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9ȄŜŎǳǘƛǾŜ ǎǳƳƳŀǊȅ 
The C-SERVEES project aims to boost a resource-efficient circular economy in the electrical and electronic 
sector through the development, validation and transfer of new circular economy business models. These 
models are based on systemic eco-innovative services that include: (1) eco-leasing of EEE, (2) product 
customization, (3) improved WEEE management, and (4) ICT services to support other eco-services. 

The new circular economic business models were implemented and tested by means of demonstrations 
involving four target products: washing machines, laser printers and their toner cartridges, telecom equipment 
and TV sets. The demonstrations involve the whole life cycle of the four target products, their associated value 
and supply chains, and the proposed eco-innovative services. 

The techno-economic, environmental and social feasibility of the target products and related eco-services 
were determined by means of life cycle sustainability assessment tools (LCSA), including environmental life 
cycle assessment (LCA), life cycle costing (LCC) and social life cycle assessment (S-LCA). Two different types of 
scenarios were assessed and compared for each target product: 

¶ A conventional scenario, in which the products are produced and consumed under linear economy 
models. 

¶ The C-SERVEES scenario, in which the products are produced and consumed under the new circular 
economy models relying on the systemic eco-innovative services demonstrated in the project. 

This Deliverable 5.2 shows the life cycle assessment and material circularity index of each target product under 
the conventional scenario, called Reference product, and under the C-SERVEES scenario, called C-SERVEES 
product, and their comparison. 

The environmental impacts were determined using the LCA methodology according to ISO standards 
(14040/14044). The assessment comprised the whole life cycle of the products, including: extraction and 
processing of raw materials, manufacturing, transport and distribution, use, maintenance (when required) and 
end of life. A complete life cycle inventory was first developed for each product, including energy and material 
uses and releases to the environment for each life cycle stage. The inventory was then converted into 
environmental impacts by using the life cycle impact assessment method ReCiPe, which allowed to assess 18 
midpoint impact categories (including global warming) and 3 endpoint impact categories (damages to human 
health, ecosystem diversity and resource availability). Additionally, the Material Circularity Indicator (MCI) was 
determined to assess the circularity of the current products and business models. 

Below are shown the main environmental indicators calculated for the four target products with their two 
scenarios and the relative improvement, referred to their functional unit, and excluding use energy and use 
consumables. 

1) One washing cycle with an ARÇELIK 7150370100 washing machine as Reference product and ARÇELIK 
7150341600 as C-SERVEES product. 

Main life cycle cost indicators for one washing cycle of the washing machine. 

²ŀǎƘƛƴƎ ƳŀŎƘƛƴŜ LƴŘƛŎŀǘƻǊ ¦ƴƛǘ wŜŦŜǊŜƴŎŜ /π{9w±99{ wŜƭŀǝǾŜ 
ƛƳǇǊƻǾŜƳŜƴǘ 

 

Dƭƻōŀƭ ǿŀǊƳƛƴƎ ƪƎ /hнŜǉ лΦмпм лΦмоф мΦо҈ 

IǳƳŀƴ ƘŜŀƭǘƘ 5![¸ мΦмм9πлс мΦмм9πлс лΦн҈ 

9ŎƻǎȅǎǘŜƳǎ ǎǇŜŎƛŜǎΦȅǊ мΦнл9πлф мΦнл9πлф лΦо҈ 

wŜǎƻǳǊŎŜǎ ¦{5нлмо мΦнт9πлн мΦнс9πлн лΦу҈ 

wŜŎȅŎƭƛƴƎ ŎǊŜŘƛǘǎΣ D²t ƪƎ /hнŜǉ πмΦмт9πлн πмΦмт9πлн лΦл҈ 

aŀǘŜǊƛŀƭ /ƛǊŎǳƭŀǊƛǘȅ LƴŘƛŎŀǘƻǊ   лΦнр лΦнр мΦт҈ 
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2) 1,000 printed pages with a LEXMARK CX860dte professional multifunctional laser printer 

Main life cycle cost indicators for 1000 printed pages of the multifunctional laser printer. 

aǳƭǝŦǳƴŎǝƻƴŀƭ ƭŀǎŜǊ 
ǇǊƛƴǘŜǊ 

LƴŘƛŎŀǘƻǊ ¦ƴƛǘ wŜŦŜǊŜƴŎŜ /π{9w±99{ wŜƭŀǝǾŜ 
ƛƳǇǊƻǾŜƳŜƴǘ 

 

Dƭƻōŀƭ ǿŀǊƳƛƴƎ ƪƎ /hн Ŝǉ нΦттф нΦрру уΦл҈ 

IǳƳŀƴ ƘŜŀƭǘƘ 5![¸ мΦлу9πлр мΦлл9πлр тΦм҈ 

9ŎƻǎȅǎǘŜƳǎ ǎǇŜŎƛŜǎΦȅǊ мΦсп9πлу мΦрм9πлу тΦт҈ 

wŜǎƻǳǊŎŜǎ ¦{5нлмо лΦнрс лΦнос уΦл҈ 

wŜŎȅŎƭƛƴƎ ŎǊŜŘƛǘǎΣ D²t ƪƎ /hн Ŝǉ πлΦоут πлΦоом πмпΦп҈ 

aŀǘŜǊƛŀƭ /ƛǊŎǳƭŀǊƛǘȅ LƴŘƛŎŀǘƻǊ  лΦпуп лΦрпо мнΦо҈ 

 
3) One hour of the telecommunications equipment monitoring composed by an active ALM unit (ADVA 

16ALM/#1650D/AC) and 50 passive sensors 

Main environmental indicators for one hour of the ALM product monitoring. 

ALM product Indicator Unit Reference C-SERVEES Relative 
improvement 

 

Global warming kg CO2eq 1.37E-03 9.27E-04 32.6% 
Human health DALY 8.42E-09 4.70E-09 44.1% 
Ecosystems species.yr 1.30E-11 7.57E-12 42.0% 
Resources USD2013 7.38E-05 6.23E-05 15.5% 
Recycling credits, GWP kg CO2eq -1.14E-04 -6.62E-05 -42.2% 
Material Circularity Indicator   0.41 0.71 73.1% 

4) One watched hour of the GRUNDIG G43C 891 5A поέ ǎƳŀǊǘ-TV set 

Main life cycle cost indicators for one watched hour of the TV set. 

TV set Indicator Unit Reference C-SERVEES Relative 
improvement 

 

Global warming kg CO2eq 2.19E-02 1.40E-02 36.2% 
Human health DALY 1.23E-07 7.49E-08 38.9% 
Ecosystems species.yr 1.44E-10 9.01E-11 37.6% 
Resources USD2013 1.64E-03 1.09E-03 33.6% 
Recycling credits, GWP kg CO2eq -1.67E-03 -1.11E-03 -33.2% 
Material Circularity Indicator  0.37 0.56 52.1% 

It should be noted that these results cannot be used to compare the products with each other, since each 
product has its own functions and functional unit, intensity of use, number of users per product unit and 
lifetime, resulting in products completely different in terms of composition, weight, life-cycle management 
and derived impacts; e.g., the washing machine is a consumer product used at home by a family, while the 
professional multifunctional laser printer is a large business product used by several office workers (over 30 
users per product unit).  

The main conclusion of this Deliverable 5.2 is that the four target products, under the new circular economy 
models relying on the systemic eco-innovative services demonstrated in the project, and excluding electricity 
and consumables during the use phase, have reduced global warming by 20%, human health and ecosystems 
quality by 22%, resources scarcity by 14% and improved circularity by 35%.  
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1 Introduction 

C-SERVEES is a European H2020 project that aims to boost a resource-efficient circular economy in the 
electrical and electronic sector through the development, testing, validation and transfer of new circular 
economic business models. The new circular business models, developed in WP2, are based on systemic eco-
innovative services that include: (1) eco-leasing of EEE, (2) product customization, (3) improved WEEE 
management, and (4) ICT services to support the other eco-services. ICT tools were developed in WP3 as a 
driver of the proposed eco-innovative services. Figure 1 shows a schematic overview of the C-SERVEES project 
and its main innovative solutions. 

The new circular economic business models were implemented and tested in WP4 by means of 
demonstrations involving four target products: washing machines, multifunctional laser printers and their 
toner cartridges, telecom equipment and TV sets. These products belong to different EEE categories that 
jointly account for 77% of the WEEE collected in the EU. The demonstrations involve the whole life cycle of 
the four target products, their associated value and supply chains, and the proposed eco-innovative services. 

 

Figure 1. Schematic overview of the C-SERVEES project. 

The environmental, economic and social viability of the target products and related eco-services were 
determined in WP5 by means of life cycle sustainability assessment tools, including: environmental life cycle 
assessment (LCA), life cycle costing (LCC) and social life cycle assessment (S-LCA). Two different types of 
scenarios were assessed and compared for each target product: 

¶ A conventional scenario, in which the products are produced and consumed under linear economy 
models. 
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¶ The C-SERVEES scenario, in which the products are produced and consumed under the new circular 
economy models relying on the systemic eco-innovative services demonstrated in the project. 

This Deliverable 5.2 shows the life cycle assessment and material circularity index of each target product under 
the conventional scenario, called Reference product, and under the C-SERVEES scenario, called C-SERVEES 
product, and their comparison. 

1.1 Context and relationship with other WPs 

C-SERVEES project is structured into 9 work packages (WPs). Figure 2 shows the overall structure of the project 
work plan as well as the interlinkages between the different WPs. 

 

Figure 2. WP structure of the C-SERVEES project. 

This Deliverable 5.2 is part of WP5, whose main objective is to validate the new circular business models by 
verifying their total costs (internal and external cots). The relationship of WP5 (and Deliverable 5.2 in 
particular) with the other previous WPs is explained below. 

WP1. Requirements for the new circular economic models 

Stakeholder consultation was initially conducted to identify the awareness, opportunities, challenges and 
enablers to implement the circular economy business models in the electrical and electronic sector. These 
comprised technical, business & management, legislative, economic, social, supply chain and implementation 
aspects (discussed in Deliverable 1.2). 

WP2. Definition of new circular economic business models 

A circular business reference model for the electrical and electronic sector (REF-CIRCMODE) was developed 
based on a comprehensive literature review, the findings of the stakeholder consultation (conducted in WP1) 
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and requirements from industry partners in the EEE value chains. The reference model comprises five 
interlinked layers (presented in Deliverable 2.1): (1) Business Strategy, (2) Circular Economic Business Model 
Canvas, (3) Challenges and Opportunities, (4) EU Policies relevant to the electrical & electronic sector, and (5) 
Circularity Indicators.  

The REF-CIRCMODE was designed to be relevant to all EEE products and its layered structure provides a 
framework encompassing all possible circular economy options at a strategic level as well as each stage of a 
ǇǊƻŘǳŎǘΩǎ ƭƛŦŜ ŎȅŎƭŜ όŘŜǎƛƎƴΣ ǇǊƻŘǳŎǘƛƻƴΣ ǳǎŜ ŀƴŘ 9ƻ[ύΦ ¢Ƙƛǎ ŜƴǎǳǊŜǎ ǘƘŀǘ ŀƭƭ ƻǇǘƛƻƴǎ ŀǊŜ ƛƴƛǘƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ǿƘŜƴ 
implementing the REF-CIRCMODE to meet the requirements of any specific EEE product, providing the most 
appropriate actions that leaded to the optimum product-specific circular economic business model. 

The REF-CIRCMODE was further customised and tailored to the four specific products targeted in the project, 
resulting in four oriented product-specific circularity models: 

¶ WASH-CIRCMODE for washing machines produced by ARÇELIK (presented in Deliverable 2.2). 

¶ PRINT-CIRCMODE for printer products produced by LEXMARK, including laser printers and toner 
cartridges (presented in Deliverable 2.3). 

¶ ALM-CIRCMODE for telecom equipment produced by ADVA (presented in Deliverable 2.4). 

¶ TV-CIRCMODE for TV sets and displays produced by ARÇELIK (presented in Deliverable 2.5). 

The four product-specific circular economic business models are therefore equally based on the characteristics 
of the REF-CIRCMODE. Each business model, however, relates to the specificities of the specific product, since 
each one was developed using the information provided by the corresponding producer and other actors in 
its associated value chain. 

WP3. Communication channels and ICT tools 

C-SERVEES is also dealing with the development of ICT tools for bi-directional communication and secure 
information exchange throughout the EEE value chains to support the new circular economic business models. 
These tools are based on blockchain and zero-knowledge technology, enabling the communication about 
individual products without the need for full disclosure of information, but with trust and accountability. 

New ICT services were thus be provided and supported by information transfer through the EEE value chains, 
including EEE producers and their supply chains, end users and WEEE managers. These services were relied on 
QR codes (requiring product labelling), providing access to end users via their smartphones, while WEEE 
managers can use QR code scanners. Functionalities included product life-cycle tracking and feedback to 
producers, as well as interactive user manuals, repair manuals, warranty tracking or consumables 
management. 

The ICT tools were developed in sprints with industry partners that tested them to validate and optimise their 
features and functionalities. They were structured in such a way that any type of EEE can be added to the ICT 
platform. 

WP4. Demonstrations of the circular economic business models and eco-services 

The practical utility of the product-specific circular economic business models (developed in WP2) lies in the 
possibility of posing and reviewing a series of circular economy options and evaluating them according to their 
viability and timeframes for implementation (short, medium or long term). This exercise was carried out by 
each EEE producer in C-SERVEES (ARÇELIK, LEXMARK and ADVA), leading to the selection of a set of circular 
economy actions that can be reasonably applied to their demo products within the timescale of the project 
(i.e., in the short term). 

