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a b s t r a c t 

Among European countries, The Netherlands is boosting the transformation to a circular economy creat- 

ing and deploying circular business models across different sectors, including the home appliances sector. 

Although in recent years shared access-based business models have attracted the attention of the scien- 

tific community from a sustainability perspective, a very different family of circular business models are 

in fact being deployed in other markets and have not yet been studied from a sustainability perspective. 

These circular business models are product lease and pay-per-use, which are now offered by more than 

ten companies in the Dutch market. However, whether these business models represent environmental 

and material benefits is still in question. In this article, we apply a dynamic life cycle assessment mod- 

elling framework to study the material use and climate change impact implications of the long-term and 

potentially large-scale adoption of these two circular business models in the Dutch market of washing 

machines towards 2050, considering the energy transition of three regions: The Dutch, European, and 

global regions. Of nine scenarios modelled, the large scale and quick adoption of product leasing will 

represent the largest material use benefits, followed by the pay-per-wash model, both comparable to 

the material benefits obtained by other well studied shared-access business models. In climate change 

impact mitigation, the benefits of the circular business models are dwarfed by the benefits of a decar- 

bonized electricity. Yet, with a successful energy transition, we could expect a re-prioritization of the life 

cycle of energy intensive appliances regarding climate change impacts in the future, from the use phase 

to the use and production phase, equally. 

© 2021 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Amid current environmental pressures and fear of material 

scarcity and development within planetary boundaries, the circu- 

lar economy has gained tremendous momentum as a model that 

could potentially achieve sustainable production and consumption 

( Kirchherr et al., 2017 ) . In recent years across the globe, coun- 

tries and regions have set circular economy policies and initiatives 

and circularity targets ( McDowall et al., 2017 ; Mhatre et al., 2021 ). 

Europe, particularly, has developed an Action Plan for the develop- 

ment of the Circular Economy ( European Commission, 2020 ), while 

country members countries have developed specific roadmaps. The 

Netherlands, for instance, is one of the countries considered to be 
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at the forefront of the circular economy transformation and has re- 

leased a government-wide circular economy and implementation 

programs, setting the ambitious target of reducing primary mate- 

rial use by 50% by 2030 and transforming the economy to 100% 

circular by 2050 ( Rijksoverheid, 2016, 2019 ). Such ambitious trans- 

formation will require the participation of multiple stakeholders 

including businesses and the deployment of circular business mod- 

els ( Stahel, 2012 ). 

In the Netherlands, circular business models are being devel- 

oped and deployed. Among other circular business models, access- 

based and performance business models are gaining acceptance. In 

these business models, which are also classified as product service 

systems, the consumers have access to the use of a product with- 

out owning the product ( Bocken et al., 2016 ). The service providers 

usually charge a fixed recurrent fee and may include repair ser- 

vices or the eventual replacement of a faulty product without ex- 

tra costs, enhancing the convenience to the customers and provid- 

ing a worry-free lifestyle. The aim of these business models is to 
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ACRONYMS AND NOMENCLATURE USED IN THIS ARTICLE 

ACRONYMS 

CBM-PLE Circular Business Model Product Lease with Life- 

time Extension 

CBM-PPW Circular Business Model Pay Per Wash 

IBM Incumbent business model 

LCA Life cycle assessment 

LCC Life cycle costing 

BL Baseline Scenario 

ET Energy Transition Scenario 

HD Halving Detergent Scenario 

HDET Halving Detergent with Energy Transition Sce- 

nario 

HDET + Halving Detergent with Energy Transition plus 

Washing Machine Improvements Scenario 

CT-PLEf Circular Transition Scenario with Circular Business 

Model Product Lease with Lifetime Extension –

Fast Diffusion Variant 

CT-PLEs Circular Transition Scenario with Circular Business 

Model Product Lease with Lifetime Extension –

Slow Diffusion Variant 

CT-PPWf Circular Transition Scenario with Circular Business 

Model Pay Per Wash – Fast Diffusion Variant 

CT-PPWs Circular Transition Scenario with Circular Business 

Model Pay Per Wash – Slow Diffusion Variant 

VARIABLES 

AR Adoption rate 

O Obsolescence rate 

U Stock of products in use 

S Bass diffusion model sales 

p Bass diffusion model innovation coefficient 

q Bass diffusion model imitation coefficient 

t Time 

m Market size 

k Business model 

l Life cycle phase 

v Product vintage 

a Life cycle process 

A Life cycle technology matrix 

S Scaling factors matrix 

F Final demand matrix 

B Impact intensity matrix 

H Impacts matrix 

M Materials matrix 

I Identity matrix 

X Output matrix 

SUBSCRIPTS AND SUPERSCRIPTS 

CBM Circular business model 

IBM Incumbent business model 

f f Foreground to foreground 

f b Foreground to background 

b f Background to foreground 

bb Background to background 

∗ Normalized to 1 unit of output 

M Materials 

b Background 

intensify the use of products while extending their life spans in 

their best state possible by maintenance and repair, and disposing 

of them appropriately when they can no longer be restored, thus 

maximizing economic and material efficiency ( Moreno et al., 2016 ; 

Stahel, 2016 ). 

However, there is no agreement in whether this type of cir- 

cular business models will result in real material and environ- 

mental gains. While, extending the life of products can result in 

lower environmental impacts and material use reductions ( Pauliuk 

& Müller, 2014 ), extending the life of energy intensive products 

might as well result in higher environmental impacts ( Ardente & 

Mathieux, 2014 ). Therefore, we see the need of analyzing the po- 

tential benefits and trade-offs of the long-term implementation of 

these circular business models, especially in a market where they 

are gaining acceptance to further develop strategies to secure their 

possible environmental and material benefits. 

In this paper, we study two circular business models on wash- 

ing machines that are currently being adopted by consumers and 

deployed by at least 10 companies in the Netherlands ( 2018 ) with 

a market-wide perspective. These business models are product 

leasing with lifetime extension and pay-per-wash. We analyze the 

climate change impacts and the material uses of these business 

models under different scenarios of adoption in the Dutch market, 

while we include our analysis critical technological component: 

the energy transition. We chose washing machines for four main 

reasons: first, they are often used to test environmental assess- 

ment methods ( Cullen & Allwood, 2009 ), second, they contribute 

to about one fifth of the impacts of household appliances in use 

( Hischier et al., 2020 ), third, the demand of materials for appli- 

ances is expected to double by 2050 ( Deetman et al., 2018 ), and 

fourth, the business models in this analysis have not yet been ad- 

dressed in the existing scientific literature. 

In the following section we present a literature review on cir- 

cular business models, laundering activities and environmental as- 

sessments, where we depict the main conclusions of the most rel- 

evant scientific work and knowledge gaps. In section 3 we de- 

scribe the methods used, in section 4 we discuss our results, and 

in section 5 we finalize with our conclusions. 

2. Literature Review 

2.1. Circular Business Models and Sustainability 

The role of product-service-systems in sustainability has been 

present and discussed for several decades and while some may 

not regard these business models as the “sustainability panacea”

( Tukker, 2015 ), some case studies confirm striking environmental 

benefits. For instance, Lindahl et al. (2014) analyzed three product- 

service offerings using life cycle assessment (LCA) and life cycle 

costing (LCC) of three different case studies: core plugs for paper 

mills, cleaning of building exteriors, and compacting soil. Depend- 

ing on the product-service offering, they calculated environmental 

benefits between 5 and 90%. 

Khumboon et al. (2009) performed a LCA of rental services of a 

photocopier that included reconditioning, and calculated that this 

business model achieved 25% less environmental impacts than the 

traditional product selling. Similarly, Kerr & Ryan (2001) calculated 

that extending the life of photocopiers by remanufacturing strate- 

gies could reduce material use threefold. 

In cases of durable and energy intensive products, ( Smidt Drei- 

jer et al. (2013) ) used LCA to compare the impacts of a product- 

service offering of temporary buildings with those of the con- 

ventional temporary building. According to their calculations, 

the product-service-system resulted in 27% less life cycle im- 

pacts including energy use, and 37% less impacts without con- 

sidering energy use. However, environmental impact trade-offs 

can exist when extending the life of products. For example, 

Carrano et al. (2015) explored the environmental impacts of differ- 

ent business models of wooden pallets: selling expendable pallets, 

sell and buy-back pallets, and leasing pallets. They calculated that 

leasing pallets provided the lowest CO2 emissions for pallet manu- 
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facturing per functional unit, but this business model also yielded 

the smallest benefits at the end of life, as less pallets were incin- 

erated for energy recovery due to their longer lifespans. 

Extending the life of products can be controversial. Ardente & 

Mathieux (2014) developed a life cycle assessment-based method 

to analyze the benefits of extending the life of products. They 

applied their method to two different washing machines. Using 

their method, they observed that a reduced energy consumption 

in washing machines resulted in a smaller climate change benefit 

when their lifespans were extended, but the smaller benefits were 

also related to the higher impacts of the production of a more 

durable appliance. Moreover, the authors observed different trade- 

offs across different impact categories and product lifetime exten- 

sion. In a similar work, Iraldo et al. (2017) proposed a method to 

calculate the economic and environmental cost of more durable 

products with a life cycle assessment perspective. They studied 

an energy intensive product and discovered that a durable prod- 

uct represented a better cost/benefit ratio to the consumer, but in 

detriment of the environment because of the inferior energy effi- 

ciency of the more durable product. 

From these examples in the literature, one cannot generalize 

that these business models will always result in environmental 

benefits. At the same time, extending the lifetime of products with 

lower energy efficiency is a concerning point. 

