Insulat on materials

The most important material for the prefabricated component is the insulat on material. There are
plenty of insulat on material solut ons that could be integrated into the proposed solut on. Each of
these of ers some advantages depending on the construct on sequence and structural considerat ons.
There are two dif erent construct on methodologies that could be used for the prefabricat on module.
The f rst one concerns the installat on of the insulat on material af er installing other elements of the
module, and the second one concerns the installat on of the insulat on material before installing them.
These elements are vent lat on ducts, electrical wires, plumbing conduits, and others. Furthermore,
insulat on must be used as a thermal break in the frame prof le.

Inthe f rst case, where the insulat on material is installed subsequently to the other selected elements,
the non-rigid insulat on materials seem to be the most ideal solut on. Non-rigid insulat on materials
ef ect vely conform to the irregularit es that exist due to the variable geometries and constraints of
the module. The most commonly used non-rigid insulat on materials are mineral wool, stone wool,
and f berglass wool. These f brous materials present high thermal resistance and very good acoust c
propert es and thus are ef ect ve solut ons for noise insulat on in buildings [41]. However, to exploit
these characterist cs, proper installat on is vital since their ef ciency strongly depends on gaps or voids
that may occur due to insuf cient f lling. This could lead to major problems such as thermal losses,
thermal bridges, and condensat on issues. An alternat ve solut on is polyurethane (PU) foam. This
foam can be injected or sprayed into the module. Af er inject ng it, the foam expands, thus f lling any
cavit es, ensuring uniform distribut on of the insulat on material, which leads to enhanced thermal
and acoust ¢ performance. To achieve this, pre-drilled access points have to be considered prior to
designing the module. Also, PU foam provides improvement regarding the moisture resistance due to
the structure of the material cells [42]. In addit on, the insulat on material waste is limited while
construct ng the prefabricated components. Finally, because of the low density of these materials, the
constructed components will be lighter. This will result in simplifying both the installat on and
transportat on of the prefabricated components.

In the second case, where the insulat on material is installed prior to other elements, the best choice
seems to be rigid insulat on materials. In this approach, the insulat on material is installed in the
component, and then precise cuts are made to install the other required elements, such as tubes. This
methodology presents a crit cal advantage over the previous one since it provides more f exibility
regarding the construct on of tailor-made systems. The most representat ve rigid insulat on materials
are expanded polystyrene (EPS), extruded polystyrene (XPS), and polyisocyanurate (PIR). Rigid
insulat on materials present higher thermal resistance compared to the non-rigid ones [43]. Moreover,
by using rigid insulat on materials, the structural integrity of the prefabricated component is
enhanced, providing greater dimensional stability and mechanical strength. Furthermore, rigid
insulat on materials, such as cellulose and cork, combine high ef ciency and low embodied carbon
emissions. In general, there are plenty of rigid biobased insulat on materials, thus making them an
ideal solut on to further reduce the environmental impact of the element and increase its circularity.
Their main drawback is their higher density, leading to a more dif cult installat on and transportat on.
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Many insulat on materials were considered emphasizing on bio-derived materials with a lower carbon
footprint. Research for the insulat on material included considerat on of their thermal and mechanical
propert es, as well as weight, cost, and environmental impact. Based on all these factors, f nal test ng
showed that the most suitable insulat on material is XPS due to its excellent thermal resistance,
adequate mechanical propert es, and very low weight. In environmental terms, XPS is not the most
appropriate solut on since it is made of petrochemical products, mainly benzene and ethylene. The
petroleum-based products are not recyclable, and a signif cant amount of greenhouse gases are
emit ed during their product on. However, the main reason for select ng XPS is to set the baseline
scenario for the development of such products based on the worst-case scenario in environmental
terms. Furthermore, as already ment oned, there are plenty of other materials which could be
implemented. Both rigid and non-rigid insulat on materials already available on the market could be
tested in future research act vit es to provide a greater variety of prefabricated solut ons. Table 10
presents the basic thermal propert es of the most commonly used insulat on materials [8,9]. These
are representat ve values since the actual values can vary in a broad spectrum, and the actual values
must be taken as appropriate.

Table 10. Basic thermal propert es of common insulat on materials.

. Thermal conduct vity . o Specif c heat capacity
Material [W/(mK)] Density [kg/m?3] 0/(keK)]
XPS 0.027 —0.035 25-45 1200 - 1500
EPS 0.032-0.040 10-35 1200 - 1500
Mineral wool 0.030-0.046 30-200 700 -850
Cellulose 0.038 — 0.045 40-80 1300 - 1600
Rockwool 0.033-0.046 40-200 750 -840

3.1.2 Windows integrat on

Windows are fundamental parts of the building envelope since they enable natural sunlight to enter
the interior of the building while simultaneously blocking unwanted environmental elements such as
pollutants, dust, water, or even noise. Also, if it is needed or wanted, windows provide the opportunity
for natural vent lat on. Moreover, windows provide some psychological benef ts to the building users
that cannot be neglected since they negate the ef ects of being conf ned in a space by allowing a view
of the external environment [44]. A windowless interior space would be very uncomfortable either for
living or working. Considering these reasons, windows are crucial parts of the building envelope, and
fenestrat on is a necessary aspect for buildings that cannot and should not be neglected. In this study,
the solut on is of low Technology Readiness Level (TRL), and windows are not implemented. However,
a brief discussion on this mat er was considered necessary for providing some guidelines for future
research studies.

Besides the aesthet c and psychological value of windows, in terms of a building’s energy ef ciency,
windows are mostly the weakest elements of the building envelope. Thus, it is essent al that they are
carefully and in detail designed to achieve opt mal thermal performance. The most important issues
are the performance of the window and its proper installat on to eliminate thermal bridges. A window
frame with an excellent thermal design, including thermal breaks, is required, along with mult ple glass
panes separated by plast c spacers. Usually, two or even three separate glass panes are used. [14,15]
A proper select on of the frame also leads to avoiding condensat on and mold, and a proper
connect on between the frame and the glass panes minimizes thermal bridges. Except for the U-value,
another signif cant parameter is the g-value. A window system's g-value determines how much of the
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solar energy incident on the window is allowed to pass to the interior of the building. The select on of
a window's g-value cannot be specif ed at random or based on experience, since it is one of the values
that can only be determined as a result of an energy study for a building.

In this work, windows are not examined as part of the prefabricated component. This means that the
proposed solut on must be installed around the exist ng windows on a building facade. In the future,
dedicated prefabricated components that will have specif c openings and provisions for integrat ng
with the exist ng windows should be invest gated. The most crit cal point will be to ensure a perfect
connect on to minimize thermal bridging and moisture ef ects. Figure 15 illustrates a prefabricated
unit that incorporates specif ¢ openings for windows.

Figure 15. Prefabricated components that incorporate dedicated openings for windows.
3.1.3 Airt ghtness Assurance

Airt ghtness is the building’s ability to resist unintent onal and uncontrolled air inf Itrat on from
exist ng gaps on its envelope [47]. Also, it is a key factor in thermal loss reduct on, both in construct on
and renovat on processes. Addit onally, it is considered one of the most cost-ef ect ve intervent ons
on the building envelope during renovat on procedures. The pressure dif erence between the interior
and exterior environment of the building, caused by temperature dif erences and wind loads, leads to
uncontrolled air inf Itrat on or exf ltrat on through any exist ng gaps. As a result, despite the absence
of any visible gaps on the exterior of the building, the existence of small gaps allows hot or cold air to
enter the interior of the building during summer and winter respect vely, thus increasing the heat ng
and cooling demand. Some of the main reasons for the existence of such gaps are improper installat on
of windows and insuf cient sealings in the building’s envelope due to intervent on act vit es such as
the installat on of heat pumps. It has to be ment oned that airt ghtness issues can always be tackled
by exploit ng membranes and solut ons on the interior wall surface of the building.

A prefabricated component can easily achieve an excellent level of airt ghtness with a detailed design
and controlled manufacturing condit ons since it fully covers the building envelope and seals any
unwanted gaps. A signif cant point to consider is the spots where the prefabricated components are
joined together. Also, airt ghtness needs to be ensured by eliminat ng the gaps between the
prefabricated facade and the external wall of the building. Specif cally designed airt ghtness tapes or
membranes can be utlized to achieve this. In this direct on, the proper at achment between the
prefabricated components and the external walls is a key design point. Also, the necessary bolts, nuts,
and washers that are going to be used, along with the necessary preparat ons on the external wall,
such as drilling the necessary holes, are considered important design parameters for the unit.
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Furthermore, airt ghtness is linked with the integrat on of the prefabricated components with
windows. When the old windows are removed, the new windows have to be secured properly to
ensure structural integrity, and then it has to be airt ghtly sealed together with the prefabricated
components using appropriate airt ghtness tapes on the entre perimeter of the window frame.
Windows must be able to reach air permeability class “4” in order to achieve an excellent performance
under any weather condit ons, maintaining structural integrity and airt ghtness.

Af er the installat on of the windows and the sealing of any breaches on the envelope, the building
has to reach less than one Air Change per Hour (ACH) at 50 Pa according to ISO 9972:2015 to achieve
the level of airt ghtness that can allow excellent energy ef ciency [48]. Any holes that exist on the
building envelope have to be repaired and closed, af er which they will be sealed by the prefabricated
components, which will have the airt ghtness membrane applied on their external side to ensure no
air leaks.

