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Abstract

Buildings are responsible for a third of globalemhouse gas emissions. A large share of their
life cycle impacts is from emissions embedded imemals. Material reuse has the potential to
reduce the embedded impacts, since reused mateftiatshave lower environmental footprints
than primary materials. Institutional settings &mel structure of the building sector pose
multiple barriers for businesses developing androengialising products with reused materials.
Although material reuse is claimed to create minftehsional values for several stakeholders,
the implications on value creation are still ingtifintly understood and taken into account in
decision-making.

This study presents a business model by a piorge&aandinavian company offering three
building products with reused materials (i.e. wiwdpwood cladding, and concrete). Through a
multi methods approach, it investigates and disssifise business models’ implications on value
creation for the firm, value chain partners, custsnand the environment. Findings point to a
significant potential for reuse to be price-comipeti with linear production practices, to offer
value for customers and partners in the value chetiwork, and to provide significant

reductions in environmental impacts. Implicatiomsvalue creation at industry and macro-
economic level, if the business model would be ajest; should be further investigated.



1. Introduction

Buildings are responsible for a third of globalembouse gas emissions (UNEP 2009), with a
large share of their life cycle impacts embeddeouitiding materials (Cabeza et al. 2014). A
solution to reducing the embedded impacts from @rnnproduction is the use of secondary
materials (e.g. by-products and waste materiatsprioducing building materials (in this paper
referred to as material reuse) (Hoglmeier et al32Mul3holz et al. 2019; Malmqvist et al. 2018;
Cabeza et al. 2013; Moncaster et al. 2019).

Material reuse has long since been promoted ifiglceof urban mining. The urban mine with

its multitude of anthropogenic stocks is viewegbammising source of secondary material supply
(Baccini and Brunner 2012; Editorial 2015) withdarmaterial flows available from construction
and demolition (Simon and Holm 2018; Koutamaniale2018). In recent years, in the transition
towards a circular economy, the use of secondatgnmés in the building sector has attracted
increased attention (EllenMacArthurFoundation 2QNG 2017; BAMB 2016; Adams et al.
2017). According to several studies, the buildiegtsr has a high potential for implementing
circular economy strategies and generating botir@mwental and economic gains
(EllenMacArthurFoundation 2017; ING 2017; Koutansaei al. 2018). Others discuss additional
benefits, such as new jobs (EllenMacArthurFounaa®017; ING 2017; Trinomics et al. 2018)
and superior customer value (Schenkel et al. 2BtBeno et al. 2016).

For economic viability, material reuse needs t@b@mpanied by adequate business models
capable of commercializing price-competitive pradubat meet regulatory standards and
deliver strong sustainability benefits. The bussne®del lens is valuable to study questions
related to the associated innovation processesnbtance, how companies create value while
adhering to circular economy principles (e.g. neadpcts and technologies, revised value
propositions, value chain networks) (Nuf3holz e@ll9; ING 2017; Adams et al. 2017). Also,
what value the business model creates for thedimthits customers (Wirtz et al. 2016; Massa
and Tucci 2014) and for other stakeholders (egethvironment or society) are questions of
interest in business model analysis (Massa andi P04S; Bocken et al. 2014; Ludeke-Freund
2010; Evans et al. 2017).

Although new business models for material reugberbuilding sector have recently emerged,
their diffusion is still slow (Adams et al. 2017aH et al. 2019). Hart et al. (2019) find that
limited understanding of the impacts of materialseeis one of the main barriers for companies
to engage in developing circular economy solutiortte building sector. Developing products
with reused materials that are price-competitivéh\grimary resources remains a challenge
(Adams et al. 2017; Hart et al. 2019) as innovatifam material reuse often require technology
development and upfront investments (Hart et al92@iopkinson et al. 2018). The product’s



market success and sustainability impacts are ofteprtain (Hansen et al. 2009; Nuf3holz et al.
2019). Overall, the “business and environmenta¢’tls material reuse is still largely
underexplored (Hart et al. 2019; BAMB 2016) anlddks rigorous case studies that could
validate value creation of reuse strategies (Haat.€2019).

In this paper, we aim to advance understandingefrhplications on value creation of a

business models for material reuse in building pot&l We use a single case study of a business
model employed by a pioneering Scandinavian compahich commercialisewindows wood
cladding andconcretewith reused material§ he study explores the implications on value
creation of their material reuse business modgdrims of:

(2) financial structure and viability of the casmmpany,

(2) employment creation and value for partnerhigalue chain network,
(3) customer value,

(4) environmental impact reductions.

Building on sustainability evaluation practicese fbur indicators and were developed to
uncover value creation beyond financial metrics exglore the viability of the business model
for multiple stakeholders (i.e. customers, valuaicipartners, environment).

The paper proceeds with a review of the relevackdr@und literature (section 2), a description
of the methodology (section 3), and the resulthefcase evaluation (section 4). Section 5
presents the discussion and Section 6 present®tiztusion.

2. Literature background

2.1 Circular business model innovation in the builthg sector

The potential of material reuse to reduce embedsasions associated with buildings has
gained recognition among policy makers (Danish_E®A5a, 2015b), companies (3XN 2016;
Vandkunsten et al. 2016; BAMB 2016; Rebrick 20H))d academic scholars (Malmqvist et al.
2018; Nygaard Rasmussen et al. 2017; Durmisevié;2b®ncaster et al. 2019; Cabeza et al.
2013). An increasing number of services, produats$ processes for material reuse are being
developed in the building sector and commercialinegew business models (e.g. Rebrick, New
Horizon, Spaces4You, Madaster). These new busmes&ls vary in their types (e.g. operating
vs. facilitating material reuse (Whalen 2019)), arfi@r solutions at different steps in the value
chain (e.g. building design, building operationdatemolition to recover materials), or for
different building layers (e.g. facades, struct@laiments, interiors).

