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Abstract: Circular economy is gaining attention in business and society to advance sustainability.
This paradigm is particularly relevant for energy-consuming products such as washing machines,
where alternatives to linear economy such as pay-per-use and refurbishment are gaining ground. To
succeed, these business models should achieve consensus and acceptance among users. However,
little attention has been paid to customers’ interest for circular economy business models so far. This
paper aims to compare the economic and environmental impacts of pay-per wash and refurbishment
business models, while investigating the degree of users’ acceptance and factors influencing it. A
survey has been designed to collect users’ data regarding washing machine consumption patterns
and acceptance rates of the circular business models. An evaluation model was developed to assess
the economic and environmental impacts of pay-per-wash and refurbishment against a traditional
linear model, fed with data from 279 Italian households collected through the survey. Finally, logistic
regressions were carried out to investigate the influence of different customer, product, and usage
factors on the acceptance rates of the two circular business models. Results show that, on average,
pay-per-wash business models and washing machine refurbishment can guarantee environmental
savings. However, only refurbishment generates economic savings for users. Moreover, only around
half of the users’ sample shows a positive degree of acceptance of such alternatives. Respondent
age has been found as a significant factor influencing the interest towards a refurbishment model,
while the washing machine failures experienced by users and the relevance of the environmental
gains achievable influence the acceptance rate of pay-per-wash models. Thus, when offering pay-per-
wash schemes, suppliers should emphasize the information on the environmental benefits of this
alternative, and that with such models they take over the responsibility and costs for maintenance
and repair. On the other hand, providers of refurbished products should target younger consumers,
who are less affected by a bias against second-hand goods.

Keywords: circular economy; life cycle assessment; life cycle costing; total cost of ownership; lifespan;
pay-per-use; remanufacturing; washing machine; logit; logistic regression

1. Introduction

The circular economy (CE) is gaining attention among academia and managerial
communities as a means to reach sustainability by decoupling economic growth from
resource extraction and environmental losses [1,2]. According to the literature, CE can
be analyzed at the micro, meso, and macro levels [3,4]. The micro-level is focused on the
practices of CE applied at the single firm implementation level. The meso level is focused on
industrial ecology, industrial symbiosis, and on the supply chain structure and relationships
among firms [5]. The macro level is focused on general policies and plans at the level of
cities, regions, and countries. From a more practical perspective, companies wishing to
move towards CE may adopt many levers, and exploit several enabling factors [6,7]. First,
products should be designed to enable circularity, by e.g., extending their lifespan through
the upgrading of their components, improving their disassembly and recycling ability to
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ensure that products, parts, and materials will be separated and eventually reassembled
or recycled easily at the end of life, through the adoption of Design-for-X techniques [8,9].
Second, companies should move towards the offering of servitized business models such
as pay-per-use, retaining product ownership and putting the focus on product usage and
functionality rather than on sales [10]. Third, reverse logistics and collaboration should
be integrated into conventional supply chains, to collect products after use for creating
value from them [11–13]. Fourth, the disruptive potential of digital 4.0 technologies should
be exploited, to enable circular product design, servitized business models adoption and
reverse logistics implementation [14–17]. Consequently, we define CE as an:

“economic system restorative and regenerative by design, implemented by one or more supply
chain actors through one or more levers and enablers (circular product design, servitized
business models, supply chain management and digital 4.0 technologies) to replace the end of
life concept with reduce, reuse, remanufacture or recycle materials, components and products
in production, distribution and consumption processes for both technical and biological
cycles, with the aim to accomplish sustainable development” [6,7,18–20].

As a result, several strategies can be pursued to enable a transition towards CE, such as
durability and life-extension, the provision of pay-per-use business models, refurbishment,
remanufacturing, recycling, and so forth [21]. Most of these CE strategies result in the
extension of products lifetime, attempting to slow down the resource flow of products
that otherwise would become waste. For energy consuming products (i.e., products that
consume resources during their usage and become more and more inefficient due to tech-
nological progress) the extension of lifetime does not necessarily lead to positive results
in terms of both economic and environmental gains. [22,23]. This applies to washing ma-
chines (WM), where CE alternatives to the business-as-usual scenario (linear economy) may
unlock environmental gains and economic benefits [6,24–28]. Quantifying the economic
and environmental potential savings that can be reached through each CE alternative
can support households and other stakeholders in embracing a transition towards CE. In
addition, each CE alternative should overcome challenges in order to succeed [18]. A major
shortcoming concerns users’ acceptance and value perception of such offerings [29–32]. In
fact, reshaping consumption habits is one of the main obstacles to the design of effective
sustainable CE solutions [33]. Customer involvement has been acknowledged by previous
literature as a necessary element for sustainable circular products and business models
design [34]. In a CE, the nature of the transaction between producers and consumers should
be fundamentally reconsidered [35]. Unfortunately, little attention has been paid to the
customer’s side so far, to its engagement and involvement in CE value proposition [36–38].

Consequently, the purpose of this paper is twofold. First, it aims to provide a quantita-
tive evaluation of the economic and environmental potential of CE alternatives—against
the current linear economy scenario—in the WM sector. Second, it aims to investigate users’
interest and acceptance rate of such CE alternatives, linking these acceptance rates with a
set of potentially influencing factors at the customer, product, and usage level.

To accomplish this twofold purpose, this research adopts a multi-method approach,
coupling different research methodologies as suggested by the CE literature [20]. First,
it develops an evaluation model to quantify the economic and environmental impacts
in the current households’ setting and in two CE alternatives (pay-per-wash business
model and refurbishment) for the WM industry, adopting the customer point of view and
considering different habits. Then, a user survey is designed and administrated to collect
users’ preferences and the main data related to WM usage such as the number of washing
cycles carried out, the WM capacity, and so forth. Data from 279 Italian households were
collected and used to feed the evaluation model. Lastly, statistical analyses are carried out
on the collected data to investigate what parameters mainly affect users’ acceptance rates
of CE alternatives in the WM industry.

Thus, the remainder of this paper is structured as follows. In Section 2 materials
and methods are presented, including the development of the conceptual framework that
guided this study and the design of the survey. In Section 3 the evaluation model is
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developed, grounded on the Life Cycle Assessment and Total Cost of Ownership method-
ologies, and covering the linear and CE scenarios (pay-per-wash and refurbishment). Then,
Section 4 presents the results of the research, while Section 5 discusses the results in light
of the research objectives. Finally, conclusions as well as limitations and future research
directions are proposed in Section 6.

