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Abstract 

Existing challenges in policy, practice, and digital 

innovation, and their integration into Circular Economy 

(CE) result in a complex undertaking. Currently, not many 

frameworks for the digital optimization of a building’s 

End-of-Life (EoL) and its related processes exist. This 

paper explores the digitalization of the EoL process with 

blockchain technology, by analysing an applied use case 

of a closed loop reuse product in Austria. A blockchain-

based solution designed to enhance the verifiability of the 

reuse process is proposed, by introducing a privacy-

preserving zero-knowledge proof application which can 

increase, among other things, transparency, and trust to 

promote CE.   

Introduction 

The transition towards a Circular Economy (CE) 

represents a paradigm shift from traditional, linear 

economic models towards ones that are restorative and 

regenerative by design (Bocken et al. 2016; Kirchherr et 

al. 2023). This shift is underpinned by the integration of 

digital technologies, which play a pivotal role in 

enhancing the sustainability and efficiency of various 

sectors, from waste management to construction (Kamble 

et al. 2018). The End-of-Life (EoL) process of products 

and materials is a critical aspect of the CE and gets 

increasingly important due to resource shortages and CO2 

emissions benchmarks (Gervasio & Dimova 2018) for 

certification of buildings (e.g. DGNB), also required for 

compliance with the EU Taxonomy (2024) for buildings. 

With the gradual digitalization of EoL processes 

(Dodampegama et al. 2024) a fundamental database can 

be created to promote recycling, reuse, and reduction of 

construction demolition waste (Papamichael et al. 2023), 

contributing to the conservation of resources and the 

mitigation of environmental pollution.  

Studies like Pagoropoulos et al. (2017) emphasize the role 

of digital technologies, including Big Data and IoT, in 

advancing CE. Additionally, in the construction sector, 

digital platforms for Circular Economy are aimed at 

integrating digital technologies and data management to 

optimize resource use, addressing the industry's 

challenges (Kovacic et al. 2020).  Findings from Çetin et 

al. (2022), highlight the potential of digital twins and 

scanning technologies in supporting CE strategies despite 

existing challenges. These insights underscore the 

digitalization's crucial role in advancing CE, calling for 

continued exploration and application of digital solutions. 

This paper explores the digitalization of the EoL process 

with blockchain technology by analysing a use case of a 

closed-loop reuse-product, applied in Austria. This 

blockchain-based solution is designed to enhance the 

digital perspective of the reuse process, by introducing a 

verifiable certification concept. This concept ensures the 

correctness of provided claims without breaking privacy 

for the involved stakeholders, with zero-knowledge 

proofs. In this way the solution increases, among other 

things, transparency and trust to promote CE 

implementation. 

Literature Background 

Circular Economy 

Kircher et al. (2017) present a comprehensive definition 

of CE derived from extensive literature review. They 

define CE as an economic system that shifts away from 

the EoL concept by prioritizing reduction, reuse, 

recycling, and recovery of materials throughout the 

production, distribution, and consumption processes. This 

operates at various levels including micro (products, 

companies, consumers), meso (eco-industrial parks), and 

macro (city, region, nation, and beyond), facilitated by 

innovative business models and responsible consumer 

behaviour. Consequently, there are diverse interpretations 

of CE and circularity (Kirchherr et al. 2017; Alhawari et 

al. 2021), all aiming at incorporating strategies for smarter 

product use (refuse, rethink, reduce), longer product 

lifetimes (reuse, quality, repair), and material circulation 

at the EoL (recycling, cascading), necessitating new 

business models for implementation (Brändström & 

Eriksson 2022). 