Despite these developments, research reports tmat building sector remains largely

discouraging of circular economy implementationm@mon barrier reported in literature include

the emphasis on financial metrices and return gastment, a lack recovery infrastructure, and
inadequate design of buildings for material recgv@tart et al. 2019; Adams et al. 2017;

NufRholz et al. 2019).



To overcome such barriers, business model innavatas been one of the focus areas to
advance circular economy and material reuse pexctic the industry and capitalize on the
associated opportunities (Ness and Xing 2017; Hwaa et al. 2018; NuRRholz and Milios

2017).

Business models define a set of elements that slloapping the organizational architecture to
create deliverandcapture valugOsterwalder and Pigneur 2010) (Massa et al. 2BtB&sa and
Tucci 2013). In traditional business model reseavelfue is typically considered as a financial
value for the firm and customers (Massa and Tudi42 In the realm of circular and
sustainable business models, value is understogeé tmoadly to consider a wider range of
stakeholders, such as value chain partners, theoeament and society (Massa and Tucci 2014;
Ludeke-Freund 2010; Bocken et al. 2014; Freudehrei@l. 2019).

Innovating the business model can refer to establisa new business model or reconfiguring
the elements of an existing business model (Zott Amit 2010; Massa and Tucci 2014).
Business models goes beyond traditional innovadioeas, such as products or production
processes (Zott et al. 2011) and allows researt¢besgidy how new products and processes are
brought to the market through designing value @eaprocesses and value networks (e.g.
suppliers) (Massa and Tucci 2014; Osterwalder eR@D5; Zott and Amit 2010; Zott et al.
2011).

Just as in traditional, linear business modelsu&r business models in the building sector need
to be designed to ensure economic viability andorosr value and will consist of similar
business model elements to commercialise productseovices. A unique characteristic,
however, is their objective to manage both econanit environmental issues and optimise the
value creation in more than one sustainability aisnen.

2.2 Value creation of circular business models fanmaterial reuse

Literature reports on a variety of implications\aiue creation from to circular economy
strategies in general, and material reuse for mgl@droducts in particular.

Recent studies highlight that fdimancial analyses of the business case for material reuse ha
been published within the building and construcsentor (Ghisellini et al. 2018; Hart et al.
2019). Studies on circular business practices nege show high costs associated with labour
labor (Whalen et al. 2017) and reverse logistiasgkhg et al. 2013). Linder (2013) and Linder
et al. (2015emphasize risks from uncertain prices of secondaterials. Other studies report
potential cost savings from lower priced secondaayerials (Verian et al. 2013; Moreno et al.
2016). In the context of building products, Femet al. (2015) show that to meet regulatory
requirements, the addition of new (and costly) maltecan be necessary. Jung et al. (2015)
suggest total costs are dependent on the value shracture, identifying transportation
distances, site conditions, and materials quast#tgemain determinants of costs in concrete
recovery and reuse.

Material reuse is associated wamployment creatioandvalue for network partnerdhrough
capitalizing on the ‘inner circles’ of the circulaconomy framework, which maintain value



embedded in products and materials at higher [@ienMacArthurFoundation 2017, 2016;

ING 2017), new value adding activities for the neey and reuse process may be organised
(Wells and Seitz 2005; Singh and Ordofiez 2015)tiRles al. (2015) show that these activities
are on average more labour intensive than heaveeg@and may thus have potential to increase
net job creation. Several recent studies identihietbntial for positive net job creation impacts
from increased circular economy activities, studyiifferent sectors and regions, and using
various types of economic input output models (Wi and Skanberg 2015; Hestin et al. 2015;
Milios et al. 2018; Trinomics et al. 2018; 1ISD B)1Assessing jobs created as outcomes of
circular economy projects, rather than projecti@ms,less prominent in literature. Ward et al.
(2013) review different indicators for job creatiacross the EU. They suggest that if assessing
jobs created directly from a program, indicatorsudti be reported in full-time equivalents and
unambiguously defined to allow for comparability.

In addition, material reuse is often associateth sitperioicustomer valueMokhlesian and
Holmen (2012) highlight that green building devetent, such as circular economy
implementation, has the potential to reduce tafialdycle costs, although, according to Vatalis
et al. (2013), the dominating perception is thatiremmental sustainability increases initial
investment costs, which is reported to be key risien-making in the sector (BAMB 2016;
Azcarate Aguerre et al. 2018). Other potentialritial benefits for customers include the ability
to charge a premium for buildings with lower enwineental impacts (Witjes et al. 2016; Klotz et
al. 2007). Also, improved competitive advantageitj@¥ et al. 2016; Schenkel et al. 2015), and
innovation, as well as user value (e.g. qualitgigie and ease of use), are discussed as potential
customer benefits (Schenkel et al. 2015; Klota.2@07). Finally, reduced environmental
impacts, e.g. from raw material consumption andtevanay have positive effects on corporate
image and marketing (Witjes et al. 2016; Schenkal.€2015; Klotz et al. 2007).

Much evidence exists that material reuse has sgnif potential foenvironmental impact
reductions although to varying extent depending on matetiams and products (Cabeza et al.
2014; Nuf3holz et al. 2019; Ortiz et al. 2009; lmgea al. 2014). Environmental impact

reductions form material reuse depend on the iddalicase and the processes affected by reuse
(Zink and Geyer 2017; Geyer et al. 2016). Environtakbenefits from using secondary

materials vary depending on, for instance, theweigoprocesses that are required to ensure that
the secondary product fulfils the same functioeguirements as the avoided primary product
(Vadenbo et al. 2017). For instance, Nuf3holz gRal19) find that brick reuse has a carbon
saving potential of 99% compared with the primaagdd alternative, and plastic reuse for
facades from a wood-plastic composite a carbomggwtential of 70-50%.

3. Methods and data collection

This study combines a case study research withltamethod approach to explore implications
on value creation of a business model offering meteeuse in the building sector. Section 3.1
offers a description of the case companies’ busingsdel. Section 3.2 explains the evaluation
and indicator selection approach and Section &fproach to data collection and analysis.



