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Abstract 

 

 

Water meters are crucial parts of the world's water supply systems, enabling households and industries 

to measure water consumption. These everyday items have developed in design, material composition, 

functional capabilities, and durability. The meters within the Dutch industry are primarily made from 

brass bodies with plastic internals and top parts, but this has changed in recent years due to regulations 

and industry trends. Water meters have an End of Life (EOL) of around 20 years. Once they reach the 

end of their operational life, they are replaced by new water meters.  

From a sustainability perspective, old water meters require a sustainable recovery strategy. From the 

academic literature and the drinking water utility (DW) point of view, little is known about what happens 

with the water meters once they leave the warehouses, where they are piled up until they are picked up 

by the resource recovery (RR) facilities. The EoL resource recovery strategies of these meters remain 

unexplored. This absence of information leads to incomplete knowledge of the impacts of the meter's 

sustainability after decommissioning. Addressing this gap is essential for developing sustainable future 

strategies for water meters. 

Through exploratory field research, this research aimed to first map out the current water meter assets, 

the ongoing trends and the EoL RR strategies of water meters and consequently assess and evaluate the 

sustainability of these current strategies given the different water meters used for this study to provide 

a broader perspective on how future proof these strategies are given the trends in the water meter 

industry.  

A Life Cycle Sustainability Assessment (LCSA) is used with varying boundaries for the sustainability 

pillars to assess the sustainability of the different resource recovery strategies. It follows an attributional, 

comparative assessment, where the EoL RR strategies of manual disassembly (MD) and mechanical 

shredding (MS) for the selected water meters: brass-bodied meters (representing currently 

decommissioned models), plastic-bodied meters (reflecting current industry trends), and smart meters 

(aligning with future industry goals) are assessed and evaluated from a weak sustainability 

interpretation.  

From an environmental perspective, the study’s findings suggest that differences in EoL RR strategies 

have the strongest impact on brass-bodied water meters. Smart meters also display relatively high 

environmental sensitivity due to their incorporated electronics, while plastic-bodied meters show only 

minor variations. The study's findings also highlight the contribution of the different materials used in 

these meters, considering their life cycle.  

 

Economically, the potential fluctuations in material yield outcomes make the choice of strategy for 

brass-bodied meters especially important. Minor amounts of content loss can have a significant financial 

impact on the potential scrap revenue. While MD remains stable and beneficial for brass-bodied meters, 

it becomes less attractive for plastic and smart meters due to lower scrap values and comparatively 

higher operational costs than MS.  

 

Socially, the assessment remains open to interpretation: MD promotes greater inclusivity and job 

opportunities yet involves more physical exertion and potential fatigue. MS streamlines the process, 

reducing labour time and ergonomic strain but offering fewer inclusive employment possibilities. 
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1 Introduction 

 

 

Water meters play a crucial role in water supply systems worldwide, as they enable accurate water 

consumption measurement for a drinking water utility (DWU) (Van Zyl, 2011). Like any other product, 

water meters have an operational lifespan, at which point they need to be replaced. This is either done 

by a new generation of meters since this field is constantly evolving, or it is replaced by the same meter 

depending on the DWUs' choices (Van Zyl, 2011). This provides a continuous stream of end-of-life 

(EoL) meters from the DWUs that must be recycled and processed sustainably.   

Water meter resource recovery (RR), defined as the recovery of the materials a water meter consists of, 

involves a multi-stage process of collecting, transporting, disassembling, and sorting various 

components. These processes are done by resource recovery facilities (RRFs) that prepare the meters' 

materials for eventual recycling or disposal by the end-processors. These end-processors are mostly 

different companies than the RRFs. Little is known regarding the RR strategies used by the RRF for the 

water meters or the yield efficiency of the materials. 

Most current-in-use water meters feature a brass body consisting primarily of copper and zinc with small 

amounts of lead (4MS, 2019; AWWA, 2012). Since copper has been deemed a critical metal by the EU 

Regulation 1252 (2024), properly recovering and recycling brass from water meters could be 

economically advantageous and match waste management plans that aim to minimise the environmental 

impact of non-ferrous metals (Ruhrberg, 2006). 

While the RR of brass water meters offers clear economic benefits from a societal point of view, it is 

equally important to consider the broader perspective of sustainable EoL management of other meters 

made from different materials. Examining current EoL RR strategies and benefits for water meters is 

necessary to understand future pathways with the newer generation of meters and determine their 

sustainability. This inquiry should consider whether these strategies contribute positively to 

environmental preservation, economic efficiency, and societal gains.  

This study focuses on water meters within the Dutch context, specifically targeting residential and small 

business types used for measuring drinking water. The term "water meter" will exclusively refer to these 

specified categories throughout this research. The concept of a product's EoL is identified as the point 

at which it can no longer fulfil its intended function (Rubin et al., 2014).  

The following sections will clarify what water meters are, identify the knowledge gap, present the 

problem statement, define the research objective and questions, and outline the research approach. 

 

1.1       Understanding water meters  

Understanding water meters begins with the internationally recognised definition, which describes a 

water meter as an "Instrument intended to measure continuously, memorise, and display the volume of 

water passing through the measurement transducer at metering conditions” (ISO 4064-1, 2017). This 

definition highlights the main features of a water meter, including the ability to measure continuously, 

memory for data storage, and display the measured volume (Van Zyl, 2011). 

Because of these functions, four general components can always be identified, as displayed in Fig. 1 

sensor to detect water flow, a transducer to convert the flow into a measurable signal, a counter to add 

up the total volume of water measured and an indicator to display this volume. These components form 

the core of any water meter (Van Zyl, 2011). 
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Although the components mentioned above are present in every type of water meter, there are a variety 

of water meters based on different measuring mechanisms. The following subsections discuss these 

mechanisms. 

 

Figure 1 illustrates a water volumetric meter's interior and four fundamental components. Adapted from Honeywell (2016) 

 

1.1.1       Water meter classification 

Water meters are primarily classified by the mechanism they measure water flow with (Arregui et al., 

2006; AWWA, 2012; Van Zyl, 2011). According to Van Zyl (2011) these mechanisms can be categorised 

into three main groups based on the measuring principle (depicted in Fig. 2): Mechanical, 

electromagnetic, and ultrasonic meters. Each type has unique features and applications, making them 

suitable for different settings in water distribution (Van Zyl, 2011). 

 

Figure 2: Overview of water meter classification according to their measuring principles. Adapted from AWWA (2012) and 

Van Zyl (2011) 
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Appendix C.1 discusses how each of these different mechanisms operates. Volumetric and inferential 

meters are the most used in households worldwide because they offer good performance at a reasonable 

cost (AWWA, 2012). Other meters have traditionally been used in large-scale industrial applications, 

but this is gradually changing (Charalambous & Laspidou, 2017).  

 

1.2       Knowledge gap 

To the author's knowledge, a preliminary literature review indicates a knowledge gap in EoL RR 

strategies for water meters. Although there are many studies on managing water meters or the accuracy 

levels of different water meter mechanisms, the academic work stops before covering the EoL disposal 

stage and the RR strategies and their potential impacts. As Arregui highlights in “Integrated Water Meter 

Management” (2006), “The absence of specific literature about water meters is quite striking, both from 

a technical and from a managerial point of view.” The comment about the lack of literature is notable 

because it shows a mismatch between the widespread use of water meters as we know them for the last 

100 years (Arregui et al, 2006), and little research has been done on these products. 

This field is unexplored, contrary to the disposal and RR strategies of EoL vehicles and electrical and 

electronic waste, which is well represented in academic literature (Islam & Huda, 2018; Karagoz et al., 

2020). This absence of research leads to incomplete knowledge of the impacts of the meters' 

sustainability after decommissioning. This encompasses the environmental, social, and economic 

aspects of water meter RR strategies for a more circular economy, which means cutting waste and 

reusing recovered materials or products (Wagner et al., 2019).  Addressing this gap is essential for 

developing sustainable future strategies for water meters.  

 

1.3       Problem statement 

Given the transition from traditional meters to more advanced meters made from other materials in the 

future, decommissioned water meters are constantly being replaced by DWUs, leading to a steady stream 

of meters that must be dealt with responsibly. Although RR methods exist for water meters, their 

specifics, effectiveness, and sustainability remain primarily unknown—both for meters currently 

reaching the EoL and for newly implemented meters that will eventually require decommissioning and 

disposal. 

 

This is concerning because as the industry moves towards using meters made from new materials, there 

are increasing demands for incorporating sustainability decisions throughout a product's life cycle; thus, 

it must also consider the EoL and the RR methods for these meters. These strategies cannot be improved 

without clearly understanding what happens now and the sustainability implications for water meters. 

Therefore, it is essential to assess and evaluate the current ways of RR for decommissioned water meters 

for more sustainable approaches in the future.  

 

1.4       Research objective and questions  

This study aims to analyse the current EoL RR strategies for water meters. The main goal is to evaluate 

these strategies within the context of sustainability to enable more sustainable approaches for the 

decommissioned water meters. The research seeks to assess and evaluate existing strategies by exploring 

and comparing them from a sustainability point of view that includes environmental, money-related, 

and social factors. Furthermore, the study intends to formulate actionable recommendations for key 

stakeholders—DWUs, RRFs, and water meter manufacturers (WMMs)—to promote improvements in 

environmental circularity based on the research findings. 
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Considering the defined knowledge gap, problem statement, and research objective, the main research 

question is translated as:  

 

“How can the sustainability of End-of-Life (EoL) resource recovery (RR) strategies of water meters 

be assessed and evaluated?” 

 

The following sub-questions further refine and clarify the main research question. They break down the 

main research question into smaller, more manageable components that can be explored in more detail. 

Furthermore, the sub-questions provide a clear direction for information collection and analysis and give 

the study its structure. 

 

1. What are the water meter industry trends and the RR strategies? 

2. What is sustainability, and how can EoL strategies be evaluated from a sustainability 

perspective?  

3. How sustainable are the current EoL RR strategies for water meters?  

4. What recommendations can be made for EoL water meters, considering the sustainability impact 

of current strategies?  

 

1.5       Research approach 

The research employs an exploratory sequential mixed methods approach to investigate an 

underexplored area for water meters, focusing on the EoL RR. It begins with exploratory field research, 

during which semi-structured interviews are conducted with key representatives of the stakeholders 

mentioned above to gather insights into water meters, industry trends, and current EoL RR strategies. 

This was followed by a literature review to define sustainability and determine how it can be evaluated. 

These findings informed the subsequent quantitative phase involving a sustainability assessment of the 

discovered strategies. The research flow diagram is found in Fig. 3. 
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Figure 3: Research flow diagram with the inputs (left), outputs (right) and processes (middle).  

 

1.6       Thesis Outline 

Chapter 2 discusses the study’s field research, highlighting current trends in water meters and associated 

RR strategies. Chapter 3 defines sustainability and examines how EoL RR processes can be assessed 

from a sustainability perspective. Chapter 4 details the methodology adopted for the assessment. Chapter 

5 presents the results, while Chapter 6 discusses these findings. Finally, Chapter 7 provides conclusions 

and recommendations drawn from the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Exploratory Field Research 

 

 

This chapter covers the study's field research, establishing the current water meter strategies. It starts 

with the author’s industry engagement with various parties involved, which helped map the water meter 

industry trends, current assets, and the RR strategies for these meters. This information gathered during 

this phase was subsequently used for the SA.  

 

2.1       Industry engagement 

Table 1 provides an overview of the people interviewed, with their roles, dates, methods, duration, and 

note-taking methods. Detailed descriptions of the interview methodology applied for this study can be 

found in Appendix A.2 

 

For an industry-wide perspective, representatives from four out of the ten existing DWUs in the 

Netherlands were interviewed. The objective was to broaden our understanding of water meters, industry 

trends, sustainability initiatives (if any), and their selection process and assets. DWU Brabant Water 

(BW) is the case study; this is further covered in chapter 4.1.  

Two representatives of WMMs were interviewed, focusing on the composition of the meters' materials 

and manufacturing processes. Although most information could not be shared due to company 

confidentiality, some information regarding the products was shared.  

RRFs were contacted to map out all the possible RR strategies for processing water meters. This 

involved focusing on disassembly and sorting methods. A total of 24 RRFs were contacted, of which six 

responded. Three of these respondents were interviewed in person. The other two were contacted briefly 

through a phone call. To the best of the author's ability, this approach ensured that all strategies were 

represented, reaching a saturation point 

Snowballing led to the association Water is our World (WoW). WoW is a volunteer foundation dedicated 

to providing products related to drinking water to regions lacking access to this essential resource. They 

gather donated and bought materials to ship to other countries for a second life. Furthermore, an 

Industrial Shredder Company (ISC) based in China, specialising in recovering water meters and similar 

products, was approached. They shared details regarding their RR operations and the machinery they 

use.  
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Table 1: Overview of Industry Engagement - Interviews 

Company Employee’s Role Date Method Duration 

(minutes) 

Notes 

DWU BW Asset Managers 23/11/2023 

06/12/2023 

Online MS Teams 45 

30 

Recorded and 

transcribed 

DWU II Asset Manager 13/02/2024 Online MS Teams 60 Recorded and 

transcribed 

DWU III Procurement Officer 16/02/2024 Online MS Teams 30 Recorded and 

transcribed 

DWU IV Customer Team Leader 16/04/2024 Field Trip In-person 30 Notes taken  

WMM I Business Manager 02/02/2024 E-mail & Phone Call 15 Notes taken 

WMM II Quality Engineer 24/01/2024 MS Teams 60 Notes taken 

RRF I Commercial Director 02/02/2024 Field trip in person 60 Recorded and 

transcribed 

RRF II Trading Manager 24/01/2024 Field trip in person 45 Recorded and 

transcribed 

RRF III Purchasing Manager 29/05/2024 Online MS Teams 45 Notes taken 

RRF IV Manager 11/12/2023 Phone Call 15 Notes taken 

RRF V Purchaser 16/08/2024 Phone Call 20  Notes taken 

ISC Sales Director 02/07/2024 E-mail - Notes taken 

WoW Manager 27/01/2024 Field trip in person 60 Recorded and 

transcribed 

 

 

2.2       Industry trends for water meters 

The water meter industry trends for widescale household use can be categorised into two main aspects: 

i) the transition in measuring mechanisms and ii) advancements in material design (source: DWU II, 

BW). Both areas have experienced changes in the past decades, reflecting technological progress and 

industry adaptations (source: DWU II, BW). Fig. 4 depicts the market trends through exploded views 

of the meters, which display the individual components and their assembly. Additionally, it highlights 

market trends observed within the Dutch industry, showing a clear shift in measuring mechanisms and 

the increasing use of plastic materials in meter design. These trends are explained in the following 

subsections. 
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Figure 4: Exploded views of water meter designs and market trends in the Dutch DWU sector. Source: Adapted from Crainic 

et al. (2011), Diehl (2023a). 

 

2.2.1.1       Transitions in measuring mechanisms 

Interviews with DWU representatives indicate that the water meter sector has changed significantly over 

the past few decades. Initially, inferential multi-jet meters were widely used, but about 20 years ago, 

many DWUs began switching to volumetric water meters (source: DWU II, BW). Fig. 5 depicts this 

trend. The main reasons for this shift are the better accuracy, reliability, and longer lifespan of volumetric 

meters (source: DWU II, BW). 

 

Figure 5: Transition of Measuring Mechanisms:  inferential meter (Left) and a volumetric meter (Right). Source: 

Charalambous & Laspidou (2017) 

 

Volumetric meters provide superior performance, particularly in areas with lower water quality, where 

the more sensitive inferential meters often face operational challenges (source: DWU II). The chamber 



2.2       Industry trends for water meters 

16 

 

design of volumetric meters helps them avoid issues caused by poor water quality in some regions. 

Additionally, the accuracy of volumetric meters remains consistent throughout their lifespan (source: 

DWU BW). Accurate billing, after all, is the main function of a water meter. 

