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1 | INTRODUCTION

The circular economy (CE) has been proposed as a paradigm to decouple resource use and environmental impacts from economic growth (UNEP,
2017). The CE aims to maintain the highest value of products and materials for as long as possible by implementing a collection of interventions at
different life cycle stages, such as recycling, reuse, remanufacture, and product lifetime extension (Aguilar-Hernandez, Siglienza-Sanchez, Donati,
Rodrigues, & Tukker, 2018; Kirchherr, Reike, & Hekkert, 2017; The Ellen MacArthur Foundation (EMF), 2013). These interventions are then used to
develop circular business models (CBMs), adding to the ways in how businesses create, deliver, and capture value (Bocken, de Pauw, Bakker, & van
der Grinten, 2016; Linder & Williander, 2017; NuBholz, 2017; Stahel, 2016).

The environmental impacts of circularity interventions have been largely analyzed using life cycle assessment (LCA) frameworks and methods.
LCA has been successfully adapted in order to estimate the potential benefits of processes associated with circularity interventions, such as the
effects of recycling and remanufacturing activities. For instance, Broadbent (2016) used LCA and explored different methods to assess recycling
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the original work is properly cited.
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processes in LCA (e.g., cut-off, end-of-life, and 50:50 approach), to evaluate the potential impacts of steel recycling. The author showed that recycling

steel scrap could avoid the production of primary steel by 90% and reduce the carbon emissions of steel by 73%. In another LCA case study, Liu, Li,
Jiang, and Zhang (2014) found that remanufacturing a diesel engine saves 65% of CO, emissions compared to manufacturing a new engine; or 47%
if in the case of remanufacturing a liquefied gas engine (Shi et al., 2015).

Newer studies that have assessed the environmental impacts of CBMs. In general, studies have shown that applying CBMs could contribute to
reduce environmental pressures (Bocken et al., 2016; Kirchherr et al., 2017). Lindahl et al. (2014) for instance, found that some product-service-
based CBMs could achieve CO,-eq emissions reductions between 30% and 90% due to a more efficient use of the assets. Similarly, Bocken et al.
(2018) analyzed the impacts of the application of CBM for washing clothing. They found that compared to traditional home washing, subscribers to
a pay per wash business model of washing machines with a charging system based on type of cycles and temperature, reduced the number of cycles
of high temperature, leading to a reduction in energy consumption.

While it is of utmost importance to confirm that circularity interventions and CBMs represent such environmental benefits (at least at the tech-
nological level), environmental analyses of the deployment of CBMs at larger scales may tell a different story. For instance, even if an LCA study of
remanufacturing engines shows a 65% reduction in emissions, not everyone can have a vehicle with a remanufactured engine, or even want one.
As we extend the scope, to the market of diesel engines, where new and remanufactured engines co-exist, the benefits of remanufacturing diesel
engines depend not only on their technological properties, but also on their degree of adoption, and the context in which remanufactured engines
displace new ones (Cooper & Gutowski, 2018; Katelhdn et al., 2015; Zink et al., 2014; Zink & Geyer, 2019). This adoption process is known as diffu-
sion of technologies or diffusion of innovations (Rogers, 1983; R. Suurs, ; Stoneman, 1985).

Diffusion is a dynamic process, and it can also be affected by the properties of our socio-economic stocks. For instance, the output of old diesel
might limit the adoption of remanufactured engines, even if they are more attractive than the new ones. The role of stock dynamics in CE and our
socio-economic metabolism (SEM) has been widely discussed (Bakker & den Hollander, 2014; Iraldo, Facheris, & Nucci, 2017; Pauliuk & Miiller,
2014; Stahel & Clift, 2016; van der Voet, Kleijn, Huele, Ishikawa, & Verkuijlen, 2002). Together, adoption and stock dynamics are important factors
that are not typically captured with the classic or prospective LCA approaches, but that have been used in other prospective studies with other
industrial ecology methods, dynamic material flow accounting and assessment (MFA, MFAc).

Considering these dynamics in LCA brings up an extra challenge: the representation of technological changes across time. Although discount
rates and other techniques have been developed and applied in LCA (Beltran et al., 2018; Cooper & Gutowski, 2018), technology changes in a
dynamic approach have remained a modeling challenge.

To tackle these issues, we ventured into the development of an LCA-based modeling framework that considers the adoption of CBMs and its intri-
cacies with the dynamics of stocks and technological changes. This framework and method might be useful for CE stakeholders that seek prospec-
tive analyses with varied dimensions of the CE at once, and those who seek to identify as early as possible benefits and challenges for strategic
planning.

The structure of the paper is as follows: Section 2 describes the proposed framework and modeling features; Section 3 describes and exemplifies
the implementation of the framework on a theoretical case study; Section 4 provides a discussion of the main strengths and limitations of our
framework, the case study results, and implications for future modeling. Section 5 brings final remarks. Additionally, in Table 1 we included a list of
the acronyms, concepts, and model variables most used in this article.

2 | METHODS

21 | Framework

The starting point for the design of our framework was the classic LCA model and framework (Heijungs & Suh, 2002; 1SO, 2006). We aimed to
adapt the classic LCA model to better reflect the dynamics of diffusion of technologies and stocks for market systems that are adopting CBMs.
Because of these dynamics, we found that unlinking the life cycle stages in the foreground and using variable final demands provide this flexibility.
At the same time, we realized that diffusion and stock dynamics in systems in transition to CBMs can be quite intertwined. We developed a common
ground for the combination of these two modeling families that resulted in the first module of our framework. Because of the time variability of
diffusion and stocks, some factors such as technological changes over time were too important to overlook. Therefore, we added a time-vintage
feature throughout the framework, resulting in time-vintage stock dynamics (Module 1) and a time-vintage LCA model (Module 2). Lastly, our
framework exploits the already available LCA data and structure in combination with stock dynamics to obtain dynamic material stocks and flows,
and emissions, which are key aspects of the CE.