The actions initially selected for each target product (as for the WP2 and related deliverables D2.2, D2.3, D2.4 
and D2.5) were implemented through the demonstrations ŦƻǊ ǘƘŜ Ψ5ŜǎƛƎƴ ŀƴŘ tǊƻŘǳŎǘƛƻƴΩ ǇƘŀǎŜ (presented 
in Deliverable 4.1). These potential actions for increasing circularity from WP2 are summarized in Table 1, 
including some actions supported by the ICT tools developed in the project (in WP3). In addition, other circular 
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economy actions considered feasible over a longer timescale (i.e., medium and long term) were explored by 
EEE producers for possible progression outside the confines of the project. 

Table 1. Demonstration circular economy actions to be conducted along the C-SERVEES project for Washing Machines. 

Demo product 
(producer) 

Life-cycle 
stage 

Circular economy action Action description 

Washing machines 
(ARÇELIK) 

 

Design & 
production 

Eco-design of the washing 
machine 

Å LƴŎǊŜŀǎŜ ǊŜŎȅŎƭŜŘ ǇƭŀǎǘƛŎ ŎƻƴǘŜƴǘ ƛƴ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ 
components 
Å Use novel formula to increase recycled PET content in 
ǘƘŜ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ ǘǳō ǘƻ ƳŀƪŜ ƛǘ ƳƻǊŜ ŘǳǊŀōƭŜ   
Å Use QR codes to provide information about materials 

and ŎƻƳǇŀƴȅΩǎ ŎƛǊŎǳƭŀǊƛǘȅ ǘƻ ŀƭƭ ǘƘŜ ǾŀƭǳŜ ŎƘŀƛƴ 

Increase circularity in 
production process 

Å Perform LCA to detect improvement areas in production 

Use 
Develop a renting model 
for B2B market 

Å Demonstration with focus on corporate customers 
Å Obtain ŦŜŜŘōŀŎƪ ŦǊƻƳ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ .н. ŎǳǎǘƻƳŜǊǎ 

via questionnaires 
Å Develop new corporate B2B sales channels in Europe for 

renting washing machines 
Å Develop a washing machine rental business model 
Å !ǎǎŜǎǎ ǘƘŜ ŦŜŀǎƛōƛƭƛǘȅ ƻŦ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ 

leasing/renting options 
Å Target low income customers for the sale or rent of 
ǊŜŦǳǊōƛǎƘŜŘ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ όǎǘǳŘŜƴǘǎΣ ǇŜƴǎƛƻƴŜǊǎΣ 
house shares, etc.) 

End of life 

Expand and improve 
repair & refurbishment 
operations 

Å Collect end of life products from B2B customers, 
refurbish them and provide refurbished products to B2B 
customers as a new business line 
Å Enable collection of end-of use-ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ ōŀŎƪ 

from customers with a partner in Europe 
Å Explore the use of 3D printing for spare parts and/or 

customisation 
Å Reuse motors and electrical cards from returned 

washing machines as spare parts in Turkey  
Å Develop dismantling and repair training programmes 
Å /ǊŜŀǘŜ ŀǿŀǊŜƴŜǎǎ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ 

circularity among B2B consumers via the help of QR 
codes inserted in products, which include examples of 
!ǊœŜƭƛƪΩǎ ōŜǎǘ ǇǊŀŎǘƛŎŜǎ ƛƴ ǘŜǊƳǎ ƻŦ ŎƛǊŎǳƭŀǊƛǘȅ 
Å Expand partnerships with Arçelik dealers and retailers to 
ǎŜƭƭ ǊŜƳŀƴǳŦŀŎǘǳǊŜŘ .н/ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ 

Improve recycling 
process/recovering of the 
washing machine 

Å ¦ǎŜ ŀ vw ŎƻŘŜ ƻƴ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΩ ŎƻƳǇƻƴŜƴǘǎ ǘƻ 
track their service call rate 
Å Initiate a take back collection system for end of use 

washing machines in Europe with a partner 
Å Develop circular end-of-life recovery strategies for 

collected washing machines outside Turkey 
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Table 2. Demonstration circular economy actions to be conducted along the C-SERVEES project for Laser Printers. 

Demo product 
(producer) 

Life-cycle 
stage 

Circular economy action Action description 

Printer products, incl. 
laser printers and 
toner cartridges 

(LEXMARK) 

 

Design & 
production 

Eco-design of the printer 

Å Identify levers to reduce dismantling and refurbishing 
cost by setting various operating models 
Å Provide information about printers to LEXMARK 

recycling partners 
Å Use materials that recyclers can easily and profitably 

recycle 
Å Use ICT to support information sharing across the supply 

chain related to recycled content 
Å Devise an eco-design strategy for printers during 

dismantling activities  

Increase circularity in the 
ǇǊƛƴǘŜǊΩǎ ƭƛŦŜ ŎȅŎƭŜ 

Å Expand LCCP and/merge with LECP program (collecting 
and refurbishing whole printers and key components) 
Å Assess options to reuse material from EOL/WEEE printers 
Å Learn from recyclers what materials can be recycled 

better or more profitably to use more of them instead of 
low-recycle value or efficiency materials 

Use 
Improve data collection 
and management 

Å Reduce the number of unnecessary and incorrect 
shipments 
Å Salvage working and repairable parts from 

collected/return printers and use on E2N (Equal to New) 
printers 
Å Increase the flow of returned end-of-life printers by 

reducing the associated time and cost 
Å Explore the competitiveness of 3D printing for spare 

plastic parts 
Å Engage with key customer to understand their needs 

and requirements as it relates to refurbished products 
Å Active lobbying at EU and/or national level for wider 

acceptance and promotion of circular business models 
Å Active media/PR campaign on refurbished printers 
Å Promote refurbished printers 
Å Use QR code to inform customers about options to 

return their unused products to the manufacturer 
Å Investigate economics of more CE suitable materials 

coming from end-of-life cartridges or printers 

End of life 

Improve the LCCP 
Å Expand LCCP and/merge with LECP program (collecting 

and refurbishing whole printers and key components) 
Å Implement ICT tools for improvement in logistics 

Improve the recycling of 
printers and cartridges 

Å Maintain highest levels of data security by ensuring that 
customers' documents are erased from refurbished 
(E2N) printers 
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Table 3. Demonstration circular economy actions to be conducted along the C-SERVEES project for ALM product. 

Demo product 
(producer) 

Life-cycle 
stage 

Circular economy action Action description 

Telecom equipment 
(ADVA) 

 

Design & 
production 

Eco-design of ALM 
system 

Å Design for longevity, in particular better maintainability 
Å Design for better recycling, in particular related to 

plastics 
Å Improve energy efficiency in the use phase by at least 

20% 
Å Devise an eco-design approach in production and Design 

for Recycling 
Å Reduce costs of manual disassembly for recycling 

Improve circularity in 
ALM production 

Å Perform LCA to detect improvement areas in production 

Use 

Improvements in 
performance 

Å Implement eco-design strategies across the life cycle of 
ALM products and the subsequent reduction of energy 
use 

Explore feasibility of 
renting/shared use/PSS 

Å In-depth PSS analysis considering lifetime and other ICT 
product 
Å Introduce options for leasing, renting or sharing 

products 
Å Expand the scope of PSS (moving toward vendor 

ownership) 
Å Move towards a rental model for B2B customers 
Å Demonstration of leasing/renting with selected 

stakeholder 

End of life 

Improve repair and 
refurbishment operations 

Å Carry out a feasibility analysis of AI for predictive 
maintenance 
Å !ǎǎŜǎǎ ŎƻƳǇƻƴŜƴǘǎΩ ǊŜǳǎŜ 
Å Provide an analysis of part-exchange options as part of 

repair and maintenance 

Improve recycling of the 
ALM system 

Å Assign components to most efficient recycling pathways 
Å Provide an analysis of how recycling needs to be 

changed to become more efficient 
Å Define which level of material data is suitable for 

recyclers 
Å Improve the proportion of components, parts and/or 

materials recovered 
Å Reduce volume of packaging and develop plastic-free 

packaging 
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Table 4. Demonstration circular economy actions to be conducted along the C-SERVEES project for ALM product. 

Demo product 
(producer) 

Life-cycle 
stage 

Circular economy action Action description 

TV sets (ARÇELIK) 

 

Design & 
production 

Eco-design of the TV set 

Å Increase recycled plastic content in TV components  
Å Increase the durability of LED panel and mainboard 
Å Use QR codes to provide information about materials 
ŀƴŘ ŎƻƳǇŀƴȅΩǎ ŎƛǊŎǳƭŀǊƛǘȅ ǘƻ ŀƭƭ ǘƘŜ ǾŀƭǳŜ ŎƘŀƛƴ 

Increase circularity in 
production process 

Å Perform LCA to detect improvement areas in production 

Use 
Develop a renting model 
for B2B market 

Å Demonstration with focus on corporate customers 
Å Use 3D printing for TV components 
Å Obtain feedback from TV B2B customers via 

questionnaires and living labs 
Å Develop new corporate B2B sales channels in Europe for 

renting TVs 
Å Develop a TV rent business model for Smart Boards and 

Digital Signage products 
Å Assess the feasibility of TV renting options 

End of life 

Expand and improve 
repair and refurbishment 
operations 

Å Collecting and remanufacturing end of use TV sets 
Å Enable traceability of remanufactured TV parts 
Å Develop dismantling and repair training programmes 
Å Create awareness among TV B2B consumers via the help 

of QR codes inserted in products 
Å Expand partnerships with ARÇELIK TV dealers and 

retailers to sell remanufactured B2C TVs 
Å Target low-income customers for the sale or rent of 

refurbished TVs (students, pensioners, house shares, 
etc.) 
Å Initiate a take back collection system in Europe with a 

partner 

Improve recycling process 
of the TV set 

Å Decrease packaging waste 
Å Increase circularity of TV waste plastics 
Å Develop circular end-of-life recovery strategies for end 

of use TVs outside Turkey 

 

WP5. Optimization and validation of the circular economic business models and eco-services 

The main objective of this WP was to validate the new circular economic business models by verifying their 
sustainability in the demonstrations of the four EEE products. The evaluation of the proposed solutions was 
conducted by applying life cycle sustainability assessment tools over the demonstrations to measure their 
performance in relation to the three pillars of sustainability (Figure 3): 

¶ Environmental viability, measured with life cycle assessment (LCA, performed in Task 5.1). 

¶ Economic viability, measured with life cycle costing (LCC, performed in Task 5.2). 

¶ Social viability, measured with social life cycle assessment (S-LCA, performed in Task 5.3). 



 

Deliverable 5.2. Environmental analysis of C-SERVEES products and services: LCA  

Page 26 of 158 

   

 

Figure 3. Life cycle sustainability assessment approach applied in the C-SERVEES project. 

Two different types of scenarios were assessed and compared for each target product to validate the 
sustainability of the new circular business models: 

¶ A conventional scenario, in which the products are produced and consumed under linear economy 
models. 

¶ The C-SERVEES scenario, in which the products are produced and consumed under the new circular 
economy models relying on the eco-innovative services demonstrated in the project (in WP4). 

A preliminary LCSA was included in D5.1. However, during the development of the C-SERVEES project and in 
accordance with the definition of the circular models, some changes were introduced in some parts of the 
linear product in order to achieve a more representative comparison.  

This Deliverable 5.2 shows the life cycle assessment and circularity of each target product under the 
conventional scenario, called Reference product, and under the C-SERVEES scenario, called C-SERVEES 
product. The impacts of the C-SERVEES scenario are also compared to those for the conventional scenario, 
also compiled here and replacing Deliverable 5.1, to calculate the sustainability benefits that can be achieved 
with the solutions developed in the project. 

1.2 Structure of the Deliverable 

Deliverable 5.2 contains the following sections: 

¶ Introduction to C-SERVEES project with the overview of WP5 and its relationship with previous WPs. 

¶ Definition of the Goal and Scope of the Deliverable. 

¶ Methodology of the life cycle assessment. 

¶ One chapter for each target product containing a comprehensive LCA of the reference product, the C-
SERVEES product and a comparative assessment. 

¶ Conclusions. 



 

Deliverable 5.2. Environmental analysis of C-SERVEES products and services: LCA  

Page 27 of 158 

   

2 Goal and scope 

The present study aimed to calculate the environmental, economic and social impacts of four different EEE 
products used for demonstrations in the C-SERVEES project. The target products investigated include: 

¶ Washing machine 

¶ Multifunctional laser printer (including its toner cartridges) 

¶ Telecom equipment 

¶ TV set  

 

The sustainability analysis is performed on the Telecommunication equipment (TE) which central device is 
called Advanced link monitoring (ALM). 

These products and their main characteristics are described below. 

Different Product Category Rules1 aimed for stablishing different Environmental Product Declarations for 
similar EEE products showed that the functional unit is defined by two approaches: 

1. A unit of the product, or/and 
2. Dedicated function of the product 

¢ƘŜ ŦƛǊǎǘ ŀǇǇǊƻŀŎƘ ǿŀǎ ƧǳǎǘƛŦƛŜŘ ƛƴ ǘƘŜ ǿŀȅ ǘƘŀǘ ŜŀŎƘ ǇǊƻŘǳŎǘ ƛǎ άƳŀǊƪŜǘŜŘ ŀƴŘ ǎƻƭŘ ƛƴ ǎǳŎƘ ǳƴƛǘǎέΦ ¢Ƙƛǎ ƛǎ 
intended to cover the end-user acceptance. On the other hand, comparison among the different products 
seems not straightforward when functionalities change. For that reason, each product was evaluated also 
against the functional unit defined for them. 

This means that the assessment of each product was conducted for a unit of the product/system. Results are 
presented then both as per unit of the product but also as per the functional unit the product is intended for. 