3.1.4 Wind Resistance and Vapor Control

Wind resistance in buildings is one of the fundamental design aspects for structural reasons. Mainly,
wind resistance in buildings is about the height of the building. In this direct on, the EU has published
the Eurocode EN 1991-1-4, providing guidance on dealing with the wind for building construct on.
Furthermore, the ISO 4354:2009 is dedicated to the necessary wind act ons on structures [49]. The
structures should be able to endure in specif c wind condit ons, including the endurance regarding the
environmental pressure and wind loads. On the other hand, water and vapor control is crucial for the
energy ef ciency of the building, the indoor air quality, and thermal comfort. Unfortunately, water
and vapor resistance are considered lower-priority intervent ons during building construct on or
renovat on [50]. Trapped vapor inside the materials or the interior of the building leads to moisture
development.

The prefabricated component must comply with the EU legislat on regarding the wind resistance to
secure the structural integrity of the building. Thus, the proposed prefabricated component is
designed to endure the wind loads and environmental pressure as the Eurocode suggests. For the
water and vapor resistance, the developed component must address these issues in two dif erent
ways. The frst one regards the resistance of the component, while the second one regards the
resistance due to the proper at achment of the component and the exterior wall surface. To address
these issues, the proper materials are selected both for the frames and for the insulat on. Also, the
design and construct on methodologies emphasize on the creat on of compact components that do
not have any gaps to allow water or vapor from outdoor air to penetrate the components or the
building. Finally, af er deploying the component, necessary minor intervent ons or works will secure
both the airt ghtness and vapor resistance of the building.

3.1.5 Mechanical Vent lat on with Heat Recovery

Airt ghtness plays a crit cal role in the energy ef ciency of the building. However, in the at empt to
create an airt ght building, the signif cant problem of poor indoor air quality arises due to the lack of
natural vent lat on. This is likely to cause the appearance of condensat on and mold. To avoid health
issues for the users and to achieve a healthy indoor air quality, fresh air needs to enter the interior of
the building and at the same t me stale air needs to be removed. To achieve air inf Itrat on in airt ght
buildings, MVHR is introduced. However, in the case of retrof ts installat on of an MVHR system can
be problemat c, especially due to the network of airducts that have to be installed in all living and
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ut lity spaces. Structural elements like beams and columns or installat ons like electrical wiring and
plumbing can make interior building spaces inaccessible and hinder the rout ng from the MVHR unit.
In addit on to these technical constraints, the installat on of such a system creates disturbance to the
occupants of the building, since it creates noise and pollutants like dust from drilling, making living
spaces uninhabitable.

To solve the previously ment oned problems, the vent lat on unit can be installed outside of the
building, for example, on its roof. Figure 16 illustrates a building model that includes an installed
MVHR system. By installing the MVHR system outside the building, the ductwork can be installed
inside the prefabricated components through predesigned openings exist ng in the insulat on element
of the component.

Figure 16. A building model which includes an installed MVHR system on the roof.
3.1.6 Similar products on the market

In the market, there are currently several commercial products of prefabricated components [19-22].
The exist ng components integrate insulat on materials in a prefabricated system solut on. However,
there are no exist ng solut ons considering a holist ¢ prefabricated component construct on approach
that combines not only insulat on, but also other important energy retroft ng elements such as
vent lat on ducts, plumbing pipes, windows, or even MVHR provisions. Most of the commercially
available prefabricated products consist of a simple design approach, where two structural layers
support an insulat on layer in between them. The main goal of the exist ng systems is to reduce the
on-site construct on t me. Also, the exist ng products consider aesthet c versat lity by implement ng
external architectural textures. In addit on, very few products incorporate vapor control systems,
while also very few target renovat ons since many of them act as structural systems for the creat on
of new prefabricated homes, which also ignores third sector buildings. These products generally lack
energy ef ciency, solutons to tackle moisture issues, and mechanical strength. As a result, new
prefabricated components should be designed and constructed to expand the available solut ons on
the market by providing holist ¢ energy retrof t ng solut ons that combine energy ef ciency, low
embodied carbon, and mechanical strength.

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily

ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.




3.2 Methodology

In this sect on, the methodology to design, construct, and install the prefabricated component is
presented. The design methodology follows the design principles and restrict ons to propose a product
that potent ally should be constructed and released into the market. The proposed component is low
TRL solut ons but present a great potent al to be developed into a real product. In addit on, specif ¢
instruct ons for the installat on of the component is presented in detail.

3.2.1 Mathemat cal Background

The main goals of the simulat ons are to calculate the U-value, to ident fy thermal bridges, and to
calculate the annual energy savings when implement ng these components on exist ng buildings. In
this direct on, the simulat ons are completed in two dif erent levels: a component-level and a system-
level. These dif erent simulat on strategies will reveal the U-value of the prefabricated component and
also how this component af ect the energy consumpt on of a building.

In this deliverable, two dif erent simulat on environments are used. For the component-level
simulat ons, the SolidWorks Simulat on studio, and the SolidWorks Flow Simulat on studio are used
[55]. The main goal is to calculate the heat f ow through the component, aiming to determine the U-
value. SolidWorks has been ut lized in various design and simulat on applicat ons since it presents the
advantage of both design and simulat on environments. On the other hand, for the system-level
simulat ons, IDA ICE simulat on sof ware is ut lized [56]. IDA ICE is a well-known simulat on sof ware
for buildings, especially in the region of northern Europe, and has been used for numerous building
applicat ons.

The SolidWorks design environment is used for designing mechanical and other components for
structures or machinery. However, SolidWorks also provides the possibility of conduct ng both
structural and thermal simulat ons in steady-state and transient condit ons based on the f nite
element analysis and computat onal f uid dynamics by solving the Navier-Stokes equat ons. These
analyses are conducted in the “Simulat on” and “Flow Simulat on” plug-ins of the sof ware.

IDA ICE uses the calculat on methods as described by the standards of the Internat onal Organizat on
for Standards (ISO) and European Norms (ENs). This approach makes IDA ICE a trustworthy and useful
simulat on tool. The f rst ISO ut lized by the sof ware is ISO 521000-1:2017 [57], “Energy performance
of buildings — Overarching EPB assessment”, which establishes a systemat ¢, comprehensive, and
modular structure for assessing the Energy Performance of new and exist ng Buildings (EPB) in a
holist ¢ way. Also, the sof ware makes use of the ISO 52022-3:2017 [58], “Energy performance of
buildings — Thermal, solar and daylight propert es of building components and elements” which
specif es a detailed method based on spectral data of the transmit ance and ref ectance of the
const tuent materials to determine the total solar energy transmit ance, the total light transmit ance
and other relevant solar-opt cal data of the combinat on. Moreover, the sof ware uses ISO 15099:2003
[59], “Thermal performance of windows, doors and shading devices — Detailed calculat ons” which
specif es detailed calculat on procedures for determining the thermal and opt cal transmission
propert es of window and door systems based on the most up-to-date algorithms and methods, and
the relevant solar and thermal propert es of all components. Finally, it ut lizes EN 410:2011 [60], “Glass
in building — Determinat on of luminous and solar characterist cs of glazing”, which specif es methods
of determining the luminous and solar characterist cs of glazing in buildings.
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The main goal of the mathemat cal modeling and simulat ons is to determine the U-value (U) and the
heat f ux of the component. Firstly, this value is calculated based on Eq. (1) in W/m?K, where (hoy) is
the heat convect on coef cient between the outer surface of the component and the exterior
environment, (hin) is the heat convect on coef cient of the inner surface of the component or the wall
and the interior environment, (d;) is the thickness of each specif ¢ element, and (k) is the thermal
conduct vity of each element. The total number of elements (n) depends on the structure of the
component and the outer wall. The indoor and outdoor condit ons are selected based on the ISO
6946:2017, with temperature values of 20°C and 0°C respect vely, and heat convect on coef cient
values of 20 W/m?K and 5 W/m?K [61].

U= !

(1)

1 oyn G 1
hout = “=1k; * hjp
In the case where the enclosed air in the component is not considered stat c, then the relevant thermal
resistance is the convect on one and not the conduct on. This issue may occur when there are spaces
with enclosed air inside the components that are big enough to allow air circulat on when the air
temperature rises. This incident occurs in the case of the small-scale prefabricated component. Thus,
for the thermal analysis of the component, the convect on coef cient in these gaps is equal to 3.5
W/mK.

The U-value (U) can also be calculated using the value of the heat f ow rate (q), which can be calculated
via the simulat ons conducted in the SolidWorks sof ware. Eq. (2) can then be used to calculate the U-
value based on the simulat on results, where (Tout) is the temperature of the exterior environment of
the component, and (Ti,) is the temperature of the interior environment of the component or the wall
to which this component is at ached. The two calculated U-values must be equal.

q=U" (Touc — Tin) (2)
3.2.2 Design Methodology

To design a prefabricat on component for energy retrof t ng, several design parameters have to be
considered. In this sect on, the main design stages and the main criteria for the design of such a unit
are described. Figure 17 summarizes the steps for designing prefabricated components in a schemat c
diagram.

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.

]



Security level: RINA/CL/PUBLIC

. : Design Conce
Problem Identification Solution identification 4 Concapts
Materials, Specifications
‘Analysis & Simulations Component Design Evaulation & Selection
3 S iz Li . Manufacturable in small
simulationofThemal & Stuctural e of Best Designs
eriermance: screw-based Design Aiming at Industrialisation
Iterations & Refinement
Ease of Installatian, Fixed Geometry, Final Product

Made with existing Dies and Molds

Figure 17. Schemat c diagram of the design stages for prefabricated components.

