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Disclaimer 
Funded by the European Union. The content of this deliverable refects the authors’ views. Views and 

opinions expressed are, however, those of the author(s) only and do not necessarily refect those of 

the European Union or the European Climate, Infrastructure and Environment Executve Agency 

(CINEA). Neither the European Union nor the grantng authority can be held responsible for them. 

Background: About the SIRCULAR project  
SIRCULAR is coordinated by RINA-C and combines the expertse of 22 partners from six European 

countries, including universites, 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 innovatve technologies and services across four 

regional clusters: initally in Estonia and Spain, followed by Germany and Greece. These clusters will 

engage constructon companies, housing companies, universites, and local administratve enttes, 

focusing on buildings owned or occupied by vulnerable populaton groups, in line with the SIRCULAR 

just and afordable transiton approach. 
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Executive Summary 
In the scope of this report, innovatve retroftng solutons for achieving the ZEB status are presented. 

The proposed solutons are based on the idea of prefabricaton retroftng solutons, aiming to speed 

up the renovaton procedures in order for the European Union to achieve its 2030 and 2050 goals. 

Two diferent prefabricaton solutons are proposed, a tmber reuse-based soluton, and a soluton 

based on prefabricated components directly atached to the building envelope. More specifcally, the 

proposed prefabricated component is a small-scale and fexible unit. 

The main conclusions of this report emphasize the advantages of prefabricaton in retroftng, and 

the benefts resultng from applying this approach in terms of speed in renovaton, streamlined 

renovaton procedures, building’s resilience, energy efciency of buildings, and thermal comfort for 

the occupants. Prefabricaton also limits human errors during constructon or retroftng, reduces the 

constructon cost, and minimizes the disturbance to the occupants.  
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1. Introducton  

The SIRCULAR project aims to create a methodology that combines sustainable and low-carbon 

techniques for constructon, deconstructon, and reuse in the building sector. The main objectve of 

this project is to transform the constructon sector into a sustainable and low-carbon industry by 

creatng and highlightng alternatve low-carbon building materials and techniques. 

In this directon, the SIRCULAR project aims to introduce two innovatve constructon and renovaton 

approaches based on tmber reuse and exploitaton of prefabricated solutons. The proposed solutons 

directly contribute to the technical and technology-related objectve of the SIRCULAR project for 

improving the availability of creatve plans for environmentally friendly buildings by developing new 

and creatve constructon and renovaton strategies and components. Furthermore, it contributes to 

the objectve of spreading the knowledge for reusing building elements by providing holistc and 

innovatve technology solutons, integratng reused components, and prefabricaton elements. 

The main objectve of Deliverable D3.2 is to develop a technical report regarding the actvites carried 

out in tasks T3.3 and T3.4 for tmber reuse and prefabricated renovaton elements respectvely. In 

partcular, “Karlsruhe Insttute for Technology” (KIT) and “ZRS Architekten Gesellshaf von Architekten 

MBH” (ZRS) have designed and proposed a holistc renovaton strategy for an existng building based 

on reused and recycled tmber. This design process addresses all the sustainability, economic, and 

social aspects throughout the whole development. Moreover, an innovatve waste wood harvestng 

and processing strategy has been developed, maximizing the reusability of building components. Also, 

a zero-carbon tmber facade has been developed and examined in a virtual demo building. In additon, 

specifc practces for achieving a zero-building emission standard have been defned. Regarding the 

prefabricated renovaton component, the “Natonal Technical University of Athens” (NTUA) and the 

“Hellenic Passive House Insttute” (HPHI) have designed and proposed a fexible and simple universal 

prefabricated constructon system based on sustainable and recyclable materials. A detailed 

descripton of all the design and constructon aspects of the prefabricated element is presented, and 

the adopted methodology is defned. The design of these element emphasizes on minimizing the 

disturbance to building’s occupants during the constructon or renovaton process, and easy 

installaton while following the design for deconstructon methodology. These solutons will be 

exploited during the demo implementaton process in WP4 of the project. Also, the solutons have 

been virtually tested using the virtual demo sites of KIT and HPHI. 

In conclusion, Deliverable D3.2 will present a holistc renovaton strategy based on tmber reuse, and 

a prefabricated circular renovaton component, providing new, creatve, and sustainable technical 

solutons for energy retroftng in the building sector. Thus, the available range of choices for 

achieving decarbonizaton of the sector will be broadened, and the industrial sector will increase its 

knowledge on energy-efcient and environmentally friendly technologies and techniques. 

1.1 Objectves of the Deliverable  

The Deliverable D3.2 addresses both the Tasks T3.3 and T3.4 for design studied on tmber reuse and 

prefabricated components for renovaton respectvely. KIT and ZRS are the responsible partners for 

the actvites of T3.3, while NTUA and HPHI are the responsible partners for the actvites of T3.4. Thus, 

this deliverable has some individual objectves for each task, but also some critcal common objectves. 

The main objectves for T3.3, “Preliminary design studies on tmber reuse” are: 
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➢ To develop a renovaton strategy for an existng building based on reused and recycled tmber. 
➢ To defne of-set tme for achieving zero-emission. 

➢ To develop a waste wood harvestng and processing strategy. 

➢ To develop a zero-carbon tmber facade and roof for the renovaton of a virtual demo. 

The main objectves for T3.4, “Innovatve prefabricated circular renovaton components” are: 

➢ To develop a universal prefabricated constructon system. 
➢ To minimize the disturbance of buildings during the renovaton process. 

➢ To minimize the duraton of deep-retroftng 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 exploitaton of the developed solutons during the demo 

implementaton phase of the SIRCULAR project. The main goal is to provide the project partners with 

creatve, sustainable, low-carbon, and energy-efcient techniques and solutons for renovaton or 

constructon of buildings. Moreover, the outcomes of this deliverable will reach out industrial and 

public stakeholders to increase their knowledge and awareness on innovatve renovaton solutons. 

1.2 Structure of the Document 

This document is structured into six distnct sectons, leading to a detailed and comprehensive 

investgaton on tmber reuse and prefabricaton solutons for constructon and renovaton. Secton 1 

introduces the main scope, goals, methodology, and approach of this deliverable. Secton 2 focuses 

on the design studies for tmber reuse, emphasizing possible restrictons and the real potental of this 

technology. Also, the second secton points out the related available design strategies, concluding with 

an overall renovaton strategy regarding tmber reuse, followed by an assessment and validaton 

methodology. This secton is associated with task T3.3, “Preliminary design studies on tmber reuse”. 

Secton 3 presents and analyses a circular renovaton component. The third secton introduces the 

methodology for prefabricaton solutons and addresses the materials and techniques utlized, 

conductng simulatons and feasibility studies on component and system-level analyses. This secton 

is associated with task T3.4, “Innovatve prefabricated circular renovaton components”. Secton 4 

concludes all the results and valuable outcomes of this deliverable to be used by all the project 

partners for the demonstraton phase of the project. Secton 5 showcases any supportng material 

considered as necessary, thus completng the analysis of the proposed innovatve solutons. Finally, 

Secton 6 presents the references and bibliography used. 

1.3 Relaton to Project Documents 

This deliverable is a technical report, thus it is related to other technical reports of the SIRCULAR 

project and with the actvites regarding the demo implementaton 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 constructon materials correlatons report (T1.4) [1]: Material 
compositon and circularity. Evaluatng recycling constructon and demoliton-based waste 
materials, bio-based alternatves, and hybrid solutons. 

Project documents that will utlize the results from this document: 
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▪ Deliverable D4.1 – Local supply chain formaton (T4.1) [2]: Take into consideraton the materials 
used for the tmber facade and the prefabricated elements to implement them in the formaton 
of a local supply chain, enhancing circularity and advancing local markets. 

▪ Deliverable D4.4 – Impact assessment of the SIRCULAR technologies and monitoring actvites 
report (T4.4, T4.5) [3]: Given all the details for the tmber and prefabricated solutons, an analysis 
on the environmental, technological, economic, socio-economic and comfort perspectve impacts 
of these technologies will be conducted. 

▪ Deliverable D5.3 – Innovatve contractual schemes for sustainable constructon and renovaton 
value chain (T5.4) [4]: Based on the prefabricated and tmber solutons 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 investgate and propose two new and creatve renovaton 

ideas, thus providing energy-efcient and low-carbon solutons for the project partners to implement, 

and new solutons for the building renovaton and constructon industry. These solutons are tmber 

reuse facades and prefabricated components. KIT and ZRS have investgated the potental of tmber 

reuse in detail, providing low-carbon tmber solutons for an existng building. Furthermore, they have 

emphasized on waste wood harvestng 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 solutons covering many aspects of a complete renovaton 

strategy. In this directon, partners considered the detailed report of the Deliverable D1.4 for the 

material selecton [1]. In conclusion, a holistc approach to present innovatve and feasible 

technologies were conducted by the project partners, providing to the SIRCULAR project realistc and 

efcient solutons. 

2. Design studies on Timber Reuse 

The constructon industry, as a major consumer of resources and producer of waste, plays a critcal 

role in the transiton toward sustainable and circular practces. In this context, Task 3.3 focused on 

developing a holistc renovaton strategy for existng university or ofce 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 defne 

the design approach, supported by Life-Cycle-Assessment (LCA) analysis and Life-Cycle-Costng (LCC) 

related aspects. Innovatve methods for reclaiming and processing waste wood, including treated 

tmber, were explored. Key aspects include energy efciency, user comfort, health, and climate 

resilience—prioritzing passive solutons and minimizing emissions. A concept for building services and 

a tmeline toward zero emissions were also developed. The reuse potental of materials was assessed, 

and a Circularity Index was introduced to measure outcomes. The following sectons present in detail 

the methods, strategies, and results of this work. 
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2.1 Restrictons and Potentals of Timber Reuse 

In light of climate change and resource scarcity, reclaimed wood ofers signifcant potental for 

sustainable constructon aligned with circular economy principles. Achieving this requires a 

fundamental transformaton of the constructon sector, addressing material efciency, emission 

reducton, and the development of resilient value chains [5]. 

Despite its advantages, tmber remains underutlized in European mult-storey constructon, with a 

market share of only 2.7% [6]. Yet, its capacity to store approximately one tonne of carbon dioxide 

(CO2) per cubic meter, coupled with advances in prefabricaton, makes it a key material for reducing 

emissions, shortening constructon tmes, and increasing energy efciency. 

In Germany, tmber constructon is gaining momentum, supported by public funding and strategic 

initatves [7]. However, growing reliance on primary wood from intensively managed forests raises 

ecological concerns, including overexploitaton, drought stress, and pest damage. This challenges the 

long-term viability of tmber 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 CO2 instead of being reused [9]. The 

CO₂ emissions from burning wood exceed the original wood mass by a factor of about 1.5, because 

during combuston, the carbon stored in the wood (approximately 50% by mass) oxidizes by binding 

with atmospheric oxygen to form CO2, where the molecular weight rato results in the range of 1.5 to 

1.8 tonnes of CO2 per tonne of wood burned. This widespread reliance on thermal utlizaton refects 

a structural gap in current constructon and waste management systems, where end-of-life tmber is 

rarely reintegrated into the building cycles. 

2.1.1 Current Status: Reclaimed Wood Harvestng and Evaluaton Process 

The reuse of reclaimed tmber in constructon is gaining atenton in research and practce but remains 

limited by signifcant practcal and regulatory barriers. In this secton, the most signifcant limitatons 

and barriers, such as regulatory and certfcaton framework, design and constructon of tmber-based 

materials, digital tools, material passports, and other social and economic factors, are presented and 

discussed. 

Regulaton and Certfcaton: Despite ongoing research eforts, the lack of consistent classifcaton 

standards remains a key challenge. Ageing, damage, wood preservatves, insufcient documentaton, 

and others ofen compromise the usability of reclaimed tmber. Non-destructve testng methods, 

such as visual grading (DIN 4074-1) [10] and machine strength grading (DIN EN 14081-1) [11], ofer 

formal means to assess and certfy reclaimed elements for structural reuse. However, these methods 

are rarely implemented in practce due to high technical and personnel requirements, tme intensity, 

and the challenge of achieving lower strength values with manual sortng, 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 Constructon” by the 

Ministry of State Development and Housing in Baden-Würtemberg 2025, as well as the Norwegian 

Standard “prNS 3691-1: Evaluaton of Recycled Wood 2024” [12], which provides the frst practce-

oriented framework for approving reclaimed structural elements, including tmber. It highlights the 

importance of early assessment, controlled deconstructon, and technical evaluaton (e.g., density, 

cracking, load-bearing capacity) [13]. 
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Although politcal support for circular constructon is growing, the reuse of structural tmber 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 contaminaton and treatment history, establishing specifc recycling and recovery 

pathways for each class. On the other hand, direct material reuse as structural components is only 

permited in exceptonal cases. [14]. A clear regulatory pathway for structural applicatons of 

reclaimed tmber is stll missing. 

Design and Constructon: From a design perspectve, reclaimed tmber ofers signifcant potental for 

innovatve and resource-efcient architecture. Key advantages include easier deconstructon, lower 

weight, the possibility of dry jointng, and the fexibility to cut structural elements such as columns or 

beams to required dimensions on-site. Demonstraton 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 intentonal reuse can be successfully applied. However, standardized reversible 

connecton systems enabling damage-free reuse of tmber components are stll lacking—posing a 

major research gap in constructon methods. 