3.1 A circular business model for material reuse iuildings

This study employs a single case study of a pionge3candinavian company offering circular
solutions in the building sector. The company depetl a novel business model for recovering
and reusing three material streams from urban mhtocks, i.e. secondary glass, wood, and
concrete. Materials were developed into new pradtat a residential building project between
November 2017 to October 2018. Production and liaitasn are outsourced and the case
company manages the value chains illustrated ineTabCustomers of the three reuse products
were two Scandinavian building developers and itores developing about 20 residential
houses in the same urban area. Table 1 summéhisesain dimensions of the business model.

Table 1 Description of case company's business imode

Business model dimensions Business model design

Value proposition Customers were two Scandinavian building develogeds
investors that developed about 20 residential loueilding
products are designed to comply with the same atasds
linear benchmark products (e.g. price, qualitgtlaetics,
functionality, safety), but with a reduced enviramtal impact.

Value creation The case company was responsible for product devedot and
project management of the three reuse productsidimg the
material sourcing. Manufacturing and installatidegcribed in
Figure 1) were outsourced to value chain partnets b
overlooked by the case company. Next to productidgment,
the company consist of an architecture branch. fdliss
capitalise on building design capabilities to inpmmate material
reuse and to offer integrated circular economydirj
solutions.

Value capture Main revenues are from building developers’ payrseint
addition, the company was granted a national intmvaubsidy
that helped cover a share of the project manageameht
innovation costs related to the project. Costs mecumainly for
R&D, production and project management.

The manufacturing processes and value chainslas&dted in Table 2ndFigure 1.

Table 2 Description of the three products.

Material Characterization Process description
reuse strategy




Wood By-product use Wood is obtained from by-pradand lower-grade
production of a plank producer in proximity of tbese
company. Through cutting, surface treatment andntiog,
the wood is developed into floor and facade clagldin
(indoor and outdoor).

Glass Material reuse Post-consumer windows areatelll from demolition sides
and dismantled to obtain glass. Glass is assenmti@thew
windows by adding customized frames and a secomat la
to comply with energy efficiency standards.

Concrete Material recycling Post-consumer condreta demolition side is crushed
into aggregates and through mixing with primary eam
and other concrete components developed into new
concrete.
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GLASS
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« Cleaning - Energy efficiency tests

Figure 1 Overview on value chain and processebeftiree products.

The single case study design with its three subsuiie. wood, windows, and concrete) was
chosen to allow for a deeper understanding of iiygacts of commercializing material reuse in
products as to date research that captures the cadation of business models for reuse in the
building sector is largely absent (Hart et al. 20dthough single case study approaches pose
limits to generalisability, they are regarded bemaf for providing in-depth, data-rich
descriptions of a phenomenon (Yin 2013). If thotdygexecuted, single case study approaches
are sources of concrete, context-dependent knowldtg produce exemplars of a phenomenon
in a systematic way (Flyvbjerg 2006). The narratsech exemplars produce can reduce
complexity of a real life phenomenon and are cared to play a central role in the
development of scientific knowledge (Flyvbjerg 2D06

3.2 Evaluation approach and indicators

The evaluation approach in this study followedtthe steps suggested by Ludeke-Freund and
Schaltegger (2017) to conduct integrated sustditabvaluations at a business model level.



In thefirst step value aspects of materiality to the case weretified. This was done by
reviewing literature on material reuse in the baigdsector, circular economy and resources
efficiency, sustainable business models, and greestruction (section 2.2). Three business
developers and one senior architect from the casgany, as well as a sustainability manager
of a leading Scandinavian building developer wése aonsulted. Focus was on impacts that
were closely related to building materials and piatd (e.g. impacts from production, waste
generation, costs of building products), rathentimapacts that result from design choices at
building level (e.g. biodiversity, affordable howng). By reviewing sustainability assessment
approaches and their indicators (e.g. KPIs in thikelimg sector, Global Reporting Initiative),
suitable indicators to operationalize the valuesatpwere identified.

In thesecond steghe list of pre-selected indicators was discussg#ul the three business
developers and the senior architect of the casganyn This resulted in a final set of indicators
that was deemed suitable to uncover the most neleéwglications on value creation of the
business model for material reuse for differenkedtalders. As such, the evaluation design was
predominantly informed by practitioners’ views cgykvalue implications related to their
business model and relevance of indicators to tnggtakeholders. In addition, indicator
selection was determined by feasibility consideraiin regard to resources, time and data
accessibility (Turcu 2013) . Final selection in@ddour indicators:

(1) Financial structure and viability: Implications on the case company’s financial
structure and viability are investigated by identifj costs and revenues.

(2) Employment creation and value for partners in the walue chain network
Implications for other firms in the value netwonleanvestigated by calculating overall
employment creation and identifying business opputies for other actors in the value
network that would not occur in linear productiaagtices.

(3) Customer value Benefits from material reuse for building devedapand investors
are investigated.

(4) Environmental impact reductions: Environmental impact reductions compared with
linear reference products are examined along nheiliippact categories, focusing on
Global Warming Potential (GWP).

3.3 Data collection and analysis

Data collection and analysis was conducted in greogd between September 2018 and January
2019 through multiple qualitative and quantitatimethods.

3.3.1 Financial structure and viability

A cost structure analysis for each of the threseqaroducts was performed to identify the case
company’s costs and revenues and discuss implitatio financial viability. Cost structures
were analysed in two steps. Firstly, the cost facfoe. activities and inputs) in the product
development of reuse products were identified tmgrand organize invoices and related costs.
All relevant company invoices were reviewed and pany employees were interviewed to
understand productions steps and material inpgtsned for each reuse reuse product. After
identifying the generic value chain activities ampluts for each reuse products, every single



invoice from the project was allocated to its dastor. Company employees were consulted to
verify accurate understanding of financial data aaldie chains and results of the cost structure
analysis were compared to the total project cas&sure accuracy. Financial viability was

analysed based on business case analysis avalableg the case company’s accounting data.