In Architecture, Engineering, and Construction (AEC), 

the building life cycle comprises four stages (EN 

15978:2011): production, construction, use, End-of-Life 

including deconstruction/demolition, transport, waste 

processing, and disposal. Currently, the EoL phase of the 

buildings' life cycle remains the least sustainable (Charef 

2022). Defining End-of-Life within the CE context in 

AEC poses challenges due to the lack of clear 



standardization and regulation across different countries, 

and essential prerequisites for digitalization including the 

use of Building Information Modeling (BIM). The 

disconnection between BIM tools and EoL tools hampers 

comprehensive considerations of this phase (Akbarieh et 

al. 2020). The built environment represents a significant, 

yet poorly documented stock of material resources (Heisel 

& Rau-Oberhuber 2020). Absence of guidelines for 

material and component databases impedes conclusions 

drawn from EoL considerations, which should ideally be 

integrated into the design phase. Adopting circular design 

strategies (e.g., design for deconstruction, disassembly, 

adaptability, and flexibility) alone does not reduce 

environmental impact unless integrated and considered 

during the design phase to manifest in whole buildings’ 

life cycle. Moreover, EoL asset management necessitates 

extensive data, requiring new workflows, processes, and 

business models (Charef 2022). 

The digital potential within the reuse process, highlights 

how advancements in Artificial Intelligence and BIM are 

unlocking new possibilities for effective reuse strategies 

in the construction sector (Khosrowshahi, 2017). 

Initiatives like the EU-funded RRReMaker project, 

employ Artificial Intelligence for design for 

deconstruction, aimed at resolving current problems when 

planning with reuse components and their associated 

uncertainties such as quality etc. Simpler versions of 

digitalization are online platforms for reuse (e.g. Harvest 

Map; Concular), which are increasing in number and 

significance, and facilitating material reuse, especially 

with the goal of shifting the paradigm of this topic in 

society. The success of these platforms depends on the 

provision of comprehensive and detailed information 

about available materials, their provenance in 

combination with material condition (Veit et al. 2014). 

The legal framework for CE in Austria is mainly regulated 

in the Austrian Waste Management Act (AWG 2002), 

which introduces a waste hierarchy. In addition, the 

Austrian standard Dismantling of buildings as standard 

method for demolition (ÖNORM B3151:2022) is applied 

on a voluntary basis, and gives a guideline on how to 

proceed in the building’s EoL: demolition typically 

follows the reverse sequence of construction, focusing on 

maximizing reuse, preparation for reuse, or recycling of 

materials resulting from the process.  

The digital potential within the reuse process, highlights 

how advancements in Artificial Intelligence and BIM are 

unlocking new possibilities for effective reuse strategies 

in the construction sector (Khosrowshahi, 2017). 

Initiatives like the EU-funded RRReMaker project, 

employ Artificial Intelligence for design for 

deconstruction, aimed at resolving current problems when 

planning with reuse components and their associated 

uncertainties such as quality etc. Simpler versions of 

digitalization are online platforms for reuse (e.g. Harvest 

Map; Concular), which are increasing in number and 

significance, and facilitating material reuse, especially 

with the goal of shifting the paradigm of this topic in 

society. The success of these platforms depends on the 

provision of comprehensive and detailed information 

about available materials, their provenance in 

combination with material condition (Veit et al. 2014). 

Closed Loop in CE 

The closed-loop system is an integral part of the CE, and 

it stands in contrast to the traditional linear economy, 

which follows a take, make, dispose (EMF 2013) model 

of production. By maintaining the utility and value of 

products through multiple life cycles, closed loop systems 

can significantly reduce environmental impact by 

lowering the demand for resource extraction and 

minimizing waste. Moreover, closed loop practices can 

lead to economic benefits by reducing the raw material 

procurement and waste disposal. Socially, they can 

contribute to job creation in the refurbishment and 

maintenance sectors (Zhang et al. 2024). 

Braungart et al. (2008) differentiate between cradle-to-

grave flows of materials and cyclical, cradle-to-cradle 

flows, whereby Stahel (1982; 1994, p.179; 2010) refers to 

closed loop systems instead of cyclical systems, 

introducing herewith two essentially different types of 

loops within a closed loop system (1) reuse of goods and 

(2) recycling of materials. Referring to the 

aforementioned authors including McDonough & 

Braungart (2002), Bocken et al. (2016, p. 309) define two 

cardinal strategies for the cycling of resources: 1) slowing 

resource loops - By crafting durable goods and 

implementing strategies like product-life extension, such 

as service loops for repairs and remanufacturing, the 

lifespan of products is prolonged, leading to a reduction 

in the rate of resource consumption; 2) closing resource 

loops - Recycling closes the loop between post-use and 

production, establishing a circular flow of resources. 