In contrast, multi-jet meters, which rely on a vane wheel design, tend to slightly overestimate water 

consumption, which may benefit the DWU rather than the customer (source: DWU BW). Their lifespan 

varies because they are more affected by the local water quality (source: DWU II, BW).  The lifespan 

of multi-jet meters ranged from as short as seven years in some areas to as long as 17 years in others in 

the Netherlands (source: DWU, BW). However, a significant advantage of these meters is that they are 

revisable due to their simple internal design. These meters could be redeployed up to three times through 

refurbishment programs, extending their operational period to approximately 21-35 years (source: DWU 

II, BW, IV) compared to the standard 20 years of the volumetric ones (source: DWU II). Notably, 

refurbishing these meters resulted in 25 to 35% cost savings compared to purchasing new ones (source: 

DWU II, IV).  

Refurbishment was once widely used by manufacturers, social development organisations, and DWUs 

(source: DWU II). However, it has stopped in the Netherlands except for one DWU (detailed in 

Appendix C.4), where DWU IV still refurbishes with the older inferential models. Other DWUs have 

moved on to models that currently cannot be refurbished. 

 

2.2.1.1.1       The future trends in measuring mechanisms 

According to all the DWU representatives, the future trend in water meter technology is shifting towards 

models without moving parts. Removing these components reduces wear and tear, leading to fewer 

operational issues over the meter's lifespan (Charalambous & Laspidou, 2017). As displayed in Fig. 6, 

these non-mechanical meters, commonly referred to as “smart meters”, incorporate electronics, 

including printed circuit boards (PCBs), batteries and offer a range of functionalities (Charalambous & 

Laspidou, 2017). A smart meter is designed to record water consumption electronically, providing real-

time or near-real-time data to both the utility company and the consumer (Sønderlund et al., 2014). 

Unlike traditional meters, which require manual readings at monthly or yearly intervals (Sønderlund et 

al., 2014). This technology improves the precision of readings, simplifies leak detection, and increases 

transparency for consumers (Sønderlund et al., 2014).  

However, smart meters are currently three to four times more expensive than traditional mechanical 

ones and are still limited in number, being primarily used in pilot projects (Charalambous & Laspidou, 

2017). Besides the higher costs, the accuracy benefits provided by smart meters are relatively minor 

when compared to the mechanical ones, which already operate under a 2% error margin under typical 

household water flow conditions (Arregui et al., 2020). This is discussed in the work of Arregui et al. 

(2020), where the accuracy of various household water meter measuring principles is tested for their 

accuracy under intermittent flow conditions. All the DWUs interviewed believe it is too early to use 

these meters widely and prefer traditional ones. 
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Figure 6: Shows the Multical 21 smart water meter (left) and its benefits compared to the traditional mechanical water meter 

(right). Source: Kampstrup (2021) 

 

2.2.1.2       Transition to alternative materials  

There has also been a notable shift in water meter manufacturing materials, as shown in Fig. 7, 

transitioning from brass bodies to specially engineered plastics and fibre-reinforced polyamide 

composites. This shift is mainly driven by regulatory changes and economic considerations (source: 

DWU II, III).  

 

Figure 7: The transition from brass-body (left) to composite-body (right) water meters. Source: Images by Sensus model 620 

& 620C 

Notably, the regulatory impact of Directive 2184 (2020) which limits the lead content of drinking water 

from 10 μg/L to 5 μg/L. There is a 15-year phase-out period for many lead-containing materials that are 

still being used in drinking water, including potentially replacing water meters if lead levels exceed five 

µg/L (Directive 2184, 2020). Despite the relatively small contact area of water meters compared to the 

extensive brass piping and faucets in buildings, some DWUs are proactively phasing out all lead-

containing assets (Source: DWU II). In contrast, others continue using brass bodies because they are 

below the thresholds (source: DWU II, III).  

Economic considerations, particularly the cost of raw materials, further drive the adoption of alternative 

materials (source: DWU II). Since 2001, the price of copper has increased by more than 450%, and zinc 

by more than 350% (Trading Economics, 2024).  
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Considering the issues mentioned above, plastic body meters provide a solution for both problems. 

Although they have existed since the 1980s, they have only become a popular alternative to brass body 

meters in the past two decades (AWWA, 2012; Van Zyl, 2011). Since 2006, glass-reinforced polymer 

composite models have also been introduced, providing more durability and strength for the casing 

(Sensus, 2012). These composite meters, like the plastic ones, are cost-effective due to low raw material 

prices and energy efficiency, consuming one-third of the energy of bronze meters during production and 

their lighter weight during transportation (Sensus, 2012). 

For the DWUs, the upfront costs of the plastic and composite versions of the same models are 

approximately 25% less expensive than those of brass models (source: DWU II). However, this does not 

consider the EoL scrap value of brass, which recovers some of the costs invested in these meters, 

compared to the much lower scrap value of plastic and composite meters. The scrap values of brass-

body meters have increased (logically) by the abovementioned percentages during their lifespan. 

 

2.2.1.3       Sustainability integration in selection and disposal of water meters 

While sustainability is increasingly recognised as essential in the DWU sector, it has not yet been 

formally established as a criterion for water meters beyond the in-use stage (source: DWU II, III, BW). 

The selection management process of water meters mainly depends on the following factors (source: 

DWU II, BW):  

 

• Compliance with KIWA: Only five water meter suppliers in the Netherlands are KIWA-

approved. This mark is required for the certification of all water meters in the Netherlands 

(RIVM, 2016).  

• Economic and Performance Considerations: Based on regional water quality, different 

meters may be needed, and tenders must balance cost, longevity, and performance.  

• Supplier Reputation and Experience: A WMM's reputation, along with DWU’s past 

experiences with specific brands, can also influence selection decisions, helping to ensure 

product reliability and compatibility. 

 

The sector is gradually evolving, with a growing awareness of sustainable strategies and new EU 

regulations, such as the Corporate Sustainability Reporting Directive (2022). This directive requires 

large companies, including DWUs, to publish regular reports on the impact of their decisions on 

sustainability. This could extend to a DWU's choices when selecting water meters while also considering 

the sustainability requirements concerning the EoL impacts for the RR and disposal impacts a meter 

could have. Such requirements would also encourage the WMMs and RRFs to cater to those demands.  

However, for the selection of the meters, the current challenge is that the market is limited to suppliers 

certified by KIWA, which complicates the enforcement of DWUs' sustainability requirements for the 

meters. Imposing strict sustainability criteria might only leave a small number of meter options for a 

DWU to choose from (source: DWU II, III). These challenges are often worsened by a lack of limited 

oversight by meter suppliers over their subsidiaries regarding materials used in components that do not 

come into direct contact with water (Source: WMM II). There are also company secrets regarding 

certain materials used (source: WMM I, II). This often results in difficulties in declaring all materials 

used and their quantities for the products (source: WMM I, II).  

Specific initiatives to resolve these issues are being pursued nationally and internationally, with the 

Blauwe Netten (Blue Nets) initiative and 4MS being prominent. These efforts, discussed in Appendix 

C.7, illustrate a steady shift towards incorporating more sustainability within the DWU sector that also 

tries to integrate the EoL aspects of the meters. 

 



2.3       Resource recovery strategies 

19 

 

2.3       Resource recovery strategies 

The following subsections discuss the regulations and strategies for recycling and disposing of EoL 

water meters. It begins by discussing the regulatory framework by which waste processing is bound, 

followed by an overview of manual disassembly and mechanical shredding strategies for water meters. 

The chapter concludes with a comparison of material yields, highlighting the efficiency and challenges 

of each approach. 

 

2.3.1       Regulations for water meter waste processing 

National and European regulations govern waste processing in the Netherlands. These regulations aim 

to promote high-quality waste recycling as much as possible. This is the process in which waste materials 

are recycled into raw materials of a similar or equivalent quality to the original materials (upcycling). 

Upcycling aims to keep materials in the cycle without degrading their value or quality (LAP3, 2017). 

This stands in contrast to downcycling, which refers to recycling processes where materials are 

converted into products of lower quality or functionality (LAP3, 2017). The focus on upcycling ensures 

environmental safety and enables the transition to a circular economy by 2050, as outlined in the 

National Waste Management Plan (LAP3, 2017).  

The requirements for processing the various waste streams of different materials are broken down into 

85 sector plans (SCs), each detailing the minimum recycling standards and specific handling procedures, 

regulations and transport (discussed in the following subsection). For water meters, an essential 

distinction in regulatory classification lies in the condition of the water meters and if they are considered 

waste, defined as “all substances, preparations or other products, which the holder thereof discards, 

intends to discard or must discard” in LAP3. Water meters intended for reuse may be classified as 

products rather than waste, exempting them from waste management regulations. EoL water meters and 

their resources (e.g., metals, plastics, or electronic components) are treated as waste and fall under the 

sector's waste management plans.  

Non-biodegradable plastics, including synthetic polymers, composites and rubbers, fall under SC 11. 

Due to plastics' varied composition, separation is required to determine whether recycling is feasible 

under the minimum standards. If recycling mixed plastic fractions is technically unfeasible or 

prohibitively expensive, for example, exceeding €205 per ton at the processing facility's gate, then the 

minimum standard allows for incineration for fuel and energy recovery purposes (LAP3, 2017). Glass 

is covered in SC 38, and the minimum standard is recycling since it can be endlessly processed into new 

items.   

Ferrous and non-ferrous metals, including alloys such as brass, fall under SC 12. These metals should 

be separated from other waste streams to maximise their potential for upcycling. Where metal separation 

is difficult, or residues (covered in SC 27) remain after metal recovery, they must either be incinerated 

if they are caloric-rich or disposed of in landfills if incineration is not viable (LAP3, 2017).  

The waste electrical and electronic equipment (WEEEs) under SC 71 includes all devices that require a 

plug or batteries, such as smart meters. Components of WEEEs are addressed under their respective 

sector plans for specific processing. The handling of WEEEs is regulated under Directive 2012/19/EU 

(WEEE Directive) and Directive 2006/66/EC (Battery Directive). These directives mandate that plastics 

in devices like smart meters must be clearly labelled to identify their composition, ensuring efficient 

recycling. Additionally, batteries must be designed for easy removal to enable safe disposal or recycling.  
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2.3.1.1       Waste transport 

The waste transport must follow the transport regulations established under the European Waste 

Shipment Regulation (WSR). These regulations aim to prevent environmental harm and promote 

responsible waste management. Notably, waste intended for disposal is prohibited from being 

transported between EU countries, a measure designed to encourage member states to manage their 

waste domestically (WSR, 2024). In contrast, waste intended for recycling can move freely between EU 

member states and, under bilateral agreements, to OECD countries that uphold EU-equivalent recycling 

standards. Non-OECD countries wishing to import waste from the EU must notify the European 

Commission of their willingness and demonstrate their ability to manage this waste, following Annexes 

VIII (the Green List) and IX (the Amber List) of the WSR (2024). 

 

• The Green List: This list includes waste materials considered low risk to the environment, 

allowing their transboundary movement with minimal regulatory oversight. This can be the 

case for the recovery of metals (LAP3, 2017).  

• The Amber List: This list includes wastes that pose potential environmental hazards, 

requiring prior notification and consent for transport for all the countries involved (exporting, 

importing, and transit states) (WSR, 2024). Stricter restrictions apply regarding transportation 

outside the EU, with many cases prohibiting exports to non-OECD countries entirely (WSR, 

2024). Any waste not explicitly listed on the Green or Amber Lists is automatically treated as 

Amber List waste and must follow the same notification procedures (LAP3, 2017). Examples 

of Amber list materials can be mixed plastics or hazardous wastes like batteries and, in some 

cases, PCBs (LAP3, 2017).  

 

Appendix F10 of the LAP3 (2017) report provides schematic overviews of specific kinds of waste and 

the rules and regulations surrounding their transport to other countries.  

 

2.3.2       Manual strategies 

Manual disassembly (MD) can be divided into two categories: (i) Disassembly and sorting, primarily 

done by hand with essential tools, and (ii) mechanical aids and specialised machinery. An example of 

the first method is shown in Fig. 8 based on video content received from RC II. This approach is further 

described in Appendix A.1 by the author's empirical study. The main challenge in disassembling these 

meters is rotating the registry cover, as indicated by the red arrow in the left image. This task requires 

significant strength, which is a major drawback of this method. RRFs that receive large volumes of these 

meters, such as RC II and RC V, often send them to social workplaces with people doing these tasks 

who are distant from the labour market because of an impairment. These meters are also sent in some 

cases to prisons, where RR is performed by detainees, following the  Regulation on the Employment of 

Prisoners Act (2021) and Participation Act (2024). 

 

 

Figure 8: Images from the disassembly process of the M100 meters. Red arrow indicating the registry cover. Source: RC II 

For the harder-to-disassemble meters due to their complicated designs, specifically for the newer 

generations of volumetric meters, these facilities rely on specialised, custom-made clamps and hydraulic 

and pneumatic machinery like air wrenches. Electric cutting saws are often avoided due to safety 

concerns for the workers involved (source: RRF III). Although their processes were not directly 



2.3       Resource recovery strategies 

21 

 

observed, RRF III and RRF V representatives described their strategies in an interview. These strategies 

closely resemble those observed at WoW during the field trip to their workshop, which will be discussed 

in the following subsection. 

 

2.3.2.1       Manual disassembly with mechanical aids 

The observed EoL process at WoW involves manual and 

mechanical methods for disassembling water meter 

components. The WoW workshop is equipped with basic 

tools that enable this process. These tools include a large 

table, a hammer, a bench vice, various screwdrivers, 

multiple pliers, and a notable hydraulic machine to assist 

in disassembling, as depicted in Fig. 9.  

Additionally, WoW has developed a range of custom-

made clamps and tools specifically for mechanical 

processing to accommodate the various types of meters 

in their inventory. These clamps, shown at the bottom of 

Fig. 9, attach to the water meters and work in 

conjunction with the hydraulic machine to rotate and 

loosen the pieces of the meters that otherwise require 

significant strength. After removing the headpieces and 

the inner pressure plates, workers manually 

disassemble the remaining meter components 

using the previously mentioned basic tools. 

 

Figure 10: Sorting of water meter materials: Brass (left), plastics (middle), stainless steel (right). Source: WoW 

 

Using custom clamps and specialised machinery, the workshop is capable of processing meters at a 

much faster pace. This also solves the fatigue problem by eliminating all the physical tasking operations. 

The materials are separated into bags and bins, as shown in Fig. 10. The yield and purity for the manual 

methods are near 100%, except for some minor instances where some small springs or plastics are still 

left inside the meters or registry (source: WoW, RRF III). This is considered negligible since it is in such 

small quantities that it does not affect the overall purity of the stream (source: WoW, RRF III).  

 

2.3.3       Mechanical shredding strategies 

The second method used for water meter RR involves using an industrial mechanical shredder (MS), as 

illustrated in Fig. 11. The term “shredder" refers to machines designed for various functions, including 

crushing, shredding, and compacting (Saturn Machines, 2024). Various techniques can be used, from 

hammer mills and vertical crushers to rotary shear blades and granulators (Saturn Machines, 2024).   

 

Figure 9: Mechanical aids and clamps for the 

disassembly of various water meter designs. 

Source: WoW 
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Figure 11: A typical industrial shredder and automated sorting system featuring three distinct output streams arranged from 

bottom left to right: brass, glass and non-ferrous metals, and plastics. Source: Metal Recycling (2014) 

 

Following the MS, automated sorting lines can separate materials based on density, colour, magnetism, 

and other material characteristics (source: RRF I). This automation streamlines the disassembly and 

sorting processes, reducing associated costs (source: RRF I). Throughout this study, whenever MS is 

mentioned, it also implies automatic sorting lines being used. Fig. 12 displays a typical hammer mill 

shredder and its inner mechanics, often used for metallic components (Bell et al., 2003). 

 

 
Figure 12: Illustration of a typical hammer mill. Source: Bell et al. (2003) 

 

Water meters can be processed individually or mixed with similar products for simultaneous shredding 

(source: RRF I, III). Depending on the facility's capabilities and resources, multiple shredding and 

sorting techniques can be used sequentially with varying yields of the meter materials; unlike MD, where 

the recovery is 100%, mechanical shredding (MS) results in some material loss. 
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According to interviewees RRF I and III, the reduction in material quantities across shredder streams is 

attributable to several factors. These include the loss of fine particles that are challenging to recover due 

to their entrapment in filter dust, shredder residue, and fluff, all byproducts of MS. 