The resulting modeling framework is one that can assess the SEM of systems in transition including products, materials, emissions, and impacts
by considering the process of adoption of CBMs and technologies, the constraints and limits of stock dynamics, and the technology recipes of the
product systems. A summary of the framework with steps is available in Figure 1 We further explain the modules of our framework in the following

sections.
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TABLE 1 Acronyms, concepts, and variables used in this article

Acronyms Full name or definition

CE Circular economy

CBM Circular business model

IBM Incumbent business model

BAU Business as usual

LCA Life cycle assessment

MFA, MFAc Material flow assessment/accounting

SEM Socio-economic metabolism

Concept Definition

Diffusion Diffusion of innovations, technology diffusion. Process of adoption of a technology (Rogers, 1983; R.
A.A.Suurs, 2009)

Adoption rate Flow. Number of new adoptions (conversions) during at given time (Bass, 1969; Rogers, 1983)

Replacement rate

Flow. Repurchases of products due to the obsolescence of previously purchased products (Olson &
Choi, 1985)

Total sales The sum of the sales of products by the adoption rate and replacements

Stock Accumulation of products, installed base, mathematical integration of inflows minus outflows. (Guo,
2014; Hurter & Rubenstein, 1978; Sterman, 2000)

Inflow Flow of products that enter a stock, e.g., total sales

Outflow Flow of products that leave a stock, e.g., obsolescence rate

Vintage Cohort or generation, e.g., year of fabrication

Closed loop system*

Open loop system™

Open system*

System that re-processes discarded products within the same product system
System where discarded products of one product system are used in another

System in which no products are recirculated

*As defined in this paper in Figure 2 and

Section 2.
Intermediate exchange Flow between life cycle processes in LCA (Ecoinvent, n.d.).
Elementary exchange Flow between the environment and a life cycle process (e.g., emission) in LCA (Ecoinvent, n.d.).

Variables and superscripts

Variable symbol Description
In Module 1:
| Inflow
Outflow
V) Stock in use
AR Adoption rate (unconstrained)
RR Replacement rate (unconstrained)
RF Remanufacturable fraction. Fraction of obsolete products that can be re-conditioned for second use.
AR* Adoption rate constrained to stock dynamics
RR* Replacement rate constrained to stock dynamics
RF* Remanufacturable fraction constrained to stock dynamics
pdf Probability distribution function
In Module 2:
A Technology matrix
B Elementary exchanges matrix
f Final demand vector
F Final demand matrix
g Emissions inventory vector

(Continues)
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TABLE 1 (Continued)

Variables and superscripts

Variable symbol Description

G Emissions inventory matrix
h Impacts vector

H Impacts matrix

Identity matrix

M Materials embodied in products matrix
Q Characterization factors matrix

s Scaling factors vector

S Scaling factors matrix

X Intermediate exchanges matrix

f Final demand scalar

| Life cycle stage

t Time

v Vintage

T Product lifetime

k Business model

A Life cycle process

e Emission type

h Impact category

p Innovation coefficient in Bass diffusion model
q Imitation coefficient in Bass diffusion model
m Market size

P Production phase

U Use phase

W Waste treatment phase

Superscripts

f Foreground

ff Foreground to foreground

b Background

bb Background to background

bf Background to foreground

fb Foreground to background

2.2 | Module 1: Diffusion of CBMs and vintage product stock dynamics

This module combines diffusion and stock dynamics principles to obtain time-vintage data of the flows and stocks of products of a system where
a CBM is being adopted. For simplicity, we explain and demonstrate the rest framework based on examples of binary systems where there is one
incumbent business model (IBM), and one CBM being adopted, gradually displacing the IBM. The IBM is that which represents the main competition
for the CBM.

2.2.1 | Step 1: Combine diffusion and stock dynamics

Diffusion models have been widely used to forecast adoption of innovation and sales in business and have been reviewed and classified over recent
years (see, e.g., Bass, Krishnan, & Jain, 1994; Geroski, 2000; Meade & Islam, 2006; Rao & Kishore, 2010). However, these reviews show that not all
diffusion models consider the lifetime of products, a key component of dynamic stock modeling and of the CE.
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Life Cycle B Modelling Framework for th io-metabolic A ment of Circular Transition.

Module 1 Module 2

Diffusion of CBMs
+
Stock Dynamics

Time - vintage
LCA model

Framework Application Steps

Module 1: Diffusion and Stock Dynamics
Step 1: Combine diffusion & Stock dynamics
Step 2: Obtain Time-vintage product flows and stocks

Module 2: Time — Vintage LCA Model

Step 3: Construct time and vintage, foreground & background technology sub-modules
Step 4: Foreground intermediate exchanges

Step 5: Background intermediate exchanges

Step 6: Material flows and stocks

Step 7: Emissions and Impacts

Step 8: Contribution analysis

FIGURE 1 Modeling framework summary of the diffusion and product-life-cycle-based method and framework for the socio-metabolic

assessment of circular transitions with steps. . = framework modules, . = intermediate results, . = final results. @ to\2/ = steps

We use diffusion models to estimate the potential adoption rate of the CBM, and stock dynamics of the system to set physical limits to this
diffusion (e.g., by the amount of recovered materials or the number of discarded products). Diffusion may also influence and constrain the stocks and
flows of the system intertwining their dynamics. In practice, there is an infinite number of system configurations where CBMs are deployed varying
in number of business models, market saturations, and dependencies, complicating the combination of diffusion with the dynamics of stocks. To
shed some light into these relationships, we identified a set of archetypical systems or situations.