When designing such a product, mult ple design criteria and restrict ons should be considered, such
as mechanical strength, thermal ef ciency, construct on cost, maintenance, life-t me, construct on
and deconstruct on, and others. Also, the aesthet c of the product is considered an important factor.
In this case, the sizing and weight of the product are also fundamental design criteria to support the
One-Stop-Shop (0OSS) solut on. For example, the component has to be easily transportable by a single
person, which introduces a limit on the total weight of the component. Furthermore, since the
prefabricat on components are going to be installed on the outer surface of the building, they must
endure in corrosion. One of the most important design parameters is the at achment of the
components to the wall. Specif c elements must be designed and constructed to ensure proper
support of the component using screws. Moreover, the proper connect on between the components
is fundamental to seal all the gaps and avoid thermal bridges, but also to distribute the loads of the
whole structure. Thus, specif ¢ plast c elements are designed to ensure proper connect on between
the components.

Considering these design specif cat ons and restrict ons, the materials and the individual elements of
the component have to be designed. The f rst element to be selected is the framing element. The
framing elements are not designed in-house, but exist ng aluminium prof les are selected. Then, these
prof les undergo some processes, such as cut ng, based on the required size of each prof le. Then, the
rest of the framing is designed, including the thermal break element, which should have some specif ¢
design details based on the selected prof le to perfectly adjust and couple. These four framing sides
posit on the main insulat on element. The thickness of this element is also a design parameter that
will strongly af ect the thermal ef ciency and the U-value of the component. Also, insulat on material
needs to f Il the void of the thermal break to reduce thermal bridges and the overall U-value. The
insulat on material can be either a rigid or a non-rigid element. The proposed component is fully
adaptable to any change in the insulat on material. Af er these stages, the necessary covers are
designed to ft the exist ng framing. Then, the connect on elements that connect two consecut ve
components are designed to ft on the external geometry of the component. For connect ng the
component with the wall, specif ¢ brackets that will be fastened on the wall using screws are designed.
Finally, the handle needs to be ergonomic, especially for the such a small component to be easily
carried and transported.
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3.2.3 Construct on and Assembly Methodology

The previous analysis regarding the design methodology indicates the key points for the construct on
methodology. It is important to highlight that the component was designed with ease of construct on,
simplicity, and the ability to disassemble the unit when required. Most of the elements needed will
not be constructed in-house, but already exist ng products in the market will be used. Addit onally,
when possible, fastening methods that can be undone and redone endlessly, like screws and bolts, are
chosen over methods like glueing, which prevents material waste and promotes a longer lifecycle for
the prefabricated components. In the future, when this technology is mature enough and of a high
TRL, it should be possible for a company to construct all of the elements in-house. In this sect on, the
construct on methodology for the component is described. Then, in Sect on 3.3, the assembling
methodology is illustrated, including all the intermediate steps.

The aluminium prof le is designed in-house and can be constructed by an aluminium industry that is
equipped with the appropriate machinery. Then, two of these prof les are joined together with the
thermal break material and insulat on material to form the one of the four in total sides of the
component. To connect these four sides, special connect on elements are used to link them together,
enclosing the main insulat on element. To ensure that frict on forces between the elements in touch
are minimized, special gaskets are used. These gaskets also increase the airt ghtness and prevent
moisture from entering. Af er assembling the main body of the component, two covers are joined
together with it. The covers are created from cut ng and bending aluminium sheets. Af er these steps,
the brackets, the plastc connectons for connect ng two consecutve components, the metal
connect ons for mount ng the components on the wall, and the handle are placed on the component’s
main body, thus f nalizing the construct on phase of the prefabricated component. In Sect on 3.3,
detailed f gures present the assembling process of this component step-by-step.

All these construct on steps ensure that the unit enables easy assembly, fast and safe transportat on,
along with reduced renovat on t mes due to simpler installat on with low risks. Furthermore, both
assembling and disassembling processes ensure limited waste since emphasis is given on using bolts
and screws rather than glue. The design and construct on of the component is very simple, which
showcases the proposed solut on as an excellent OSS for building retrof t ng.

3.2.4 Installat on and Deconstruct on Methodology

The small-scale component can be easily transferred by the technicians or even the owner of the
building himself or herself. This is expected to rapidly increase the energy retrof t ng processes in the
EU. To opt mize the installat on process and renovat on t me plan, the components should be
transported on-site before the scheduled installat on process. The components can be easily
transported from the manufacturing facility using a simple transportat on vehicle, since during the
design phase, transportat on and installat on were considered as design parameters. To install the
component, some preparatory works on the external wall surface have to be completed before the
actual installat on process begins. More specif cally, the spots where the components will be at ached
to the wall must be clearly marked. Then, the necessary holes will be drilled so that, with the use of
the necessary bolts and screws, the component will be perfectly at ached to the wall. Drilling the holes
appropriately is crucial for the whole installat on process to achieve the perfect cooperat on between
the components, thus minimizing thermal bridges and improving airt ghtness. Af er installing the f rst
component, the holes for the neighbor component will be drilled, and the next component will be
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installed, securing also the proper ft ng between the two components. When the installat on of the
components is completed, some extra work may be needed to ensure that no voids or gaps remain.

Figure 18 depicts the necessary procurements for the installat on of the frst prefabricat on
component, and how this component is at ached to the wall using screws. For installing the
component, very few tools are required. A crane is not required since this component is light and can
be easily carried and installed by hand. The f rst unit is then placed on the wall. The brackets can
revolve, allowing for convenience while drilling. This was also a design parameter for the components.
Then, the mount ng brackets are bolted in place, and the next unit can be placed right next to it by
repeat ng the same sequence. The installat on process begins from a chosen corner of the building’s
wall. Af er installing the f rst component, the others will follow accordingly.

Drilled holes (¢6 mm) for
« 12 installing the component
| ——
N
\\

Bl 0
Small-scale /'
/ component /
in place
Prefabricated components
on-site ready to be installed
(a) (b)

Figure 18. Installat on process for the prefabricated component. (a) Drilled holes and on-site
components ready to be installed, and (b) installat on of a component.

Figure 19 illustrates the components located on-site, where some of these components are already
installed on the outer wall. The consecut ve components are well at ached due to the existence of
specif ¢ plast cs that are installed directly on the frame of the component. To join together the
components, one “male” and one “female” version would normally have to be created and placed on
the unit alternat vely. However, in this case, there is no need for the fabricat on of extra elements to
dist nguish two separate units since “male” elements are created by installing plast c clips on their side
that grab onto the next unit. Basically, the components have these pins only on two of their sites,
which allows the connect on with the near components using their sites that do not have the pins.
Thus, by alternat ng units with and without clips, they can be connected easily.
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Figure 19. Installed small-scale prefabricated components, and components on-site ready for
installat on.

One of the main advantages that the prefabricated component of er is the reduced energy-based
renovat on t me due to the simplicity in their design, assembly, and installat on. However, another
important design parameter is the ease of uninstalling this component. The main reason is that gluing
is avoided, and the at achment process of screwing is preferred. This increases the recyclability of the
products, which means that the lifecycle of the sub-elements can be extended, thus reducing the
carbon footprint of the component. The disassembled materials can then be ut lized for creat ng new
prefabricated components or other useful components for the energy retrof t ng of buildings. Besides
disassembling, the ease in uninstalling these components is also crucial. For example, at any t me, the
installed components can be uninstalled simply by removing the washers and nuts that mount them
on the external wall and then be replaced with another prefabricated component with the same
design but with dif erent thermal or construct on propert es, thus further reducing the U-value of the
building envelope and increasing the thermal comfort. This makes the buildings more resilient and
adjustable to several changes, such as climate change or perhaps a change in the use of the building.
By considering both the disassembly and installat on processes as design parameters, future
renovated buildings become more sustainable and resilient.

3.3 Design and Simulat on Results

In this sect on of the deliverable, the prefabricated component is presented in detail. The elements
required to assemble this unit are listed in bills of materials, which include their descript on, mass, and
guant ty. Furthermore, a step-by-step approach is used to show the exact methodology for assembling
the system using schemat c diagrams to be as easy to understand as possible. Af er present ng the
unit, component-level and system-level simulat ons are conducted. The component-level simulat ons
calculate numerically the U-value of the component, verify this with the analyt cal solut on, and
present the temperature distribut on throughout its structure. The system-level simulat ons indicate
the energy savings and thermal comfort improvement by ut lizing this component on a virtual demo
site of an exist ng building that is fully uninsulated.

The prefabricated component proposed in this deliverable is a small, f exible, and easy-to-transport
and install unit. Figure 20 illustrates the prefabricated component. To conclude at its f nal design, a
lot of criteria, limitat ons, and goals were considered to opt mize the component. The f rst class of
criteria regards its mechanical propert es. More specif cally, aspects such as the mechanical strength
and water resistance are considered. Another important class refers to the construct on and assembly

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.

]



Security level: RINA/CL/PUBLIC

) SIRCULAR

process of the component, which directly af ects some crit cal parameters such as the total
construct on cost and the installat on process. Finally, another class refers to the thermal propert es
of the component, expressed mainly by the thermal transmit ance coef cient (U), also known as the
U-value.