The inherent limitations of MS lead to cross-contamination of materials. The percentages can differ 

depending on many variables, but 1 to 2% cross-contamination by weight for some of the streams is 

considered unavoidable (source: ISC, Bell et al., 2003). For water meters specifically, the yield can also 

be influenced by the type of meter and the moisture content still present within the meters, which can 

cause different materials to adhere to each other (source: RRF III).  

During a field visit to RRF I, the plant representative detailed the water meter MS process (discussed in 

Appendix D). Although the MS process could not be directly observed, online videos and schematics 

of typical shredders used for water meters and WEEE, provide further insights into the operations and 

equipment layout. The following section discusses the RR yield for the different materials inside the 

meters. 

 

2.3.4       Material yield  

The material yield can be categorised into two aspects: (i) materials considered less relevant because of 

their recycling potential given the current industry strategies, and (ii) materials which are considered 

relevant because of their recycling potential or economic value.  

The yield for plastics and composites is considered less significant regarding water meters for the RRFs, 

both from a recycling potential or economic value viewpoint (source: WoW, RRF III, IV). In the 

Netherlands, 38% of plastics are recycled, most of which are household packaging materials (Plastics 

Europe, 2022). The remaining 62% are incinerated with energy recovery, primarily in local waste 

incinerators (Plastics Europe, 2022). The plastics used inside meters are mainly hard, durable plastics, 

sometimes mixed with fibreglass, which are hard to recycle currently (WMM I, II). Most of these 

plastics' recovered yield, rubbers, and other small fittings are sent to the local waste facilities in a mixed 

plastics stream or as shredder residue and fluff to be incinerated with energy recovery (Source: RRF II, 

III).  

The recycling potential of the metal and glass components of water meters is limitless, depending on the 

purity of the recovered materials. If the purity is low, they could be downcycled. For these materials, the 

main differences in the yield between MD and MS strategies are shown in Table 2, which provides the 

material yields obtained from typical water meters and similar products. Henceforth, when this study 

discusses the yield, it means the second category. This data was provided mainly (except the PCB) by 

RRF III for the mechanical shredder strategies that they use in many of their facilities. The data reflects 

estimated low and high yield ranges commonly accepted in the industry, with the average yield reflecting 

expected industry outcomes (source: RRF III). The estimates vary depending on the factors discussed 

previously. 

There is limited experience with the yield of smart meters due to their relatively recent introduction to 

the market. However, these items can be compared to the similar processes used for WEEE. Once 

collected, the yield for the batteries in the smart meters is considered 100% across all RR strategies since 

they are all done similarly by first opening the meters and consequently removing the batteries before 

processing (source: RRF III, V). Lithium batteries are highly flammable when damaged, so shredding 

these products is avoided if retrieving the batteries is straightforward (source: III, V).  

The PCB yield data relies on industry-standard estimates and literature findings. The yield and shredding 

processes for these components are extensively discussed in studies by Ueberschaar et al. (2017), Van 

Yken et al. (2021), and Bigum et al. (2012). MS of WEEE could result in material loss, with the 
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efficiency of unit separation achieving efficiencies between 90% and 95% in WEEE products (Bigum 

et al., 2012; Van Yken et al., 2021).  

Table 2: Water meter material yields for the MD and MS. 

 MD MS 

Material Yield (%) High-End Yield (%) Avg. Yield (%) Low-End Yield (%) 

Brass 100 99 97.5 96 

Ferrous Steel 100 99 98.0 97 

Non-ferrous Steel 100 96 93.0 90 

Glass 100 95 90 85 

PCBs 100 95 92.5 90 

 

 

2.4       Chapter conclusion  

The industry has transitioned from the old inferential meters in the past, which have been replaced 

mainly by most assets of brass-bodied volumetric meters. The current trend involves shifting from 

traditional brass-bodied meters to polymer-bodied alternatives. In the long term, the industry will likely 

move towards polymer-based smart water meters with internal electronics. This shift from brass to 

composite and plastic materials and electronics also influences the EoL recovery of the meters, which 

impacts the sustainability of the current strategies. 

The regulations for the minimum standards for the disposal, recycling and transport of the water meter 

materials are outlined in the LAP3 (2017). Two leading RR strategies were identified in the study, each 

with unique advantages and limitations:  

 

• Manual Disassembly: This RR method for water meters is highly efficient. RRFs, 

in addition to using their staff for these tasks, also use social workplaces or, in some 

cases, prisons for the MD. Although the method can be labour-intensive, the 

industry has improvised with costume-made tools and hydraulic and pneumatic 

machinery to make the work less labour-intensive. Nearly 100% of materials are 

recovered due to the meters' simple designs.  

• Mechanical Shredding: Shredding meters offer a faster, automated approach to 

RR, ideal for large volumes of water meters. This method reduces manual labour 

but has lower material yield than MD due to material cross-contamination and loss 

of fine particles for the metals or metal-containing items like (PCBs).  

These RR strategies, regulatory frameworks, and DWUs' willingness to integrate sustainable principles 

into all their operations highlight the importance of sustainability-focused decision-making for the EoL. 

The following chapter discusses sustainability and how an EoL RR practice can be assessed and 

evaluated.  
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This literature review explores how EoL RR processes can be evaluated from a sustainability 

perspective, focusing on the tools and frameworks used in such assessments. It starts with the evolving 

concept of sustainability, focusing on its evolution, pillars, and the scientific disagreements surrounding 

it. It proceeds to analyse various sustainability assessment methodologies. Within this context, the focus 

is shifted to one prominent sustainability assessment framework and methods used in EoL waste 

management. The following section will explain the methodology employed for this review. 

 

3.1       Literature methodology 

A scoping review was chosen to understand the wide-ranging topic of sustainability and the various 

perspectives surrounding it. This type of review helps organise existing research, highlight main ideas, 

and give a big-picture view of what is currently known (Munn et al., 2018). It is designed to be thorough 

and fair, gathering all the essential information about sustainability, its methods of measuring EoL 

strategies, the knowledge gap and potential criticisms (Munn et al., 2018). 

For this review, a detailed search was done across Scopus and Google Scholar to ensure all the essential 

studies were covered. Specific keywords, phrases, and combinations were used (as shown in Table 3) 

to find relevant studies.  This search was conducted on October 1st, 2023. 

 

Table 3: Search queries for literature review 

Concept Search Queries 

Sustainability 
“Evolution & history,” “Interpretations,” “Definitions,” “Weak vs strong,” 

“Triple bottom line,” “Brundtland definition” 

Sustainability Assessment 
“Methodologies,” “Frameworks,” “Procedure,” “Integration,” 

“BellagioSTAMP principles,” “Weak vs strong SA models” 

EoL Waste Management Assessment 
“EoL waste management,” “Resource recovery,” “System boundaries,” 

“LCSA in waste management, “EoL science” 

 

To ensure the relevance and quality of the included studies in the scoping review, the following inclusion 

criteria were applied: 

 

• Peer-reviewed articles, conference papers, UN reports, or scholarly book chapters. 

• Articles only in the English language. 

• Articles from the last three decades to capture the evolution of sustainability concepts and 

assessment frameworks. 

• Focus on the past decade for sustainability evaluations of EoL strategies in waste management 

 

The initial search yielded a substantial number of articles. These were first screened based on titles and 

abstracts to eliminate irrelevant studies. The remaining articles were reviewed to ensure they met the 

inclusion criteria. Data extraction focused on key elements such as the interpretations of sustainability, 
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distinctions between weak and strong sustainability, and various sustainability assessment 

methodologies. 

 

3.2       Evolution and interpretations of sustainability 

The concept of sustainability, initially derived from forestry to describe the practice of not harvesting 

more than what can naturally regrow, was termed “Nachhaltigkeit” in German (Berg, 2019; Wiersum, 

1995). The modern understanding of sustainability and sustainable development are often used in 

modern times to mean the same thing (Meadowcroft, 2024). It was significantly shaped by the 

Brundtland Commission, which defined it as “development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs”. This definition emphasises 

development with environmental protection (Kuhlman & Farrington, 2010). 

 

 

Figure 13: Different interpretations of the sustainability points of view. Adapted from Scoones (2016) 

 

Since then, sustainability and sustainable development have been recognised as encompassing three 

dimensions or pillars: Social, economic, and environmental (Kuhlman & Farrington, 2010). The terms 

“pillar” and “dimension” are used interchangeably in the sustainability literature. For consistency, this 

study will only use the term pillar from now on. This tripartite point of view has existed for a long time, 

but it was first illustrated by Barbier (1987) in his work “The Concept of Sustainable Economic 

Development”. This depiction of sustainability was a Venn diagram, as noted by Purvis et al. (2019).  

The concept gained further popularity through the triple-bottom-line approach introduced by Elkington 

(1999), where the concept of the 3P’s—People, Planet, and Profit—originates (Kuhlman & Farrington, 

2010). Fig. 13A & B illustrate the popular depictions of the three pillars of sustainability, featuring a 

Venn diagram based on the ideas of Elkington (1999) and Barbier (1987), emphasising the 

interdependence of these three components. 

Over the years, scholarly discussions have offered various definitions of sustainability, emphasising its 

three pillars and their interdependence. This topic is widely debated and ranges from “broad to narrow,” 

“dark to light green,” or “strong to weak” sustainability (Scoones, 2016). With the latter being the main 

point of contention on how sustainability should be interpreted (Kuhlman & Farrington, 2010). These 

theories behind sustainability interpretations are shaped by the diverse worldviews of individuals and 

organisations (Giddings et al., 2002). Despite these contentions, the overarching goal of sustainability 

remains consistent, coined by the phrase by Pearce et al. (1994) “development that lasts”(Kuhlman & 

Farrington, 2010). The following subsection discusses the differences between ‘strong’ and ‘weak’ 
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sustainability interpretation, as the choice between these two is seen as the most significant by many 

authors who Giddings et al. (2002) and Kuhlman & Farrington (2010). 

  

3.2.1       Weak and strong sustainability 

Sustainability involves managing resources and ensuring their availability or replacement for future 

generations (Giddings et al., 2002). While it is inevitable that some natural resources will be depleted, 

there is debate over whether human-made capital can offset or replace this loss (Kuhlman & Farrington, 

2010). Some argue that human-made capital can offset the loss of specific resources, while others argue 

it cannot. These discussions underpin the distinctions between ‘strong’ and ‘weak’ sustainability.  

Furthermore, weak sustainable development is commonly depicted, as shown in Fig. 13A & B, aiming 

to perfectly balance the three pillars (Giddings et al., 2002). However, the model usually portrays these 

environmental, economic and social points of view with equally sized rings and pillars, although there 

is no inherent reason for this representation (Giddings et al., 2002). The concept of weak sustainability 

suggests that the pillars of sustainability have greater independence, assuming a degree of separation 

and even autonomy among them (Giddings et al., 2002). In contrast, the notion of strong sustainability, 

as illustrated in Fig. 13C, is based on Giddings’ interpretation. Here, the economy is visualised as nested 

within society, which in turn is encapsulated by the environment. On a minor note, positioning the 

economy at the centre does not imply it is the central hub for other sectors; instead, it is a subset 

dependent on them (Giddings et al., 2002). This also implies for the society being dependent on the 

environment. The characterise of a robust sustainability is that it advocates for a multilayered and 

multifaceted approach that integrates the three pillars (Giddings et al., 2002). The following subsection 

explores the methods for assessing sustainability. 

 

3.3       Sustainability assessment  

The sustainability's complexity and value-loaded nature drive the scientific community to find new 

methods to assess it (Sala et al., 2015). This has led to the emergence of sustainability science, a field 

dedicated to translating sustainability principles into practical solutions (Sala et al., 2015). Within this 

field, sustainability assessment (SA) aids decision-makers and policymakers in guiding their actions 

toward advancing societal sustainability (Devuyst, 2001). Preferably, these actions, whether in policies, 

planning, or products, must be evaluated through a SA to determine the degree of sustainability before 

they are enacted (Sala et al., 2015). There has been a growing concern within the scientific community 

and policy circles about whether the various examples of SA are appropriate assessments  (Sala et al., 

2015). This concern arises partly from the various interpretations and perceptions of sustainability in the 

scientific community. Some consider, rightly or wrongly, some SA not being an SA but merely an 

integrated assessment extended to the three pillars of sustainability based on their interpretations of 

sustainability (Sala et al., 2015). 

Sala et al. (2015) address this issue by distinguishing between Integrated Assessment, which primarily 

focuses on environmental impacts and sometimes also encompasses economic and social ones through 

specific scientific and technical models. However, these efforts often fail to lead to sustainable practices. 

In contrast, SA integrates environmental, economic, and social aspects using multifaceted 

methodologies incorporating various data types and stakeholder perspectives. The following subsection 

shows how an SA framework can incorporate the various definitions of sustainability and work towards 

a recognised SA.  

3.3.1       Sustainability assessment framework 

In response to SA's varying perspectives and critiques, Sala et al. (2015) have developed a framework 

that captures and integrates sustainability's complexities and varied interpretations. This framework, 
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illustrated in Fig. 14, does not seek to define the perfect SA methodology. Instead, it outlines essential 

steps that form the foundation of a comprehensive SA, aiming to overcome the limitations of previous 

methods that have often been criticised for lacking transparency, robustness, and flexibility (Sala et al., 

2015). 

 

 

Figure 14: The sustainability assessment procedure framework (right) incorporates the BellagioStamp principles (left). 

Source: Sala et al. (2015) 

 

For instance, within the framework of SA, weak sustainability interpretation, which allows for trade-

offs between the pillars, the SA author should acknowledge this assumption’s potential flaws or 

limitations. This acknowledgement reflects a commitment to transparency about the implications of their 

approach (Sala et al., 2015). By proactively addressing these issues, the SA procedure aims to mitigate 

potential criticisms of the flexibility and trade-offs allowed under the weak sustainability approach (Sala 

et al., 2015). Consequently, this procedural framework serves as a guide for conducting balanced 

sustainability assessments, ensuring adherence to established principles while acknowledging the 

variety and complexity of a value-loaded term as “sustainability” (Sala et al., 2015). The conceptual 

framework includes two main components: the SA principle and the SA procedure. The next segment 

will discuss these elements further. 

3.3.1.1       SA principles and procedure 

The SA framework incorporates the well established in scientific community BellagioSTAMP principles 

depicted on the left side of Fig. 14 (Sala et al., 2015). It was developed by a global group of measurement 

and assessment experts in 1996 and later updated by Pinter et al. (2012) (Sala et al., 2015). These 

principles are designed to guide SA and have become a widely quoted reference for measuring 
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sustainability (Pinter, 2009). The BellagioStamp, intended to be used as a complete set, includes eight 

principles that must be followed (Pinter et al., 2012).  

Furthermore, besides BellagioStamp principles incorporated within this framework, there are SA 

procedures that Sala et al. (2015) proposes. These exist out of the following SA steps:   

• Approach: This involves defining the assessment's underlying values and sustainability 

principles. These values determine whether a "strong" or "weak" sustainability perspective 

is taken. Different values and principles define different sustainability frameworks. 

• Sustainability Targets: What is the aim of the SA, and what are the benchmarks for the 

evaluation? These must be clearly defined for the SA to be considered an SA. Sala et al. 

also recognise the challenges in setting such targets, especially in exploratory assessments 

or emerging areas where sustainability standards may not be established. 

• Decision Context: This step translates the sustainability framework into practical terms 

relevant to an assessment. It would include stakeholders, scale, complexity of the 

assessment, anticipated impacts, and timeframe taken for expected or desired outcomes. 

• Methodological choices: These are considered the core of an SA. They involve identifying 

the most suitable assessment methodologies (methods, models/tools), indicator selections, 

and sensitivity and uncertainty analysis. Methodological choices must align with the 

assessment goals and ensure that the approach is scientific and transparent. 