2.2.2 | Step 1.1: Identify the system archetype

We synthesized three archetypical binary system configurations with one IBM and one CBM: closed loop systems, open loop systems, and
open systems, each with two market saturation scenarios: high saturation and low saturation. We derived these system configurations by clas-
sifying the CBM archetypes synthesized by Moreno, De los Rios, Rowe, and Charnley (2016) by their possible dependency on a parent prod-
uct systems and whether the parent system is incumbent, that is, if it is the competition of the CBM. These archetypes are explained in
Figure 2 and shown with their potential stock-constrained diffusion profiles and a decision diagram for classification is available in the Support-
ing Information S2.
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Diffusion of CBMS: Archetypical Product System Configurations

Smaller
Larger  Stock dynamics constraints
Diffusion Potential Larger
Smaller
Closed Loop Systems Open Loop Systems Open Systems
3
<]
=z Market CBM archetypes* likely to have this Market CBM archetypes* likely to have this Market CBM archetypes® likely fo have this
Euwgd o system configuration: ' o system configuration: ' o system configuration:
Evs B Crculor supples T et vupehes SV g Pty
2885 Resource Value + Resource value + Produci life exiension
5537, +  Product life extension +  Product life extension + Exfending product value
a0 00 + Exfending product value i 3 Exfending product value F 5
=50 5= Related CE interventions:
SD80 £ Related CE interventions: Related CE interventions: + Sharing Platforms
SE £ g o + Recycling + Recycling + Access Based Business Models
S5 T : . i : i g s
£0 2= T Rewis S Rewse  Dematerialization
Product life extension ' o © Re-purpose +  Productlife extension
Pl w + Product ife extension
™
100 100 100 100 100 100
§ 8 § 8 § g
2 3 £ 3 2 g
3 g §
8 H i g g H
0
% ¢ Time ¢ Time ¢ Time ¢ Time. ¢ Time Time
(=4
o]
58 In Closed Loop Systems the supply of materials, components and other product In Open Loop Systems the supply of materials and products for the CBM comes In Open Systems the supply of materials and products for the CB8M does not depend on
=t inputs depend on the number of old products that become obsolete. This supply from a parent system that can limit the adoption of the CBM, but that does not the supply of products from an incumbent product system or business model and the
S e comes from a parent product system or business model, Examples for this type of compete in the same market (thus not incumbent). Product life extension in in obsolescence rate of competing products has little or no influence. To this system type
=g systems are cases of remanufacturing, where the supply of products to form of cascading and repurposing are possibly the best examples that describe ‘may belong cases of CBMs that focus on shared platform systems, or dematerialization
L3 remanufacture (CBM) depends on the rate of obsolescence of new products of the this system configuration. The discarded products of an external product system and digitalization without the combination of closed loop strategies. In these systems,
5o parent system. Once remanufactured, these products compete in the same market., are then repurposed to compete with an incumbent system in a different market. the adoption of the CBM depends more on its own attributes.
== making the parent system also the incumbent business model (1BM).
2050 Open Loop Systems — Saturated Market. In these cases, the adoption of the Open Systems - Saturated Market. An example of this case is the adoption of access
603 Closed Loop Systems — Saturated Market. These cases occur when a CBM based on CBM may limited by the obsolescence rate of products of the incumbent system. based digital music services replacing physical music media. Adopters of the digital
[N closing loops is being adopted in a market which is saturated. For instance, For example, mobile phones may be repurposed to substitute GPS navigation service do not have to discard or stop consuming music hardware before adopting
s25% refurbished phones in a market saturated by buyers of new phones. systems when these navigation systems become old and obsolete. streaming services. This may be also the case for dlassic product service systems based
=22 s on leasing.
55329 Closed Loop Systems ~ Un-saturated Market. A representative case for this type of Open Loop Systems — Un-saturated Market. In these systems, the recovered
E2c0 system is be the adoption domestic energy storage (CBM) with recovered batteries products enter a market where there is virtually no competition. An example of Open Systems - Un-saturated Market. These are the rarest conditions for CBM, but
oEso from newer domestic energy storage systems (IBM). In this case, domestic energy this situation would be the offering of domestic energy storage systems made not impossible. In these cases, new product offerings enter a new market with no or
storage is in an early adoption phase. Thus, the CBM version is highly dependent on from spent batteries from electric vehicles. Another example is the sales of virtually no physical constraints on their supply of products, resembling more the
the success of the IBM. second-hand cars from developed economies in underdeveloped markets. conditions for the diffusion of disruptive innovations. A possible case would be the
diffusion of  shared transport system platform in a market where the car ownership is
close to zero. Examples of diffusion with these conditions have been more common in

the past, e.g. radio, television, and smart phones.

