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Abstract: Circular Economy is gaining attention as a means to decouple economic growth from resource use. This 
phenomenon is particularly relevant for the washing machine industry, where several Circular Economy alternatives 
to the business-as-usual scenario – such as the purchasing of refurbished appliances or the use of pay-per-wash services 
– may unlock environmental gains and economic benefits. To succeed, these alternatives should reach a high consensus 
among users, who usually are not aware of the benefits achievable through Circular Economy solutions. Thus, the 
purpose of this paper is twofold. First, it provides an estimation of the economic and environmental potential of 
Circular Economy alternatives, against the current scenario, in terms of savings for users and avoided CO2 emissions. 
Second, it aims to investigate users’ acceptance of such alternatives. To do so, this research develops a lifecycle model 
to quantify the economic and environmental impacts in the current households setting and in two alternatives 
(refurbishment and pay-per-use), considering different usage habits. Then, a user survey is designed to collect the main 
data related to washing (such as number of washing cycle, washing machine capacity, energy efficiency class, etc.). Data 
from Italian households are collected and used to feed the lifecycle model. Results show that pay-per-wash offering 
allows reducing CO2 emissions, but performs worse than the business-as-usual scenario in terms of users’ costs. Thus, 
a proper definition of pay-per-use fees is crucial in this regard. On the other hand, purchasing refurbished washing 
machines allows achieving both environmental benefits and economic savings to users. Unfortunately, few users show 
interest in considering such alternatives. 

Keywords: Circular Economy, Sustainability, Total cost of ownership, Life cycle assessment. 

 

1. Introduction 

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 (Hofmann, 
2019; Merli et al., 2018). Companies who wish moving 
towards CE may leverage on four building blocks (Ellen 
MacArthur Foundation, 2012). First, products should be 
designed to enable circularity, by e.g. extend their lifespan 
through the upgrading of their components, improving 
their disassembly and recycle ability to ensure that 
products, parts and materials will be separated and 
eventually reassembled or recycled easily, or by adopting 
several Design-for-X techniques (Bovea and Pérez-Belis, 
2018; Khan et al., 2018). Second, companies should move 
themselves towards the offering of servitised business 
models such as pay-per-use, retaining product ownership 
and putting the focus on product usage and functionality 
(Tukker, 2015). Third, reverse logistics should be integrated 
into conventional supply chains, to collect products after 
use for creating value from them (De Angelis et al., 2018; 
Batista et al., 2018; Lüdeke-Freund et al., 2018). Fourth, the 
disruptive potential of digital 4.0 technologies should be 
exploited, to enable circular product design, servitised 
business models adoption and reverse logistics 
implementation (Alcayaga et al., 2019; Bressanelli, 
Adrodegari, et al., 2018; Nascimento et al., 2018; Okorie et 
al., 2018). 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 of the four building blocks 
(circular product design, servitised 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” (Bressanelli, Perona, et al., 
2018; Ellen MacArthur Foundation, 2012; Kirchherr et al., 
2017). 

To succeed, each CE alternative should overcome a large 
set of challenges (Bressanelli, Perona, et al., 2018), 
especially regarding users’ value perception and acceptance 
of such offerings (Atlason et al., 2017; Lieder et al., 2018; 
Maccioni et al., 2019; Tunn et al., 2019). In fact, 
consumption habits are one of the main obstacles to the 
design of effective sustainable CE solutions (Pinheiro et al., 
2018) and, so far, little attention has been paid to the 
customer, to its engagement and involvement (Akbar and 
Hoffmann, 2018; Prieto-Sandoval et al., 2018). This applies 
also in the washing machine (WM) industry, where several 
CE alternatives to the business-as-usual scenario – such as 
the purchasing of refurbished appliances, the access to pay-
per-wash offerings or the sharing of WMs in common areas 
– may unlock environmental gains and economic benefits 
(Amasawa et al., 2018; Bocken et al., 2019; Bressanelli et al., 
2019; Ellen MacArthur Foundation, 2012; Garcilaso et al., 
2007; Sakao et al., 2019). 
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Consequently, the purpose of this paper is twofold. First, it 
provides an estimation of the economic and environmental 
potential of CE alternatives against the current scenario, in 
terms of economic savings for users and avoided CO2 
emissions. Second, it aims to investigate users’ acceptance 
of such alternatives, linking the acceptance rates with the 
economic and environmental gains potentially achievable. 
To do so, this research develops a lifecycle simulation 
model to quantify the economic and environmental 
impacts in the current households setting and in two CE 
alternatives (pay-per-wash and refurbishment) for the WM 
industry, adopting the customer point of view and taking 
into account different washing habits. Then, a user survey 
was designed, to collect the main data related to washing 
such as the number of washing cycle, the WM capacity and 
so forth. Data from 183 Italian households were collected 
and used to feed the lifecycle model. 