This Deliverable 5.2 shows the life cycle assessment and circularity assessment of each target product under 
the conventional scenario, called Reference product, and under the C-SERVEES scenario, called C-SERVEES 
product, and their comparison. 

The environmental impacts were determined using the LCA methodology according to ISO standards 
(14040/14044). The assessment comprised the whole life cycle of the products, including: extraction and 
processing of raw materials, manufacturing, transport and distribution, use, maintenance (when required) and 
end of life. A complete life cycle inventory was first developed for each product, including energy and material 
uses and releases to the environment for each life cycle stage. The inventory was then converted into 
environmental impacts by using the life cycle impact assessment method ReCiPe, which allowed to assess 18 
midpoint impact categories (including global warming) and 3 endpoint impact categories (damages to human 
health, ecosystem diversity and resource availability). Additionally, the Material Circularity Indicator (MCI) was 
determined to assess the circularity of the current products and business models. 

 

 
1 Several references like UL, Environdec or Environment and Development Foundation were consulted. Main PCRs are no 
longer in force. 
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3 Life cycle assessment  

The environmental impacts of the four products targeted in the project were calculated using LCA 
methodology according to ISO standards (14040/14044). LCA is a methodology to evaluate the environmental 
burdens associated with a product or process by identifying and quantifying energy and materials used and 
wastes released to the environment; to assess the impact of those energy and material uses and releases to 
the environment; and to identify and evaluate opportunities to affect environmental improvements. The 
assessment includes the whole life cycle of the product or process, which encompasses: extraction and 
processing of raw materials; manufacturing, transport and distribution; use, re-use and maintenance; and end 
of life. 

According to ISO standards, LCA consists of four phases (Figure 4): (1) goal and scope definition, (2) inventory 
analysis, (3) impact assessment and (4) interpretation. LCA software (SimaPro) was used to tackle the 
development of these phases more effectively.  

 

Figure 4. Framework of the LCA methodology. 

The goal and scope definition determines the guidelines to be followed during the rest of the study by 
specifying the reason for conducting the study, intended use of the results, intended audience, system 
boundaries, functional unit, data requirements, and study limitations. The inventory analysis involves 
collecting data to create a life cycle inventory (LCI) of the inputs (energy and materials) and outputs 
(environmental releases and waste) associated with each stage of the life cycle. The impact assessment 
translates the LCI data into potential environmental impacts. To this end, the impact categories under study 
must be defined (categorization), the inventory data must be assigned to specific impact categories 
(classification), and the level of impact must be evaluated according to predefined assessment methods 
(characterization). Impact assessment may also include other additional steps (normalization, grouping and 
weighting) to facilitate the interpretation phase, but these are not mandatory according to ISO standards. 
Finally, the interpretation phase combines and summarizes the results from inventory analysis and impact 
assessment (consistent with the defined goal and scope) in order to reach conclusions and recommendations. 

A complete life cycle inventory was then conducted for each target product and the two scenarios by collecting 
primary data from the industry partners producing them (ARÇELIK, LEXMARK and ADVA). The environmental 
studies focused on greenhouse gases emissions, resources consumption, waste generation associated with 
the life cycle of each product, etc. Additionally, the studies included the determination of a Material Circularity 
Indicator1 (MCI) that assesses the circularity of the current products and business models. Below are described 
the main methodological aspects considered for the development of the LCA studies in the project. 



 

Deliverable 5.2. Environmental analysis of C-SERVEES products and services: LCA  

Page 29 of 158 

   

3.1 Life cycle inventory 

The LCI for the EEE products is divided herein into manufacturing (cradle-to-gate), use and end of life. It was 
based on primary data supplied by the EEE producers (ARÇELIK, LEXMARK and ADVA). LCI datasets taken from 
the Ecoinvent database2 (available for SimaPro software) and literature data were used to model the 
inventories of the materials, processes, energy and transport operations included in the LCI of the products. 
WEEE management and treatment were modelled based on the methodology and datasets provided by the 
WEEE LCI project3 (which are also available for SimaPro software). The specific datasets used for each 
input/output included in the LCI of each EEE product are listed in the Annexes. 

3.1.1 Manufacturing 

Manufacturing includes raw material extraction and processing, manufacturing of components and their 
assembly to produce the finished EEE product, as well as transport of raw materials and components. LCI for 
the manufacturing of the target products were based on data provided by industry partners, while Ecoinvent 
database was used to model the related materials, processes, energy and transport (used as inputs/outputs 
in the LCI). Some electronic components were, however, modelled using literature data as explained in ANNEX 
A1.1.  

3.1.2 Use 

Use includes product distribution (to retailers or final customers), product operation including electricity 
consumption and other consumables (e.g., water and detergents for washing machines, toner cartridges and 
paper for printers), transport of consumables and product maintenance (if required). LCI for the use of the 
target products were based on data provided by industry partners and completed with data from Ecoinvent 
database and literature.4ς6 The detailed LCI for each product and the linked inputs/outputs are shown in the 
Annexes. Below are explained the assumptions made for the inventory modelling of product distribution, 
electricity consumption and maintenance. 

Distribution 

Product distribution was modelled using data provided by industry partners, which included the share of sales 
by country for each target products and the transport modes used to deliver them to each destination country. 

Electricity consumption 

Environmental impacts caused by electricity consumption during the use of the products were calculated using 
the European electricity mix as reference. Two different electricity mix scenarios were assessed: 

¶ A first scenario where the share of electricity sources is constant along the product lifetime. 

¶ A second scenario where the share of electricity sources varies along the product lifetime. The 
evolution of the European electricity mix was taken from the IRENA database,7 which provides figures 
for the years 2016 and 2050 (Figure 5), while the electricity mix for intermediate years was modelled 
by linear interpolation. 
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Figure 5. Evolution of the European electricity mix.7 

The energy transition process assessed in the second scenario constantly increases the share of renewable 
sources in the European electricity mix. This scenario will therefore result in a considerably decrease of the 
environmental impacts caused by the use of the product during its lifetime (compared to the impacts of the 
scenario where the current electricity mix is assumed for the entire product lifetime). As an example, Figure 6 
shows the decrease in the estimated Global Warming Potential of the modelled European electricity mix over 
20 years. 

 

Figure 6. Global Warming Potential for low-voltage electricity production for the period 2016-2035 according to the 

European electricity mix evolution. 

Maintenance 

Maintenance was included in the LCA scope only for the multifunctional laser printer since it was the only 
product for which data were available from the corresponding industry partner. Nevertheless, maintenance 
for the other products is less frequent and the derived impacts were considered as insignificant compared to 
the impacts of the other life cycle phases. 
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3.1.3 End of life 

End of life includes the waste management operations applied to the target EEE products once they reach the 
end of their useful life. These operations comprise waste collection and transport, WEEE treatment, recycling 
and landfill disposal of materials and components. LCI for the end of life of the target products was modelled 
based on the methodology and datasets provided by WEEE LCI project.3 The detailed LCI for each product and 
the linked inputs/outputs are shown in the Annexes. Below are explained the methodology followed and 
assumptions made for the inventory modelling of end-of-life operations. 

Waste collection 

Waste collection data provided by the industry partners were used when available. Otherwise, statistical data 
for the EU-27 were used. Specifically, waste collection rates for the EU-27 were obtained from data published 
by Eurostat8 for the year 2017 (Table 5). 

Table 5. EEE products and their wastes in the EU-27 for the year 2017. Source: Eurostat.8 

Product category according to Directive 
2012/19/EU 

Products put on 
the market 

WEEE collected Collection 
rate 

Total 8,037,753 3,700,320 46.0% 
Large household appliances 4,214,649 1,950,118 46.3% 
Small household appliances 785,442 375,561 47.8% 
IT and telecommunications equipment 884,347 523,425 59.2% 
Consumer equipment and photovoltaic panels 641,395 539,970 84.2% 
Lighting equipment 515,662 64,318 12.5% 
Electrical and electronic tools 478,984 124,536 26.0% 
Toys, leisure and sports equipment 189,829 22,452 11.8% 
Medical devices 82,434 14,944 18.1% 
Monitoring and control instruments 126,944 35,320 27.8% 
Automatic dispensers 63,294 15,915 25.1% 

Table 6 shows the waste collection rates assumed for the EEE products targeted in the project. EU average 
collection rates (from Table 5) were considered for those products for which specific collection rates were not 
available. 

Table 6. WEEE collection rates for target products in the C-SERVEES project. 

Product Product 
category 

WEEE category according 
to Directive 2012/19/EU 

Collection  
rate 

WEEE LCI  
category 

ARÇELIK 9123 WF Washing 
machine 

Large household appliances 46.3% Large household elec. 
equip. non cold (LHA) 

LEXMARK CX860dte Multifunctional 
laser printer 

IT and telecommunications 
equipment 

66.7% Large professional 
elec. equip. (LPA) 

ADVA 16ALM/#1650D/AC ALM IT and telecommunications 
equipment 

59.2% Small professional 
elec. Equip. (SPA) 

GRUNDIG G43C 891 5A TV set Consumer equipment and 
photovoltaic panels 

84.2% Flat screens (FS) 

Waste treatment 

LCI of WEEE management was obtained from the WEEE LCI project,3 whose inventory datasets are available 
for SimaPro software. It provides inventory data for the management of WEEE collected, with specific datasets 
for different WEEE categories (WEEE LCI categories in Table 6) according to their take-back scheme 
frameworks. The end-of-life management system for a material/WEEE stream pair covers all transport and 
treatment operations between the collection of the WEEE stream and the range of final destinations reached 
by the material. 
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Recycling waste is modelled with data of the project WEEE LCI3, as explained in ANNEX A1.2. WEEE not 
collected for treatment was assumed to be landfilled. Waste landfilled was characterized as plastics, 
aluminium and inert materials. Inventory datasets for landfill disposal of these materials were taken from 
Ecoinvent database.2 

3.2 Life cycle impact assessment 

The impact assessment was conducted in this study by applying the impact assessment method ReCiPe v1.03, 
which is incorporated within the LCA software SimaPro. The updated ReCiPe20169 provides a state-of-the-art 
impact assessment method to convert LCI to a number of harmonised impact scores on midpoint and endpoint 
level (Figure 7). 

Eighteen impact categories can be assessed at the midpoint level, including: global warming, ozone depletion, 
ionizing radiation, photochemical oxidant formation (human health and terrestrial ecosystems), particulate 
matter formation, terrestrial acidification, freshwater eutrophication, marine eutrophication, terrestrial 
ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human toxicity (carcinogenic and non-carcinogenic), 
land use, mineral resource scarcity, fossil resource scarcity, and water consumption. Inputs and output 
collected in the LCI (i.e., resources and environmental releases) are translated into environmental impact 
scores for these midpoint categories by means of the so-called characterization factors (Table 7). 

These midpoint impact categories are further converted and aggregated into three endpoint categories: 
damage to human health, damage to ecosystem diversity and damage to resource availability (Table 8). 
Endpoint impacts are directly derived from the midpoint impacts by means of endpoint characterization 
factors (CFe) that varies depending on the cultural perspective used for the assessment (egalitarian, hierarchist 
or individualist). Environmental impacts were assessed in this study according to hierarchist perspective, 
which is based on scientific consensus with regards to time horizon and other issues (adaptation capacity, 
technology development, and so forth).  

 

Figure 7. Impact categories covered in the ReCiPe2016 method. 
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Table 7. Midpoint impact categories and related characterization factors and units in the ReCiPe2016 method. 

Impact category Characterization factor (CFm) Unit 

Global warming Global warming potential (GWP)  kg CO2 to air  
Ozone depletion  Ozone depletion potential (ODP) kg CFC-11 to air  
Ionizing radiation  Ionizing radiation potential (IRP) kBq Co-60 to air  
Fine particulate matter formation  Particulate matter formation potential (PMFP)  kg PM2.5 to air  
Photochemical oxidant formation: 
ecosystem quality  

Photochemical oxidant formation potential: 
ecosystems (EOFP) 

kg NOx to air  

Photochemical oxidant formation: 
human health 

Photo-chemical oxidant formation potential: 
humans (HOFP)  

kg NOx to air  

Terrestrial acidification  Terrestrial acidification potential (TAP) kg SO2 to air  
Freshwater eutrophication  Freshwater eutrophication potential (FEP) kg P to fresh water  
Human toxicity: cancer  Human toxicity potential (HTPc) kg 1,4-DCB to urban air  
Human toxicity: non-cancer  Human toxicity potential (HTPnc)  kg 1,4-DCB to urban air  
Terrestrial ecotoxicity  Terrestrial ecotoxicity potential (TETP) kg 1,4-DCB to industrial soil  
Freshwater ecotoxicity  Freshwater ecotoxicity potential (FETP) kg 1,4-DCB to fresh waters 
Marine ecotoxicity  Marine ecotoxicity potential (METP) kg 1,4-DCB to marine water  
Land use  Land occupation potential (LOP) m2×yr annual crop land  
Water use  Water consumption potential (WCP) m3 water consumed  
Mineral resource scarcity  Surplus ore potential (SOP)  kg Cu  
Fossil resource scarcity  Fossil fuel potential (FFP) kg oil  

Table 8. Endpoint impact categories and related characterization factors and units in the ReCiPe2016 method. 

Impact category Area of protection Impact indicator / Unit 

Damage to human health (HH) Human health Disability-adjusted loss of life years / DALY 
Damage to ecosystem quality (ED) Natural environment Time-integrated species loss / species.yr 
Damage to resource availability (RA) Resource scarcity Surplus cost / Dollar (USD2013) 

3.3 Material Circularity Indicator 

The Material Circularity Indicator1 (MCI) methodology was used in C-SERVEES to assess the circularity of the 
target products and business models under the conventional scenario. The MCI is thus provided herein as an 
additional environmental impact category of the LCA studies. 