Figure 20. The proposed prefabricated component.

The prefabricated component consists of various elements that are joined together to form the f nal
assembly. The main elements are the frame and the insulat on material which is enclosed inside the
component. The main frame is made of aluminium, which is a fully recyclable material. The aluminium
prof les designed to form the main frame should be fabricated using the extrusion process. The
selected insulat on material is XPS, which is an ideal material due to its mechanical propert es, its low
coef cient of thermal conduct vity, and its high vapor resistance due to its crystalline structure. Of
course, other insulat on materials could be used equally well, where each one introduces its own
advantages and drawbacks. In addit on to these two main construct on elements, several other
elements are of high importance for the thermal resistance of the component and the installat on
process. An important element is the thermal break since aluminum is a highly conduct ve material.
Otherwise, the ef ect of thermal bridges would signif cantly af ect the overall performance of the
component, leading to higher U-values and thermal losses. The material for the thermal break is
polyamide (PA), which is also known as nylon. This material presents high thermal stability in the
temperature range in which the ambient temperature lies, and abrasion resistance [20]. Another
essent al part is the aluminium cover to seal the insulat on material inside the component. Both the
front and back covers should be made of aluminium sheets. following both cut ng and bending
processes to form their f nal shape. Finally, four specif c link elements to assemble the frame are
required. These are crimp corner clits. Figure 21 illustrates the most signif cant sub-components that
comprise the frame and the insulat on of the component.
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Figure 21. The main specif c elements that comprise the frame and the insulat on of the
prefabricated component. (a) Aluminium sub-assembly prof le with thermal break and insulat on,
(b) main insulat on element, (c) crimp corner clits for the peripheral frame sub-assemblies, and (d)

cover of the prefabricated component.

The prefabricated components need to be fully and well at ached to the wall. Thus, during the design
phase, some extra elements need to be considered. To at ach the component to the wall, two ident cal
specif c elements made of steel are designed. The required processes to design these elements are
cut ng, bending, and f nally drilling. The main reason for select ng steel is its mechanical strength.
Furthermore, an element is also required to secure the connect on between two consecut ve installed
prefabricated components. This is a crucial aspect to avoid thermal bridges and ensure that every
possible void is completely sealed. These connect on elements are made of polylact c acid (PLA) via
3D print ng. Addit onally, special plast c elements should be used to reduce the abrasion between the
components. Thus, special plast ¢ gaskets are used, which also prevent water or vapor from entering
the component’s interior. Figure 22 illustrates the elements used to ensure the proper connect on of
the component and the external wall, as well as between two consecut ve components.
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Figure 22. The specif c elements used for the connect on of the prefabricated component. (a)
Support ve link between the component and the external wall, (b) connect on link between the
component and the external wall, (c) connect on link between two consecut ve components, and
(d) their place on the component.

The prefabricated component was designed so that it is easy to transport and install. Thus, a handle
is designed and at ached to the component. The designed handle consists of two dif erent sub-
elements, the base and grip, which are made of PLA and steel, respect vely. Also, the at achment of
the handle on the component must ensure the smooth coupling of the components when installed.
Figure 23 illustrates the handle of the component.

(a) (b)
Figure 23. The handle of the prefabricated component. (a) Handle assembly, and (b) handle as part
of the general component.

The overall weight of the prefabricated component is 8.64 kg, and its overall volume is 0.02 m3. The
wall surface that one component covers when at ached on to a building is equal to 0.25 m?2. The small
weight and size are crit cal advantages of this component. Addit onally, this component can easily be
transferred from the construct on factory to the renovat on site, and then it can easily be installed

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily

ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.




Security level: RINA/CL/PUBLIC

without the need for a crane if the construct on guidelines are followed by the technicians. The
component comprises of many individual elements, such as insulat on, frame, thermal break, bolts,
and other supportve plastc or metal elements. Figure 24 depicts the exploded view of the
prefabricated component. Table 11 is an extended form of the bill of materials for this component,
where useful informat on about the individual elements is presented. Finally, Figure 25 indicates the

parts listed in Table 11 for the convenience of the reader.

Figure 24. Exploded view of the prefabricated component.

Table 11. An extended bill of materials for the prefabricated component.

No. Part name Material Mass Quant ty
1 Main insulat on element XPS 448.8 g 1
2 External aluminium frame Aluminium 436.8 g 8
3 Thermal break element PA 3233¢g 4
4 Insulat on for thermal break XPS 23.37¢g 4
5 Crimp corner cleat (Alumil EX-1131917000) Aluminium 1391¢g 8
6 Component cover Aluminium 1305.7 g 2
7 Sealing gasket (BMP: 1089-99-18) PVC 56.53 g 8
8 Metal cavity anchor HM 4x32 S (f sher) Stainless steel | 12.01g 4
9 Metal cavity anchor HM 4x45 SB (f sher) Stainless steel | 24.86¢g 2
10 Wall support ve element Stainless steel | 27.61¢g 2
11 Wall mount ng element Stainless steel | 50.35g 2
12 Knurled nuts (DIN 466 — high type) Stainless steel | 42.58 g 2
13 Handle PLA 21.33¢g 1
14 Handle brackets Stainless steel | 11.81g 2
15 Handle support PLA 0.500¢g 2
16 Connect on plast ¢ element PLA 6.150 g 8
17 Connect on plast ¢ pin PLA 0.060 g 8
18 Hexagon bolt (ISO 4014 — M4 x 30 x 30-N) Stainless steel | 0.493 g 4
19 Hexagon bolt (ISO 4015 — M4 x 40 x 40-S) Stainless steel | 0.549g 2
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(16) (17)
Figure 25. lllustrat on of the elements listed in the previous table, Table 11.

Assembling the prefabricated component must be an easy and straight orward process. Thus, this
parameter has been selected as a design parameter for the component. Figure 26 presents a step-by-
step process on how this component is assembled using the elements that have already been
presented in this sect on. In each sub-f gure, the assembly process, as well as the intermediate stage
that the component is in, is illustrated. Figure 26.a presents the frst step for assembling the
component, which refers to the assembly of the component’s frame. Af er cut ng the edges of the
elements at a 45° angle, the aluminium frames slide into the grooves of the thermal break element.
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Then, the insulat on element used as a thermal break is placed inside the frame to create the f nal
component’s frame. The same procedure is followed to create four ident cal prof le sub-components.
The second step is to assemble the component’s frame prof le, as depicted in Figure 26.b. To do so,
the crimp corner clits (Alumil EX-1131917000) are placed in two of the four ident cal prof le sub-
components assembled in the previous step. Then, the next step is to connect all four sub-elements
of the component’s prof le, enclosing at the same t me the main insulat on element, as Figure 26.c
suggests. The fourth step is to adjust the two covers on the main body of the component. First,
specialized plast ¢ gaskets made of PVC are placed on the two aluminium covers to form two cover
sub-assemblies, one for each side of the component. Then, these are wedged together with the main
component. The fourth step is depicted in detail in Figure 26.d. Af erwards, all the necessary holes are
drilled, and the connect on plast c elements along with their pins, as well as the support ng brackets,
which enable fastening and stabilizat on of the component onto the wall, are placed. This procedure
is depicted in Figure 26.e. Finally, Figure 26.f presents the procedure for assembling the handle and
placing it onto the main body of the component to f nalize the assembly procedure. These very simple
steps indicate the ease of assembly as one of the advantages of the prefabricat on retrof t ng process.
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Figure 26. The step-by-step assembly process for the small-scale prefabricated component.
3.3.1 Component-level Simulat on Results

The simulat ons are conducted on two dif erent levels, on a component level and on a system level.
The component-level simulat on results are important to determine the U-value of the component.
Also, the temperature distribut on within the component reveals some crit cal points where thermal
bridging may occur. In this deliverable, the SolidWorks Flow Simulat on studio is used to calculate the
heat f ux, which will then be used to calculate the U-value [63]. To calculate the U-value, the sof ware
is used to calculate the heat fow in W/m?, and then, this value is divided by the temperature
dif erence of the boundary condit ons to ult mately determine the U-value of the component. The
required input data for the simulat ons are the material’s thermal propert es and the boundary
condit ons. Table 12 present the thickness and thermal conduct vity values used for the numerical
calculat ons of the U-value. These layers are depicted in Figure 27. The air gap in the prefabricated
component is considered as a convect ve thermal resistance as discusses in Sect on 3.2.1.
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Figure 27. Material layers for the numerical calculat ons of the U-values.

Table 12. Thermal propert es of the materials used for the numerical calculat on of the U-values
for the prefabricated component.

Thermal Specif ¢ heat
Material Thickness [mm] Density [kg/m3] conduct vity pe.a ¢ ia
[W/(mK)] capacity [J/(kgK)]
Aluminium (x2) 2.00 2702.0 237.0 903.0
XPS 77.0 35.0 0.024 1380.0

3.3.3.1 Small-scale component-level simulat on results

The calculated U-value of the component is equal to 0.333 W/m2K. This value meets the requirements
for a house in all the climate changes in Greece, based on the relevant regulat ons [64]. Figure 28
illustrates the temperature distribut on inside the component for the boundary condit ons presented
in the previous sect on. Figure 28.a clearly indicates that thermal bridges occur due to the material of
the connect on elements, which is Stainless Steel (SS). However, this material cannot be replaced with
plast ¢ because this would result in structural strength issues when the component is f xed on the

external wall surface.