Digital Tools and Material Passports: Digital platorms increasingly support the documentaton, 

cataloguing, and traceability of reusable building components. Sustainability certfcaton systems 

such as DGNB (German Sustainable Building Council) incorporate material passports and circularity 

assessment as integral evaluaton criteria [17]. German-based commercial enterprises such as 

Concular provide market-ready solutons for material documentaton and marketplace platorms.  The 

research project BauCycle [18] develops scientfc foundatons for circular constructon practces, 

while the Urban Mining Index [19] functons as an evaluaton framework that establishes standardized 

criteria for assessing reuse potental. These diverse approaches collectvely aim to transparently map 

material fows throughout the entre building lifecycle and facilitate the integraton of circularity 

principles into design and planning processes. Yet, reclaimed tmber remains underrepresented and 

inconsistently integrated into these systems. The systematc inclusion of reclaimed wood in digital 

material passports and BIM-based workfows, especially for assessing conditons, planning 

deconstructon, and defning circularity metrics, remains a key area for future research. 

Social and Economic Factors: The acceptance of reclaimed tmber in design, constructon, and among 

clients remains limited. Concerns regarding quality, availability, liability, and fnancial risk ofen hinder 

wider market uptake [20]. Simultaneously, emerging market niches such as deconstructon services, 

processing, and reuse design remain under-researched. Currently, practce-oriented models for 

assessing reclaimed tmber quality, designing reusable components, and integratng 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, constructon, legal frameworks, technology, 

and environmental assessment. The approach is demonstrated through a digital prototype based on 

a real building, aiming to promote circular tmber constructon in practce. 

2.1.2 Future Prospects: Reintegraton of reclaimed wood into value chain 

A central challenge for future-oriented resource strategies is the current reliance on incineraton: in 

Germany, approximately 10 million tonnes of reclaimed wood are burned annually, leading to the 

release of 15 million tonnes of CO2 and highlightng the urgent need to reintegrate end-of-life tmber 

into the material value chain [9]. While energy recovery provides short-term utlity, it results in the 

irreversible loss of both carbon storage potental 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 frst 

be reused in constructon or recycled into high-value applicatons. 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 fnal step. 

Figure 1 illustrates a circular value chain for reclaimed wood, ofering a structured alternatve to the 

prevailing practce of incineraton. The process begins with the non-destructve dismantling of tmber 

components, followed by sortng and relevant contaminant removal, such as metal ftngs, fasteners, 

and other harmful substances. Subsequently, material testng and strength grading are conducted to 

determine reuse potental. Based on the results, components are dimensioned and matched to 

suitable applicatons. New elements are then manufactured and reintroduced into the constructon 

cycle. 

 
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 utlizaton system, where they are gradually 

repurposed for lower-grade applicatons such as engineered wood products or insulaton materials 

before ultmately entering biodegradaton. This approach maximizes resource efciency, prolongs 

carbon storage, and supports the transiton toward a circular constructon economy. 

2.2 Design strategies for Timber Reuse 

2.2.1 Existng Building under Investgaton 

Planning in tmber constructon requires a high degree of precision, especially in existng buildings. A 

detailed analysis of the existng structure is a prerequisite for developing suitable strategies. The 

design-based approach aims to develop a transferable soluton for a specifc building typology. The 

building under investgaton serves as a pilot project. Due to the lack of adequate existng 



   

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

Security level: RINA/CL/PUBLIC 

documentaton, a new building survey was conducted by KIT as part of Task 3.3. The set of existng 

building plans of this investgaton is presented in the Appendix secton, Figures A1-A8. The selecton 

of the existng building is based on its typological representatveness: it is a structure that is not only 

common on the campus of the Karlsruhe Insttute of Technology (KIT) but also widespread throughout 

Germany. An overview of comparable buildings is provided right below, in Figure 2. 

 
Figure 2. Comparison of similar building types (in Germany) with the building under investgaton. 
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This typology, typical of buildings constructed in the 1960s and 1970s, is characterized by a clearly 

defned modular grid structure. The buildings are usually based on a reinforced concrete skeleton with 

a repettve structural grid of 3.75 by 3.75 meters. This regularity is visibly refected in the facade and 

enables the use of prefabricated concrete elements in a repettve manner. A distnctve architectural 

feature is the contnuous balconies surrounding the building. Originally, these balconies served not 

only for maintenance access but also had a fre safety functon. However, due to today’s stricter fre 

protecton requirements, the widths of these balconies are ofen insufcient, posing challenges for 

compliance with current regulatons. In case of renovaton, existng building rights protecton no 

longer applies, and fre protecton concepts must be redesigned according to current standards. These 

issues are discussed in Secton 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 cantlever beyond the thermal 

envelope to support the balconies create numerous thermal bridges, resultng in signifcant heat 

losses. This leads to elevated energy consumpton, increased CO2 emissions, a reduced level of thermal 

comfort for users, and, in the worst case, also to constructon defects. Moreover, many materials used 

during the original constructon period were contaminated with hazardous substances. For example, 

asbestos-containing panels are ofen stll found behind suspended ceilings and must be carefully 

addressed in any renovaton process. 

Within the framework of this demonstrator, the proposed approach will be tested for its replicability 

in the context of non-residental building stock. To identfy suitable renovaton strategies, an 

evaluaton matrix that maps diferent levels of interventon in the existng structure — ranging from 

minimally invasive to comprehensive approaches — was developed. The assessment was conducted 

based on the following criteria: 

• Impact: Reducton of energy consumpton, improvement of user comfort, extension of building 

lifespan, and potental for replicaton. 

• Feasibility: Compatbility with existng building use, cost efciency, and low technical complexity. 

• Sustainability and circularity: Use of existng structures, avoidance of carbon-intensive materials, 

low waste generaton, and robustness and adaptability of the proposed solutons. 

• Architectural appearance: Preservaton of the original appearance, clarity of the design concept, 

and spatal and daylight quality. 

The complete assessment is documented in the Appendix secton, 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 secton, Secton 2.2.2. 

2.2.2 Comparison of Diferent Retroftng Strategies 

In the following analysis, various renovaton strategies were compared with one another, ranging from 

the least invasive to the most invasive interventons. Figure 3 presents a schematc preliminary 

representaton of the facade renovaton strategies. In the subsequent secton of this investgaton, 

several of these strategies were examined and evaluated in more detail. 
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Figure 3. Comparison of diferent renovaton strategies based on tmber reuse. 

The aim of developing the spectrum from least invasive (maintaining the building in its current state) 

to most invasive (complete demoliton and replacement with a new facade) was to cover a realistc 

range of all possible interventons. 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: 

• Strategy A: A minimally invasive refurbishment, aiming to preserve as much of the existng 

structure as possible in order to minimize CO2 emissions and not to destroy constructon-related 

CO2 emissions contained in the existng building. 

• Strategy B: Avoids demoliton entrely, no embodied energy is released, existng facade and 

balconies remain intact, complemented by an external glazed layer creatng a thermal bufer zone. 

• Strategy C: Removal of the existng facade and introducing new reclaimed tmber frame elements, 

which serve as a CO2 sink, divided into three sub-variants: 

o C.1: Retenton 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 

foor. 

o C.3: Relocaton of the thermal envelope to the interior, combined with the complete 

removal of the surrounding balcony structure. 

For simplifcaton, it was assumed that both the roof and the basement ceiling would be retrofted 

with additonal insulaton. This measure is identcal across all strategies and illustrated in Figure 4. In 

the following subsectons of Secton 2.2.2, the structural drawings for the retroftng strategies are 

illustrated in detail. Figure 5 refers to Strategy A, while Figure 6 refers to Strategy B. The following 

fgures, Figure 7, Figure 8, and Figure 9, refer to the retroftng strategies C.1, C.2, and C.3 

respectvely. 
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Figure 4. Roof and basement ceiling retroftng strategy with additonal insulaton (valid for all the 

proposed tmber reuse-based renovaton strategies). 
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2.2.2.1 First strategy: Strategy A 

 
Figure 5. Structural drawings for the tmber reuse-based retroftng strategy A. 
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2.2.2.2 Second strategy: Strategy B 

 
Figure 6. Structural drawings for the tmber reuse-based retroftng strategy B. 
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2.2.2.3 Third strategy: Strategy C.1

 
Figure 7. Structural drawings for the tmber reuse-based retroftng strategy C.1. 
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2.2.2.4 Fourth strategy: Strategy C.2 

 
Figure 8. Structural drawings for the tmber reuse-based retroftng strategy C.2. 
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2.2.2.5 Fifh strategy: Strategy C.3 

 
Figure 9. Structural drawings for the tmber reuse-based retroftng strategy C.3. 
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2.3 Assessment and Validaton  

2.3.1 Energy performance before and afer refurbishment 

To verify and quantfy the assumptons made during the preliminary design process of the three 

renovaton variants, an environmental assessment is carried out as the basis for fnal validaton. The 

frst part of the assessment investgates the energy demand of the existng building before and afer 

renovaton. The renovated state is modelled using the Hotgenroth Sofware [21] for all three wall-

related strategies A, B, and C, which have been introduced in the previous chapter. In additon 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 diferent variants, these other components are assigned one uniform 

renovaton soluton. This approach ensures comparability across the wall-retroftng scenarios, 

enabling a clear validaton of their respectve impacts. The objectve of this frst stage of the 

assessment is to determine the efect of the renovaton about energy savings in the future. 

2.3.1.1 Energy performance before renovaton: Existng building 

To begin with, the existng building in its current state is analyzed as the baseline for comparison. 

Table 1 presents the most signifcant informaton about the investgated building, which is located in 

the campus of KIT. 

Table 1. Informaton about the investgated building for the retroftng strategies. 

Informaton Details 

Building type University insttute building with ofce space and laboratories 

Year of Constructon 1970 

Heated volume (Ve) 35,855 m3 (determined in accordance with GEG using external dimensions) 

Air volume (V) 28.684 m3 

Net foor area ANGF 7,655 m2 

The demonstrator building, “Materialprüfungs- und Forschungsanstalt Karlsruhe (MPA Karlsruhe)”, is 

used as a research facility and consists mainly of ofce spaces, seminar rooms, sanitary facilites, and 

circulaton areas. The technical service rooms are located in the basement and atc, with the 

basement being unheated. The building is currently supplied with heat via a district heatng system, 

with heat primarily delivered to the rooms through radiators. No cooling system is installed. Domestc 

hot water heatng has been excluded from the scope of this report due to a lack of available 

informaton. In the sanitary areas, a period-typical exhaust ventlaton system is in place, while the 

common areas do not have any ventlaton system. Lightng mainly relies on fuorescent lamps, with 

many underutlized areas such as basements and storage rooms lacking occupancy sensors. At 

present, no regeneratve energy systems are in place. Accordingly, no photovoltaic system is installed 

on the roof, although the roof surface ofers substantal potental for solar energy generaton. 

Figure 10 shows the energy balance of the building in its current state, analyzing heat losses for space 

heatng and heat gains (e.g., solar gains through the windows). Energy losses occur in varying 

proportons through the building envelope, due to air exchange, and during the generaton and supply 

of the required energy. 
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Figure 10. Breakdown of energy losses for space heatng (unrenovated state). 

As Figure 10 illustrates, a signifcant porton 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 insufcient thermal insulaton of the existng structure. Of all envelope-related losses, 84% are 

atributed to the external walls and windows, while the remaining losses are associated with the roof 

and basement. A closer examinaton of the envelope in its current conditon reveals that the largest 

share of the envelope consists of an uninsulated standard wall constructon. This constructon is made 

up of 0.8 cm HPL panels, an 8 cm wooden stud frame with uninsulated cavites, and a roughly 1.2 cm 

thick wood-based panel. The transparent elements are double-glazed tmber-frame windows from the 

1970s. The exterior walls of the top-foor technical services area are likely concrete with a 1 cm plaster 

layer. The vertcal installaton zones are confned by an 18 cm metal stud frame flled with mineral 

wool and cladded with 1.5 cm plastered gypsum boards. The roof structure is likely concrete with 

minimal insulaton and a bitumen waterproofng layer. The basement is presumably unheated, and its 

ceiling appears to remain in the original as-built conditon.  

Table 2 below presents the substandard U-values of the main envelope components of the existng 

building, as calculated with Hotgenroth Sofware (lef column). These values exceed the maximum 

allowable limits defned by current regulatons (GEG – Building Energy Act, Germany), which are 

presented in the right column. 

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

Envelope element 
U-value 

Unrenovated 
[W/(m2K)] 

U-valuemax 
GEG 

[W/(m2K)] 

Flat roof 1.22 0.24 

Exterior door 3.50 1.80 

External wall technical foor (top foor) 3.02 0.24 

External wall installaton zones 1.60 0.24 

External wall façade 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 existng 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 foor area [kWh/m2a] 243.2 

2.3.1.2 Energy performance afer renovaton 

In a second step, the values outlined above are compared with the projected energy demand afer 

renovaton to assess its impact. The assumptons for this inital analysis are based on the preliminary 

design of the renovaton scenarios and incorporate generalized estmates where necessary, to provide 

a consistent assessment and support decision-making at this early stage of the planning process. The 

renovaton comprises the following measures as described in Secton 2.2: 

Retroftng of the walls in three variants (Strategies A, B, and C): Three promising wall designs were 

selected from the preliminary set of variants (see sectons 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 

Hotgenroth Sofware. 

Retroftng of the roof: The existng roof, which provides only limited thermal performance, is 

retrofted with an extensive green roof on an additonal 30 cm thick layer of high-performance, bio-

based insulaton. This improves the insulatng propertes of the retrofted building component 

signifcantly, achieving a U-value equal to 0.12 W/m2K. The same measure is applied across all three 

retroftng scenarios. 

Retroftng of the basement: Insulaton of the basement ceiling has been identfed as an 

economically efcient method to reduce thermal losses. Accordingly, the basement ceiling is insulated 

to achieve a U-value of 0.28 W/m2K. Again, the same measure applies to all three scenarios. 