 

3.4       Sustainability assessment methodologies 

For a SA, various methodologies exist to assess and evaluate different dimensions of sustainability (Pope 

et al., 2004). The importance of sustainability has significantly increased in decision-making over recent 

decades, which has boosted the demand for such methodologies (Pope et al., 2004). Selecting the 

appropriate assessment methodology matters for the results you will get and the information you want 

to convey (Sala et al., 2015). Therefore, selecting the most appropriate methodology to make an 

assessment must be evaluated by a case-by-case approach (Sala et al., 2015). 

Fig. 15 illustrates various popular methodologies for SA and their degree of 'integratedness', as described 

by Sala et al. (2015). These methodologies address either single or offer a framework for assessing 

multiple pillars of sustainability. This differentiation highlights the importance of carefully selecting 

methods based on each SA's specific requirements and objectives (Sala et al., 2015). Among those that 

address a single pillar, focusing on a specific compartment, such as the Water Footprint method, others 

like LCA provide integrated environmental assessments covering multiple compartments (Sala et al., 

2015). Additionally, some methodologies specifically developed for SA offer a framework 

encompassing multiple sustainability pillars for an integrated assessment, such as the Life Cycle 

Sustainability Assessment (LCSA) covered in the sections below.  
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Figure 15: Methodologies for sustainability assessment, Source:Sala et al. (2015) 

 

3.4.1       Life cycle sustainability assessment  

Life Cycle Sustainability Assessment (LCSA) can be both considered as a framework and a 

methodology as it provides the structured, step-by-step process of a methodology while offering the 

flexibility and overarching structure of a framework (Zanni et al., 2020). First introduced by Kloepffer 

(2008),  it is based on a concept called Life Cycle Thinking (LCT). LCT looks at the entire lifespan of 

a product or service, from creation to disposal, to understand its positive and negative impacts on the 

environment, economy, and society. This approach helps ensure that sustainability is considered in every 

stage of designing, developing, and assessing products and services (Sala et al., 2013). As illustrated in 

Fig. 16, the LCT approach incorporates the LCSA methodology to evaluate the environmental, 

economic, and social dimensions using components such as Life Cycle Assessment (LCA), Life Cycle 

Costing (LCC), and Social Life Cycle Assessment (S-LCA).  

 

 

 

Figure 16: Life cycle thinking encompasses three methodologies: LCA, LCC, and S-LCA. Source: Sala & Garcia (2016) 
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There are specific guidelines developed for the use of an LCSA, which are released by UNEP/SETAC 

(2012), which outlines all necessary stages for the LCSA framework and the subsequent applied 

methodologies. Among the LCSA assessment methods, LCA is the most established and mature, 

complete with specific ISO guidelines. In contrast, LCC and S-LCA are less developed, especially in 

the impact assessment, as noted by Sala & Garcia (2016). 

Progress in S-LCA includes the development of impact assessment categories (Ghisellini et al., 2023). 

These are outlined in the UNEP guidelines “Social Life Cycle Assessment of Products and 

Organizations”, first developed in 2009 and later updated in 2020 (UNEP, 2020). For LCC, standardised 

guidelines exist for specific sectors, such as ISO 15686-5 (2017) for construction and IEC 60300-3-3 

(2017) for managing the dependability of electrotechnical projects. The LCC can account for all relevant 

costs and cash flows within the agreed scope, from acquisition to disposal. It typically involves 

comparing alternatives or estimating future costs at the portfolio, project, or component level. Based on 

the goal of the assessment, the analysis is sometimes performed over a specific period or stage of the 

product life cycle or its entirety (ISO 15686-5, 2017). 

Since LCSA combines the three analytical techniques, a consistent goal and scope is recommended by 

the UNEP/SETAC (2012) guidelines. Nonetheless, a consistent scope in LCSA does not necessarily 

mean that the boundaries should be identical in all three of the pillars (Martínez-Blanco et al., 2014). 

The next chapter will discuss this concept further, presenting examples from the literature to illustrate 

the nuances involved. 

 

3.4.1.1       LCSA in End-of-Life management 

The LCSA framework has become increasingly prominent in contemporary literature as an integrated 

SA method, particularly for waste management, as highlighted by Bhambhani et al. (2022). This 

framework comprehensively evaluates various processes and products' environmental, economic, and 

social impacts throughout their life cycle or parts of it (Zanni et al., 2020).  

The system boundaries of an LCSA, depicted in Fig. 17, align with the commonly recognised boundaries 

within LCT and LCA approaches (Zanni et al., 2020). Traditional system boundaries include (JRC, 

2010): 

 

 

Figure 17: Cradle to grave, cradle to gate, and gate to gate system boundaries of the entire life cycle assessment. Source JRC 

(2010) 

• Cradle to gate: This boundary encompasses data and information collection from the extraction 

of raw materials to the manufacturing and assembling of the product. 

• Cradle to grave: This extends the entire life cycle of products, including goods and services, 

encompassing their supply chain, usage, and waste management 
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• Gate to gate: This refers to assessing a specific segment of the product life cycle, focusing on 

processes within a single facility or between two gates of a manufacturing process. 

 

In addition to these traditional scopes, alternative boundaries such as "cradle to cradle," "gate to grave," 

“cradle to factory,” and "cradle to use" provide further flexibility in LCSA (Dong et al., 2023). These 

alternative boundaries allow researchers to tailor the assessment to their specific goals (Dong et al., 

2023). The flexibility extends not only to the boundaries but also to the depth of analysis of the 

sustainability pillars, depending on the research objectives. Table 4 discusses examples of SA where 

such flexibility is applied.  

For instance, Bhambhani et al. (2022) perform a comparative cradle to cradle LCSA, comparing the RR 

solutions of three scenarios in the water sector. In their LCSA, they monetise the environmental impacts 

of the different scenarios and omit the S-LCA altogether due to the scope of their research. This raises 

a potential concern regarding the validity of omitting a sustainability pillar in an assessment. The author 

believes these studies can still be considered SA if they remain consistent with their defined scope and 

objectives and provide transparency for their choices. 

There are also variations of assessment within the pillars themselves, for example Luthin et al. (2023) 

and Papo & Corona (2022) demonstrate that a complete pillar or a cradle to grave approach is not always 

necessary. They demonstrate that hotspot analysis within an LCSA framework can effectively target 

essential life cycle segments of a pillar, streamlining the identification of improvement areas.  

Furthermore, Foolmaun & Ramjeawon (2013) conducted a comparative LCSA of four different disposal 

scenarios of an EoL product. Rather than using a conventional cradle to grave, cradle to gate, or cradle 

to cradle approach, they set their system boundaries from when PET bottles are disposed of until they 

lose their value, either through landfilling or incineration. A similar comparative assessment of different 

EoL scenarios is proposed by Hu et al. (2013) for the recycling of concrete. Vinyes et al. (2013) also 

conducted an LCSA, but they narrowed their analysis even further by mainly setting their system 

boundaries for the different collection methods of an EoL product. This essentially uses the LCSA 

framework to assess a single stage within the EoL process, 

In conclusion, the LCSA framework provides a flexible approach for analysing a process or product's 

environmental, economic, and social impacts. Depending on the scope and targets, it enables a complete 

or more targeted approach to an SA. 
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Table 4: Life cycle sustainability flexibility in literature for EoL processes 

Article Title of Study Case Study of Interest Method of Assessing 

Bhambhani et al. 

(2022) 

Life cycle sustainability 

assessment framework for water 

sector resource recovery 

solutions: Strengths and 

weaknesses 

Water sector resource 

recovery solutions in the 

Netherlands 

LCSA, omitting S-LCA. 

Giving LCA and LCC an 

monetary value 

Luthin et al. (2023) 

Demonstrating Circular Life 

Cycle Sustainability Assessment 

– A Case Study of Recycled 

Carbon Concrete 

Recycled Carbon-Reinforced 

Concrete  

C-LCSA applying Material 

Circularity Indicator 

alongside LCA, LCC, and 

social hotspot assessment 

Foolmaun & 

Ramjeawon (2013) 

Life Cycle Sustainability 

Assessments (LCSA) of Four 

Disposal Scenarios for Used 

Polyethylene Terephthalate 

(PET) Bottles in Mauritius 

Disposal of used PET bottles 

in Mauritius 

LCSA incorporates LCA, 

LCC, and S-LCA via an 

Analytical Hierarchy Process 

to integrate impacts across 

dimensions  

Papo & Corona 

(2022) 

Life Cycle Sustainability 

Assessment of Non-Beverage 

Bottles Made of Recycled High-

Density Polyethylene 

Non-beverage bottles made 

from recycled HDPE 

LCSA combines an ad-hoc 

system expansion approach 

and applies weighting based 

on the Analytical Hierarchy 

Process to integrate impacts 

across dimensions 

Hu et al. (2013) 
An approach to LCSA: The case 

of concrete recycling 
Concrete Recycling 

LCSA alongside Material 

Flow Analysis at different 

system levels 

Vinyes et al. 

(2013) 

Application of LCSA to Used 

Cooking Oil Waste Management 

Used Cooking Oil Waste 

Management Systems 

 LCSA combines LCA, LCC, 

and S-LCA without formal 

weighting. The method 

assigns scores based on the 

relative performance within 

each category 
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3.5       Chapter conclusion 

In conclusion, sustainability is not a static concept but a dynamic, multifaceted one due to our changing 

insights and beliefs. It is shaped by historical context, scholarly debate, and practical necessities; these 

elements also influence its assessment. It is challenging to decide which interpretation of sustainability 

and its pillars is correct. While definitions of sustainability can vary, they generally share common 

themes of balancing environmental, social, and economic factors to safeguard the well-being of both 

present and future generations.  

SA has developed as a tool for understanding and evaluating the impacts of the sustainability pillars. 

This has led to increased SA practices, which need a proper framework to overcome concerns often 

raised in the scientific community regarding assessment methods. The framework proposed by Sala et 

al. (2015) tries to bring together different interpretations of sustainability and its assessment methods 

while addressing potential criticism by emphasising transparency, flexibility, and robust assessment 

tools. The correct SA partly depends on the context, data availability, and stakeholders’ perspective. 

The workable definition of sustainability concerning the assessment and evaluation of RR methods for 

water meters is that these strategies should minimise negative environmental impacts, leading to content 

preservation and avoidance of primary resource materials. This should also be done with economic 

efficiency while supporting social welfare. A workable framework for this study would imply comparing 

these RR strategies with each other, given the impacts of the three pillars and chosen sustainability 

interpretation.  

To effectively evaluate all three sustainability pillars, the assessment can integrate the LCSA framework, 

which includes the methodologies LCA (environmental), LCC (economic), and S-LCA (social) impact 

assessment. This framework allows for the flexibility needed to inform the stakeholders of the 

sustainability impacts concerning all three pillars regarding the RR practises with the selected meters. It 

can happen that in a SA applying an LCSA framework, a pillar is not included because there is too little 

information available about it or because quantifying the effects is difficult given the scope and goal of 

the study. This was also the case for quantifying the social aspects of this research, which is further 

explained in the next chapter. Nevertheless, all pillars were included for the SA for this study to provide 

a comprehensive view of the current strategies. The following chapter discusses the materials and 

methods used for the SA.  



4 Materials & Methods 

 

 

This chapter outlines the methodology used in this study, focusing on the SA of RR strategies and the 

water meters used for this analysis. It begins with the case study of BW and the water meter assets used 

for this study. The chapter then outlines the applied SA framework given the scope and goal of the study.  

 

4.1       Introduction case study Brabant Water 

BW manages a substantial portfolio of approximately 1.06 million water meter assets, primarily catering 

to households and small businesses. Table 5 provides an overview of some of the BW’s assets, the 

attributes of these assets and material compositions.  These meters are typical flow capacity model 𝑄𝑛 

1.5 m3/h models used for most households.  The material composition of the meters was obtained from 

the author's empirical self-study of the meters at BW and interviews with WMM I and WMM II, 

discussed in Appendix A.1.2, together with a more detailed list of the meter materials and assumptions. 

It must be noted that there was no Bill of Material (BOM) for these meters, except for the Multical 21.  

According to the 2023 documents provided by BW, most (roughly 90%) of the assets consist of the 

volumetric Elster V200 brass body water meters, which will be replaced in the coming years because 

they are nearing their 20-year operational lifespan. In addition to its main assets, BW has been 

conducting pilot projects to explore the adoption of smart water meters, which are seen as the industry's 

future. One such project is the Kamstrup Multical 21, which uses ultrasonic measuring mechanisms with 

an operational lifespan of 15 years.  

Furthermore, BW is currently discussing a potential shift in the short term to composite and plastic-

bodied water meters across its main population, driven by considerations of cost savings and potential 

environmental benefits (source: DWU BW). This is also seen as a good thing by their asset management 

department for diversifying their assets, which is also recommended by the VEWIN (2018) guidelines.  

A composite or plastic alternative of the same model exists for several of the brass-body meters 

available, e.g., the Elster V200 and the V200P. This transition could lower the purchase price of brass 

meters. This shift is not considered a priority within the company as brass body meters are regarded as 

more reliable in overall accuracy during the entirety of the operational lifespan than their polymer body 

counterparts (source: DWU BW).  

This shift to polymers also introduces challenges, particularly concerning the electrical grounding of 

homes, which in some regions of North Brabant is connected via the water meter (source: DWU BW). 

BW assesses the extent of reliance on water meters for grounding and plans to notify affected 

homeowners if a transition to plastic meters is made (source: DWU BW). 

 

 

 

 

 

 

 

 

 

 
Table 5: Overview of water meter attributes and material composition. 
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Attribute 

 
 

V200 (brass body) 

 
 

V200P (plastic body) 

 
 

Multical 21 (composite 

body) 

Measuring Principle Volumetric Volumetric Ultrasonic 

Average Lifespan (years) 20 20 15 

Total Weight (g) 1,214 552 380 

    

Material Composition (g) [%]    

Synthetic Plastics & 

Composites 
231 (19.03%) 463 (83.88%) 210 (55.26%) 

Brass (CuZnPb) 815 (67.17%) - - 

Tombac (CuZn15) 60 (4.94%) 60 (10.79%) - 

Tempered Float Glass 22 (1.81%) 22 (3.99%) 69 (18.16%) 

Non-Magnetic Steel 79 (6.48%) - - 

Magnetic Steel 7 (0.58%) 7 (1.33%) 6 (1.58%) 

Printed Circuit Board (PCB) - - 36 (9.47%) 

Lithium Batteries - - 46 (12.11%) 

Bentonite (Clay Mineral) - - 13 (3.42%) 
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4.2       Applied sustainability assessment 

The applied sustainability assessment, depicted in Fig. 18, follows the LCSA framework approach 

defined by the general guidelines set by UNEP/SETAC (2012) for LCSA, which integrates the Life LCA 

methodology outlined in ISO 14040-4 (2006). The assessment comprised six key steps: (i) Defining the 

goal and scope; (ii) Selecting the Indicators; (iii) identifying the inventory data; (iv) performing the 

impact assessment; (v) Discussing the Results; (vi) formulating recommendations based on the 

assessment findings.  

It is important to note that, for this sustainability assessment, the author chose to work with different 

system boundaries for the three pillars of sustainability. While the economic and social assessments are 

focused explicitly on the RR stage, the environmental assessment encompasses a water meter's cradle 

to grave life cycle. This is further detailed in the Scope Definition section.  

To address gaps in the sustainability assessment, an empirical self-study of water meters in a laboratory 

setting was conducted. Where data remained unavailable, reasonable assumptions were made based on 

expert judgment, available academic literature on similar processes, or the authors' assessments. The 

methodology and the results of the empirical self-study can be found in Appendix A.1.  

 

 

Figure 18:  Methodology followed for the sustainability assessment. Adapted from: Akber et al. (2017) 
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4.2.1       Goal  

As stated in the previous section, the main goal of the sustainability assessment is to compare the current 

EoL RR strategies for water meters to assess and evaluate their sustainability. The comparative 

assessment is done by using water meters undergoing two alternative EoL RR strategies identified as: 

i. Manual disassembly (MD) 

ii. Mechanical shredding (MS), which varies by yield and is defined as a range: 

• High yield (MS-H) 

• Average yield (MS-A) 

• Low yield (MS-L) 

 

While MD yields consistent and straightforward results, MS varies depending on various factors, as 

discussed in Chapter 2. The functional unit (FU), as defined by ISO 14040 (2006), is the "quantified 

performance of a product system for use as a reference unit.” In this study, the FU is “one water meter.” 