2.2. Impacts of Laundering 

Environmental assessments of laundering and other laundering- 

related aspects are found in different instances of scientific liter- 

ature, such as the impacts of washing machines ( Hischier et al., 

2020 ; Yuan et al., 2016 ), the durability of washing machines 

( Stamminger et al., 2020 ), the impacts of detergents ( Hoof et al., 

2002 ; Saouter et al., 2002 ), the impacts of washing in different re- 

gions ( Kim et al., 2015 ), the impacts of garments including wash- 

ing ( Hoffmann et al., 2020 ; Zhang et al., 2015 ), and the impacts of 

washing different types of fibers ( Moazzem et al., 2018 ). 

Yuan et al. (2016) performed a LCA of a horizontal axis washing 

machine of China. They found that the LCA hotspots of the produc- 

tion of washing machines were electronics, plastic mold injection, 

and metal components, while the hotspots of the use phase were 

electricity and detergent use. Similarly, Zhang et al. (2015) per- 

formed a LCA on t-shirts in China, and like Yuan and col- 

leagues, they found that the hotspots of the use phase of the 

t-shirt was due to washing, and identified electricity and deter- 

gent use as hotspots, while Kim et al. (2015) found that com- 

pared to China, South Korea, and the United States, Europe con- 

sumes more energy for washing, while China emits more GHG 

emissions due to a carbon-based electricity. In a more recent study, 

Hischier et al. (2020) took into account some hardware improve- 

ments as well as energy mix changes, and the stock size of appli- 

ances to assess the impacts of different home appliances for the 

average European resident (EU27) for 2030. For washing machines, 

they calculated that improvements in washing machine efficiency 

could decrease climate change impacts by more than 20% and up 

to 37% in combination with a cleaner energy mix. However, His- 

chier and colleagues disclaim that the age of the appliances was 

not considered for the 2030 scenario and that the stocks of ap- 

pliances were considered to be built in the same year. Thus, such 

benefits might be smaller when the age of products is considered 

due to the presence of older and less efficient appliances in the 

European appliance stocks. 

2.3. Impacts of Circular Business Models of Laundering 

The scientific literature on circular business models of launder- 

ing activities is more homogeneous. A business model type that 

has caught the eye of the scientific community in recent years is 

the shared access business model, also known as or laundromats or 

launderettes. This business model reduces significantly the number 

of washing machines needed per user, as several users or entire 

households have access to the same washing machine or facilities 

of washing machines. We have identified a few environmental im- 

pact assessment studies of this business model. 

Amasawa et al. (2018) for example, explored the potential en- 

vironmental benefits of shared laundry facilities in a hypothetical 

community in Japan and calculated that climate change impacts 

could be reduced by 1.8% and resource use by 16%. In another 

study, Wasserbaur et al. (2020) explored with system dynamics 

modelling the climate change impact implications of Sweden and 

Europe shifting to this business model towards 2050 with 50 and 

100% penetration rate targets. With a 50% penetration rate of the 

launderettes, they found that the cumulative climate change im- 

pacts of washing activities in Sweden could be reduced by 16% 

and 29% if the whole market is captured. For Europe, a full adop- 

tion would reduce impacts by 35%. These reductions are regarded 

to the longer lifespans of the washing machines as well as a se- 

ries of technological improvements such as energy efficiency and 

electricity decarbonization. The laundromat case is particularly rel- 

evant for Sweden, where laundromats have been used for decades 

and are considered in dwelling design and construction regulations 

( Borg & Högberg, 2014 ). However, in other regions, the acceptance 

of such business model is debatable. In their own study, Amasawa 

and colleagues found that 39% of the surveyed population consid- 

ered owning a washing machine at home as essential, a clear bar- 

rier for the adoption of shared-access laundry services. 

Another circular business model of laundering is a type of 

access-based model: the pay-per-wash model. In this business 

model, users are subscribed to a service in which the service sup- 

plier installs a washing machine in the home of the subscriber 

and the subscriber pays only for each time the washing machine 

is used. In a longitudinal study with 56 subscribers, Bocken et al., 

(2018) found that subscribers of the pay-per-wash business model 

adopted different washing patterns to. The subscribers reduced 

the average temperature of the washing cycles by 5% and the 

monthly number of cycles by 20% compared with standard levels, 

which can in turn reduce the environmental impacts of the use 

phase. 

In spite of the increasing interest in the assessment of circu- 

lar business models for laundering activities, no impact assess- 

ments were found about pay-per-wash business models or prod- 

uct lease business models. This is concerning since it is not clear 

if extending the lifetime of energy intensive products such as 

washing machines is environmentally beneficial, while extending 

the life of products is one of the principles of the circular econ- 

omy. Moreover, while the energy transition has been considered 

in some studies to some extent (see Hischier et al. (2020) and 

Wasserbaur et al. (2020) ), the implications of the energy transi- 

tion in the whole life cycle of washing machines and the possible 

re-prioritization of life cycle phases due to this transition has not 

yet been addressed. 

In this paper, we perform a simultaneous dynamic material 

flow and climate change impact assessment of the adoption of 

two circular business models of washing machines in the Nether- 

lands, a market where 99% of households have a washing machine 

( NIPO, 2017 ). We will aim to answer the following research ques- 

tions: What are the environmental and material gains of the adop- 

tion of these circular business models in the Dutch market? What 

levels of penetration rates are necessary to achieve such benefits? 

How long will such adoption take? What is the role of the energy 

transition in the impacts of the Dutch washing machine market? 

And, how do these business models perform compared with alter- 

native strategies? 
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Table 1 

Technical parameters of the business models 

Incumbent Business Model Circular Business Model Pay-Per-Was 

Circular Business Model Product Lease with 

Lifetime Extension 

Parameter units Value Source, comments Value Source, comments Value Source, comments 

Washing machine 

weight 

kg 70 Boyano et al. (2017) ; 

CECED (2018) ) 

70 Boyano et al. (2017) ; 

CECED 2018 ) 

77 Based on manufacturers and 

service providers information: 

( Bosch n.d.-a; Bosch n.d.-b ); 

Bundles, 2020 ; Miele, n.d. ) 

Cycles per year cycles/year 220 Boyano et al. (2017) ; 

CECED (2018) 

198 Based on Bocken et al. 

(2018) 

220 Boyano et al. (2017) ; 

CECED (2018) 

Energy use per 

cycle ∗
kwh/wash 0.84 Boyano et al. (2017) 0.68 Based on Bocken et al. 

(2018) and 

Boyano et al. (2017) 

0.76 Based on Boyano et al. (2017) 

Lifetime (mean) years or cycles 12.5 years or 

2750 cycles 

Boyano et al. (2017) ; 

CECED (2018) 

15 years or 

3000 cycles 

calculated: 3000 cycles 

divided by 198 

cycles/year 

16 years or 

3500 cycles 

estimation 

Lifetime Standard 

deviation 

years 4 estimation 3 estimation 3 estimation 

Detergent use ∗ kg/year 16.5 Boyano et al. (2017) ; 

CECED (2018) 

8.9 40% less per cycle than 

IBM, based on 

( Bosch, 2020 ) and 

( Electrolux, 2020 ) 

9.9 40% less per cycle than IBM, 

based on ( Bosch, 2020 ) and 

( Electrolux, 2020 ) 

Water 

consumption 

m 

3 /year 11.7 Boyano et al. (2017) ; 

CECED (2018) 

10.5 Calculated. Based on 

Bocken et al. (2018) 

10.5 calculation 

Maintenance % in 

replacement 

parts 

5% Boyano et al. (2017) ; 

CECED (2018) 

5% based on Boyano et al. 

(2017) and 

Arriola (2019) 

7.50% estimation, based on longer 

lifetimes an increased 

maintenance. 

∗2020 values. The values of 2021 to 2050 are available in Appendix A2 . 

3. Methods 

We used the framework for circular transitions proposed by 

Sigüenza et al. (2020) to study the circular business models for 

washing machines in the Dutch market. This framework allows 

modelling and measuring both business- and technical-related as- 

pects of a transition to circular business models. Business related 

aspects include the adoption rates, sales, and installed bases. The 

technical aspects are production, and obsolescence rates, material 

uses, material stocks, emissions, and impacts. The framework al- 

lows also to model technological changes that affect directly and 

indirectly the business models, such as the composition and energy 

use of products in the value proposition, manufacturing and end- 

of-life processes, as well as energy mixes with a dynamic approach. 

Incorporating these changes can be very important in prospective 

studies. The framework is divided in two modules. The first mod- 

ule combines diffusion of technologies with stock-flow dynamics, 

since the obsolescence rates of products can influence or limit the 

adoption of circular business models. The second module utilizes 

the outcomes of the first module and combines them with a dy- 

namic time-vintage LCA model to assess material uses, material 

stocks, emissions, and environmental impacts. 

3.1. Business Models 

We included three business models in our study: the in- 

cumbent model (IBM), the circular business model-pay-per-wash 

(CBM-PPW), and the circular business model-product-lease-with- 

lifetime-extension (CBM-PLE). In this sub-section, we describe 

briefly each business model and in Table 1 we describe their main 

technical parameters. 

The IBM is the reference business model, it represents the cur- 

rent situation of the market. This business model is a traditional 

ownership model, in which users purchase a washing machine, 

use it for a number of years, and then they discard it at will due 

to failure or perceived obsolescence, after 12.5 years in average 

( Boyano et al., 2017 ). Users in this business model will wash with 

average habits: 220 washes per year, 75g of detergent per wash, 

and energy use of 0.84kWh per wash. To simulate maintenance, 

we assumed that 5% of the parts of the washing machine could be 

replaced in all their lifetime. 