Revised energy concept: To support the transformaton towards ZEB, the building services are 

retrofted according to the following in all renovaton scenarios. Given the high quality of the building 

envelope components in all renovaton variants, the heatng system can be converted to a ground-

source heat pump supplying heat via low-temperature radiators. The main distributon system will be 

insulated. Due to a lack of informaton, hot water generaton has not been considered either in the 

current state or in the renovaton scenarios. The exhaust system in the sanitary areas will be renewed, 

and the lightng will be reviewed and upgraded to LED technology. In additon, the installaton of 

occupancy sensors in corridors, sanitary, and storage rooms ofers the possibility of energy savings 

through reduced operatng tmes. As the roof ofers signifcant potental for installaton of a PV system, 

PV modules will be mounted as part of the virtual renovaton concept to cover the building’s electricity 

demand. The structural capacity of the roof to support the additonal load of the PV and the extensive 

green roof would need to be verifed during the detailed planning phase of an actual building project 

to determine whether any reinforcement measures are required. For the purpose of this virtual 

demonstraton, however, the roof is assumed to have sufcient structural capacity to support the 

loads of the PV system, based on preliminary estmates. 

Table 4 provides an overview of how the main envelope components perform afer the renovaton 

(strategies A, B, and C) and compares them to the current maximum values given by the existng law 

(GEG). As Table 4 indicates, the solutons developed within the virtual demonstraton of the SIRCULAR 

project substantally enhance the U-values of the main envelope components, thereby reducing 

thermal losses and contributng to the transformaton towards a zero-emission building. 



   

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

Security level: RINA/CL/PUBLIC 

Table 4. U-values of the main envelope elements according to the retroftng strategy. 

Envelope element 
U-value 

Unrenovated 
[W/(m2K)] 

U-value 
GEG 

[W/(m2K)] 

U-value 
Strategy A 
[W/(m2K)] 

U-value 
Strategy B 
[W/(m2K)] 

U-value 
Strategy C 
[W/(m2K)] 

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 
foor (top foor) 

3.02 0.24 0.13 0.13 0.13 

External wall installaton 
zones 

1.60 0.24 0.45 1.60 0.45 

External wall façade 
elements 

2.25 0.24 0.15 2.25 0.15 

Windows 2.70 1.3 0.80 2.70 0.80 

Basement ceiling 1.01 0.30 0.28 0.28 0.28 

Secondary façade 
(strategy B) 

- - - 0.95 - 

The previous table, Table 4, highlights signifcant improvements across all three scenarios. As a result 

of the reduced transmission losses and the updated energy concept, the corresponding fnal and 

primary energy demands for the three renovaton scenarios are presented in Table 5 and Figure 11, 

presentng the energy demand according to each strategy and the resultng savings, respectvely. The 

resultng savings are in the range of 91% to 94%, which are very promising. Both fnal and primary 

energy savings are key indicators for assessing the efect of the diferent renovaton strategies. 

Table 5. Energy demand of the building according the retroftng 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 m2 [kWh/m2a] 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 m2 [kWh/m2a] 243 18 19 18 
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(a) (b) 

Figure 11. The energy demand according to each retroftng strategy. The results (a) for the fnal 
energy demand, and (b) for the primary energy demand. 

These diagrams show that a substantal reducton in energy demand is achieved across all renovaton 

scenarios, with only minor diferences between them. With a slight edge, the most comprehensive 

measures (Scenario C) deliver the best overall performance. For later comparison of operatonal 

energy savings with constructon-related embodied energy, the fnal 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 multplied by the respectve emission factors defned 

for each energy carrier (e.g., electricity, natural gas, and district heatng). These factors represent the 

average specifc greenhouse gas emissions per unit of delivered energy, expressed as CO2-equivalents. 

The resultng values quantfy the operatonal GHG emissions of the existng building in kilograms of 

CO2-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 
 [t CO2-eq/a] 

573.4 43.9 55.0 41.8 

GHG emission savings per year  
[t CO2-eq/a] 

- 529.5 518.4 531.6 

As a preliminary outcome of the energy assessment, the projected annual fnal energy savings for the 

renovatons relatve to the non-renovated baseline amount to approximately 1.3 million kWh/a and 

520 tonnes of greenhouse gases, across all three renovaton scenarios. This projecton is notably 

conservatve, and the actual CO2 savings are expected to be higher as the decarbonizaton of the 

electricity grid contnues. These developments are partcularly relevant to the ecological operaton of 

heat pumps, especially in dense inner-city areas where roof space is typically insufcient 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, signifcantly improving electricity-operated energy systems 

[23]. 
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2.3.2 Life-cycle-Assessment of renovaton measures 

2.3.2.1 LCA of the three renovaton strategies 

Following the assessment of operatonal energy savings, the next secton evaluates the renovaton 

strategies in terms of embodied energy resultng from the renovaton measures and associated 

maintenance over a 50-year period. Accordingly, this secton aims to determine the environmental 

footprint of the diferent renovaton strategies, ultmately enabling a comparison of the GHG input 

required for renovaton and the GHG savings due to the lower energy demand. At this stage, it is 

important to emphasize that the assessment is based on qualifed assumptons and estmates, due to 

the preliminary design status and limited data availability. In the context of the virtual demonstraton, 

opportunites to gather a complete dataset or investgate unknown aspects of the existng 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 renovaton variants across a 50-year life 

cycle. The diagram quantfes the Global Warming Potental (GWP) in kg CO₂-eq for the entre building, 

allowing an assessment of the overall ecological footprint of the renovaton. The assessment includes 

Modules A1–A3, C3, and C4, covering the constructon phase and all maintenance or replacement 

expected over the 50-year period. This analysis does not include the potental recycling of the used 

materials for the renovaton strategies. This potental could further reduce the GWP of the strategies. 

 
Figure 12. Global warming potental of renovaton strategies (over 50 years). 

The lighter bars represent the overall balance including thermal utlizaton, complying with LCA 

standards. In additon, the darker bars illustrate an alternatve outcome in which the carbon stored in 

the solid tmber components remains sequestered, refectng tmber reuse as a future scenario instead 

of incineraton. To this end, Module C3 (Waste Processing) has been determined separately for the 

solid tmber parts of the constructons (see also Table 7) and deducted from the overall balance. Doing 

so leads to a considerably lower GWP — especially in the tmber-rich Strategy C — emphasizing the 

strong climate mitgaton potental of reusing building components rather than directng them into 

the waste stream. The incorporaton of additonal reused or recycled materials beyond the reclaimed 

tmber components could potentally reduce the GWP of the renovatons even further – an aspect not 
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yet refected in the previous fgures. This perspectve not only highlights the large amounts of 

embodied energy stored in the existng building stock but also underscores the opportunites arising 

from keeping this carbon in circulaton. By selectvely dismantling and reusing components instead of 

releasing carbon through demoliton and incineraton, a powerful lever for climate mitgaton in the 

building sector can be actvated. The diagram also illustrates how incineraton afects the diferent 

renovaton strategies to varying degrees, partcularly to the disadvantage of tmber-based 

constructons. Renovaton Strategy B, with its high proporton of carbon-intensive glass surfaces, 

results in the highest GWP values under both calculaton methods, slightly exceeding those of Strategy 

C. However, this gap widens signifcantly when incineraton is excluded from the end-of-life scenario. 

In that case, Strategy C — which incorporates the highest share of tmber — shows a substantally 

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 existng 

structures and involves only minor deconstructon work. 

In this context, it is important to note that the LCA carried out for this report does not refect and 

quantfy deconstructon measures. The diferences in retained building mass among the renovaton 

strategies are therefore not accounted for. While Strategies A and B both preserve most of the existng 

structure, Strategy C involves full deconstructon of the envelope and balconies, requiring energy and 

generatng 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 tmber, 

which refer to freshly sourced wood. Consequently, this assessment does not take into account that, 

in the SIRCULAR renovaton scenarios, the tmber 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 

secton will explore possible approaches to represent and quantfy the reuse of tmber in the LCA. 

2.3.2.2 Opportunites and limits in refectng reuse and future reusability in the LCA 

While it may be a future challenge to ensure that components constructed today are protected from 

incineraton ffy years or more from now, the opportunity to save and reintegrate already available 

building materials is immediate and actonable. This is the approach taken by the three renovaton 

strategies presented in this deliverable: all of them incorporate reclaimed tmber. To determine the 

positve impact of this design decision on the renovaton’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 quantfy aspects that are important to foster — even though difcult to refect 

numerically — such as the reuse of building components. For this purpose, diferent methods are 

currently discussed, as analyzed by Allacker et al. [24] and De Wolf et al. [25], based on three diferent 

use phases:  

• frst-tme usage with the resource being produced from scratch (e.g., through forestry and 
producton plants), 

• mid-phase usage, with the resource being reused (can be repeated several tmes), 

• last-tme usage, afer which the resource is not reused again (instead, it is utlized, disposed of, or 
downcycled). 

While there are several approaches currently being discussed to refect reuse in the LCA, one of them 

is chosen for the scope of this report to show potentals and current limitatons. Due to its practcal 

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 efects 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 C is only considered in the fnal use cycle.  

Furthermore, it provides incentves 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 implicatons, partcularly in relaton to reclaimed 

wood, it will be applied on a material level for the solid tmber parts of the three diferent renovaton 

designs. The resultng GWP balance for the whole building across all three variants is shown in Table 

7. The procedure will be explained below. 

Table 7. CO2 savings from reuse as refected under the Cut-Of method. 

Parameter 
Ökobaudat 
[28] Data 

Strategy A Strategy B Strategy C 

Amount of solid tmber in m3 1 75 70 250 

A1-3 (GWP in kg CO2-eq.) for tmber parts -727 -54,525 -50,980 -181,750 
C3 (GWP in kg CO2-eq.) for tmber parts 816 61,200 57,120 204,000 
D (GWP in kg CO2-eq.) for tmber parts -12.87 -965 -901 -3,218 

Balance of whole building before 
applicaton of Cut-Of-method for 
reclaimed tmber parts (GWP in kg CO2-
eq., incl. A1-A3, C3-C4) 

- 866,805 1,347,619 1,231,583 

Balance of whole building afer 
applicaton of Cut-Of-method for 
reclaimed tmber parts (GWP in kg CO2-
eq., incl. A1-3, C3-C4; deducton of A1-A3 
and C3 for tmber parts, additon of D for 
tmber parts) 

- 859,165 1,340,488 1,206,115 

According to the phase model, the tmber parts in the SIRCULAR renovaton strategies can be classifed 

as mid-phase usage, as they originate from prior applicatons 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 

Potental Module D. All these values are determined separately, as shown in Table 7, and accounted 

for in the overall balance. 

With this calculaton method, the Cut-Of-method aims to refect 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 tmber 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 entrely omited. To address this distorton, 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 investgated.  

Another challenge lies in defning the applicable usage phase (frst, mid, and last) in the frst place, 

especially with regard to potental life cycles that may or may not follow.  Any future reuse remains 

inherently speculatve at the tme of design and constructon. 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 critcally. As a consequence, it could be reasonable to set the “worst-case scenario” – allocatng 
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all environmental burdens from Module C – as the default. Any deviaton from this, such as omitng 

Module C, should be subject to specifc conditons. For instance, a circularity concept could be 

provided, showing that the design is suitable for non-destructve deconstructon and reuse in the 

future, i.e., by planning with reversible connectons, avoiding glues, avoiding composite materials, etc. 

This could prevent the improper omission of environmental burdens associated with the end-of-life 

stage and further incentvize circular constructon. Lastly, while the Cut-Of method is well-suited for 

estmatng the expected environmental efects of a constructon measure, it is less suitable for 

retrospectvely assessing the cumulatve 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-countng. 

With the SIRCULAR renovatons placing partcular emphasis on reclaimed tmber, it is important to 

note that wood, as a renewable building material, behaves diferently in CO2 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 practces. In the 

case of tmber, however, the Product Stage is associated with a negatve total GWP, as the carbon 

sequestered during the tree's growth signifcantly 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 negatve and the newly positve values roughly cancel each other out. 

The same balancing efect occurs when both the product and end-of-life stages are omited, as 

suggested for a mid-phase life cycle assessment. Theoretcally, this could lead to a misleading 

advantage for frst-use tmber in the LCA: fresh wood appears partcularly benefcial due to its negatve 

GWP in the product stage, while the release of carbon at end-of-life is excluded if reuse is antcipated.  

This undermines the intenton of promotng reuse, as it disincentvizes the integraton of reclaimed 

renewable material.  

Two key points must be considered in this context. Firstly, Module D becomes relevant here. It allows 

the positve efects of reuse to be partally captured. However, it must be acknowledged that Module 

D refects future recycling potentals, 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 distortons in the 

results caused by varying allocaton of carbon release, partcularly in tmber constructon. In this case, 

the GWP considered in the LCA would refect only fossil emissions, for instance, those from producton 

processes. The biogenically stored carbon could be reported separately. Such a separaton 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 CO2 savings from reuse, as refected under the Cut-Of method, 

remain moderate compared to the overall results. Therefore, LCA should not be the sole means of 

assessing and incentvizing reuse and circular constructon. Complementary tools, such as circularity 

indices (see Secton 2.2.4), are essental. Overall, the representaton of reuse and reusability in LCAs 

remains a subject of ongoing discussion and is stll evolving toward appropriate methodological 

treatment. Yet, many of the benefts of reuse lie beyond the scope of current LCA frameworks. Reuse 

can foster new value chains and economic opportunites, and more broadly, it has the potental to 

reshape our relatonship 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 fnancial 

implicatons of a building or refurbishment project throughout its entre lifespan, encompassing inital 

investment, component replacements, maintenance, refurbishment, cleaning, and operatonal 

expenses. However, conductng an accurate LCC requires detailed and reliable data, which can be 

challenging to obtain – partcularly during the early stages of a project and when renovatng existng 

buildings. Despite these uncertaintes related to the preliminary planning phase of the SIRCULAR 

renovaton strategies, cost consideratons remain a critcal factor in decision-making and are therefore 

approximated here as accurately as possible. 