In a closed loop system, the End-of-Life concept is 

replaced with restoration/refurbishment; products must be 

designed with their next use in mind. This means that once 

the initial use of a product is completed, it can be 

disassembled and the materials can be used again in their 

original form instead of being downcycled into lower-

quality applications (Braungart et al. 2007). 

However, the transition to a closed loop system is not 

without challenges. It requires a paradigm shift in design 

philosophy, a move towards business models that can 

support product life extension, and the development of 

markets for secondary materials. It also depends on the 

establishment of effective collection and processing 

systems that can support the return of used products for 

remanufacturing or recycling (Korhonen et al. 2018; 

Figge et al. 2023). 

Expanded from Bocken et al. (2016, p. 309), for the 

purpose of the presented research, Figure 1 shows a 

circular life extension of a good/product in CE where the 

left section (black) demonstrates a system focused on 

waste recycling. The complete picture however, which 



includes the right side (blue), reveals a fully realized CE 

that emphasizes keeping goods/products in use for as long 

as possible (extending the life span) through 

refurbishment and therefore in a closed loop system. The 

concept begins with resource extraction and product use, 

followed by product recycling at the end of its life. The 

expansion into refurbishment aims at slowing down the 

resource loop, hence promoting reuse and reducing the 

dependence on new resources.   

Blockchain in EoL 

Blockchain technology, synonymous with Distributed 

Ledger Technology (DLT) and initially introduced 

through Bitcoin (Nakamoto, 2008), has gained 

momentum across various sectors. Although the term was 

originally coined to describe Bitcoin's data structure, it 

now encompasses the underlying technology that permits 

decentralized state synchronization. This encompasses 

not only account balances, as with Bitcoin, but also a 

range of data types where the current state is critical for 

all participants. DLT's utility is further enhanced by Smart 

Contracts (Szabo 1997), with Ethereum blockchain 

(Buterin et al. 2013) emerging as the standard-bearer for 

Smart Contracts (SC) execution. 

Blockchains, particularly in their original iterations like 

Bitcoin and Ethereum, operate as open networks with 

public data visibility. In contrast, private blockchains, 

which are generally permissioned and limit data access to 

known participants, are considered more appropriate for 

corporate use (Wüst et al. 2017). However, the efficacy of 

private blockchains has been questionable, potentially due 

to the absence of a "network effect." A hybrid approach 

that utilizes SCs on public networks alongside private 

databases interfacing through standardized protocols may 

offer a resolution. 

Several studies illustrate blockchains potential to boost 

the life cycle approach within the AEC sector (Scott et al. 

2021). Blockchain can ensure comprehensive traceability 

of materials and energy, aiding in the prediction of 

recycling and reuse outcomes for materials utilized in 

construction (Shojaei et al. 2021). The technology can 

also enhance the transparency and reliability of data in 

Environmental Product Declarations - EPDs (Rangelov et 

al. 2021). It facilitates end-to-end lifecycle assessment by 

documenting the metadata of raw materials, thereby 

verifying their provenance from source to construction 

site (Shojaei 2019). Copeland and Bilec (2020) have 

integrated RFID, BIM, and blockchain to specify 

components with a verifiable data trail throughout their 

lifecycle, and explored the integration with a crypto-

economic incentive model for asset recycling. 

Additionally, blockchains can be employed for post-

occupancy evaluations, with BIM serving as the 

repository and blockchain as the validator for built 

environment assets (Di Giuda et al. 2020). 

Methodology 

The presented research follows an integrated research 

approach, which, in a first step, was based on a 

comprehensive literature review, secondly on conducted 

and evaluated interviews with key stakeholders operating 

in AEC and EoL. These findings laid the groundwork for 

the following use case analysis of a reuse product in a CE 

closed loop, as outlined in the literature background. 

