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Abstract: Extending the lifetime of passive products, i.e., products that do not consume materials
or energy during the use phase, by implementing product-service systems (PSS) has a potential
to reduce the environmental impact while being an attractive and straightforward measure for
companies to implement. This research assesses the viability of introducing PSS for passive products,
by documenting five real product cases of prolonging the lifetime through repair or refurbishment
and by quantifying, through life cycle assessment (LCA) and life cycle costing (LCC), the change in
environmental and economic outcome. The environmental impact (measured as global warming
potential over the life cycle) was reduced for all cases because extraction and production dominated
the impact. This reduction was 45-72% for most cases and mainly influenced by the number of reuses
and the relative environmental burden of the components whose lifetime was prolonged. The costs
for the company (measured as LCC from the manufacturer’s perspective) decreased too by 8-37%.
The main reason that costs reduced less than the environmental impact is that some costs have no
equivalent in LCA, e.g., administration and labor costs for services. The decreases in both LCA and
LCC results, as well as the willingness of the companies to implement the changes, demonstrate that
this measure can be financially attractive for companies to implement and effectively contribute to a
circular economy.

Keywords: life cycle assessment; life cycle costing; resource efficiency; circular economy;
product-service system; refurbishment; repair

1. Introduction

The unsustainable use of resources, driven by population growth and industrial and economic
expansion, could triple by the year 2050, compared to the levels at the turn of the 21st century [1].
To ensure prosperity, there is a clear need to decouple resource use from economic growth. A circular
economy (CE) is a vision for such a decoupling. In a circular economy, resources are restored or
regenerated, energy is renewable, and waste and toxic chemicals are reduced through the design of
materials, products, systems, and business models [2,3]. This is an umbrella concept that encompasses
a variety of strategies, and one of the key strategies is to extend, or prolong, the lifetime (i.e., usable
life) of products or their components [4,5].
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One way to operationalize the extension of a product’s lifetime is through the addition or
integration of a service and the subsequent transformation of a company’s offering from a product into
a product service-system (PSS) [6-8]. PSS is defined as “an integrated bundle of products and services
which aims at creating customer utility and generating value” [9] and includes (i) product-oriented
services where services are added to a product, (ii) use-oriented services where the provider maintains
ownership and the product’s use is sold, and (iii) result-oriented services where the result of the
product is sold [10]. Although the idea is simple, it is noted in literature that not every PSS contributes
to a CE, e.g., [6], and for this to happen, two key conditions have to be in place. The first is that
a PSS, or other circular measure, must be an attractive business for companies so that it actually
gets implemented [11-13], and the second is that it must contribute at least to relative resource
decoupling [6].

There is a large amount of academic literature on CE barriers (e.g., [11,14,15]) concerning the
first point. A common major finding in this literature is that companies lack willingness, awareness,
and resources to engage with CE, and that they often perceive CE strategies as too risky and lacking
economic viability [11,14,15]. Furthermore, on a global level, CE is limited by the structure of the
existing formal economy and the norms and values of a society as well as the institutional conditions
that influence the decision making of all actors [16,17]. Therefore, policies at all governmental
levels [11,14,15] and actions across globalized supply chains and institutions are needed to support
a transition to CE [16]. However, in the absence or in wait of such policies and actions, and to
overcome the aforementioned barriers, companies need solutions that are economically viable and can
be implemented in a short-time perspective without the input of major resources or restructuring of the
existing supply chain. We propose that prolonging the lifetime of passive durable products through
PSS could be such a solution because it is not as complex as other CE strategies, e.g., the creation of
sharing platforms or constant administration of active product or completely redesigning the offering
as advocated by result-oriented services. Furthermore, although the potential of a PSS to contribute
to resource reduction is dubious both per unit and due to rebound effects [6], the extension of the
lifetime of passive durable products, i.e., products that do not consume energy or materials during
the use phase, has been found by researchers to have high potential [18-20]. The reason is that the
majority of the environmental impacts occur during extraction of raw materials and production, and
consequently, extending the lifetime of the product makes environmental sense (ibid.). For example,
Mont et al. [21] identified baby prams as a relevant product group for applying a PSS leasing model.
Heiskanen and Jalas [22] also reported on increased eco-efficiency of renting skiing equipment and
Gutowski et al. [23] found environmental benefits based on life cycle assessment (LCA) on extending
the lifetime of office furniture. However, only one article was found to quantify both the economic and
environmental outcomes of prolonging the lifetime of passive products through PSS; Lindahl et al. [24]
demonstrated substantial reduction of both LCA and LCC through reuse of the core plugs for paper
rolls at paper mills.

Therefore, the purpose of this article is to quantitatively explore the potential of extending the
lifetime of passive durable products through PSS through five real cases at three case companies.
Lifetime extension of passive durable products through PSS is in this work seen as the low-hanging
fruit of a CE, as described by theory further elaborated on in Section 2. The present study contributes
new knowledge to the fields of circular economy and PSS through:

e documenting cases where the lifetime of durable passive products has been prolonged through
the addition of services;

e quantitatively assessing the implications of the measures from an environmental perspective
using life cycle assessment (LCA), and from a cost perspective using life cycle costing (LCC), and;

e discussing the potential of prolonging the lifetime of passive durable products to contribute to a
more circular economy while being economically viable for the manufacturer.
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2. Background and Motivation

Although prolonging the lifetime of products, or their components, is an important strategy
to achieve a more resource-efficient society [25], lifetime extension is only valid when the avoided
impacts from production, e.g., energy use and the subsequent reduction in impact upstream such
as raw material extraction and transportation, are lower than the impacts from producing more
durable components or treating the returned product to extend its lifetime [20,26]. For many products,
lifetime extension reduces environmental impacts per unit of function, but there are exceptions. For
example, there can be environmental benefits to replacing active products, which consume energy
and consumables during the use phase, with more energy-efficient ones rather than prolonging their
lifetime [19,27]. Case-by-case decisions are necessary [28] for these types of products. Similarly,
replacing single-use products, e.g., diapers and incontinence products, with more durable ones has
also demonstrated both positive and negative results [18]. Passive durable products, however, hold a
larger and more consistent potential for environmental improvement because their environmental
impact is dominated by the production phase, usually the production of materials, while their physical
lifetime is not fully exploited [20]. By prolonging the lifetime of such products, more function is
delivered from the same product; therefore, the impact per function delivered decreases, which leads to
relative resource decoupling. This is in line with the conclusions from a number of studies concerning
passive durable products, which found environmental improvements when extending product lifetime
(e.g., [24,29-33]).

This is important because it essentially means that companies that have passive durable products
can opt for strategies and business models that extend the lifetime of their products with high confidence
that they will be contributing to a more circular economy and resource efficiency per unit of function
delivered. If clearly communicated to companies, this condition will make the process of choosing a
circular strategy, or measure, less complex, and thus reduces one of the key barriers to implementing
circular offerings [11,14].

For companies, however, decreasing the environmental impacts associated with their products
is only one part of their motivation; the offerings also need to be financially viable [34]. PSS, which
advocates the addition or integration of services with a product, could support the economic viability
of lifetime prolongation. Although one of the initial foci in PSS literature has been its potential to bring
about joint environmental and economic benefits through the integration of products and services,
in its evolution, the focus lies mainly on the attributes of PSS as a competitive business strategy [7].
PSS has gained traction with companies because it can give them a competitive advantage, better
customer knowledge, and new sources of income [35-37]. Therefore, achieving lifetime extension
of passive durable products through PSS, which has great potential to contribute to environmental
impact reduction and can be a profitable proposition, theoretically holds water. However, redesigning
company offerings toward PSS in not without challenges [38,39], and the higher the level of integration
of the product and the service, e.g., result-oriented versus product-oriented, the more change within
the company is required to do it successfully [40]. Therefore, focusing on product- or use-oriented
services for the implementation of CE strategies, as less complex than result-oriented services, may
lead to a higher adoption rate.

A lot of research in the circular economy field is either qualitative or focuses on the environmental
perspective [13]. Quantitative studies, and especially research that combines the environmental and
economic perspectives of extending the lifetime of products, are few in the CE context [19] and in the
PSS context [24]. Further, there is a lack of assessment studies of real industrial cases, and most of what
can be found in literature is based on theoretical cases [41]. Therefore, there is a need to go beyond
theory and quantitatively assess the benefits, or the lack of them, in real case studies, both from the
perspective of the environment and from the perspective of the companies that are actually bringing
offerings to the market.