2. Materials and Methods
2.1. Literature Review: Users’ Interest and Involvement in CE Alternatives in the WM Industry

User acceptance of CE alternatives has been recognized by previous literature as a
necessary element for successful sustainable circular business models [34]. A number of
studies addressed the WM industry [24]. Gülserliler et al. assessed consumers’ preferences
regarding leasing new or used WMs instead of buying them, by a survey that captured
attitudes and behaviors of around 2000 users [35]. They found that a significant segment of
consumers is reluctant to lease WMs, and consumers’ habits are driven by psychological
parameters such as pride of ownership, hygiene, and economic convenience. Lieder et al.
empirically explored market interest and users’ acceptance of WM leasing and pay-per-
use in the city of Stockholm, by designing a choice-based conjoint analysis on almost
140 users, based on three parameters: price, service level, and environmental benefits [29].
They discovered a general interest in such CE alternatives, where service levels (such
as free maintenance and upgrades) have the strongest impact on purchase probability.
Bocken et al. through an action research approach investigated the positive environmental
impact generated by the improvement of WM consumption patterns following the adoption
of pay-per-use business models in a sample close to 50 Dutch households [39]. They found
that WM pay-per-use business models stimulate sustainable consumption, given the fact
that parameters like the washing temperature and the number of washing cycles carried out
are optimized. Amasawa et al. investigated how to induce a consumers’ behavioral shift
towards WM sharing, investigating the main parameters that affect consumers’ behavior by
a web survey of around 600 respondent in Japan [25]. They identified as main determinants
of such behavioral shift the demographic profile of potential customers (gender, age, and
employment) and specific factors such as the accessibility to laundromat. Kruschwitz
et al. investigated the washing practices and behavior of private households to determine
the main parameters affecting sustainability and energy-saving, by collecting data on
the WMs usage (loading rate, temperature, and detergent dosage) of almost 230 German
households over a 30 day period [40]. They found that WMs tend to be underloaded,
that consumers do not adjust the detergents dosage to textiles and load size, and that not
all the washing cycles are run at the lowest possible washing temperature. Alborzi et al.
collected information on washing behavior from almost 5000 participants through a semi-
representative survey in eleven EU countries, to understand which socio-demographic
factors impact consumers’ sustainability behavior [41]. They found that laundry processes
differ among the eleven EU countries investigated, and that socio-demographic parameters
such as the educational level, employment status, and age of respondents statistically affect
the choice of temperature and thus the sustainability performance of laundry activities.
Hennies et al. collected quantitative data about discarding and maintenance history of
household appliances, including WMs, in private German households through an internet-
based questionnaire with 1075 respondents [42]. They found that the WM lifespan depends
on parameters such as the purchasing price and the number of washing cycles carried out.
Lastly, Atlason et al. investigated users’ perception of the reuse, remanufacturing, and
recycling of different household appliances using a quantitative Kano survey on a sample
of 146 Danish users [30].

2.2. Research Motivation, Design and Conceptual Framework

Despite the abovementioned previous research in investigating users’ participation
in CE alternatives for the WM industry, the literature still overlooks customers’ interest
and acceptance of CE, and does not contrast users’ CE acceptance degree with their eco-
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environmental performance. For instance, Gülserliler et al. investigated the influence
of only psychological antecedents on leasing feasibility, leaving out other parameters of
the washing process [35]. The need to extend the scope of these studies to include other
influential parameters such as the household size is explicitly recalled in Lieder et al. [29].
In addition, the economic and the environmental impact of these CE alternatives may drive
customer decisions and influence their acceptance rates. Nevertheless, even recent studies
still do not explicitly address the consumer side in the eco-environmental assessment [35,38],
while the need to use primary data to quantitatively assess the eco-environmental impact
of CE alternatives in the WM industry is stressed by Bocken et al. [39]. Addressing the
user acceptance of CE alternatives such as pay-per-use has been recommended also in
Atlason et al. [30].

Consequently, this paper aims to provide a quantitative evaluation of the economic
and environmental potential of CE alternatives (pay-per-wash and refurbishment busi-
ness models) in the WM sector, by investigating their eco-environmental impact and by
addressing the users’ interest and acceptance rates. To better frame the research objective,
the following Research Questions are formulated:

1. RQ1: Can pay-per-wash and refurbishment business models improve the economic
and environmental performances, compared to the traditional linear model?

2. RQ2: Are users interested in pay-per-wash and refurbishment business models, and
what aspects mainly influence their acceptance?

Figure 1 depicts the conceptual framework that guides the research process followed
in this study. There are several parameters related to users, product, and usage that may
affect the eco-environmental performances of the WM lifecycle, as recognized by previous
research (See Section 2.1). Product characteristics such as the WM energy efficiency class
and its capacity are directly linked with energy, water, and detergent consumption. The
same holds for usage characteristics such as the number of washing cycles, the WM loading
rate, the washing temperature, and the WM failures. Additionally, users’ characteristics
such as age and household size may drive (or not) more sustainable usage processes. All
these data can be collected from users through a survey and used as inputs to compute
the economic and the environmental performances of laundry activities, by calculating
the users’ Total Cost of Ownership and the WM Global Warming Potential. To shed light
on RQ1, these metrics are assessed in the pay-per-wash and in the refurbishment CE
scenarios, to compute the potential eco-environmental savings. To shed light on RQ2, users’
preferences and acceptance of pay-per-wash and refurbishment business models have been
investigated. The following hypotheses have been statistically tested in this study (PPW:
Hypothesis 1a–Hypothesis 1l):

Hypothesis 1a (H1a): (PPW) Users at different ages have different pay-per-wash acceptance rates.

Hypothesis 1b (H1b): (PPW) Users with different household size have different pay-per-wash
acceptance rates.

Hypothesis 1c (H1c): (PPW) Users with different WM efficiency class have different pay-per-wash
acceptance rates.

Hypothesis 1d (H1d): (PPW) Users with different WM capacity have different pay-per-wash
acceptance rates.

Hypothesis 1e (H1e): (PPW) Users who wash with different frequencies have different pay-per-
wash acceptance rates.

Hypothesis 1f (H1f): (PPW) Users who wash with different loading rates have different pay-per-
wash acceptance rates.
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Hypothesis 1g (H1g): (PPW) Users who wash at different temperatures have different pay-per-
wash acceptance rates.

Hypothesis 1h (H1h): (PPW) Users who experienced different WM failure rates have different
pay-per-wash acceptance rates.