Furthermore, an important element of this ongoing 

research within the realm of the DiCYCLE project, is the 

integration of a blockchain into the framework of the 

presented use case called re:parkett. To create the 

presented use case, a workshop was conducted, where the 

details of the individual process steps were documented, 

and the current challenges in CE were discussed. The 

latter were the starting point for the applicability of our 

framework. The focus was on ensuring that the 

“executed” process was true to the “planned” process 

enabling herewith transparency and authenticity 

verification of the reuse product. In addition, a proposal 

for the creation of CO2 certificates for the reuse product is 

laid out, adding also economic value, based on the 

partially required CO2-audits for buildings. The aim is 

therefore to enable the creation of an unfalsifiable proof 

that the parquet flooring has been reused and is a closed 

loop product as shown in the case of re:parkett.   

Use Case re:parkett  

The starting point for re:parkett was the dismantling of 

significant areas of parquet flooring at the former Vienna 

Directorate and subsequently the requirements of a new 

project that needed installation of approximately 1200 

square meters of parquet flooring for a building contractor 

in St. Pölten, Austria. This resulted in the novel idea of 

mechanically processing and further refurbishing 

individual parquet strips for reuse in new building 

projects. 

In collaboration with a floor manufacturer, this concept 

transitioned into an implementation phase focused on 

product development. The objective was set to install 500 

square meters of the reuse product by the end of 2022. A 

key aspect of this activity was the partnership with a floor 

laying company, which played a crucial role in both the 

dismantling and installation processes, thereby closing the 

loop of the product cycle. To ensure a systematic 

approach to the dismantling process, all three involved 

companies (the “circular design” company responsible for 

Figure 1: Closed Loop in CE  



the assessment and collection of reusable parquet 

flooring, the manufacturer of flooring and the parquet 

floor layer) aimed at developing a manual that would 

integrate a standardized harvesting process into their 

business models. By April 2022, the first sample of the 

processed parquet was showcased publicly, signalling the 

readiness for market introduction. Efforts to expand 

distribution channels across various regions are ongoing, 

reflecting a scalable model for the adoption of sustainable 

practices in construction and renovation projects. This use 

case exemplifies the potential of collaborative innovation 

in promoting CE principles within the AEC industry. 

Use Case Analysis & Discussion 

In the research project DiCYCLE, a systematic approach 

to reprocessing harvested parquet floors has been 

developed, encompassing several key steps, as shown in 

Figure 2. The process is divided into four levels, with 

transport, deconstruction, manufacturing and 

certification. It initiates upon receiving an order, where 

builders, flooring layers, or flooring owners seek out the 

services of a company skilled to perform dismantling, 

recovery, or reprocessing of used/old parquet flooring. 

The second step involves a detailed and professional 

inventory of an existing or potential repository, with an 

assessment of the current condition of parquet flooring. 

Hence, an expert determines data regarding quantity, 

quality, and other features of the parquet, which are 

documented in a data sheet. Additionally, external parties 

can submit their own data sheets of potential repositories 

of reusable parquet flooring to the online 

platform/database (e.g. Harvest Map) of the “circular 

design” company which is then further checked and 

processed. 

A crucial decision is made based on the collected 

information: whether to renovate the parquet flooring on-

site, dismantle it for reuse, or dispose of it. In scenarios, 

where on-site renovation is deemed feasible, sometimes 

there might be a shift into dismantling and processing of 

flooring into a reuse product, due to previously false 

classification or the parquet owner’s change of plans. 

However, in some cases this leads to improper 

dismantling by untrained individuals due to time or 

budget constraints, potentially reducing the amount of 

material available for reuse. 

In the “circular design” company’s database (Harvest 

Map) all relevant data on the dismantled parquet flooring 

regarding, quality and quantity is collected. However, the 

following step, which should entail an automatic digital 

data transfer between the “source database” and the 

manufacturer responsible for the refurbishment of the 

reusable parquet flooring, is currently missing due to the 

absence of a suitable implementable solution.  