To support this, the German Sustainable Building Certfcaton System (BNB) ofers an LCC-tool, 

facilitatng the standardized assessment of life cycle costs. The LCC-analysis for the SIRCULAR 

renovaton strategies was conducted using the BNB tool tailored for ofce buildings (BNB_B), 

providing a comprehensive assessment of the building’s performance over a 50-year period [29]. 

As an inital step, the investment costs of the three diferent variants were determined based on a 

detailed cost estmaton of the renovaton measures, broken down to the level of individual building 

components. These estmated costs have been derived from multple 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. 

Additonally, data from the “Baukosteninformatonszentrum Deutscher Architektenkammern” (BKI) 

[31], which provides comprehensive constructon cost informaton and benchmarks, was used. Finally, 

practcal experience from ongoing building projects was incorporated to complement and validate the 

fgures. Existng building elements have not been included in the costs. The same applies to costs 

associated with deconstructon measures.  

Based on the resultng investment costs for the renovatons, 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 additon to replacement costs, the BNB 

tool also includes inspecton and maintenance, refurbishment, cleaning, and energy costs in its 

calculatons. Although water and sewage costs are typically considered, they were excluded from the 

overall assessment in this report due to insufcient data. However, these costs would remain constant 

across all renovaton variants and therefore would not afect the comparatve evaluaton of the 

building envelope systems.  

The energy costs were calculated based on the previously defned energy demands per renovaton 

variant and the predefned energy costs for the respectve carrier media in Germany. To account for 

the total energy expenses over a 50-year period, the BNB tool incorporates an annual price escalaton, 

along with a discount rate to convert the sums into present value. Figure 13 illustrates the LCC-results 

for all three renovaton strategies. 
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(a) 

 
(b) 

 
(c) 

Figure 13. Life-Cycle-Costs’ results according to the retroftng strategy, for (a) Strategy A, (b) 
Strategy B (b), and (c) Strategy C. 



   

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

Security level: RINA/CL/PUBLIC 

The results show that renovaton 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 proporton of energy costs compared to investment costs. Strategy C occupies an 

intermediate positon with relatvely low energy costs but the highest investment costs. 

A critcal aspect identfed during the LCC assessment is the set of service life assumptons. For 

instance, components such as wood fbre boards or windows are assigned a maximum service life of 

40 years by the BBSR, which automatcally triggers a full replacement in the model, looking at a 50-

year period. In reality, however, this may not always be necessary. A slight reducton in insulaton 

performance, as may occur with ageing wood fbre insulaton, does not inherently justfy complete 

replacement, especially if the material stll performs adequately. Nevertheless, the calculatons 

presented above assume full replacements within the predefned tmeframes. In this context, the 

payback periods indicated in sectons 2.4.2 and 2.4.3 can be considered conservatve, as a signifcant 

porton of environmental and fnancial costs could potentally be avoided if replacements are not 

required in every case. 

The fact that reclaimed tmber is used instead of fresh tmber has not been factored into the LCC 

calculatons of this deliverable. At present, there is no reliable data on the cost implicatons of material 

reuse. Nevertheless, the potental for tmber reuse to reduce long-term material acquisiton and 

disposal costs is promising. However, while reuse can ofer considerable economic and environmental 

benefts 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 

additonal planning complexity involved ofen necessitates individual solutons, detailed assessments, 

or special approvals. As such, the fnancial impact of reuse remains difcult to quantfy at this stage. 

Nonetheless, as circular constructon practces mature and reuse strategies become more widespread, 

supported by evolving regulatory frameworks and market structures, a reducton in both cost and 

planning efort is expected in the medium to long term. To accurately capture these dynamics, 

appropriate methodologies for cost calculaton and their integraton into LCC assessment tools must 

be developed and implemented progressively as more experience is gained through pilot projects and 

living labs. 

2.4 Validaton of environmental aspects 

2.4.1 Achieving ZEB status 

For an evaluaton of the progress towards ZEB status, the share of non-renewable primary energy 

demand (PENRT) from the overall primary energy demand is partcularly important. Due to the limited 

roof area available for photovoltaic (PV) installaton relatve to the large total foor area of the high-

rise building, the on-site solar energy generaton is insufcient to meet the building’s total energy 

demand for operatng the ground-source heat pump, lightng, and all other technical equipment. As 

shown in Table 5, the roofop PV system can supply 52,308 kWh/a of fnal 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 natonal electricity mix, which includes both renewable and non-

renewable sources. This regulaton ensures consistency, comparability, and transferability of results. 

Strictly speaking, this means that none of the renovaton 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 calculaton method prescribed by German energy legislaton. On the 

other hand, it highlights both the challenges of retroftng this specifc building typology and its 

relevance, given the partcularly high energy demand of this type at the current renovaton 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 existng parking lot. In practce, procuring renewable-only electricity 

from an eco-provider could reduce the building’s actual non-renewable energy demand to zero at any 

tme, although this is not refected in the ofcial accountng framework. Additonal measures, such as 

neighborhood-level energy solutons or the applicaton of artfcial intelligence, could further optmize 

energy performance and contribute to reaching net-zero targets. 

2.4.2 LCA-related aspects and environmental payback 

The determinaton of the environmental payback builds on the results of the previous assessments: 

the energy demand evaluaton of the unrenovated and renovated building, and the LCA of the 

renovaton measures in terms of GWP. The payback period expresses the tme required for the 

ecological benefts of a refurbishment – namely, the reducton in operatonal emissions through 

energy savings – to compensate for the embodied emissions generated during the implementaton of 

the renovaton. It is calculated as the rato of embodied GHG emissions (kg CO₂-eq.) to the annual GHG 

savings achieved by the measure (kg CO₂-eq./a). In essence, the environmental payback period refects 

when the interventon transitons from an ecological debt into a net climate beneft. It can thus be 

regarded as a simplifed ecological cost-beneft calculaton, clearly highlightng the balance point 

between environmental investment and return.  

For the purpose of this validaton, the reuse-specifc aspects discussed in the second part of secton 

2.3.2 are not considered, as their refecton in the LCA remains experimental and is not compliant with 

an agreed-on standard. The data used for the determinaton of the environmental payback-tme are 

therefore taken from the LCA including the Modules A1-A3 and C3-C4. Figure 14 illustrates the 

environmental payback period for the diferent retroftng strategies. 
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Figure 14. Environmental payback period according to the retroftng 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 afer 1.96 years (Strategy A), 3.11 

years (Strategy B), and 2.78 years (Strategy C). Afer this period, the annual energy savings, shown by 

the doted line, surpass the inital GHG emissions invested in the renovaton measures, represented 

by the solid line. Among the three optons, Strategy A achieves the most favorable outcome. For all 

three renovaton strategies, these estmates are conservatve, as positve efects from reuse and reuse 

potentals are not considered, and the end-of-life scenario, including thermal utlizaton, is likewise 

cautously assessed. 

2.4.3 LCC-related aspects and fnancial payback 

Besides the environmental impact, determining the fnancial payback period can have a partcularly 

practcal purpose with regard to renovatons, as it is critcal for validatng and demonstratng the 

economic viability of renovaton measures to building owners and stakeholders. This, in turn, can 

encourage increased investment in energy-efcient renovaton and help accelerate renovaton rates 

EU-wide. In this deliverable, the fnancial payback period is defned as the tme required to recover 

the inital renovaton investments through projected energy cost savings due to building envelope 

improvements and retroftng of renewable energy systems. 

In order to enable comparison between the investment costs of the renovaton variants, and the 

corresponding energy savings relatve to the unrenovated state, the total energy costs over a period 

of 50 years are shown in the table below, Table 8. 

Table 8. Operatonal energy savings according to strategy. 

Parameter Unrenovated Strategy A Strategy B Strategy C 

Specifc operatonal energy costs over 50 
years [€/m2] 

1,701 280 305 266 

Operatonal energy costs over 50 years 
[€] 

12,726,280 2,091,314 2,620,133 1,993,336 

Operatonal energy cost savings over 50 
years [€] 

- 10,634,966 10,106,147 10,732,944 

Total investment costs for renovaton [€] 
- 3,219,873 3,454,520 3,645,423 

Financial payback tmes [Years] 
- 25 27 27 

As shown in Table 8, the operatonal energy savings compared to the unrenovated state are 

signifcant. When applying the dynamic pricing model suggested by the BNB-LCC-tool to account for 

projected energy cost developments, the fnancial payback of the total investment is reached afer 

approximately 25 years for Strategy A, and 27 years for Strategies B and C. 

In this context, it is important to note that this fnancial outlook is stll conservatve and rather 

theoretcal, as CO2 prices are expected to rise substantally over the coming decades, while reliance 

on fossil-based heatng methods will be legally restricted within a relatvely short tmeframe. The gap 

in cost savings between the non-renovated and the renovated scenarios would therefore contnue to 

widen if no measures were taken, and investments would become compulsory at some point.  This is 

what the current energy legislaton in Germany indicates: a legislatve ban on pure fossil-fuel heatng 

systems came into efect in 2024 for new constructon, requiring at least 65 percent renewable energy. 

By 2045, the use of fossil-based heatng will no longer be permited at all [33]. With the projected 

energy savings shown in Table 8, nearly 1 million euros can be recovered within the frst 10 years 
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following the renovaton in all three variants. This clearly demonstrates the signifcant economic 

potental of energy-efcient retroftng, partcularly for large buildings with high energy consumpton, 

such as universites or ofce complexes. 

2.4.4 Circularity index 

In additon to integratng reclaimed materials into today’s constructon projects, it is becoming 

increasingly important to design buildings that are optmized for reuse at the end of their life cycle. 

Such an approach gradually prepares the building stock for future circular applicatons by ensuring 

that structures can be dismantled without demoliton, allowing components to re-enter cycles of 

reuse, recycling, or biodegradaton. A useful tool to measure this is the Circularity Index, which 

evaluates buildings and constructon methods based on criteria such as reusability, recyclability, 

biodegradability, and design strategies for clean material separaton across the entre life cycle, from 

raw material extracton to dismantling and reuse.  

 

The innovatve renovaton strategies presented above consistently follow the principles of circular 

constructon: materials are applied in a pure and separable form, reversible connectons are 

prioritzed, adhesives or irreversible bonds are avoided, and natural, non-toxic materials are used. 

Within this framework, the three approaches difer in terms of their complexity depending on the 

level of interventon. Another signifcant challenge arises with achieving airtghtness, which is crucial 

for improving the building’s energy efciency, as discussed also in Secton 3.1.3. Standard materials, 

such as PE membranes and conventonal adhesive tapes, are problematc because they are difcult to 

separate and are not recyclable. Laminated or permanently bonded products further reduce the 

potental for clean disassembly. To address this, in the approach, solid wood boards are used, which 

are connected to the tmber studs with wooden nails, minimizing the need for adhesives. Where 

adhesives are unavoidable, recycling-friendly or removable optons are prioritzed. 

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 simplifes both assembly and disassembly. 

Strategy B uses prefabricated post-and-beam elements from reclaimed tmber, combined with 

mechanically detachable steel parts. Single glazing is chosen to maintain the recyclability of the glass. 

This system achieves a high level of prefabricaton and ofers strong disassembly potental. Strategy C 

relies on prefabricated wall elements mounted onto the existng concrete structure with reversible 

fxings. Wooden joints and nails are prioritzed, 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-flled cavites that complicate the separaton 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 consumpton, while Strategies B and C 

balance circularity with structural performance requirements. Overall, these approaches show that 

circular renovaton is technically feasible across diferent interventon levels, but each strategy 

requires specifc 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 queston is whether the building must be closed entrely during the works, or 

whether a phased refurbishment, for example by foor, by room, or by facade secton, is possible. 

Since this study addresses only the building envelope, it is assumed that the rest of the structure is 

unafected. 

Strategy A enables room- or foor-wise refurbishment with minimal interventon. The lightweight 

prefabricated facade elements can be installed without large machinery, reducing noise and 

constructon tme while allowing the building to remain largely in use. These critcal points are also 

discussed in Secton 3 of this report. Strategy B avoids interventons inside the building but requires 

scafolding and crane operatons on the facade. The constructon tme is relatvely short due to large, 

prefabricated elements, though noise and anchoring works may temporarily restrict use. Strategy C 

involves the complete removal of the existng facade. While the building cannot be used during the 

works, this approach provides additonal usable space, fexible layouts, and opportunites for 

comprehensive modernizaton. 

In summary, the three refurbishment strategies difer primarily in their level of interventon and 

impact on building usability. Strategy A enables a low-invasive refurbishment process, allowing the 

contnued occupaton of the building with minimal disrupton. Strategy B maintains internal 

operatons but requires signifcant external installaton efort, while Strategy C demands full closure 

during works, albeit ofering the most extensive modernizaton potental. Considering the objectves 

of minimizing user disrupton, maintaining building functonality, and ensuring an efcient 

refurbishment process, Strategy A is considered the most suitable. Its lightweight prefabricated 

system provides a balance between constructon, efciency, and spatal usability, making it 

partcularly suitable for occupied buildings and phased renovaton approaches. 

2.4.5.2 Architectural appearance in renovaton strategies 

As described in Secton 2.2.1, the buildings from the 1960s and 1970s are characterized by a modular 

grid in reinforced concrete skeleton constructon, whose regularity is refected in the facades with 

prefabricated concrete elements and contnuous balconies. In additon to the structural challenges 

during renovaton, the external appearance and its future management play a signifcant role. The 

following strategies adopt three distnct approaches, which are summarized right below. 