Hypothesis 1i (H1i): (PPW) Users experiencing higher-lower TCOs have different pay-per-wash
acceptance rates.

Hypothesis 1j (H1j): (PPW) Users experiencing higher-lower GWPs have different pay-per-wash
acceptance rates.

Hypothesis 1k (H1k): (PPW) Users experiencing higher-lower economic savings due to pay-per-
wash have different pay-per-wash acceptance rates.

Hypothesis 1l (H1l): (PPW) Users experiencing higher-lower environmental savings due to
pay-per-wash have different pay-per-wash acceptance rates.

The same hypotheses have been formulated for WM refurbishment (RFB):

Hypothesis 2a (H2a): (RFB) Users at different ages have different refurbishment acceptance rates.

Hypothesis 2b (H2b): (RFB) Users with different household size have different refurbishment
acceptance rates.

Hypothesis 2c (H2c): (RFB) Users with different WM efficiency class have different refurbishment
acceptance rates.

Hypothesis 2d (H2d): (RFB) Users with different WM capacity have different refurbishment
acceptance rates.

Hypothesis 2e (H2e): (RFB) Users who wash with different frequencies have different refurbish-
ment acceptance rates.

Hypothesis 2f (H2f): (RFB) Users who wash with different loading rates have different refurbish-
ment acceptance rates.

Hypothesis 2g (H2g): (RFB) Users who wash at different temperatures have different refurbish-
ment acceptance rates.

Hypothesis 2h (H2h): (RFB) Users who experienced different WM failure rates have different
refurbishment acceptance rates.

Hypothesis 2i (H2i): (RFB) Users experiencing higher-lower TCOs have different refurbishment
acceptance rates.

Hypothesis 2j (H2j): (RFB) Users experiencing higher-lower GWPs have different refurbishment
acceptance rates.

Hypothesis 2k (H2k): (RFB) Users experiencing higher-lower economic savings due to refurbish-
ment have different refurbishment acceptance rates.

Hypothesis 2l (H2l): (RFB) Users experiencing higher-lower environmental savings due to
refurbishment have different refurbishment acceptance rates.
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2.3. Research Method

To address the RQs, this paper adopts a multidisciplinary approach, coupling different
research methodologies.

First, an evaluation model has been developed to quantify the economic and environ-
mental impacts in the current households’ setting and in two CE alternatives (pay-per-wash
business model and refurbishment). The model computes both economic and environmen-
tal impacts, adopting the user’s point of view in the first case and the WM viewpoint in the
latter.

Second, a user survey is designed to collect users’ preferences and the main data related
to their WM characteristics and usage habits, according to the conceptual framework of
Figure 1. The survey was used also to collect the households’ preferences regarding CE
alternatives to the linear scenario in the WM industry. More specifically, to each user an
entry-level explanation of the CE concept was first presented. Then, it was asked whether
he/she would be willing to access to a pay-per-wash scheme or to purchase a refurbished
WM. The survey was launched online in 2019 and data from 279 Italian households were
collected. Respondents were reached via internet by sharing the survey access link on
popular social networks and by word of mouth. Data collected through the survey are
listed in Table 1.

The survey and the evaluation model were also implemented in a Smartphone Mobile
App (Figure 2), to ease data collection and results computation.

Third and last, statistical analyses were carried out with the aim to test the hypotheses
formulated in Section 2.2 and to investigate what parameters mainly affect users’ acceptance
rates of CE alternatives. Given the fact that the response variables (i.e., users’ acceptance
of refurbishment and pay-per-wash business models) are binary (i.e., 0/1 coding), logistic
regression is here applied [43]. Rather than directly modeling the response variable, logistic
regression models the probability that the response belongs to a Yes/No category, through
the logistic function. The R software package was used to run statistical analyses and
compute logistic regression coefficients and significance levels [44].
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Table 1. Data collected through the users’ survey.

Acronym Description Type Unit of Measure

Age Age of respondent Independent variable Year

HS Household Size, i.e., number of people living
in a household Independent variable Persons

EEC Washing Machine Energy Efficiency Class Independent variable Dimensionless
C Washing Machine Capacity Independent variable kg
P Washing Machine Price Independent variable €

Nwc Number of washing cycles per year Independent variable Number/year
LR Washing Machine Loading Rate Independent variable %

FT
Usage frequency per temperature level

(Temperature = 30 ◦C; 40 ◦C; 60 ◦C; 90 ◦C) Independent variable %

NFailure Number of Washing Machine failures Independent variable Number

PPWacc Pay-per-wash acceptance Dependent variable
(Response) Yes/No

RFBacc Refurbishment acceptance Dependent variable
(Response) Yes/No
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3. Evaluation Model Development
3.1. User’s Total Cost of Ownership

The economic impact is assessed by adopting the user’s point of view through the
evaluation of the Total Cost of Ownership (TCO) associated with the WM purchasing and
usage phases. TCO can be defined as the sum of costs associated to the acquisition and
use of a good or a service [45]. It is computed through Equation (1), which provides an
estimation of the expenses, in euro per year, that a household usually bears

TCO
[

€
year

]
=

P
L
+ MR + (EC × ec) + (WC × wc) + (DC × dc) (1)

More specifically, the user’s yearly TCO is given by the sum of two contributions: the
purchasing and the usage cost. The first term is obtained by dividing the WM Price (P)
for the WM lifespan (L). The latter, instead, is given by the sum of the Maintenance and
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Repair yearly expenditure (MR = 3.6 €/year [46]) and of the Energy (EC), Water (WC), and
Detergent (DC) Consumption, multiplied by their specific costs. The energy specific cost
(ec) has been set equal to 0.23 €/kWh [47]; the water specific cost (wc) has been set equal to
0.004 €/L [47]; the specific detergent cost (dc) has been set equal to 3.5 €/kg [46].

To determine the WM lifespan in year (L), the number of washing cycles that a WM
can potentially perform (LWM) is divided by the number of washing cycles that a household
does per year (Nwc). In doing so, an upper bound of 15 years has been considered, since
usually, after that period, consumers discard their WM even though it is still working,
mainly for aesthetic reasons [42]. This phenomenon, known as aesthetic obsolescence [48],
is considered in Equation (2).