Going further into the process the manufacturer after 

receiving data regarding quality and availability of the 

flooring area, integrates this information into its own 

Enterprise Resource Planning (ERP) system, which is 

then utilized to determine the market demand for the 

product, as well as production plans and associated sales 

activities. 

To summarize, the final decision on demolition or 

delivery to the manufacturer, is based on all previous steps 

in the laid-out process by the “circular design” company. 

For existing buildings, demolition is initiated, or the 

inventory in stock is delivered to the manufacturer for 

further processing. The dismantled product is then 

handled in the manufacturer's own production facility 

deemed at restoring/refurbishing the product, eventually 

ending up either being stored in the manufacturer's own 

warehouse or sold directly to the customers on demand, 

depending on the sales planning and production 

capacities. 

In addition to all these steps, there is currently an ongoing 

effort to create a CO2 certificate in the form of an EPD for 

the finished reuse product. This initiative aims to quantify 

the environmental impacts across all process steps, 

potentially offering the certificate with the floor delivery, 

or positioning the closed loop product on the market with 

its environmental background information.  

As mentioned, the schematic process is illustrated in 

Figure 2, providing an overview of the approach adopted 

in the DiCYCLE project.  

Figure 2: re:parkett process analysis 

 

 

 



Blockchain application 

Based on findings from the projects BIM.design & 

FMChain and the ongoing research presented here, we 

developed a system architecture for the use of blockchain 

to address challenges in the EoL process. The proposed 

framework allows for sustainable documentation of 

essential steps and data in the EoL value chain and ensures 

verifiable compliance to process models. 

The first use of blockchain technology in the field of 

business process management mapped processes models 

entirely on blockchains by translating models to Smart 

Contracts (Weber et. al. 2016, García-Bañuelos et. al. 

2017, López-Pintado et. al. 2019). This initial approach of 

mapping all data (including actors, gateways, etc.) on the 

blockchain is problematic for several reasons: Generally, 

when implementing processes, which involve multiple 

stakeholders, two fundamental obstacles occur. Firstly, 

basic privacy requirements of companies are violated: 

companies generally want to avoid having their own data   

associated with their business processes (e.g. supply chain 

data, production process data, etc.) to be openly visible to 

third parties. This was also reaffirmed by our interview 

partners in our requirements analysis for our use case. 

Furthermore, storing data on a blockchain is also 

unattractive due to high transaction costs. This is 

especially true for so called public blockchains, like 

Bitcoin or Ethereum. These are, as the name suggests, 

visible and open to be used by everyone. However, this is 

also a disadvantage, since the limited possible number of 

transactions per second can result in high transaction costs 

for participants. Private blockchains, i.e., blockchains that 

cannot be viewed by everyone and are operated by a small 

number of participants, have this limitation to a much 

lesser extent, but have other disadvantages, such as 

missing network effects; and also lack the capability for 

public verification (Carminati et. al. 2018, Marangone et. 

al. 2022). 

In summary, as little data as possible should be stored on 

the blockchain but enough to fully exploit the capabilities 

of this technology. The data on the blockchain should also 

meet the privacy requirements. 

With that in mind, Figure 3 shows our developed 

framework and how participants interact with the 

blockchain and each other. The main communication 

between the individual participants takes place off-chain, 

i.e. using peer-to-peer communication channels. The 

interaction with the blockchain is limited to commitments 

that represent irrevocable statements. These need to be 

transparent and verifiable for everyone and are therefore 

stored on the blockchain. These statements include only a 

fraction of the data that is held by the individual 

participants. A zero-knowledge proof (ZKP) ensures the 

relation between the commitments and the private data as 

well as the correct execution of state updates. The private 

data hence becomes immutable and tamper-proof. 

To harness these privacy and security features in our 

framework we model use cases as a choreography of 

message exchanges. Figure 4 displays the message 

exchanges of an End-of-Life value chain, based on our use 

case re:parkett in a simplified form as a BPMN 

choreography diagram. Each box represents a message 

exchange task and displays the two stakeholders in terms 

of sender and recipient, as well as the conducted action. 