Strategy A follows a minimally invasive approach: the existng building is largely preserved, 

maintaining its characteristc appearance. Through the replacement of windows and the renovaton 

and completon of the infll panels, the prominent balcony structure is retained, providing the facade 

with depth and horizontal artculaton. Strategy B also preserves the existng building but signifcantly 

alters the external appearance through an additonal lightweight facade in a post-and-beam system. 

This new cladding creates a planar efect, aligning the building more closely with contemporary ofce 

architecture. By covering the balconies, the previous facade depth is lost, making the building appear 

more voluminous. The existng structure is thus efectvely "encased" and conserved. Strategy C 

adopts a highly interventonist approach: the existng building is comprehensively transformed and 

selectvely used for the redesign, while the original appearance is largely abandoned. This allows 

structural challenges of the constructon 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 tmber 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 diferent renovaton approaches for 1960s-1970s 

reinforced concrete structures. Strategy A preserves the original character through minimal 

interventons, maintaining facade depth and horizontal artculaton via retained balconies. Strategy B 

encapsulates the existng building with a lightweight facade system, creatng a contemporary planar 

aesthetc. Strategy C pursues comprehensive transformaton, reimagining the architectural expression 

through tmber cladding and reconfgured fenestraton. 

From an architectural perspectve, Strategy A is recommended as it respects the building’s historical 

identty while achieving necessary technical improvements through window replacement and infll 

panel renovaton. This approach maintains the characteristc three-dimensional facade quality and 

requires minimal interventon, reducing constructon complexity. However, if preservaton of the 

existng aesthetc is not prioritzed, Strategy C1 would ofer signifcant advantages. It provides a 

modern external appearance and addresses structural defciencies more comprehensively, resolving 

thermal bridging through balcony removal, and creates a refned volumetric expression with improved 

energy performance while stll retaining the embodied energy of the concrete skeleton. 

2.4.5.3 Fire protecton consideratons 

The planned energy-efcient renovaton of the demo building, which incorporates renewable 

materials and reclaimed tmber elements, presents a range of specifc fre safety challenges. The 

building is classifed 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 Directve (MHHR). Although this 

directve is not legally adopted in the building regulatons of the federal state of Baden-Würtemberg, 

it serves as a widely recognized reference commonly used by local building authorites to assess 

compliance with building standards. Specifc requirements of high-rise buildings concerning fre 

protecton are typically determined in coordinaton with the building authorites as part of the fre 

protecton concept and can vary depending on the materials used, building height, and facade system. 

In any case, the classifcatons mentoned above impose strict fre safety requirements, partcularly 

concerning the retrofted wall constructon and escape routes. 

This creates a signifcant challenge for the SIRCULAR project, where integratng tmber into the wall 

elements and facade is a core objectve. In a high-rise context, the use of tmber faces major regulatory 

hurdles, as the MHHR strictly prohibits combustble materials in the external walls. This includes not 

only the cladding itself but also substructures, window frames, shading devices, etc. The Model Timber 

Constructon Guideline (MHolzBauRL) [34] provides limited allowances but stll requires horizontal fre 

barriers at each foor level, especially for mult-story tmber facades. Moreover, a tmber facade is not 

feasible on the balconies without special approval, as they are legally defned as “open corridors” 

under the building code, and adjacent building components must have a non-combustble lining, non-

combustble cladding, and F90 fre-resistance in accordance with the MHHR. Aside from the challenges 

associated with the combustbility of tmber, another potental key issue of the renovaton concept 

lies in the fact that of the tmber is repurposed. The wall element manufacturer might not be willing 

to confrm compliance with the fre safety certfcate if the tmber used is not a certfed product. 

Accordingly, a project-specifc approval will likely be required in the current legal setng. However, if 

tmber reuse regulatons and value chains for quality control and certfcaton of reclaimed tmber 
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products contnue to develop, the need for such approvals could potentally be reduced in the future 

and improve replicability. 

Besides material choices, retroftng the building will also afect the existng escape concept. Although 

the building might currently beneft from existng use rights when unaltered, signifcant changes − 

such as those antcipated during the SIRCULAR renovaton − can revoke this status. Any alteratons 

that afect the fre safety performance or require a new building permit may trigger the need to 

comply with current regulatons and elaborate on a revised fre safety and evacuaton concept. The 

existng 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 insulaton as part of the energy retroft would 

further reduce the usable width. If the renovaton measurements resulted in the loss of existng use 

rights, which would most likely be the case, new escape routes would be necessary. Only Strategy A 

ofers a slightly higher chance of retaining the protecton status for both balconies and stairs and thus 

their functonality as escape routes, since the building envelope is only partally replaced in this 

variant.  

However, retaining the balconies poses other challenges, as they signifcantly 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 defning 

architectural feature and contribute signifcantly to the building’s identty. They also help prevent 

vertcal fre spread due to the concrete cantlevers. These diferent pros and cons are refected in the 

diferent renovaton approaches, including optons for both retenton and removal. In response to the 

aspects concerning fre protecton, new escape routes are created in all three renovaton scenarios by 

constructng fre-rated corridors on each foor leading to an external escape stair, providing a safer 

and regulaton-compliant soluton. Based on a preliminary examinaton, the building’s structure and 

foor plan appear generally suitable for this adaptaton. However, since the precise measures required 

to meet regulatons depend on case-specifc decisions by the building authorites and require 

comprehensive planning, the revised fre protecton concept has only been incorporated to a limited 

extent in the assessments of this report. Specifcally, a new external staircase has been included in 

renovaton Strategies B and C, where existng usage rights are likely to be lost due to the extent of the 

renovaton, serving as a placeholder for the concrete measures to be defned at a later stage of the 

planning process. 

Despite the challenges, innovaton and the use of renewable materials can become viable if mitgaton 

strategies are implemented that safeguard the fre protecton objectves. In order to reconcile the 

architectural and sustainability goals with fre safety requirements, the following aspects can become 

relevant in coordinaton with the building authorites: 

• Non-combustble insulaton between the studs in sensitve areas. 

• Coverage of combustble materials with fre-resistant linings. Clay boards are increasingly 

available for fre-protecton applicatons and are gradually being recognized in regulatory 

frameworks. 

• Horizontal fre stops between foors to prevent vertcal fre spread; these can be metal sheets. 

In scenario B, the retained concrete balconies are also well-suited for fulflling this functon.  

• Non-combustble external surfaces, such as plaster. 
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• Integraton of advanced fre protecton technologies, such as sprinkler systems or water mist 

systems, which can potentally allow for relaxatons in material requirements or 

compartmentaton, subject to approval by the building authorites. 

• Fire simulaton 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-combustble layers, and careful planning in 

coordinaton with building authorites, a compliant and stll sustainable soluton is achievable. Early 

coordinaton with the relevant building inspecton authority is essental to assess acceptable 

deviatons or project-specifc approvals. 

3. Prefabricated Circular Renovaton Component 
The main objectve for designing prefabricated circular renovaton components is to provide an extra 

soluton towards decarbonizaton of the building sector. Prefabricated components are one-stop-shop 

(OSS) solutons towards achieving the status of Positve Energy Buildings (PEBs). The design of these 

components focuses on providing a simplistc soluton, emphasizing the geometry, the assembly, and 

the ease of installaton and deconstructon on the external building envelope. Also, the provided 

solutons have the potental for future integraton with Building Informaton Modeling (BIM) and 3D 

printng. 

The prefabricated soluton targets some severe problems that consttute a signifcant obstacle to the 

decarbonizaton 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 solutons. Also, 

there is a lack of deep quality renovaton, mainly due to the diference between the modeling and the 

practcal implementaton. Thus, new solutons that minimize the possibility of wrong, inefcient, or 

even incomplete implementaton are required. Finally, there is a lack of tme to reach the EU goals for 

decarbonizaton untl 2050, since with the existng solutons and renovaton rate, the engineers and 

technicians will not be able to renovate the existng building stock of the EU. These problems highlight 

the necessity for prefabricated solutons as a reliable and valuable strategy to tackle all these issues. 

In this secton, a prefabricated component is introduced as possible retroftng soluton. To begin 

with, the main design consideratons for prefabricated components are described. Also, detailed 

mathematcal, constructon, deconstructon, and installaton methodologies are presented for both 

solutons. Finally, all the elements that comprise this component are illustrated, and component-level 

and system-level simulatons support the results for the thermal efciency and the total thermal 

transmitance (U-values). 

3.1 Descripton of the Prefabricated Component 

This secton focuses on the main consideratons when designing prefabricated renovaton units. First 

of all, the materials selected for the frame and the insulaton are discussed. Such specifcatons are 

the selected materials, the integraton with windows, the airtghtness assurance, the water and vapor 

resistance, and the integraton of ventlaton systems. Also, similar products on the market are briefy 

discussed. 
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3.1.1 Selecton of the Appropriate Materials 

The selecton of the appropriate materials is a crucial factor for both the design methodology and the 

constructon of the prefabricated components. The required materials can be categorized into two 

types. The frst category regards the materials required for the frame, and the second category the 

materials for the encapsulated insulaton. Also, for more complicated prefabricated components, a 

third category of materials could be introduced. This category could include materials for ventlaton 

or windows integrated into the components. 

3.1.1.1 Framing materials 

Framing is critcal for the prefabricaton components, regardless of the thermal and physical 

propertes of the insulaton 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 signifcant factor for possible condensaton, 

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 selectng them are their thermophysical propertes, 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 prefabricaton components, from metals such as steel or aluminium to 

wood or plastc. 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 tme, less structural strength, which would possibly lead to some limitatons regarding 

the size of the module. Additonally, wood may not be an easy soluton for some southern European 

countries for various reasons, such as the lack of special forest area cultvatons for wood producton, 

and other environmental maters. These aspects can make wood harvestng inefcient, 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 expertse in aluminium profle 

processing. Furthermore, aluminium is a fully recyclable material, and there is plenty of knowledge 

and expertse in this feld, thus making aluminium a suitable candidate. It is important to menton that 

aluminium can be recycled without degradaton of its mechanical propertes [36]. Moreover, the 

energy demand is reduced by approximately 95% compared to the aluminium producton by raw 

bauxite [37]. Another possible candidate is PVC, which is a soluton based on plastcs. This soluton 

provides the advantage of a lower total weight for the produced component. However, from the 

environmental point of view, it has a diferent behavior compared to aluminium since afer some 

recycling cycles its propertes degrade [38]. Table 9 presents the basic thermal propertes of the most 

commonly used framing materials [8,9]. 

Table 9. Basic thermal propertes of common framing materials. 

Material 
Thermal conductvity 

[W/(mK)] 
Density [kg/m3] 

Specifc heat capacity 
[J/(kgK)] 

Aluminum 237.0 2702.0 903.0 

316 Stainless steel 13.4 8238.0 468.0 

Plastc (PVC) 0.19 1470.0 840.0 

Wood (Oak) 0.17 545.0 2385.0 
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The previous analysis highlights a critcal issue: the trade-of between thermal efciency and structural 

compositon. Multple simulatons were required to identfy an optmal soluton, since improvements 

in structural integrity ofen led to a decline in thermal efciency, and vice versa. The framing material 

of the proposed prefabricaton component in this project is chosen to be aluminium. 

3.1.1.2 Insulaton materials 

The most important material for the prefabricated component is the insulaton material. There are 

plenty of insulaton material solutons that could be integrated into the proposed soluton. Each of 

these ofers some advantages depending on the constructon sequence and structural consideratons. 

There are two diferent constructon methodologies that could be used for the prefabricaton module. 

The frst one concerns the installaton of the insulaton material afer installing other elements of the 

module, and the second one concerns the installaton of the insulaton material before installing them. 

These elements are ventlaton ducts, electrical wires, plumbing conduits, and others. Furthermore, 

insulaton must be used as a thermal break in the frame profle. 

In the frst case, where the insulaton material is installed subsequently to the other selected elements, 

the non-rigid insulaton materials seem to be the most ideal soluton. Non-rigid insulaton materials 

efectvely conform to the irregularites that exist due to the variable geometries and constraints of 

the module. The most commonly used non-rigid insulaton materials are mineral wool, stone wool, 

and fberglass wool. These fbrous materials present high thermal resistance and very good acoustc 

propertes and thus are efectve solutons for noise insulaton in buildings [41]. However, to exploit 

these characteristcs, proper installaton is vital since their efciency strongly depends on gaps or voids 

that may occur due to insufcient flling. This could lead to major problems such as thermal losses, 

thermal bridges, and condensaton issues. An alternatve soluton is polyurethane (PU) foam. This 

foam can be injected or sprayed into the module. Afer injectng it, the foam expands, thus flling any 

cavites, ensuring uniform distributon of the insulaton material, which leads to enhanced thermal 

and acoustc 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 additon, the insulaton material waste is limited while 

constructng 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 installaton and 

transportaton of the prefabricated components. 

In the second case, where the insulaton material is installed prior to other elements, the best choice 

seems to be rigid insulaton materials. In this approach, the insulaton 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 critcal advantage over the previous one since it provides more fexibility 

regarding the constructon of tailor-made systems. The most representatve rigid insulaton materials 

are expanded polystyrene (EPS), extruded polystyrene (XPS), and polyisocyanurate (PIR). Rigid 

insulaton materials present higher thermal resistance compared to the non-rigid ones [43]. Moreover, 

by using rigid insulaton materials, the structural integrity of the prefabricated component is 

enhanced, providing greater dimensional stability and mechanical strength. Furthermore, rigid 

insulaton materials, such as cellulose and cork, combine high efciency and low embodied carbon 

emissions. In general, there are plenty of rigid biobased insulaton materials, thus making them an 

ideal soluton to further reduce the environmental impact of the element and increase its circularity. 