L = max
(

LWM
Nwc

; 15
)

(2)

To compute the yearly Energy Consumption (EC), the formula developed by
Milani et al. (2015) has been adapted and included in the model. In their work, the authors
have modelled the EC as a function of WM features such as the Energy Efficiency Class
(EEC), the WM Capacity (C) and the Temperature (T) of the washing cycles [49]. Products’
Energy Efficiency Classes are standardized systems of energy efficiency ratings issued
by the European Union for most domestic appliances, and are commonly used as a ref-
erence to compute the energy consumption of white goods [50]. The model proposes, in
Equation (3), an adaptation of such formulation, where the electricity consumption of a
single washing cycle is given by the sum of two contributions, i.e., a fixed (EFCEEC) and a
capacity-dependent parameter (EVCEEC).

EC
[

kWh
year

]
=

T=90◦C

∑
T=30◦C

Nwc × FT × KT × (EFCEEC + EVCEEC × C) (3)

Both EFCEEC and EVCEEC terms vary depending on the EEC (Table 2).

Table 2. Washing energy consumption per cycle (adapted from Milani et al., 2015 [49]).

WM Efficiency Class EEC EFCEEC [kWh/Nwc] EVCEEC [kWh/(Nwc·kg)]

A+++ 0.180 0.100
A++ 0.220 0.110
A+ 0.190 0.140
A 0.180 0.160
B 0.000 0.188
C 0.000 0.184

To include the effect of the washing temperature (T), Milani et al. (2015) have intro-
duced a temperature coefficient (KT) that should be multiplied to the consumption of each
washing cycle. Accordingly, a washing cycle done at a temperature of 90 ◦C consumes
as much energy as 1.63 cycles done at a temperature of 60 ◦C. This is consistent with the
specialized literature in the field, which usually suggests washing at low temperatures
as a means to reduce energy consumption [51]. Table 3 shows the KT values for the main
washing temperatures (i.e., 30, 40, 60, and 90 ◦C).

Table 3. Temperature coefficients (adapted from Milani et al. 2015 [49]).

Washing Temperature T KT (Dimensionless)

30 ◦C 0.34
40 ◦C 0.55
60 ◦C 1.00
90 ◦C 1.63
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Consequently, the yearly EC is thus obtained through Equation (3) by multiplying
the single washing cycle consumption with the number of washing cycles performed in a
year (Nwc), in accordance with the usage frequency (FT) of each temperature. The latter is
defined in a way that:

∑T=(30 ◦C; 40◦C; 60◦C; 90 ◦C)
FT = 100% (4)

To compute the yearly Water Consumption (WC), the formula developed by
Lasic et al. (2015) has been used and adapted here [52]. Through this formulation, the
water usage of each washing cycle is given by the sum of a Water Fixed Consumption
(WFC = 4.166) with two variable parameters (WVCC = 0.476 and WVCC;LR = 1.725) which,
respectively, are directly proportional to the WM Capacity (C) and to the WM real load. To
obtain the WM real load, the model multiplies the capacity C with the Loading Rate (LR).
By multiplying the water usage of each main cycle by NRC—a factor that was adjusted to
take into account the number of rinsing cycle per each laundry, and put equal to 2 according
to [53]—and by the number of washing cycles performed in a year (Nwc), it is possible to
determine WC through Equation (5):

WC
[

litre
year

]
= Nwc × NRC × (WFC + WVCC × C + WVCC;LR × C × LR) (5)

Lastly, to compute the yearly Detergent Consumption (DC), the model uses the formula
developed by Boyano et al. (2017), as reported in Equation (6):

DC
[

kg
year

]
= Nwc × (DFC + DVC × C × LR) (6)

Accordingly, the DC is affected by a detergent fixed consumption per each cycle
(DFC = 0.04) and by a variable consumption (DVCC;LR = 0.012) that depends on the WM
real load.

3.2. Product Life Cycle Assessment

The lifecycle model evaluates the environmental impact by adopting the WM point
of view through a Life Cycle Assessment (LCA), according to the ISO standards [54] and
encompassing raw materials extraction, manufacturing, assembly, distribution, and usage
phases. Among the several LCA impact categories and indexes available [55,56], the model
computes the Global Warming Potential (GWP), given its relevance for global warming and
climate change. As in the case of the economic impact presented in Section 2.1, the usage
phase is affected by the usage habits. The LCA is thus computed through Equation (7),
which provides an estimation of the yearly GWP, in kg of CO2 equivalent per year, related
to a WM lifecycle.

GWP

[
kgCO2eq

year

]
=

RMEWM + M&AWM + DWM
L

+
(
EC × egwp

)
+
(
WC × wgwp

)
+
(

DC × dgwp
)

(7)

More specifically, the GWP is given by the sum of two contributions: the supply and
the usage phase. The first contribution is obtained by dividing the sum of the Raw Material
Extraction (RMEWM), Manufacturing and Assembly (M&AWM), and Distribution (DWM)
unitary impacts for the WM lifespan (L), where L is determined through Equation (2).
The latter, instead, is given by the sum of the Energy (EC), Water (WC), and Detergent
(DC) Consumptions, as determined in Equations (3)–(6), multiplied by their specific GWP
impacts. The energy unitary global warming potential (egwp) has been set equal to 0.41 kg
CO2-eq/kWh [53]; The water unitary global warming potential (wgwp) has been set equal to
0.0011 kg CO2-eq/L [53]; the detergent unitary global warming potential (dgwp) has been set
equal to 1.89 kg CO2-eq/kg [46].



Sustainability 2022, 14, 609 10 of 22

Generally, the values of the RMEWM, M&AWM, and DWM phases are computed starting
from the collection of raw data such as the WM bill-of-materials or the manufacturing or
distribution processes [57]. However, for the purpose of this paper, a simplified approach
has been taken. In fact, it was decided to model the infinite WMs configurations into three
classes, i.e., low-price, average-price, and high-price segments, according to the conditions
of Table 4. The values reported in Table 4 have been collected from previous literature [58]
and are consistent with more recent findings, which stated that the environmental impact
of producing new WMs is comparable to that of old devices [59].

Table 4. GWP related to the three WM classes considered.

WM Class Low-Price Segment
(Price < 300 €)

Average-Price
Segment

(301 € < Price < 500 €)

High-Price Segment
(Price > 501 €)

Average Price
p [€] 150 € 400 € 600 €

LWM
[cycle] 1500 2500 4000

RMEWM
[kg CO2-eq] 235.5 300.6 581.5

M&AWM
[kg CO2-eq] 74.0 90.8 96.3

DWM
[kg CO2-eq] 8.4 8.4 8.4

3.3. Pay-Per-Wash Circular Economy Scenario

In a pay-per-wash CE scenario, users no longer buy and own a WM. Instead, they
access a high-efficient WM (with EEC = ‘A+++’) at home, without having to pay its retail
price. Maintenance and repair costs are also included in the pay-per-wash fee. WMs
typically have a large capacity (C = ‘8 kg’) and are equipped with an automatic-dosing
detergent dispenser and with a capacity-recognition system, to both reduce detergent
consumption and increase the loading rate. This kind of servitized business model usually
works with an IoT kit to connect the WM to the internet, in a way to enable payments and
remote monitoring [27].