The CBM-PPW is characterized by charging the user a monthly 

fee plus an extra fee for every extra wash depending on the wa- 

ter temperature of the cycle. In this business model, the users do 

not own the washing machine. Subscribers to this business model 

wash 20% less and they wash at lower temperatures ( Bocken et al., 

2018 ). Due to the reduced number of cycles per year and included 

maintenance services, we assumed that these washing machines 

can last 2.5 years longer than the average. In addition, these wash- 

ing machines can save up to 50% of detergent use thanks to the 

auto-dosing system feature of washing machines as claimed by 

washing machine manufacturers (see Table 1 ). 

The CBM-PLE characterizes by charging a monthly fee to cus- 

tomers without restriction to the number of washes. The washing 

machines in this business model are often highly efficient, top of 

the line models with a heavier build known to last longer (see 

TABLE 1 ). Like the CBM-PPW, these washing machines usually 

have an auto-dosing system, with the same gains in detergent use. 

Because there is no incentive to wash less, we assumed subscribers 

to this business model wash as much as the average, but use less 

energy because of highly efficient washing machines. In turn, we 

assumed that the washing machines of this business model require 

more maintenance due to their extended lives, summing to a total 

of 7.5% replaced parts in all their life span. 

3.2. Scenarios 

We modeled and analyzed 9 different scenarios. The first five 

scenarios explore the implications of the current trajectory of the 

market as well as the effects of detergent, the energy transition, 

and washing machine improvements. These scenarios are: Baseline 

(BL), Halving Detergent Use (HD), Energy Transition (ET), and En- 

ergy Transition with Halving Detergent Use (ETHD), and ETHD with 

washing machine improvements (HDET + ). The last four scenarios 

explore the additional effects of the slow and fast adoption of cir- 

cular business models CBM-PPW and CBM-PLE, which we named 

circular transitions: CT-PPW and CT-PLE, each with one fast diffu- 

sion and one slow diffusion variant of the circular business models, 
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noted with the suffixes f for fast diffusion and s for slow diffusion. 

For each scenario, we calculated the product flows, stocks, mate- 

rial uses, and climate change impacts of each scenario with ob- 

servable changes from 2015 to 2020 and projections until 2050 us- 

ing the modelling framework proposed by Sigüenza et. al. (2020). 

In this section we briefly describe these scenarios with their main 

assumptions. 

• BL: This scenario is the point of reference for the other sce- 
narios. It represents that the incumbent business model per- 

sists until 2050, and that the main change is represented by 

the growing demand of washing machines until 2050 in rela- 

tion with the growing number of households. The assumption 

is that there will be no technology and efficiency improvements 

after 2020 in foreground systems for the production and use 

of washing machines, nor improvements in background systems 

like energy production. 

• ET: This scenario includes changes in the electricity mix of 
three different regions in the world toward 2050: The Nether- 

lands, Europe, and rest of World. We considered these three 

regions because the use phase of washing machines in the 

Netherlands use local electricity, while the production of WMs 

for this market takes place mostly in Europe ( Home Appliance 

Europe (APPLIA) 2020 ), for which we used the most represen- 

tative energy mixes when modelling in in life cycle inventories. 

No other technological changes are included in this scenario. 

• HD: In this scenario we modeled the progressive reduction of 
detergent use year by year, until reaching 50% of detergent use 

per WM until 2050. This is an exploratory scenario designed to 

measure the environmental benefits of the reduction of deter- 

gent use, as a simple, adoptable strategy. 

• HDET: This scenario combines the attributes of the ET and the 
HD scenarios. 

• HDET + : This scenario has the attributes of the HDET scenario 

plus the following progressive improvements reached by 2050: 

20% in energy use, 10% in water use, and 10% in detergent 

dosage. 

• CT-PPWf: In this scenario, the CBM-PPW competes with the in- 

cumbent business model and is continuously quickly adopted 

until 2050. The adoption rate of the pay-per-wash model is 

constrained by the obsolescence rate of washing machines of 

customers of the incumbent business model. In addition, we as- 

sume changes in the background energy mix as in the ET sce- 

nario, detergent use reductions in the IBM as in the HD sce- 

nario, as well as the technological improvements in washing 

machines as in the HDET + scenario. 

• CT-PPWs: This scenario has the same characteristics as the CT- 

PPWf, except that the circular business model is adopted at a 

slower rate. 

• CT-PLEf: In this scenario, the CBM-PLE competes with the 

incumbent business model and is continuously and quickly 

adopted until 2050. The adoption rate of the CBM-PLE is con- 

strained by the obsolescence rate of washing machines of cus- 

tomers of the IBM. Additionally, we assume changes in the 

background energy mix as in the ET scenario, detergent use re- 

ductions in the IBM as in the HD scenario, as well as the tech- 

nological improvements in washing machines as in the HDET + 

scenario 

• CT-PLEs: This scenario has the same characteristics as the CT- 
PLEf, except that the circular business model is adopted at a 

slower rate. 

In summary, Figure 1 maps the scenarios in this study against 

the depth of the assumptions of technological changes such as the 

energy mix and washing machine improvements, and user behav- 

ior changes, such as subscribing to a circular business model, us- 

Figure 1. Mapping scenarios in this study according to the depth of the assump- 

tions of technological changes and use pattern changes. BL: Baseline, HD: Halving 

Detergent use, ET: Energy Transition, ETHD: Energy transition and halving deter- 

gent use, ETHD + : ETHD with washing machine improvements, CT-PPWf/s: circular 

transition with pay-per wash model (fast and slow diffusion variants), CT-PLEf/s: 

circular transition with product lease and lifetime extension model (fast and slow 

diffusion variants). 

ing less detergent or the auto-dosing systems, and wash less or at 

lower temperatures. 

3.3. Adoption of Circular Business Models and Washing Machine 

Stock Dynamics 

For the scenarios BL, ET, ETHD, and ETHD + , where there is 

only one business model, the IBM, we used a vintage stock flow 

model ( Müller, 2006 ; Vásquez et al., 2016 ) to determine the pro- 

duction rates, obsolescence rates, and installed bases of washing 

machines until 2050. The obsolescence rates were calculated as a 

probability of failure with a normal distribution according the lifes- 

pan and year of fabrication (vintage) of the washing machines (see 

Appendix A.1 ). We further calibrated the model so that it yielded 

the number of newly produced washing machines with less than 

3% deviation from the statistics of sales of washing machine in 

the Dutch market for 2019, which were 669 thousand units in the 

same year according to Statista (2020) . 

To calculate the stock dynamics of washing machines for the 

four circular transition scenarios CT-PPWf/s and CT-PLEf/s we fol- 

lowed the framework proposed by Sigüenza and colleagues. We 

combined the forementioned vintage stock flow model with a 

modified diffusion Bass model ( Bass, 1969 ). The Bass model is a 

sales growth model used to define the adoption rate and the in- 

stalled base of a product based on the potential market size, an 

innovation coefficient, and an imitation coefficient, which together 

describe how quickly a product is adopted. The modified Bass 

diffusion model we used to calculate the unconstrained adoption 

rates of the circular business models is: 

S ( t ) = m ( t ) 
( p + q ) 

2 

p 

e −( p+ q ) t 

(1 + 

q 
p 
e −( p+ q ) t ) 2 

(1) 

In Eq. 1 , S (t) is the unconstrained adoption rate, which is equiv- 

alent to the first-time purchases, m (t) is the market size in func- 

tion of time, p is the innovation coefficient, and q is the imitation 

coefficient. To simulate the fast diffusion variants of the circular 

transition scenarios, we used an imitation coefficient of 0.3, close 
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Table 2 

Diffusion parameters and calibration for the adoption of circular business models in 

the circular transition scenarios. 

Fast diffusion of Circular 

Business Models 

Slow diffusion of Circular 

Business Models 

Innovation coefficient p 9.16 × 10 −5 1.7 × 10 −5 

Imitation coefficient q 0.3 0.15 

Simulated installed base 

of circular business 

models in 2020 

13 992 13 989 

to the imitation coefficient of clothes dryers and lower that the 

imitation coefficient of the diffusion of color television ( Bass et al., 

1994 ). For the slow diffusion variants, we halved the imitation co- 

efficient to 0.15. Due to the lack of historic adoption data of the cir- 

cular business models, we calibrated the innovation coefficient to 

obtain the same installed base of circular business models (approx- 

imately 14 thousand units) for 2020 in all variants as described in 

Table 2 , considering that one of the leader companies in this mar- 

ket accumulated 1720 subscriptions in 2015 ( de Thouars, 2018 ). 

The combination of the diffusion and stock dynamics models 

is necessary because the adoption of the circular business models 

affects the installed bases of the competition and thus their pro- 

duction demand. We assumed that adoption of the circular busi- 

ness models is constrained by the obsolescence rate of washing 

machines of the incumbent business model. In other words, in a 

saturated market, users can only shift to a circular business model 

when their current washing machine becomes obsolete. Within 

this limit, the circular business models are adopted freely, even in 

a growing market. 

The constrained adoption of the circular business models is de- 

scribed in the following equation: 

AR ∗CBM 

( t ) = 

{
S CBM 

( t ) , S CBM 

( t ) < O IBM 

( t ) 
O IBM 

( t ) , otherwise 
(2) 

In Eq.2, AR ∗
CBM 

(t) is the constrained adoption rate, S CBM 

(t) is 

the adoption rate calculated by the modified Bass diffusion model 

in Eq.2, and O IBM 

(t) is the obsolesce rate of washing machines 

of the IBM. With the constrained adoption of the circular busi- 

ness models, we then calculated the adoption the yearly produc- 

tion rates, obsolescence rates, and installed bases of each business 

model throughout every time step of the transition. 