Their main drawback is their higher density, leading to a more difcult installaton and transportaton. 
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Many insulaton materials were considered emphasizing on bio-derived materials with a lower carbon 

footprint. Research for the insulaton material included consideraton of their thermal and mechanical 

propertes, as well as weight, cost, and environmental impact. Based on all these factors, fnal testng 

showed that the most suitable insulaton material is XPS due to its excellent thermal resistance, 

adequate mechanical propertes, and very low weight. In environmental terms, XPS is not the most 

appropriate soluton since it is made of petrochemical products, mainly benzene and ethylene. The 

petroleum-based products are not recyclable, and a signifcant amount of greenhouse gases are 

emited during their producton. However, the main reason for selectng 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 mentoned, there are plenty of other materials which could be 

implemented. Both rigid and non-rigid insulaton materials already available on the market could be 

tested in future research actvites to provide a greater variety of prefabricated solutons. Table 10 

presents the basic thermal propertes of the most commonly used insulaton materials [8,9]. These 

are representatve values since the actual values can vary in a broad spectrum, and the actual values 

must be taken as appropriate. 

Table 10. Basic thermal propertes of common insulaton materials. 

Material 
Thermal conductvity 

[W/(mK)] 
Density [kg/m3] 

Specifc heat capacity 
[J/(kgK)] 

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 integraton 

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 ventlaton. Moreover, windows provide some psychological benefts to the building users 

that cannot be neglected since they negate the efects of being confned 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 

fenestraton is a necessary aspect for buildings that cannot and should not be neglected. In this study, 

the soluton is of low Technology Readiness Level (TRL), and windows are not implemented. However, 

a brief discussion on this mater was considered necessary for providing some guidelines for future 

research studies. 

Besides the aesthetc and psychological value of windows, in terms of a building’s energy efciency, 

windows are mostly the weakest elements of the building envelope. Thus, it is essental that they are 

carefully and in detail designed to achieve optmal thermal performance. The most important issues 

are the performance of the window and its proper installaton to eliminate thermal bridges. A window 

frame with an excellent thermal design, including thermal breaks, is required, along with multple glass 

panes separated by plastc spacers. Usually, two or even three separate glass panes are used. [14,15] 

A proper selecton of the frame also leads to avoiding condensaton and mold, and a proper 

connecton between the frame and the glass panes minimizes thermal bridges. Except for the U-value, 

another signifcant 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 selecton of 

a window's g-value cannot be specifed 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 soluton must be installed around the existng windows on a building facade. In the future, 

dedicated prefabricated components that will have specifc openings and provisions for integratng 

with the existng windows should be investgated. The most critcal point will be to ensure a perfect 

connecton to minimize thermal bridging and moisture efects. Figure 15 illustrates a prefabricated 

unit that incorporates specifc openings for windows. 

 
Figure 15. Prefabricated components that incorporate dedicated openings for windows. 

3.1.3 Airtghtness Assurance 

Airtghtness is the building’s ability to resist unintentonal and uncontrolled air infltraton from 

existng gaps on its envelope [47]. Also, it is a key factor in thermal loss reducton, both in constructon 

and renovaton processes. Additonally, it is considered one of the most cost-efectve interventons 

on the building envelope during renovaton procedures. The pressure diference between the interior 

and exterior environment of the building, caused by temperature diferences and wind loads, leads to 

uncontrolled air infltraton or exfltraton through any existng 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 respectvely, thus increasing the heatng 

and cooling demand. Some of the main reasons for the existence of such gaps are improper installaton 

of windows and insufcient sealings in the building’s envelope due to interventon actvites such as 

the installaton of heat pumps. It has to be mentoned that airtghtness issues can always be tackled 

by exploitng membranes and solutons on the interior wall surface of the building. 

A prefabricated component can easily achieve an excellent level of airtghtness with a detailed design 

and controlled manufacturing conditons since it fully covers the building envelope and seals any 

unwanted gaps. A signifcant point to consider is the spots where the prefabricated components are 

joined together. Also, airtghtness needs to be ensured by eliminatng the gaps between the 

prefabricated facade and the external wall of the building. Specifcally designed airtghtness tapes or 

membranes can be utlized to achieve this. In this directon, the proper atachment 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 preparatons on the external wall, 

such as drilling the necessary holes, are considered important design parameters for the unit. 



   

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

Security level: RINA/CL/PUBLIC 

Furthermore, airtghtness is linked with the integraton 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 airtghtly sealed together with the prefabricated 

components using appropriate airtghtness 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 conditons, maintaining structural integrity and airtghtness. 

Afer the installaton 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 airtghtness that can allow excellent energy efciency [48]. Any holes that exist on the 

building envelope have to be repaired and closed, afer which they will be sealed by the prefabricated 

components, which will have the airtghtness 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 directon, the EU has published 

the Eurocode EN 1991-1-4, providing guidance on dealing with the wind for building constructon. 

Furthermore, the ISO 4354:2009 is dedicated to the necessary wind actons on structures [49]. The 

structures should be able to endure in specifc wind conditons, including the endurance regarding the 

environmental pressure and wind loads. On the other hand, water and vapor control is crucial for the 

energy efciency of the building, the indoor air quality, and thermal comfort. Unfortunately, water 

and vapor resistance are considered lower-priority interventons during building constructon or 

renovaton [50]. Trapped vapor inside the materials or the interior of the building leads to moisture 

development.  

The prefabricated component must comply with the EU legislaton 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 diferent 

ways. The frst one regards the resistance of the component, while the second one regards the 

resistance due to the proper atachment of the component and the exterior wall surface. To address 

these issues, the proper materials are selected both for the frames and for the insulaton. Also, the 

design and constructon methodologies emphasize on the creaton 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, afer deploying the component, necessary minor interventons or works will secure 

both the airtghtness and vapor resistance of the building. 

3.1.5 Mechanical Ventlaton with Heat Recovery 

Airtghtness plays a critcal role in the energy efciency of the building. However, in the atempt to 

create an airtght building, the signifcant problem of poor indoor air quality arises due to the lack of 

natural ventlaton. This is likely to cause the appearance of condensaton 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 tme stale air needs to be removed. To achieve air infltraton in airtght 

buildings, MVHR is introduced. However, in the case of retrofts installaton of an MVHR system can 

be problematc, especially due to the network of airducts that have to be installed in all living and 
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utlity spaces. Structural elements like beams and columns or installatons like electrical wiring and 

plumbing can make interior building spaces inaccessible and hinder the routng from the MVHR unit. 

In additon to these technical constraints, the installaton 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 mentoned problems, the ventlaton 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 existng in the insulaton 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 existng components integrate insulaton materials in a prefabricated system soluton. However, 

there are no existng solutons considering a holistc prefabricated component constructon approach 

that combines not only insulaton, but also other important energy retroftng elements such as 

ventlaton 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 insulaton layer in between them. The main goal of the existng systems is to reduce the 

on-site constructon tme. Also, the existng products consider aesthetc versatlity by implementng 

external architectural textures. In additon, very few products incorporate vapor control systems, 

while also very few target renovatons since many of them act as structural systems for the creaton 

of new prefabricated homes, which also ignores third sector buildings. These products generally lack 

energy efciency, solutons to tackle moisture issues, and mechanical strength. As a result, new 

prefabricated components should be designed and constructed to expand the available solutons on 

the market by providing holistc energy retroftng solutons that combine energy efciency, low 

embodied carbon, and mechanical strength. 
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3.2 Methodology 

In this secton, the methodology to design, construct, and install the prefabricated component is 

presented. The design methodology follows the design principles and restrictons to propose a product 

that potentally should be constructed and released into the market. The proposed component is low 

TRL solutons but present a great potental to be developed into a real product. In additon, specifc 

instructons for the installaton of the component is presented in detail. 

3.2.1 Mathematcal Background 

The main goals of the simulatons are to calculate the U-value, to identfy thermal bridges, and to 

calculate the annual energy savings when implementng these components on existng buildings. In 

this directon, the simulatons are completed in two diferent levels: a component-level and a system-

level. These diferent simulaton strategies will reveal the U-value of the prefabricated component and 

also how this component afect the energy consumpton of a building. 

In this deliverable, two diferent simulaton environments are used. For the component-level 

simulatons, the SolidWorks Simulaton studio, and the SolidWorks Flow Simulaton studio are used 

[55]. The main goal is to calculate the heat fow through the component, aiming to determine the U-

value. SolidWorks has been utlized in various design and simulaton applicatons since it presents the 

advantage of both design and simulaton environments. On the other hand, for the system-level 

simulatons, IDA ICE simulaton sofware is utlized [56]. IDA ICE is a well-known simulaton sofware 

for buildings, especially in the region of northern Europe, and has been used for numerous building 

applicatons. 

The SolidWorks design environment is used for designing mechanical and other components for 

structures or machinery. However, SolidWorks also provides the possibility of conductng both 

structural and thermal simulatons in steady-state and transient conditons based on the fnite 

element analysis and computatonal fuid dynamics by solving the Navier-Stokes equatons. These 

analyses are conducted in the “Simulaton” and “Flow Simulaton” plug-ins of the sofware. 

IDA ICE uses the calculaton methods as described by the standards of the Internatonal Organizaton 

for Standards (ISO) and European Norms (ENs). This approach makes IDA ICE a trustworthy and useful 

simulaton tool. The frst ISO utlized by the sofware is ISO 521000-1:2017 [57], “Energy performance 

of buildings – Overarching EPB assessment”, which establishes a systematc, comprehensive, and 

modular structure for assessing the Energy Performance of new and existng Buildings (EPB) in a 

holistc way. Also, the sofware makes use of the ISO 52022-3:2017 [58], “Energy performance of 

buildings – Thermal, solar and daylight propertes of building components and elements” which 

specifes a detailed method based on spectral data of the transmitance and refectance of the 

consttuent materials to determine the total solar energy transmitance, the total light transmitance 

and other relevant solar-optcal data of the combinaton. Moreover, the sofware uses ISO 15099:2003 

[59], “Thermal performance of windows, doors and shading devices – Detailed calculatons” which 

specifes detailed calculaton procedures for determining the thermal and optcal transmission 

propertes of window and door systems based on the most up-to-date algorithms and methods, and 

the relevant solar and thermal propertes of all components. Finally, it utlizes EN 410:2011 [60], “Glass 

in building – Determinaton of luminous and solar characteristcs of glazing”, which specifes methods 

of determining the luminous and solar characteristcs of glazing in buildings. 
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The main goal of the mathematcal modeling and simulatons is to determine the U-value (U) and the 

heat fux of the component. Firstly, this value is calculated based on Eq. (1) in W/m2K, where (hout) is 

the heat convecton coefcient between the outer surface of the component and the exterior 

environment, (hin) is the heat convecton coefcient of the inner surface of the component or the wall 

and the interior environment, (di) is the thickness of each specifc element, and (ki) is the thermal 

conductvity of each element. The total number of elements (n) depends on the structure of the 

component and the outer wall. The indoor and outdoor conditons are selected based on the ISO 

6946:2017, with temperature values of 20°C and 0°C respectvely, and heat convecton coefcient 

values of 20 W/m2K and 5 W/m2K [61]. 
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                                                                (1) 

In the case where the enclosed air in the component is not considered statc, then the relevant thermal 

resistance is the convecton one and not the conducton. This issue may occur when there are spaces 

with enclosed air inside the components that are big enough to allow air circulaton 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 convecton coefcient in these gaps is equal to 3.5 

W/m2K. 

The U-value (U) can also be calculated using the value of the heat fow rate (q), which can be calculated 

via the simulatons conducted in the SolidWorks sofware. Eq. (2) can then be used to calculate the U-

value based on the simulaton results, where (Tout) is the temperature of the exterior environment of 

the component, and (Tin) is the temperature of the interior environment of the component or the wall 

to which this component is atached. The two calculated U-values must be equal. 

q = U ∙ (T୭୳୲ − Ti୬)                                                                 (2) 

3.2.2 Design Methodology 

To design a prefabricaton component for energy retroftng, several design parameters have to be 

considered. In this secton, 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 schematc 

diagram. 
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Figure 17. Schematc diagram of the design stages for prefabricated components. 

When designing such a product, multple design criteria and restrictons should be considered, such 

as mechanical strength, thermal efciency, constructon cost, maintenance, life-tme, constructon 

and deconstructon, and others. Also, the aesthetc 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 (OSS) soluton. 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 

prefabricaton 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 atachment of the 

components to the wall. Specifc elements must be designed and constructed to ensure proper 

support of the component using screws. Moreover, the proper connecton 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, specifc plastc elements are designed to ensure proper connecton between 

the components. 

Considering these design specifcatons and restrictons, the materials and the individual elements of 

the component have to be designed. The frst element to be selected is the framing element. The 

framing elements are not designed in-house, but existng aluminium profles are selected. Then, these 

profles undergo some processes, such as cutng, based on the required size of each profle. Then, the 

rest of the framing is designed, including the thermal break element, which should have some specifc 

design details based on the selected profle to perfectly adjust and couple. These four framing sides 

positon the main insulaton element. The thickness of this element is also a design parameter that 

will strongly afect the thermal efciency and the U-value of the component. Also, insulaton material 

needs to fll the void of the thermal break to reduce thermal bridges and the overall U-value. The 

insulaton material can be either a rigid or a non-rigid element. The proposed component is fully 

adaptable to any change in the insulaton material. Afer these stages, the necessary covers are 

designed to ft the existng framing. Then, the connecton elements that connect two consecutve 

components are designed to ft on the external geometry of the component. For connectng the 

component with the wall, specifc 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. 