To assess the economic and environmental impacts of this CE scenario,
Equations (1) and (8) of the evaluation model are adjusted to compute the TCO and the
GWP of the pay-per-wash scheme. More specifically, instead of considering the purchasing
price, the pay-per-wash fee (Fppw = 1.3 € per washing cycle, according to [39]) is taken into
account. Moreover, a 10% reduction in detergent consumption DC is assumed, due to the
automatic detergent dosing system. The GWP values of the supply side are those referring
to a high-price WM segment class (Table 4). Lastly, the number of washing cycle (Nwcppw)
is determined by Equation (8), where the original total amount of laundry is now washed
in a WM with a capacity (C) of 8 kg and a Loading Rate (LR) of 100%, due to the capacity
recognition system installed.

Nwcppw =
Nwc × C × LR

8 kg × 100%
(8)

3.4. Washing Machine Refurbishment Circular Economy Scenario

In a WM refurbishment CE scenario, users no longer buy a brand-new WM. Instead,
they buy a refurbished one, i.e., a WM that have been previously used by another household,
collected, refurbished, and then resold. Consequently, the main CE lever involved in this
CE scenario is the reverse logistics supply chain management. To assess the economic
and environmental impacts of this CE scenario, Equations (1) and (7) of the lifecycle
model have been adjusted to compute the TCO and the GWP in a refurbishment scheme.
More specifically, instead of considering the WM purchasing price, we consider an average
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refurbished WM price (PRfb) of 200 €. Moreover, instead of considering a single WM lifespan,
we define L1 and L2 as respectively the first and the second WM life (after refurbishment).
The average L1 (WM life before refurbishment) was assumed equal to 5 years [60]. Thus,
according to the rationale underlying Equation (2), L2 is derived as in Equation (9):

L2 = max
(

LWM
Nwc

; 10
)

(9)

It is worthwhile to stress that the TCO is based on L2, since it adopts the user viewpoint,
while GWP is based on L1 + L2, since it adopts the WM perspective [45]. Furthermore, it
was assumed an EEC equal to A++, while the GWP values of the supply side are those
referring to an average-price segment class of WM (Table 4). No modifications in C, in FT,
and in LR have been considered, since it was assumed that users buying a refurbished WM
do not change their washing habits.

4. Results
4.1. Users’ Survey Descriptive Analysis

Table 5 depicts the characteristics of the sample (n = 279), in terms of gender and age
distribution. Most respondents were women (78%), while 72% of respondents were less
than 50 years old. Although not representative of the entire Italian population, the sample
of the survey is consistent with previous similar research [30,40,61], and large enough for
its intended dual aim (feeding the evaluation model in a real environment and statistical
exploration of the users’ acceptance of CE alternatives).

Table 5. Users’ sample characteristics.

Age of Respondents Male Female Total

Younger than 29 years old 27 69 96
Between 30 and 49 years old 24 80 104
between 50 and 64 years old 10 58 68

Older than 65 years old 1 10 11
Total 62 217 279

Figure 3 depicts the distribution of the Household Size (HS) of the sample, i.e., the
number of people living in each household. Figure 4, instead, depicts the usage characteris-
tics of the sample, in terms of frequency (FT), loading rate (LR), and number of washing
cycles per year (Nwc). Lastly, Figure 5 depicts the WM characteristics in terms of EEC,
capacity (C), and price (P), split into the three classes: low-, average-, and high-price.
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Figure 3. Household size of the sample (n = 279).
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Figure 4. Usage characteristics of the sample (n = 279) in terms of (a) temperature usage frequency,
(b) washing machines loading rate, and (c) number of washing cycle per year.
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Figure 5. Washing Machines characteristics of the sample (n = 279) in terms of (a) energy efficiency
class, (b) capacity, and (c) average price.

From an environmental point of view, it is interesting to note that a large share of WMs
have an EEC greater than ‘A’ (data were collected before 1 March 2021—i.e., before the new
European Energy Label came into force), meaning that users keep in consideration this
aspect in their purchasing decision. Moreover, the tendency to wash at low temperatures
can be here confirmed, even though room for improvements still exists.

4.2. Evaluation Model Results

In this section, the results of the evaluation model fed with the data collected through
the user survey are presented and discussed. An average TCO and an average GWP for
each scenario is computed. To compare results from different households with different
household size HS, the result for each household i has been divided by its number of
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components, as indicated in Equations (10) and (11), where 279 is the number of survey
answers:

Average GWP
[

kg CO2eq.
year × person

]
= ∑279

i=1
GWPi/HSi

279
(10)

Average TCO
[

€
year × person

]
= ∑279

i=1
TCOi/HSi

279
(11)

Figure 6 depicts the results. From an economic point of view, the refurbishment of
WMs allows achieving an average TCO lower than in the linear economy. As shown in
the top part of Figure 6, the TCO is reduced from 81 to 74 € per person per year (−8.6%).
Since the sample average HS is equal to 3.1 people, these savings amount to about 21.7 €
per year per household. The refurbishment scenario is beneficial for the environment too,
since it allows a reduction of about 25 kg CO2 eq. per year per household (bottom part
of Figure 6, from 67 to 59 kg CO2 eq. per person per year, −11.9%). Thus, refurbishment
appears therefore an effective CE solution. However, greater environmental savings can
be achieved through pay-per-wash, as shown in the bottom of Figure 6: this CE business
model allows reducing CO2 emissions from 67 to 56 kg CO2 eq. per person per year
(−16.4%). Unfortunately, this alternative is not economically sound for the user, as shown
in the upper side of Figure 6: with the assumed pay-per-wash fee, users’ costs increase
from 81 to 139 € per person per year (+71.6%).

Figure 6. Results of the evaluation model: (a) Average TCO and (b) Average GWP for each scenario.