3.4. Electricity Mix Improvements and Data 

As found in previous literature, the impacts of washing and 

washing machines are directly related to the electricity mix that 

powers the washing machines. To further study the implications 

of the energy transition in the different life cycle phases of the 

washing machines of the business models, we modeled the energy 

mixes of the future for milestone years based on present data as 

well as publications of experts in the energy transition of different 

regions. For the use phase, we modelled different electricity mixes 

for the Netherlands and for the production of materials, manu- 

facture, and waste treatment phases we modelled different Euro- 

pean and Global electricity mixes. We included these assumptions 

to compare the benefits of the circular business models with those 

of the energy transition to identify the long-term relevance of the 

circular business models in climate change impact mitigation. 

For the baseline year, 2014, we used the electricity produc- 

tion data in ecoinvent v.3.4 ( Wernet et al., 2016 ). For the Nether- 

lands, for 2018, we used statistical data of the International En- 

ergy Agency ( International Energy Agency IEA, 2020 ) and for 2050 

we derived the electricity mixes of the Transform Scenario by TNO 

(2020). The Transform Scenario is one of two scenarios that ex- 

plores changes in the Dutch energy system to achieve a 95% re- 

duction in direct emissions for The Netherlands by 2050 compared 

with 1990 levels ( TNO, 2020 ). For the European and global regions, 

we based our electricity mixes based on the results of the IM- 

AGE Model of the Shared Sustainability Pathways SSP1-Baseline- 

Scenario by Riahi et al. (2017) , using the results of the region com- 

posed by the members the Organization for Economic Co-operation 

and Development (OECD) as a proxy for the European region. We 

calculated the life-cycle impacts of the electricity production of the 

mixes of each region and milestone years until 2050 as indicated 

in Table 3 . The life cycle inventories of the energy mixes for differ- 

ent years and regions are available in Appendix A.3. 

3.5. Life Cycle Impacts, Material Stocks and Material Uses 

We constructed a 2015 baseline life cycle inventory for each 

life cycle stage of the washing machines of each business model 

based on the bills of materials and life cycle inventories from 

Boyano et al. (2017) , CECED (2018), and Yuan et al. (2016) . We 

transformed these bills of materials into technology inventories 

compatible with the time-vintage LCA model of Sigüenza et. al. 

(2020). This model is described in Eq. 3. 

S ( k, l, a, v , t ) = 

[
I A 

fb 

A 

bf ( t ) A 

bb ( t ) 

]−1 

⎡ 

⎢ ⎢ ⎣ 

A 

∗ff( k, v ) −1 F ( k, l, a, v , t ) 
0 · · ·0 
. . . 
. . . 

. . . 
0 · · ·0 

⎤ 

⎥ ⎥ ⎦ 

(3) 

In Eq. 3 , S ( k, l, v , t ) is the scaling factors by business model, life 
cycle stage, vintage and time, I is an identity matrix , A 

b f (t) is the 

time-variable background to foreground technology matrix, A 

bb (t) , 

is the background to background technology matrix, A 

∗ f f ( k, v ) are 
the vintage-variable foreground to foreground technology invento- 

ries by business model, and F ( k, l, a, v , t ) are the final demands by 
business model, life cycle stage, process, vintage, and time. 

To calculate the impacts of each scenario, we first constructed 

two impact intensity datasets. One for the BL and HD scenarios, 

and one for the remaining scenarios. Each dataset contains the 

impact intensities of the materials and life cycle processes of the 

life cycle inventories for the years 2014 until 2050. To assemble 

this data, we first calculated the impacts of the milestone years 

2014, 2020, and 2050. For all milestone years, we used the soft- 

ware Open LCA-v. 1.10.3 ( Ciroth, 2007 ) and the CML-baseline im- 

pact assessment method in the Open LCA Impact Assessment pack- 

age v.1.5.7 ( Rodríguez et al., 2017 ). For the milestone years 2020 

and 2050, we used modified versions of ecoinvent v.3.4 that in- 

cluded the changes of the electricity mixes of the regions described 

in section 3.4 to obtain the impact intensities of all processes. 

Lastly, we interpolated the impact intensities for the years in be- 

tween and calculated the total impacts by multiplying the scaling 

factors in Eq. 3 with the impact intensity dataset, so that: 

H ( h, l, k, a, v , t ) = B ( h, a, t ) S ( k, l, v , t ) (4) 

In Eq. 4 , H ( h, l, k, a, v , t ) is the impacts by impact category, 
life cycle stage, business model, process, vintage, and year, and 

B ( h, a, t ) is the impact intensity dataset, that contains the impact 

intensities for each life cycle process for each year from 2015 to 

2050. 

To calculate the material stocks, we multiplied the installed 

bases of washing machines of each business model with vintage 

detail by their correspondent material inventories described in 

their technology matrices A 

∗ f f , so that: 

M ( k, a, use, v , t ) = 

̂ A 

∗ f f ( k, v ) A 

∗ f f ( k, v ) −1 F M 

( k, use, v , t ) (5) 

In Eq. 5 , M ( k, a, use, v , t ) is the materials of the washing ma- 
chines in use by business model, according to the size of the stock 
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Table 3 

Electricity generation mixes for the Netherlands, OECD, and world regions for 2018/2020 and 2050. SSP1: Shared Sustainability Pathways SSP1-Baseline-Scenario by 

Riahi et al. (2017) . 

Energy Source 

Netherlands 2018 

Based on IEA (2020) 

Netherlands 2050 

Based on TNO 

(2020) 

OECD SSP1 2020 

Based on 

Riahi et al. (2017) 

OECD SSP1 2050 

Based on 

Riahi et al. (2017) 

World 2020 SSP1 

Based on 

Riahi et al. (2017) 

World 2050 SSP1 

Based on 

Riahi et al. (2017) 

Other 1% 8% (imports) - - - - 

Wind 9% Off-shore 65% 

On-shore 10% 

7.5% 22% 4.4% 12% 

Solar 3% 15% 3% 11% 1.6% 15% 

Nuclear 3% - 21% 3% 10.7% 2% 

Waste 4% - - - - - 

Biofuels 2% - 1.50% 0% 1% 0% 

Gas 51% 2% 22% 33% 24.4% 28% 

Oil 1% - 2% 0% 3.6% 0% 

Coal 26% - 30% 19% 37.5% 32% 

Hydro 0% - 14% 12% 16.8% 11% 

of each vintage, and F M 

( k, use, v , t ) is the stocks of washing ma- 
chines in use by business model, vintage, and time. 

Lastly, we calculated the material uses for each year of each 

scenario, including the materials necessary for the production of 

the washing machines for each business model as well as the ma- 

terials needed to make replacement parts for their maintenance, so 

that: 

X 

b ( k, l, v , t ) = 

̂ 

[
I zeroes 

A 

b f ( t ) I 

]
S ( k, l, v , t ) (6) 

In Eq. 6 , X 

b ( k, l, v , t ) is the material uses by business model, life 
cycle stage, vintage, and time. 

4. Results and Discussion 

In this article, we modelled and calculated simultaneously the 

production rates, installed bases, material flows, material stocks, 

and climate change impacts of the life cycle of washing machines 

in the Dutch market with different scenarios, including the adop- 

tion of two circular business models, halving detergent use, and 

the energy transition. We modelled fast and slow diffusion ver- 

sions of the scenarios for the adoption of circular business models 

of washing machines because although the circular business mod- 

els have gained acceptance in the Netherlands, their future adop- 

tion patterns are still uncertain. 

To the best of our knowledge, this is the first environmental 

and material assessment to study product lease and pay-per-wash 

business models of washing machines performed at any techno- 

logical and economy-wide scale. We implemented a dynamic and 

prospective approach to analyze the effects of probable technolog- 

ical changes and scaled them to a market-size system to zoom out 

from the traditionally technology-centered LCA perspective into an 

economy-wide picture, in which the effects of the adoption of 

technologies are easier to identify. In addition, we proved the us- 

ability of the modeling framework of Sigüenza et al. (2020) for cir- 

cular business models and technological transitions, a modelling 

framework that combines LCA, material flow analysis, and diffu- 

sion of technologies. In the following sub-sections, we present and 

discuss the results of our case-study. 

4.1. Installed Bases, Adoption and Production Rates 

Figure 2 shows the results of adoption rate, installed bases 

and production rates of the circular transition scenarios. In con- 

trast with the target-based adoption scenarios of the shared-access 

business models studied by Wasserbaur et al. (2020) , where the 

penetration rates of such business model was targeted to 50% and 

100%, we opted for a bottom-up adoption of our product lease 

and pay-per-wash business models with two adoption variants: 

fast diffusion variants, which represent the successful mass-market 

adoption of the circular business models, and the slow diffusion 

variants, which represent a successful, but rather niche-sized mar- 

ket share. In the fast diffusion variants, the circular business mod- 

els reach market shares of 3% and 88% for the years 2030 and 2050 

respectively, while the slow diffusion variants reach market shares 

of 1% and 19% in the same years. The installed bases of the cir- 

cular business in all variants are relatively close until 2025. These 

results suggest that we could see a more defined pattern of adop- 

tion between the years 2030 and 2035, possibly signaling whether 

these circular business models will be adopted at larger scales. This 

could signify that the next 10 years of the market development of 

the circular business models are critical, since they would reflect 

an accelerated mass-market target or a slow-growing niche-market 

acceptance of the circular business models. 