Thus, the remainder of this paper is structured as follows. 
In Section 2 the lifecycle model is developed. The user 
survey is presented in Section 3, while in Section 4 the three 
scenarios (i.e. linear economy, pay-per-wash and 
refurbishment) are introduced and described. Then, 
Section 5 presents the results of both the model and the 
users’ preferences. Finally, conclusions as well as limitations 
and future research directions are proposed in Section 6. 

2. Lifecycle simulation model 

To assess the potential of the CE alternatives in the WM 
industry, a lifecycle simulation model is developed. The 
model computes both the economic and the environmental 
impacts, adopting the user’s point of view in the first case 
and the WM viewpoint in the latter. Readers may refer to 
Appendix A for the full nomenclature used in the model, 
as well as the value and the source used for each parameter. 

2.1 Economic impact 

The economic impact is assessed by adopting the user’s 
point of view through the evaluation of the Total Cost of 
Ownership (TCO) associated to the WM purchasing and 
usage phases. This is computed through Eq. (1), which 
provides an estimation of the expenses, in euro per year, 
that a household usually bears for doing the laundry. 

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 Repair (MR) yearly expenditure and 
of the Energy (EC), Water (WC) and Detergent (DC) 
Consumption, multiplied by their specific costs. 

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 
do per year (Nwc). In doing so, an upper bound of 15 years 
have been considered, since usually, after that period, 
consumers discard their WM even though it is still working, 
mainly for aesthetic reasons (Hennies and Stamminger, 

2016). This phenomenon, known as aesthetic obsolescence 
(den Hollander et al., 2017), is computed in Eq. (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 (Milani et al., 
2015). The model proposes, in Eq. (3), an adaptation of 
such formulation: 

𝐸𝐶 [𝑘𝑊ℎ
𝑦𝑒𝑎𝑟] = ∑ 𝑁𝑤𝑐 × 𝐹𝑇 × 𝐾𝑇 × (𝐸𝐹𝐶𝐸𝐸𝐶 + 𝐸𝑉𝐶𝐸𝐸𝐶 × 𝐶)𝑇=90°𝐶

𝑇=30°𝐶              (3) 

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). 
Both terms vary depending on the EEC (Table 1). 

Table 1: Washing energy consumption per cycle 

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 introduced 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 (Laitala et al., 2011). 
Table 2 shows the KT values for the main washing 
temperatures (i.e. 30, 40, 60 and 90 °C). The yearly EC is 
thus obtained through Eq. (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 are 
defined in a way that ∑ 𝐹𝑇𝑇=(30 °𝐶; 40°𝐶; 60°𝐶; 90 °𝐶) = 100%. 

Table 2: Temperature coefficients 

Washing Temperature T KT (dimensionless) 

30 °C 0.34 
40 °C 0.55 
60 °C 1.00 
90 °C 1.63 

 

To compute the yearly Water Consumption (WC), the 
formula developed by Lasic et al., (2015) has been used and 
adapted here. Through this formulation, the water usage of 
each washing cycle is given by the sum of a Water Fixed 
Consumption (WFC) with two variable parameters (WVCC 
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and WVCC;LR) 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 
(Kim et al., 2015) – and by the number of washing cycle 
done in a year (Nwc), it is possible to determine WC through 
Eq. (4): 

𝑊𝐶 [𝑙𝑖𝑡𝑟𝑒
𝑦𝑒𝑎𝑟] = 𝑁𝑤𝑐 × 𝑁𝑅𝐶 × (𝑊𝐹𝐶 + 𝑊𝑉𝐶𝐶 × 𝐶 + 𝑊𝑉𝐶𝐶;𝐿𝑅 × 𝐶 × 𝐿𝑅)      (4) 

Lastly, to compute the yearly Detergent Consumption 
(DC), the model uses the formula developed by Boyano et 
al., (2017), as reported in Eq. (5): 