This standardisation allows for consistent measurement and comparison of the environmental impacts 

of the various RR methods for the selected water meters. The water meters selected for the sustainability 

assessment are from the selected case study BW, Table 5. In the author's view, water meters accurately 

depict the current situation and trends within the water meter industry.  

 

4.2.2       Scope definition 

This research adopted a comparative, weak, attributional approach to the LCSA framework to analyse 

the EoL stage. The 'weak' LCSA approach is predicated on the assumption that the recycling process is 

primarily driven by the availability of secondary materials, which offsets the demand for primary 

production typically prompted at the production stage (Johnson et al., 2013). This allocation method 

aligns with the idea that natural capital can be substituted by human-made capital (Johnson et al., 2013). 

The initial impact of the primary material input is divided between the current and future life cycles by 

using the mass of reclaimed secondary material to adjust the amount of substituted primary material. 

The 'attributional' aspect entails detailing the environmentally relevant flows within a product system at 

a static point, unlike a consequential method, which requires outlining the environmental flows in 

response to systemic changes (Ekvall et al., 2016).  The LCA for this study utilises the “Fast Track” 

approach (discussed in Appendix B.1). The coverage of the study is defined along the following aspects:  

• Geographical: The focus is on the Netherlands, using data specific to Dutch RR strategies, 

energy grids, and environmental impacts. 

• Temporal: The study covers 2023 and 2024, using recent data to reflect industry strategies 

without considering potential future RR technologies. 

• Technological: The technological scope includes manual and automated RR practises, 

capturing a range of efficiencies and impacts relevant to the current Dutch industry. It is 

important to note that the effects of MS-induced cross-contamination of materials were not 

considered for the indicators due to data limitations.  
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4.2.2.1       System boundaries 

The life cycle stages, as categorised according to EN 15804 (2019), as displayed in Fig. 19 and are 

mainly meant for building products. Even though the standards are meant for construction works, it is 

common to apply these distinctions in other life cycle studies (Caruso et al., 2020; Lam et al., 2021). 

 

 

Figure 19: Life cycle stages according to EN 15804 (2019). 

 

As mentioned, this study's environmental assessment extends beyond the RR strategies. This approach 

was chosen to give a more complete view of their life cycle and better understand how RR fits into the 

life cycle process. However, this broader approach was not applied to the economic and social aspects 

of the assessment due to limited data availability and time constraints. This economic and social 

assessment study focuses solely on the RR stage C3 (Waste Processing). The sustainability of this stage 

is assessed by all three of the pillars. Fig. 20 illustrates the system boundaries of the selected stages, 

including their inputs and outputs, which are elaborated in the following subsection. 

In the environmental assessment, stages A1-A3 (product stage), A4 (transportation), C2-C4 (End-of-

Life processing), and stage D (recovery) are included. Stages A5 (installation) and C1 (de-installation) 

are excluded because they are similar across all meters. B1-B7 are excluded because these meters do 

not have any environmental impact.  

Furthermore, manufacturing A3 processes like product assembly, testing and packaging processes, and 

treatment of waste products were excluded because these processes are universally applied to all meters 

and have similar impacts. Thus, they can be disregarded. These processes are also difficult to quantify 

and form a small percentage of a product's environmental impact, for a product like a water meter, being 

1 to 2 % of the total environmental impact (Diehl, 2023b, 2023a).  

Significant manufacturing activities, such as injection moulding for plastic parts and casting, deep 

drawing, drilling, milling, powder coating, and sheet rolling for metals, are included due to their 

substantial impact on manufacturing (Interview: WMM II).  

 



4.2       Applied sustainability assessment 

40 

 

 

Figure 20: Overview of the water meter product system with the selected stages and boundaries for the given pillars. The 

system begins with the background processes of extracting and transporting the materials from the cradle to the factory (A1-

A2). It ends with the eventual recovery (D) or disposal of materials (C4). 

 

4.2.2.2       Sustainability indicator selection 

Indicators evaluate products, processes, or services' environmental, economic, and social 

impacts  (UNEP/SETAC, 2012). These indicators help assess various environmental impacts, from raw 

material extraction to manufacturing, use, and disposal (UNEP/SETAC, 2012). Table 6 provides an 

overview of the selected indicators used in this study. The following sub-sections detail the chosen 

indicators for the various pillars.   

 
Table 6: Overview of selected indicators for the SA 

Stakeholder 
Sustainability 

Pillar 
Sustainability Indicator Unit of Measurement 

Life cycle 

Assessment 

Society Environmental Eco-costs [Euros (€)] Cradle to Grave 

Recycling 

Facilities 
Economic Revenue [Euros (€)] Stage C3 

Workers Social 
• Job Creation 

• Inclusivity 

• Ergonomics 

• [Labour Time (s)] 

• [N/A] 

• [N/A] 

Stage C3 
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4.2.2.2.1       Environmental indicators 

Life Cycle Assessments (LCAs) are typically defined by selecting indicators, which determine how the 

results are presented and enable benchmarking the system against alternatives. According to Vogtländer 

(2012), there are three main types of indicators: 

• Damage-based indicators Examples include the ReCiPe indicator (measured in Points) and 

the Environmental Footprint (EF). 

• Single-issue indicators: These focus on specific impacts, such as the carbon footprint (CF) 

(measured in kg CO2 equivalent) and Cumulative Energy Demand (CED). 

• Monetized indicators: Examples include eco-costs 2022 (measured in €). These relatively 

new indicators convert environmental impacts into monetary terms. 

 

Damage-based indicators measure the environmental damage of a product or process through a point 

system and are presented in midpoint impact categories (e.g., greenhouse gas emissions, acidification, 

eutrophication, fine dust, resource depletion) (Van Der Velden et al., 2014). These are mainly used in 

academic research (Vogtländer, 2012). Single-issue indicators like CF and CED focus on a single impact. 

Their advantage is that they are easy to comprehend and understand, particularly the CF, which is widely 

applied in the corporate world in most Environmental Product Declarations (EPD) reports (Klöpff et al., 

2016). However, the disadvantage is that they do not account for toxicity and material depletion 

(Vogtländer et al., 2009). Both damage-based indicators and single-issue indicators can be challenging 

for the average reader to comprehend, as it is difficult to attach value to a point-based system or the kg 

CO2 equivalent of the CF indicator (Vogtländer et al., 2009). When these values are translated into 

monetary value, they become more manageable for the average reader to comprehend. 

The author believes monetised indicators adequately address this issue using a prevention-based 

approach. Thus, for this research, monetised indicators are preferred for their ability to convey 

environmental impacts in economic terms, which appear to be easily understood ‘by instinct’ 

(Vogtländer et al., 2009). The Eco-costs model, for instance, calculates the marginal prevention costs 

throughout the life cycle of a product (from the cradle to the grave) for toxic emissions, material 

depletion, energy consumption, and land conversion (Vogtländer et al., 2009), see Fig. 21. The eco-cost 

model is updated every five years to represent the most accurate prevention costs based on the current 

technologies (Vogtländer et al., 2009). The database used for this study was the 2023 version.  
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Figure 21: Eco-Costs calculation structure. Source: Vogtländer (2012) 

 

4.2.2.2.2       Economic cost indicators 

The economic assessment in this study evaluates the potential revenue from EoL water meters for the 

RRF, considering both MD and MS, covering from the moment of their arrival to the recovery of the 

materials. The following factors are considered for the assessment: 

• Scrap Value: The monetary value derived from the recovered materials of economic value. The 

scrap value varies depending on the material composition of the water meter. 

• OPEX: The costs considered include machine wear and maintenance, electricity and fuel 

consumption for operating MS, and labour costs associated with handpicking and operating the 

equipment. For MD, the costs are limited to labour and electricity expenses since there is no 

machine wear. 

• Content loss: This refers to materials of economic value that are lost during RR strategies. This 

loss occurs when materials are sent to landfills or become unrecoverable due to mixing with 

other waste streams and shredder residues. 

 

It is worth noting that although content loss is sometimes regarded as a component of OPEX, it is treated 

separately in this study. Additionally, the assessment excludes capital expenditure (CAPEX) costs of 

tools and machinery, such as shredders and hydraulic or pneumatic equipment. Since these items are 

used for various products and processes beyond water meters, processing meters are a small fraction of 

their overall use.  Similarly, OPEX costs unrelated to the direct processing of water meters, such as 

general facility overhead (e.g., lighting and utilities), are also excluded.  
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4.2.2.2.3       Social Indicators 

The social component of this study evaluates the social implications of different EoL scenarios for water 

meters from the workers' perspective. The focus is on the labour time it takes to disassemble and sort 

the meters, as this was the only quantifiable indicator in this study, in the author's view. This labour time 

can be translated to jobs created that workers from the community can fill. 

Beyond the quantifiable metric of labour time, other social factors were observed regarding different 

recovery methods for water meters, such as the potential for inclusivity regarding each method and its 

ergonomics. However, these aspects could not be quantified due to limitations in the study design and 

lack of direct access to the relevant facilities 

. 

 

4.2.3       Data collection 

The following subsections explain how data is collected for the environmental, economic, and social 

aspects of the sustainability assessment and the broader LCA analysis.  

4.2.3.1       Resource recovery cost and labour time 

RR strategies' economic and labour time aspects can be divided into (i) Labour time and costs related to 

MS and (ii) Labour time and costs related to MD. These industry data assumptions inputs are discussed 

in the following two sub-chapters. 

4.2.3.1.1       Economic and social aspects MS 

Operational cost data for shredders in RR strategies was mainly derived from interviews with RC III 

and internal company documents from ISC related to the system's energy consumption. Despite the 

difficulty in obtaining precise data—mainly due to the limited availability of detailed information from 

RRFs and shredder manufacturers and the willingness to share it—industry benchmarks were obtained 

through the interview with RRF III for their OPEX costs for these operations, detailed in Table 7.  

RRF III detailed that for less complex materials, such as plastic-bodied water meters with minimal 

metallic content, OPEX typically costs around 60 euros per metric ton. Brass-bodied water meters and 

similar products generally have OPEX costs of around 80 euros per ton because of the higher metallic 

content, which causes more wear and maintenance costs. In contrast, composite-body smart water meters 

(simple WEEE) with lithium batteries, which require additional manual labour for battery removal, are 

estimated to cost about 140 euros per ton (source: RRF III).  

The labour time required for these operations is around two hours per ton (source: RRF III, ISC); one 

person manages the feeding belt, and another controls output streams and performs handpicking tasks 

as needed. This estimate is relevant for the V200 and V200P, where no pre-processing is involved. 

In contrast, given the lack of specific data for processing smart meters for this task, an additional 8 hours 

for battery removal (10 seconds per water meter) has been estimated based on the author’s empirical 

experience with removing the batteries from these meters. 
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Table 7: OPEX costs and labour time per ton MS. 

Type of Water Meter OPEX Costs (€/ton) Shredding (Man-Hours (h)/ton) Additional Considerations 

V200 80 2 

Higher metallic content and 

increased wear on shredder 

blades or hammers. 

V200P 60 2 

Minimal metallic content, less 

complex, lower wear and 

maintenance costs. 

Multical 21 140 10 (2 + 8) 

Includes lithium batteries, which 

require manual labour for 

battery removal. 

 

 

4.2.3.1.1.1       Scrap prices of metallic materials 

A price list was looked up from three local middleman recyclers for the content loss calculations 

(Geelhoed, 2024; Janssen, 2024; KH-Metals, 2024). The locally sourced prices provide a more realistic 

representation of the actual scrap value of the materials. Metal scrap metal prices fluctuate based on the 

London Metal Exchange (LME) rates. PCBs are categorised into low, medium, and high-grade scrap 

depending on the quantities of valuable metals they contain, such as gold, copper, and silver. The PCBs 

for typical household items are generally low to medium grade (source: RRF III, V).  

There are no scrap prices for lithium batteries, plastics, glass, and composites. The RRFs view these 

items as "cost-covering" materials because their disposal costs are offset by the fees charged to process 

them rather than generating direct revenue; thus, they are excluded from the assessment. Table 8 

provides an overview of the market value price list for the scrap parts; the average prices were used 

throughout the study. 

 
Table 8: Market value price list for scrap material 

Material Low-End Price (€/kg) High-End Price (€/kg) Used avg. Price (€/kg) 

Brass 3.70 4.40 4.05 

Stainless Steel 316 1.55 1.75 1.65 

Stainless Steel 430 1.10 1.30 1.20 

PCB 2.40 4.80 3.60 
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4.2.3.1.2       Economic and social aspects MD 

The cost associated with the MD strategies is the minimum hourly wage in the Netherlands, which is 

€13.27 (CBS, 2024). According to all the interviewees, these are the prices that the people who usually 

do these tasks get paid. The operational costs for the pneumatic and hydraulic tools, typically 500-watt 

machines (source: WoW), were estimated using electricity prices from EUROSTATS (2024) For non-

household consumers in the Netherlands, it is 0.22 €/kwH.  

According to WoW, whose workers have much experience with the RR of water meters with 

conventional and pneumatic/hydraulic tools, dismantling 100 meters typically takes: 

• 2 hours for water meters with two compartments, such as the V200, where the registry and body 

materials must be extracted. 

• 1.5 hours for easily disassembled water meters or have only one compartment, like the V200P 

and Multical 21 

 

These values also highly depend on the manual tools (pneumatic air wrenches or hydraulic clamping 

block) (source: WoW, RRF I). The V200P model has two compartments; the lower compartment is 

entirely plastic. It does not require further disassembling, thus simplifying the process. According to 

WoW, the times mentioned above are also the standard recommendations for social workplaces that 

perform these tasks.  

 

4.2.3.2       Transport of the water meters 

For Transportation Stage A4, the destination chosen is BW's central warehouse in Veghel, Netherlands. 

The factory locations for the relevant products are as follows: the V200P and V200 meters are produced 

in Luton, England, 511 km away, and the Multical 21 is manufactured in Skanderborg, Denmark, 857 

km from the warehouse. These distances were determined using Google Earth. 

For stage C2, transport from BW to RRFs, a standard distance of 40 km is used for both MS and MD. 

This Fig. aligns with the findings of Wäger et al. (2011), who identified 40 km as the average transport 

distance from the collection point to processing facilities in their WEEE collection and transport study. 

Wager et al. (2011) also identified a truck as the typical mode of transport used for all the transport steps. 

 

4.2.4       Impact assessment  

The following subsections explain how the data were combined to quantitatively assess RR strategies 

for the selected meters. The impact assessment calculations are added to Appendix B  

 

4.2.4.1       Environmental impact assessment 

Product Stage: Material selections, production processes, transportation methods, and EOL 

management outcomes are entered into an Excel calculation sheet for the LCA impact assessment. This 

sheet integrates product data with an environmental impact indicator, specifically the eco-cost impact in 

our case. The structure of the sheet is based on elements adapted from the Eco-cost data sheet provided 

by the Eco Cost Value Website (2023). 

Material and process data for the product are matched with corresponding data from the Industrial 

Design & Engineering Materials (IDEMAT) database, which includes impact from various life cycle 
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stages. When specific items could not be located within the IDEMAT database Excel file, the IDEMAT 

Mobile Application or the Ecoinvent V3.8 database were used as an alternative. The author selected 

similar materials or processes if neither database contained the required information. This approach was 

necessary for components of the Multical 21, which utilise newly developed materials whose detailed 

life cycle impacts still need to be fully documented. For example, in the absence of data for lithium 

thionyl chloride batteries used in the Multical 21, Lithium Iron Phosphate batteries were selected as a 

substitute. 

For the V200, the manufacturing process involves casting brass and machining operations. This is done 

to have precise features and threads on the brass body, with approximately 5% of the cast material 

removed during the machining phase and recast into new meters (source: WMM II). During the 

interview, WMM II indicated that other metal components within the meter, such as the registry, 

stainless steel pressure plate, and minor parts, are likely first sheet-rolled and then deep-drawn. An 

additional step for brass-bodied meters, occasionally required, depending on the preferences of the 

DWU, involves powder coating the bodies with blue paint. This step was observed in all V200 models 

examined at BW. 