The increased longevity of the washing machines of the circu- 

lar business models show to have an effect on the yearly produc- 

tion volumes of washing machines in the Dutch market. These ef- 

fects, however, are also highly dependent on the penetration rate 

of the circular business models. In the BL scenario, the production 

rates range from 650k in 2020 to 700k washing machines per year 

in 2050. During the first 10 to 15 years of adoption of the cir- 

cular business models, the production rates of washing machines 

seem unaffected, but from year 2035 onward, especially in the high 

diffusion variants of CT-PPWf and CT-PLEf, decreasing production 

rates become obvious, which shrink by 21 and 28% by 2050 in 

the CT-PPWf and CT-PLEf, respectively, compared with the 2020 

production rates. The slow diffusion variants also had a decrease 

in the washing machine production rates, but much less signifi- 

cantly: only 3 and 4% for CT-PPWs and CT-PLEs in 2050. Such pro- 

duction rate reductions of the fast-diffusion scenarios could also 

be achieved by simply extending the life spans of the washing 

machines. The reduction of washing machine production volumes 

however, can be a point of concern for supporters of both the cir- 

cular and the production-based economy. Although circular busi- 

ness models may compensate or exceed the economic benefits for 

the business owner ( The Ellen MacArthur Foundation EMF, SUN, & 

SYSTEMIQ, 2015 ). It is possible that the supply chains of produc- 

tion become affected at different levels, for instance, by less labor 

required in manufacturing leading to reduced employment levels 

( Donati et al., 2020 ). In turn, more man work could shift from the 

manufacturing to the services sector, an effect for which we sug- 

gest further research. . 

4.2. Material Uses and Stocks 

The reduction of production rates of washing machines in the 

circular transitions CT-PPWf/s and CT-PLEf/s also has a positive 

impact in material uses as shown in Figure 3 . In the slow diffu- 

sion variants, material use reductions become visible by year 2050 

with material use reductions between 2 and 3% compared with the 
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Figure 2. Diffusion and stock dynamics of the circular business models in the circular transition scenarios with fast and slow diffusion. BL: Baseline, HD: Halving Detergent 

use, ET: Energy Transition, ETHD: Energy transition and halving detergent use, ETHD + : ETHD with washing machine improvements, CT-PPWf/s: circular transition with 

pay-per wash model (fast or slow diffusion variant), CT-PLEF/s: circular transition product lease and lifetime extension model (fast or slow diffusion variant). 

2050 BL. In the fast diffusion variant, CT-PPWf, the material use 

reductions reach 21% less than the 2050 BL. The CT-PLEf fast dif- 

fusion variant achieves the highest material savings: 24% by 2050, 

despite the temporary increase of less than 1% between 2030 and 

2040, indicating that the longer lifetimes outrun the more robust 

construction of washing machines in material use benefits. The 

material use reductions of these fast diffusion variants are greater 

than those estimated by Amasawa et al. (2018) with an access- 

based business model, which in principle requires fewer wash- 

ing machines per household. However, in their study, the popula- 

tion already had access to shared laundering services, while in the 

Netherlands, the social norm is to have one washing machine per 

household. 

In contrast, with the circular business models, material uses de- 

crease. Figure 3 shows the material uses of each scenario by ma- 

terial type. In this figure, ferrous metals observe the largest ma- 

terial uses followed by concrete, polymers and composites. Fer- 

rous metals represent a large share of the materials in washing 

machines, and so does concrete, which is used in washing ma- 

chines as counterweight blocks to control vibrations during the 

washing machines operation. Despite the significant weight of the 

concrete blocks (~20kg) they represent a very small fraction of the 

climate change impacts of the manufacture of washing machines, 

contributing to less than 1% to climate change impacts of the pro- 

duction phase (see Figure A.1 in Appendix A.2 ). Overall, material 

uses in the circular transitions by 2050 are reduced by as much as 

23% in the fast diffusion variants, and as little as 3% in the slow 

diffusion variants. 

The material circularity indices, which are the quotients of re- 

covered materials vs the material uses year by year, indicate that 

the demand of materials to manufacture new washing machines is 

larger than the materials recovered at the end of life of the wash- 

ing machines in all scenarios. The factors for such sub-optimal in- 

dices are several. First, the increasing demand of washing machines 

in the Dutch market and the amount of recovered materials from 

discarded washing machines is not sufficient to substitute entirely 

the materials needed for the production of new washing machines. 

And second, we assumed constant waste treatments for the differ- 

ent materials with below 100% recovery rates. Steel, for instance, 

has a 95% recovery rate, while polymers and composites have a 

constant recovery rate of 30% and 0% respectively. Therefore, what 

we see mostly in these circularity indices are the effects of the pro- 
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Figure 3. Material uses and circularity indices results. BL: Baseline, HD: Halving Detergent use, ET: Energy Transition, ETHD: Energy transition and halving detergent use, 

ETHD + : ETHD with washing machine improvements, CT-PPWf/s: circular transition with pay-per wash model (fast or slow diffusion variant), CT-PLEf/s: circular transition 

product lease and lifetime extension model (fast or slow diffusion variant). 
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Figure 4. Material stocks results. BL: Baseline, HD: Halving Detergent use, ET: Energy Transition, ETHD: Energy transition and halving detergent use, ETHD + : ETHD with 

washing machine improvements, CT-PPWf/s: circular transition with pay-per wash model (fast or slow diffusion variant), CT-PLEf/s: circular transition product lease and 

lifetime extension model (fast or slow diffusion variant). 

duction rates of washing machines, their lifetimes, and in the case 

of the CT-PLEf/s scenarios, the increased mass of some washing 

machines. Nevertheless, increasing the recovery rate of materials 

of currently low recovery materials such as plastics and compos- 

ites could increase the overall circularity indices of the system. 

Lastly, in this subsection, Figure 4 shows the results of the total 

material stocks embedded in the washing machines of the Dutch 

market in the years 2020, 2030, and 2050. In the scenarios HD, 

HDET, and HDET + , the total material stocks have the same growth 

pattern as the BL due to the growing number of households to- 

ward 2050. This is because we assumed a homogeneous mate- 

rial composition for the washing machines. In contrast, the CT-PLEf 

scenario accumulates 6% more material stocks by 2050 compared 

with the 2050BL and 20% more compared to the 2020 BL, con- 

tributing to the long term trend of material stocks accumulation 

( Krausmann et al., 2017 ) in spite of the reductions in yearly mate- 

rial uses as described in Figure 3 . This material stock accumulation 

is likely to continue even when material uses are lower, such as in 

the fast adoption scenarios or circular business models. 

4.3. Electricity and Detergent Use 

For the year 2018, we calculated that the use of the washing 

machines in the Netherlands consumed 1.4TWh, equivalent to 1.2% 

of the total electricity consumption of the country reported in IEA 

data (IEA, 2020). Without technology or use changes, by 2050 the 

electricity use would rise to 1.6TWh. By the same year, the HDET + 

scenario, which includes washing machine performance improve- 

ments achieves a reduction of 17% in electricity use compared with 

the 2050 baseline. In the fast diffusion transitions, the CT-PLEf sce- 

nario reduces the electricity use by an additional 2% due to the 

slightly better performing washing machines. The CT-PPWf sce- 

nario is the best performer in this category achieving a 38% en- 

ergy use reduction by 2050 compared with the 2050 BL, or extra 

23% than the CT-PLEf, due to the fewer washing cycles and lower 

water temperature as indicated in 

TABLE 1 . In contrast, the slow diffusion variants of the circu- 

lar transitions show minimum improvements. The CT-PPWs shows 

an improvement of 5% by 2050 compared with the HDET + , while 

the CT-PLEs shows virtually no gains, even when the circular busi- 

ness models achieved a market share of 19% by that year, because 

the development in improvements of the washing machines in the 

HDET + scenario and the CT-PLE are very similar. 

When it comes to detergent use, all scenarios except the BL and 

ET show similar detergent use reductions (see Figure 5 ). The circu- 

lar transitions with slow diffusion of circular business models have 

virtually the same detergent use results as the scenarios with halv- 

ing detergent strategies: HD, HDET, and HDET + . This means that 

at low market shares, the circular business models have little in- 

fluence in the detergent consumption in the market. On another 

hand, the fast diffusion variants of the circular transitions, CT-PPWf 

and CT-PLEf, show additional improvements in detergent use, sug- 

gesting that the diffusion of washing machines with auto-dosing 

systems has similar results as the population learning to use half 

of the detergent by 2050; naturally, if the auto-dosing systems are 

used consistently and correctly. 

Regardless of the mechanisms of detergent use reduction, a 

40% detergent use reduction by 2050, could mean 14% climate 

change impact savings compared to the 2050 baseline without 

any other interventions. We ventured to consider detergent use 

in the scenarios in light of the effort s and developments in de- 

tergent dispensing mechanisms and detergent formulations. In the 

last 20 years, the average recommended dose per washing cycle 

has downsized from 150 to 75g per cycle ( AISE, 2019 ). However, it 

is also known that users can easily use excess detergent, hence the 

emergence of auto-dosing systems. 

4.4. Climate Change Impacts 

Figure 6 shows the results of climate change impacts of the 

different scenarios. The period of 2015 to 2018 shows a climate 

change impact reduction of 6% due to the recent improvements in 

the Dutch electricity mix. From 2020, the BL scenario shows that 

if technology improvements in the electricity mixes and washing 

machines stagnate, and user behaviors remain the same, the cli- 

mate change impacts can increase 5% by 2030 and 10% by 2050 

compared with the 2020 BL because of the increasing demand of 

washing machines of a growing number of households. 