In other words, both CE alternatives allow reaching environmental savings compared
to the AS-IS situation, but only the refurbishment scenario generates also economic savings
for the users.
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These results are compared with the lifetime distributions computed by the evalua-
tion model per each scenario (Figure 7). While in the linear (AS-IS) scenario, the lifetime
(computed through Equation (2)) is quite evenly distributed over the different time-classes
(average WM lifetime equals to 10.7 years), both pay-per-wash, and refurbishment alterna-
tives increase WM lifespan (average WM lifetimes equal to 13.8 and 13.4 years respectively,
i.e., +28,9% and +25,2%). Consequently, both CE alternatives lead to a WM life extension: in
the first case, lifetime is extended because pay-per-wash relies on a high-quality WM, able
to perform 4000 washing cycles; in the latter, lifetime is extended because refurbishment
gives a second life to WMs.
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Figure 7. Washing Machines lifetime distribution for each scenario: (a) Linear Economy, (b) pay-per-
wash Circular Economy business model, and (c) Washing Machine refurbishment.

The histograms displayed in Figure 8 represent the potential eco-environmental
savings that can be achieved through pay-per-wash and refurbishment for each of the
279 respondents who participated in the study. They show that pay-per-wash generates
economic savings (i.e., a TCO lower than the initial situation) only in 1% of the 279 house-
holds. From an environmental point of view, pay-per-wash generates environmental
savings (i.e., a GWP lower than the initial situation) in 81% of the 279 households. Refur-
bishment, on the other hand, performs better. In fact, it generates economic savings in 90%
of cases, and environmental savings in 87%.

4.3. Statistical Analysis

Lastly, the previous findings have been contrasted with results about the users’ accep-
tance rates of the two CE alternatives, depicted in Figure 9. Unfortunately, the pay-per-wash
alternative sounds interesting only for the 43.4% of respondents. The refurbishment alterna-
tive, instead, seems more promising, since more than the 58% of respondents are interested
in buying a refurbished WM. A reason behind such limited interest may stand in the users’
low awareness towards CE and its environmental implications [18].

Through the conceptual framework of Figure 1, we have hypothesized that several
parameters (age, household size, WM efficiency class, WM capacity, number of washing
cycles, WM loading rate, washing temperature, WM failures, TCO, GWP, economic savings,
and environmental savings) may affect pay-per-wash and refurbishment acceptance rates
(PPWacc and RFBacc). Therefore, we regressed PPWacc (glm(formula = PPWacc ~ Age +
HS + EEC + C + Nwc + LR + FT + NFailure + TCO + GWP + Eco_Sav_Ppw + Env_Sav_Ppw,
family = binomial)) and RFBacc (glm(formula = RFBacc ~ Age + HS + EEC + C + Nwc + LR
+ FT + NFailure + TCO + GWP + Eco_Sav_Rfb + Env_Sav_Rfb, family = binomial)) for each
parameter by using the logistic regression on the RStudio statistical software package.



Sustainability 2022, 14, 609 15 of 22

Sustainability 2022, 14, x  16 of 24 
 

Figure 7. Washing Machines lifetime distribution for each scenario: (a) Linear Economy, (b) pay-
per-wash Circular Economy business model, and (c) Washing Machine refurbishment. 

The histograms displayed in Figure 8 represent the potential eco-environmental 
savings that can be achieved through pay-per-wash and refurbishment for each of the 279 
respondents who participated in the study. They show that pay-per-wash generates 
economic savings (i.e., a TCO lower than the initial situation) only in 1% of the 279 
households. From an environmental point of view, pay-per-wash generates 
environmental savings (i.e., a GWP lower than the initial situation) in 81% of the 279 
households. Refurbishment, on the other hand, performs better. In fact, it generates 
economic savings in 90% of cases, and environmental savings in 87%. 

(a) (b) 

(c) (d) 

Figure 8. Frequency distribution (n = 279 respondents) of: economic savings generated by pay-per-
wash (a); economic savings generated by refurbishment (b); environmental savings generated by 
pay-per-wash (c); environmental savings generated by refurbishment (d). 

4.3. Statistical Analysis 
Lastly, the previous findings have been contrasted with results about the users’ 

acceptance rates of the two CE alternatives, depicted in Figure 9. Unfortunately, the pay-
per-wash alternative sounds interesting only for the 43.4% of respondents. The 
refurbishment alternative, instead, seems more promising, since more than the 58% of 
respondents are interested in buying a refurbished WM. A reason behind such limited 
interest may stand in the users’ low awareness towards CE and its environmental 
implications [18]. 

Figure 8. Frequency distribution (n = 279 respondents) of: economic savings generated by pay-per-
wash (a); economic savings generated by refurbishment (b); environmental savings generated by
pay-per-wash (c); environmental savings generated by refurbishment (d).

Sustainability 2022, 14, x  17 of 24 
 

  
(a) (b) 

Figure 9. Users’ acceptance rate of CE alternatives (n = 279) for (a) pay-per-wash, (b) washing 
machine refurbishment. 

Through the conceptual framework of Figure 1, we have hypothesized that several 
parameters (age, household size, WM efficiency class, WM capacity, number of washing 
cycles, WM loading rate, washing temperature, WM failures, TCO, GWP, economic 
savings, and environmental savings) may affect pay-per-wash and refurbishment 
acceptance rates (PPWacc and RFBacc). Therefore, we regressed PPWacc (glm(formula = 
PPWacc ~ Age + HS + EEC + C + Nwc + LR + FT + NFailure + TCO + GWP + Eco_Sav_Ppw + 
Env_Sav_Ppw, family = binomial)) and RFBacc (glm(formula = RFBacc ~ Age + HS + EEC + 
C + Nwc + LR + FT + NFailure + TCO + GWP + Eco_Sav_Rfb + Env_Sav_Rfb, family = binomial)) 
for each parameter by using the logistic regression on the RStudio statistical software 
package. 

For pay-per-wash (Table 6), the logistic regression analysis shows that the number of 
failures experienced by WM owners significantly influences their attitude towards pay-
per-wash (coefficient = 0.293393, p-value = 0.0424 < 0.05). The positive coefficient means 
that the more WM failure experienced in the past by households, the higher is the 
customers’ propensity to accept a pay-per-wash business model. This can be explained by 
the fact that, in pay-per-wash business models, the provider keeps the WM ownership 
and is liable of maintenance and repair of the WM. In addition, the logistic regression 
analysis shows that the potential environmental savings generated by pay-per-wash 
significantly influences customers’ attitude towards pay-per-wash (coefficient = 0.05152, 
p-value = 0.0442 < 0.0500). The positive coefficient means that users with higher potential 
environmental savings (i.e., with a potential GWP lower than in the initial situation) are 
more interested in pay-per-wash business models. 