The MCI for a product measures the extent to which linear flow has been minimised and restorative flow 
maximised for its component materials, and how long and intensively it is used compared to a similar industry-
average product. The MCI gives a value between 0 and 1 where higher values indicate a higher circularity. Any 
product that is manufactured using only virgin feedstock and ends up in landfill at the end of its use phase can 
ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀ Ŧǳƭƭȅ ΨƭƛƴŜŀǊΩ ǇǊƻŘǳŎǘ όa/L Ґ лύΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ any product that contains no virgin 
feedstock, is completely collected for recycling or component reuse, and where the recycling efficiency is 100% 
Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀ Ŧǳƭƭȅ ΨŎƛǊŎǳƭŀǊΩ ǇǊƻŘǳŎǘ όa/L Ґ мύΦ Lƴ ǇǊŀŎǘƛŎŜΣ ǇǊƻŘǳŎǘǎ ǿƛƭƭ ǎƛǘ ǎƻƳŜǿƘŜǊŜ ōŜǘǿŜŜƴ ǘƘŜse 
two extremes and the MCI measures the level of circularity in the range 0 to 1. A more detailed explanation 
of the modelling of the MCI is in the ANNEX A1.3. 
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4 Washing machine 

The washing machine selected for demonstration as the Reference product is GRUNDING C-SERVEES 
(7150370100), which has 9 kg capacity, energy efficiency class A+++ and connectivity features. It is 
ƳŀƴǳŦŀŎǘǳǊŜŘ ƛƴ 4ŀȅƤǊƻǾŀ όTurkey) and currently sold in Europe (especially Spain) and Turkey. ARÇELIK 
selected this model for its smart home technology, which allows the users to access the HomeWhiz app from 
their smartphones or tablets and control the smart features of the product (switch on/off, program selection, 
user instructions, etc.). By using connected products, ARÇELIK had a chance to collect data and learn customer 
usage habits to ƛƳǇǊƻǾŜ ŎǳǎǘƻƳŜǊǎΩ ŜȄǇŜǊƛŜƴŎŜ ŀƴŘ offer maintenance and repair services to extend product 
life. More details on the current washing machine selected for demonstration are shown in Table 9. 

Table 9. Technical specifications of the demo washing machine. 

MODEL ARÇELIK 9123 WF 

Image 

 

Product number 7150370100 

Colour White 

Size 840 mm × 600 mm × 610 mm 

Weight 75 (±4) kg 

Capacity 9.0 kg 

Max. spin speed 1,200 rpm 

Fascia Grundig 

Dynamic group Large 

Number of programs 16 

Features HomeWhiz, ProSmart (Brushless Motor with 10-year guarantee), Wi-Fi and BLE, 
Steam Function, Anticrease+ 

Energy class A+++ (-30%) 

Electricity consumption per year 148 kWh 

Water consumption per year 10,318 L 

Country of origin Turkey 

The activities conducted in the LCSA were derived from the WASH-CIRCMODE short-term actions validated in 
WP2. The table below presents the WASH-CIRCMODE canvas sub-components and their validated short-term 
CE actions, as presented in Table 24 in D2.2, and the selected strategies implemented in WP5 as C-SERVEES 
product (Product number 7150341600). 
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Table 10. Validated short-term WASH-CIRCMODE Canvas Key Circular sub-components and their associated Circular Economy Actions 
relevant for the LCSA. 

WASH-CIRCMODE Canvas 
Sub-Component 

WASH-CIRCMODE validated 
short-term Circular Economy 
Actions 

LCSA implemented 

WASH_C1.1 Diversify circular 
activities 

WASH_A1.1.1 Increase recycled 
plastic content in washing 
ƳŀŎƘƛƴŜΩǎ ŎƻƳǇƻƴŜƴǘǎ 

Eco-PP inner cover and detergent box 
group 

WASH_C1.2 Embrace eco design 
to ensure products circularity 
across life-cycle ages 

WASH_A1.2.1 Use novel formula 
to increase recycled PET content in 
ǘƘŜ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜΩǎ ǘǳō ǘƻ 
make it more durable 

Recycled PET TUB  

WASH_C2.3 Introduce and/or 
expand the use of ICT to foster 
circular economy 

WASH_A2.3.2 Use QR codes to 
provide information about 
ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜΩǎ ƳŀǘŜǊƛŀƭǎ ŀƴŘ 
ŎƻƳǇŀƴȅΩǎ ŎƛǊŎularity 

  

WASH_A1.3.1 Enhance the 
integration of circular strategies 
into the production process 

Blowing agent inner cover 
and detergent box group  

Mass reduction in tub, inner cover and 
detergent box group 

4.1 Scope 

4.1.1 Functional unit and system boundaries 

The product function for the washing machine is washing clothes, which has 9 kg capacity, and it results in 
24,750 kg of clothes washed during its 12.5-year lifetime (assuming 220 washing cycles/year). The assessment 
was initially performed for one product and at the end converted to the functional unit. Table 11 shows the 
system boundaries considered for the washing machine, identifying the life cycle phases, processes and other 
elementary flows included and excluded in the study. 

Table 11. System boundaries considered for the washing machine. 

Life cycle phase Included Excluded 

Raw material extraction and 
processing 

Extraction of natural resources 
Refining and raw material production 
Intermediate product manufacturing 
Waste treatment and transport 

Infrastructure 

Product manufacturing Energy for product manufacturing/assembly 
Transport 

Infrastructure 
Production losses 

Product distribution Transport  

Product use Electricity consumption 
Water consumption 
Detergent consumption 

Maintenance 

End of life Transport 
EoL treatments 
Landfilling of waste fraction not recycled  

 

Benefits and burdens beyond 
system boundaries 

Recycling benefits (included as credits)  
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4.1.2 Allocation and cut-off criteria 

No multi-output foreground processes were identified during data collection. Inventories taken from 
Ecoinvent database were allocated according to the cut-off system model.10 

The system boundary in the EoL phase was drawn just behind product waste collection and transportation to 
the recycling sites. WEEE from the washing machine was classified as waste by-product and environmental 
burdens associated with waste treatment were thus allocated completely to the waste-producing activity (as 
indicated in Section 3.1.3). The environmental impacts of the EoL phase and the credits generated by recycling 
are both interesting for the comparative assessment between the baseline product system and the redesigned 
product system proposed in the C-SERVEES project. Product packaging was also included in the assessment 
(from cradle to packaging waste collection), but packaging waste treatment was excluded. 

No available primary data were knowingly omitted or excluded. 

4.1.3 Data quality 

The data used to create the inventory model is as precise, complete, consistent and representative as possible 
with regard to the goal and scope of the study. 

¶ Primary data was provided by ARÇELIK from the most recent BoM of the product. The data used for 
the study is considered to be of the highest precision. Ecoinvent database was the main secondary 
data source used to model the product system. 

¶ Completeness was judged based on the completeness of both the inputs/outputs per unit process and 
the unit processes themselves. 

¶ Consistency refers to modelling choices and data sources. The goal was to ensure that differences in 
results occur due to actual differences between product systems investigated and compared, and not 
due to inconsistencies in modelling choices, data sources, characterisation factors, etc. 

¶ Representativeness expresses the degree to which the data matches the geographical, temporal and 
technological requirements: 

o The average electricity mix for Europe was considered for the use phase (as explained in 
Section 3.1.2 ) using the most recent data published (year 2019).7 

o Ecoinvent database version used was updated in 2018. 

o Integrated circuits, PWB and capacitors were modelled based on recent literature data (as 
explained in Section 3.1.1 of the main document). 

o Distances for distribution of washing machines from ARÇELIK factory to retailers were 
obtained from Google Maps11 and sea-distances.org12 for road and water transport, 
respectively. 

4.1.4 Assumptions and limitations 

Other assumptions and limitations for the LCA study of the washing machine are listed below: 

¶ No production losses were considered. 

¶ Recycled content was assumed to be the worldwide average (Table 148). 

¶ The road distance from ARÇELIK factory to the port of Istanbul was assumed to be negligible. 

¶ Railway distances were assumed to be similar to those by road transport. 
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¶ Distances for product distribution within each country were assumed as 300 km, except for countries 
where the port is not within their territory and Maldives (due to the small dimensions of its islands). 

¶ Retailers were assumed to be located in the centre of each country. 

¶ The average lifetime and intensity of use of the target washing machine were assumed to be similar 
to industry-average values taken from literature (to determine the MCI). 

¶ No maintenance was assumed during the lifetime of the product. 

¶ Waste collection rate was assumed to be the European average for large household appliances (Table 
6). 

¶ The EoL inventories were assumed to be as the ones modelled in the WEEE LCI project.13 

4.2 Reference life cycle inventory 

This section describes the LCI developed for the target washing machine, including inputs/outputs inventoried 
for each life-cycle phase and the data sources used for their inventory modelling.   

4.2.1 Manufacturing 

The LCI of the washing machine manufacturing was obtained from the BoM provided by ARÇELIK. The washing 
machine consists of several modules, which in turn contain different components and materials. The packaging 
used for the washing machine was also included in product manufacturing. A final module accounting for the 
scrap generated in the manufacturing process was also included. The different modules inventoried, and their 
total amounts are listed in Table 12. 

Table 12. Modules of the Reference WM. 

Modules in washing machine Total amount (kg) 

Packaging 1.22 
Customer module 0.32 
Control system 2.20 
Terminal 0.24 
Dynamic system 43.01 
Cabinet 13.90 
Isolation 0.28 
Front door 3.42 
Front cabinet 2.19 
Accessories 1.84 
Panel 1.30 
Aqua system 3.99 
Motor 3.50 
Scrap 2.22 

Total 77.41 

Each module is made of different components and/or materials that are processed with certain manufacturing 
processes to attain the final shape and properties required for the product. The inventories for the 
components, materials and manufacturing processes required to produce the washing machine were mainly 
taken from the Ecoinvent database. These inventories are linked to their own functional unit (FU), so they 
show energy consumption, resource consumption, emissions, etc. for different basic activities, expressed per 
amount of materials extracted and/or processed (kg, m2 or m3), for example. The environmental impacts of 
the materials and components composing the washing machine modules were thus obtained by multiplying 
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their amounts by the impacts calculated from the corresponding LCI datasets (for the defined FU). A list of the 
LCI datasets used for the manufacturing phase is given in Table 13. 

Table 13. LCI datasets of material, components and processes for Reference WM manufacturing. 

Input Dataset name FU 

RAW MATERIALS 

Galvanized steel Steel, low-alloyed, hot rolled + Zinc coat (64 m2/t) 1 kg 
Polyester resin, unsaturated Polyester resin, unsaturated {GLO}| market for | Cut-off, U 1 kg 
Acrylate, polyacrylamide Polyacrylamide {GLO}| market for | Cut-off, U 1 kg 
Low-density polyethylene 
(LDPE) 

Polyethylene, low density, granulate {GLO}| market for | Cut-off, U 1 kg 

Expanded polystyrene (EPS) Polystyrene, expandable + Polymer foaming {RER} 1 kg 
ABS Acrylonitrile-butadiene-styrene copolymer {GLO}| market for | Cut-off, U 1 kg 
Brass Brass {GLO}| market for | Cut-off, U 1 kg 
Bronze Bronze {GLO}| market for | Cut-off, U 1 kg 
Blue pigment Chromium oxide, flakes {GLO}| market for | Cut-off, U Blue pigment 1 kg 
Float glass Flat glass, uncoated {GLO}| market for | Cut-off, U 1 kg 
Glass fibre Glass fibre {GLO}| market for | Cut-off, U 1 kg 
Low carbon steel bar/sheet Steel, low-alloyed, hot rolled {GLO}| market for | Cut-off, U 1 kg 
Masterbatch 30% Blue pigment + 70% PE 1 kg 
PA 6.6 Nylon 6-6 {GLO}| market for | Cut-off, U 1 kg 
PA 6.6-GF14 86% PA 6.6 + 14% Glass fibre 1 kg 
PA 6.6-GF30 67% PA 6.6 + 30% Glass fibre 1 kg 
Paper Paper, newsprint {RER}| market for | Cut-off, U 1 kg 
PC Polycarbonate {GLO}| market for | Cut-off, U 1 kg 
PC+ABS 60% PC + 40% ABS 1 kg 
PET/PBT Polyethylene terephthalate, granulate, amorphous {GLO}| market for | 

Cut-off, U 
1 kg 

Polyester film (PET) Polyethylene terephthalate, granulate, amorphous {GLO}| market for | 
Cut-off, U 

1 kg 

Polyolefin Polypropylene, granulate {GLO}| market for | Cut-off, U 1 kg 
POM Polyoxymethylene (POM)/EU-271 1 kg 
PP Polypropylene, granulate {GLO}| market for | Cut-off, U 1 kg 
PP-GF20 80% PP + 20% Glass fibre 1 kg 
PP-GF30 70% PP + 30% Glass fibre 1 kg 
PP-CA40 60% PP + 40% Calcite 1 kg 
PP-T20 PP-T20 Polypropylene + 20% talc 1 kg 
PPO Polystyrene, high impact {GLO}| market for | Cut-off, U PPO 1 kg 
Stainless steel/Stainless steel 
spring wire/Steel bearing 

Steel, chromium steel 18/8, hot rolled {GLO}| market for | Cut-off, U 1 kg 

Steel/Steel sheet Steel, unalloyed {GLO}| market for | Cut-off, U 1 kg 
Steel music wire/Steel wire 
rod 