Of the scenarios without circular business models, the ET sce- 

nario shows the largest cuts in climate change impacts. If the en- 

ergy transition in the Netherlands continues to improve as sug- 

gested in section 3.4 , the life cycle climate change impacts could 

see a reduction of 17% by 2030 and 60% reduction by 2050 without 

further technological or behavioral interventions. These dramatic 

reductions in impacts are due to a steep reduction in the kg-CO 2 - 

eq per kWh of the Dutch electricity mix, which reaches a 93% re- 
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Figure 5. Electricity and detergent use by scenario. BL: Baseline, HD: Halving Detergent use, ET: Energy Transition, ETHD: Energy transition and halving detergent use, 

ETHD + : ETHD with washing machine improvements, CT-PPWf/s: circular transition with pay-per wash model (fast or slow diffusion variant), CT-PLEf/s: circular transition 

product lease and lifetime extension model (fast or slow diffusion variant). 

Table 4 

Climate change life cycle impacts results of the energy mixes of 2015, 2020, 

and 2050 for the Netherlands, European, and global regions. 

units 2015 2020 2050 

NL (low voltage) g CO 2 -eq / kWh 618 570 42 

Europe (medium voltage) g CO 2 -eq / kWh 452 417 384 

Global (medium voltage) g CO 2 -eq / kWh 774 698 510 

duction in 2050 compared with 2015, close to the 95% reduction 

modeled by TNO ( TNO, 2020 ). Table 4 . Climate change life cycle 

impacts results of the energy mixes of 2015, 2020, and 2050 shows 

the results of the climate change impacts per kWh of the Dutch 

electricity mix, the European mix, and the global mix per kWh. The 

less outstanding results of the average European and global regions 

have in turn, a small effect in the reduction of impacts of materials 

and manufacture of the washing machines, which for the European 

market, they come mostly from Europe and Asia (APPLIA, 2020). 

The use phase of the washing machines remains as the largest 

contributor of climate change impacts in all scenarios ( Figure 6 ). 

It contributes as much as 88% in the 2020 BL, and as little as 

60% by 2050 in the ET scenario. The energy transition has a shal- 

low effect in the impacts of the production phase of washing ma- 

chines mainly because the global and European electricity mixes 

do not improve as much as the Dutch mix in our assumptions in 

section 3.4 . In the ET scenario, although the impacts of the produc- 

tion per washing machine decrease by 10% by 2050, it represents 

only a 5% reduction in absolute terms due to the increased demand 

of washing machines in the same year. In all the other scenarios, as 

the contribution of impacts of the use phase decreases, the impacts 

of the production phase take a more important role. Using 2050 as 

example, in most scenarios the use phase contributes to about 60% 

of the impacts, meaning that 40% of the impacts will be regarded 

to material production and manufacturing, thus tilting the balance 

between the production and use phases for climate change mitiga- 

tion strategies in the future. 

Of the circular transitions, the fast diffusion variants perform 

best in total climate change impacts. By 2050, the CT-PPWf and the 

CT-PLEf have 14% and 5% less impacts, respectively, compared with 

the HDET + scenario. At the same time, looking at the production 
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Figure 6. Climate change impacts by scenario. BL: Baseline, HD: Halving Detergent use, ET: Energy Transition, ETHD: Energy transition and halving detergent use, ETHD + : 

ETHD with washing machine improvements, CT-PPWf/s: circular transition with pay-per wash model (fast or slow diffusion variant), CT-PLEf/s: circular transition product 

lease and lifetime extension model (fast or slow diffusion variant). 

phase alone, the impacts of the production of washing machines 

were reduced by 22% in both scenarios compared with the ET sce- 

nario in the same year. This means that the circular business mod- 

els were effective in reducing the impacts of the manufacturing 

of washing machines by lower production volumes. In contrast to 

the fast diffusion scenarios, the results of the slow-diffusion vari- 

ants CT-PPWs and CT-PLEs have virtually identical impacts to the 

HDET + scenario, showing that at low market shares of 19% or less, 

the benefits of the circular business models are negligible. 

5. Conclusions 

In this paper, we developed different scenarios of adoption of 

circular business models of washing machines in the Dutch mar- 

ket to analyze their material and climate change impact impli- 

cations toward 2050 including important technological advance- 

ments such as the energy transition, washing machine improve- 

ments, and changes detergent use. 

From our study, decarbonizing the Dutch electricity mix has the 

largest climate change benefits regardless of the business mod- 

els of washing machines. Even without changing laundering habits 

or business models, a successful energy transition would allow to 

achieve significant environmental benefits. In the Netherlands, at 

the current improvement pace, impacts could halve around 2040. 

In countries where home appliances have high penetration rates, 

focusing on the energy transition could provide the largest cli- 

mate change impact benefits, while extending the life of appliances 

would be beneficial in both saturated and unsaturated markets in 

the long run. With a successful outlook of the energy transition, 

a shift from prioritizing the use phase only to prioritizing the use 

phase and the production phase equally, is foreseeable. 
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We also conclude that the circular business models can con- 

tribute to additional climate change impacts benefits, if deployed 

at a very large scale. However, such ambitious penetration rates 

of the circular business models could take decades to attain even 

with the most successful adoption pathways. At lower market 

shares of 20% or less, the benefits in climate change of the circu- 

lar business models are negligible. In addition, the arguable bene- 

fits of the circular business models may also be threatened by the 

use patterns of the customer, especially in the case of the pay-per- 

wash model, whose benefits can be neutralized if the users do not 

respond to the incentives of the business model to change washing 

patterns. 

In addition to the frequency of washing and the water tempera- 

ture choice for washing cycles, detergent use is a relevant factor in 

the climate change impacts of laundering activities. Reducing the 

use of detergent is a simple, but potentially effective measure to 

mitigate climate change impacts even without washing machine 

technological improvements. Raising awareness among users about 

detergent use, can be added to the set of strategies for more sus- 

tainable washing activities. This is a measure that can be adopted 

by all kinds of users, who normally do not have control on the im- 

pacts of the electricity and the development of washing machine 

technologies. 

In material use benefits, the circular business models perform 

significantly better than the regular ownership model. If adopted 

successfully, material uses could see substantial reductions, mainly 

due to the longer lifespans of the washing machines. Extending the 

life of the washing machines through leasing and pay-per-wash 

business models could achieve similar material use reductions as 

those by their shared-access-based siblings. Nevertheless, this en- 

hanced material use performance of the system is also subject to 

the successful deployment of the circular business models, whose 

benefits could materialize toward 2050 with a fast diffusion profile. 

For material use reduction, an alternative strategy could consist in 

extending the lifetime of the washing machines of all users, while 

keeping an eye on energy efficiency. In this line, extending the life 

of the washing machines did not result in concerning higher envi- 

ronmental impacts due to their energy efficiency, as long as there 

are continuous improvements in new washing machine models. 

We finalize this article with some recommendations for policy 

makers, washing machine manufacturers, circular business stake- 

holders, and washing machine users, as well as some suggestions 

of further research. For policy makers and washing machine man- 

ufacturers, we recommend to consider minimum standard lifetime 

for domestic washing machines of at least 25% more than the 

present average of 12.5 years, while maintaining the current ma- 

terial intensities of the appliances and include dematerialization 

strategies as much as possible. Further research could focus on 

developing combined design for dematerializaiton and longevity 

strategies for washing machines, as well as for other home ap- 

pliances and durable products. For manufacturers, the potentially 

lower profits from reduced production rates and consequent sales 

can be offset by access and subscription-based business models. 

For circular business models creators, our recommendations are to 

research and develop mechanisms aimed towards consumer behav- 

ior to ensure the capture of environmental and material benefits of 

the circular business models. These strategies could include use- 

feedback-systems both for the user and the business owner. Other 

strategies could target brand loyalty to ensure the lifetime exten- 

sion of the washing machines. For consumers, our recommenda- 

tions are to use detergent moderately and in case of the need of 

replacing their current washing machine, choose carefully a high 

efficiency model keeping in mind that it is a long-term investment, 

which should not be replaced before 12.5 years to effectively con- 

tribute to material use mitigation. Lastly, for environmental stud- 

ies of circular business models that involve durable products, we 

recommend adopting a dynamic approach and a regional scope, 

and possibly, consider multiple product systems to better assess 

the potential extension of the impacts and benefits of the circular 

business models in wider economic contexts. We believe that the 

environmental studies of scalable circular business models with re- 

gional contexts and perspectives represent cases that need more 

scientific attention. 
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Appendix A1. On the Diffusion and Stock Dynamics Model 

Combination 

The obsolescence rate of washing machines of each business 

model was modeled as defunction function, with a normal prob- 

ability distribution. This normal distribution is dependent on the 

lifetime of the washing machines (τ ) , their vintage (v ) , the year 
(t) , and a lifetime standard deviation (σ ) as shown in the follow- 

ing equation: 

O ( t ) = 

t= v ∑ 

t=0 
I ( v ) 

1 √ 

2 π
e 

−( t−v −τ ) 2 

2 σ2 (A.1) 

Complementing Eq. 2 in the main text, for the circular busi- 

ness models, the replacement rate of washing machines is equal to 

their obsolescence rate, because it is assumed that customers will 

be subscribed to the circular business model indefinitely, so that 

RR ∗
CBM 

(t) = O CBM 

(t) . Thus, the installed base of the circular busi- 

ness model, U CBM 

(t) , at each year is: 

U CBM 

( t ) = 

t ∑ 

t=0 
( I CBM 

( t ) − O CBM 

( t ) ) (A.2) 

In this equation, the total demand of new washing machines 

for the CBM, I CBM 

(t) , is the sum of the constrained adoption 

rate AR ∗CBM 

(t) in Eq.2 in the main text plus the replacement rate 

O CBM 

(t) . 