The plastic components of the meters, including the bodies, are primarily produced through injection 

moulding (source: WMM I, II). This process is widely used within the industry, not just for plastics but 

also composite components, because of its scalability and low costs (Crawford & Martin, 2020; Matulis, 

2020) 

• Transport: The truck + trailer weight-based transport for all the meters. The impacts of these 

meters were normalised from ton/km to the individual weights of the specified meters. 

• Use Stage: Water meters are environmentally neutral during their use stage, as they emit no 

pollutants, require no external power, and need no repairs or maintenance. Consequently, they 

achieve a net environmental impact of zero.  

• End of life: Within this study, the metals are considered from a closed-loop perspective where 

the waste materials are redirected back to an earlier process in the same system (Vogtländer, 

2012). The same approach is taken for the glass, PCB, and batteries. The metallic elements 

within these products can be (not always) indefinitely recycled without degradation of their 

inherent properties. Recycling these materials provides a "recycling credit". These recycling 

credits are typically negative, reducing the total environmental costs of the product's lifecycle, 

which is calculated as (Vogtländer, 2012): 

 

Recycling Credit = Eco-costs of recycled material− Eco-costs of virgin material 

Materials not recovered or remaining post-incineration, like fibreglass embedded in some plastics, are 

classified as landfills. The energy consumption related to the RR strategies, such as that used by 

shredders or hydraulic machinery (500-watt machinery), is calculated and normalised based on the time 

required to Liberate one water meter. For MS, data provided by ISC is used, which comes down to a 

147-kWh system.  

 

4.2.4.2      Economic assessment 

For the economic assessment, the OPEX and content loss costs associated with strategies were 

normalised to reflect the costs specific to each type of meter. The average scrap prices were used for the 

materials' scrap value. The revenue associated with each meter with the selected strategies was 

calculated using the following equation: 

 

Revenue = Scrap Value Water Meter− (OPEX + Content Loss Costs) 
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OPEX varies depending on the specific meter type but does not depend on yield. It is considered constant 

since OPEX costs are inherent to the equipment and labour used for each type of meter. The content loss 

can vary depending on the specific meter and yield. The meter's scrap value is a constant. For MD, the 

total costs include the OPEX, which, besides minimum labour wages, also consists of the cost of 

electricity consumption per hour of the hydraulic machine operation. All calculations were performed 

using a Python script executed within a Jupyter Notebook; the codes are provided in Appendix E. 

 

4.2.4.3      Social impact assessment 

The UNEP (2020) guidelines for the impact assessment and indicator selection are flexible due to the 

complex nature of the social elements attached to various products and processes (Yu & Halog, 2015). 

For the quantitative analysis of social impacts, each meter’s labour time was normalised based on the 

RR strategy, whether MD or MS. This normalisation provided a quantifiable measure of labour time per 

meter for the given strategy, offering insights into the societal benefits of job creation. 

However, while this quantitative approach provides key insights, it does not fully cover the broader 

social aspects. Observations during the study, mainly through interviews, highlighted significant 

differences in social impacts — specifically regarding inclusivity and ergonomics — between the 

different recovery methods. These are also discussed in the results without quantification. 

.



5 Results sustainability assessment 

 

 

This section displays the results using the SA framework methodology detailed in the previous chapter. 

The research results are presented in the order of the three pillar assessments: environmental, economic 

and social.  

 

5.1       Environmental assessment 

The horizontal bar chart in Fig. 22 illustrates the results for the eco-costs (€) associated with each life 

cycle stage of the water meters for MD & MS. Lower values indicate a reduced environmental impact.  

Stages A1-A2 represent the background processes of material extraction and transport to the 

manufacturing company. The Multical 21 and V200 meters display significantly higher eco-costs than 

the V200P due to the specific materials used inside these meters (further discussed in the contribution 

analysis).  

 

 
 
Figure 22: Eco-cost environmental impact for the given meters and strategies. 

The manufacturing stage (A3) and transport stages (A4 & C2) are relatively low-impact hotspots for the 

water meters. The same could be said for waste processing (C3), the point from which the different EoL 

RR strategies (MD & MS) are considered. The impact of the tools used for waste processing, whether a 
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shredder or hydraulic machinery, is negligibly low.  Disposal (C4) of non-recycled materials also shows 

minimal eco-costs, with the Multical 21 as an outlier due to specific materials involved.  

The recovery stage (D) displays the eco-credits and the consequences of the different strategies used for 

the RR, which have varying yields. The range bar compares the best practice (MD) with the least 

efficient (MS-L), while MS-A and MS-H fall between these values. For further clarity, Fig. 23 provides 

a zoomed-in view of its eco-cost range. While similar differences exist in stages C3 and C4, their impacts 

are so minor that they could not be effectively represented in Fig. 22. For a more detailed perspective 

on stages C3 and C4, the author refers readers to Appendix B. 

 

Figure 23: Zoomed-in view of the recovery stage  

Table 9 summarises the net eco-costs and eco-credits for each water meter model across the entire life 

cycle, given the range of the MS practice. The V200 shows a significant difference in eco-costs due to 

the RR of recyclable materials, making it the most environmentally beneficial option when using the 

MD. If MS is chosen, depending on how the meters are processed, the eco-cost can get as high as €0.16 

(MS-L) or as low as €0.07 (MS-H) compared to MD. In most cases, the actual value will lie between 

those two, around €0.12 (MS-A).  This difference can also be observed for the Multical 21 where the 

range can be between €0.05 ≤ x ≤ €0.10 compared to MD. For the V200P, these differences are low 

compared to the other two meters, reaching a maximum of €0.02. 

 

Table 9: Given the different strategies, the net eco-cost impact of the water meters. 

Meter Type MD (€) MS-H (€) MS-A (€) MS-L (€) Range Diff. (€) 

V200 0.58 0.65 0.70 0.74 0.16 

V200P 0.61 0.62 0.62 0.63 0.02 

Multical 21 4.39 4.44 4.46 4.49 0.10 

It can also be observed that the transition from a brass body to plastic material is not inherently harmful 

from an environmental point of view. For MD, the best environmental scenario, V200 and V200P have 

a €0.03 difference. In practice, a significant portion of these meters will be processed through MS with 

some content loss. Even though when the yield is considered high (MS-H), the V200P becomes a better 
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alternative. This can only be said for the selected water meters; others with different materials and 

quantities can have differing results. 

The transition to smart water meters is around x7 more harmful than the other two, with high production 

eco-costs and low recycling credits that could be retrieved from the recover materials to compensate for 

it, unlike the V200. This difference becomes even clear when considering that the eco-cost impact of a 

water meter can be spread out across the years it is in use before being decommissioned. For the V200 

and V200P, it is 20 years; for the Multical 21, it is 15, implying that these meters are even more 

environmentally harmful than the mechanical meters. Still, these water meters have other benefits that 

could compensate for these costs beyond the production, disposal, and RR stages, which are discussed 

in detail in  Sønderlund et al. (2014) and March et al. (2017).  

 

5.1.1       Material contribution analysis 

The segment discusses the contribution of the different materials for each of the meters for stages A1-

A2, C, and D, as these were deemed the most significant due to their eco-costs. Fig. 24 displays the eco-

cost impact of the various materials in the three meters for A1-A2. Material impacts below €0.01 are not 

shown in the graph. These small contributions, including the weight of the materials, are further 

displayed in Appendix B.  

 

 

Figure 24: Eco-cost contribution by material and water meter (A1-A2) 

 

For both the V200 and Multical 21, most of the eco-cost impact is due to brass and PCBs. As shown in 

Table 5, brass accounts for 815 grams, while the PCB weighs only 36 grams. Despite its much smaller 

mass, the environmental impact of PCB production is disproportionately high due to the resource-
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intensive materials involved. The impact of the other materials is significantly lower, mainly because of 

their quantities combined with the eco-cost impact (eco-intensity) these materials have. 

This difference can be seen in the graph for the V200P due to its plastic-to-brass ratio. The small amounts 

of tombac brass (60 grams) in the meters have almost the same eco-cost impact as the plastics (463 

grams).  A similar observation applies to the different plastics used in these meters. The V200P utilises 

Polyoxymethylene (POM), whereas the Multical 21 (for the body) uses 100 grams of Polyphenylene 

Sulfide (PPS). However, the environmental impact of PPS per gram is five times higher than that of 

POM. As a result, the choice of materials for the Multical 21 significantly increases its overall eco-cost. 

` 

 

 

Figure 25: Eco-cost contribution by material and water meter (C4 & D) 

  

Fig. 25 displays the eco-cost impact of stage C4 for MD, including the recycling credits for the recovered 

materials for D. For the V200, as expected, the impact is mainly because of the brass. Despite its high 

impact on A1-A2, the brass recyclability dramatically reduces its life cycle impact. The impact of the 

other materials (like glass) is significantly lower, mainly because of their quantities combined with the 

eco-cost impact (eco-intensity) these materials have. The impact of plastic production is low, while they 

do have (currently) minimal recycling potential.  

All the plastics are incinerated at the EoL process; while this generates electricity with energy recovery 

at municipal disposal sites, it also releases CO2 and other potential toxins into the environment 

(Vogtländer, 2012). As Fig. 25 shows, the incineration of some plastics (PPS) is significantly more 

harmful to the environment than others (POM).  
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5.2       Economic assessment 

Table 10 outlines the economic effects of various RR strategies for water meters. It presents the OPEX 

and content loss costs, followed by the total cost, which combines these two components. The revenue 

generated by each meter under the selected strategies is calculated by subtracting the total costs from 

the potential scrap value of the meter. It is important to note that costs associated with waste 

transportation and disposal have been excluded, as these details could not be obtained from the RRFs. 

It is evident that the V200 has a lot of revenue potential but also coincides with a high cost. For MD, the 

higher cost is mainly due to the design of the meter, which makes it challenging to disassemble, resulting 

in a higher OPEX cost (€0.27) compared to the other meters (€0.20). Additionally, under MS, content 

loss plays a significant role because of the meter's high brass content, with losses reaching as high as 

€0.15, surpassing the OPEX cost for this method (€0.10). 

In contrast, the revenues from the V200P and Multical 21 meters are significantly lower. Under MD, the 

V200P is barely profitable (€0.05), while the Multical 21 demonstrates a loss (-€0.06). Processing these 

meters through MS proves more profitable for RRFs. The variations in revenue among different MS 

(MS-H, MS-A, MS-L) for these meters are minimal (up to €0.01 difference). Due to their smaller size 

and lower weight, the OPEX costs associated with MS for these meters are lower. Furthermore, the 

plastic-dominant composition of these meters reduces shredder wear and maintenance costs compared 

to the V200. 

 
Table 10: Breakdown of OPEX, content loss, Total Costs, and revenue for the water meters (MD & MS).  

Water meter Strategy OPEX (€) Content loss (€) Total cost (€) Revenue (€) 

V200 

(Scrap value € 3.68) 

MD 0.27 N/A 0.27 3.41 

MS-H 0.10 0.04 0.14 3.54 

MS-A 0.10 0.10 0.19 3.49 

MS-L 0.10 0.15 0.25 3.43 

V200P 

(Scrap value € 0.25) 

MD 0.20 N/A 0.20 0.05 

MS-H 0.03 0.00 0.03 0.22 

MS-A 0.03 0.01 0.04 0.21 

MS-L 0.03 0.01 0.04 0.21 

Multical 21 

(Scrap value € 0.14) 

MD 0.20 N/A 0.20 - 0.06 

MS-H 0.05 0.01 0.06 0.08 

MS-A 0.05 0.01 0.06 0.08 

MS-L 0.05 0.01 0.06 0.08 

 

 

The data highlights the importance of selecting an appropriate RR method based on the meter type. The 

economic variability of RR operations is closely linked to the meters' material composition, design, and 

efficiency in the recovery practice employed. Besides the costs related to the RR strategies that depend 

on OPEX and RR yield, other external factors like the LME course of metals can also have an impact. 

The latter's sensitivity and contribution to the total cost are discussed in the following subsection.   

 

5.2.1     Sensitivity and contribution of scrap price variability 

This segment's sensitivity and contribution analysis focuses on the total cost element for the V200's MS 

because of its high metallic content and varying yield. The other water meters are less affected by the 

LME-course volatility. Although this volatility also affects revenue, the analysis emphasises cost 
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dynamics, particularly the interaction between constant OPEX and variable content loss driven by yield 

and scrap price fluctuations. The assessment used scrap price factors ranging from 0.8 to 1.2, 

representing a ±20% change from the baseline. Fig. 26 displays the total cost of the, and Fig. 27 shows 

the contribution of the OPEX and content loss to the total cost.  

At a baseline scrap price factor of 1.0, the MS-H scenario results indicate a total cost per piece of 

approximately €0.14, composed of €0.10 OPEX and €0.04 content loss. This leads to an OPEX 

contribution of about 70% and a content loss contribution of about 30%. Increasing the scrap price factor 

to 1.2 for this scenario raises the total cost to about €0.15, with content loss now contributing around 

34%.  

In contrast, the MS-L scenario displays higher sensitivity to scrap price fluctuations due to a lower yield. 

At a factor of 1.0, the total cost is approximately €0.25. Content loss accounts for roughly 62%, more 

than double the relative share observed in the MS-H scenario. When the scrap price factor increases to 

1.2, the total cost rises to €0.28, of which about 66% is content loss.  

The MS-A, the intermediate between the two, has a total cost of about 0.2. At a factor of 1.0, the OPEX 

and content loss prices are about the same. As the scrap price increases to 1.2, the total cost rises to 

€0.21, with the content loss share increasing to about 54.7%.  

These results underpin the influence of yield and scrap price fluctuations on RR costs for high-brass-

content water meters. When yield is low, the proportion of cost from lost content grows, representing 

inefficiencies that can be mitigated through improved RR strategies. By monitoring scrap price changes 

and improving the yield of the recovery process, it is possible to reduce these losses and increase overall 

profitability as an RRF. 

 

 
Figure 26: Total cost vs scrap price factor for the meter V200 (MS). 
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Figure 27: OPEX/Content loss contribution with the scrap price factor variability for the meter V200. 

 

5.3       Social assessment 

This section presents the results of the study's social assessment, divided into two parts: (i) the quantified 

job creation and (ii) the qualitative evaluation of strategies. For the first part, quantified labour times are 

provided in Table 11. It is important to note that, for the MS, the reported time does not represent the 

actual processing speed per water meter. However, the combined labour time generated by the shredder 

operation is expressed in seconds, as the shredder typically requires a team of two. In contrast, the MD 

time values reflect the processing speed and the labour time generated. 

 

Table 11: Labour time (s) generated with the dismantling of the meters 

Meter Type V200 V200P Multical 21 

MD (s) 72.0 54.0 54.0 

MS (s) 8.8 4.0 13.7 

 

 

The MD method generates more labour time than the MS, specifically designed to reduce labour time 

and costs. While developing additional labour time may benefit society by creating employment, it also 
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increases RRF costs. However, financial considerations alone do not fully capture the trade-offs between 

these methods, as each method offers unique benefits and challenges related to social impact and 

operational feasibility. 

The second part of the assessment addresses the qualitative evaluation, focusing on the social indicators 

of inclusivity and ergonomics. These social impact categories can be possible hotspots concerning social 

impact for workers.  

• Inclusivity: MD strategies are often done in collaboration with social workplaces where 

individuals distanced from the labour market have opportunities to participate and contribute. 

In contrast, the MS method requires a certain level of expertise to operate the machinery (source: 

RRF I, III), making it unsuitable for individuals with physical or mental impairments. The RRFs 

are also unsuited for these people due to noise levels and accessibility barriers (source: RRF I). 

That is why RRFs collaborate with centrally located social workplaces, bringing in materials 

for processing and then transferring them to end-processors (source: RC II, III). 