Tampaeature (30Mh ['C]

Tsmparatre (0% ']

CalPiot 1 - midae: conbaurs
P30t 2 - keakel cantoun

(a) (b)
Figure 28. Temperature distribut on for the prefabricated component for (a) a cross-sect on on the
wall mount ng element plane, and (b) a cross-sect on on the middle plane of the component.

Co-funded by
the European Union

St Plot 1 - midale conturs
Cat Plod 2- brackel: contours

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).

Neither the European Union nor the grant ng authority can be held responsible for them.




Security level: RINA/CL/PUBLIC

) SIRCULAR

3.3.2 System-level Simulat on Results

The aim of the system-level simulat ons is to quant fy the improvement in energy ef ciency. The
building used for the simulat ons is the Greek virtual pilot, which is the “Lela Karagianni” primary
school building in the city center of Athens, Greece (lat tude 38.00°, longitude 23.73°). The building
envelope is representat ve for the buildings constructed in the 1980s, consist ng of concrete and
bricks, and it is fully uninsulated. The school includes two buildings, and the newer one was used, as
the older building is considered a historic building and its facade cannot be altered. The cases that are
compared are the exist ng building, which is completely uninsulated, and the complete retrof t ng
with the prefabricated components. The complete retrof t of the building aims at achieving the
Passivhaus standard, because it of ers a great reduct on of energy demands for heat ng and cooling,
while at the same t me achieving opt mal thermal comfort. The renovat on includes the installat on of
the prefabricated elements along with the result ng improvement of thermal bridges, installat on of
energy-ef cient windows, improvement of the airt ghtness of the building envelope, the introduct on
of a MVHR system, as well as the addit on of shading elements on the glazing surfaces. All these energy
saving measures improve the energy ef ciency of the building by introducing signif cant energy
savings, while in parallel, interior thermal comfort levels are greatly improved. Figure 29 depicts the
installat on process of the prefabricated components on the virtual building.
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Figure 29. Installat on process of the prefabricated components on the virtual building.

The exist ng building requires 31,334 kWh annually for heat ng and cooling based on the results of
dynamic simulat ons for the baseline scenario. It is important to note here that the school is not
equipped with act ve cooling systems. This directly af ects thermal comfort during the warm Greek
months. Without the use of a cooling system, the building requires 23,408 kWh annually for heat ng.
The reason the cooling system is added is to compare the ef ect of the prefabricated element on an
equivalent basis. However, the actual case of the building was also considered and evaluated. Figure
30 illustrates the mean air temperature variat on of the building (blue line). Addit onally, the holiday
periods of the school’s schedules are noted on the diagram: the summer holiday period (green lines),
the Easter holiday period (red lines), and the Christmas holiday period (orange lines). Also, the range
of thermal comfort according to the Greek building code (grey lines), which lies in the range of 20-
26°C is also presented. It is evident that the exist ng building suf ers greatly from the f uctuat ons of
external temperatures. The heat ng system shuts down af er managing to reach 20°C momentarily,
and the building is unable to maintain the heat, which is evident because during the heat ng period,
the temperatures are always equal to or less than the 20°C threshold. The night f uctuat ons when the
energy systems are turned of are also visible, as well as the weekend f uctuat ons when the energy
systems are also deact vated, and temperatures can drop as low as 10°C. The weekend periods can be
seen as the periodic dips that appear at a rate of 5 every 1000 hours (approximately 5 weekends over
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a period of roughly 6 weeks). Moreover, during the winter break, the temperature stagnates at around
10°C. During the Easter holiday break, the temperature seems to drop signif cantly since the heat ng
load inside the building decreases as the building is unoccupied. As the Easter break period ends, the
temperatures appear to increase rapidly, with the cooling system struggling to maintain temperatures
below the level of 26°C. As the summer break starts, the temperature increases further unt | a peak
of approximately 37°C. By the end of the summer break and the act vat on of the cooling systems, the
temperatures are declining, which cont nues unt | the end of the year, and the cycle repeats.
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Figure 30. The mean air temperature variat on of the building.

It is obvious that the t me period in which the temperature levels are within the opt mum range of 20-
26°C is limited. This indicates the necessity for building retrof t ng. Renovat on processes in school
units must be completed within the summer break period, which is approximately 3 months. This is a
very challenging target, and convent onal retrof t ngtechniques seem to struggle. Thus, prefabricated
solut ons seem to be ideal for these case studies. The calculated annual energy demand for heat ng
and cooling is found to be equal to 10,297 kWh, which corresponds to a 67% percentage reduct on
compared to the baseline scenario, which includes the cooling systems. The annual cooling demand
was calculated at 4,479 kWh, while the annual heat ng demand was calculated at 5,818 kWh. Figure
31 depicts the mean air temperature variat on of the building when the prefabricated component is
ut lized. Figure 32 summarizes and compares the mean air temperature f uctuat ons before and af er
the energy retrof t ng using the prefabricated components. Table 13 summarizes the annual heat ng
and cooling demand af er the installat on of the prefabricated components, and the total energy
savings.
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Figure 31. The mean air temperature variat on of the building af er the retrof t ng process using
the prefabricated component.
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Figure 32. The mean air temperature variat on of the building before and af er the retrof t ng
process using prefabricated components.
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Table 13. System-level simulat on results for the prefabricated component.

Parameter Value
Exist ng building energy consumpt on — Baseline scenario 31,334 kWh
Annual cooling demand when installing the component 4,479 kWh
Annual heat ng demand when installing the component 5,818 kWh
Annual energy savings percentage when installing the component 67.1%

3.3.3 Environmental Footprint and Construct on Cost

This sect on discusses some preliminary est mat ons about the construct on cost, and the carbon
footprint of the proposed prefabricated component. This indicator must be compared both in absolute
cost value (€), but also in cost expressed in units of square meters (€/m?) for the wall surface that each
component can cover. The mean value from the range values of each element has been considered in
these calculat ons. The average cost for aluminium it can range from 2.3 €/kg to 3.0 €/kg [65]. The
most expensive element is the insulat on one. For XPS, this cost can range from 1.5 to 3.0 €/kg [66].
Stainless steel is used for the construct on of the support ve brackets and elements, especially for the
smaller unit, but also for the construct on of all the necessary anchoring bolts and screws. The cost of
stainless steel, including chromium for propert es reinforcement, is est mated in the range of 2.2 to
4.8 €/kg [67], while for an alloy steel this value is in the range of 0.33 €/kg to 0.85 €/kg [68]. The
est mated construct on cost for the component is equal to 19.5 €, while the est mated construct on
cost per square meter of surface area is equal to 78.0 €/m?. To be more accurate in the cost predict on,
two more things must be taken into considerat on, which are the assembly and the installat on on-
site. Construct on cost is always dependent on the locat on, the scale of the project, and the quant ty
of materials which will be ordered.

The equivalent carbon dioxide (CO,.eq) emissions for the construct on of the component are used as
the main indicator for the environmental footprint analysis. According to the internat onal aluminium
organizat on, the carbon footprint of aluminium is equal to 14.8 kgcoz eq/kgai if the aluminium is
produced by raw bauxite [69]. However, if recycled aluminium is used, this value is equal to 0.52
kgcoz_eq/kgai [70]. In this study, recycled aluminium is used for the calculat ons. For the insulat on
material, the material ut lized is XPS. However, the component was designed so that a great variety of
insulat on materials could be used. The carbon footprint of XPS is est mated at 85.8 kgco2 eq/kgxes [71].
For the sealing gaskets of the small-scale component, the material used is PA, and its equivalent
emissions are equal to 9.1 kgcoz eq/kgpa [72]. However, for the biobased PA, which is used in this study,
the carbon footprint is signif cantly reduced to 1.7 kgcoa_eq/kgra [72]. Finaly, stainless steel is ut lized
for the constructon of the necessary bolts and screws. Despite the probability of in-house
construct on of these screws is very low, their footprint is calculated as well, and its equivalent
footprint equals to 5.3 kgcoz_eq/kgss Or to 1.6 kgcoz eq/kgss if the stainless steel was fully recycled [73].
Given that the surface area for the proposed prefabricated component is equal to 0.25 m?, its specif ¢
equivalent carbon footprint is equal to 224.4 kgco, eq/m?. The main reason for these high value is the
select on of XPS as the insulat on element, which has been done in purpose to set the environmentally
worst-case scenario as the baseline.

3.3.4 Overall Benef ts of the Prefabricated Components Exploitat on

The advantages that prefabricated components can provide to all the stakeholders involved in a
retrof t are evident. First and foremost, the necessary energy ef ciency of the building stock can be
achieved by enabling deep energy retrof ts for the vast majority of aging buildings that would
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otherwise not be able to achieve signif cant energy savings with the required internal thermal
condit ons. This improvement in energy ef ciency can allow for thermal comfort and a sustainable
future. Addit onally, such an innovat ve product will bring more know-how towards energy-saving
measures that will push the industry towards the EU’s goals. Also, buildings that will undergo
renovat ons with the use of prefabricated units will achieve opt mal thermal comfort in their interior,
which is very of en neglected when it comes to energy ef ciency in buildings, since the main focus is
on energy consumpt on and not occupant well-being. While it achieves this improvement in thermal
comfort, it does so by greatly reducing occupant hassle during the retrof t ng process. Furthermore,
there is a signif cant economic relief that such a unit can provide, since renovat on t mes and costs are
being pushed down, thus reducing capital costs, while also reducing energy bills, leading to larger
disposable income for building occupants due to lower operatonal costs. These prefabricated
elements also have a posit ve ef ect on the lifecycle of a building. Since thermal insulat on and
minimizat on of thermal bridging eliminated problems like moisture building up in structural elements,
problems like rust ng of the reinforcement and deteriorat on of the structural elements are prevented,
and consequently, the building’s lifet me is extended, thus reducing the building’s yearly carbon
footprint, considering the embodied carbon in its construct on materials. Last but not least, the
environmental footprint of the element is designed in such a way to strike a perfect balance between
performance and recyclability, since the ent re frame material is recyclable, while the insulat on
material, despite being a petroleum product, can also be recycled.