Steel, low-alloyed {GLO}| market for | Cut-off, U 1 kg 

Thermoplastic polyurethane 
elastomer 

Synthetic rubber {GLO}| market for | Cut-off, U 1 kg 

Concrete Concrete block {GLO}| market for | Cut-off, U (of project Ecoinvent 3 - 
allocation, cut-off by classification - unit) 

1 kg 

PVC Polyvinylchloride, bulk polymerised {GLO}| market for | Cut-off, U (of 
project Ecoinvent 3 - allocation, cut-off by classification - unit) 

1 kg 

Calcite Calcium carbonate, precipitated {RER}| market for calcium carbonate, 
precipitated | Cut-off, U 

1 kg 

Zamak Zamak 1 kg 
Cast iron Cast iron {GLO}| market for | Cut-off, U 1 kg 
Felt cotton Cotton fibre {GLO}| market for | Cut-off, U 1 kg 
Chipboard, particle board Particle board, for indoor use {GLO}| market for | Cut-off, U 1 m³ 
Tin coating (64 m2/t) Tin plating, pieces {RER}| processing | Cut-off, U 1 m² 
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Input Dataset name FU 
Tin coated brass Brass + Tin plating pieces 1 kg 
Paint Alkyd paint, white, without solvent, in 60% solution state {RER}| market 

for alkyd paint, white, without solvent, in 60% solution state | Cut-off, U 
1 kg 

Paint Spirit/thinner White spirit {GLO}| market for | Cut-off, U 1 kg 
Paint hardener Butyl acetate {RoW}| production | Cut-off, U 1 kg 
Lubricating oil Lubricating oil {RER}| market for lubricating oil | Cut-off, U 1 kg 

PROCESSING 

Metal processing Sheet rolling, steel {GLO}| market for | Cut-off, U 1 kg 
 Metal working, average for steel product manufacturing {GLO}| market 

for | Cut-off, U 
1 kg 

 Metal working, average for copper product manufacturing {GLO}| market 
for | Cut-off, U 

1 kg 

 Metal working, average for metal product manufacturing {RER}| 
processing | Cut-off, U) 

1 kg 

 Phosphating (Zn i) 3.24 g/m2 1 m² 
 Section bar rolling, steel {GLO}| market for |Cut-off, U 1 kg 
Plastic processing Injection moulding {GLO}| market for | Cut-off, U 1 kg 
Aluminium extrusion Section bar extrusion, aluminium {GLO}| market for | Cut-off, U 1 kg 
Metal stamping and bending Deep drawing, steel, 10000 kN press, single stroke operation/RER U 1 kg 
Steel turning Section bar rolling, steel {GLO}| market for | Cut-off, U 1 kg 
Mirror finishing (polishing) Polishing {RoW}| production | Cut-off, U 1 kg 
Stainless steel sheet average 
metal working 

Metal working, average for chromium steel product manufacturing 
{GLO}| market for | Cut-off, U 

1 kg 

Steel sheet average metal 
working 

Metal working, average for steel product manufacturing {GLO}| market 
for | Cut-off, U 

1 kg 

Plastic injection moulding Injection moulding {GLO}| market for | Cut-off, U 1 kg 
Plastic pipes extrusion Extrusion, plastic pipes {GLO}| market for | Cut-off, U (of project 

Ecoinvent 3 - allocation, cut-off by classification - unit) 
1 kg 

COMPONENTS 

Capacitor, ceramic SMD type 
(86 mg average weight) 

Capacitor, for surface-mounting {GLO}| market for | Cut-off, U 1 kg 

Resistor, SMD type (9.8 mg 
average weight) 

Resistor, surface-mounted {GLO}| market for | Cut-off, U 1 kg 

Connector, all types (9 g 
average weight) 

Electric connector, wire clamp {GLO}| market for | Cut-off, U 1 kg 

key switch tact (242mg) 
6.2x6.3x1.8 

Switch, toggle type {GLO}| market for | Cut-off, U 1 kg 

Motor Electric motor, for electric scooter {GLO}| production | Cut-off, U 1 kg 
PCBA Printed wiring board, surface mounted, unspecified, Pb free {GLO}| 

market for | Cut-off, U 
1 kg 

PVC, Cu Cable Cable, connector for computer, without plugs {GLO}| market for | Cut-
off, U 

1 kg 

Resistor Resistor, surface-mounted {GLO}| market for | Cut-off, U 1 kg 
Plug Plug, inlet and outlet, for computer cable {GLO}| market for | Cut-off, U 1 p 
Ferrite Ferrite {GLO}| market for | Cut-off, U 1 kg 
LCD Liquid crystal display, unmounted {GLO}| production | Cut-off, U 1 kg 

4.2.2 Use 

Distribution 

The washing machine is distributed to a wide list of countries as shown in Table 14. 
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Table 14. Reference WM distribution by countries. 

Country Market share 

Turkey 40.40% 
UK 14.07% 
France 6.29% 
Germany  5.81% 
Spain 5.48% 
Italy 3.14% 
Sweden 2.60% 
Serbia 2.33% 
Belgium 2.18% 
Romania 1.71% 
Austria 1.84% 
Poland 1.73% 
South Africa 1.45% 
Rest of countries 10.95% 

Product distribution is done by road (47.5%), water (51.6%), and railway (0.9%). The weight of one washing 
machine (in tonnes) was multiplied by the distance travelled through each transport mode (in km) to calculate 
the total amounts linked to each transport mode (in tonnes-km or tkm). The values are shown in Table 15. 

Table 15. Estimated amounts for distribution of one Reference WM by transport mode. 

Transport mode Amount (tkm) 
Road 42 
Water 196 
Railway 1 

Total 239 

The environmental impacts due to the distribution of the washing machines from the ARÇELIK factory to 
retailers were obtained by multiplying the amounts transported (in tkm) by the impacts calculated from the 
corresponding LCI datasets for transport modes. The LCI datasets used for each transport mode are listed in 
Table 16. 

Table 16. LCI datasets of transport modes for Reference WM distribution. 

Input Dataset name FU 

Road transport Transport, freight, lorry, unspecified {RER}| market for transport, freight, lorry, 
unspecified | Cut-off, U 

1 tkm 

Water transport Transport, freight, sea, transoceanic ship {GLO}| market for | Cut-off, U 1 tkm 
Railway transport Transport, freight train {RER}| market group for transport, freight train | Cut-off, U 1 tkm 

Product operation 

The environmental impacts caused by the use of the washing machine are due to water, detergent and 
electricity consumption required for its operation. Considering an average lifetime of 12.5 years with an 
average water consumption of 10,318 litres/year, the total water consumed by the washing machine is 
128,975 litres. The washing machine uses an average of 75 grams of detergent per washing cycle. The average 
use of the washing machine is 220 cycles/year, thus resulting in 206.25 kg of detergent consumed during the 
lifetime. Finally, the average consumption of electricity is 147.8 kWh/year, which corresponds to a total 
electricity consumption of 1,847.5 kWh for the entire lifetime. Data used for these estimates were obtained 
from literature.6 

The environmental impacts derived from the use of the washing machine were obtained by multiplying the 
amounts of water, detergent and electricity consumed by the impacts calculated from the corresponding LCI 
datasets, which are shown in Table 17. 
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Table 17. LCI datasets of electricity, water and detergent for washing machine operation. 

Input Dataset name FU 

Electricity Electricity, low voltage, production EUROPE, at grid/RER U, SCENARIO 2020 1 kWh 
Water Tap water {RER}| market group for | Cut-off, U 1 L 
Detergent Soap {GLO}| market for | Cut-off, 1 kg 

4.2.3 End of life 

Waste collection 

Waste collection rate for washing machine at the end of life was assumed to be 46.3%, which is the average 
waste collection of large household appliances in Europe for the year 2017 (see Table 5 & Table 6). 

Waste treatment 

Material flows associated with the EoL treatment of the washing machine are classified in Table 18 following 
the approach and data from the WEEE LCI project.3 For each material flow, it states the mass in the product 
(as put on the market), the mass collected for recycling and the mass finally recycled. All the waste materials 
collected are treated following the take-back scheme available for large household appliances (LHA), while 
waste not collected was assumed to be landfilled. PCB materials are classified into copper, gold, lead, silver, 
platinoids, other metals and support materials (such as plastics, fibres, etc.). Note, packaging is not included 
in Table 18. 
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Table 18. Waste material flows related to one Reference WM EoL. 

Datasets Mass put on market (kg) WEEE collected (kg) Mass recycled (kg) 

LHA | ABS without BFR, density < 1.3 2.717 1.257 0.000 
LHA | Aluminium 2.202 1.019 0.916 
LHA | Brass 0.039 0.018 0.000 
LHA | Concrete 23.800 11.012 0.000 
LHA | Copper within PCB 0.618 0.286 0.215 
LHA | Copper within Wire 0.136 0.063 0.000 
LHA | Copper 0.357 0.165 0.000 
LHA | Glass 1.930 0.893 4.05E-04 
LHA | Gold within PCB 1.34E-03 6.19E-04 4.83E-04 
LHA | Lead within PCB 1.33E-03 6.16E-04 1.77E-04 
LHA | Oil 0.054 0.025 0.025 
LHA | PA without BFR, density < 1.3 0.023 0.010 0.000 
LHA | PCB Other base metals 0.222 0.103 0.000 
LHA | PCB Support 0.646 0.299 0.000 
LHA | PE within wire 0.028 0.013 0.000 
LHA | Platinoid within PCB 4.65E-04 2.15E-04 2.843E-05 
LHA | PP without BFR, density < 1.3 1.830 0.847 0.408 
LHA | PUR foam 0.589 0.272 0.000 
LHA | PVC within wire 1.638 0.758 0.000 
LHA | Rubber 1.812 0.839 0.000 
LHA | Silver within PCB 0.006 0.003 3.80E-04 
LHA | Steel 27.600 12.771 10.771 
LHA | Wood 1.000 0.463 0.000 
LPA| ABS-PC without BFR, density < 1.3 0.328 0.152 0.000 
LPA| Glass fibres-plastics composites 7.972 3.689 0.000 
LPA| PBT without BFR, density < 1.3 0.200 0.092 0.000 
LPA| PC without BFR, density < 1.3 0.045 0.021 0.000 
FS| Zinc 0.093 0.043 0.000 

Total WEEE cut-off washing machine 75.875 35.107 12.333 

Recycling 

The mass of each material flow that is recycled in relation to the functional unit (one washing machine) is 
shown in Table 18. The LCI datasets used for recycling of each material flow were obtained from WEEE LCI 
project.3 These allow to calculate the environmental impacts of recycling according to two different accounting 
methods: impacts with benefits (including the impacts of recycling operations and the benefits from the 
substitution of primary raw materials with the recycled ones) and impacts without benefits (that only includes 
the impacts of recycling operations). Both accounting methods were applied herein to calculate both direct 
environmental impacts of recycling and environmental credits due to primary material substitution (calculated 
as the difference between impacts with and without benefits).  

Landfill disposal 

A fraction of the waste generated at the EoL of the washing machine is not recycled. It was assumed that this 
waste fraction is landfilled. Non-recycled waste was classified into three different waste material flows to 
model landfill disposal, namely aluminium, inert material and plastics. The amount of the washing machine 
that is finally landfilled classified by waste material flow is shown in Table 19. 

Table 19. Waste material flows related to landfill disposal of one Reference WM. 

Waste type Mass landfilled (kg) 

Plastics 9.601 
Aluminium 1.183 
Inert material 29.984 

Total 40.767 
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The environmental impacts derived from landfill disposal were obtained by multiplying the amount of each 
waste material flow landfilled by the impacts calculated from the corresponding LCI datasets, which are shown 
in Table 20. 

Table 20. LCI datasets of landfill disposal for Reference WM EoL. 

Input Dataset name FU 

Landfill disposal for aluminium waste Disposal, aluminium, 0% water, to sanitary landfill/CH U 1 kg 
Landfill disposal for inert waste Disposal, inert material, 0% water, to sanitary landfill/CH U 1 kg 
Landfill disposal for plastic waste Disposal, plastics, mixture, 15.3% water, to sanitary landfill/CH U 1 kg 

4.3 Reference life cycle impact assessment 

Life cycle impact assessment was conducted using the impact assessment method ReCiPe v1.03 (as explained 
in Section 3.2). Life cycle environmental impacts of the washing machine were thus calculated for eighteen 
midpoint impact categories (including global warming and other) and three endpoint impact categories 
(damages to human health, ecosystem diversity and resource availability). 

4.3.1 Manufacturing (cradle-to-gate) 

Table 21 shows the environmental impacts for the manufacturing of one washing machine (i.e., the functional 
unit used in the study), including the global warming impact and endpoint impacts. The total cradle-to-gate 
impacts are broken down by the various modules composing the washing machine. 

Table 21. Global warming and endpoint impacts for the manufacturing of one Reference WM (cradle-to-gate). 