 

• Ergonomics: Ergonomics is another important social indicator. For the MS method, work is 

relatively straightforward and less labour-intensive, even when handpicking is involved (source: 

RRF I). However, the MD method can be physically demanding, especially after several hours, 

as observed during the empirical analysis of this study. This is particularly true for meters with 

top-sealed registers and bottom-sealed casings (often volumetric meters) requiring more effort 

to disassemble. Thus, the water meter design significantly influences the physical effort needed 

for disassembly; water meters designed for easier disassembly, such as the V200P and Multical 

21, streamline the process and reduce physical strain on the body. 

Contrary to the other two assessments, deciding which strategies are suited for the selected water meters 

is much more challenging. While the MD strategy has the potential to generate more labour hours for 

the community, it must be financially feasible and physically less straining. What is clear is that the 

WMMs also have a role to play, especially in the ergonomics of the water meters. This gives the meters 

more EoL RR versatility.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 Discussion 

 

 

This chapter discusses and contextualises the study’s findings. It first interprets the results and highlights 

how they contribute to broader research objectives. The discussion then places these results within the 

existing literature, assessing the methods used, their limitations, and the implications for future research 

 

6.1       Results interpretation  

This section interprets the results obtained for the SA and puts them into context. The interpretation of 

the results is discussed within their pillar segment. 

 

6.1.1       Environmental pillar 

Because of the use of a single-issue indicator, interpreting the environmental results of the RR part is 

relatively straightforward. Nonetheless, there is an important point to mention: The outcome of the 

assessment with the eco-costs cannot be regarded as the actual environmental impact of the water meters, 

considering the different RR strategies. Many other factors could influence these impacts, and single-

issue indicators are known for oversimplifying complex issues (Vogtländer, 2012). Thus, the outcomes 

should be regarded as estimations. The oversimplification and potential errors are spread out evenly for 

the strategies and water meters, providing a good comparison model for different RR strategies for 

assessment and evaluation purposes, which was the study's goal.  

The author saw no need to do an additional sensitivity assessment. The reason is that the sensitivity is 

already built into the strategies involved, such as MD and the varying yield of MS strategies (MS-H, 

MS-A, and MS-L). The current method also shows the yield effects of less or more brass in a meter 

compared to its weight ratio in the selected meters (V200/V200P).  

A contribution analysis was needed to display the effects of recycling credits and the disposal impacts 

of the different materials. For example, there is a clear difference between PPS and POM usage for the 

main body of water meters. Various water meter models use other kinds of plastics and composites, and 

a contribution analysis of the materials displays the impacts of these choices from an EoL and RR 

perspective. The same applies to the use of PCBs and brass.  

 

6.1.2       Economic pillar 

The results in this stage were influenced by minimum wages for MD, material content loss based on 

scrap prices, and industry-provided OPEX for the MS method. Except for minimum wages, generally 

stable for MD, the other factors can vary significantly depending on multiple variables. For example, 

extra cost factors tied to high and low yield, such as using extra sorting machinery to improve stream 

purity, can impact overall costs. Li et al. (2011) highlighted this in his study on costs associated with 

sorting technologies for various aluminium yields. While industry benchmarks used in this study provide 

a foundation for an assessment, it is essential to consider that these costs can vary greatly depending on 

the specific facility and the machinery used.  

A sensitivity and contribution assessment were conducted to better understand cost volatility by focusing 

on the influence of scrap price fluctuations. For the V200, these fluctuations are primarily driven by its 

brass body. Copper, the base element of brass, was added to the European Union's critical metals list 
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with Regulation 1252 (2024) due to supply constraints and growing demand. Geopolitical events further 

amplify these fluctuations for metals in general. For example, recent export restrictions imposed by 

China on gallium illustrate the potential for similar disruptions in copper exports (Reuters, 2024). This 

will increase the revenue from the recovered material and the cost associated with the varying yield.  

 

6.1.3       Social pillar 

For the social pillar, while the two different methods display apparent differences for the given water 

meters and practice in job creation, as explained in the results segment, one cannot easily say that one 

method is better than the other because there are nonquantifiable factors that make the assessment and 

evaluation of this pillar challenging for the given study. 

While these aspects could theoretically be quantified through binary values (e.g., assigning a "1" or "0" 

to indicate whether one method is superior to the other), such a simplistic representation would fail to 

reflect these social indicators. Therefore, the author chose to qualitatively describe the observed social 

differences instead of reducing them to binary quantification 

The author deemed conducting a sensitivity or contribution analysis for this section unnecessary. The 

quantitative labour time that could be seen as a chance to employ extra workers and associated costs, as 

outlined in the economic assessment, combined with the qualitative differences discussed, provide 

sufficient context to inform the strategies for the various water meter types. 

6.2       Comparison to literature 

There are currently no studies on EoL or RR strategies for water meters. This work is unique to the 

author's best knowledge. Existing literature primarily focuses on management aspects, excluding EoL 

considerations. Studies also exist regarding the accuracy of different measuring mechanisms. With the 

advent of smart water meters, new research has also emerged regarding their benefits for water 

conservation and improved data coverage. However, the EoL and RR strategies have not been explored 

until now. By examining the EoL RR strategies for water meters, this study aligns with other 

sustainability assessments of EoL processes in waste management. It contributes comparable results, 

filling a gap in the current body of knowledge. 

This work diverges from most EoL RR studies concerning the recovery of plastics; for example, in the 

waste management studies concerning EoL vehicles and WEEE covered in the studies of Islam & Huda 

(2018) and Karagoz et al. (2020), plastics also have recovery and upcycling potential. Due to the current 

majority of RRF methods regarding the plastics inside the water meter, the EoL incinerator option for 

the plastic was chosen.  

Furthermore, this work diverges from other LCSA studies because it does not apply a multi-criteria 

assessment or other weighing factors for the selected indicators to arrive at a sustainability score for the 

given methods, which is the case for most LCSA studies covered in the literature review. According to 

the UNEP/SETAC (2012) guidelines, this step is not a necessity, given the study's objectives and the 

available information. In the author’s opinion, a sustainability score would not have added value to the 

assessment because it is difficult to say that a particular sustainability pillar or indicator weighs more 

than the other.  
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6.3       Effectiveness of the methods 

The LCSA framework in this study allowed for a structured and flexible SA of EoL RR strategies for 

water meters, given all three pillars. On the environmental side, using a monetised single-issue indicator 

simplified complex datasets and made the impacts more relatable. In this research, focusing more 

comprehensively on environmental impacts (from cradle to grave) while limiting the economic and 

social solely to stage C3 was a deliberate choice driven by data constraints and the study’s aims. This 

flexibility ensured that the analysis was both actionable and feasible with the available information. The 

same applies to the fast-track LCA method with the IDEMAT and Ecoinvent databases. 

However, the selective boundary settings and reliance on the fast-track method introduced some trade-

offs. While fast-track methods may lack the rigour of detailed LCA approaches, their accuracy often 

compares favourably in many cases, depending on the context of the study, specifically for a comparison 

study (Vogtländer, 2012). The choices for the given system boundaries gave some pillars a less 

comprehensive view of the entire life cycle. For instance, the study did not account for specific cost 

implications in the EoL process, such as transportation of the meters from the DWU or waste disposal 

costs.  

 

6.4       Completeness check 

The comparison of different water meters undergoing alternative EoL RR strategies is incomplete and 

does need future recalculation and reassessment. When comparing the two RR methods, an essential 

aspect of the flaws of one RR practice, which has both environmental and economic consequences, was 

not considered due to data unavailability. This aspect is the cross-contamination of materials, particularly 

metals, for the method MS. While some contamination is accepted within the industry when it comes to 

these metals (4MS, 2019), if the levels reach a certain point, additional virgin or market mix material 

must be added to the recovered materials to improve the purity. For example, as discussed by Johansson 

& Björklund (2010), in their study of copper recovery from dishwashers, they focus on the 

environmental aspects of the different yields and material purity.  

Cross-contamination and content loss also have a social aspect, which is not covered in this study 

concerning virgin material production, which is avoided when the materials are recovered. While the 

recovery deprives workers of the generated job creation in countries where the virgin material is 

produced, it also avoids child labour, violation of human rights, pollution and health problems and many 

other negative social factors coupled with the production of virgin material (Ghisellini et al., 2023). 

These social impacts on the production of virgin material in the mining sector are discussed by Mancini 

& Sala (2018). 

The inclusion of these aspects would make the MS, specifically for the V200, an even less sustainable 

method than it already is, given the study results. Nonetheless, the author wants to emphasise that the 

LCSA remains an iterative approach for an SA, where new insights and ideas can always lead to re-

evaluations and new results (UNEP/SETAC, 2012).  

 

 

 

 

 

 



6.5       Consistency check 

59 

 

6.5       Consistency check  

Consistent system boundaries, FU, allocation rules, and impact assessment have been applied for this 

SA. However, transparency is needed regarding the study's inconsistent aspects: 

 

• Data quality: Although the Netherlands was the geographical location for the environmental 

assessment, the author had to use EU or, in some cases, global average LCI impacts due to data 

availability. The author has labelled all the sources of the LCI data in the Excel files added in 

Appendix B. The author believes these impacts to be minimal on the results due to the 

similarities of some processes worldwide. 

 

• Environmental: While the study is a cradle to grave assessment, it has omitted life cycle stages 

installation (A5) and de-installation (C1) for the water meters because of the lack of data and 

these processes being similar for all meters for all the DWUs. Nonetheless, these stages have an 

impact since the water meters must be driven to their destination (households) and returned to 

the warehouses when decommissioned. Even though the transport stage has minor impact on 

the life cycle for water meters due to their size and bulk transport, this is mainly the case for 

truck transport, not company vehicles that transport less and have a higher environmental 

impact. Nonetheless, the author believes that the transport impacts of this stage are still 

negligible and minor, even with the higher impact of company vehicles.  

 

• Social: While the S-LCA is a quantitative tool, the author has also included qualitative results 

for the assessment. This is unusual, but the author deemed it necessary to provide a better 

understanding of the pillar. Furthermore, while labour hours/work hours are consistently used 

in the S-LCA, these are used to assess working conditions. Only a few selected studies, like Hu 

et al. (2013) and Lu et al. (2014) have used it as labour time generated for society as applied in 

this study.  

 

6.6       Limitations 

The study’s reliance on interviews with industry experts provided valuable insights not readily available 

in the scientific literature but also introduced potential bias due to the subjective nature of expert 

opinions. Contributions from industry insiders, including interviews and internal documents, may 

contain inherent biases favouring their organisation’s sustainability image, mainly for RRFs who want 

to keep their customer-supplier base happy. Additionally, efforts to conduct direct observations of social 

workplaces involved in MD were unsuccessful (except WoW). Facilities denied requests for visits, 

offering only descriptions. This limitation affects the objectivity and comprehensiveness of the study’s 

conclusions, mainly for the social aspects of the assessment.  

Furthermore, the relatively recent development of the IDEMAT and Ecoinvent databases means some 

materials and processes are not yet included. This necessitated proxy materials, which introduces 

uncertainty in the environmental impact assessment, as proxies may only partially reflect actual 

environmental impacts 

 

6.7       Major assumptions  

This study identifies several major assumptions that may impact the results' accuracy. These give rise 

to uncertainties in the sustainability assessment of RR strategies. For transparency reasons these 

assumptions are discussed in more detail: 

 

• Closed and open-loop: All metals were assumed to have a closed-loop perspective, implying 

upcycling within the industry. Plastics and composites take an open-loop approach, with 
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incineration and energy recovery as the EoL pathway. While incineration was suggested by all 

the interviewed representatives due to the nature of the plastics in the meters, this may not 

represent the overall situation, where some plastics and composites might be upcycled with the 

take-back programs of some WMMs. This would make the plastic body water meter an even 

better option, given the selected boundaries of the study. 

• Plastics for the V200 & V200P: It was assumed that the plastics inside the meters and 

surrounding the registry chamber were also made of POM, like the body material of the V200P. 

Unlike the Multical 21, BOM was unavailable for these meters. Consequently, if the actual 

plastics used differ from POM, the environmental impact of these components could 

significantly influence the results only when comparing the meters and their total life cycle 

impact. 

• Use stage: Zero environmental impacts are assumed during the in-use stage, with no emissions, 

maintenance, or energy consumption. This simplifies the analysis but overlooks the potential 

indirect impacts of smart meters and the required transmission infrastructure, which could add 

to the environmental footprint. Nonetheless, the author does not believe that this impact would 

be significant. 

• Battery removal time: Assumptions regarding the preprocessing of these meters, differences 

in worker skill and alternative tool availability could affect removal times and subsequent labour 

cost calculations for this assumption for the given meter. Directly shredding this kind of WEEE 

also happens within the industry in some facilities with the correct line-up, bringing the cost 

significantly down (source: RRF III), but this is not considered for this study due to data 

restrictions. 

 

6.8       Future research directions and recommendations 

Considering the findings and limitations of this study, several future research topics could further 

improve the understanding and practice of EoL RR for water meters or other products. The following 

recommendations aim to address the identified knowledge gaps, improve SA, and guide industry 

stakeholders towards better approaches: 

• Direct observation of recycling processes: Future research should focus on securing access to 

recycling facilities to observe MS and MD strategies directly at multiple locations. This will 

ensure more accurate data collection, thereby improving the objectivity of the findings. 

• Emerging RR strategies: Compare the current RR strategies to new practices developed to 

tackle content preservation. The efficiency rates regarding both RR and material purity could 

be assessed and evaluated   

• Inclusion of cross-contamination analysis: Research should incorporate the study of cross-

contamination during shredding processes. Understanding these rates is crucial for accurately 

assessing environmental and economic efficiency of different recycling methods. Again, this 

would require collaboration with recycling companies to obtain precise data. 

• Expansion of material Scope: Future studies should analyse a broader range of water meters 

to capture the full spectrum of environmental and economic impacts. This would improve the 

generalisability and relevance of the findings across different types of water meters, including 

their design for disassembling potential. 

• Rigorous LCA: A rigorous LCA could be chosen to evaluate the environmental impacts. This 

would provide more accurate results for the different life cycle stages instead of estimates. The 

results of these two methods can be compared to assess the precision of a fast-track method. 

 



7 Conclusion 

 

 

The main goal of this study was to compare the current EoL RR strategies for water meters to assess and 

evaluate their sustainability. As we came back to our main research question: 

“How can the sustainability of an End-of-Life (EoL) resource recovery (RR) strategies of water meters 

be assessed and evaluated?” 

We find that the answer to that question is by applying a comparative environmental, economic, and 

social assessment of the three pillars of sustainability for the RR strategies. By doing this, the study 

compares the pillar impacts of the strategies involved so one can determine how each of them scores 

against each other, using specific indicators to quantify their impacts. 

The following sections address the research sub-questions and their role in answering the main research 

question. It begins by mapping current strategies and water meter trends, followed by the development 

of a sustainability evaluation framework, the study's results given the selected framework, and 

recommendations for stakeholders. 

 

R.Q. 1: What are the water meter industry trends and the RR strategies? 

The industry is transitioning from brass to plastic and composite-body meters and increasingly towards 

smart meters. Sustainability is increasingly recognised in the DWU sector, yet it has not been formally 

integrated into water meter selection beyond the in-use stage. Due to design and material composition 

variations, these trends directly influence EoL RR strategies.  

How the EoL water meters are processed is regulated by the minimum standards set by the LAP3 and 

the given SC plans, which set rules and regulations for the recycling, transport and disposal of the 

materials. The plastics used in these meters are challenging to recycle and are mostly incinerated with 

energy recovery meters through the local waste management facilities. The metals and metal-containing 

items like PCBs inside these water meters are valuable and are recovered for recycling by RRFs. 

Although not considered valuable, the glass is recovered and recycled following the LAP3 regulations.    

Of all the observed RRFs, the study identified two leading RR strategies. MD can be labour-intensive; 

the industry has improvised with costume-made tools and hydraulic and pneumatic machinery to make 

the work less labour-intensive. Nearly 100% of materials are recovered due to the simple designs of the 

meters. MS offers a faster, automated approach to RR, ideal for large volumes of water meters. This 

method reduces manual labour but yields lower than MD due to content loss and material cross-

contamination. 

 

R.Q. 2: What is sustainability, and how can EoL strategies be evaluated from a sustainability 

perspective? 