For refurbishment (Table 7), the logistic regression analysis shows that users’ age 
significantly influences customers’ attitude towards refurbishment (coefficient = 
−0.030878, p-value = 0.000661 < 0.05). The negative coefficient means that the acceptance 
rates towards refurbishment decrease when the age of respondents increases. 

These effects are depicted in Figure 10. 

Table 6. Logistic Regression Results for pay-per-wash acceptance (* significance level p < 0.05). 

 Coefficient Std. Error z-Statistic p-Value 
(Intercept) −2.714948 1.751889 −1.550 0.1212 

Age −0.001852 0.008886 −0.208 0.8349 
HS 0.072168 0.275820 0.262 0.7936 

EEC 0.179976 0.139400 1.291 0.1967 
C −0.037824 0.136705 −0.277 0.7820 

Nwc −0.002336 0.002376 −0.983 0.3255 
LR 2.073184 1.300762 1.594 0.1110 

No
56.6%

Yes
43.4%

Pay-per-wash

No
41.9%

Yes
58.1%

Refurbishment of WMs

Figure 9. Users’ acceptance rate of CE alternatives (n = 279) for (a) pay-per-wash, (b) washing
machine refurbishment.

For pay-per-wash (Table 6), the logistic regression analysis shows that the number of
failures experienced by WM owners significantly influences their attitude towards pay-per-
wash (coefficient = 0.293393, p-value = 0.0424 < 0.05). The positive coefficient means that
the more WM failure experienced in the past by households, the higher is the customers’
propensity to accept a pay-per-wash business model. This can be explained by the fact that,
in pay-per-wash business models, the provider keeps the WM ownership and is liable of
maintenance and repair of the WM. In addition, the logistic regression analysis shows that
the potential environmental savings generated by pay-per-wash significantly influences
customers’ attitude towards pay-per-wash (coefficient = 0.05152, p-value = 0.0442 < 0.0500).
The positive coefficient means that users with higher potential environmental savings (i.e.,
with a potential GWP lower than in the initial situation) are more interested in pay-per-wash
business models.
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Table 6. Logistic Regression Results for pay-per-wash acceptance (* significance level p < 0.05).

Coefficient Std. Error z-Statistic p-Value

(Intercept) −2.714948 1.751889 −1.550 0.1212
Age −0.001852 0.008886 −0.208 0.8349
HS 0.072168 0.275820 0.262 0.7936

EEC 0.179976 0.139400 1.291 0.1967
C −0.037824 0.136705 −0.277 0.7820

Nwc −0.002336 0.002376 −0.983 0.3255
LR 2.073184 1.300762 1.594 0.1110
FT 0.390613 1.002968 0.389 0.6969

NFailure 0.293393 0.144540 2.030 0.0424 *
TCO 0.009645 0.024273 0.397 0.6911
GWP −0.019977 0.032351 −0.617 0.5369

Eco_Sav_Ppw −0.006310 0.011066 −0.570 0.5686
Env_Sav_Ppw 0.051532 0.025608 2.012 0.0442 *

For refurbishment (Table 7), the logistic regression analysis shows that users’ age
significantly influences customers’ attitude towards refurbishment (coefficient = −0.030878,
p-value = 0.000661 < 0.05). The negative coefficient means that the acceptance rates towards
refurbishment decrease when the age of respondents increases.

Table 7. Logistic Regression Results for refurbishment acceptance (* significance level p < 0.05).

Coefficient Std. Error z-Statistic p-Value

(Intercept) 1.871623 1.224038 1.529 0.126250
Age −0.030878 0.009067 −3.405 0.000661 *
HS −0.098484 0.275390 −0.358 0.720629

EEC −0.074695 0.151650 −0.493 0.622329
C −0.076124 0.117111 −0.650 0.515682

Nwc 0.000833 0.002753 0.303 0.762239
LR 2.001606 1.137450 1.760 0.078454
FT −1.017652 1.286137 −0.791 0.428800

NFailure 0.002469 0.144964 0.017 0.986412
TCO −0.049216 0.046809 −1.051 0.293060
GWP 0.050911 0.054041 0.942 0.346151

Eco_Sav_Ppw 0.029690 0.058817 0.505 0.613711
Env_Sav_Ppw −0.007086 0.063486 −0.112 0.911126

These effects are depicted in Figure 10.
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(a); pay-per-wash potential environmental savings on pay-per-wash acceptance rate (b); respondents’
age on refurbishment acceptance rate (c).

These findings thus support our hypotheses H8-PPW, H10-PPW, and H1-RFB. The
other hypotheses are rejected.
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5. Discussion
5.1. RQ1: Can Pay-Per-Wash and Refurbishment Business Models Improve the Economic and
Environmental Performances, Compared to the Traditional Linear Model?

As shown in the previous section, we addressed this question for a specific product,
the WM, and in real-world situations, collecting information about WM features and usage
behavior of a sample of 279 respondents and their households. The results confirmed
literature statements about the environmental benefits of the two CE alternatives (pay-per-
wash and refurbishment). Significant benefits have been found on average, but also for the
single users, with environmental gains for the large majority of the real cases investigated
(over 80% for both scenarios). On the other hand, an economic improvement for the user
is achieved only with the refurbishment scenario (on average, and in 90% of user cases),
while pay-per-wash is associated to an increase in the household yearly cost.

In addition, pay-per-wash and refurbishment business models have been suggested as
strategies to extend the useful life of products [35]. Our data confirm that both alternatives
considerably increase WM lifespan (from an average WM lifetime of 10.7 years to 13.8 and
13.4 respectively), therefore contributing to reaching CE objectives. The relevance of these
results is twofold. First, though most of the literature assumes that product-service systems
in general, and use-oriented business models such as pay-per-use in particular, lead to
environmental benefits, it has been pointed out that this is not true by definition [10]. Our
results provide quantitative support to this claim and confirm that use-oriented business
models may be environmentally effective for products that are durable, quite expensive,
technically advanced, requiring maintenance and repair, with low usage frequency, and not
heavily influenced by fashion [62]. More specifically, our study contributes to knowledge
accumulation on the topic, since while a number of studies involved WMs, most of them
did not provide quantitative environmental analyses, and even fewer based them on real
consumers data (such as [29,30], and other studies mentioned in [63]). The same is found
by this study on the role of refurbishment, which already received considerable attention in
the literature as a circular economy strategy [22,64,65], and also specifically for WMs [66].
While several studies focused on product design [9,67], however, our study considers the
potential of the current WM installed base to be cost- and environmentally effective with a
refurbishment business model.