𝐷𝐶 [ 𝑘𝑔
𝑦𝑒𝑎𝑟] = 𝑁𝑤𝑐 × (𝐷𝐹𝐶 + 𝐷𝑉𝐶 × 𝐶 × 𝐿𝑅)                   (5) 

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

2.2 Environmental impact 

The lifecycle model evaluates the environmental impact by 
adopting the WM point of view through Life Cycle 
Assessment (LCA), according to the ISO standards (The 
International Standards Organisation, 2006) and 
encompassing raw materials extraction, manufacturing, 
assembly, distribution and usage phases. Among the several 
LCA impact categories and indexes available (Elia et al., 
2017; Saidani et al., 2019), the model computes only 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 Eq. (6), which provides an estimate 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)                                                 (6) 

More specifically, the GWP is given by the sum of two 
contribution: 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 Eq. (2). The latter, instead, is given by the sum of 
the Energy (EC), Water (WC) and Detergent (DC) 
Consumptions, as determined in Eq. (3-5), multiplied by 
their specific GWP impacts. 

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 (Yuan et al., 2016). However, for 
the purpose of this paper, a simplified approach has been 
taken. In fact, it was decided to model the infinite WMs 
configurations in three price-classes, i.e. low-price, average-
price and high-price segments, according to the conditions 
of Table 3. The values depicted in Table 3 have been 
collected from previous literature (Rüdenauer et al., 2005) 
and are consistent with more recent findings, which stated 

that the environmental impact of producing new WMs is 
comparable to that of old devices (Ardente and Mathieux, 
2014). 

Table 3: GWP related to the three WM classes considered 

WM Class 
Low-Price 
Segment 

Avg-Price 
Segment 

High-Price 
Segment 

Price 
Condition P < 300 301 < P < 500 P > 501 € 

Average 
Price P [€] 150 € 400 € 600 € 

LWM [cycle] 1,500 2,500 4,000 
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. Users survey 

To collect the main data related to users and to their 
washing habits (such as the number of washing cycle, the 
WM capacity, the WM energy efficiency class, etc.), a user 
survey was designed, following the framework of 
Bressanelli et al., (2019). The survey was used also to collect 
the households’ preferences regarding CE alternatives to 
the business-as-usual scenario in the WM industry. More 
specifically, to each user an entry-level explanation of the 
CE concept was firstly presented. Then, it was asked 
whether he/she would be willing to use a different solution 
to the traditional buying and usage of WMs. Such 
alternatives encompass the access to a pay-per-wash 
scheme or the purchasing of a refurbished WM. 

The survey was launched online in November 2018 and 
data from more than 180 Italian households were collected. 
Respondents were reached via internet by sharing the 
survey access link on popular social networks. Table 4 
depicts the characteristics of the sample (n = 183), in terms 
of gender and age distribution. The majority of respondents 
were women (78%), while the 72% of respondents is less 
than 50 years old. Although not representative of the entire 
Italian population, the sample of the survey is consistent 
with previous similar research (Abeliotis et al., 2011; 
Atlason et al., 2017; Kruschwitz et al., 2014), and large 
enough for its intended dual aim. In fact, the first goal is to 
collect data for feeding the model developed in Section 2 
to see how it behaves in a real environment, while the 
second objective is a first exploration of the users’ 
acceptance of CE alternatives. 

Table 4: Sample characteristics 

Age of respondents Male Female Total 

Lower than 29 years old 18 48 66 
Between 30 and 49 years old 16 50 66 
between 50 and 64 years old 6 39 45 
Higher than 65 years old 1 5 6 

Total 41 142 183 
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4. Linear and Circular Economy scenarios definition 

The lifecycle model developed in Section 2 has been used 
to assess the economic and environmental impacts of the 
following three scenarios. 

4.1 Linear Economy scenario 

To assess the economic and environmental impacts of the 
AS-IS situation (i.e. the linear economy scenario), the data 
collected through the survey have been used to compute 
the TCO and the GWP thanks to Eq. (1) and (6). 
Consequently, Figure 1 depicts the distribution of the 
Household Size (HS) of the sample, i.e. the number of 
people living in each household. Figure 2, instead, depicts 
the usage characteristics of the sample, in terms of 
frequency (FT), loading rate (LR) and number of washing 
cycles per year (Nwc). Lastly, Figure 3 depicts the WM 
characteristics in terms of EEC, capacity (C) and average 
price (P), split into the three classes low-, average- and high-
price. 