3.3.5 Potent al Usage in the Market

The introduct on of a prefabricated component that aids the retroft ng process by integrat ng
mult ple energy-saving measures demonstrates signif cant potent al for market ut lizat on, addressing
a crit cal need in both the domest c and global construct on sectors. While prefabricated insulat ng
units exist worldwide, very few combine a comprehensive set of energy ef ciency features into a
single, ready-to-install solut on. Most current units focus primarily on insulat on and are commonly
constructed with t mber frames. Although t mber of ers certain advantages, as presented in Sect on 2
of this deliverable, its large-scale use in the Greek market is not feasible due to limited forest resources
and smaller supply chains. These limitat ons lead to longer construct on t melines, higher material
costs, and a greater environmental footprint. All the aforement oned factors highlight a gap in the
market that a prefabricated component, such as the proposed ones, comes to fll. It is an innovat ve
product for the global market since, unlike convent onal units, it integrates a mult tude of energy
ef ciency-improving features in its design, enabling adherence to the Passivhaus standard. The
Passivhaus standard provides a way to achieve very low energy demands along with excellent thermal
comfort through a holist ¢ building design approach, due to its basic principles, which are thermal
insulat on, minimized thermal bridges, improved window performance, airt ghtness, MVHR, and
shading, especially for climate zones closer to the equator. All these principles are incorporated into
the prefabricated component. The result is that this component enables retrof ts in aging buildings
that otherwise would not be feasible, both in the public and private sectors, due to large capital costs,
extensive renovaton t mes, and feasibility concerns. Last but certainly not least are its lifecycle
advantages. Not only does it extend the lifecycle of exist ng buildings, with high embodied carbon by
eliminat ng corrosive moisture in structural elements and enabling them to be used for longer with
comfortable interior condit ons, but it also provides a form of circularity due to its highly recyclable
nature. Countries with demo sites will also benef t from such a product.
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This deliverable emphasizes on two renovat on strategies for the exist ng building stock, t mber reuse
and prefabricat on. Both solut ons present some advantages and disadvantages. However, they seem
to be possible candidate solut ons towards renovat ng the EU’s building stock which is mandatory to
achieve the EU sustainable goals for 2050.

4.1 Conclusions and Further Considerat ons: Design Studies on
Timber Reuse

Based on the comprehensive analysis conducted through the virtual demonstrator in Germany,
Strategy A is recommended as the opt mal approach for deep energy renovat on of the exist ng
building stock using reclaimed t mber. This recommendat on is grounded in Strategy A's strongest
performance across most key evaluat on criteria.

Strategy A, the least invasive approach, delivers the best overall environmental and economic
performance. The results demonstrate that this strategy achieves environmental payback within the
shortest period while maintaining the highest degree of structural preservat on. Its advantages in
terms of resource ef ciency, cost-ef ect veness, and minimal intervent on requirements make it the
most suitable solut on for widespread implementat on in renovat on projects. Strategy A combines
technical feasibility with environmental benefts and economic viability over building lifecycles,
posit oning it as the clear frontrunner among the evaluated approaches.

Building on these promising results, Strategy A must be subjected to more rigorous technical
evaluat on in follow-up invest gat ons, including in-depth analysis of structural performance, thermal
bridging, hygrothermal behavior, and detailed connect on design to fully validate its implementat on
feasibility.

While all three strategies presented in this study represent realist c approaches to renovat on, their
suitability depends on which aspects (environmental performance, economic viability, or preservat on
of exist ng structures) are priorit zed. In pract ce, such decisions are of en inf uenced by mult ple
stakeholders, regulatory frameworks, and funding condit ons. However, when evaluated holist cally,
Strategy A emerges as the most balanced and ef ect ve solut on.

Realizing the full potent al of circular t mber construct on requires concerted act on across mult ple
domains:

e development of enabling regulat ons and standards

e maturat on of circular value chains

e advancement of digital tools and assessment methodologies

e innovat on in reversible connect on systems

e cult vat on of social acceptance among designers, builders, and clients

The transformat on from linear to circular construct on pract ces demands systemic change, but the
demonstrator project provides evidence that this transit on is both necessary and achievable.
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4.2 Conclusions and Further Considerat ons: Prefabricated Circular
Renovat on Component

Prefabricat on in renovat on is a mandatory process to accelerate building decarbonizat on, improve
thermal comfort, and create af ordable solut ons. At the same t me, prefabricated elements that can
use recycled and biobased materials provide a holist c approach to the solut on. NTUA’s solut ons
throughout the SIRCULAR project are aiming to raise awareness for prefabricated components by
designing simplif ed and easy-to-construct solut ons on a small scale, giving the opportunity to local
enterprises to invest in innovat ve solut ons.

Regarding materials, XPS is used as one of the most well-known materials in the market as an example.
This solut on indicates the worst-case scenario in environmental terms as the baseline design scenario.
The proposed prefabricated element can use every available material in the market, priorit zing
biobased or recycled materials with lower embodied energy. The advantages of prefabricat on in
renovat on are the following:

e Reduce construct on t me: Industrializat on is one of the few ways to accelerate building
renovat on in comparison to convent onal techniques. This is happening by craf ing 90% of the
f nal wall of the construct on site. It is important not only for the building but also for the
surrounding area.

e Improve the quality of renovat on: Deep energy renovat ons rely on engineers, technicians,
and market products, where there is a huge variety in all of these. Prefabricat on in renovat on
of ers an OSS solut on, incorporat ng dif erent building components (insulat on, windows, etc.)
in one f nal product designed only for deep energy renovat ons.

e Avoid human errors through industrialized products: Similar to above, the quality of the
renovat on of en requires specialized technicians and t me, which they don’t have. These lead
to signif cant errors (for example, thermal bridging) despite ut lizing very good products.
Industrializat on lacks customizat on but of ers safety and quality assurance.

e Address the lack of technical workforce: Building renovat ons require a dedicated technical
workforce, which nowadays is a huge issue for Europe. It is very dif cult to create that working
force, and this is why prefabricat on will play a crucial role in our society.

e Reduce construct on cost: Prefabricat onis st Il a bit more expensive in comparison to a typical
renovat on. The designed solut on has taken into considerat on the cost, using convent onal
materials and simplif ed geometry to enable mass product on and cost minimizat on.

e Reduce the disturbance to the residents who will be able to live in their buildings during the
renovat on process: Exterior insulat on requires a scaf old, MVHR, and HVAC systems require
working from the interior, and the same for windows. The OSS prefabricat on solut on that is
designed has taken into considerat on the disturbance, which has been minimized as much as
possible through penetrat ons in the exterior wall.

During the development of the prefabricated component there were some issues that emerged and
deserve at ent on in future research to further develop these solut ons to higher TRL levels. The main
considerat on issues are listed below:

e Specif c prefabricated component sizes: The proposed component has a specif ¢ size. This
leads to the problem of covering the ent re outer wall, since most probably, the exist ng wall
size will not perfectly f t on an integer number of components. Thus, specif ¢ treatment will
be necessary to cover the gaps that will remain. However, considering that there are many

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.

]

Security level: RINA/CL/PUBLIC

—



Security level: RINA/CL/PUBLIC

neighborhoods with a lot of ident cal buildings in many EU countries, tailor-made components
could be designed for each purpose based on the strategy and analysis presented.

e Prefabricated components for the roof: The developed solut ons were examined only for the
installat on on vert cal outer wall surfaces. However, prefabricat on could also be used for roof
insulat on. Specif ¢ criteria should be added when designing such components since some
issues are more crit cal for the roof insulat on, such as wind and vapor resistance.

e Possible faws during installat on due to human errors: The installat on process is semi-
automated. Thus, human intervent on is limited but cannot be ent rely avoided. Thus, human
errors may exist during the installat on process, result ng in thermal bridges and airt ghtness
issues. Specif ¢ treatment with further insulat on foam addit on may be required.

In the Appendix, f gures and tables that provide further illustrat on and clarif cat ons regarding the
reported data and results are presented.

o

Figure Al. Pictures of the exist ng building under invest gat on for the t mber-reuse retrof t ng.

Co-funded by

- the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.