3.3.2 Employment creation and value for partners irthe value chain network

To develop an estimate of employment creation ingastimates of hours spent on the project
by the case company and project partners (i.e.rrabgeippliers, manufacturers, installers) were
collected. For this, both accounting data of theeceompany and surveys with project partners
were used. The resulting sum of total work hours w@nverted into an equivalent fodl-time
employment for half a yedor one persofFTE) (Ward et al. 2013)The FTE equivalent was
calculated by dividing the total number of hours d1y average of work hours per week in
Scandinavia (37hrs) and the number of months okwer half year.

Our focus was on impacts at business model lewélaasessing outcomes of the project rather
than projections from upscaling material reuse fmes. Therefore, net employment in other
sectors and potential substitution effects that ldramccur when upscaling the business model
were outside our scope. Given the current scalbusfness activities in the studied business
model, it is unlikely that material reuse has tedate substitution impacts in other industries.
However, when aiming to upscale the productiontesjias in the industry, changes at macro-
economic level and shifts in economic activitie®tiher sectors are important to consider.

To add to the insights on employment creation, itatale analysis of the value chain processes
was performed to investigate new or improved bissregportunities for value chain partners.
For this, the production processes for wood, glasd,concrete were studied to identify whether
(1) newvalue adding activities were realized comparedth witnventional, linear material
recovery, or whether (2) some of the value chaot@sses wenmore labour intensive

3.3.3 Customer value

A survey of the building developers and investoes wonducted to assess customer value and
potential benefits from material reuse. To develmsurvey, we first performed a literature
review to identify the most relevant value drivaral their indicators for building developers and
investors. The literature included academic studresalue creation from circular practices
(Schenkel et al. 2015; Park et al. 2010; Witjeale2016), sustainability assessment of buildings
(Klotz et al. 2007; Celik and Attaran 2011), arabiitional value metrics in building

development that are related to the choice of mglgroducts (van Bueren and Broekhans 2013;
Zaeri et al. 2016). Secondly, the compiled lisinaficators was discussed with managers of three
Scandinavian building developers (one involvechim¢ase project and two others) asking them
to rank the indicators according to their perceikedvance and to add value drivers that were
missing in the list. The final list of indicatorsaw categorized into three overarching groups, i.e.
(1) Business value, (2) Stakeholder value and proplerformance, and (3) Green Leadership
(Figure 2).



2) Stakeholder and product
performance

1) Business value 3) Green leadership

Financial value Product characteristics and Environment

*Revenue and profitability

®Low purchase prices of building
products

® Ability to charge premium when
exiting building

®Reduced lead time

®Proper time management and
controlling

®Cost reduction in logistic
distribution

user value

®Meeting required physical and

functional product qualities (e.g.

space, indoor climate, luxury)
*Preserving cultural heritage
and creating identity of new
building

®Improved product design (e.g.
aesthetics)

®Reduced environmental
impacts

®Reduced carbon emissions
®Waste reduction and landfill
contribution

®Reduction of raw material
consumption

Stakeholders value Certification, reporting, and green

images

Competitive advantages

®Improved relationships with
project partners

®Relationship value with public
organisations and local authorities
*Pro-active compliance and
anticipate green reforms

*Greater employee motivation
*Job creation

*Better stock market performance
®Customer satisfaction (green
customers)

®Learning and knowledge creation/|
innovation and R&D

®Response to societal trends (e.g.
policy drivers)

®Response to industry trends
®Frontrunner advantage

®Link to strategic vision (e.g.
SDGs)

®Access to new markets/
customers

®‘Green’ marketing/ enhanced
corporate image

® Useful for CSR reporting/ annual
reports

¢ Improved ranking in
environmental certification

® Lighthouse project
demonstrating R&D and
sustainable innovation

Figure 2 Overview on categories and indicators for customer value assessment.

After the development of the survey, building depelrs of the case project were contacted. For
each of the two companies, two employees (holdositions ofSustainability directorProject
developmenBusiness development directandPublic relations managéranked to what

extent different types of value were realised frmaterial reuse on a scale of 0-3, with O
representing “not realized” and 3 “fully realize® limitation of the self-assessment was the
timing of the survey as it is expected some ofptbential benefits (e.g. financial performance,
economies of scale) will only materialize in théuhe. Other benefits (e.g. marketing effects)
had already materialized at the time of the evalnat

3.3.4 Environmental impacts

To assess environmental impacts of the three qenaskicts, we conducted life cycle impact
assessments (LCA) of each reuse product follovhedctiropean Product Standard EN15804
For the wood products, theroduct category rule for wood and wood-based poisidor use in
construction (EN16483)as used. System boundaries were set at cragiteo LCAs modelled

in SimaPro using the Ecoinvent 3.4 database. Fpaatncategorizations, we used ILCD’s mid-
point approach, as its method for Global WarminteRital (GWP) takes into account biogenic
carbon and carbon storage as prescribed by the BFOOZ method. Models containing the
processes used and their contributions to GWPrasepted in Appendixes A to C. Data for
modelling the reuse products was based on inteomapany data. To model reference products,
publicly available data was used (also see Talide Bey assumptions and their references).

We used global warming potential (GWP) as indicatb carbon saving potential and also
discussed the impacts in other impact categorieswglgnificant savings or trade-offs were
observed. It should be noted that environmentassssent was conducted for the total amount
of secondary-based building materials in the coesitin project. This does not equal the total



amount of windows or concrete used in the buildaggfor some also primary-based materials

were used.

Table 3 Overview on products, processes, and atiissumptions for LCA models.

Windows (1195,88 m2)

Secondary-based product

Primary-based reference pduct

Critical assumptions

Facade window with wood-frame and tw

layers of double layered glass (primary

and secondary).