Modules in washing machine Global warming 
(kg CO2 eq) 

Human health 
(DALY) 

Ecosystems 
(species.yr) 

Resources 
(USD2013) 

Packaging 7.13E+00 1.36E-05 3.06E-08 1.06E+00 
Customer module 0.43 1.06E-06 3.76E-09 3.73E-02 

Control system 137.43 1.94E-03 1.63E-06 1.07E+01 
Terminal 7.63 8.00E-05 9.86E-08 6.37E-01 

Dynamic system 8.12E+01 4.05E-04 5.62E-07 8.95E+00 
Cabinet 30.91 1.03E-04 1.74E-07 1.61E+00 
Isolation 0.99 3.26E-06 2.91E-08 6.66E-02 

Front door 9.07 2.25E-05 4.41E-08 1.21E+00 
Front cabinet 5.29 2.17E-05 6.92E-08 2.53E-01 

Accessories 5.68 1.12E-05 2.70E-08 8.44E-01 

Panel 16.78 6.33E-05 8.91E-08 1.65E+00 
Aqua system 16.27 5.65E-05 8.84E-08 2.28E+00 
Motor 31.82 2.16E-04 2.46E-07 2.43E+00 
Scrap 8.90 3.63E-05 6.02E-08 7.17E-01 

Total manufacturing 359.55 2.98E-03 3.15E-06 3.24E+01 

In addition, the contribution of each module to the total impact of washing machine manufacturing for every 
midpoint and endpoint category assessed is described in Figure 8 and Figure 9, respectively. The results show 
that the control system module generates the highest impact for all endpoint categories and almost all 
midpoint categories. It is only surpassed the dynamic system module in the water footprint. The dynamic 
system module is indeed the second most environmental detrimental module for all impact categories, except 
for terrestrial ecotoxicity, in which the motor module is the second most harmful module. 
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Figure 8. Midpoint impacts for Reference WM manufacturing (cradle-to-gate) by modules 

 

Figure 9 Endpoint impacts for Reference WM manufacturing (cradle-to-gate) by modules 

4.3.2 Use 

Table 22 shows the global warming impact and endpoint impacts for the use of one washing machine during 
its entire lifetime, as well as the breakdown of total impacts by the different causes generating them, including 
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product distribution (by transport mode) and consumption of electricity, water and detergent. In addition, 
two different scenarios are included for electricity consumption: one where the electricity mix is assumed to 
be constant over time (year 2020 used as basis for calculation) and other where the electricity mix variation 
with time is modelled for the period 2020-2032 (see Figure 5 & Figure 6). 

It can be found that electricity and detergent consumed by the washing machine have by far the highest 
environmental impacts for the use phase, while the contributions of product distribution and water 
consumption are comparatively very limited. In addition, when comparing both scenarios for electricity 
consumption, it is clear the important role that the increase of renewable sources in the electricity mix can 
play in the coming years. The scenario with variable electricity mix for the whole product lifetime means a 
decrease for all impact categories (compared to the constant electricity mix scenario) except for terrestrial 
ecotoxicity (increased by 0.57%), land use (increased by 0.02%) and mineral resource scarcity (increased by 
0.85%). The impact increase for these categories is explained by the amount of land occupied by renewable 
energy sources and the raw materials needed. The impact category with lower reduction is marine 
eutrophication (0.30%), whereas the category that reaches the highest reduction is ozone formation impact 
on human health (9.71%). Global warming is reduced by 7.19%, while endpoint impacts are reduced as follows: 
human health damage by 3.11%, ecosystem diversity damage by 2.53% and resource availability by 6.00%. 

Table 22. Global warming and endpoint impacts for the use of one washing machine. 

Life cycle process Global 
warming 

(kg CO2 eq) 

Human health 
(DALY) 

Ecosystems 
(species.yr) 

Resources 
(USD2013) 

Product distribution (road) 5.46E+00 1.12E-05 2.71E-08 8.37E-01 
Product distribution (water) 2.22E+00 9.98E-06 1.83E-08 2.87E-01 
Product distribution (railway) 6.04E-02 1.66E-07 3.52E-10 5.57E-03 
Electricity (variable mix - 2020-2032) 956.04 2.80E-02 1.59E-04 41.31 
Electricity (constant mix - 2020) 1,137.56 2.91E-02 1.64E-04 46.54 
Water 45.80 4.44E-04 1.97E-06 2.40 
Detergent 959.52 1.78E-03 1.09E-05 20.26 

Total Use (variable elect. mix - 2020-2032) 1,969.10 3.02E-02 1.72E-04 64.10 

Total Use (constant elect. mix - 2020) 2,150.63 3.13E-02 1.77E-04 70.33 

4.3.3 Total (cradle-to-grave) 

Table 23 collects the global warming impact and endpoint impacts for the whole life cycle of one washing 
machine. The total cradle-to-grave impacts for the washing machine are broken down by life cycle phases. In 
addition, the contribution of each life cycle phase to the total environmental impacts of washing machine for 
every midpoint and endpoint category assessed is shown in Figure 10 and Figure 11, respectively.  

Table 23. Global warming and endpoint impacts for the whole life cycle of one Reference WM (cradle-to-grave). 

Life cycle phase Global warming 
(kg CO2 eq) 

Human health 
(DALY) 

Ecosystems 
(species.yr) 

Resources 
(USD2013) 

Manufacturing (cradle-to-gate) 358.82 2.98E-03 3.15E-06 3.27E+01 
Use (variable elect. mix - 2020-2032) 1,969.10 3.02E-02 1.72E-04 64.10 
Use (constant elect. mix - 2020) 2,150.63 3.13E-02 1.77E-04 70.33 
EoL (waste collected for recycling) 18.27 3.72E-05 8.73E-08 1.36 
EoL (waste landfilled) 1.69 1.85E-05 2.66E-08 0.03 

TOTAL (variable elect. mix) 2,343.83 3.33E-02 1.76E-04 97.64 

TOTAL (constant elect. mix) 2,525.36 3.43E-02 1.80E-04 103.86 

Credits from recycling -32.17 -1.06E-04 -2.07E-07 -2.40 

The use stage has the highest contribution to the total impact both for global warming and for all endpoint 
categories, as well as for many midpoint categories. Specifically, the electricity consumed during the use has 
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the most harmful impact for every endpoint category and for some midpoint categories, such as global 
warming, ionizing radiation, ozone formation, fine particulate matter formation, terrestrial acidification, fossil 
resource scarcity and water consumption. Indeed, the electricity consumed holds nearly all the impact for 
water consumption. The use of detergent is also a major contributor for many impact categories, showing the 
largest impact for stratospheric ozone depletion, marine eutrophication and land use. The manufacturing of 
the washing machine also has a predominant impact for several midpoint categories, such as freshwater 
eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human toxicity (both 
carcinogenic and non-carcinogenic) and mineral resource scarcity. End-of-life impacts are very low and are 
rewarded totally with the credits given by 12.34 kg of materials recycled (including gold, aluminium, steel, 
copper, silver and others). 

 

Figure 10. Midpoint impacts for the Reference WM (cradle-to-grave) by life cycle phases 
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Figure 11 Endpoint impacts for the Reference WM (cradle-to-grave) by life cycle phases. 

4.4 Reference material circularity indicator 

Material flows associated with the washing machine were grouped into the following categories: steel, 
aluminium, copper, gold, silver, lead, platinoid metals, other metals, plastics, glass and others. The recycled 
feedstock (FR) in the washing machine was estimated to allow for further calculation of the virgin feedstock 
(V). The recycled feedstock was based on average recycled content for each material category, which was 
determined using industry databases and literature data (Table 148). The washing machine does not contain 
reused feedstock (FU = 0).  

The amount of waste collected for recycling was assumed to be the same as the waste collection rate for large 
household appliances (see Table 6). It was assumed to be the same for all material categories included in the 
washing machine (CR = 46.3%). It was assumed that no waste fraction is collected for reuse (CU = 0). The amount 
of waste going to landfill or energy recovery (W0) was therefore deducted directly from the waste collection 
rate. 

The efficiency of the recycling process (EC) for each material category was calculated as the ratio between 
waste collected and recycled (using values in Table 148). It was then used to calculate the amount of waste 
generated in the recycling process (WC). The amount of waste generated to produce the recycled content used 
as feedstock (WF) was obtained from the average efficiency of the recycling process (EF) for each material, 
which was assumed to be 75% for plastics and 90% for other materials (metals, glass and others). 

Feedstock and wastes were thus calculated considering all the above data and using formulae described in 
A1.3. Results for feedstock and waste are collected in Table 24. 

Table 24. Feedstock and waste for one washing machine used for MCI calculation. 

Material Mass M 
(kg) 

Virgin 
feedstock V 
(kg) 

Unrecoverable 
waste W (kg) 

Unrecoverable 
waste to 
disposal W0 
(kg) 

Unrecoverable 
waste from 
recycling parts 
WC (kg) 

Unrecoverable 
waste from 
recycled 
feedstock WF 
(kg) 

Steel 27.600 19.646 16.272 14.830 2.000 0.884 
Aluminium 2.202 1.730 1.261 1.183 0.103 0.052 
Copper 1.111 0.722 0.768 0.597 0.299 0.043 
Gold 1.34E-03 0.001 8.06E-04 7.19E-04 1.36E-04 3.72E-05 
Silver 6.34E-03 0.005 4.73E-03 3.41E-03 2.55E-03 9.79E-05 
Lead 1.33E-03 0.001 9.75E-04 7.16E-04 4.39E-04 7.99E-05 
Platinoid metals 4.65E-04 0.000 3.49E-04 2.50E-04 1.87E-04 1.31E-05 
Other metals 0.353 0.308 0.274 0.190 1.64E-01 5.11E-03 
Plastic 17.814 15.712 13.841 9.572 7.838 0.701 
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Material Mass M 
(kg) 

Virgin 
feedstock V 
(kg) 

Unrecoverable 
waste W (kg) 

Unrecoverable 
waste to 
disposal W0 
(kg) 

Unrecoverable 
waste from 
recycling parts 
WC (kg) 

Unrecoverable 
waste from 
recycled 
feedstock WF 
(kg) 

Glass 1.930 1.814 1.490 1.037 0.893 0.013 
Others 24.854 24.854 19.092 13.354 11.475 0.000 

TOTAL 75.875 64.794 53.004 40.767 22.774 1.698 

MCI calculation for the washing machine was then conducted, Table 25. The average lifetime and intensity of 
use for the target washing machine investigated herein were assumed to be the same as for the industry-
average products (L/Lav = U/Uav = 1). Therefore, the value of the utility function for the washing machine was 
0.9. The linear flow index, considering feedstock and waste results (Table 24), was 0.83. The MCI for the 
washing machine was finally calculated as 0.25. 

Table 25. MCI calculation for the Reference WM. 

Parameter Value 

Actual average lifetime of product L (years) 12.5 
Actual average lifetime of industry-average product Lav (years) 12.5 
Average number of functional units (FUs) during the use phase of product U (cycles/year) 220 
Average number of FUs during the use phase of industry-average product Uav (cycles/year) 220 
Utility of the product X 1.00 
Utility factor F(X) 0.90 
Linear Flow Index LFI 0.83 

Material Circularity Indicator of the product MCIP 0.25 

4.5 C-SERVEES life cycle inventory 

4.5.1 Redesign changes 

Redesign changes implemented in the LCSA as described in Table 10 are detailed in Table 26. Recycled 
materials are included for the inner door (64%), the detergent box (64%) and the tub (10%), as well as mass 
reduction of the tub, 1.021 kg, and some less reductions in the inner cover and the detergent box. 

Table 26 C-SERVEES WM changes. 

  Reference C-SERVEES 

Product: 7150370100 7150341600 

Lifetime 12.5 years 12.5 years 

Functional units 2750 2750 

 
 
Recycled content 

 
 
No recycled materials 

Inner door: 64% recycled 

Detergent box: 64% recycled 

Tub: 10% recycled 

 
 
Mass reduction 

 
 
No 

Reduction of 1 .09 kg in tub 

Reduction of 17 g in inner cover 

Reduction of 21 g in Detergent box 

 

4.5.2 Manufacturing 

The LCI of the washing machine manufacturing was obtained from the BoM provided by ARÇELIK. The washing 
machine consists of several modules, which in turn contain different components and materials. The packaging 
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used for the washing machine was also included in product manufacturing. A final module accounting for the 
scrap generated in the manufacturing process was also included. The different modules inventoried, and their 
total amounts are listed in Table 27. 

Table 27. Modules of the C-SERVEES WM. 

Modules in washing machine Total amount (kg) 

Packaging 1.22 
Customer module 0.32 
Control system 2.20 
Terminal 0.24 
Dynamic system 41.91 
Cabinet 13.90 
Isolation 0.28 
Front door 3.42 
Front cabinet 2.19 
Accessories 1.84 
Panel 1.30 
Aqua system 3.97 
Motor 3.50 
Scrap 2.22 

Total 76.29 

Each module is made of different components and/or materials that are processed with certain manufacturing 
processes to attain the final shape and properties required for the product. The inventories for the 
components, materials and manufacturing processes required to produce the washing machine were mainly 
taken from the Ecoinvent database. These inventories are linked to their own functional unit (FU), so they 
show energy consumption, resource consumption, emissions, etc. for different basic activities, expressed per 
amount of materials extracted and/or processed (kg, m2 or m3), for example. The environmental impacts of 
the materials and components composing the washing machine modules were thus obtained by multiplying 
their amounts by the impacts calculated from the corresponding LCI datasets (for the defined FU). A list of the 
LCI datasets used for the manufacturing phase is given in Table 28. 

Table 28. LCI datasets of material, components and processes for C-SERVEES WM. 