The tools most often used for joint assessment are LCA and LCC, e.g., [24]. Although there are
numerous assessment studies that combine LCA and LCC, as reviewed by Miah et al. [42], the majority
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of those studies are from the building, energy, and waste and water sectors. The ones that focus on
prolonging the lifetime of products using both LCA and LCC analyze the effect of increasing the
durability of active products instead of replacing them with more efficient products (e.g., [19,43,44]).
Therefore, the contribution of the present study, which uses LCA to assess environmental impacts
and avoid burden shifting between life cycle stages, and LCC for the manufacturer to understand the
economic consequences of extending the lifetime of passive durable products, is necessary.

3. Materials and Methods

3.1. Overview

The research is based on five different cases of passive durable products from three Swedish
companies (Companies A, B, and C). Companies A and B are small to medium-sized. Multiple cases
were used because they give a stronger base for theory building as well as context for research [45].
The criterion for choosing the companies was that they brought passive products to the market through
traditional product sales models but were willing to explore the option of transforming their offering
into PSS. The five products were redesigned into more circular offerings that included services, as
summarized in Table 1. Although all products were passive, they varied with respect to complexity
(number of components and materials) and lifetime. In order to prolong product lifetime, all offerings
required changes to products and, in some cases, also to the business model. To understand the
consequences of extending product lifetime, LCA and LCC for the manufacturer of the more circular
offering and the existing business-as-usual (BAU) product were compared. The selection of the
products and the process of choosing circular measures for the products were done in dialogue between
the companies and the researchers. The products were selected because they were important to the
company’s portfolio, they could be easily disassembled, and they required minor repair/refurbishment
to restore them to a good condition. The researchers also collaborated with the companies when
obtaining data for LCA and LCC analyses as well as in the discussion of the results. These interactions
cannot be broken down into measurable events, as they included meetings, emails, and telephone calls,
but the interactions contributed to analyzing the results and to understanding the economic viability
of the products beyond life cycle costs as well as some of the potential rebound effects of the more
circular offerings.

Table 1. Overview of the business-as-usual (BAU) and circular offerings and business models of the
products analyzed in the study.

. BAU Business . . Circular Business
Product BAU Offering Model Circular Offering Model
Beach flag 410 cm tall flag used once Product sales 410 em tatliln?ssg used 10 Product lease
Event tent 300 x 345 x 300 cm tent used once Product sales 300 x 345 x 30.0 cm tent Product lease
used 10 times
Recycling bin 2 x 85 L bins surviving 7.5 years Product sales 2% 85 bins surviving Prod}l ctsales +
15 years repair contract
Locker 300 x 300 x 47 cm locker used for Product sales 300 x 300 x 47 cm Product sales +
10 years locker used for 20 years  refurbish contract
Product sales + Waste inlet with Product sales +
Waste inlet Waste inlet used for 30 years maintenance and ~ modified door used for ~ maintenance and
repair contract 30 years repair contract

For all circular offerings, product lifetime was extended through repair or refurbishment. Repair
is defined as restoring the product “so it can be used in its original function,” while refurbishment
is defined as “restoring an old product and bringing it up to date” [46]. In one case (Company C),
a modular design that allowed for more efficient repair was implemented. The types of PSSs used
as means to achieve the circular offerings were product-oriented services and use-oriented services
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(Table 1). Detailed life cycle inventory data for the products are presented in the Supplementary
Material. The LCC data, however, are not disclosed for confidentiality reasons.

3.2. LCCand LCA

LCC: LCC was performed from a manufacturer’s perspective (LCCman), according to the IEC
60300-3-3:2017 guide [47]. Cost data were provided by the companies, and where historic data were
not available, they were substituted with expert estimations. The costs were aggregated into stages to
allow for a more integrated assessment of results later. The subcategories and the cost elements of each
are illustrated in Table 2. Since the lifetime of the products was fairly short, no discounting was done
for costs that occur in the future (e.g., maintenance, repair, and end-of-life).

Table 2. Life cycle phases used in the LCCyan and life cycle assessment (LCA) analyses and the
included activities. Activities in bold type are common between LCCan and LCA.

Life Cycle Phase LCCman LCA

Design and development -Research and development

-Graphic design
-Marketing

Marketing and sales “Order reception
-Transport
-Sales
-Administration
-Product reception -Raw material extraction and production

Production -Product ! -Manufacturing activities
-Transport (upstream) 2 -Transport (upstream) 2
-Storage
-Assembling
Distribution -Installation -Transport (downstream)
-Transport (downstream)
-Administration
Use 3 -Maintenance -Maintenance
-Administration -Raw material extraction and production
-Inspection (spare part)
Repair/refurbish -Product ! (cost for spare part) -Manufacturing activities (spare part)
-Repair/refurbish activities -Repair/refurbish activities
-Transport 4 -Transport 4
End-of-life -Tra‘nspor.t (waste collection) -Tra.nspor.t (waste collection)

-Incineration -Incineration

! Product cost includes the cost for raw material, the production cost, and all upstream transports before arrival to
the first-tier supplier. 2 Transport (upstream) refers to the transport from the first-tier supplier to the manufacturer.
Other transports from higher-tier suppliers are included in the product cost (for LCC) and the corresponding raw
material extraction and production activities (for LCA). 3 Since the products in the present study were passive, the
operation had neither a cost nor an environmental burden for, e.g., use of energy or auxiliary materials. However,
one of the companies occasionally incurs a maintenance cost for personnel travel to a site to survey and assess
potential maintenance needs. For this reason, maintenance was used as the category instead of use. This category
includes the transportation and labor cost in the LCC, and emissions from transportation to the site in LCA. 4 This
includes the collection transport from the customer, the redistribution transport back to the customer, as well as the
transport of the spare part from the first-tier supplier.

LCA: LCA was done according to the ISO 14040:2006 standard [48] and modeled using the
OpenLCA software [49]. Bills for materials and data on logistics were provided by the companies.
For upstream activities, the data were sourced from the Ecoinvent 3.3 database [50], and for textile
components from Roos et al. [51].

System boundaries: Recycling at the end-of-life (EOL) stage was modeled using the cut-off
method for both LCA and LCC [52], which means that the environmental impact from collection and
recycling was set outside the system boundaries, and no credit was given for recycled materials at the
EOL. In line with this, the use of recycled material as an input was not burdened with any environmental
impact other than that of the recycling activities and subsequent transportation. The burden from
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transportation and emissions during incineration was included for incineration with energy recovery,
but no credit was given for energy recovery as avoided emissions. The cut-off method was used to align
LCA and LCC. For instance, the LCC used in the present study includes the fee paid for incinerating
products but not the revenues from selling the delivered energy.

Impact assessment methods: Three midpoint categories from the CML impact assessment
package (v4.4, January 2015) [53] were selected to assess the impact of emissions, namely, (i) global
warming potential (GWP) measured in kg CO,-eq, (ii) acidification potential (AP) measured in kg
SO,-eq, and (iii) eutrophication potential (EP) measured in kg PO,%"-eq. These indicators, however,
are often cross-correlated [54]; therefore, conclusions related to the dominant life cycle phases in LCA
were drawn based on the GWP indicator. No impact assessment method was used to aggregate the use
of different resources due to the instability of indicators for resource use in LCA [55]. The use of the
raw materials iron ore and bauxite was used instead to indicate material resource use, depending on
whether steel or aluminum was the main material in the product. The same procedure was followed
for the land-use indicators, especially for bio-based materials, where land use might be in conflict with
the results of the GWP. Accordingly, intensive forest occupation measured in m?. year was used as a
land-use indicator when wood products were under study.

Sensitivity analysis: The number of re-uses of the products in the original study was estimated
by the suppliers, and this number was assumed to be an accurate representation of what could be, or
already is, implemented. However, no standardized method currently exists for tracking the number
of remanufacturing cycles a given product has undergone. Therefore, a sensitivity analysis of the
durable components’ reuse times was conducted.

LCC and LCA comparison: To present the results from both tools in a comparable way, cost and
environmental burdens were aggregated according to life cycle phases, as shown in Table 2. Activities
in bold type are those accounted for in both the LCCpan and LCA. The table was constructed by
adjusting the common elements of LCC and LCA as presented by Rebitzer [56] to our specific cases.
Repair/refurbish is an additional life cycle phase when dealing with circular offerings, and this phase
includes the reverse logistics for the used product, the production of spare parts, and the distribution
of the repaired/refurbished product. It should also be noted that the costs related to design and
development and marketing and sales were mainly labor costs, which have no equivalent environmental
burdens in LCA. The notion is that labor incurs no extra environmental burden since people cause the
same environmental impact, irrespective of whether they work or not (e.g., for housing, eating and
other activities).