]



L

Security level: RINA/CL/PUBLIC

SIRCULAR

\3

\

\
-\\
\\l
\
‘-\\
h A

&
s

i\

T a"
==t
=i
S=N ’«ﬂﬁf!z&/'
= i\' l‘zé“';‘(”ll o
= b=
L

6
\/’/:‘x
=\

)=
A
AV,

\ \\=‘\"3
\E)

SR

e

=

o
A
i
\ &

IS L2
= -1- ',f"’_/ o
f"\,'!;/"‘ﬁ -
IS L=

\ 1)

//,

, gy@.’ il "7’-’
SUTIR- i

Figure A2. Axonometric drawing of the exist ng building under invest gat on for the t mber-reuse
retrof t ng.
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Figure A4. Ground f oor of the exist ng building under invest gat on for the t mber-reuse
retrof t ng.
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Figure A5. Sect on AA of the exist ng building under invest gat on for the t mber-reuse retrof t ng.
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Figure A7. Elevat on south side of the exist ng building under invest gat on for the t mber-reuse

retrof t ng.
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Figure A8. Elevat on west side of the exist ng building under invest gat on for the t mber-reuse
retrof t ng.
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Figure A9. Evaluat on matrix for the t mber-reuse retrof t ng scenarios.

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.




[1] “SIRCULAR (2025). D1.4. Health, IAQ and construction correlations report.”

[2] “SIRCULAR (2027). D4.1. Local supply chain formation.”

[3] “SIRCULAR (2027). D4.4. Impact assessment of the SIRCULAR technologies and
monitoring activities report.”

[4] “SIRCULAR (2026). D5.3. Innovative contractual schemes for sustainable construction
and renovation value chain.”

[5] “POS-Kreislaufwirtschaft-erfolgreich-gestalten.pdf.” Accessed: Aug. 13, 2025.
[Online]. Available: https://www.vbw-bayern.de/Redaktion/Frei-zugaengliche-
Medien/Abteilungen-GS/Wirtschaftspolitik/2025/Downloads/POS-Kreislaufwirtschaft-
erfolgreich-gestalten.pdf

[6] “Potenziale von Bauen mit Holz.” Accessed: Aug. 13, 2025. [Online]. Available:
https://www.umweltbundesamt.de/sites/default/files/medien/5750/publikationen/20
20_10_29_texte_192_2020_potenziale_von_bauen_mit_holz_aktualisiert.pdf

[7]1 “Klimafreundlicher Neubau — Wohngebdude (297, 298) | KIW."” Accessed: Aug. 13,
2025. [Online]. Available:
https://www kfw.de/inlandsfoerderung/Privatpersonen/Neubau/FC3%Bérderprodu
kte/Klimafreundlicher-Neubau-Wohngeb%C3%A4ude-(297-298)/2redirect=786817

[8] “FW-R-4 + 5: Rohholzverwendung und Holzbauquote | Umweltbundesamt.”
Accessed: Aug. 13, 2025. [Online]. Available:
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wald-und-
forstwirtschaft/fw-r-4_fw-r-5/indikator

[?] “Altholz | Umweltbundesamt.” Accessed: Aug. 13, 2025. [Online]. Available:
https://www.umweltbundesamt.de/altholz

[10]"Strength grading of wood - Part 1: Coniferous sawn timber, DIN 4074-1:2012-06,"
June 2012. [Online]. Available: hitps://www.dinmedia.de/en/standard/din-407 4-
1/151716980

[T1]"Timber structures - Strength graded structural fimber with rectangular cross section -
Part 1: General requirements; German version EN 14081-1:2016+A1:2019, DIN EN
14081-1:2019-10," Oct. 2019. [Online]. Available:
https://www.dinmedia.de/en/standard/din-en-14081-1/311211371

[12]“Norwegian Standard prNS 3691-1: Evaluation of Recycled Wood 2024.”

[13]"“Leitfaden zur Wiederverwendung tragender Bauteile.”

[14]Verordnung Uber Anforderungen an die Verwertung und Beseitigung von Altholz
(Altholzverordnung - AltholzV).

[15]A. Klinge, E. Roswag-Klinge, L. Radeljic, and M. Lehmann, “Strategies for circular,
prefab buildings from waste wood,” IOP Conf. Ser.: Earth Environ. Sci., vol. 225, p.
012052, Feb. 2019, doi: 10.1088/1755-1315/225/1/012052.

[16]E. Boerman and D. E. Hebel, "RoofKIT: Kohlenstoffspeicher und Materiallager,” in
Vom Bauen mit erneuerbaren Materialien, D. E. Hebel, S. Béhm, and E. Boerman,
Eds., Fraunhofer IRB Verlag, 2024, pp. 209-224. doi: 10.51202/9783738809077-209.

[17]D. GmbH, "DGNB - German Sustainable Building Council,” DGNB GmbH. Accessed:
Oct. 15, 2025. [Online]. Available: https://www.dgnb.de/en/dgnb/about-dgnb

[18]S. Dittrich, V. Thome, J. NUhlen, R. Gruna, and J. Dérmann, “BauCycle —
Verwertungsstrategie fUr feinkdrnigen Bauschutt,” Bauphysik, vol. 40, no. 5, pp. 379-
388, Oct. 2018, doi: 10.1002/bapi.201800010.

[19]A. Rosen, “Entwicklung einer Systematik zur quantitativen Bewertung der
Kreislaufkonsistenz von Baukonstruktionen in der Neubauplanung”.

[20]K. Rakhshan, J.-C. Morel, H. Alaka, and R. Charef, "Components reuse in the building
sector — A systematic review,” Waste Manag Res, vol. 38, no. 4, pp. 347-370, Apr.
2020, doi: 10.1177/0734242X20910463.

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.

]

Security level: RINA/CL/PUBLIC

—



Security level: RINA/CL/PUBLIC

[21]HOTTGENROTH SOFTWARE. [Online]. Available:
https://www.hottgenroth.de/index.html

[22]“Germany, Building Energy Act (GEG), Annex 9: ‘Conversion to greenhouse gas
emissions,’ Federal Law Gazette | 2020, pp. 1788-1789." Accessed: Oct. 15, 2025.
[Online]. Available: https://www.gesetze-im-internet.de/geg/anlage_9%.html

[23]S. Wilke, "Umweltbundesamt, ‘Indicator: Share of Renewables in Gross Electricity
Consumption,” Accessed: Aug. 27, 2025.," Umweltbundesamt. Accessed: Oct. 15,
2025. [Online]. Available: https://www.umweltbundesamt.de/en/indicator-share-of-
renewables-in-gross-electricity

[24]K. Allacker, F. Mathieux, D. Pennington, and R. Pant, “K. Allacker, F. Mathieux, D.
Pennington, and R. Pant, ‘The search for an appropriate end-of-life formula for the
purpose of the European Commission Environmental Footprint initiative,’ Int. J. Life
Cycle Assess., vol. 22, no. 9, pp. 1441-1458, Sep. 2017, doi: 10.1007/s11367-016-1244-
0.," Int J Life Cycle Assess, vol. 22, no. 9, pp. 1441-1458, Sept. 2017, doi:
10.1007/s11367-016-1244-0.

[25]C. De Wolf, E. Hoxha, and C. Fivet, “C. De Wolf, E. Hoxha, and C. Fivet, ‘Comparison
of environmental assessment methods when reusing building components: A case
study,’ Sustain. Cities Soc., vol. 61, p. 102322, Oct. 2020, doi:
10.1016/j.5¢s.2020.102322.," Sustainable Cities and Society, vol. 61, p. 102322, Oct.
2020, doi: 10.1016/].5¢s.2020.102322.

[26]H.-J. KIUppel, “ISO 14040, Environmental management — Life cycle assessment —
Principles and framework, International Organization for Standardization, Geneva,
Switzerland, 2006.,” Int J Life Cycle Assessment, vol. 10, no. 3, pp. 165-165, May 2005,
doi: 10.1065/1ca2005.03.001.

[27]“Environmental management — Life cycle assessment — Principles and framework,
ISO 14040:2006,” Standard. [Online]. Available:
https://www.iso.org/standard/37456.html

[28]*“Bundesinstitut fUr Bau-, Stadt- und Raumforschung (BBSR), ‘OKOBAUDAT,’ accessed
September 5, 2025.” Accessed: Oct. 15, 2025. [Online]. Available:
https://www.oekobaudat.de/en.html

[29]"Bundesinstitut fur Bau-, Stadt- und Raumforschung (BBSR), ‘BNB — BUrogebdude,."”
Accessed: Oct. 15, 2025. [Online]. Available: https://www.bnb-
nachhaltigesbauen.de/bewertungssystem/buerogebaeude/

[30]Hauptverband der Deutschen Bauindustrie e.V., Standardleistungsbuch fUr das
Bauwesen (SLB), 2021. [Online]. Available:
https://www.bauindustrie.de/service/standardleistungsbuch/

[31]"Baukosteninformationszentrum Deutscher Architektenkammern GmbH (BKI), BKI
Baukostenplaner, 2023,” BKI. Accessed: Oct. 15, 2025. [Online]. Available:
https://www.bki.de/baukostenplaner

[32]"Building Energy Act (GEG), § 23, ‘Credit for electricity from renewable energies,’
Aug. 8, 2020, last amended Oct. 16, 2023." Accessed: Oct. 15, 2025. [Online].
Available: https://www.gesetze-im-internet.de/geg/__23.html

[33]*New heating systems: using renewable energy sources as of 2024 | Federal
Government,” Die Bundesregierung informiert | Startseite. Accessed: Oct. 15, 2025.
[Online]. Available: https://www.bundesregierung.de/breg-de/service/archiv-
bundesregierung/new-building-energy-act-2185010

[34]"2021_04_MHolzBauRL.pdf.” Accessed: Oct. 15, 2025. [Online]. Available:
https://www.dibt.de/fileadmin/dibt-
website/Dokumente/Amtliche_Mitteilungen/2021_04_MHolzBauRL.pdf

[35]“Fire safety engineering - Part 1: Basic principles and codes of practice, DIN 18009-
1:2016-09,” Standard, Sept. 2016. [Online]. Available:
https://www.dinmedia.de/en/standard/din-18009-1/257209820

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.