Input Dataset name FU 

RAW MATERIALS 

Galvanized steel Steel, low-alloyed, hot rolled + Zinc coat (64 m2/t) 1 kg 
Polyester resin, unsaturated Polyester resin, unsaturated {GLO}| market for | Cut-off, U 1 kg 
Acrylate, polyacrylamide Polyacrylamide {GLO}| market for | Cut-off, U 1 kg 
Low-density polyethylene 
(LDPE) 

Polyethylene, low density, granulate {GLO}| market for | Cut-off, U 1 kg 

Expanded polystyrene (EPS) Polystyrene, expandable + Polymer foaming {RER} 1 kg 
ABS Acrylonitrile-butadiene-styrene copolymer {GLO}| market for | Cut-off, U 1 kg 
Brass Brass {GLO}| market for | Cut-off, U 1 kg 
Bronze Bronze {GLO}| market for | Cut-off, U 1 kg 
Blue pigment Chromium oxide, flakes {GLO}| market for | Cut-off, U Blue pigment 1 kg 
Float glass Flat glass, uncoated {GLO}| market for | Cut-off, U 1 kg 
Glass fibre Glass fibre {GLO}| market for | Cut-off, U 1 kg 
Low carbon steel bar/sheet Steel, low-alloyed, hot rolled {GLO}| market for | Cut-off, U 1 kg 
Masterbatch 30% Blue pigment + 70% PE 1 kg 
PA 6.6 Nylon 6-6 {GLO}| market for | Cut-off, U 1 kg 
PA 6.6-GF14 86% PA 6.6 + 14% Glass fibre 1 kg 
PA 6.6-GF30 67% PA 6.6 + 30% Glass fibre 1 kg 
Paper Paper, newsprint {RER}| market for | Cut-off, U 1 kg 
PC Polycarbonate {GLO}| market for | Cut-off, U 1 kg 
PC+ABS 60% PC + 40% ABS 1 kg 



 

Deliverable 5.2. Environmental analysis of C-SERVEES products and services: LCA  

Page 50 of 158 

   

Input Dataset name FU 
PET/PBT Polyethylene terephthalate, granulate, amorphous {GLO}| market for | 

Cut-off, U 
1 kg 

Polyester film (PET) Polyethylene terephthalate, granulate, amorphous {GLO}| market for | 
Cut-off, U 

1 kg 

Polyolefin Polypropylene, granulate {GLO}| market for | Cut-off, U 1 kg 
POM Polyoxymethylene (POM)/EU-271 1 kg 
PP Polypropylene, granulate {GLO}| market for | Cut-off, U 1 kg 
PP-GF20 80% PP + 20% Glass fibre 1 kg 
PP-GF30 70% PP + 30% Glass fibre 1 kg 
PP-CA40 60% PP + 40% Calcite 1 kg 
PP-T20 PP-T20 Polypropylene + 20% talc 1 kg 
PPO Polystyrene, high impact {GLO}| market for | Cut-off, U PPO 1 kg 
Stainless steel/Stainless steel 
spring wire/Steel bearing 

Steel, chromium steel 18/8, hot rolled {GLO}| market for | Cut-off, U 1 kg 

Steel/Steel sheet Steel, unalloyed {GLO}| market for | Cut-off, U 1 kg 
Steel music wire/Steel wire 
rod 

Steel, low-alloyed {GLO}| market for | Cut-off, U 1 kg 

Thermoplastic polyurethane 
elastomer 

Synthetic rubber {GLO}| market for | Cut-off, U 1 kg 

Concrete Concrete block {GLO}| market for | Cut-off, U (of project Ecoinvent 3 - 
allocation, cut-off by classification - unit) 

1 kg 

PVC Polyvinylchloride, bulk polymerised {GLO}| market for | Cut-off, U (of 
project Ecoinvent 3 - allocation, cut-off by classification - unit) 

1 kg 

Calcite Calcium carbonate, precipitated {RER}| market for calcium carbonate, 
precipitated | Cut-off, U 

1 kg 

Zamak Zamak 1 kg 
Cast iron Cast iron {GLO}| market for | Cut-off, U 1 kg 
Felt cotton Cotton fibre {GLO}| market for | Cut-off, U 1 kg 
Chipboard, particle board Particle board, for indoor use {GLO}| market for | Cut-off, U 1 m³ 
Tin coating (64 m2/t)  Tin plating, pieces {RER}| processing | Cut-off, U 1 m² 
Tin coated brass Brass + Tin plating pieces 1 kg 
Paint Alkyd paint, white, without solvent, in 60% solution state {RER}| market 

for alkyd paint, white, without solvent, in 60% solution state | Cut-off, U 
1 kg 

Paint Spirit/thinner White spirit {GLO}| market for | Cut-off, U 1 kg 
Paint hardener Butyl acetate {RoW}| production | Cut-off, U 1 kg 
Lubricating oil Lubricating oil {RER}| market for lubricating oil | Cut-off, U 1 kg 

PROCESSING 

Metal processing Sheet rolling, steel {GLO}| market for | Cut-off, U 1 kg 
 Metal working, average for steel product manufacturing {GLO}| market 

for | Cut-off, U 
1 kg 

 Metal working, average for copper product manufacturing {GLO}| market 
for | Cut-off, U 

1 kg 

 Metal working, average for metal product manufacturing {RER}| 
processing | Cut-off, U) 

1 kg 

 Phosphating (Zn i) 3.24 g/m2 1 m² 
 Section bar rolling, steel {GLO}| market for |Cut-off, U 1 kg 
Plastic processing Injection moulding {GLO}| market for | Cut-off, U 1 kg 
Aluminium extrusion Section bar extrusion, aluminium {GLO}| market for | Cut-off, U 1 kg 
Metal stamping and bending Deep drawing, steel, 10000 kN press, single stroke operation/RER U 1 kg 
Steel turning Section bar rolling, steel {GLO}| market for | Cut-off, U 1 kg 
Mirror finishing (polishing) Polishing {RoW}| production | Cut-off, U 1 kg 
Stainless steel sheet average 
metal working 

Metal working, average for chromium steel product manufacturing 
{GLO}| market for | Cut-off, U 

1 kg 

Steel sheet average metal 
working 

Metal working, average for steel product manufacturing {GLO}| market 
for | Cut-off, U 

1 kg 

Plastic injection moulding Injection moulding {GLO}| market for | Cut-off, U 1 kg 
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Input Dataset name FU 
Plastic pipes extrusion Extrusion, plastic pipes {GLO}| market for | Cut-off, U (of project 

Ecoinvent 3 - allocation, cut-off by classification - unit) 
1 kg 

COMPONENTS 

Capacitor, ceramic SMD type 
(86 mg average weight) 

Capacitor, for surface-mounting {GLO}| market for | Cut-off, U 1 kg 

Resistor, SMD type (9.8 mg 
average weight) 

Resistor, surface-mounted {GLO}| market for | Cut-off, U 1 kg 

Connector, all types (9 g 
average weight) 

Electric connector, wire clamp {GLO}| market for | Cut-off, U 1 kg 

key switch tact (242mg) 
6.2x6.3x1.8 

Switch, toggle type {GLO}| market for | Cut-off, U 1 kg 

Motor Electric motor, for electric scooter {GLO}| production | Cut-off, U 1 kg 
PCBA Printed wiring board, surface mounted, unspecified, Pb free {GLO}| 

market for | Cut-off, U 
1 kg 

PVC, Cu Cable Cable, connector for computer, without plugs {GLO}| market for | Cut-
off, U 

1 kg 

Resistor Resistor, surface-mounted {GLO}| market for | Cut-off, U 1 kg 
Plug Plug, inlet and outlet, for computer cable {GLO}| market for | Cut-off, U 1 p 
Ferrite Ferrite {GLO}| market for | Cut-off, U 1 kg 
LCD Liquid crystal display, unmounted {GLO}| production | Cut-off, U 1 kg 

4.5.3 Use 

Distribution 

The washing machine is distributed to a wide list of countries as shown in Table 29. 

Table 29. C-SERVEES WM distribution by countries. 

Country Market share 

Turkey 40.40% 
UK 14.07% 
France 6.29% 
Germany  5.81% 
Spain 5.48% 
Italy 3.14% 
Sweden 2.60% 
Serbia 2.33% 
Belgium 2.18% 
Romania 1.71% 
Austria 1.84% 
Poland 1.73% 
South Africa 1.45% 
Rest of countries 10.95% 

Product distribution is done by road (47.5%), water (51.6%), and railway (0.9%). The weight of one washing 
machine (in tonnes) was multiplied by the distance travelled through each transport mode (in km) to calculate 
the total amounts linked to each transport mode (in tonnes-km or tkm). The values are shown in Table 30. 

Table 30. Estimated amounts for distribution of one C-SERVEES WM by transport mode. 

Transport mode Amount (tkm) 
Road 42 
Water 196 
Railway 1 

Total 239 
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The environmental impacts due to the distribution of the washing machines from the ARÇELIK factory to 
retailers were obtained by multiplying the amounts transported (in tkm) by the impacts calculated from the 
corresponding LCI datasets for transport modes. The LCI datasets used for each transport mode are listed in 
Table 31. 

Table 31. LCI datasets of transport modes for C-SERVEES WM distribution. 

Input Dataset name FU 

Road transport Transport, freight, lorry, unspecified {RER}| market for transport, freight, lorry, 
unspecified | Cut-off, U 

1 tkm 

Water transport Transport, freight, sea, transoceanic ship {GLO}| market for | Cut-off, U 1 tkm 
Railway transport Transport, freight train {RER}| market group for transport, freight train | Cut-off, U 1 tkm 

Product operation 

The environmental impacts caused by the use of the washing machine are due to water, detergent and 
electricity consumption required for its operation. Considering an average lifetime of 12.5 years with an 
average water consumption of 10,318 litres/year, the total water consumed by the washing machine is 
128,975 litres. The washing machine uses an average of 75 grams of detergent per washing cycle. The average 
use of the washing machine is 220 cycles/year, thus resulting in 206.25 kg of detergent consumed during the 
lifetime. Finally, the average consumption of electricity is 147.8 kWh/year, which corresponds to a total 
electricity consumption of 1,847.5 kWh for the entire lifetime. Data used for these estimates were obtained 
from literature.6 

The environmental impacts derived from the use of the washing machine were obtained by multiplying the 
amounts of water, detergent and electricity consumed by the impacts calculated from the corresponding LCI 
datasets, which are shown in Table 32. 

Table 32. LCI datasets of electricity, water and detergent for C-SERVEES WM operation. 

Input Dataset name FU 

Electricity Electricity, low voltage, production EUROPE, at grid/RER U, SCENARIO 2020 1 kWh 
Water Tap water {RER}| market group for | Cut-off, U 1 L 
Detergent Soap {GLO}| market for | Cut-off, 1 kg 

4.5.4 End of life 

Waste collection 

Waste collection rate for washing machine at the end of life was assumed to be 46.3%, which is the average 
waste collection of large household appliances in Europe for the year 2017 (see Table 5 & Table 6). 

Waste treatment 

Material flows associated with the EoL treatment of the washing machine are classified in Table 33 following 
the approach and data from the WEEE LCI project.3 For each material flow, it states the mass in the product 
(as put on the market), the mass collected for recycling and the mass finally recycled. All the waste materials 
collected are treated following the take-back scheme available for large household appliances (LHA), while 
waste not collected was assumed to be landfilled. PCB materials are classified into copper, gold, lead, silver, 
platinoids, other metals and support materials (such as plastics, fibres, etc.). 
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Table 33. Waste material flows related to C-SERVEES WM EoL. 

Datasets Mass put on market (kg) WEEE collected (kg) Mass recycled (kg) 

LHA | ABS without BFR, density < 1.3 2.717 1.257 0.000 
LHA | Aluminium 2.202 1.019 0.916 
LHA | Brass 0.039 0.018 0.000 
LHA | Concrete 23.800 11.012 0.000 
LHA | Copper within PCB 0.618 0.286 0.215 
LHA | Copper within Wire 0.136 0.063 0.000 
LHA | Copper 0.357 0.165 0.000 
LHA | Glass 1.930 0.893 4.05E-04 
LHA | Gold within PCB 1.34E-03 6.19E-04 4.83E-04 
LHA | Lead within PCB 1.33E-03 6.16E-04 1.77E-04 
LHA | Oil 0.054 0.025 0.025 
LHA | PA without BFR, density < 1.3 0.023 0.010 0.000 
LHA | PCB Other base metals 0.222 0.103 0.000 
LHA | PCB Support 0.646 0.299 0.000 
LHA | PE within wire 0.028 0.013 0.000 
LHA | Platinoid within PCB 4.65E-04 2.15E-04 2.843E-05 
LHA | PP without BFR, density < 1.3 1,778 0,823 0,396 
LHA | PUR foam 0.589 0.272 0.000 
LHA | PVC within wire 1.638 0.758 0.000 
LHA | Rubber 1.812 0.839 0.000 
LHA | Silver within PCB 0.006 0.003 3.80E-04 
LHA | Steel 27.600 12.771 10.771 
LHA | Wood 1.000 0.463 0.000 
LPA| ABS-PC without BFR, density < 1.3 0.328 0.152 0.000 
LPA| Glass fibres-plastics composites 6.875 3.181 0.000 
LPA| PBT without BFR, density < 1.3 0.200 0.092 0.000 
LPA| PC without BFR, density < 1.3 0.045 0.021 0.000 
FS| Zinc 0.093 0.043 0.000 

Total WEEE cut-off washing machine 74.738 34.581 12.325 

Recycling 

The mass of each material flow that is recycled in relation to the functional unit (one washing machine) is 
shown in Table 33. The LCI datasets used for recycling of each material flow were obtained from WEEE LCI 
project.3 These allow to calculate the environmental impacts of recycling according to two different accounting 
methods: impacts with benefits (including the impacts of recycling operations and the benefits from the 
substitution of primary raw materials with the recycled ones) and impacts without benefits (that only includes 
the impacts of recycling operations). Both accounting methods were applied herein to calculate both direct 
environmental impacts of recycling and environmental credits due to primary material substitution (calculated 
as the difference between impacts with and without benefits).  

Landfill disposal 

A fraction of the waste generated at the EoL of the washing machine is not recycled. It was assumed that this 
waste fraction is landfilled. Non-recycled waste was classified into three different waste material flows to 
model landfill disposal, namely aluminium, inert material and plastics. The amount of the washing machine 
that is finally landfilled classified by waste material flow is shown in Table 34. Compared with Reference WM 
(Table 19), 0.61 kg of plastic are reduced from landfill disposal. 