The production phase has also been divided into three different parts to allow for an advanced
analysis. “Production D” refers to the production of durable components, i.e., the parts whose lifetime
is extended in the circular offering. “Production R” refers to the original production of the component
being replaced in the circular offering. Finally, “Production S” in the repair/refurbish phase refers to
the production of spare parts. The sub-categories included in those productions are according to those
in “Production” in Table 2, e.g., this includes some labor costs in the LCCpan that are not included in
the LCA. Table 3 shows what is included in each production part for the analyzed products.

Table 3. Overview of the three production parts for the products analyzed in the study.

Production D Production D Production R Production R Production S

Product (BAU) (Circular) (BAU) (Circular) (Circular)
Beach flag 10 pole and weights 1 pole and weights 10 textiles 1 textile 9 textiles
Event tent 10 frame and weights 1 frame and weights 10 textiles 1 textile 9 textiles

Recycling bin 2 bodies 1 body 2 lids 11id 2 lids
2 Bodies (excluding 1 Body (excluding . . .
locker the paint) the paint) 2 paints 1 paint 1 paint
Waste inlet 1 waste inlet 1 waste inlet 3 doors 1 door 2 doors

(excluding the door)

(excluding the door)
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4. Case Studies
4.1. Refurbishment of Beach Flag and Event Tent

4.1.1. Case Product and Company

Company A is a supplier of physical and digital visibility solutions for indoor and outdoor use
that are used by other companies to provide brand exposure. Company A is responsible for the
marketing, sales, and graphic design. It sources parts from various suppliers, assembles the order, and
is responsible for arranging transportation to the customers, installation, and storage between uses.
Two products were selected, an event tent and a beach flag (Figure 1), which are often used for one
event only before EOL.

I OGO ’ LOGO

Pa
Figure 1. Event tent (left) and beach flag (right).

The event tent consists of a 300 X 345 x 300 cm aluminum frame covered on three sides and
on the top with textile, and it is supported with steel weights. The beach flag is a 410 cm tall flag
with a pole made of a fiberglass composite, a steel cross-base, and a textile of 72 x 360 cm attached
to the pole. In the BAU offering, a flag is sold to the user who disposes of it after its first use. In the
circular offering, the ownership of the flag is, instead, retained by Company A, which leases it to
the customer for one event and collects it. Company A then refurbishes the product by reusing the
pole and cross-base and replacing the textile, which is customized for each event. The refurbishing
process also includes cleaning the pole with water and ensuring that it is in a good condition. Each
pole is expected to maintain a good condition for 10 events. The concept is similar for the event
tent; the durable aluminum frame and steel weights are reused, while the textile is changed during
refurbishment. The tent frame and weights are also estimated to be used 10 times before EOL.

The manufacturing of the metal components takes place in China, from where they are transported
to a warehouse in Sweden. At the warehouse, the components are equipped with textile parts, also
from China, and distributed to customers. The refurbishment of the products takes place in Sweden.
At the EOL, the metal parts are assumed to be sent to recycling, while the textile and fiberglass parts
are sent to incineration with energy recovery.

The functional unit for both the LCC and the LCA was set to one item used for one event.

4.1.2. Results

Figure 2a,b shows the overall results of the LCCpan and LCA for the beach flag and event
tent, respectively, normalized to the BAU offering. Figure 2c—e shows the contribution from the
different life cycle phases to LCCnan and GWP. The LCCyan was reduced by 12-18% in the circular
offering. The environmental impact was reduced much more, by 45-88%, with the largest reduction
for the indicator “amount of iron ore” used over the life cycle. The main reasons for the difference in
reduction between LCCnan and LCA are due to: (i) costs not related to production, and (ii) costs and
environmental impacts of the dominant phase.
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Figure 2. LCCpnan and LCA results for the BAU and circular offerings of the (a) beach flag and (b)
events tent. The contribution of each life cycle phase (in accordance with the categorization in Table 2)
towards (¢) LCCman and (d) global warming potential (GWP) for the beach flag and (e) LCCan and (f)
GWP for the events tent is shown. LCCan is in SEK, GWP is in kg CO,-eq, AP is in kg SO,-eq, EP is in
kg PO,4>"-eq, and iron ore is in kg iron ore. Production D denotes cradle-to-gate production of durable
parts, Production R is cradle-to-gate production of original textile component, and repair/refurbish
includes the cradle-to-gate production of textile spare parts. All charts are normalized with respect to
the BAU offering.

(i) Costs not related to production: The first observation is that some costs, mainly labor-related
ones, such as marketing and sales, design and development, and distribution costs, were the same
for the BAU and circular offerings, while others changed (Figure 2c,e). The reason is that the former
were independent of the production process and its raw materials. This limits the cost-saving potential
when implementing a circular offering. The environmental impacts, however, are more tied to the
production process and materials.

(ii) Costs and environmental impacts of the dominant phase: The cost in the BAU offering was
dominated by the price of the physical components (Figure 2c,e). Together, the cost of the durable parts
(Production D) and the textile parts (Production R) amounted to 66% and 84% of the total life cycle cost
for the BAU flag and tent, respectively. Cost savings in the circular offering were limited since the price
of the textile components replaced during refurbishment is high (Production S). This is in contrast to
the environmental profile (Figure 2d,f). In that profile, the GWP for both products was dominated by
Production D of the durable parts (fiberglass pole and steel cross-base for the flag and aluminum frame
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and steel frame weights for the tent) in the BAU offering (87% and 74%, respectively). This is the reason
why the environmental improvement in the circular offering is greater. Nevertheless, the production of
textile spare parts (Production S) was not negligible in terms of GWP in the circular offering.

Finally, a comparison of the results for the event tent and the beach flag shows that reusing the
durable components of the tent yields higher cost savings than reusing the durable components of
the beach flag. This observation exemplifies something that could also be logically hypothesized.
For larger products, the share of production-related costs of the component whose lifetime is prolonged
becomes more dominant than the labor-related costs, which results in greater potential for savings.
On the other hand, from an environmental perspective, the component being replaced when the tent is
refurbished (textile) carries a larger share of the GWP, compared to the flag, which is why the relative
environmental gains were greater for the flag.

4.1.3. Sensitivity Analysis

In the present study, it was assumed that the durable components of the beach flag and event tent
were reused 9 times during product lifetime, and for that reason, this parameter was varied in the
sensitivity analysis.

Figure 3 shows the results of the sensitivity analysis for Company A. The x-axis shows the number
of uses (one use is the original BAU and 10 uses are the original circular offering), and the y-axis
shows the normalized GWP and LCCan. The figure shows that the GWP and LCCyan decrease as the
number of uses increase. The decrease in the GWP for both the beach flag (Figure 3a) and the event tent
(Figure 3c) drops sharply at the beginning, then flattens towards the end. Most of the environmental
benefits of the circular offering were obtained after 4-5 uses. However, the improvements became less
prominent if the product was reused 5 or 10 times. The LCCap, for the beach flag (Figure 3b) and the
event tent (Figure 3d) decreased in a more linear manner, but the rate of decrease was limited. This is
explained by the fixed labor costs, i.e., design and development and marketing and sales costs, limiting
the decrease, and the high cost of the textiles (for the spare parts).
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Figure 3. The sensitivity analysis results for the varied number of uses. (a) shows the variation of GWP,
and (b) shows the variation of LCCan for the beach flag as the number of uses varied. (c) shows the
variation of GWP, and (d) shows the variation of LCCpan for the events tent as the number of uses
varied. GWP is in kg CO;-eq, and LCCyan is in SEK. All charts are normalized with respect to the
single use case.
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4.2. Repair of Recycle Bin and Locker

4.2.1. Case PRODUCT and Company

Company B is a supplier of storage furniture for public spaces. Company B designs the products
and is responsible for marketing and administration. Manufacturing, distribution, and storage are
subcontracted to suppliers, and retailers sell the products. The selected products were a recycling bin
and an office storage locker (Figure 4). The bin consisted of a steel body and a set of lids made from
medium-density fiberboard (MDF). The current estimated average lifetime of the bin is 7.5 years, after
which it is disposed of mainly because the lid becomes battered. The circular offering of the recycling
bin consisted of a repair option that could be purchased, in which the lid would be exchanged. This
was estimated to prolong the lifetime of the bin to 15 years, as opposed to 7.5 years in the BAU offering.
The lid was estimated to be changed twice during the 15-year lifetime.

Figure 4. Recycling bin (left) and locker (right).

The main material of the locker is a particleboard with some steel used in the hinges and the
handles. The estimated lifetime of the locker is 10 years, and the main reason for replacing it is related
to design and fashion considerations. A refurbishment option was offered in the circular offering of
the locker, in which the door would be collected after 10 years, repainted, and reinstalled. In the BAU
offering, the entire locker would be replaced after 10 years.