I o
FIGURE 2 Archetypical binary product system configurations for the diffusion modeling of CBMs. m = IBM product

] o | o E
system, “. = CBM product system, = non-incumbent parent product system, production

process, E use process with stocks, E waste treatment process, =¥ product flow, ssss= or « « « « diffusion of the IBM, www diffusion of the
CBM, | = inflow of products to stocks, O = outflow of products from stocks. *CBM classification from Moreno et al. (2016)

TABLE 2 Inflow, stock, and outflow concepts and their equivalents in diffusion and in this framework

Stock-flow concepts

Inflow Stock Outflow

This framework Total sales = adoption rate + Stock or installed base Outflow or obsolescence rate
replacement rate™*

**Constrained to the stock

dynamics of the system
Associated life cycle stage Production Use Waste treatment
Diffusion modeling (classic Adoption rate, new Installed base or cumulative N/A
Bass model equivalent) adoptions, or sales sales

2.2.3 | Step 1.2: Construct the diffusion-stock dynamics model

Each binary system archetype also has archetypical diffusion-stock dynamics constraints. In every archetype, each business model is represented
by a simple stock dynamics model with one stock, one inflow, and one outflow associated to a one cycle stage: production, use, and waste treatment,
and also related to the basic concepts of diffusion and a life cycle stage in Table 2.

Applicable to all the system archetypes is the definition of inflow, stock and outflow of their IBM and CBM. After the combination of diffusion

and vintage stock dynamic modeling (available in Supporting Information S2), the stock dynamics for each business model can be expressed as:

I(t) = AR* (t) + RR* (1),
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v=t

O(t)= Y I(t)  paf (t.z,v),

v=0

t t-1
Ut =31 — Y0,
t=0 t=0

where [(t) is the inflow of products to the stock of products in use, AR*(t) is the adoption rate and RR*(t) is the replacement rate of products, O(t) is
the outflow of products from the stock of products in use (also obsolescence rate), t is time, 7 is the lifetime of products, v is the product vintage,
and pdf(t, 7, v) is an obsolescence probability function in function of time, lifetime, and vintage for exemplification. The adoption rate AR*(t) is at the
same time the result of the choice of diffusion model considering the relevant stock dynamics and physical constraints of the system (for instance,
the adoption rate of second hand goods cannot be higher than the supply rate of the same type of goods). We denote this adoption rate with a * to
distinguish it from the adoption rate that can be calculated without stock constraints (see Supporting Information S2). Lastly, the stock of products

in use of each business model, U(t) is simply the integration of the inflows and the outflows.

2.2.4 | Step 2: Obtain time-vintage product flows and stocks

We expressed the outflows of each stock as a probability distribution function (pdf) which can also be explained as a delayed inflow (van der Voet
et al., 2002). This modeling approach allows to preserve vintage product information throughout time. The end result is a set of bidimensional
matrices by time and vintage for every flow and stock in the system described by this module. Details on this modeling approach is available in the
Supporting Information S2 based on the work of by Vasquez, Lavik, Sandberg, and Miiller (2016) and Miiller (2006).

2.3 | Module 2: Time-vintage LCA model

To add temporal detail and represent technological changes, we developed a time-vintage LCA model. In this module we model the time-variable
intermediate exchanges, emissions, environmental impacts, and materials in the system as the product flows and stocks of different vintages in the
system change due to the adoption of a CBM. Before moving onto our time-vintage LCA model, we quickly visit the classic model. To calculate the
life cycle inventory of elementary exchanges g in LCAis:g = BA~1f = B's; where B is the elementary exchanges matrix, A is the technology
matrix, s is the scaling vector, and f is the final demand or functional unit. The scaling vector s is the result of the inverse of A by the final demand f:
s = A~If. This classic model is a static model, and the assumption is that all life cycle stages occur at the same time and with a linear dependency
(Guinée et al., 2001; Heijungs & Suh, 2002).

In our framework, the product stocks and flows of a system are time variable and represent the demands for the different life cycle stages of
the IBM and CBM. For example, in a given year, there can be in use x number of products, but the demand of manufacture of new products is
not the same, because most of the products in use were fabricated in the past. Our framework preserves this information as vintage data. For
example, the products in the use phase may be a mix of different vintages, and each vintage has a particular life cycle profile, creating a different
intermediate demand due to the profile and the number of products of each vintage. The challenge is then to adapt the classic LCA model into
one that can more realistically approximate the impacts and material uses with time-variable final demands. To address this issue, we perform
the following adaptations to the classic LCA model: (a) Modularization of the LCA technology matrix A into vintage-variable foreground and time-
variable background systems, (b)Modeling each life cycle stage as an independent system, and (c) Creating time-vintage-variable final demands,
using the outputs from Module 1 (i.e., product inflows/outflows and stocks).

2.3.1 | Step 3: Create time-vintage foreground background sub-modules

The modularization of the technology matrix A into time-variable modules allows to represent the changes in the technologies of the products
and services in the foreground, and in theory, also in the background. The foreground systems contain the life cycle information over which the
stakeholders of the technology are in control of. This is not the case for the background system, which contains the information of widespread tech-
nologies over which the stakeholders of the technologies in the foreground have no control or influence (Arvidsson et al., 2018). This is important
for two reasons. First, due to learning processes that come with higher accumulated production volumes, it can be expected that particularly new
(foreground) processes related to new CBMs will become more efficient over time. Second, the background system is likely to change over time, for

instance due to changes to less carbon intensive energy and transport systems (Mendoza Beltran et al., 2018).
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Classic LCA Model Time-Vintage LCA Model
Abf N i AP (b) AT (k,v) F (kLavt)
sub-modules sub-modules sub-modules

f(k,production, v, t)
——

Production Production

.
.

f(k,use,v,t)

Background H Background
System System : f(k,repair,v,t)
activities . activities :

: f(k,waste treatment, v, t)

Waste
Treatment

Waste
Treatment

FIGURE 3 Leftside: Schematic representation of a classic foreground and background LCA system. Right side: Simplified schematic
representation of our time-vintage LCA system modules, including foreground-to-foreground Aff sub-modules, background-to-foreground
sub-modules APf, and final demands Fff

In the following, the life cycle stages in the foreground are modeled as independent systems. The rationale for this modeling approach is to avoid
unnecessary intermediate demands of one life cycle stage when demanding on another that would normally occur in a classic LCA model (as in the
energy-use intensive products example above). At the same time, this feature enables the use of simultaneous time-vintage-variable final demands
of different life cycle stages.