This modelling method results in a clear definition of the 

order in which stakeholders are involved and the 

information being shared between them. The interaction 

with the blockchain is limited to essential commitments 

 

Figure 4: BPNM choreography diagram for re:parkett 

Figure 3: Overview of interactions on the blockchain 



and associated ZKPs (illustrated as padlocks in Fig. 2 and 

Fig. 4), verified with a smart contract on the blockchain. 

This facilitates immutable and public-verifiable 

assignment of data, without revealing any additional or 

non-disclosable private information. 

A Zero-Knowledge Proof (ZKP) is set up as an interaction 

between a prover and a verifier. The prover’s goal is to 

convince the verifier of the correctness of a computation 

without revealing the complete set of inputs (Goldreich 

and Oren 1994; Tomaz et al. 2020). ZKPs therefore 

provide the fundamentals to secure authentication and 

privacy protection in blockchain transactions, by creating 

a platform for stakeholders to interact without disclosing 

sensitive data (Meralli, 2020; Čapko et al. 2022).  

While ZKPs were envisioned as multi-round interactive 

protocols, current variants are non-interactive i.e., only a 

single message is exchanged between the prover and the 

verifier. This property allows ZKPs to be included in 

blockchain transactions. Furthermore, zk-SNARKs, a 

highly efficient non-interactive variant with small proof 

sizes, enable storage and verification on the blockchain 

(Partala et. al. 2020). 

Our framework utilizes this technique to ensure the 

correctness of private processes on a public blockchain. 

More specifically, participants signal the completion of a 

choreography tasks by sending off-chain messages to 

each other. Furthermore, they commit to those messages 

by sending a transaction consisting of a reference to the 

message and the process state together with a ZKP to the 

blockchain. A Smart Contract verifies the correctness of 

the ZKP and only updates the process state in case of 

success. The ZKP ensures that only transitions defined in 

the model can be executed, that only the permissioned 

participants can trigger a transition, and that the passed 

information satisfies some predefined rules. For example, 

in the case of the re:parkett use case, only the Extractor 

may complete the Floor extracted task by sending a 

message to the Refurbisher. Furthermore, although not 

shown in the figure, the value of extracted_area needs to 

be smaller or equal to the floor_area value that was 

provided by the Materials Expert in the first task. 

Applied to the whole re:parkett use case the framework 

allows to create a certificate of provenance. A reference 

to the state in the SC proofs the validity of the certificate, 

as only conforming process updates can be submitted to 

the blockchain and hence the claims of the certificates 

must be correct. In case of re:parkett the certificate 

ensures that the amount of floor certified as recycled 

cannot exceed the amount identified by the expert. 

The example demonstrates that our framework is highly 

suitable for many supply-chain use cases in AEC. By 

adopting our approach of tracing goods, it becomes 

feasible to comply with privacy requirements and 

legislation, while increasing the level of trust and security 

for digital processes in CE. 

Conclusion 

In this paper, we have explored the integration of 

blockchain technology into EoL processes within a CE 

framework, using a specific case study of a closed-loop 

reuse-product in Austria. The application of a blockchain-

based solution has demonstrated substantial potential to 

enhance challenges regarding transparency, authenticity 

and trust through verifiable, privacy-preserving 

mechanisms, specifically zero-knowledge proofs. 

Our research confirms that digital technologies, like 

blockchain, are vital for advancing CE by ensuring 

transparent and reliable data throughout product and 

material lifecycles. Implementing our blockchain 

framework in parquet flooring reuse demonstrates 

effective digital strategies for real-world CE challenges. 

This enhances environmental sustainability and creates 

economic value by potentially generating CO2 

certificates (e.g. possibly published on a token, referring 

to CO2 emissions of a product or part of a product), 

herewith aligning with EU Taxonomy compliance. The 

findings support stronger integration of digital tools in CE 

processes, especially in the building sector, for resource 

efficiency improvements. 

Ultimately, this paper calls for ongoing research and 

collaboration across sectors to refine and expand the use 

of digital solutions in promoting sustainable practices 

within the circular economy. This will not only enhance 

environmental outcomes but also foster economic 

resilience and social well-being. 
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