From an environmental point of view, it is interesting to 
note that a large share of WMs have an EEC greater than 
‘A’, 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 
rooms for improvements still exist. 

 
Figure 1: Household Size of the sample 

 

  

Figure 2: Usage characteristics of the sample 

 
Figure 3: Washing Machines characteristics of the sample 

4.2 Pay-per-wash 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 servitised business model usually works 
with an IoT kit to connect the WM to the internet, in a way 
to enable payments and remote monitoring (Bocken et al., 
2019). Consequently, the CE building blocks involved in 
this CE scenario are servitised business models and digital 
4.0 technologies. 

To assess the economic and environmental impacts of this 
CE scenario, Eq. (1) and (6) of the lifecycle 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) is taken 
into account, and especially an average value of 1.30 € per 
washing cycle is included (Bocken et al., 2018). Moreover, 
a 10% reduction in 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 3). Lastly, the number of washing cycle (Nwcppw) is 
determined by Eq. (7), 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) equals to 100 %, due to the 
capacity recognition system installed. 

𝑁𝑤𝑐𝑝𝑝𝑤 = 𝑁𝑤𝑐×𝐶×𝐿𝑅
8 𝑘𝑔 ×100%

                            (7) 

4.2 Refurbishment scenario 

In a 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 building block involved in this CE scenario is the 
reverse logistics supply chain management. To assess the 
economic and environmental impacts of this CE scenario, 
Eq. (1) and (6) 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 refurbishment 
WM price (PRfb) equals to 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 (WRAP, 
2011). Thus, according to the rational underlying Eq. (2), 
L2 is derived as in Eq. (8): 

𝐿2 = 𝑚𝑎𝑥 (𝐿𝑊𝑀

𝑁𝑤𝑐
 ; 10)                          (8) 

It is worthwhile to stress that the TCO uses L2, since it 
adopts the users’ viewpoint, while GWP uses L1 + L2, since 
it adopts the WM perspective. 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 3). No modifications in C, in FT and in LR have 
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been considered, since it was assumed that users buying a 
refurbished WM do not change their washing habits. 

5. Results and discussion 

In this section, the results of the simulation 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 
components, as indicated in Eq. (9) and (10): 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇𝐶𝑂 [ €
𝑦𝑒𝑎𝑟×𝑝𝑒𝑟𝑠𝑜𝑛] = ∑ 𝑇𝐶𝑂𝑖 𝐻𝑆𝑖⁄

183
183
𝑖=1                (9) 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐺𝑊𝑃 [ 𝑘𝑔 𝐶𝑂2𝑒𝑞.
𝑦𝑒𝑎𝑟×𝑝𝑒𝑟𝑠𝑜𝑛] = ∑ 𝐺𝑊𝑃𝑖 𝐻𝑆𝑖⁄

183
183
𝑖=1                (10) 

Figure 4 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 4, the TCO is reduced from 86 to 
78 € per person per year. Since the sample average HS is 
equal to 3.5 people, these savings amount to about 28 € per 
year per household. The refurbishment scenario is 
beneficial for the environment too, since it allows a 
reduction of about 31.5 kg CO2 eq. per year per household 
(bottom part of Figure 4, from 71 to 62 kg CO2 eq. per 
person per year). Thus, refurbishment can be seen as an 
effective CE solution. 

However, greater environmental savings can be achieved 
through pay-per-wash, as shown in the bottom of Figure 4: 
this CE business model allows reducing CO2 emissions 
from 71 to 58 kg CO2 eq. per person per year. 
Unfortunately, this solution does not seem to be 
economically promising for the user, as shown in the upper 
side of Figure 4: with the assumed pay-per-wash fee, users’ 
costs increase from 86 to 147 € per person per year. 

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. 

 
Figure 4: Average TCO and GWP for each scenario 

These findings should be compared also with the results of 
the survey concerning the users’ acceptance rates of such 
CE alternatives. Results are depicted in Figure 5. 
Unfortunately, the pay-per-wash alternative sounds feasible 
only for the 50% of respondents. The refurbishment 

alternative, instead, seems more promising, since more than 
the 60% of respondents are available to buy a refurbished 
WM. A reason behind such low interest may be the users’ 
low awareness towards CE and its environmental 
implications (Bressanelli, Perona, et al., 2018). 