The steel for the body of the bin is produced in Sweden, while the medium density fiberboard
(MDF) used for the lid is imported from Romania, and the particleboard used for the locker is imported
from Latvia. It was assumed that the metal parts would be sent to recycling, and the wood parts would
be sent to incineration at the EOL of the product.

The recycling bins are usually sold in pairs; thus, the functional unit used was 2 recycling bins
(with a capacity of 85 L each) used for 15 years. The functional unit for the locker was chosen as 1
locker with 9 doors and a dimension of 300 x 300 x 47 cm used for 20 years.

4.2.2. Results

Figure 5a,b shows the overall results of the LCCpan and LCA for both the BAU and the circular
offerings for the recycling bin and locker, respectively, normalized with respect to the BAU offering.
Figure 5c—e shows the contribution of the different life cycle phases to LCCnan and GWP. The cost
savings were greater for the locker (37%) than for the recycling bin (9%), while the environmental
improvement measured as GWP for the circular offering was considerable for both products (47%
and 38% for the locker and bin, respectively). Three reasons for the difference in the reduction of the
LCCman and LCA can be discerned from these results; namely, (i) distribution costs, (ii) costs and
environmental impacts of the dominant phase, and (iii) costs not related to production.

(i) Distribution costs: The environmental impacts of distribution were negligible, whereas the
distribution cost was a high flat cost, regardless of whether the whole recycling bin was delivered
in the BAU offering, or only the lids during repair in the circular offering. This is one reason that
there was a difference in the reductions in costs compared to environmental impacts. The influence of
distribution costs was especially pronounced for the recycling bin where the distribution cost in the
repair phase (for distributing two lids to the customers) became higher than the cost of producing
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the product’s physical components (Production D and Production R). The GWP of the transportation
related to repair activities was negligible.

(ii) Costs and environmental impacts of the dominant phase: Similar to Company A, both
products received a major contribution to GWP from Production D of durable components in the
BAU offering (96% and 52% for the bin and the locker, respectively) and less for Production R (3%
and 34% for the bin and the locker, respectively). This explains the large reduction in GWP when the
body of the recycling bin, which is made of steel, was reused, despite the production of two extra lids.
For the locker, however, the cradle-to-gate GWP of painting the doors, which constitutes a large part of
Production R, was around 24% in the BAU offering. This limited the improvement potential of the
circular offering, which included repainting the doors. The cost for repainting the doors of the locker
was significantly lower than the cost for replacing a whole locker. Thus, the LCCpan decreased more
when applying the circular offering to the locker than when applying it to the bin.

(iii) Costs not related to production: The BAU offering’s production-related costs (Production
D and Production R) were only 44% for the bin, whereas they were 68% for the locker. This limited
the potential for cost reductions for the bin and again demonstrates that the higher the share of
production-related costs of the component whose lifetime is prolonged (and, correspondingly, the
lower the costs not related to production), the higher the potential for savings, thus making the circular
option economically viable.
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Figure 5. LCCnan and LCA results for the BAU and circular offerings of the (a) recycling bin and (b)
locker. The contribution of each life cycle phase (in accordance with the categorization in Table 2) to
(¢) LCCman and (d) GWP for the recycling bin and (e) LCCpan and (f) GWP for the locker is shown.
LCCan is in SEK, GWP is in kg CO;-eq, AP is in kg SO,-eq, EP is in kg PO, -eq, iron ore is in kg iron
ore, and intensive forest occupation is in m?. year. Production D denotes cradle-to-gate production of
durable parts, Production R denotes cradle-to-gate production of original wooden components, and
repair/refurbish includes the cradle-to-gate production of MDF spare parts and locker paint. All charts
are normalized with respect to the BAU offering.
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4.2.3. Sensitivity Analysis

A different kind of sensitivity analysis was done for the bin and the locker. The number
of repairs/refurbishments done during a single lifetime was varied and compared with replacing
the product.

Figure 6 shows the results of the sensitivity analysis for the recycling bin and the locker. For both
cases, repairing/refurbishing at least twice was considered to achieve an extended lifetime (15 years
for the recycling bin and 20 years for the locker) before replacing the product (after 7.5 years for the
recycling bin and after 10 years for the locker) becomes more favorable environment- and cost-wise.
This means that unless one needs to repair or refurbish more than the breakeven amount during an
extended lifetime to keep the quality the same as replacing the product with a new one, then repairing
or refurbishing would be the better option. In the case of the recycling bin, there was a huge difference
between the GWP and the LCCan (Figure 6a,b, respectively). The environmental analysis shows
that up to 35 repair cycles are beneficial in comparison with replacement with a new bin, while costs
allow for only two repair cycles before replacement is preferable. This is due to the fact that the
environmental impact from the MDF lid is negligible compared to that of the steel body. However, in
the LCCan, the repair entailed a high transportation cost, which would increase the manufacturer’s
cost rapidly as more repairs are done. For the locker, the GWP and the LCCap, results (Figure 6¢,d,
respectively) are in line with each other, and the breakeven point occurred at five (5) and four (4)
refurbishments, respectively.

a) Recycling bin GWP b) Recycling bin LCCman
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(including Production S)
Figure 6. The sensitivity analysis results for the varied number of repair/refurbishments (bars) compared
to replacing the product with a new one at the EOL (grey line). (a) shows the variation of GWP and (b)
that of LCCan for the recycling bin as the number of repairs is varied. (c) shows the variation of GWP
and (d) that of LCCpan for the locker as the number of refurbishments is varied. GWP is in kg CO,-eq,
and LCCman is in SEK. All charts are normalized with respect to the product replacement case.

4.3. Repair of Waste Inlet

4.3.1. Case Product and Company

Company C operates within the waste collection industry, providing automated vacuum waste
collection systems for residential areas, hospitals, schools and shopping centers worldwide. It controls
and administrates most of the supply chain including design and development, sales, and sourcing
(even though partially outsourced, e.g., construction). The system includes an inlet to dispose of the
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waste and an underground system with pipes to transport it. The system is sold with an associated
service contract.

Only the upper and the lower part of the inlet were studied in the present research (Figure 7, left).
The transportation system, including the pipes, fans, and the electricity to drive the fans were excluded
from the study. The inlet door (Figure 7, right) breaks down the most often and, therefore, incurs the
highest repair costs during the service contract.

()

Inlet, | [ Door
upper part

Ground—» ———

Inlet, >
lower part

]

Figure 7. Upper and lower part of the inlet (left) and inlet door (right).

In the circular offering, the door handle was redesigned for ease-of-repair, allowing for replacing
the handle alone as opposed to the BAU scenario where the whole door is replaced. In this way,
the lifetime for some of the door’s components could be prolonged. Both options were done under
a maintenance contract with the company, which inspects the inlets at prearranged intervals and
guarantees the change of the door or door handle in the event of damage. Both the BAU and circular
offerings extend the lifetime of the system through repair but differ with respect to how large a
component is replaced at repair. It is estimated that each door must be repaired three times during its
lifetime, an estimated 30 years.

The steel for the inlet’s body is produced in Sweden. Similar supply chains were assumed for the
other components. At the EOL of the product, the metal parts are sent to recycling.

The functional unit is one inlet (upper part and lower part) and one door, used for 30 years.

4.3.2. Results

Figure 8a shows the overall results of the LCCpan and LCA for both the BAU and the circular
offerings of the waste inlet, normalized with respect to the BAU offering. Starting with the overall
system, LCCan decreased by 12%, whereas the GWP decreased by only 1%. This is explained by the
higher price for the spare doors (representing around 18% of the total cost), while the environmental
impact of producing them is less than 2%. This is the opposite of the other cases where the LCA
reductions were more dominant. The two contributing factors, however, are similar, namely, (i) costs
not related to production and (ii) costs and environmental impacts of the dominant phase.

(i) Costs not related to production: Based on its business model, Company C incurred an
additional cost (and environmental burden) that the other companies did not: maintenance cost
(Figure 8c,d). Not only did this cost occur regardless of the production, it also occurred whether a
door was damaged or not. In addition, the repair cost decreased significantly more than the related
environmental impacts (costs were reduced from 18% to 6%, while the GWP was reduced from 2% to
0.5%). This happened mainly because the repair time decreased, and subsequently, lower labor costs
were incurred, whereas the environmental savings were mainly due to less Production S.