» Disassembly of post-consumer
windows

» Manufacturing of wood frame

* Input of reused glass

* Input of primary glass (normal and
security glass)

* Paint for wooden frame

pFacade window with aluminium-wood

frame with three layered glass.

« Manufacturing of wood-aluminium
frame

e Input of primary glass, three layers
(normal and security glass)

e Transport

» Transport

Layers of glass of
reference product
Aluminium-wood
frame as it is the
standard in the
industry

Share of reused
glass in reuse
product

Concrete (837m3)

Secondary-based product

Primary-based reference product

Critical assumptions

Concrete containing secondary aggregal
» Secondary aggregates

e Sand
e Cement
e Water

» Plasticiser
* Transport

eGoncrete containing primary gravel as
aggregate
« Primary aggregates

« Sand
e Cement
e Water

e Plasticiser
* Transport

Transport
distances lower for
secondary gravel
as sources with
close distance

Wood (3755 m2)

Secondary-based product

Primary-based reference product

Critical assumptions

Cladding from wood plank off-cuts
e 2nd grade wood
* Transport

Cladding from primary wood
e 1lst grade wood
e Transport

Allocation
approach

» Steel e Steel
 Paint « Paint
4. Results

This section presents implications on value creatiaregard to the four indicators.

4.1 Financial structure and viabilit

y

The case company was able to recover all costhéothree reuse products in the first
production line, yet with only modest profit. Besawf data confidentiality, only implications
on financial viability are discussed.



We find that for all three products, there is anfigant potential for improving the financial
value. Production of products can be optimizedugholeaner production processes, fixed costs
(e.g. initial R&D costs) will be reduced in futupeoduction lines and economies of scale can be
utilized. Thus, even without the innovation subdidgt helped cover R&D related costs, a viable
business case in future production lines, where Ré&Bted costs will be significantly lower,
appears feasible.

The vast majority of revenues stemmed from thedmgl developers’ payments, and to smaller
share from the innovation grand. The latter madahgqut 1% of total revenues for the wood
products, 4% for windows, and 11% for concrete.

Cost differed considerably among the three prod{istpire 3Figure 4Figure 5). In the case of
windows the largest share of total costs resulted froodyction (above 80%), while material
sourcing costs were below 5% (to respect data denfiality, results of the cost structure
analysis are presented only in relative terms)héncase ofoncrete the largest share of total
costs resulted from production (a large share siegnfmom rental of production equipment), but
also primary material sourcing (e.g. cement) wamgaificant cost driver. R&D costs were
around 10% of total costs. For the casevobd the largest share of costs resulted from material
sourcing of off-cuts, which are of high-quality whdollowed by production costs.
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4.2 Employment creation and value for partners inlte value chain network



The total number of work hours throughout the cewfthe project was equal to 18.4 jobs
(equivalent to half a year of full-time employme(gge Section 3.3.2). Production of windows
generated the equivalent of 2.8, wood reuse — BB@ concrete — 2.4 jobs. The higher number
in the case of wood reuse can be attributed taulaimbensive profiling and installation of planks
for floors and cladding, which are shorter thanvastional planks.

Table 4 Overview of jobs created during the cowfSihe project.

Products Total hours  |[Months full-time work Jobs created(eq. to
spent created (37hrs per week) | half a year of full-
time employment)
Windows 2 500 16,9 2,8
Concrete 21705 14,7 2,4
i 11 700
Wood (cladding 791 13,2
and floors)
TOTAL 16 370,5 110,6 18,4

To gain additional insights on value created fates in the network, we analysed the reuse
processes to identif{l) newand(2) more labour-intensive business activittesnpared with
linear production. This revealed that reuse strategffered new business opportunities to
material suppliers and manufacturers in the vahasnc

Regarding1l) new value-adding activitigfirstly, the disassembly of post-consumer windows
can be considered as a new business activity tes dot occur in linear production practices.
Secondly, wood recovery offered a new income opatt for the supplier of off-cuts, that
were previously only stored as there was no dero#imet than for heat recovery. Thirdly, the
project enabled the reuse of glass that would lysbalmaterial-recycled, now providing a
higher income for suppliers.

In addition, several2) more labour-intensive processasmpared with conventional, linear
production took place. Firstly, the installationvedod cladding as planks are shorter and,
secondly, manufacturing of new window frames dumtidtiple layers.

4.3 Customer value

Regarding the categobusiness valudindings show that building developers and inwest
highly valued the innovation and knowledge creagtfacts from the project, but also the
opportunity to respond to societal trends (eackedmwith a mean score of 3/3 points), to gain a
frontrunner advantage and to realize their commaslyategic vision (e.g. SDGs) (each ranked
with 2.3/3 points). Financial benefits for buildidgvelopers and investors were not identified
(e.g. ‘low purchase price of building products’3pand ‘ability to charge premium when exiting



building’ (0.3/3)). This may partly stem from théditional costs for R&D required for the
development of the first production line, but alsaom timing of the evaluation, when it was not
yet possible to evaluate long-term financial perfance including effects from economies of
scale of the products.

In the categorgtakeholder value and product performanicelicators received varied scores.
Meeting required physical and functional productlgies (2.3/3), and improved relationships
with project partners (2.3/3) achieved the higlsestes. Lower scores were given to job creation
effects (0.7/ 3), which may partly be a resultaxfding evaluation and knowledge on
employment creation at the time of the survey.

Regardinggreen leadershipvalue creation was most strongly reported in ne:¢a

improvements in corporate image (3/3) and CSR temp(2/3). As the buildings were not
sustainability certified, benefits of improved ramkin sustainability assessment schemes (e.g.
LEED, BREAM, DGNB) were not relevant. Realizatiohemvironmental improvements (i.e.
reduced carbon emissions, waste reduction andillacatitribution, reduction in raw material
consumption) were ranked with 2.1/3. This may agesult from the timing of the evaluation,
where LCAs by external consultants were still ungleparation and only LCAs conducted
during product development were available.