Table 34. Waste material flows related to landfill disposal of C-SERVEES WM. 

Waste type Mass landfilled (kg) 

Plastics 8.99 
Aluminium 1.183 
Inert material 29.984 
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Total 40.157 

The environmental impacts derived from landfill disposal were obtained by multiplying the amount of each 
waste material flow landfilled by the impacts calculated from the corresponding LCI datasets, which are shown 
in Table 35. 

Table 35. LCI datasets of landfill disposal for C-SERVEES WM EoL. 

Input Dataset name FU 

Landfill disposal for aluminium waste Disposal, aluminium, 0% water, to sanitary landfill/CH U 1 kg 
Landfill disposal for inert waste Disposal, inert material, 0% water, to sanitary landfill/CH U 1 kg 
Landfill disposal for plastic waste Disposal, plastics, mixture, 15.3% water, to sanitary landfill/CH U 1 kg 

4.6 C-SERVEES life cycle assessment 

4.6.1 Manufacturing (cradle-to-gate) 

Table 36 shows the environmental impacts for the manufacturing of one washing machine (i.e., the functional 
unit used in the study), including the global warming impact and endpoint impacts. The total cradle-to-gate 
impacts are broken down by the various modules composing the washing machine. 

Table 36. Global warming and endpoint impacts for the manufacturing of one C-SERVEES WM (cradle-to-gate). 

Modules in washing machine Global warming 
(kg CO2 eq) 

Human health 
(DALY) 

Ecosystems 
(species.yr) 

Resources 
(USD2013) 

Packaging 7.13 1.36E-05 3.06E-08 1.06E+00 
Customer module 0.43 1.06E-06 3.76E-09 3.73E-02 

Control system 137.43 1.94E-03 1.63E-06 1.07E+01 
Terminal 7.63 8.00E-05 9.86E-08 6.37E-01 

Dynamic system 77.60 4.01E-04 5.54E-07 8.84E+00 
Cabinet 30.91 1.03E-04 1.74E-07 1.61E+00 
Isolation 0.99 3.26E-06 2.91E-08 6.66E-02 

Front door 8.54 2.20E-05 4.42E-08 1.11E+00 
Front cabinet 5.29 2.17E-05 6.92E-08 2.53E-01 

Accessories 5.68 1.12E-05 2.70E-08 8.44E-01 

Panel 16.78 6.33E-05 8.91E-08 1.65E+00 
Aqua system 15.69 5.60E-05 8.86E-08 2.19E+00 
Motor 31.82 2.16E-04 2.46E-07 2.43E+00 
Scrap 8.90 3.63E-05 6.02E-08 7.17E-01 

Total manufacturing 354.82 2.97E-03 3.14E-06 3.21E+01 

In addition, the contribution of each module to the total impact of washing machine manufacturing for every 
midpoint and endpoint category assessed is described Figure 12 and Figure 13, respectively. The results show 
that the control system module generates the highest impact for all endpoint categories and almost all 
midpoint categories. It is only surpassed the dynamic system module in the water footprint. The dynamic 
system module is indeed the second most environmental detrimental module for all impact categories, except 
for terrestrial ecotoxicity, in which the motor module is the second most harmful module. 
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Figure 12. Midpoint impacts for C-SERVEES WM manufacturing (cradle-to-gate) by modules. 

 

Figure 13 Endpoint impacts for C-SERVEES WM manufacturing (cradle-to-gate) by modules. 

4.6.2 Use 

Table 37 shows the global warming impact and endpoint impacts for the use of one washing machine during 
its entire lifetime, as well as the breakdown of total impacts by the different causes generating them, including 
product distribution (by transport mode) and consumption of electricity, water and detergent. In addition, 
two different scenarios are included for electricity consumption: one where the electricity mix is assumed to 
be constant over time (year 2020 used as basis for calculation) and other where the electricity mix variation 
with time is modelled for the period 2020-2032 (see Figure 5 & Figure 6). 
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It can be found that electricity and detergent consumed by the washing machine have by far the highest 
environmental impacts for the use phase, while the contributions of product distribution and water 
consumption are comparatively very limited. In addition, when comparing both scenarios for electricity 
consumption, it is clear the important role that the increase of renewable sources in the electricity mix can 
play in the coming years. The scenario with variable electricity mix for the whole product lifetime means a 
decrease for all impact categories (compared to the constant electricity mix scenario) except for terrestrial 
ecotoxicity (increased by 0.57%), land use (increased by 0.02%) and mineral resource scarcity (increased by 
0.85%). The impact increase for these categories is explained by the amount of land occupied by renewable 
energy sources and the raw materials needed. The impact category with lower reduction is marine 
eutrophication (0.30%), whereas the category that reaches the highest reduction is ozone formation impact 
on human health (9.71%). Global warming is reduced by 7.19%, while endpoint impacts are reduced as follows: 
human health damage by 3.11%, ecosystem diversity damage by 2.53% and resource availability by 6.00%. 

Table 37. Global warming and endpoint impacts for the use of one C-SERVEES WM. 

Life cycle process Global 
warming 

(kg CO2 eq) 

Human health 
(DALY) 

Ecosystems 
(species.yr) 

Resources 
(USD2013) 

Product distribution (road) 5.46 1.12E-05 2.71E-08 8.37E-01 
Product distribution (water) 2.22 9.98E-06 1.83E-08 2.87E-01 
Product distribution (railway) 6.04 1.66E-07 3.52E-10 5.57E-03 
Electricity (variable mix - 2020-2032) 956.04 2.80E-02 1.59E-04 40.31 
Water 45.80 4.44E-04 1.97E-06 2.40 
Detergent 959.52 1.78E-03 1.09E-05 20.26 

Total Use (variable elect. mix - 2020-2032) 2343.85 3.02E-02 1.72E-04 97.6 

4.6.3 Total (cradle-to-grave) 

Table 38 collects the global warming impact and endpoint impacts for the whole life cycle of one washing 
machine. The total cradle-to-grave impacts for the washing machine are broken down by life cycle phases. In 
addition, the contribution of each life cycle phase to the total environmental impacts of washing machine for 
every midpoint and endpoint category assessed is shown in Figure 14 and Figure 15, respectively.  

Table 38. Global warming and endpoint impacts for the whole life cycle of one C-SERVEES WM (cradle-to-grave). 

Life cycle phase Global warming 
(kg CO2 eq) 

Human health 
(DALY) 

Ecosystems 
(species.yr) 

Resources 
(USD2013) 

Manufacturing (cradle-to-gate) 354.82 2.97E-03 3.14E-06 3.21E+01 
Use (variable elect. mix - 2020-2032) 1,969.10 3.02E-02 1.72E-04 64.10 
EoL (waste collected for recycling) 18.24 3.72E-05 8.73E-08 1.36 
EoL (waste landfilled) 1.69 1.85E-05 2.66E-08 0.03 

TOTAL (variable elect. mix) 2,343.85 3.33E-02 1.76E-04 97.62 

Credits from recycling -32.16 -1.06E-04 -2.07E-07 -2.40 

The use stage has the highest contribution to the total impact both for global warming and for all endpoint 
categories, as well as for many midpoint categories. Specifically, the electricity consumed during the use has 
the most harmful impact for every endpoint category and for some midpoint categories, such as global 
warming, ionizing radiation, ozone formation, fine particulate matter formation, terrestrial acidification, fossil 
resource scarcity and water consumption. Indeed, the electricity consumed holds nearly all the impact for 
water consumption. The use of detergent is also a major contributor for many impact categories, showing the 
largest impact for stratospheric ozone depletion, marine eutrophication and land use. The manufacturing of 
the washing machine also has a predominant impact for several midpoint categories, such as freshwater 
eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human toxicity (both 
carcinogenic and non-carcinogenic) and mineral resource scarcity. End-of-life impacts are very low and are 
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rewarded totally with the credits given by 12.33 kg of materials recycled (including gold, aluminium, steel, 
copper, silver and others). 

 

Figure 14. Midpoint impacts for the C-SERVEES WM (cradle-to-grave) by life cycle phases 

 

Figure 15. Endpoint impacts for the C-SERVEES WM (cradle-to-grave) by life cycle phases. 

4.7 C-SERVEES material circularity indicator 

Material flows associated with the washing machine were grouped into the following: steel, aluminium, 
copper, gold, silver, lead, platinoid metals, other metals, plastics, glass and others. The recycled feedstock (FR) 
in the washing machine was estimated in order to allow for further calculation of the virgin feedstock (V). The 
recycled feedstock was based on average recycled content for each material category, which was determined 
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using industry databases and literature data (Table 148). The washing machine does not contain reused 
feedstock (FU = 0).  

The amount of waste collected for recycling was assumed to be the same as the waste collection rate for large 
household appliances (see Table 6). It was assumed to be the same for all material categories included in the 
washing machine (CR = 46.3%). It was assumed that no waste fraction is collected for reuse (CU = 0). The amount 
of waste going to landfill or energy recovery (W0) was therefore deducted directly from the waste collection 
rate. 

The efficiency of the recycling process (EC) for each material category was calculated as the ratio between 
waste collected and recycled (using values in Table 33). It was then used to calculate the amount of waste 
generated in the recycling process (WC). The amount of waste generated to produce the recycled content used 
as feedstock (WF) was obtained from the average efficiency of the recycling process (EF) for each material, 
which was assumed to be 75% for plastics and 90% for other materials (metals, glass and others). 

Feedstock and wastes were thus calculated taking into account all the above data and using formulae 
described in Section 3.3 of the main document. Results for feedstock and waste are collected in Table 39.  

Table 39. Feedstock and waste for one C-SERVEES WM used for MCI calculation. 

Material Mass M 
(kg) 

Virgin 
feedstock V 

(kg) 

Unrecoverable 
waste W (kg) 

Unrecoverable 
waste to 

disposal W0 
(kg) 

Unrecoverable 
waste from 

recycling parts 
WC (kg) 

Unrecoverable 
waste from 

recycled 
feedstock WF 

(kg) 

Steel 27.600 19.646 16.272 14.830 2.000 0.884 
Aluminium 2.202 1.730 1.261 1.183 0.103 0.052 
Copper 1.111 0.722 0.768 0.597 0.299 0.043 
Gold 1.34E-03 0.001 8.06E-04 7.19E-04 1.36E-04 3.72E-05 
Silver 6.34E-03 0.005 4.73E-03 3.41E-03 2.55E-03 9.79E-05 
Lead 1.33E-03 0.001 9.75E-04 7.16E-04 4.39E-04 7.99E-05 
Platinoid metals 4.65E-04 0.000 3.49E-04 2.50E-04 1.87E-04 1.31E-05 
Other metals 0.353 0.308 0.274 0.190 1.64E-01 5.11E-03 
Plastic 16,678 14.241 13,028 8.961 7.321 0.812 
Glass 1.930 1.814 1.490 1.037 0.893 0.013 
Others 24.854 24.854 19.092 13.354 11.475 0.000 

TOTAL 74.738 63.323 52.190 40.157 22.257 1.810 

MCI calculation for the washing machine was then conducted. The average lifetime and intensity of use for 
the target washing machine investigated herein were assumed to be the same as for the industry-average 
products (L/Lav = U/Uav = 1). Therefore, the value of the utility function for the washing machine was 0.9. The 
linear flow index, considering feedstock and waste results, Table 40, was 0.83. The MCI for the washing 
machine was finally calculated as 0.25. 

Table 40. MCI calculation for the C-SERVEES WM. 

Parameter Value 

Actual average lifetime of product L (years) 12.5 
Actual average lifetime of industry-average product Lav (years) 12.5 
Average number of functional units (FUs) during the use phase of product U (cycles/year) 220 
Average number of FUs during the use phase of industry-average product Uav (cycles/year) 220 
Utility of the product X 1.00 
Utility factor F(X) 0.90 
Linear Flow Index LFI 0.83 

Material Circularity Indicator of the product MCIP 0.25 
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4.8 Comparative life cycle assessment 

Environmental enhancement of the washing machine is performed with recycled materials for the inner door, 
the detergent box and the tub, as well as mass reduction of the tub and some less reductions in the inner 
cover and the detergent box. These improvements reduce the environmental impact in almost all impact 
categories to a maximum of 0.3% (Resources endpoint) and an average of 0.08% for the life cycle of the 
washing machine, including electricity, detergent and water, see Figure 16.  

These improvements are clearer if we only consider the washing machine, without taking into account 
electricity, water and detergent during use. In this case, the environmental improvement is an average of 
0.25% across all impact categories. The largest impact reduction occurs in the impact category of ionising 
radiation (2.51% for WM only) and, in contrast, two impact categories worsen for WM with recycled materials, 
water consumption and stratospheric ozone depletion. For the remaining impact categories, the values are 
more homogeneous, within the range 0-1.3%. 

 

Figure 16. WM relative environmental impact reductions. 

Considering global warming impact category, the environmental impact is reduced during component 
manufacture and at the end of life by 1.3% and 0.9%, respectively, see Table 41 and Figure 17. However, energy 
and detergent, the most impactful, remain unchanged, leaving a total reduction for the whole life cycle by 
0.2%. No change is produced in the recycling benefits. 

Table 41. Comparative GWP for washing machine, including electricity and consumables during use, for one washing cycle. 

Units: kg CO2eq Reference CSERVEES Relative improvement 

Manufacturing Components 0.131 0.129 1.3% 

Use Distribution 0.003 0.003 0.0% 

Electricity 0.348 0.348 0.0% 

Water 0.017 0.017 0.0% 

Detergent 0.349 0.349 0.0% 

EOL End-of-life 0.007 0.007 0.9% 

TOTAL 0,854 0.852 0.2% 

Recycling Benefits -0.012 -0.012 0.0% 








































































































































































