The general equation of our time-vintage LCA model is:

A* ik, v) ™ F (kL a, v t)

Afb 0---0
S (kvt) = ,
APF () APP (1) A
0---0
| A
where S(k, I, v, t) is the scaling factors by business model, life cycle stage, vintage, and time. [ ] is our time-variable background system,

AY(t) APE(t)
A*ff(k, v) are our foreground technology modules by business model and vintage, and F(k, I, a, v, t) is the final demands by business model, life cycle
stage, process, vintage, and time. We denote A*ff with a star (*) to indicate the harmonization of the coefficients in Aff sub-modules to unitary
outputs of each process. This will simplify some of the operations ahead and the aggregation of data and intermediate results by vintages.

The foreground technology modules Aff too correspond with the incumbent and CBM alternatives. Therefore, there are as many Aff modules as
vintages and business models, and as many background modules APf and AP? as time frames. APf modules represent the process inputs from the LCI
database required by the life cycle of products in A, while A"f represents the flows from the foreground to the background, but is considered to be
zeroes. Lastly, AP? represents the intermediate exchanges in the LC| database.

The final demands F(k, 1, a, v, t) contain the values of the results of combining the diffusion and stock dynamics of the system as discussed in
Section 2.2, but re-arranged so that they can be represented in compatible final demands matrices and vectors for our LCA model. This conversion
is the following: F (k,I,v,t) = [f (k,l,v = 1,t)---f (k,],v = n,1)].

Figure 3 summarizes the approach to LCA presented here in contrast to the classic LCA approach. A detailed mathematical description of each

module and their links is provided in Supporting Information S2.

2.3.2 | Steps 4 and 5: Time-vintage intermediate exchanges

In classic LCA, this is calculated as: x = A s; where A contains the diagonal values of A and the rest are zeroes, and s is the scaling vector of the sys-

tem. In our framework, we modeled the intermediate exchanges of the foreground and the background systems separately. Separating them allows
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to obtain different information and insights due to potential temporal mismatches between the foreground and background systems (Arvidsson
et al., 2018). We model the foreground intermediate exchanges as:

X (k1 v, t) = AT (k,v) S (kv 1),

where Xf(k, I, v, t) are all the activity outputs from the foreground system and Sff are the scaling factors of the foreground system by k, I, v, and t.
And the background exchanges as:

I /Eb ()

Xb (kv t) =
( wt) [Abf (t) Abb t

]S(k,l,v,t),

where XP(k, I, v, t) are all the activity outputs from the background system by k, I, v, and t, while S(k, I, v, t) are the scaling factors of the entire system.

These foreground and background exchanges also represent material and resource uses.

2.3.3 | Step 6: Time-vintage material flows and stocks

To calculate the material flows and material stocks embodied in products in use, we use the foreground Aff modules and the results of the stock
dynamics of the system so that:

M (kL v,t) = AT (k,v) Af(kv) " Fpg (k1w t),

where Mff(k, I, v, t) is the materials embodied in products by business model, life cycle stage, vintage and time, and Fy(k, I, v, t) is a matrix with the
number of products by vintage at each life cycle stage of each business model of the system. Because the amount of materials embodied in products
is determined by the vintage year, the final demand matrices Fy, is constructed as:

Fv (kLvt)=[fy (KLv=11t)--f (k]v=nt)],
where each fy; (k, I, v, t) contains a value f(k, I, v, t) in the first row, because the production phase occupies the first row in Aff sothat:

fk1vt)

0
fvy (vt =

2.3.4 | Step 7: Time-vintage emissions and impacts

The impact assessment in our LCA model remains quite as in traditional LCA modeling. The life cycle emission inventory matrix is G (k, |, v, t) =
Ble, a,t) S(k, I, a,v,t). Where G (k, I, v, t) is the environmental interventions inventory in function of (k, I, v, t), B is the elementary exchange matrix in
function of elementary exchange e, life cycle process a, and time t.

Then, the environmental exchanges inventory of the system are:

G (e,a,t)= Bl(ea,t) Zky,’v S(k, I, a,v, t), and the environmental impacts are: H (h,t) = Ql(e, h) G(e, a, t), where H(t) are the life cycle impact scores

of each time t and Q is the characterization factor matrix, and h the impact category.