4.4 Environmental impacts

The findings on each product’s carbon saving p@ke(SP) presented in Table 5 show that
environmental impact reductions are significant, ditfer strongly between the three
alternatives.

For the case of windows, LCA results suggest aaadaving potential of 56 t-CO2-eq, which is
77% lower than the primary materials-based refexrgmoduct. However, as the secondary
material-based product contains more materialsriZewindow and has a different ratio of wood
and glass compared with the reference product, L&3alts indicate several trade-offs with other
impact categories. For instance, due to the higbdamntent, the secondary-based product
performs worse in acidification and land-use imp=ategories.

The secondary-based concrete performs better impéct categories compared to primary
concrete. Its carbon saving potential is 11 t-C@2amd thus 4% lower than the reference
product. As 91% GWP impact of the reference prodterns from cement and only 5% from
primary gravel, using secondary aggregates in dinerete can only achieve incremental GWP
savings. However, LCA results show that using sdapnaggregates in concrete, has the
potential to reduce land use impacts by 37%, miriessil and renewable resource depletion -
by 30%, and water resource depletion and humaugitpXcancer effects) by 20%.

The wood products (co-product of plank productiarg estimated to have an overall carbon
saving potential of 73.3 t CO2 eq in the producstage, as the wood product provides a carbon
storage. However, theroduct category rule for wood and wood-based potslfor use in
construction (EN16485)Section 3.3.4) prescribes a physical mass altmtaipproach.

Employing physical mass allocation renders the tieoiethe stored carbon of co-products equal



to the main product (planks), even if the next adstg step of the co-product provides carbon
storage rather than incineration with heat recaveéhys would imply for practice that a lower
cascading level such as heat recovery was equafgnable from a CO2-emission point of view
than further processing of the co-product for ciaggurposes and prolonging the carbon
storage. This contradicts with recent studiesfihdtthat the extended carbon saving function
and primary material substitution of co-product aae be considered relevant to decrease
environmental impacts at product level (Mehr eRall8; Taylor et al. 2017).

As standards are developed with a product focey, do not adequately reflect the benefits of
material cascading of wood in the overall systers.fifd that this can be regarded as a
limitation of the standard when applied to circutzaterial strategies, which is also highlighted
by Taylor et al. (2017) who suggest that econortazation (in which environmental impacts

are allocated based on economic value of the ptahgtco-product) can be more appropriate to
capture environmental savings of the co-products.

Table 5 LCA Results of GWP Impact Category for eaake product.

Concrete | Windows | Wood
Final results of primary- | 271 72,5 73,3
based product (t CO2 eq)
Final result of secondary- | 260 16,5 73,3
based product (t CO2 eq)
CSP (t CO2 eq) 11 56 n.a.
CSP (%) 4% 7% n.a.

5. Discussion

This section presents the discussion of implicatiom value creation in regard to the four
indicators.

5.1 What are implications of material reuse for thebusiness model’s financial structure and
viability?

The case company was able to recover all investarahproduction costs after the first
production line, although with modest profits ahd help of an innovation grant. As the
innovation grant only covered a part of R&D relatedts, which are significantly lower in
future production lines, material reuse has poaidi be financially viable also without the
innovation grant. It should be noted that this gtunvestigated a first production line, when
integration of value chain activities and optimiaatof production practices were still at their
early stage. We argue that with effects of scading efficiency improvements, financial



viability has high potential to be price-competiiwith linear production practices. As such, also
integration of material reuse in companies opegdtirtear business models may be attractive.

Nevertheless, findings also indicate that finaneiability of material reuse can be a challenging
endeavour. Products with reused materials canmegubstantive manufacturing processes and
input of (costly) primary materials, while also sadary material inputs may still cause
substantial costs (Figure 3Figure 4Figure 5). Titevgpread assumptions that reuse strategies
gain cost savings from reduced costs for mateni@g not always be realized. To safeguard
financial viability, it requires careful product@ralue chain design and control of cost factors
to ensure that total cost do not exceed thoseiwigoy-based products.

5.2 What are implications of material reuse for emfmyment and value for network
partners?

With a total of 18.4 jobs created (eq. to 6 momh&ill-time employment) the business model
clearly created employment. Given that reuse prisdtmntained several processes that are more
labour intensive than primary production (e.g.aflation of wood cladding as planks are

shorter, disassembly of post-consumer windows naawlufacturing of new window frames),

there is indication that material reuse can leaddoeased employment compared with linear
production practices. Employment creation can lgeeted to be lower in future production

lines as about a third of all labour occurred fri@&D activities that will be lower in future.
Improved product design, more integrated, and teanufacturing processes may reduce labour
intensity.

Findings resonate with common assumptions thahkssimodels for material reuse result in
wider economic benefits for partners in the valaevork (ING 2017;
EllenMacArthurFoundation 2017, 2015). Value chdiret were established for material
recovery, manufacturing, and installation of repseducts, provided new or improved revenue
streams for secondary material suppliers and matwras that capture the economic value of
the ‘inner circles’ (EllenMacArthurFoundation 2015)

Given the current scale of the business moded,uniikely that manufacturing activities have
traceable substitution effects in other industties new value adding production activities
minus value adding activities for primary produtttst are substituted). However, to assess net
economic impacts and employment creation if thenmss model was upscaled, more
comprehensive, econometric analyses are needeal.iAl@stigation of the types of jobs created
or the geographic location of jobs can be of irdgefer policy-makers (Trinomics et al. 2018).

5.3 What are implications of material reuse for cumer value of building developers and
investors?

All three products were designed to be as pricecaradity competitive with linear reference
products as possible. We find that building devets@nd investors assessed the products with
reused materials overall positively. They indicatedtomer value across all three investigated
categories, but at the time of the evaluation gavendication of superior financial benefits from



material reuse. This may partly stem from the aoldigt costs for R&D required for the first
production line, but also from the timing of theakyation, at which exit and long-term financial
performance of the building was unknown, as wekféscts of economies of scale.