   

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

Security level: RINA/CL/PUBLIC 

3.2.3 Constructon and Assembly Methodology 

The previous analysis regarding the design methodology indicates the key points for the constructon 

methodology. It is important to highlight that the component was designed with ease of constructon, 

simplicity, and the ability to disassemble the unit when required. Most of the elements needed will 

not be constructed in-house, but already existng products in the market will be used. Additonally, 

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 secton, the 

constructon methodology for the component is described. Then, in Secton 3.3, the assembling 

methodology is illustrated, including all the intermediate steps. 

The aluminium profle is designed in-house and can be constructed by an aluminium industry that is 

equipped with the appropriate machinery. Then, two of these profles are joined together with the 

thermal break material and insulaton material to form the one of the four in total sides of the 

component. To connect these four sides, special connecton elements are used to link them together, 

enclosing the main insulaton element. To ensure that fricton forces between the elements in touch 

are minimized, special gaskets are used. These gaskets also increase the airtghtness and prevent 

moisture from entering. Afer assembling the main body of the component, two covers are joined 

together with it. The covers are created from cutng and bending aluminium sheets. Afer these steps, 

the brackets, the plastc connectons for connectng two consecutve components, the metal 

connectons for mountng the components on the wall, and the handle are placed on the component’s 

main body, thus fnalizing the constructon phase of the prefabricated component. In Secton 3.3, 

detailed fgures present the assembling process of this component step-by-step. 

All these constructon steps ensure that the unit enables easy assembly, fast and safe transportaton, 

along with reduced renovaton tmes due to simpler installaton 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 constructon of the component is very simple, which 

showcases the proposed soluton as an excellent OSS for building retroftng. 

3.2.4 Installaton and Deconstructon 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 retroftng processes in the 

EU. To optmize the installaton process and renovaton tme plan, the components should be 

transported on-site before the scheduled installaton process. The components can be easily 

transported from the manufacturing facility using a simple transportaton vehicle, since during the 

design phase, transportaton and installaton were considered as design parameters. To install the 

component, some preparatory works on the external wall surface have to be completed before the 

actual installaton process begins. More specifcally, the spots where the components will be atached 

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 atached to the wall. Drilling the holes 

appropriately is crucial for the whole installaton process to achieve the perfect cooperaton between 

the components, thus minimizing thermal bridges and improving airtghtness. Afer installing the frst 

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 ftng between the two components. When the installaton 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 installaton of the frst prefabricaton 

component, and how this component is atached 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 frst 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 mountng brackets are bolted in place, and the next unit can be placed right next to it by 

repeatng the same sequence. The installaton process begins from a chosen corner of the building’s 

wall. Afer installing the frst component, the others will follow accordingly. 

 

 
(a) (b) 

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

Figure 19 illustrates the components located on-site, where some of these components are already 
installed on the outer wall. The consecutve components are well atached due to the existence of 
specifc plastcs 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 alternatvely. However, in this case, there is no need for the fabricaton of extra elements to 
distnguish two separate units since “male” elements are created by installing plastc 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 connecton with the near components using their sites that do not have the pins. 
Thus, by alternatng 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 

installaton. 

One of the main advantages that the prefabricated component ofer is the reduced energy-based 
renovaton tme due to the simplicity in their design, assembly, and installaton. However, another 
important design parameter is the ease of uninstalling this component. The main reason is that gluing 
is avoided, and the atachment 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 utlized for creatng new 
prefabricated components or other useful components for the energy retroftng of buildings. Besides 
disassembling, the ease in uninstalling these components is also crucial. For example, at any tme, 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 diferent thermal or constructon propertes, 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 installaton processes as design parameters, future 
renovated buildings become more sustainable and resilient. 

3.3 Design and Simulaton Results 

In this secton 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 descripton, mass, and 

quantty. Furthermore, a step-by-step approach is used to show the exact methodology for assembling 

the system using schematc diagrams to be as easy to understand as possible. Afer presentng the 

unit, component-level and system-level simulatons are conducted. The component-level simulatons 

calculate numerically the U-value of the component, verify this with the analytcal soluton, and 

present the temperature distributon throughout its structure. The system-level simulatons indicate 

the energy savings and thermal comfort improvement by utlizing this component on a virtual demo 

site of an existng building that is fully uninsulated. 

The prefabricated component proposed in this deliverable is a small, fexible, and easy-to-transport 

and install unit. Figure 20 illustrates the prefabricated component. To conclude at its fnal design, a 

lot of criteria, limitatons, and goals were considered to optmize the component. The frst class of 

criteria regards its mechanical propertes. More specifcally, aspects such as the mechanical strength 

and water resistance are considered. Another important class refers to the constructon and assembly 
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process of the component, which directly afects some critcal parameters such as the total 

constructon cost and the installaton process. Finally, another class refers to the thermal propertes 

of the component, expressed mainly by the thermal transmitance coefcient (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 fnal 

assembly. The main elements are the frame and the insulaton material which is enclosed inside the 

component. The main frame is made of aluminium, which is a fully recyclable material. The aluminium 

profles designed to form the main frame should be fabricated using the extrusion process. The 

selected insulaton material is XPS, which is an ideal material due to its mechanical propertes, its low 

coefcient of thermal conductvity, and its high vapor resistance due to its crystalline structure. Of 

course, other insulaton materials could be used equally well, where each one introduces its own 

advantages and drawbacks. In additon to these two main constructon elements, several other 

elements are of high importance for the thermal resistance of the component and the installaton 

process. An important element is the thermal break since aluminum is a highly conductve material. 

Otherwise, the efect of thermal bridges would signifcantly afect 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 

essental part is the aluminium cover to seal the insulaton material inside the component. Both the 

front and back covers should be made of aluminium sheets. following both cutng and bending 

processes to form their fnal shape. Finally, four specifc link elements to assemble the frame are 

required. These are crimp corner clits. Figure 21 illustrates the most signifcant sub-components that 

comprise the frame and the insulaton of the component. 
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(a) (b) 

  
(c) (d) 

Figure 21. The main specifc elements that comprise the frame and the insulaton of the 
prefabricated component. (a) Aluminium sub-assembly profle with thermal break and insulaton, 
(b) main insulaton 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 atached to the wall. Thus, during the design 

phase, some extra elements need to be considered. To atach the component to the wall, two identcal 

specifc elements made of steel are designed. The required processes to design these elements are 

cutng, bending, and fnally drilling. The main reason for selectng steel is its mechanical strength. 

Furthermore, an element is also required to secure the connecton between two consecutve installed 

prefabricated components. This is a crucial aspect to avoid thermal bridges and ensure that every 

possible void is completely sealed. These connecton elements are made of polylactc acid (PLA) via 

3D printng. Additonally, special plastc elements should be used to reduce the abrasion between the 

components. Thus, special plastc 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 connecton of 

the component and the external wall, as well as between two consecutve components. 
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(a) (b) 

 
 

(c) (d) 
Figure 22. The specifc elements used for the connecton of the prefabricated component. (a) 

Supportve link between the component and the external wall, (b) connecton link between the 
component and the external wall, (c) connecton link between two consecutve 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 atached to the component. The designed handle consists of two diferent sub-

elements, the base and grip, which are made of PLA and steel, respectvely. Also, the atachment 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 atached on to a building is equal to 0.25 m2. The small 

weight and size are critcal advantages of this component. Additonally, this component can easily be 

transferred from the constructon factory to the renovaton site, and then it can easily be installed 
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without the need for a crane if the constructon guidelines are followed by the technicians. The 

component comprises of many individual elements, such as insulaton, 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 informaton 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 Quantty 

1 Main insulaton element XPS 448.8 g 1 

2 External aluminium frame Aluminium 436.8 g 8 

3 Thermal break element PA 323.3 g 4 

4 Insulaton for thermal break XPS 23.37 g 4 

5 Crimp corner cleat (Alumil EX-1131917000) Aluminium 13.91 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 (fsher) Stainless steel 12.01 g 4 

9 Metal cavity anchor HM 4x45 SB (fsher) Stainless steel 24.86 g 2 

10 Wall supportve element Stainless steel 27.61 g 2 

11 Wall mountng element Stainless steel 50.35 g 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 11.81 g 2 

15 Handle support PLA 0.500 g 2 

16 Connecton plastc element PLA 6.150 g 8 

17 Connecton plastc 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 0.549 g 2 
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(7) (8) and (9) 
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(10) (11) 

  
(12) (13) 

  
(14) (15) 

  
(16) (17) 

Figure 25. Illustraton of the elements listed in the previous table, Table 11. 

Assembling the prefabricated component must be an easy and straightorward 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 secton. In each sub-fgure, 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. Afer cutng 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 insulaton element used as a thermal break is placed inside the frame to create the fnal 

component’s frame. The same procedure is followed to create four identcal profle sub-components. 

The second step is to assemble the component’s frame profle, as depicted in Figure 26.b. To do so, 

the crimp corner clits (Alumil EX-1131917000) are placed in two of the four identcal profle sub-

components assembled in the previous step. Then, the next step is to connect all four sub-elements 

of the component’s profle, enclosing at the same tme the main insulaton element, as Figure 26.c 

suggests. The fourth step is to adjust the two covers on the main body of the component. First, 

specialized plastc 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. Aferwards, all the necessary holes are 

drilled, and the connecton plastc elements along with their pins, as well as the supportng brackets, 

which enable fastening and stabilizaton 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 fnalize the assembly procedure. These very simple 

steps indicate the ease of assembly as one of the advantages of the prefabricaton retroftng process. 

 

 
(a) 
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(f) 

Figure 26. The step-by-step assembly process for the small-scale prefabricated component. 

3.3.1 Component-level Simulaton Results 

The simulatons are conducted on two diferent levels, on a component level and on a system level. 

The component-level simulaton results are important to determine the U-value of the component. 

Also, the temperature distributon within the component reveals some critcal points where thermal 

bridging may occur. In this deliverable, the SolidWorks Flow Simulaton studio is used to calculate the 

heat fux, which will then be used to calculate the U-value [63]. To calculate the U-value, the sofware 

is used to calculate the heat fow in W/m2, and then, this value is divided by the temperature 

diference of the boundary conditons to ultmately determine the U-value of the component. The 

required input data for the simulatons are the material’s thermal propertes and the boundary 

conditons. Table 12 present the thickness and thermal conductvity values used for the numerical 

calculatons of the U-value. These layers are depicted in Figure 27. The air gap in the prefabricated 

component is considered as a convectve thermal resistance as discusses in Secton 3.2.1. 
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Figure 27. Material layers for the numerical calculatons of the U-values. 

Table 12. Thermal propertes of the materials used for the numerical calculaton of the U-values 
for the prefabricated component. 

Material Thickness [mm] Density [kg/m3] 
Thermal 

conductvity 
[W/(mK)] 

Specifc heat 
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 simulaton 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 regulatons [64]. Figure 28 

illustrates the temperature distributon inside the component for the boundary conditons presented 

in the previous secton. Figure 28.a clearly indicates that thermal bridges occur due to the material of 

the connecton elements, which is Stainless Steel (SS). However, this material cannot be replaced with 

plastc because this would result in structural strength issues when the component is fxed on the 

external wall surface. 

  
(a) (b) 

Figure 28. Temperature distributon for the prefabricated component for (a) a cross-secton on the 

wall mountng element plane, and (b) a cross-secton on the middle plane of the component. 
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3.3.2 System-level Simulaton Results 

The aim of the system-level simulatons is to quantfy the improvement in energy efciency. The 

building used for the simulatons is the Greek virtual pilot, which is the “Lela Karagianni” primary 

school building in the city center of Athens, Greece (lattude 38.00°, longitude 23.73°). The building 

envelope is representatve for the buildings constructed in the 1980s, consistng 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 existng building, which is completely uninsulated, and the complete retroftng 

with the prefabricated components. The complete retroft of the building aims at achieving the 

Passivhaus standard, because it ofers a great reducton of energy demands for heatng and cooling, 

while at the same tme achieving optmal thermal comfort. The renovaton includes the installaton of 

the prefabricated elements along with the resultng improvement of thermal bridges, installaton of 

energy-efcient windows, improvement of the airtghtness of the building envelope, the introducton 

of a MVHR system, as well as the additon of shading elements on the glazing surfaces. All these energy 

saving measures improve the energy efciency of the building by introducing signifcant energy 

savings, while in parallel, interior thermal comfort levels are greatly improved. Figure 29 depicts the 

installaton process of the prefabricated components on the virtual building. 

 
Figure 29. Installaton process of the  prefabricated components on the virtual building. 

The existng building requires 31,334 kWh annually for heatng and cooling based on the results of 

dynamic simulatons for the baseline scenario. It is important to note here that the school is not 

equipped with actve cooling systems. This directly afects thermal comfort during the warm Greek 

months. Without the use of a cooling system, the building requires 23,408 kWh annually for heatng. 

The reason the cooling system is added is to compare the efect 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 variaton of the building (blue line). Additonally, 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-

26oC is also presented. It is evident that the existng building sufers greatly from the fuctuatons of 

external temperatures. The heatng system shuts down afer managing to reach 20oC momentarily, 

and the building is unable to maintain the heat, which is evident because during the heatng period, 

the temperatures are always equal to or less than the 20°C threshold. The night fuctuatons when the 

energy systems are turned of are also visible, as well as the weekend fuctuatons when the energy 

systems are also deactvated, 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 

10oC. During the Easter holiday break, the temperature seems to drop signifcantly since the heatng 

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 26oC. As the summer break starts, the temperature increases further untl a peak 

of approximately 37°C. By the end of the summer break and the actvaton of the cooling systems, the 

temperatures are declining, which contnues untl the end of the year, and the cycle repeats. 