2.3.5 | Step 8: Contribution analysis

In the framework, material stocks and flows, exchanges, and impacts are calculated as functions of business model, process, vintage and time, which
are stored in multidimensional matrix arrays (e.g., Mff(k, I, v, t)). The results of each step can then be summed or grouped by different dimensions to
be presented and analyzed, for instance to analyze the material stocks through time of a particular business model or to analyze the emissions of a
particular business model by each life cycle stage.
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product flows. I;gy = inflow of products of the IBM, OR'*WT = outflow of IBM products to waste treatment, I-gy = inflow of products of the CBM,

ORS?TM= outflow of CBM products to waste treatment

3 | CASE STUDY AND FRAMEWORK APPLICATION

To demonstrate application, we used our framework in a hypothetical case study with two scenarios: a business as usual (BAU) scenario, where the
only business model is the IBM and a circular transition scenario, in which there are two business models: the IBM and the CBM, where the CBM is
diffused and both compete against each other. We aimed to answer the following questions: What are the material flows and the environmental
performance of the market as the CBM is deployed in the following 30 years? Will there be significant reduction in material use and environmental

pressures in the circular transition compared to BAU?

3.1 | BAU versus circular transition

Let there be a market of 1 million customers which is completely saturated. Each customer has one product, and the product has an average lifetime
of 12.5 years. The IBM is a regular ownership business model. This “linear” business model is characterized by consumers purchasing the product, using
it for a number of years, and then disposing it off at will. In the market there is also an innovative CBM taking place. This business model recovers
the discarded products by the consumers of the IBM, refurbishes them, and then offers them as a service. These products can be used in average for
another 5 years before they need to be discarded entirely.

The product offering of the CBM aims to replace the regular ownership business model. In the current year, the installed base of the CBM reaches
50,000 customers and it is expected to keep growing since it has become more convenient the regular ownership so that in 30 years from now, this
CBM will be largely adopted. The product offered by the IBM is a home appliance made of 20 kg of steel, 1 kg of plastic today and is expected to be
dematerialized by 1% yearly, and that plastic will replace many steel parts of the original appliance design, at a rate of 2% per year, during 30 years.
For simplicity, the background technologies, like the energy mix, remain the same, and only intermediate exchanges between the background and
the foreground are considered. The refurbishment process of the CBM represents about 10% replacement of the original parts of the product. Life
cycle inventories and foreground and background modules of both business models are provided in the Supporting Information S2.

3.2 | Case study framework application

3.21 | Module 1

Step 1: Combine diffusion and stock dynamics

Step 1.1: Identify system archetype. The CBM is a hybrid CBM: extended product value/product lifetime extension (Moreno et al., 2016) . We identified
that the binary system has a closed loop system with high market saturation. In this case, the parent system of the CBM is the IBM and it is also its
competition. In addition, the market is completely saturated by the IBM. A graphic representation of the product system of our case study is available
in Figure 4.
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Step 1.2: Constructing the diffusion-stock dynamics model. We combined a typical Bass diffusion model (Bass, 1969) with a vintage dynamic stock
flow model (Mdiller, 2006) to determine the product flows and stocks of each business model in the system. The adoption rate of the CBM according
to the Bass diffusion model (Bass, 1969) is:

2
—(p+a)t
m (p+a) e

ARcm(t) = >
P (1 + ﬂe—(p+q)t)
P

)

where the adoption rate of the CBM, AR (t) is defined by the size of the market m, the innovation coefficient p, and the imitation coefficient g.
This adoption rate should also be subject to the availability of discarded, remanufacturable products of the IBM and also to the very replacements of
the CBM necessary to maintain its installed base. Therefore, the net adoption rate of the CBM, AREBM(t), must fulfill the following conditions: There
must be enough discarded but remanufacturable product units from BAU that can be transformed into adoptions of the CBM, but also enough
remanufacturable products to replace obsolete units of the CBM. We prioritized the replacements of the CBM to avoid the depletion of its installed

base for as long as possible. The, the net replacement and net adoption rates of the CBM are:

OZM (), RFigm (t) > OGEM (t)
RFigm (1), otherwise

RRegm(t) = {
RRCBM* (t) eR > 0

ARCBM* the R >0

where the replacement rate of the CBM, RRéBM(t), depends on the obsolescence rate of products of CBM, O%M(t) and the number of remanufac-
turable products of the IBM, RF g\ (t). We assumed that all obsolete products from the IBM are remanufacturable but it can be the case that not all
of them will be adopted by the CBM in the case of a surplus, because it is capped to the adoption rate by diffusion. Thus, the net adoption rate of the
CBM constrained to stock dynamics is:

)

" ARcpm (t), (RFigwm (t) — RRegp (1)) > ARcpm (1)
ARZgy(t) = . .
RFigm (t) — RRegw (1), otherwise

where AR{gp(t) is the net adoption rate of the CBM, depending on whether there are enough remanufacturable products to be adopted. The term
(RFgay(t) — RREgm(t) becomes the maximum number of adoptions possible (because replacements are prioritized). Thus ARggy(t) can be either the
number of adoptions obtained by the diffusion model ARcgw(t), or the remaining remanufacturable units left after replacements for the CBM are
satisfied, but still being fewer than ARcg(t).

Step 2: Time-vintage product flows and stocks. Completing the stock-flow constraints and models for all the system and scenarios, we obtained the
product stocks and flows of the system by time and vintage resulting in bidimensional matrices. A particularity of this case is that the stock of the
CBM gets two types of vintage information: the year of manufacture of the products, and the year that they entered the installed base of the CBM.

The complete modeling approaches and time-vintage product stocks and flows are available in the Supporting Information S2.

3.2.2 | Module 2

Step 3: Time-vintage LCA modules. We elaborated vintage foreground technology sub-modules A ff(v) for 30 vintage years for each business model
(IBM and CBM), and 30 background to foreground technology sub-modules and 30 background to background technology sub-modules A¥f(t), and
APb respectively.