Nevertheless, building developers and investorerted several non-financial benefits from
material reuse, including the opportunity to inntevand create knowledge that may render their
organizations more prepared for societal trendstare changes in legislation. In addition,
gaining a frontrunner advantage and contributiotihéocompanies’ strategic vision (e.g. SDGs)
was clearly reported as a benefit, as well as éveldpment of products that can deliver
significant environmental improvements, and pothytifuture cost savings through efficiency
improvements in production.

5.4 What are implications of material reuse for enronmental impacts?

Life cycle assessment of the three reuse prodaodisdtes significant environmental impact
reductions (Section 4.4, Table 5). A key findinghat the carbon saving potential between the
three solutions differs significantly (e.g. 4% tmcondary-based concrete and 77% for
secondary-based windows) and that trade-offs behdg&erent impacts categories exits.

Another finding is that material reuse cannot alvagidress the main contributing processes of a
product. Our LCA shows, for instance, that concoatenot offer high reductions in climate
change impacts compared with primary-based concféis is because cement production
accounts for 91% of total GWP impacts and canndbwered through using secondary
aggregates. However, the reuse products performiger across all impact categories with
significant improvements in land use impacts (378tijeral fossil and renewable resource
depletion, as well as water depletion and humaititgX30%). As such, despite the relatively

low carbon saving potential, the reuse productsbeaseen to contribute to a gradual
development of a more sustainable product thathepotential to improve regional processes.

An overall finding is that environmental impact vetions are not realized by default. It requires
careful consideration of product design and vahgsrcprocesses to realize environmental
impacts. Building products underlie strict regudas (e.g. energy-efficiency and safety) and may
thus require significant input of primary materisdameet current construction standards.
Impacts from primary materials that need to be ddtiging the production can outweigh the
benefits from using secondary materials and alsvaidable processes (e.g. transport, cement
input) may have significant contributions to enwineental impacts.

6. Conclusion

This study examined a business model by a piong&oandinavian company offering three
building products with reused materials from urbanes (i.e. windows, wood cladding, and
concrete) and its implications on value creatiomplications on value creation were considered
for multiple stakeholders such as the case compmarsgpmers, value chain partners, and
environment, which helps evaluate whether mateeiade is overall a viable industrial business



model with improved sustainability outcomes and teethe required innovations and
institutional transition are worth pursuing. Thadst contributes to this in two ways.

Firstly, the study advances understanding of the imptinatfrom material reuse on value
creation for different stakeholders. An overalliing is that although in the first production line,
financial viability for the case company was mog#stugh increased production efficiency and
economy of scales, material reuse has potentlztome a price-competitive production
practice. Findings indicated that material reuse/igied new business opportunities for value
chain partners, in particular material supplierd areated significant employment. In addition,
the business model was found to provide a supeustomer value, in terms of innovation,
knowledge creation, ability to respond to soci&thds, and positive reputational and marketing
effects. The findings from LCAs indicate that &lteée products deliver clear environmental
improvements at product level. However, the redunctiof environmental impact differ between
the three alternatives and several trade-offs anddfegyent impact categories exist.

Secondlythe study summarised considerations to waifraancial and environmental benefits
as material reuse does not by default result @nionl and environmental savings (Section 5.1
and 5.4). This is because products with reusedrralte€an require substantial manufacturing
processes and input of primary materials to geenatinto a condition and to a location
suitable for reuse, especially as building produciderlie strict regulations (e.g. energy-
efficiency and construction safety).

To warranffinancial benefitand price-competitiveness with linear productscpsses and
inputs need to be managed carefully to ensurelileagxtra costs for recovery manufacturing
processes do not outweigh potential cost saviruge fecondary material use. The more
processes and material inputs a reuse productresgtine less likely it becomes to derive price-
competitiveness only from potential cost savingsfiower-priced secondary materials. Thus,
optimization, integration of value chains and ecures of scale are identified as key
requirements to develop competitiveness with lirnvedwe chains.

To warrantenvironmental benefits requires careful operationalization of materese to
achieve environmental improvements as unavoidablegsses (e.g. transport, cement input) can
be dominant contributions to the total environmemtgacts. There are exceptions where
secondary material use cannot address the mairitmaing processes. In the case of concrete,
for instance, cement input accounts for 91% ofl tGMP impacts and cannot be lowered
through using secondary aggregates.

Several methodological limitations pertained te tmulti methods research.

Firstly, this research evaluates the case company’s lsssmedel and its impacts at a specific
point in time. Impacts are only a first snap-shfotmerging value chains and product designs.
Improved product design or more integrated, lednevahains could improve for instance
potential for carbon savings and financial valug, dso reduce job creation effects. The results
may have also been influenced through the timinip@furvey for the customer value
assessment. The project had received a lot of gtybéind had positive effects on building
developers’ marketing. Other potential impactseesly financial value for building



developers and investors, may only materializéénfuture (e.g. exit performance of the
building, economies of scale of the products).

Secondlyapplying LCA to circular economy practices (i.eoguct systems with secondary
material use) is relatively new and bears methagioéd challenges (Rasmussen et al. 2018;
Héafliger et al. 2017; Taylor et al. 2017). For arste, in the case of the wood products, the
product category rule’s prescribed allocation appho(Section 3.3.4) was not able to capture the
benefits of cascading wood co-products. We find tina LCA standards’ focus on products, is a
limitation to capture impacts from material reusd aascading.