For the IBM, the installed base and washing machine produc- 

tion rates are calculated by balance: 

U IBM 

( t ) = m ( t ) −U CBM 

( t ) (A.3) 

I IBM 

( t ) = �U IBM 

( t ) + O IBM 

( t ) − AR ∗CBM 

( t ) (A.4) 

In Eq. A.3, U IBM 

(t) is the installed base of the IBM by time. In 

Eq.A.4, I IBM 

(t) is the total production of washing machines of the 

IBM necessary to fulfill the installed base U IBM 

(t) . Both U IBM 

(t) and 

I IBM 

(t) are always equal or larger than zero. 
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Appendix A2. Climate Change Impact Contributions of the 

Production of Washing Machines 

Figure A1 

Figure A.1. Climate change impact contributions of the production phase by materials of washing machines in different years. BL: baseline, ET: energy transition 

References 

Amasawa, E., Suzuki, Y., Moon, D., Nakatani, J., Sugiyama, H., Hirao, M., 2018. De- 
signing Interventions for Behavioral Shifts toward Product Sharing: The Case of 

Laundry Activities in Japan. Sustainability 10 (8), 2687. doi: 10.3390/su10082687 . 
Ardente, F., Mathieux, F., 2014. Environmental assessment of the durability of 

energy-using products: method and application. Journal of Cleaner Production 
74, 62–73. doi: 10.1016/j.jclepro.2014.03.049 . 

Bass, F. M., 1969. A New Product Growth for Model Consumer Durables. Manage- 

ment Science 15 (5) http://www.jstor.org/stable/2628128 . 
Bass, F. M., KrishnanV, T., Jain, D. C., 1994. Why the Bass Model Fits without Deci- 

sion Variables. Marketing Science 13 (3). https://www.jstor.org/stable/183674 . 
Arriola, J. B. (2019). Designing a Washing Machine for the Service Econ- 

omy. [TU Delft] https://repository.tudelft.nl/islandora/object/uuid% 
3A9245b0c4- c020- 4004- 95b4- ee872d8aa157?collection=education . 

Bocken, N.M.P., de Pauw, I., Bakker, C., van der Grinten, B, 2016. Product design and 

business model strategies for a circular economy. Journal of Industrial and Pro- 
duction Engineering 33 (5), 308–320. doi: 10.1080/21681015.2016.1172124 . 

Bocken, N.M.P., Mugge, R., Bom, C.A., Lemstra, H.-J, 2018. Pay-per-use business mod- 
els as a driver for sustainable consumption: Evidence from the case of HOMIE. 

Journal of Cleaner Production 198, 498–510. doi: 10.1016/j.jclepro.2018.07.043 . 
Borg, L., Högberg, L., 2014. Organization of Laundry Facility Types and Energy Use in 

Owner-Occupied Multi-Family Buildings in Sweden. Sustainability 6 (6), 3843–

3860. doi: 10.3390/su6063843 . 
Bosch. (n.d.-a). HomeProfessional, Wasmachine, voorlader, 10 kg, 1600 rpm 

WAXH2E90NL . Retrieved November 12, 2020, from https://media3.bosch-home. 
com/Documents/specsheet/nl-NL/WAXH2E90NL.pdf 

Bosch. (n.d.-b). Serie | 2, Wasmachine, voorlader, 7 kg, 140 0 rpm WAJ280 01NL . Re- 
trieved November 12, 2020, from https://media3.bosch-home.com/Documents/ 

specsheet/nl-NL/WAJ28001NL.pdf 
Bosch. (2020). i-DOS: intelligent dosing washing machines from Bosch | 

BOSCH. Retrieved October 27, 2020, from https://www.bosch-home.com/mt/ 

bosch- innovations/washing- machines 
Boyano, A., Cordella, M., Espinosa, N., Villanueva, A., Graulich, K., Alborzi, F., Hook, I., 

Stamminger, R., & European Commission. Joint Research Centre. (2017). Ecode- 
sign and energy label for household washing machines and washer dryers : 

preparatory study - final report. https://doi.org/10.2760/029939 

Carrano, A.L., Pazour, J.A., Roy, D., Thorn, B.K., 2015. Selection of pallet manage- 
ment strategies based on carbon emissions impact. INTERNATIONAL JOURNAL 

OF PRODUCTION ECONOMICS 164, 258–270. doi: 10.1016/j.ijpe.2014.09.037 . 

Ciroth, A., 2007. ICT for environment in life cycle applications openLCA - A new 

open source software for Life Cycle Assessment. In: International Journal of Life 

Cycle Assessment, 12. Springer Verlag, pp. 209–210. doi: 10.1065/lca2007.06.337 
Issue. 

Cullen, J.M., Allwood, J.M., 2009. The Role of Washing Machines in Life Cycle As- 
sessment Studies. Journal of Industrial Ecology 13 (1), 27–37. doi: 10.1111/j. 

1530-9290.20 09.0 0107.x . 

de Thouars, J., 2018. Circulaire leverancier haalt 1 miljoen euro met crowd- 
funding. Chnge Inc. https://www.duurzaambedrijfsleven.nl/recycling/30365/ 

crowdfunding-circulaire-economie . 
Deetman, S., Pauliuk, S., van Vuuren, D.P., van der Voet, E., Tukker, A., 2018. Scenar- 

ios for Demand Growth of Metals in Electricity Generation Technologies, Cars, 
and Electronic Appliances. Environmental Science & Technology 52 (8), 4950–

4959. doi: 10.1021/acs.est.7b05549 . 

Donati, F., Aguilar-Hernandez, G.A., Sigüenza-Sánchez, C.P., de Koning, A., Ro- 
drigues, J.F.D., Tukker, A, 2020. Modeling the circular economy in environ- 

mentally extended input-output tables: Methods, software and case study. Re- 
sources, Conservation and Recycling 152, 104508. doi: 10.1016/j.resconrec.2019. 

104508 . 
Bundles. (2020). Miele Wasmachine Twindos W1 I In een voordelig Bundles 

abonnement! Retrieved November 12, 2020, from https://bundles.nl/product/ 
miele- wasmachine- twindos/ 

Electrolux. (2020). Electrolux Automatic Savings and Smart Dosing for huge laundry 

savings - Laundrylux. Retrieved November 12, 2020, from https://laundrylux. 
com/blog/electrolux-automatic-savings/ 

Hischier, R., Reale, F., Castellani, V., Sala, S., 2020. Environmental impacts of house- 
hold appliances in Europe and scenarios for their impact reduction. Journal of 

Cleaner Production 267, 121952. doi: 10.1016/j.jclepro.2020.121952 . 
Hoffmann, B.S., de Simone Morais, J., Teodoro, P.F., 2020. Life cycle assessment of 

innovative circular business models for modern cloth diapers. Journal of Cleaner 

Production 249, 119364. doi: 10.1016/j.jclepro.2019.119364 . 
Home Appliance Europe (APPLIA). (2020). By The Numbers: The Home Ap- 

pliance Industry in Europe, 2018-2019 . http://www.applia-europe.eu/ 
statistical- report- 2018- 2019/introduction/ 

1097 



C.P. Sigüenza, S. Cucurachi and A. Tukker Sustainable Production and Consumption 26 (2021) 1084–1098 

International Association for Soaps Detergents and Maintenance Products. (2019). 
COMPACTION OF HOUSEHOLD LAUNDRY DETERGENTS HAS ENABLED SIGNIFI- 

CANT ENVIRONMENTAL SAVINGS IN 2 DECADES, THE EUROPEAN LAUNDRY DETER- 
GENT MARKET HAS CONSIDERABLY CHANGED: 2–5. https://www.aise.eu/library/ 

publications.aspx 
Hoof, G.Van, Saouter, E., van Hoof, G., 2002. A database for the life-cycle assessment 

of Procter & Gamble laundry detergents. The International Journal of Life Cycle 
Assessment 7 (2), 103–114. doi: 10.1007/BF02978854 . 

Iraldo, F., Facheris, C., Nucci, B., 2017. Is product durability better for environment 

and for economic efficiency? A comparative assessment applying LCA and LCC 
to two energy-intensive products. Journal of Cleaner Production 140, 1353–

1364. doi: 10.1016/j.jclepro.2016.10.017 . 
Kerr, W., Ryan, C., 2001. Eco-efficiency gains from remanufacturing: A case study of 

photocopier remanufacturing at Fuji Xerox Australia. Journal of Cleaner Produc- 
tion 9 (1), 75–81. doi: 10.1016/S0959-6526(0 0)0 0 032-9 . 

International Energy Agency (IEA). (2020). The Netherlands - Countries & Re- 

gions - IEA. Retrieved July 30, 2020, from https://www.iea.org/countries/ 
the-netherlands 

Khumboon, R., Kara, S., Manmek, S., & Kayis, B. (2009). Environmental Impacts of 
Rental Service with Reconditioning-A Case Study. Proceedings of the 1st CIRP 

Industrial Product-Service Systems (IPS2) Conference, Cranfield University, 1-2 
April 2009, pp288 https://dspace.lib.cranfield.ac.uk/handle/1826/3864 . 