The Aff sub-modules of the IBM and the CBM have the same dimensions. The sub-modules of the IBM contain production, use, and waste treat-
ment requirements that are production vintage dependent. The Aff sub-modules of the CBM have the requirements of remanufacturing, and the
new use and waste treatment requirements of the remanufactured products by vintage (year of fabrication). These matrices are available in the
Supporting Information.
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The AYf(t) sub-modules contain the technology recipes of the processes required by the foreground. These modules are only time variable. These
modules can reflect, for example, the changes of steel production, or waste treatment technologies, which are used by the foreground. For simplicity,
we did not include in A¥f(t)) sub-modules intermediate requirements.

Steps 4 and 5: Foreground and background intermediate exchanges and material uses. Based on the general equation of our time-vintage LCA model and
the harmonization of A f modules to unitary outputs in Section 2.3, we calculated the foreground scaling factors and intermediate exchanges, and
summed them by vintage as indicated in the following equation:

ST (klLat)= Y ATk v) ™" FlklLavt),
v

where Sff(k, I, a, t) are the foreground scaling factors and intermediate exchanges by business model, life cycle stage, process, and time. Next, we

Afb
calculated the scaling factors of the entire system with: S (k, [, a,t) = [Abf(t) Abb(t)rl Sff(k, 1, a, t), a form of the general equation of our model. Lastly,

zeroes

|
we separated the material uses of the background, so that: Xf (k, I, t) = [ \ 1 Y S(k, I, v, t), where Xbf(k, I, t) is the material uses by the back-
\'2

ADF(t) APb(t
ground by business model, life cycle stage, process, and time.

Step 6: Material flows and stocks. We used the equations in Section 2.3 to calculate the material stocks and flows through time and summed by vintage,
so that:

TR -1
M (k1 t) = ) A (k,v) Af(k, V)T F,, (kL v t).
v
Step 7: Emissions and impacts. Lastly, we calculated CO,-eq emissions, only the calculation of emissions was necessary using:

G (kelt)= B (eat) Y Skhayt).
\2

Step 8: Contribution analysis. Through the application of the framework, we summed the material flows and stocks, as well as emissions by vintage,

while preserving business model and life cycle stage information and the effects of vintage technologies during the entire duration of the transition.

3.3 | Case study results

3.3.1 | Module 1 results

Figure 5 shows the results of combining diffusion with product stock dynamics of our case study. The diffusion of the CBM with product stock
dynamics shows significantly different results from the typical S-shaped of simple diffusion models. For the first 12 years, the adoption of the CBM
follows the classic S-shape pattern, but then it flattens by year 14. Even after 22 years of adoption, the CBM reaches a maximum market penetration
of 43% due to the limited supply of remanufacturable product units from the IBM, of which some must satisfy the replacements of the CBM, while

the remaining (if any) must satisfy new adoptions.

3.3.2 | Module 2 results

In the circular transition scenario, during the diffusion of the CBM, the cumulative number of new manufactured product units was reduced by
30% compared with BAU. Less manufactured units had an impact in the use of materials. Cumulative plastic use was reduced by 29% and steel
use by 25%. With the dematerialization of the products (2% discount per year for steel), the total steel stocks were reduced by 41% in the circular
transition scenario (Figure 6, but they are reduced by 38% in the BAU scenario, representing only a 3% net reduction. Larger waste treatment flows
than uses of steel and plastic are due to the dematerialization of products assumed in both scenarios.

In emissions, the use phase in both scenarios dominate the picture; emissions of the production of new units follow. In the circular transition sce-
nario, after year 10 about 35% of the emissions corresponds to the installed base of the CBM, and 45% of the installed base of BAU. The contribution
to emissions of product remanufacturing is minimal, while the environmental benefits by the waste treatment processes are increased significantly
with the introduction of the CBM. However, the emissions per year and the cumulative CO,-eq emissions of both scenarios show little differences.
The cumulative emissions of the circular transition scenario decreased only 1% compared to those of the BAU only in spite of the reductions in

material uses. Similarly, the emissions of the energy use phase are only 0.1% lower than in BAU.



J)) JOURNAL OF

mousTriaLecorocy W LEY 575

SIGUENZAET AL.

Module 1 Results

Circular Transition:
Adoption Rate and Replacements of CBM vs.
Re-manufacturable units of the IBM

Circular Transition:
Installed Bases of the IBM and the CBM
with stock dynamics constraints
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FIGURE 5 Module 1results. Left side: Diffusion of the CBM with product stock dynamics constraints. Right side: Adoption rate and
replacement rates of the CBM versus supply of remanufacturable units. Underlying data used to create this figure can be found in Supporting
Information S1

4 | DISCUSSION
4.1 | Introduction

The aim of this paper is to provide a diffusion and LCA-based modeling framework for the assessment of the SEM of systems in transition to CBMs.
We combined three modeling families: diffusion of innovations, stock dynamics, and LCA. Our modeling framework gives the possibility to assess
product and material flows and stocks, of systems in transition to CBM considering the diffusion of the CBM, stock dynamics constraints, and tech-
nological changes over time. We elaborated a classification of binary product systems in transition to CBMs and a set of guidelines for developing
diffusion-constrained stock-flow models. To assess the SEM of these dynamic systems we further developed a time-vintage LCA model.

We consider that our framework belongs to a new meso-level assessment category, bridging the highly detailed technology-based LCAs and the
macro-economic MFA methods, contributing to filling the gap of ex ante, system-wide analysis tools of circular transition suggested by Mccarthy,
Dellink, and Bibas (2018). Our framework includes many of the elements in SEM assessment frameworks, such as factors, emissions, resources, and
final uses, as proposed by Pauliuk, Majeau-Bettez, and Miiller (2015). We demonstrated that it is possible to assess many of these elements with
one single LCA-based data set.