Future research is needed to investigate envirotahand economic impacts of material reuse at
industry level if the business model was upscaBmhsequential LCAs and econometric
analyses of scaled-up models of circular solutemesneeded to account for net value added and
net job creation impacts across the entire econasiyell as environmental savings at industry
level that consider market and substitution effe&t®ther avenue for future research could be
to further explore potential societal benefits froraterial reuse and which methods and
indicators are suitable for such assessment, dsawaldvancing LCA standards to be better
suited for capturing benefits from material casogdi
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Appendix A: Process models and contributions of LCAs on windows



1p
A1-A3UP
windows_at site

1,65E4 kg CO2 eq

2,48E4 kg 1,58E4 kg 6,62E3 kg 6,8E3 kg 292 kg 3,8E4 tkm
UP window New 2-layer glass New 2-layer glass Reused 2-layer Alkyd paint, white, Transport, freight,
frames_at assembl for UP windows for UP glass for UP without solvent, in lorry 16-32 metric
-335E4 kg CO2 eq 2,87E4 kg CO2 eq 1,32E4 kg CO2 eq Okg CO2 eq 166E3kg CO2eq L] 64E3 kg CO2 eq
310 m2 1,12E3 m2 6,62E3 kg
Window frame, Glazing, double, Tempering, flat
wood, U=1.5 U<1.1 W/m2K glass {GLO}| market
-335E4 kg CO2 eq 4,08E4 kg CO2 eq 1,17E3kg CO2eq |
Figure 6 LCA Process and GWP Results of window reitised glass.
1p
A1-A3 Ref wood
windows_at site
3,58E4 kg CO2 eq
1,24E4 kg 1,7E4 kg 495E3 kg 292 kg 1,59E4 tkm
UP window Ref Product_3-layer Ref Product_3-layer Alkyd paint, white, Transport, freight,
frames_at assembly glass glass_tempered without solvent, in lorry 16-32 metric
site glass 60% solution state ton, EUROS {RowWj}|
-1,67E4 kg CO2 eq 3,66E4 kg CO2 eq 1,16E4 kg CO2 eq 1,66E3 kg CO2 eq 2,67E3 kg CO2 eq

155 m2

730 m2 4,95E3 kg
Window frame, Glazing, triple, U<0.5 Tempering, flat glass
wood, U=1.5 W/m2K| W/m2K {GLO}| {GLO}| market for |
{RER}| production | market for | Cut-off, Cut-off, S
-1,67E4 kg CO2 eq 4,73E4 kg CO2 eq 875kg CO2 eq

Figure 7 LCA process and GWP results of windowregfee product (with wood frame).



1,29E4 kg
UP ref wood/alu

frames

2,16E4 kg CO2 eq

155 m2
UP ref_Window
frame, wood-metal,
U=1.6 W/m2K
2,16E4 kg CO2 eq

1p
A1-A3 Reference
wood/alu
windows_at site
7,25E4 kg CO2 eq

1,7E4 kg
Ref Product_3-layer
glass

3,66E4 kg CO2 eq

730 m2
Glazing, triple,
U<0.5 W/m2K

{GLO}| market for |
4,73E4 kg CO2 eq

4,95E3 kg
Ref Product_3-layer
glass_tempered
glass
1,16E4 kg CO2 eq

4,95E3 kg
Tempering, flat
glass {GLO}| market
for | Cut-off, S
875 kg CO2 eq

Figure 8 LCA process and GWP results of windowregfee product (with wood-alu frame).
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Appendix B: Process models and contributions of LCAS on coacret

2,01E6 kg
UP Concrete

2,665 kg CO2 eq

4,65E5 kg 8,04E5 kg 3,14E5 kg 3,21E5 kg 4,69E3 kg
UP Sand UP aggregates UP cement Tap water {Europe Plasticiser, for
without concrete based on
Switzerland}| sulfonated
3,46E3 kg CO2 eq 1,7E3 kg CO2 eq 2,46E5 kg CO2 eq 118kg CO2 eq 6,25E3 kg CO2 eq
r y i
—
4,65E5 kg 3,14E5 kg 1,61E5 tkm
Sand {RoW} gravel Cement, pozzolana Transport, freight,
and quarry and fly ash 11-35%, lorry 16-32 metric
operation | Cut-off, non-US {Europe ton, EUROS {GLO}
2,02E3 kg CO2 eq 2,24E5 kg CO2 eq 2,69E4 kg CO2 eq

Figure 10 LCA process and GWP results of concretese.



Figure 11 LCA process and GWP results of concreterence product.
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Figure 12 LCA results for concrete reuse solution aeference product.
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Appendix C: Process models and contributions of LCAs on woaddihg

1p
UP wood panels

-7,33E4 kg CO2 eq

4,38E4 kg
2nd grade

-9,55E4 kg CO2 eq

i

188 kg

Steel, low-alloyed

{GLO}| market for |
Cut-off, S

321 kg CO2 eq

82,6 m3
Sawnwood,
softwood, dried
(u=10%), planed

-1,03E5 kg CO2 eq

Figure 13 LCA process and GWP results of wood reosgtions.

421E4 tkm
Transport, freight,
lorry 16-32 metric
ton, EUROS {GLO}|

7,01E3 kg CO2 eq

L_|

3,54E3 kg

Alkyd paint, white,
without solvent, in
60% solution state

2,01E4 kg CO2 eq

1,12E4 tkm
Transport, freight,
lorry 16-32 metric
ton, EUROS {RER}|

1,82E3 kg CO2 eq




4,38E4 kg
1st grade

-9,55E4 kg CO2 eq

1p
Reference wood
panels

-7,33E4 kg CO2 eq

3,54E3 kg
Alkyd paint, white,
without solvent, in
60% solution state

2,01E4 kg CO2 eq

188 kg
Steel, low-alloyed
{GLO}| market for |

Cut-off, S

321 kg CO2 eg

82,6 m3
Sawnwood,
softwood, dried
(u=10%), planed

-1,03E5 kg CO2 eq

5,33E4 tkm
Transport, freight,
lorry 16-32 metric
ton, EUROS {GLO}|

8,88E3 kg CO2 eq

Figure 14 LCA process and GWP results of wood ezfee product.
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