Therefore, this paper contributes in providing statistical evidence to support endeavors
towards environmental-effective alternatives to the linear economy.

5.2. RQ2: Are Users Interested in Pay-Per-Wash and Refurbishment Business Models, and What
Aspects Mainly Influence Their Acceptance?

Customers are key in the effective adoption of alternatives to linear business models
for two main reasons: first, customer behavior affects the sustainability impact of pay-per-
wash and refurbishment models [29,35,39], and second, to achieve environmental benefits
on a large scale, these models require a high level of acceptance by customers, in order
to reach a widespread diffusion. Obstacles to the adoption of circular and use oriented
business models are well known in conceptual terms, and well summarized for instance
in [10,68]. As well, factors such as fashion changes and willingness to pay may hamper the
adoption of refurbishment and, more generally re-use business models [18,69].

A rather low degree of acceptance has been observed in previous studies. Our survey
results confirm a limited acceptance of pay-per-wash and refurbishment alternatives,
although the observed rates (58% of the sample is interested in purchasing refurbished
WMs, and 43% in pay-per-wash) also show a significant potential for these businesses to
scale up to aggregate business and environmental relevance.

In our study, we also analyzed the relationship among customers’ characteristics and
behaviors, product features, and the declared acceptance rate of pay-per-wash and refur-
bishment. Users’ acceptance factors have been analyzed in other studies about consumer
electronics [69] and WM alike, especially for leasing and sharing models [25,29,35], but a
compelling picture has not been set to date.
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Concerning pay-per-wash, we found that no customer characteristics (such as gender,
age, or household size) influence the acceptance rate, in line with findings from [35]. Instead,
the number of failures experienced with the current appliance influence the interest of
consumer to shift to pay-per-use. This finding supports claims from previous literature:
according to [29], when deciding between purchasing and renting, consumers highly
value options such as free maintenance and warranty. More generally, customers having
experienced the cost and hassles caused by failures attach more value to the transfer of
operational risks and maintenance to the provider of servitized offerings [39,70]. A second
significant factor that influences the acceptance rate is the actual environmental benefits that
can be achieved by the circular alternative to WM ownership. Servitized business models
do not automatically bring about environmental benefits [71], although they transfer the
responsibility of product maintenance and end-of-life management to providers, and allow
consumers to upgrade to more energy-efficient products [14]. Our study suggests that
customers perceive that pay-per-wash is a more relevant option the more it can bring
environmental benefits. On the other hand, users seem to have limited perception about
the increase in the average yearly cost they may incur.

When investigating factors influencing the acceptance rate of refurbishment, we find
only one significant aspect: the age of respondents. This finding confirms that younger
generations are more environmentally conscious and more interested in circular, re-use
oriented alternatives to traditional business models [29,35].

This picture also provides some managerial implications for the provider side of circu-
lar business models. When offering pay-per-wash schemes, suppliers should emphasize
the information on the environmental benefits of this alternative, which is not familiar to all
potential customers, and that with such models they take over the responsibility and costs
for maintenance activities and ensure up-to-date products to end users at no additional cost.
On the other hand, providers of refurbished products should target younger consumers,
who are less affected by a bias against “second hand” goods. In addition, they should
develop specific communication activities targeting older consumers to emphasize the ben-
efits of this model and improve the image of refurbished products against fashion-change
worries.

6. Conclusions

This study has investigated the economic and environmental potential of CE alterna-
tives to the traditional linear business model in the WM sector. An evaluation model to
compare the TCO and the GWP of two CE scenarios (pay-per-wash and refurbishment)
with the traditional scenario has been developed. A user survey was designed to collect
data, feed the model and to investigate the acceptance rate of such CE alternatives.

Results show that both the CE alternatives investigated allow reaching environmental
savings compared to the linear situation, but only the refurbishment scenario generates
also economic savings for the average user. However, pay-per-wash allows achieving
greater environmental gains compared to refurbishment. Thus, combining pay-per-wash
offerings with refurbishment seems to be a potential hotspot for the advancement of CE.
Unfortunately, only 43% of surveyed users declared interest and positive acceptance of the
pay-per-wash scheme. Even though this share increases to 58% in the case of refurbishment,
more emphasis should be put on customer awareness and engagement. We found that
the WM failures experienced by the users and the relevance of the environmental gains
achievable influence the acceptance rate of pay-per-wash models, while user age has been
found as a significant factor influencing the interest towards a refurbishment model.

To date, few studies have tried to quantify the economic and environmental potential of
CE alternatives utilizing real user data. Few studies have also adopted the user perspective
to assess their attitude towards the acceptance of CE alternatives. Even though some
works have been conducted in the WM industry [25,39], the quantification of the economic
and environmental potential of CE alternatives and the users’ interest in adopting these
solutions is quite overlooked. This work attempts to shed more light on this aspect, at least



Sustainability 2022, 14, 609 19 of 22

for the WM case. The model, although built around the WM industry, can be also easily
extended to other energy-consuming products.

This study also has practical implications. The findings contribute to reducing the
uncertainties regarding the eco-environmental potential of CE alternatives, shedding light
also on the users’ acceptance rate of these solutions. Thus, practitioners in the WM industry
may use these results to design an effective CE solution and for their marketing strategies.
When offering pay-per-wash schemes, suppliers should emphasize the information on the
environmental benefits of this alternative, which is not familiar to all potential customers,
and also the fact that with such models they take over the responsibility and costs for
maintenance activities and ensure up-to-date products to end users at no additional cost.
On the other hand, providers of refurbished products should target younger consumers,
who are less affected by a bias against “second hand” goods. In addition, they should
develop specific communication activities targeting older consumers to emphasize the
benefits of this model and improve the image of refurbished products against fashion-
change worries.

Finally, this study has some limitations. In the LCA evaluation model, an assumption
was made (see Table 4), that the environmental impact of manufacturing a WM can be
modeled based on its price category. Moreover, the end of life phase of the WM has not
been fully considered in the evaluation model. Regarding the generalizability of results,
Figure 6 only compares average TCO and GWP values, computed using average parameters
taken from real-world cases (as in the case of the pay-per-wash fee). However, sensitivity
analyses would add value to the research and provide insights to practitioners, e.g., on
how to design a suitable pay-per-wash fee. Consequently, future research should aim to a
greater generalization of the model and results, as a way to overcome these limitations.
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