(ii) Costs and environmental impacts of the dominant phase: In contrast to Companies A and B,
both the BAU and the circular offerings included a repair scheme. Implementing the circular offering
concerned Production S, and Production S made a low contribution to the total GWP of the inlet. The
emissions incurred from transportation during the maintenance phase accounted for almost half of
the impact in GWD, while most of the other half was derived from the production of steel for the
inlet body (Production D in Figure 8c), which was equal in both offerings. Hence, environmental



Sustainability 2019, 11, 4819 14 of 22

improvements from changing the door’s design (Production R and Production S) were limited and
barely seen. Almost the same analogy can be applied to the LCCan, the difference being that the cost
of producing the door had a larger share in LCCpan. Alternatively, if the focus is only on the door
(production and repair phases), as shown in Figure 8b, an improvement of around 60% can be found
for all categories. Note that this is just a zoom-in on the physical parts of Production D, Production R,
and the repair of the door and not the full LCCnan and LCA. This could be a simplified case where
scheduled maintenance trips are removed (e.g., by having an automatic damage sensor), and the
product under study is the door.

Finally, similar to Companies A and B, the results of Company C confirm that the higher the share
of production-related costs of the component being prolonged in the LCCpan, the higher the potential
for savings and making the circular option economically viable. However, design changes can reduce
material cost, but more importantly, labor costs, which were identified as a major cost driver.
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Figure 8. LCCan and LCA results for the BAU and circular offerings of the (a) inlet and (b) inlet
door alone. The contribution of each life cycle phase (in accordance with the division done in Table 2)
to (¢) LCCan and (d) GWP for the inlet and (e) LCCpan and (f) GWP for the inlet door is shown.
LCCpman is in SEK, GWP is in kg COy-eq, AP is in kg SO,-eq, EP is in kg PO43~-eq, and bauxite ore
is in kg bauxite ore. Production D denotes cradle-to-gate production of durable parts, Production R
denotes cradle-to-gate production of original door/door handle, while repair/refurbish includes the
cradle-to-gate production of the spare door/door handle. All charts are normalized with respect to the
BAU offering.

4.3.3. Sensitivity Analysis

Both the BAU and the circular offerings for Company C include a repair option, the circular one
being more modular. However, it was seen in the results that the new door (circular) contains slightly



Sustainability 2019, 11, 4819 15 of 22

more material than the old one (BAU). Thus, it would be worth investigating how many doors should
be replaced before the new door becomes more beneficial than the old one. In the original study; it
was assumed that the door would be replaced three (3) times during the lifetime of the inlet, and
accordingly, this parameter would be varied.

Figure 9 represents the sensitivity analysis for the waste inlet. As depicted, if the door is never
damaged during its lifetime, the BAU offering is slightly more environmentally friendly than the
circular one (Figure 9a) while having the same cost (Figure 9b). The reason is that the company buys
both doors at the same price, even though the more circular door has marginally more aluminum in it.
However, from the first door replacement onwards, the circular offering becomes increasingly more
beneficial both environmentally and economically.
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Figure 9. The sensitivity analysis results for the varied number of door damages in the waste inlet for
the BAU and circular offerings. (a) shows the variation of GWP and (b) that of LCCan for the waste
inlet as the number of door damages is varied. GWP is in kg CO,-eq, and LCCpan is in SEK. All charts
are normalized with respect to the BAU (no door changed).

5. Discussion

5.1. Discussion of LCA Results

The five cases in the present study concerned real cases of passive products that were redesigned
into more circular offerings so they can be used over a longer period, either as whole products (lockers)
or partly (tent, beach flag, recycling bin, and waste inlet). The LCA results documented environmental
benefits for all of the more circular offerings and therefore provided quantified cases that support the
theoretical motivation of this paper, discussed in Section 2, that prolonging the lifetime of passive
durable products has a high potential for environmental benefits.
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The proportional environmental improvements were significant for all the products except the
inlet and largest for the beach flag and the tent. This is partly because the components from the
flag and tent whose lifetime was prolonged contributed the most to the total environmental impacts
for the offering (made out of steel, aluminum, and fiberglass) and partly because they were used
ten times, reducing the environmental impact of their production by a factor of ten per function.
The improvements were smaller for the recycling bin and lockers, because even though their most
impacting components’ lifetime was extended, i.e., the steel body and wooden parts, respectively, their
lifetime was only doubled. This means that they delivered only twice as much function in the circular
offering. The inlet had the lowest proportional environmental improvement, because the lifetime of
a small component in a large product was prolonged, i.e., parts of the inlets” door. However, when
focusing on the component, i.e., the door, the environmental improvement was substantial.

In none of the cases did return transports, repair/refurbish activities, such as repainting the
locker doors, or the travels of maintenance personnel outweigh the environmental benefits of the
circular offerings. However, according to Kjaer, Pigosso, Niero, Bech, and McAloone [6], achieving
resource reduction and avoiding burden shifting between life cycle stages is not enough to decouple
economic growth from resource consumption. The third requirement is to mitigate the rebound effect
of implementing circular offerings. Such a rebound effect could be repairing/refurbishing more often,
assuming that such action is environmentally friendly. However, going back to Figure 6 shows that
there is a limit to how many times products can be repaired, and companies should be aware not
to exceed the limit. Rebound effects are further discussed in Section 5.3 because many of them are
connected to price [57].

The implications for companies are that prolonging the lifetime of passive durable products has a
high potential for substituting intensive primary production with lower-impact repair/refurbishment
processes, thereby lowering the environmental impacts per unit of function delivered. The results also
demonstrated that prolonging the lifetime of components with the highest environmental impacts
significantly influences environmental benefits. Finally, the present study showed that increasing the
number of uses improves the results, up to a limit, as viewed through the lens of sensitivity analysis.

There are always uncertainties and data gaps in LCA studies. However, since the environmental
impact was dominated by the production of the durable parts in this study, the overall finding that
extending the lifetime of passive durable products leads to less environmental impact is robust (even if
exact numerical results are subject to uncertainty). Nevertheless, there are data gaps in this study for
products that contain textile components (the tent and the beach flag). Due to a lack of high-quality
data on the impact assessment of textile chemicals, no impact assessment related to toxicity was
done, despite the fact that textile chemicals are known as important contributors to the environmental
impact of textiles [58]. Consequently, the environmental impact of the textile components is probably
underestimated, and hence, the improvement potential of the circular alternative may be overestimated.

5.2. Discussion of LCCyqy Results

The circular economy, as a concept, focuses on decoupling economic growth from resource
consumption; this is why circularity cannot be evaluated through the lens of environmental impacts
alone. At the firm or product level, i.e., the microlevel, decision makers must be able to see the financial
implications of making such a transition. This was emphasized as the main motivator for change
by the companies participating in the present study and has been corroborated by several authors,
e.g., [25,34,59].

Similar to LCA, extending the lifetime of the five passive, durable products included in this
research displayed, without exception, cost reductions for the manufacturer from a life cycle perspective.
Other authors have also demonstrated that extending the lifetime of products can reduce life cycle
costs, e.g., [24]. Such research remains limited and usually includes active products, and thus, this
article contributes to enriching knowledge in this area.
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However, it was found that the cost reductions were less pronounced than the reduction of the
environmental impact. This result was not unexpected. Although production costs for the components
whose lifetime is prolonged are substantial in the BAU scenario, they do not dominate costs to the
same extent as they do environmental impact. There are two reasons for this. The first is that an
LCC inventory includes other elements, the main one being labor costs. The cost of, e.g., design and
development and marketing and sales are mainly labor costs, and therefore, there is no equivalent
environmental burden in LCA. Not only can these costs be quite high, but often, they are not reduced
in the circular offering because they are not related to production. The addition of services in order to
prolong the lifetime of products is expected to incur higher labor costs, e.g., the treatment of the returned
product and administration costs. Labor costs are also included in other costs, such as distribution.
In contrast to the environmental impacts from transport, which are a direct result of physical aspects,
such as the type of vehicle used, distance travelled, and weight of the object transported, distribution
costs also include labor costs, such as driver fees and loading fees. This was clearly exemplified in
the case of the recycling bins, where a high flat transportation cost was applied, whether delivering a
whole recycling bin or only the lids during repair.

The second reason for a difference in the reduction of environmental impacts and costs is that
there is not a linear relationship between cost and environmental impact, as discussed in the literature,
e.g., [60-62]. For example, production of the event tent components that were reused (aluminum and
steel) dominated the environmental impact, but the textile component, which was replaced for every
use cycle, was more expensive and, consequently, reduced the potential for cost savings.

Similar to the LCA, the results of the LCC are also subject to uncertainties due to insufficient
data, e.g., data on estimations of lifetime and cost. Due to the relatively short lifetime of the products
and the quality of the data provided by the companies, these uncertainties were minimized in the
present study.