 
Figure 30. The mean air temperature variaton of the building. 

It is obvious that the tme period in which the temperature levels are within the optmum range of 20-

26°C is limited. This indicates the necessity for building retroftng. Renovaton processes in school 

units must be completed within the summer break period, which is approximately 3 months. This is a 

very challenging target, and conventonal retroftng techniques seem to struggle. Thus, prefabricated 

solutons seem to be ideal for these case studies. The calculated annual energy demand for heatng 

and cooling is found to be equal to 10,297 kWh, which corresponds to a 67% percentage reducton 

compared to the baseline scenario, which includes the cooling systems. The annual cooling demand 

was calculated at 4,479 kWh, while the annual heatng demand was calculated at 5,818 kWh. Figure 

31 depicts the mean air temperature variaton of the building when the prefabricated component is 

utlized. Figure 32 summarizes and compares the mean air temperature fuctuatons before and afer 

the energy retroftng using the prefabricated components. Table 13 summarizes the annual heatng 

and cooling demand afer the installaton of the prefabricated components, and the total energy 

savings. 
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Figure 31. The mean air temperature variaton of the building afer the retroftng process using 
the prefabricated component. 

 

Figure 32. The mean air temperature variaton of the building before and afer the retroftng 

process using prefabricated components. 
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Table 13. System-level simulaton results for the prefabricated component. 

Parameter Value 

Existng building energy consumpton – Baseline scenario 31,334 kWh 

Annual cooling demand when installing the component 4,479 kWh 

Annual heatng demand when installing the component 5,818 kWh 

Annual energy savings percentage when installing the component 67.1% 

3.3.3 Environmental Footprint and Constructon Cost 

This secton discusses some preliminary estmatons about the constructon 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 (€/m2) for the wall surface that each 

component can cover. The mean value from the range values of each element has been considered in 

these calculatons. The average cost for aluminium it can range from 2.3 €/kg to 3.0 €/kg [65]. The 

most expensive element is the insulaton one. For XPS, this cost can range from 1.5 to 3.0 €/kg [66]. 

Stainless steel is used for the constructon of the supportve brackets and elements, especially for the 

smaller unit, but also for the constructon of all the necessary anchoring bolts and screws. The cost of 

stainless steel, including chromium for propertes reinforcement, is estmated 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 

estmated constructon cost for the component is equal to 19.5 €, while the estmated constructon 

cost per square meter of surface area is equal to 78.0 €/m2. To be more accurate in the cost predicton, 

two more things must be taken into consideraton, which are the assembly and the installaton on-

site. Constructon cost is always dependent on the locaton, the scale of the project, and the quantty 

of materials which will be ordered. 

The equivalent carbon dioxide (CO2-eq) emissions for the constructon of the component are used as 

the main indicator for the environmental footprint analysis. According to the internatonal aluminium 

organizaton, the carbon footprint of aluminium is equal to 14.8 kgCO2_eq/kgAl if the aluminium is 

produced by raw bauxite [69]. However, if recycled aluminium is used, this value is equal to 0.52 

kgCO2_eq/kgAl [70]. In this study, recycled aluminium is used for the calculatons. For the insulaton 

material, the material utlized is XPS. However, the component was designed so that a great variety of 

insulaton materials could be used. The carbon footprint of XPS is estmated at 85.8 kgCO2_eq/kgXPS [71]. 

For the sealing gaskets of the small-scale component, the material used is PA, and its equivalent 

emissions are equal to 9.1 kgCO2_eq/kgPA [72]. However, for the biobased PA, which is used in this study, 

the carbon footprint is signifcantly reduced to 1.7 kgCO2_eq/kgPA [72]. Finaly, stainless steel is utlized 

for the constructon of the necessary bolts and screws. Despite the probability of in-house 

constructon of these screws is very low, their footprint is calculated as well, and its equivalent 

footprint equals to 5.3 kgCO2_eq/kgSS or to 1.6 kgCO2_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 m2, its specifc 

equivalent carbon footprint is equal to 224.4 kgCO2_eq/m2. The main reason for these high value is the 

selecton of XPS as the insulaton element, which has been done in purpose to set the environmentally 

worst-case scenario as the baseline. 

3.3.4 Overall Benefts of the Prefabricated Components Exploitaton 

The advantages that prefabricated components can provide to all the stakeholders involved in a 

retroft are evident. First and foremost, the necessary energy efciency of the building stock can be 

achieved by enabling deep energy retrofts for the vast majority of aging buildings that would 
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otherwise not be able to achieve signifcant energy savings with the required internal thermal 

conditons. This improvement in energy efciency can allow for thermal comfort and a sustainable 

future. Additonally, such an innovatve 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 

renovatons with the use of prefabricated units will achieve optmal thermal comfort in their interior, 

which is very ofen neglected when it comes to energy efciency in buildings, since the main focus is 

on energy consumpton and not occupant well-being. While it achieves this improvement in thermal 

comfort, it does so by greatly reducing occupant hassle during the retroftng process. Furthermore, 

there is a signifcant economic relief that such a unit can provide, since renovaton tmes 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 positve efect on the lifecycle of a building. Since thermal insulaton and 

minimizaton of thermal bridging eliminated problems like moisture building up in structural elements, 

problems like rustng of the reinforcement and deterioraton of the structural elements are prevented, 

and consequently, the building’s lifetme is extended, thus reducing the building’s yearly carbon 

footprint, considering the embodied carbon in its constructon 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 entre frame material is recyclable, while the insulaton 

material, despite being a petroleum product, can also be recycled. 

3.3.5 Potental Usage in the Market 

The introducton of a prefabricated component that aids the retroftng process by integratng 

multple energy-saving measures demonstrates signifcant potental for market utlizaton, addressing 

a critcal need in both the domestc and global constructon sectors. While prefabricated insulatng 

units exist worldwide, very few combine a comprehensive set of energy efciency features into a 

single, ready-to-install soluton. Most current units focus primarily on insulaton and are commonly 

constructed with tmber frames. Although tmber ofers certain advantages, as presented in Secton 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 limitatons lead to longer constructon tmelines, higher material 

costs, and a greater environmental footprint. All the aforementoned factors highlight a gap in the 

market that a prefabricated component, such as the proposed ones, comes to fll. It is an innovatve 

product for the global market since, unlike conventonal units, it integrates a multtude of energy 

efciency-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 holistc building design approach, due to its basic principles, which are thermal 

insulaton, minimized thermal bridges, improved window performance, airtghtness, 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 retrofts in aging buildings 

that otherwise would not be feasible, both in the public and private sectors, due to large capital costs, 

extensive renovaton tmes, and feasibility concerns. Last but certainly not least are its lifecycle 

advantages. Not only does it extend the lifecycle of existng buildings, with high embodied carbon by 

eliminatng corrosive moisture in structural elements and enabling them to be used for longer with 

comfortable interior conditons, but it also provides a form of circularity due to its highly recyclable 

nature. Countries with demo sites will also beneft from such a product. 
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4. Conclusions 

This deliverable emphasizes on two renovaton strategies for the existng building stock, tmber reuse 

and prefabricaton. Both solutons present some advantages and disadvantages. However, they seem 

to be possible candidate solutons towards renovatng the EU’s building stock which is mandatory to 

achieve the EU sustainable goals for 2050. 

4.1 Conclusions and Further Consideratons: Design Studies on 

Timber Reuse 

Based on the comprehensive analysis conducted through the virtual demonstrator in Germany, 

Strategy A is recommended as the optmal approach for deep energy renovaton of the existng 

building stock using reclaimed tmber. This recommendaton is grounded in Strategy A's strongest 

performance across most key evaluaton 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 preservaton. Its advantages in 

terms of resource efciency, cost-efectveness, and minimal interventon requirements make it the 

most suitable soluton for widespread implementaton in renovaton projects. Strategy A combines 

technical feasibility with environmental benefts and economic viability over building lifecycles, 

positoning it as the clear frontrunner among the evaluated approaches. 

Building on these promising results, Strategy A must be subjected to more rigorous technical 

evaluaton in follow-up investgatons, including in-depth analysis of structural performance, thermal 

bridging, hygrothermal behavior, and detailed connecton design to fully validate its implementaton 

feasibility. 

While all three strategies presented in this study represent realistc approaches to renovaton, their 

suitability depends on which aspects (environmental performance, economic viability, or preservaton 

of existng structures) are prioritzed. In practce, such decisions are ofen infuenced by multple 

stakeholders, regulatory frameworks, and funding conditons. However, when evaluated holistcally, 

Strategy A emerges as the most balanced and efectve soluton. 

Realizing the full potental of circular tmber constructon requires concerted acton across multple 

domains: 

• development of enabling regulatons and standards 

• maturaton of circular value chains 

• advancement of digital tools and assessment methodologies 

• innovaton in reversible connecton systems 

• cultvaton of social acceptance among designers, builders, and clients 

The transformaton from linear to circular constructon practces demands systemic change, but the 

demonstrator project provides evidence that this transiton is both necessary and achievable. 
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4.2 Conclusions and Further Consideratons: Prefabricated Circular 

Renovaton Component 

Prefabricaton in renovaton is a mandatory process to accelerate building decarbonizaton, improve 

thermal comfort, and create afordable solutons. At the same tme, prefabricated elements that can 

use recycled and biobased materials provide a holistc approach to the soluton. NTUA’s solutons 

throughout the SIRCULAR project are aiming to raise awareness for prefabricated components by 

designing simplifed and easy-to-construct solutons on a small scale, giving the opportunity to local 

enterprises to invest in innovatve solutons. 

Regarding materials, XPS is used as one of the most well-known materials in the market as an example. 

This soluton 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, prioritzing 

biobased or recycled materials with lower embodied energy. The advantages of prefabricaton in 

renovaton are the following: 

• Reduce constructon tme: Industrializaton is one of the few ways to accelerate building 
renovaton in comparison to conventonal techniques. This is happening by crafing 90% of the 
fnal wall of the constructon site. It is important not only for the building but also for the 
surrounding area. 

• Improve the quality of renovaton: Deep energy renovatons rely on engineers, technicians, 
and market products, where there is a huge variety in all of these. Prefabricaton in renovaton 
ofers an OSS soluton, incorporatng diferent building components (insulaton, windows, etc.) 
in one fnal product designed only for deep energy renovatons. 

• Avoid human errors through industrialized products: Similar to above, the quality of the 
renovaton ofen requires specialized technicians and tme, which they don’t have. These lead 
to signifcant errors (for example, thermal bridging) despite utlizing very good products. 
Industrializaton lacks customizaton but ofers safety and quality assurance. 

• Address the lack of technical workforce: Building renovatons require a dedicated technical 
workforce, which nowadays is a huge issue for Europe. It is very difcult to create that working 
force, and this is why prefabricaton will play a crucial role in our society. 

• Reduce constructon cost: Prefabricaton is stll a bit more expensive in comparison to a typical 
renovaton. The designed soluton has taken into consideraton the cost, using conventonal 
materials and simplifed geometry to enable mass producton and cost minimizaton. 

• Reduce the disturbance to the residents who will be able to live in their buildings during the 
renovaton process: Exterior insulaton requires a scafold, MVHR, and HVAC systems require 
working from the interior, and the same for windows. The OSS prefabricaton soluton that is 
designed has taken into consideraton the disturbance, which has been minimized as much as 
possible through penetratons in the exterior wall. 

During the development of the prefabricated component there were some issues that emerged and 

deserve atenton in future research to further develop these solutons to higher TRL levels. The main 

consideraton issues are listed below: 

• Specifc prefabricated component sizes: The proposed component has a specifc size. This 

leads to the problem of covering the entre outer wall, since most probably, the existng wall 

size will not perfectly ft on an integer number of components. Thus, specifc treatment will 

be necessary to cover the gaps that will remain. However, considering that there are many 
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neighborhoods with a lot of identcal buildings in many EU countries, tailor-made components 

could be designed for each purpose based on the strategy and analysis presented. 

• Prefabricated components for the roof: The developed solutons were examined only for the 

installaton on vertcal outer wall surfaces. However, prefabricaton could also be used for roof 

insulaton. Specifc criteria should be added when designing such components since some 

issues are more critcal for the roof insulaton, such as wind and vapor resistance. 

• Possible faws during installaton due to human errors: The installaton process is semi-

automated. Thus, human interventon is limited but cannot be entrely avoided. Thus, human 

errors may exist during the installaton process, resultng in thermal bridges and airtghtness 

issues. Specifc treatment with further insulaton foam additon may be required. 

5. Appendix 

In the Appendix, fgures and tables that provide further illustraton and clarifcatons regarding the 

reported data and results are presented. 

 
Figure A1. Pictures of the existng building under investgaton for the tmber-reuse retroftng. 
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Figure A2. Axonometric drawing of the existng building under investgaton for the tmber-reuse 

retroftng. 

 
Figure A3. Site plan of the existng building under investgaton for the tmber-reuse retroftng. 
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Figure A4. Ground foor of the existng building under investgaton for the tmber-reuse 

retroftng. 

 
Figure A5. Secton AA of the existng building under investgaton for the tmber-reuse retroftng. 
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Figure A6. Secton BB of the existng building under investgaton for the tmber-reuse retroftng. 

 
Figure A7. Elevaton south side of the existng building under investgaton for the tmber-reuse 

retroftng. 
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Figure A8. Elevaton west side of the existng building under investgaton for the tmber-reuse 

retroftng. 

 
(a) 
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(b) 

 
(c) 

Figure A9. Evaluaton matrix for the tmber-reuse retroftng scenarios. 
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