Kim, J., Park, Y., Yun, C., Park, C.H., 2015. Comparison of environmental and eco- 

nomic impacts caused by the washing machine operation of various regions. 
Energy Efficiency 8 (5), 905–918. doi: 10.1007/s12053-015-9333-7 . 

Kirchherr, J., Reike, D., Hekkert, M., 2017. Conceptualizing the circular economy: An 
analysis of 114 definitions. Resources, Conservation and Recycling 127, 221–232. 

doi: 10.1016/j.resconrec.2017.09.005 . 
Krausmann, F., Wiedenhofer, D., Lauk, C., Haas, W., Tanikawa, H., Fishman, T., Mi- 

atto, A., Schandl, H., Haberl, H., 2017. Global socioeconomic material stocks rise 

23-fold over the 20th century and require half of annual resource use. Proceed- 
ings of the National Academy of Sciences 114 (8), 1880–1885. doi: 10.1073/pnas. 

1613773114 . 
Lindahl, M., Sundin, E., Sakao, T., 2014. Environmental and economic benefits of In- 

tegrated Product Service Offerings quantified with real business cases. Journal 
of Cleaner Production 64, 288–296. doi: 10.1016/j.jclepro.2013.07.047 . 

McDowall, W., Geng, Y., Huang, B., Barteková, E., Bleischwitz, R., Türkeli, S., Kemp, R., 

Doménech, T., 2017. Circular Economy Policies in China and Europe. Journal of 
Industrial Ecology 21 (3), 651–661. doi: 10.1111/jiec.12597 . 

Mhatre, P., Panchal, R., Singh, A., Bibyan, S., 2021. A systematic literature review on 
the circular economy initiatives in the European Union. Sustainable Production 

and Consumption 26, e00384. doi: 10.1016/j.spc.2020.09.008 . 
Miele. (n.d.). Productgroepen wasmachines en was-droogmachines . Retrieved Novem- 

ber 12, 2020, from https://www.miele.nl/c/wasmachines-1565.htm?shop=1# 

Moazzem, S., Daver, F., Crossin, E., Wang, L., 2018. The Journal of The Textile Insti- 
tute Assessing environmental impact of textile supply chain using life cycle as- 

sessment methodology Assessing environmental impact of textile supply chain 
using life cycle assessment methodology. The Journal of The Textile Institute 

109, 1574–1585. doi: 10.1080/0 04050 0 0.2018.1434113 . 
Moreno, M., De los Rios, C., Rowe, Z., Charnley, F., 2016. A Conceptual Framework 

for Circular Design. Sustainability 8 (9), 937. doi: 10.3390/su8090937 . 
Müller, D.B., 2006. Stock dynamics for forecasting material flows—Case study for 

housing in The Netherlands. Ecological Economics 59 (1), 142–156. doi: 10.1016/ 

j.ecolecon.2005.09.025 . 
NIPO, T. (2017). Watergebruik Thuis 2016 . www.tns-nipo.com 

Pauliuk, S., Müller, D.B., 2014. The role of in-use stocks in the social metabolism 

and in climate change mitigation. Global Environmental Change 24, 132–142. 

doi: 10.1016/j.gloenvcha.2013.11.006 . 
Riahi, K., van Vuuren, D.P., Kriegler, E., Edmonds, J., O’Neill, B.C., Fujimori, S., 

Bauer, N., Calvin, K., Dellink, R., Fricko, O., Lutz, W., Popp, A., Cuaresma, J.C., 

KC, S., Leimbach, M., Jiang, L., Kram, T., Rao, S., Emmerling, J., … Tavoni, M., 2017. 
The Shared Socioeconomic Pathways and their energy, land use, and greenhouse 

gas emissions implications: An overview. Global Environmental Change 42, 153–
168. doi: 10.1016/j.gloenvcha.2016.05.009 . 

European Commission. (2020). COMMUNICATION FROM THE COMMISSION TO THE 
EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SO- 

CIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS A new Circular Econ- 

omy Action Plan For a cleaner and more competitive Europe. https://eur-lex. 
europa.eu/legal-content/EN/ALL/?uri=COM: 2020:98:FIN. 

Rijksoverheid. (2016). Rijksbreed programma Circulaire Economie | Rapport | 
Rijksoverheid.nl . https://www.rijksoverheid.nl/onderwerpen/circulaire-economie/ 

documenten/rapporten/2016/09/14/bijlage- 1- nederland- circulair- in- 2050 
Rijksoverheid. (2019). Circular Economy Implementation Program 2019 - 2023 | 

Report | Rijksoverheid.nl . https://www.rijksoverheid.nl/onderwerpen/circulaire- 
economie/documenten/rapporten/2019/02/08/uitvoeringsprogramma-2019-2023 

Rodríguez, C., Michael, S., & Ciroth, A. (2017). LCIA method pack for open LCA nexus 
v.1.5.7 . https://www.openlca.org/download/ 

European Committe of Domestic Equipment Manufacturers (CECED). (2018). Mate- 

rial Flows of the Home Appliance Industry . http://www.materialflows.eu/assets/ 
Material _ Flows _ of _ the _ HA _ Industry _ LR.pdf 

Saouter, E., Van Hoof, G., Feijtel, T. C. J., & Owens, J. W. (2002). The Effect of Compact 
Formulations on the Environmental Profile of Northern European Granular Laundry 

Detergents Part II: Life Cycle Assessment . https://doi.org/10.1065/Ica2001.06.057.2 
Sigüenza, C.P., Steubing, B., Tukker, A., Aguilar-Hernández, G.A., 2020. The envi- 

ronmental and material implications of circular transitions: A diffusion and 

product-life-cycle-based modeling framework. Journal of Industrial Ecology 
doi: 10.1111/jiec.13072 , jiec.13072. 

Smidt Dreijer, L., Birkved, M., Howard, T.J., Bey, N., 2013. General rights The sus- 
tainability effects of Product/Service-System design validated through Life Cy- 

cle Assessment. Downloaded from orbit.dtu.dk on. http://castor.tugraz.at/doku/ 
SB13 _ Graz/SB13 _ Graz _ Fullpaper.pdf . 

Stahel, W. R., 2012. The business angle of a circular economy-higher com- 

petitiveness, higher resource security and material efficiency. EMF Vol. 
15.05.12. http://www.rebelalliance.eu/uploads/9/2/9/2/9292963/stahel _ the _ 

business _ angle _ of _ a _ circular _ economy.pdf . 
Stahel, W.R., 2016. Circular economy. Nature 531 (7595), 435–438. 7595 

https://www.nature.com/polopoly _ fs/1.19594!/menu/main/topColumns/ 
topLeftColumn/pdf/531435a.pdf . 

Stamminger, R., Bues, A., Alfieri, F., & Cordella, M. (2020). Durability of washing ma- 

chines under real life conditions: Definition and application of a testing procedure . 
https://doi.org/10.1016/j.jclepro.2020.121222 

Statista. (2020). Netherlands: washing machine sales 2013-2019 | Statista. 
Retrieved July 13, 2020, from https://www.statista.com/statistics/1061278/ 

washing- machine- sales- in- the- netherlands/ . 
Netherlands Organization of Applied Research (TNO). (2020). Towards a sustain- 

able energy system for the Netherlands in 2050 . https://energy.nl/en/publication/ 

towards- a- sustainable- energy- system- for- the- netherlands- in- 2050/ 
The Ellen MacArthur Foundation (EMF), SUN, & SYSTEMIQ, 2015. Achieving 

“Growth Within” A €320-billion Investment Opportunity Available to Europe up 
to 2025, Executive Summary. EMF. https://www.ellenmacarthurfoundation. 

org/assets/downloads/publications/Executive-Summary _ 
Achieving- Growth- Within- 20- 01- 17.pdf . 

Tukker, A., 2015. Product services for a resource-efficient and circular economy e 

a review. Journal of Cleaner Production 97, 76–91. doi: 10.1016/j.jclepro.2013.11. 
049 . 

Vásquez, F., Løvik, A.N., Sandberg, N.H., Müller, D.B., 2016. Dynamic type-cohort- 
time approach for the analysis of energy reductions strategies in the building 

stock. Energy and Buildings 111, 37–55. doi: 10.1016/J.ENBUILD.2015.11.018 . 
Wasserbaur, R., Sakao, T., Ljunggren Söderman, M., Plepys, A., Dalhammar, C., 2020. 

What if everyone becomes a sharer? A quantification of the environmental im- 
pact of access-based consumption for household laundry activities. Resources, 

Conservation and Recycling 158, 104780. doi: 10.1016/j.resconrec.2020.104780 . 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., Zah, R., 
Org, W., 2016. THE ECOINVENT DATABASE V3 The ecoinvent database version 

3 (part I): overview and methodology. The International Journal of Life Cycle 
Assessment 21, 1218–1230. doi: 10.1007/s11367- 016- 1087- 8 . 

Yuan, Z., Zhang, Y., Liu, X., 2016. Life cycle assessment of horizontal-axis washing 
machines in China. The International Journal of Life Cycle Assessment 21 (1), 

15–28. doi: 10.1007/s11367-015-0993-5 . 

Zhang, Y., Liu, X., Xiao, R., Yuan, Z., 2015. Life cycle assessment of cotton T-shirts 
in China. The International Journal of Life Cycle Assessment 20 (7), 994–1004. 

doi: 10.1007/s11367-015-0889-4 . 
WUA. (2018). Wasmachine Leasen, Insights Update . Retrieved May 11, 

2020, from https://www.wuaglobal.com/sparks/bundles- nl- wins- online- 
orientation- study- on- washing- machine- lease/#form 

1098 