It was found that there is potential to reduce the life cycle costs for the manufacturer and that
the higher the share of production-related costs of the component being prolonged in the LCCan,
the higher the potential for savings and making the circular option economically viable. However,
there are challenges due to the effect of other influencing factors, e.g., labor costs. The inlet case,
where designing for maintenance significantly reduced LCC compared to just adding maintenance,
exemplified and documented the importance of careful planning and designing the offering in order to
repeat the full benefits of the PSS [35].

5.3. Limitations of LCC and Discussion of Rebound Effects

Although this research found that the manufacturer’s cost can be reduced by extending the use
of passive durable products, it is important to note that cost alone does not fully portray financial
or business implications [61]. Revenues, the dispersion of financial flows over time, and the impact
on the financial flows of other actors in the supply chain are also important (ibid.). Revenues, for
example, depend on how the circular offerings are priced and, eventually, what customers are willing
to pay for them. Customers may perceive circular products as not new and, hence, of less value [57],
and therefore not be willing to pay the same price as for a new item. On the other hand, better
environmental performance could possibly increase customer willingness to pay, as well as, possibly
more importantly to companies, dealings with the same provider instead of investing time and money
searching for a new provider will ease the business [35,63]. If willingness to pay changes, apart from
costs, revenue should also be compared. Additional aspects come into play for active products, e.g.,
when a lower cost of operating the product may outweigh a higher price when buying the product.
The companies in the present study expected customers to derive equal function from the circular
offerings as from the BAU, but customers were not necessarily expected to be willing to pay the same
price for repainted locker doors as for a new locker, for example.

Furthermore, if the companies decided to lower the price due to a decrease in LCCpap, this
action might lead to a primary rebound effect [57] where customers consume more of the product.
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The possibility of lowering the price and the effect of a lower price on demand, according to the
companies’ understanding of their market, was discussed. Companies A and B said that they were
either going to or were considering reducing the prices of the circular offerings compared to the BAU to
stimulate demand. They could not predict whether new customers would be sourced from competitors
market share or whether the size of the market would increase, but they did not expect that their
current customer base would increase their demand. Company C said that because repairing an inlet
door is not completely covered by the maintenance contract, they thought they might see an increase in
demand from price-sensitive existing customers with maintenance contracts as well as customers who
are not on maintenance contracts and currently “delay” repairs. Wider rebound effects, such as the effect

7

of a larger supply of offerings on the market and the effect of more available disposable income [57],
were not relevant to discuss with the companies and require broader economy-wide assessments.

LCC has an offering perspective; the cumulative effect will also be important for companies
implementing changes to several products. These effects have not been presented in this research,
which is an important limitation to what can be concluded regarding the economic viability of the
circular offering.

Financial barriers, although crucial, are only one set of barriers to a company implementing
circular measures or strategies [11,15]. Other barriers, such as a hesitant company culture, might block
financially viable solutions from being implemented (ibid.). Since the cases examined in the present
study, with the exception of the recycling bin, have either been implemented already or are going to be
implemented, they demonstrate that one way to overcome barriers and, consequently, prolong the
lifetime of passive durable products is through the addition of services.

Finally, authors have stressed that profitability, or the lack of it, is framed and constrained by
the institutional conditions [17] as well as the socioeconomic system in which a CE is embedded [16].
The cases in this research are simple and do not require extensive changes to the companies’ supply
chains, but many CE measures need to be implemented as part of innovation ecosystems or coordinated
action of global supply chains in order to be economically viable.

6. Conclusions

This study documented cases where the lifetime of durable passive products has been prolonged
through the addition of services and assessed them from an environmental perspective using life cycle
assessment (LCA) and from a cost perspective using life cycle costing (LCC). Further, it discussed on a
more general level the potential of prolonging the lifetime of passive durable products to contribute to
a more circular economy while being economically viable.

The studied circular offerings all had a smaller environmental impact than their business-as-usual
counterparts. The reduction in environmental impact was substantial for all cases, excluding the
waste inlet (between 45% and 72% in terms of GWP). These findings supported, with real business
cases, the hypothesis that the environmental impacts of passive durable products have great potential
for reduction by extending the lifetime of the product through the addition of services because
environmental impacts are dominated by the material production phase. The impact of return
transport and added services was very low and, accordingly, no trade-offs were identified. The main
factors that affected improvement potential were, first, the proportion of the impact that is caused
by the production of durable components (the larger the proportion, the greater the benefits from
lifetime extension), and second, the length of the lifetime extension matters, i.e., the number of times
a durable component can be reused or the length of time for which its lifetime is extended, without
compromising quality.

The cost to the company responsible for bringing circular offerings to the market was also reduced
in all the cases as calculated with LCC from a manufacturer’s perspective. However, cost reductions
were less pronounced than environmental improvements and ranged from 8% to 37%. This difference
is because production does not dominate costs to the same extent it dominates environmental impact.
Labor costs accounted for in LCCpan have no equivalent in LCA. It was found that some labor costs
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were almost fixed in both offerings, e.g., administration and other costs were incurred by the addition
of services, thus preventing higher savings from being achieved. The targeted design of a service
and an integrated PSS, however, can significantly reduce labor costs, as demonstrated in the waste
inlet case.

Therefore, the quantified findings from the five case products demonstrate that prolonging the
lifetime of passive durable products through the addition of services can have significant environmental
benefits while also being a feasible and cost-reducing circular measure for companies to implement.
More case studies and a deeper analysis of rebound effects and the consequences of large-scale adoption
should be addressed in future research.
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sensitivity analysis for Company C.

Author Contributions: Conceptualization, A.-M.T., M.LK., MK,, and T.S.; methodology, M.K. and M.L.K.;
software, M.K. and M.L.K.; validation, M.K. and M.L.K,; formal analysis, M.K. and M.L.K,; investigation, M.K.
and M.L.K,; resources, A.-M.T. and T.S.; data curation, M.K. and M.L.K,; writing—original draft preparation, M.K,;
writing—review and editing, M.L.K., A-M.T.,, M.K,, and T.S.; visualization, M.K.; supervision, A.-M.T. and T.S,;
project administration, T.S.; funding acquisition, T.S. and A.-M.T.

Funding: This research was supported by the Circularis (Circular Economy through Innovation Design) project
(No. 2016-03267), funded by VINNOVA, Sweden’s Innovation Agency.

Acknowledgments: We gratefully acknowledge Aria Soltani, Ban Ahmad, and Ryo Fukushima from Linkoping
University for their contribution to the LCC calculations. The three companies involved also provided important
information and feedback and are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. UNEP. Decoupling Natural Resource Use and Environmental Impacts from Economic Growth, A Report of the
Working Group on Decoupling to the International Resource Panel; Fischer-Kowalski, M., Swilling, M., von
Weizsécker, E.U., Ren, Y., Moriguchi, Y., Crane, W., Krausmann, F,, Eisenmenger, N., Giljum, S., Hennicke, P,
et al., Eds.; UNEP: Nairobi, Kenya, 2011.

2. EC. Closing the Loop-an EU Action Plan for the Circular Economy; COM(2015) 614 Final; European Commission:
Brussels, Belgium, 2015; Available online: https://www.eea.europa.eu/policy-documents/com-2015-0614-final
(accessed on 15 October 2018).

3. EMF Towards the Circular Economy, Economic and Business Rationale for an Accelerated Transition; Ellen MacArthur
Foundation: Cowes, UK, 2013; Volume 1.

4. Bocken, N.M.; de Pauw, I.; Bakker, C.; van der Grinten, B. Product design and business model strategies for a
circular economy. J. Ind. Prod. Eng. 2016, 33, 308-320. [CrossRef]

5. Nufholz, J. Circular business models: Defining a concept and framing an emerging research field.
Sustainability 2017, 9, 1810. [CrossRef]

6. Kjaer, L.L.; Pigosso, D.C.; Niero, M.; Bech, N.M.; McAloone, T.C. Product/Service-Systems for a Circular
Economy: The Route to Decoupling Economic Growth from Resource Consumption? J. Ind. Ecol. 2019, 23,
22-35. [CrossRef]

7. Tukker, A. Product services for a resource-efficient and circular economy—A review. |. Clean. Prod. 2015, 97,
76-91. [CrossRef]

8.  Lewandowski, M. Designing the business models for circular economy—Towards the conceptual framework.
Sustainability 2016, 8, 43. [CrossRef]


http://www.mdpi.com/2071-1050/11/18/4819/s1
https://www.eea.europa.eu/policy-documents/com-2015-0614-final
http://dx.doi.org/10.1080/21681015.2016.1172124
http://dx.doi.org/10.3390/su9101810
http://dx.doi.org/10.1111/jiec.12747
http://dx.doi.org/10.1016/j.jclepro.2013.11.049
http://dx.doi.org/10.3390/su8010043

Sustainability 2019, 11, 4819 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Boehm, M.; Thomas, O. Looking beyond the rim of one’s teacup: A multidisciplinary literature review of
Product-Service Systems in Information Systems, Business Management, and Engineering & Design. . Clean.
Prod. 2013, 51, 245-260.