Security level: RINA/CL/PUBLIC

[36]A. Srivastava and A. Meshram, “On frending technologies of aluminium dross
recycling: A review,” Process Safety and Environmental Protection, vol. 171, pp. 38—
54, Mar. 2023, doi: 10.1016/].psep.2023.01.010.

[37]S. Al-Alimi et al., "Recycling aluminium for sustainable development: A review of
different processing technologies in green manufacturing,” Results in Engineering,
vol. 23, p. 102566, Sept. 2024, doi: 10.1016/].rineng.2024.102566.

[38]L. Lu, W. Li, Y. Cheng, and M. Liu, “Chemical recycling technologies for PYC waste
and PVC-containing plastic waste: A review,” Waste Management, vol. 166, pp.
245-258, July 2023, doi: 10.1016/j.wasman.2023.05.012.

[39]F. P. Inkropera and D. P. DeWitt, "PROPERTY TABLES AND CHARTS (SI UNITS),” in
Fundamentals of Heat and Mass Transfer, 6th ed. [Online]. Available:
https://cecs.wright.edu/people/faculty/sthomas/htappendix01.pdf

[40]"MATERIAL PROPERTY DATA,” MatWeb. [Online]. Available:
https://www.matweb.com/index.aspx

[41]A. Tilioua, L. Libessart, and S. Lassue, “Characterization of the thermal properties of
fibrous insulation materials made from recycled textile fibers for building applications:
Theoretical and experimental analyses,” Applied Thermal Engineering, vol. 142, pp.
56-67, Sept. 2018, doi: 10.1016/j.applthermaleng.2018.06.071.

[42]G. Cubri¢, I. Salopek Cubri¢, D. Rogale, and S. First Rogale, *Mechanical and
Thermal Properties of Polyurethane Materials and Inflated Insulation Chambers,”
Materials, vol. 14, no. 6, p. 1541, Mar. 2021, doi: 10.3390/ma14061541.

[43]S. Schiavoni, F. D’Alessandro, F. Bianchi, and F. Asdrubali, “Insulation materials for the
building sector: A review and comparative analysis,” Renewable and Sustainable
Energy Reviews, vol. 62, pp. 988-1011, Sept. 2016, doi: 10.1016/j.rser.2016.05.045.

[44]F. Abd-Alhamid, M. Kent, and Y. Wu, “Quantifying window view quality: A review on
view perception assessment and representation methods,” Building and
Environment, vol. 227, p. 109742, Jan. 2023, doi: 10.1016/j.buildenv.2022.109742.

[45]E. Cuce and S. B. Riffat, “A state-of-the-art review on innovative glazing
technologies,” Renewable and Sustainable Energy Reviews, vol. 41, pp. 695-714,
Jan. 2015, doi: 10.1016/].rser.2014.08.084.

[46]S. Somasundaram, A. Chong, Z. Wei, and S. R. Thangavelu, “Energy saving potential
of low-e coating based retrofit double glazing for tropical climate,” Energy and
Buildings, vol. 206, p. 109570, Jan. 2020, doi: 10.1016/j.enbuild.2019.109570.

[47]Y.Lin, S. Zhong, W. Yang, X. Hao, and C.-Q. Li, “Towards zero-energy buildings in
China: A systematic literature review,” Journal of Cleaner Production, vol. 276, p.
123297, Dec. 2020, doi: 10.1016/j.jclepro.2020.123297.

[48]ISO, "Thermal performance of buildings — Determination of air permeability of
buildings — Fan pressurization method, ISO 9972:2015,” 2015. [Online]. Available:
https://www.iso.org/standard/55718.html

[49]"Wind actions on structures, ISO 4354:2009,” 2009. [Online]. Available:
https://www.iso.org/standard/38882.html

[50]J. F. Straube, “Moisture in Buildings,” ASHRAE Journal, pp. 1-15, Jan. 2002.

[51]"Stractural Insulated Panels,” future sips. [Online]. Available:
https://www .futuresips.co.uk/product/sip-panels/

[52]“STRUCTURAL INSULATED PANELS,” GREENPANEL INNOVATIVE HOMES. [Online].
Available: https://www.green-panel.eu/structural-insulated-panel/

[53]"Polyurethane panels,” KAMARIDIS GLOBALWIRE. [Online]. Available:
https://www.kamaridis.gr/polyurethane-panels

[54]"Insulated Panels,” RECTICELGROUP. [Online]. Available:
https://www.recticel.com/what-we-do/insulated-panels.html

[55]SOLIDWORKS. Dassault. [Online]. Available: https://www.solidworks.com/

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.



Security level: RINA/CL/PUBLIC

[56]IDA ICE - Simulation Software. EQUA. [Online]. Available:
https://www.equa.se/en/ida-ice

[57]1SO, “Energy performance of buildings — Overarching EPB assessment, ISO 52000-
1:2017," 2017. [Online]. Available: https://www.iso.org/standard/65601.html

[58]“Energy performance of buildings — Thermal, solar and daylight properties of
building components and elements, ISO 52022-3:2017,” 2017. [Online]. Available:
https://www.iso.org/standard/66488.html

[59]1SO, “Thermal performance of windows, doors and shading devices — Detailed
calculations, ISO 15099:2003,"” 2003. [Online]. Available:
https://www.iso.org/standard/26425.html

[60]“Glass in building - Determination of luminous and solar characteristics of glazing, EN
410:2011,” 2011.

[61]“Building components and building elements — Thermal resistance and thermal
fransmittance — Calculation methods, ISO 6946:2017,” Standard.

[62]M. B. Mahmud, A. Anstey, V. Shaayegan, P. C. Lee, and C. B. Park, "Enhancing the
mechanical performance of PA6 based composites by altering their crystallization
and rheological behavior via in-situ generated PPS nanofibrils,” Composites Part B:
Engineering, vol. 195, p. 108067, Aug. 2020, doi: 10.1016/j.compositest.2020.108067.

[63]J. E. Mattson, An Infroduction to SOLIDWORKS Flow Simulation 2024 . SDC Publications,
2024. [Online]. Available: https://www.sdcpublications.com/Textbooks/Introduction-
SOLIDWORKS-Flow-Simulation-2024/ISBN/978-1-63057-647-9/

[64]"Kavoviouog Evepyeiakng Amodoong Kripicov,” Ministry of Environment and Energy.
[Online]. Available: https://ypen.gov.gr/energeia/energeiaki-
exoikonomisi/ktiria/kenak/

[65]“Aluinium price index,” BUSINESS analytlQ. [Online]. Available:
https://businessanalytig.com/procurementanalytics/index/aluminium-price-index/

[66]“High density xps board prices,” Accio. [Online]. Available:
https://www.accio.com/plp/high-density-xps-board

[67]"Stainless steel SS304 price index,” BUSINESS analytlQ. [Online]. Available:
https://businessanalytig.com/procurementanalytics/index/stainless-steel-ss304-price-
index/

[68]"Steel alloy price index,” BUSINESS analytlQ. [Online]. Available:
https://businessanalytig.com/procurementanalytics/index/steel-alloy-price-index/

[69]"International Aluminium Organization,” Global Aluminium Industry Greenhouse Gas
Emissions Intensity Reduction Confinues, With Total Emissions Below 2020 Peak.
[Online]. Available: https://international-aluminium.org/global-aluminium-industry-
greenhouse-gas-emissions-intensity-reduction-continues-with-total-emissions-below-
2020-peak/

[70]*International Aluminium Organization,” As well as aluminium recycling, saving 95%
of the energy needed for primary aluminium production, the recycling process saves
a similar percentage in greenhouse gas emissions. [Online]. Available:
https://international-aluminium.org/landing/as-well-as-aluminium-recycling-saving-
95-of-the-energy-needed-for-primary-aluminium-production-the-recycling-process-
saves-a-similar-percentage-in-greenhouse-gas-emissions/

[71]"Environmental Product Declarations (EPD),” QUAD-LOCK. [Online]. Available:
https://www.quadlock.com/technical_library/EPS-versus-XPS-Insulation.htm

[72]A. Seile, E. Spurina, and M. Sinka, “Reducing Global Warming Potential Impact of Bio-
Based Composites Based of LCA,” Fibers, vol. 10, no. 9, p. 79, Sept. 2022, doi:
10.3390/fib10090079.

[73]J. Johnson, B. K. Reck, T. Wang, and T. E. Graedel, “The energy benefit of stainless
steel recycling,” Energy Policy, vol. 36, no. 1, pp. 181-192, Jan. 2008, doi:
10.1016/j.enpol.2007.08.028.

Co-funded by
the European Union

SIRCULAR has received funding from the European Union’s Horizon Europe research and innovat on programme under
grant agreement No 101147412. Views and opinions expressed are those of the author(s) only and do not necessarily
ref ect those of the European Union or the European Climate, Infrastructure and Environment Execut ve Agency (CINEA).
Neither the European Union nor the grant ng authority can be held responsible for them.



Security level: RINA/CL/SENSITIVE

www.sircularproject.eu

e

@SircularProject @SIRCULAR Project