  
Figure 5: Users’ interest in CE alternatives 

Tables 4-7 show how these overall acceptance rates are 
distributed and vary according to respondents’ age and 
number of washing cycles performed. As expected, the 
acceptance rates of both pay-per-wash and leasing decrease 
when the age of respondents increases (Tables 4 and 5). 

Table 4: Pay-per-wash acceptance rate vs age 

Age of respondents Yes No Total 

Lower than 29 years old 47,0% 53,0% 66 
Between 30 and 49 years old 57,6% 42,4% 66 
between 50 and 64 years old 44,4% 55,6% 45 
Higher than 65 years old 33,3% 66,7% 6 

Total 49,7% 50,3% 183 

Table 5: Refurbishment acceptance rate vs age 

Age of respondents Yes No Total 

Lower than 29 years old 71,2% 28,8% 66 
Between 30 and 49 years old 62,1% 37,9% 66 
between 50 and 64 years old 46,7% 53,3% 45 
Higher than 65 years old 33,3% 66,7% 6 

Total 60,7% 39,3% 183 

 

Interestingly, the acceptance rate of refurbishment 
considerably decreases when the number of washing cycles 
per year increases, probably because who uses WM many 
times per year is afraid of failure and breaking down risks 
that are usually linked to used products, at least in users’ 
perception (Table 7). More surprisingly, the acceptance rate 
of pay-per-wash drastically decreases when the number of 
washing cycle per year is low (Table 6). This result can be 
partially explained by a low awareness of pay-per-wash 
among households, since who uses less its WM will also pay 
less under a pay-per-wash scheme 

Table 6: Pay-per-wash acceptance rate vs Nwc 

Nwc per year Yes No Total 

Not greater than 200 43,4% 56,6% 76 
Between 201 and 300 62,9% 37,1% 35 
Between 301 and 500 50,0% 50,0% 56 
Greater than 500 50,0% 50,0% 16 

Total 49,7% 50,3% 183 
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Table 7: Refurbishment acceptance rate vs Nwc 

Nwc per year Yes No Total 

Not greater than 200 61,8% 38,2% 76 
Between 201 and 300 68,6% 31,4% 35 
Between 301 and 500 58,9% 41,1% 56 
Greater than 500 43,8% 56,3% 16 

Total 60,7% 39,3% 183 

 

6. Conclusion 

This study has investigated the economic and 
environmental potential of several CE alternatives in the 
WM industry. A lifecycle model to compare the TCO and 
the GWP of two CE scenarios (pay-per-wash and 
refurbishment) with the traditional linear situation has been 
developed. A user survey was then designed, to collect data 
to feed the model and to investigate the acceptance rate of 
such CE alternatives. 

Results showed that both the CE alternatives investigated 
allow reaching environmental savings compared to the AS-
IS situation, but only the refurbishment scenario generates 
also economic savings for the average user. Combining 
pay-per-wash offerings with refurbishment thus seems to 
be a potential hotspot for the advancement of CE. 
Unfortunately, only 50% of users has showed interest and 
positive acceptance of the pay-per-wash scheme. Even 
though this share increases to 60% in the case of 
refurbishment, more emphasis should be put in customers 
engagement and raising awareness activities. To date, few 
studies have adopted the users’ perspective to assess their 
attitude towards the acceptance of CE alternatives. Even 
though some works have been conducted in the WM 
industry (Amasawa et al., 2018; Bocken et al., 2018), the 
quantification of the economic and environmental 
potential of CE alternatives and the users’ interest in 
adopting these solutions is quite overlooked. This work is 
a first attempt to shed some light in this regard, at least for 
the WM case. 

This study has also some practical implications. The 
findings contribute in reducing the uncertainties regarding 
the eco-environmental potential of CE alternatives (at least 
in the WM industry), shedding lights on the users’ 
acceptance rate of these solutions. Thus, practitioners in 
the WM industry may use these results in the design of an 
overall and effective CE solution. 