Tukker, A. Eight types of product-service system: Eight ways to sustainability? Experiences from SusProNet.
Bus. Strategy Environ. 2004, 13, 246-260. [CrossRef]

Kirchherr, J.; Piscicelli, L.; Bour, R.; Kostense-Smit, E.; Muller, J.; Huibrechtse-Truijens, A.; Hekkert, M.
Barriers to the Circular Economy: Evidence From the European Union (EU). Ecol. Econ. 2018, 150, 264-272.
[CrossRef]

Babbitt, C.W.; Gaustad, G.; Fisher, A.; Chen, W.Q,; Liu, G. Closing the loop on circular economy research:
From theory to practice and back again. Resour. Conserv. Recycl. 2018, 135, 1-2. [CrossRef]

Lieder, M.; Rashid, A. Towards circular economy implementation: A comprehensive review in context of
manufacturing industry. J. Clean. Prod. 2016, 115, 36-51. [CrossRef]

Rizos, V.; Behrens, A.; Van Der Gaast, W.; Hofman, E.; Ioannou, A.; Kafyeke, T.; Flamos, A.; Rinaldi, R.;
Papadelis, S.; Hirschnitz-Garbers, M. Implementation of circular economy business models by small and
medium-sized enterprises (SMEs): Barriers and enablers. Sustainability 2016, 8, 1212. [CrossRef]

Mont, O.; Plepys, A.; Whalen, K.; Nufholz, J.L. Business Model Innovation for a Circular Economy:
Drivers and Barriers for the Swedish Industry—The Voice of REES Companies. 2017. Available online:
http://lup.lub.lu.se/record/833402ef-b4d4-4541-al0e-34d1e89d2146 (accessed on 15 June 2019).

Laurenti, R.; Singh, J.; Frostell, B.; Sinha, R.; Binder, C. The Socio-Economic Embeddedness of the Circular
Economy: An Integrative Framework. Sustainability 2018, 10, 2129. [CrossRef]

Moreau, V.; Sahakian, M.; Van Griethuysen, P.; Vuille, F. Coming full circle: Why social and institutional
dimensions matter for the circular economy. J. Ind. Ecol. 2017, 21, 497-506. [CrossRef]

Willskytt, S.; Tillman, A.-M. Resource efficiency of consumables-Life cycle assessment of incontinence
products. Resour. Conserv. Recycl. 2019, 144, 13-23. [CrossRef]

Iraldo, E; Facheris, C.; Nucci, B. Is product durability better for environment and for economic efficiency? A
comparative assessment applying LCA and LCC to two energy-intensive products. J. Clean. Prod. 2017, 140,
1353-1364. [CrossRef]

Cooper, D.R.; Gutowski, T.G. The environmental impacts of reuse: A review. J. Ind. Ecol. 2017, 21, 38-56.
[CrossRef]

Mont, O.; Dalhammar, C.; Jacobsson, N. A new business model for baby prams based on leasing and product
remanufacturing. J. Clean. Prod. 2006, 14, 1509-1518. [CrossRef]

Heiskanen, E.; Jalas, M. Can services lead to radical eco-efficiency improvements?—A review of the debate
and evidence. Corpor. Soc. Respons. Environ. Manag. 2003, 10, 186-198. [CrossRef]

Gutowski, T.G.; Sahni, S.; Boustani, A.; Graves, 5.C. Remanufacturing and energy savings. Environ. Sci.
Technol. 2011, 45, 4540-4547. [CrossRef] [PubMed]

Lindahl, M.; Sundin, E.; Sakao, T. Environmental and economic benefits of Integrated Product Service
Offerings quantified with real business cases. J. Clean. Prod. 2014, 64, 288-296. [CrossRef]
Franklin-Johnson, E.; Figge, F.; Canning, L. Resource duration as a managerial indicator for Circular Economy
performance. |. Clean. Prod. 2016, 133, 589-598. [CrossRef]

Allwood, ].M.; Ashby, M.E,; Gutowski, T.G.; Worrell, E. Material efficiency: A white paper. Resour. Conserv.
Recycl. 2011, 55, 362-381. [CrossRef]

Ardente, F; Mathieux, F. Environmental assessment of the durability of energy-using products: Method and
application. J. Clean. Prod. 2014, 74, 62-73. [CrossRef]

Bakker, C.; Wang, F.; Huisman, J.; Den Hollander, M. Products that go round: Exploring product life extension
through design. J. Clean. Prod. 2014, 69, 10-16. [CrossRef]

Krystofik, M.; Luccitti, A.; Parnell, K.; Thurston, M. Adaptive remanufacturing for multiple lifecycles: A case
study in office furniture. Resour. Conserv. Recycl. 2018, 135, 14-23. [CrossRef]

Gilbert, P.; Wilson, P.; Walsh, C.; Hodgson, P. The role of material efficiency to reduce CO, emissions during
ship manufacture: A life cycle approach. Mar. Policy 2017, 75, 227-237. [CrossRef]

Carlisle, S.; Friedlander, E. The influence of durability and recycling on life cycle impacts of window frame
assemblies. Int. |. Life Cycle Assess. 2016, 21, 1645-1657. [CrossRef]

Castellani, V.; Sala, S.; Mirabella, N. Beyond the throwaway society: A life cycle-based assessment of the
environmental benefit of reuse. Integr. Environ. Assess. 2015, 11, 373-382. [CrossRef]


http://dx.doi.org/10.1002/bse.414
http://dx.doi.org/10.1016/j.ecolecon.2018.04.028
http://dx.doi.org/10.1016/j.resconrec.2018.04.012
http://dx.doi.org/10.1016/j.jclepro.2015.12.042
http://dx.doi.org/10.3390/su8111212
http://lup.lub.lu.se/record/833402ef-b4d4-4541-a10e-34d1e89d2146
http://dx.doi.org/10.3390/su10072129
http://dx.doi.org/10.1111/jiec.12598
http://dx.doi.org/10.1016/j.resconrec.2018.12.026
http://dx.doi.org/10.1016/j.jclepro.2016.10.017
http://dx.doi.org/10.1111/jiec.12388
http://dx.doi.org/10.1016/j.jclepro.2006.01.024
http://dx.doi.org/10.1002/csr.46
http://dx.doi.org/10.1021/es102598b
http://www.ncbi.nlm.nih.gov/pubmed/21513286
http://dx.doi.org/10.1016/j.jclepro.2013.07.047
http://dx.doi.org/10.1016/j.jclepro.2016.05.023
http://dx.doi.org/10.1016/j.resconrec.2010.11.002
http://dx.doi.org/10.1016/j.jclepro.2014.03.049
http://dx.doi.org/10.1016/j.jclepro.2014.01.028
http://dx.doi.org/10.1016/j.resconrec.2017.07.028
http://dx.doi.org/10.1016/j.marpol.2016.04.003
http://dx.doi.org/10.1007/s11367-016-1093-x
http://dx.doi.org/10.1002/ieam.1614

Sustainability 2019, 11, 4819 21 of 22

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Counsell, T.A.; Allwood, J.M. Reducing climate change gas emissions by cutting out stages in the life cycle of
office paper. Resour. Conserv. Recycl. 2007, 49, 340-352. [CrossRef]

Laasch, O.; Conaway, R. Responsible Business: The Textbook for Management Learning, Competence and Innovation;
Routledge: Abingdon, UK, 2017. [CrossRef]

Sakao, T.; Shimomura, Y. Service Engineering: A novel engineering discipline for producers to increase value
combining service and product. J. Clean. Prod. 2007, 15, 590-604. [CrossRef]

Meier, H.; Roy, R; Seliger, G. Industrial product-service systems—IPS2. CIRP Ann. 2010, 59, 607-627. [CrossRef]
Masood, T.; Roy, R.; Harrison, A.; Xu, Y.; Gregson, S.; Reeve, C. Integrating through-life engineering service
knowledge with product design and manufacture. Int. ]. Comp. Integr. Manufact. 2015, 28, 59-74. [CrossRef]
Martinez, V.; Bastl, M.; Kingston, J.; Evans, S. Challenges in transforming manufacturing organisations into
product-service providers. J. Manufact. Technol. Manag. 2010, 21, 449-469. [CrossRef]

Matschewsky, J.; Kambanou, M.L.; Sakao, T. Designing and providing integrated product-service
systems—challenges, opportunities and solutions resulting from prescriptive approaches in two industrial
companies. Int. J. Prod. Res. 2018, 56, 2150-2168. [CrossRef]

Bigdeli, A.Z.; Baines, T.; Schroeder, A.; Brown, S.; Musson, E.; Guang Shi, V.; Calabrese, A. Measuring
servitization progress and outcome: The case of “advanced services’. Prod. Plan. Control 2018, 29, 315-332.
[CrossRef]

Tillman, A.-M.; Willskytt, S.; Bockin, D.; André, H.; Ljunggren Séderman, M. What circular economy
measures fit what kind of product? In The Handbook of the Circular Economy; Brandao, M., Lazaveric, D.,
Finnveden, G., Eds.; Edward Elgar Publishing Ltd.: Cheltenham, UK, 2020.