We integrated diffusion of innovations principles into LCA via stock dynamics. The integration of diffusion principles in LCA has been discussed
by Sharp and Miller (2016). They proposed three ways to approximate environmental impacts of technology diffusion: (1) by the extent of adop-
tion, (2) by the displacement of existing technologies, and (3) by the rate of adoption to approximate time-dependent environmental impacts. With
our framework it is possible to assess the environmental impacts of a system with these three approaches, although we argue that (1) and (3) are

interdependent.

4.2 | Framework application and case study

The application of our framework in our case study yielded time-variable product and material stocks and flows, material uses, and time-variable
emissions. The results show how the adoption of the CBM as well as the changes in their material composition gradually change the composition
of the stocks and flows. In the same way, the adoption of the CBM and the technological changes have a gradual effect in emissions. These dynamic

and prospective results could show in different scenarios when certain targets of emissions and material uses could be achieved.
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FIGURE 6 Module 2 results: material flows, material stocks, and emissions by each scenario and business model throughout time. Underlying
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data used to create this figure can be found in the Excel file of Supporting Information S1

Stakeholders interested in large-scale deployments of CBMs, such as industrial associations and governments can use this framework to make
projections and estimate material use and emission improvements by deploying CBMS in different markets and conditions of saturation to develop
strategic pathways and legal frameworks to ensure their benefits. For instance, it can be applied to analyze the benefits of different scenarios of

cascaded systems such as the use of end-of-life EV lithium and estimate their potential material and emission savings and set appropriate reduction

targets, consider incentives to reach desired adoption levels or anticipate shortages or surpluses of recovered products and materials.
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We tested our framework with one archetypical system. We consider that our framework is useful and applicable for all archetypes described
in Section 2. However, it is possible that analyses of products systems where products have very short lifetimes might not benefit from including
all the features in our framework (i.e., product vintages or stocks in use), but still may benefit from applying diffusion principles since diffusion is
a dynamic process. Practitioners should evaluate whether this modeling framework is useful for specific case studies or if adaptations are needed
considering the lifetimes of products and whether stock dynamics interfere with technology diffusion.

4.3 | Limitations, challenges, and future work

There are four limitations and challenges to apply the proposed framework: data on future technologies, diffusion modeling, life cycle inventory
foreground-background discrepancies, and market modeling. We now discuss each limitation aspect and further research.

A common limitation for prospective analyses is data. Nevertheless, tools and practices such as learning curves, expert opinions, and statistical
methods are already used in prospective LCAs (Cooper & Gutowski, 2018). For the diffusion of CBMS it may be necessary to use data of the diffu-
sion of other innovations, which is already common practice in diffusion modeling (Bass et al., 1994). In addition, the adoption of new technologies
is uncertain. Diffusion depends on a wider number of factors such as the attributes of the technologies, communication efforts, adopter behav-
ior, and macro-economic and other exogenous factors (Rogers, 1983; Wejnert, 2002), and studies may benefit by elaborating a series of different
scenarios.

Another limitation emerges from the mathematical nature of LCA models, in which temporal discrepancies between foreground and background
systems exist (Arvidsson et al., 2018; Majeau-Bettez, Wood, Hertwich, & Strsmman, 2016). In our framework, the foreground exchanges and emis-
sions can be calculated with more temporal detail because of their direct relationship with the stock dynamics and unlinked life cycle stages. As we
move to the background, temporal and life cycle detail becomes more aggregated. Background technologies can still be time variable, but they still
represent average technologies with full embedded life cycles as in classic LCA. Therefore, we agree with Arvidsson and colleagues that studies may
benefit from interpreting and possibly reporting foreground and background results separately.

Another challenge may appear when trying to apply the framework to cases where there are more than two business models or technologies
competing in the same market. In such cases, diffusion and stock dynamics need to be modeled adapted to take into account several product systems
and potentially the diffusion of two or more technologies simultaneously. In the future, our framework may be used to model the transition to CBMs
as network of interconnected product systems, as the CE has often been described (EEA, 2017; Kirchherr et al., 2017; NuBholz, 2017).

5 | CONCLUSIONS

We developed an LCA-based dynamic modeling framework to assess the SEM of systems in transition to CBMs. Withiit, it is possible to track product
and material flows and stocks, environmental impacts and intermediate exchanges with time and vintage detail which can be used by different CE
stakeholders to study the potential environmental and material benefits and trade-offs of the large-scale deployments of CBMs. We bridge highly
detailed, technology-based LCA with more economy-wide MFAs. We believe that implementing our framework could provide insights for analyzing
the potential developments of the CE and CBMs, as well as other emerging sustainable technologies. The inclusion of CBMs and diffusion in our
framework makes, in addition, a call to include business aspects in environmental assessments, as well as the role of stocks in LCA approaches. We
showed that the link between CE and environmental benefits is not always straightforward, and it depends on many factors such as the intrinsic
technologies of products, their lifetimes, the degree of adoption of a business model or a technology, and relationships between product systems.
We believe our framework is useful for the assessment the environmental implications of CBMs and technologies with the potential deployed at
larger scales. This framework may appeal to stakeholders and practitioners who seek for more integral assessments of circular transitions scenarios

to aid the strategic development of the circular economy locally and regionally.
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