Finally, this study has limitations too, especially regarding 
the LCA part of the model. A strong hypothesis was made 
in Table 3, i.e. the assumption that the environmental 
impact of manufacturing a WM is merely a function of its 
price. Moreover, the end of life phase of the WM has not 
been properly taken into account in the model and, among 
the several LCA impact categories available, the model only 
assesses GWP. Regarding the results, Figure 4 only 
compares average TCO and GWP values, computed using 
average parameters taken from real-world solutions (as in 
the case of the pay-per-wash fee). However, sensitivity 
analyses to see how much the results of the model depend 
on the hypotheses would add value to the research and 

provide insights to practitioners, e.g. on how to design a 
suitable pay-per-wash fee. Consequently, the next step of 
this research will be a more generalization of the model and 
results, in a way to overcome such limitations. 
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Appendix A. Nomenclature and parameters used in the model 

Symbol Description Measure Source and value 

HS Household Size, i.e. number of person Person Users Survey 
EEC Washing Machine Energy Efficiency Class Dimensionless Users Survey 

C Washing Machine Capacity kg Users Survey 

P Washing Machine average price 
Three price class (P = 150€; 400€; 600€) P Users Survey 

Nwc Usage number of washing cycle per year Number / year Users Survey 
LR Washing Machine Loading Rate % Users Survey 

T Temperature of washing cycle 
(T = 30°C; 40°C; 60°C; 90°C) °C Users Survey 

FT Usage frequency per each temperature % Users Survey 

NRC Average Number of Rinsing Cycle per each washing cycle Number / Nwc (Kim et al., 2015) 
NRC = 2 

KT Temperature coefficient Dimensionless (Milani et al., 2015) 
EFCEEC Washing Energy Fixed Consumption, depending on EEC kWh / Nwc (Milani et al., 2015) 

EVCEEC 
Washing Energy Variable Consumption, depending on 
EEC kWh / (Nwc * kg) (Milani et al., 2015) 

WFC Water Fixed Consumption per each washing cycle Litre / Nwc (Lasic et al., 2015) 
WFC = 4.166 

WVCC 
Water Variable Consumption per each washing cycle, 
depending on the Washing Machine Capacity litre / (Nwc * kg) (Lasic et al., 2015) 

WVCC = 0.476 

WVCC;LR 
Water Variable Consumption per each washing cycle, 
depending on the real amount of laundry litre / (Nwc * kg) (Lasic et al., 2015) 

WVCC;LR = 1.725 

DFC Detergent Fixed Consumption per each washing cycle kg / Nwc (Boyano et al., 2017) 
DFC = 0.04 

DVCC;LR 
Detergent Variable Consumption per each washing cycle, 
depending on the real amount of laundry kg / (Nwc * kg) (Boyano et al., 2017) 

DVCC;LR = 0.012 

LWM 
Washing machine expected lifespan, as number of washing 
cycles that a WM can perform washing cycles (Rüdenauer et al., 2005) 

MR Maintenance and Repair costs for the WM € / year (Boyano et al., 2017) 
MR = 3.6 

ec Energy unitary cost € / kWh (YAECI Project, 2013) 
ec = 0.23 

wc Water unitary cost € / litre (YAECI Project, 2013) 
wc = 0.004 

dc Detergent unitary cost € / kg (Boyano et al., 2017) 
dc = 3.5 

RWEWM 
Global Warming Potential associated to the Raw Material 
Extraction phase of the WM kg CO2eq / WM (Rüdenauer et al., 2005) 

M&AWM 
Global Warming Potential associated to the Manufacturing 
and Assembly phases of the WM kg CO2eq / WM (Rüdenauer et al., 2005) 

DWM 
Global Warming Potential associated to the Distribution 
phase of the WM kg CO2eq / WM (Rüdenauer et al., 2005) 

egwp Energy unitary global warming potential kg CO2eq / kWh (Kim et al., 2015) 
egwp = 0.41 

wgwp Water unitary global warming potential kg CO2eq / litre (Kim et al., 2015) 
wgwp = 0.0011 

dgwp Detergent unitary global warming potential kg CO2eq / kg (Boyano et al., 2017) 
dgwp = 1.89 

Fppw Average pay-per-wash fee € / washing cycle (Bocken et al., 2018) 
Fppw = 1.3 

Lx X Lifespan of the refurbished WM (where X = 1; 2; …) years (WRAP, 2011) 
L1 = 5 

PRfb Price of the refurbished WM € Own estimation 
PRfb = 200 
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