Miah, J.; Koh, S.; Stone, D. A hybridised framework combining integrated methods for environmental Life
Cycle Assessment and Life Cycle Costing. J. Clean. Prod. 2017, 168, 846-866. [CrossRef]

Bobba, S.; Ardente, F.; Mathieux, F. Environmental and economic assessment of durability of energy-using
products: Method and application to a case-study vacuum cleaner. J. Clean. Prod. 2016, 137,762-776. [CrossRef]
Kim, H.C.; Keoleian, G.A.; Horie, Y.A. Optimal household refrigerator replacement policy for life cycle
energy, greenhouse gas emissions, and cost. Energy Policy 2006, 34, 2310-2323. [CrossRef]

Eisenhardt, K.M.; Graebner, M.E. Theory building from cases: Opportunities and challenges. Acad. Manag. ].
2007, 50, 25-32. [CrossRef]

Potting, J.; Hekkert, M.; Worrell, E.; Hanemaaijer, A. Circular Economy: Measuring Innovation in the Product
Chain; PBL: The Hague, The Netherlands, 2017.

IEC 60300-3-3: 2017 Dependability Management. Part3-3: Application Guide-Life Cycle Costing. 2017. Available
online: https://webstore.iec.ch/preview/info_iec60300-3-3%7Bed3.0%7Db.pdf (accessed on 4 September 2017).
ISO. ISO 14040: 2006. Environmental Management-Life Cycle Assessment-Principles and Framework; European
Committee for Standardization: Brussels, Belgium, 2006.

Ciroth, A. ICT for environment in life cycle applications openLCA—A new open source software for life
cycle assessment. Int. |. Life Cycle Assess. 2007, 12, 209. [CrossRef]

Ecoinvent. Ecoinvent 3.3. Available online: https://www.ecoinvent.org/database/ecoinvent-33/ecoinvent-33.
html (accessed on 5 October 2018).

Roos, S.; Sandin, G.; Zamani, B.; Peters, G. Environmental Assessment of Swedish Fashion Consumption.
Five Garments-Sustainable Futures. Available online: http://mistrafuturefashion.com/wp-content/uploads/
2015/06/Environmental-assessment-of-Swedish-fashion-consumption-LCA.pdf (accessed on 14 January
2018).

Ekvall, T,; Tillman, A.-M. Open-loop recycling: Criteria for allocation procedures. Int. |. Life Cycle Assess.
1997, 2, 155. [CrossRef]

CML. CML-IA Characterisation Factors. Available online: https://www.universiteitleiden.nl/en/research/
research-output/science/cml-ia-characterisation-factors (accessed on 5 October 2018).

Janssen, M.; Xiros, C.; Tillman, A.-M. Life cycle impacts of ethanol production from spruce wood chips under
high-gravity conditions. Biotechnol. Biofuels 2016, 9, 53. [CrossRef] [PubMed]

Nordelof, A.; Grunditz, E.; Lundmark, S.; Tillman, A.-M.; Alatalo, M.; Thiringe, T. Life cycle assessment of
permanent magnet electric traction motors. Transport. Res. D Transport. Environ. 2019, 67, 263-274. [CrossRef]
Rebitzer, G. Integrating life cycle costing and life cycle assessment for managing costs and environmental
impacts in supply chains. In Cost Management in Supply Chains; Seuring, S., Goldbach, M., Eds.; Springer:
Berlin, Germany, 2002; pp. 127-146. [CrossRef]


http://dx.doi.org/10.1016/j.resconrec.2006.03.018
http://dx.doi.org/10.4324/9781351284325
http://dx.doi.org/10.1016/j.jclepro.2006.05.015
http://dx.doi.org/10.1016/j.cirp.2010.05.004
http://dx.doi.org/10.1080/0951192X.2014.900858
http://dx.doi.org/10.1108/17410381011046571
http://dx.doi.org/10.1080/00207543.2017.1332792
http://dx.doi.org/10.1080/09537287.2018.1429029
http://dx.doi.org/10.1016/j.jclepro.2017.08.187
http://dx.doi.org/10.1016/j.jclepro.2016.07.093
http://dx.doi.org/10.1016/j.enpol.2005.04.004
http://dx.doi.org/10.5465/amj.2007.24160888
https://webstore.iec.ch/preview/info_iec60300-3-3%7Bed3.0%7Db.pdf
http://dx.doi.org/10.1065/lca2007.06.337
https://www.ecoinvent.org/database/ecoinvent-33/ecoinvent-33.html
https://www.ecoinvent.org/database/ecoinvent-33/ecoinvent-33.html
http://mistrafuturefashion.com/wp-content/uploads/2015/06/Environmental-assessment-of-Swedish-fashion-consumption-LCA.pdf
http://mistrafuturefashion.com/wp-content/uploads/2015/06/Environmental-assessment-of-Swedish-fashion-consumption-LCA.pdf
http://dx.doi.org/10.1007/BF02978810
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
http://dx.doi.org/10.1186/s13068-016-0468-3
http://www.ncbi.nlm.nih.gov/pubmed/26949414
http://dx.doi.org/10.1016/j.trd.2018.11.004
http://dx.doi.org/10.1007/978-3-662-11377-6_8

Sustainability 2019, 11, 4819 22 of 22

57.
58.

59.

60.

61.

62.

63.

Zink, T.; Geyer, R. Circular economy rebound. J. Ind. Ecol. 2017, 21, 593-602. [CrossRef]

Roos, S.; Holmquist, H.; Jonsson, C.; Arvidsson, R. USEtox characterisation factors for textile chemicals based
on a transparent data source selection strategy. Int. J. Life Cycle Assess. 2018, 23, 890-903. [CrossRef]
Cordella, M.; Hidalgo, C. Analysis of key environmental areas in the design and labelling of furniture
products: Application of a screening approach based on a literature review of LCA studies. Sustain. Prod.
Consum. 2016, 8, 64-77. [CrossRef]

Hoogmartens, R.; Van Passel, S.; Van Acker, K.; Dubois, M. Bridging the gap between LCA, LCC and CBA as
sustainability assessment tools. Environ. Impact Assess. 2014, 48, 27-33. [CrossRef]

Hunkeler, D.; Lichtenvort, K.; Rebitzer, G. Environmental Life Cycle Costing; CRC Press: Boca Raton, FL, USA,
2008. [CrossRef]

Gluch, P,; Baumann, H. The life cycle costing (LCC) approach: A conceptual discussion of its usefulness for
environmental decision-making. Build. Environ. 2004, 39, 571-580. [CrossRef]

Sakao, T. Quality engineering for early stage of environmentally conscious design. TQM J. 2009, 21, 182-193.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/jiec.12545
http://dx.doi.org/10.1007/s11367-017-1330-y
http://dx.doi.org/10.1016/j.spc.2016.07.002
http://dx.doi.org/10.1016/j.eiar.2014.05.001
http://dx.doi.org/10.1201/9781420054736
http://dx.doi.org/10.1016/j.buildenv.2003.10.008
http://dx.doi.org/10.1108/17542730910938164
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Background and Motivation 
	Materials and Methods 
	Overview 
	LCC and LCA 

	Case Studies 
	Refurbishment of Beach Flag and Event Tent 
	Case Product and Company 
	Results 
	Sensitivity Analysis 

	Repair of Recycle Bin and Locker 
	Case PRODUCT and Company 
	Results 
	Sensitivity Analysis 

	Repair of Waste Inlet 
	Case Product and Company 
	Results 
	Sensitivity Analysis 


	Discussion 
	Discussion of LCA Results 
	Discussion of LCCman Results 
	Limitations of LCC and Discussion of Rebound Effects 

	Conclusions 
	References