Sustainability is a dynamic, value-laden concept that has been reinterpreted as having three pillars: 

environmental, economic, and social. How interdependent these pillars are or their degree of interaction 

is currently the centre of the scientific debate, centring around whether human-made capital can replace 

natural resources and to what extent. No “correct” definition of sustainability exists, and the 

interpretation can vary per person or institution. Nonetheless, they all generally share common themes 
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of balancing environmental, social, and economic factors to safeguard the well-being of both present 

and future generations. 

SA should be flexible and transparent and employ tools that suit the context, data availability, and 

stakeholders’ perspectives. For EoL strategies, this can be achieved through specialised frameworks and 

methodologies developed in sustainability science to evaluate policies, products, or processes and 

determine their degree of sustainability. One framework that can be used for EoL strategies for an SA 

incorporating the three pillars is LCSA. This framework enables stakeholders to make informed 

decisions regarding EoL strategies, keeping the three pillars of sustainability in mind. 

 

R.Q. 3: How sustainable are the current EoL RR strategies for water meters? 

The study establishes that from an environmental point of view, the difference in the EoL RR strategies 

is most profound for the V200, where the eco-cost impact can reach up to €0.16 per water meter for the 

MS, depending on the yield. These meters will be mainly decommissioned in the coming years. The 

Multical 21, representing the smart meter where the industry is eventually headed, is also influenced by 

the RR strategies assessed in this study due to its PCB yield reaching up to €0.10. For the plastic body 

mechanical water meter, the current alternative for the V200, the difference in the EoL strategies is 

considerably less than the other two, only reaching €0.02 eco-cost impact. 

From an economic perspective, the range of potential outcomes for MS can significantly affect the 

revenue of the V200, with impacts between approximately €0.14 and €0.25 since it has a scrap value of 

3.68, mainly due to the brass body. The fluctuating scrap metal prices can also influence the MS cost 

and revenues, as they vary depending on the supply and demand of the metals and geopolitical reasons.  

These dynamics can make losing valuable materials via MS either more expensive or cheaper. In 

contrast, MD has more stable costs (€0.27)—since it involves no content loss.  

MD is less attractive for the V200P and the Multical 21, particularly considering its more predictable 

OPEX cost of around €0.20 per meter. The Multical 21, for example, has a scrap revenue of about €0.14, 

leading to a net negative return if dismantled manually. The V200P still yields a modest profit (€0.05) 

thanks to its brass registry casing. Nevertheless, given the limited scrap value of these meters and the 

substantially lower costs associated with MS (€0.03 to €0.06), processing them through mechanical 

shredding remains the more economically sensible option. 

The social implications of the SA are open to interpretation because both MD and MS have benefits and 

drawbacks for all meters involved. While the MD generates more labour time and includes more 

inclusivity, having experienced the fatigue and labour load involved with the disassembly of water 

meters, one cannot easily say that one method for the given meter is better from a social point of view. 

The MS method, which has less generated labour time for the meters involved and is not as inclusive as 

MD involving workers distant from the labour market but significantly reduces the ergonomic-related 

issues, is a significant factor to consider.  

 

R.Q. 4: What recommendations can be made for EoL water meters, considering the sustainability 

impact of current strategies? 

Under current EoL RR and disposal methods, choosing polymer-based water meters is not necessarily 

environmentally harmful. For example, given the best current environmental strategies (MD), both 

meters have a similar overall eco-cost impact (roughly €0.60). The practical situation is worse for the 

V200 because, with minor amounts of content loss, which is inevitable with MS, the V200P becomes a 

better option 
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For the plastic meters, the environmental impact depends significantly on the type of polymer used. For 

instance, PPS, used in the body of the Multical 21 smart meter, adds roughly five times POM's (used for 

V200P) environmental impact during production and incineration. Smart meters also bring added 

complexity due to the presence of electronics such as PCBs, which increases their eco-cost. However, 

these devices also offer “smart” benefits—such as improved functionality and data capabilities—that 

are hard to measure in purely environmental or economic terms. These electronics also limit the transport 

options for the eventual recycling of these products because they fall under the Amber list.  

Within the existing regulatory framework (e.g., KIWA and ISO standards) and client demands (DWUs), 

WMMs can make improvements that increase the environmental sustainability of their water meter not 

just during the product and in-use stage but also considering the current EoL RR and disposal strategies. 

The same applies to the DWUs when selecting the meters and the EoL RR practice, where they could 

also have a say.  

MD should be encouraged for the V200, given the eco-cost impacts and potential revenue losses that 

could occur with MS, even with a high yield (MS-H). Depending on the RRF's working methods and 

connections with the social workplaces, this option could also employ workers distant from the labour 

market due to impairments. Because of the complicated design of some of these meters, the RRF would 

require specialised tools to dismantle these meters.  

Given the environmental impact and cost associated with the other two water meters, it is difficult to 

recommend one or the other method. While there are some environmental impacts, MS is significantly 

cost-effective compared to the V200. It also lowers the strain on the involved worker, making it suitable 

for low-value materials with little market return. This practice does come with less labour inclusivity 

and labour time generated. 

To improve the social pillar while also providing EoL RR versatility for the meters, WMMs should 

incorporate design features that enable easier disassembly with minimal exertion and basic tools. For 

instance, models like the V200P and Multical 21 display this feature better than the V200. 
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Appendix  

 

 

A.1       Section: Empirical self-study 

A controlled laboratory environment was set up to familiarise with the design and disassembly process 

of the meters. This simulation was informed by data gathered during the field research research. 

The empirical study was done with conventional tools suggested by the RRFs. The study identified the 

best tool combination for dismantling various types of water meters, which included hammers, 

screwdrivers, multiple types of pliers, and crucially, a vise (see Fig. 28). Subsequently, adding a chisel 

was found to improve the efficiency of the process for specific water meter models. Pneumatic and 

hydraulic machinery were not used because of a lack of access to these machines.  

 

 

Figure 28: Tools used for the disassembly method. From left to right: Vise clamp, electric drill, multiple pliers, two sets of 

hammers and a flat and Philips head screwdriver. 

 

The empirical study was divided into two primary components: 

1. Disassembly time analysis: This component aimed to quantify the time required to Liberate 

and sort the different water meters manually. The time required for disassembly, including 

sorting into different streams, was tracked and standardised to the nearest 5-second increment.  

2. Material composition analysis: This analysis aimed to identify the composition of a typical 

water meter by measuring the weight of the different materials within different water meters.  

During the material composition analysis, materials weighing less than 3 grams, such as small springs 

and magnets, were excluded from further consideration. The following chapters show the results of the 

empirical study. 
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A.1.1       Disassembly & sorting time analysis  

 

 

Figure 29: Boxplot illustrating various meter models' disassembly and sorting times. The boxplot provides a detailed account 

of the number of meters processed ("n") and the corresponding time required. 

Two samples were analysed for the Multical 21 meters; however, one was partially disassembled before 

the study. The remaining models had enough samples available. 

The outliers observed in the data, particularly for the V200 model, reflect the initial attempts to navigate 

its complex design rather than standard disassembly efforts. Notably, the pace of work across all meters 

was deliberately casual, with no emphasis on speed. This approach ensured the data reflected the 

disassembly process under typical working conditions. 

The meters have been categorised into two groups based on the ease with which the meters can be 

dismantled and the materials sorted, as displayed in Fig. 30: 

• S1: Easy dismantling—This category includes models V200P, V100, M100 and Multical 21, 

noted for their straightforward disassembly and effortless sorting of material streams. The main 

difficulty was primarily opening the chambers; beyond that, the sorting and disassembly of the 

parts posed no challenge.  

• S2: Moderate Difficulty in Material Separation—As represented by model V200 and Itron 

Flodis, these meters pose more challenges in disassembly and material separation than S1. This 

is due to the complex two-compartment designs of the Tombac registry can on top and the sealed 

brass body with a pressure plate bottom. 
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Figure 30: Dismantled meters. Left to right S1: Elster V200P, V100, M100, Kamstrup Multical 21. S2: Elster V200, Itron 

Flodis 

 

It is important to acknowledge that increased experience with disassembling a particular meter type 

correlated with improved time efficiency. Workers who do this regularly will improve until a certain 

point. While the S1 meters were relatively straightforward to disassemble and sort, the S2 meters 

presented more complexity. The differences in the ease of disassembly across these meter designs are 

displayed in the boxplot graph. The yield of the disassembly process was 100%. 

Fig. 31 presents images from the various stages of the disassembly process alongside the recovered 

materials. Despite the high yield, the disassembly processes, mainly for S2 volumetric meters, were not 

easily performed. Removing the black O-ring (7) atop the pressure plate (8) proved highly difficult, 

requiring a considerable amount of strength. The efficiency of this step could have been significantly 

improved with the use of specialised machinery and custom clamps, as employed in professional RRFs.  

 

Figure 31: Images of the disassembly process for the Elster V200 Water Meter 

 

 

A.1.2       Water meter material composition 

The following subsections discuss the different materials used in the water meters for the SA.  All the 

models for the V200P and Multical 21 examined shared the same weight, with minor differences below 

5 grams.  However, significant weight variations exist among V200 models produced throughout the 

years. The model representing most BW assets was selected for the assessment. 
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A.1.2.1       Polymers 

The internal components of the V200P and V200 meters were mainly composed of plastics. The main 

distinction between these two models lies in the material of the main body. The plastic body of the Elster 

V200P was identified as Polyoxymethylene (POM), a high-performance engineering thermoplastic 

known for its stiffness and creep resistance (source: WMM II).  

The specific types of plastics used in the internal components of the V200 and V200P meters could not 

be identified due to confidentiality and variations in materials over time. Additionally, the components 

of these meters are sourced from different suppliers, sometimes located in different countries, leading 

to minor differences in weight and plastic types (source: WMM II). For this study, the author assumed 

that the unidentified plastics were also POM. 

The Multical 21 meter is primarily composed of polymer composites, with the types of plastics and 

materials clearly labelled following the WEEE Directive (2012). These polymers are reinforced with 

glass fibres to achieve high strength and durability. The main body is made of PPS GF40, while other 

plastic parts are a combination of PVC and PC GF10.  

 

A.1.2.2       Metals 

Both V200 and V200P meters contain a registry case comprising 85% copper and 15% zinc, known in 

the industry as Tombac (source: RCI). Tombac is favoured for its magnetic and water-resistant properties 

and is used in brass and plastic-bodied water meters observed during this study. The brass body of the 

V200 meter is made from CW617N, a machinable brass composed of at least 57% copper (CuZn40Pb), 

with the remainder primarily zinc and a small amount of lead to improve corrosion resistance and 

machinability (4MS, 2019; AWWA, 2012). This type of brass is commonly used in materials that come 

into contact with potable water and is often recycled within the industry (Ruhrberg, 2006). 

The non-magnetic steel in the V200 was confirmed as Stainless Steel 316 (source: WMM II). This 

material is used as a tightly fitting pressure plate to separate the bottom compartment of the meter from 

the top. Stainless Steel 316 is well-known for its corrosion resistance, particularly in moist 

environments, and its non-magnetic properties (THValve, 2020). The other magnetic steels, in small 

amounts within all the models, were assumed to be Stainless Steel 430, a commonly used material in 

the industry (THValve, 2020). 

 

A.1.2.3       Glass 

The tombac casing in the V200 and V200P and the lid of the Multical 21 all contain tempered float glass 

(source: RRF I & WMM I). This type of glass is prevalent within the industry for its durability and 

resistance to temperature fluctuations. It is primarily composed of silica and lime. When breaking, the 

glass shatters into small pieces instead of large, sharp fragments (source RRF III). 

 

A.1.2.4       Other materials 

The Multical 21 meter includes a PCB with internal circuits and lithium batteries. The lithium battery 

used in this meter is a clearly labelled thionyl chloride lithium battery. Additionally, bentonite clay is a 

minor component in the Multical 21. Bentonite is a type of absorbent clay often used for its swelling 

and moisture-absorbing properties and contributes to the meter's electronics durability. 
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A.2       Section: Methods interview approach 

The semi-structured interviews were conducted in person, via Microsoft Teams, or through email or 

phone to ensure data collection where further insights were needed. Participant selection was based on 

the author's judgment, targeting individuals with knowledge relevant to the subject matter. This strategy 

sometimes led to a snowball sampling effect, where participants recommended other potential 

candidates. 

 

A.2.1       Interview execution 

Before the interviews started, interviewees were presented with an informed consent document. The 

researcher explained the document's contents, the research objectives, and the safeguards to related to 

the recordings. The consent form sought permission for recording and transcribing the interviews. Upon 

completion of the project, audio files are scheduled for deletion to protect interviewees' privacy, as 

names and other personal details have been omitted from this thesis except for the case study company 

BW and Water is our World (WoW). The latter insisted on being mentioned. The consent form is 

available in the following section. 

If the interviewee was comfortable being recorded, the conversation was captured using a laptop or a 

cellular device and later transcribed word for word. If not, keynotes were taken in Microsoft Word, and 

the questions and responses were transcribed as accurately as possible during the interview. 

 

A.2.2       Data extraction 

Data extraction from the interviews used Atlas.ti, a licensed tool designed for qualitative data analysis. 

The transcribed interviews were examined through thematic analysis to identify, assess, and interpret 

patterns within the data, thereby deriving meaningful themes and codes. This was done following the 

framework provided by Castleberry et al. (2009) in their work “Thematic Analysis of Qualitative 

Research Data”. The analysis was carried out in three main stages: 

• Compiling: The data was organised into a manageable format. The interviews were formatted 

with only the information relevant to the study, preparing for the subsequent analysis phase. 

• Disassembling: Interviews were revisited to familiarise with the content, aiding later grouping. 

The disassembly step involves deconstructing the data by creating themes of similar topics. This 

process was done through coding, facilitating the identification of common themes, concepts, 

and similarities. 

• Reassembling: Identified codes and phrases were categorised under broader themes 

showcasing significant similarities. This hierarchical arrangement allowed for a comprehensive 

understanding of overarching concepts and themes, simplifying data extraction through various 

levels of detail.  

 



 

76 

 

A.2.3       Informed consent 
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B       Section: Sustainability assessment  

This appendix section includes information and calculations relevant to the sustainability assessment. 

Section E provides a portion of the information related to the Python calculations. 

B.1       Fast-Track Life Cycle Assessment 

The LCA for this study utilises the "Fast Track" LCA approach, also known as the “Phillips method,” to 

expedite the assessment process (Vogtländer, 2012). LCAs are broadly categorised into the classical 

rigorous LCA and the Fast-Track LCA (Vogtländer, 2012). The classical method involves a thorough 

assessment of environmental impacts from the ground up, focusing primarily on Life Cycle Inventory 

(LCI) and Life Cycle Impact Assessment (LCIA) (Vogtländer, 2012). In contrast, the Fast-Track method 

provides a quicker approach to conducting an LCA, commonly used for comparing design alternatives 

(Vogtländer, 2012).  

The Fast-Track method utilises LCI data sourced from databases such as Ecoinvent and Industrial 

Design & Engineering Materials (IDEMAT), where the data is precompiled based on selected LCIs from 

peer-reviewed papers and scientific databases from universities (Vogtländer, 2012). This method 

employs Excel lookup tables to multiply inputs (materials or energy) and outputs (environmental 

impact) with specific factors to determine single indicators. These factors are derived using Simapro 

LCA software and data from the Ecoinvent database (Vogtländer, 2012). This approach streamlines the 

process by eliminating the need for researchers to manually perform steps involved in single indicator 

calculation, such as classification, characterisation, normalisation, and weighting (Vogtländer, 2012). 

The databases used follow standardised rules of ISO 14040, ISO 14044, EN15804, and the LCA 

handbook of the ILCD (Vogtländer, 2012). This ensures that the Fast-Track LCA adheres to recognised 

international standards while providing a more efficient means of conducting environmental impact 

assessments (Vogtländer, 2012). 
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B.2       V200 impact calculations 
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B.3       V200P impact calculations 
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B.4       Multical 21 impact calculations 
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C       Section: Water meter management 

This section covers water meter classifications, regulatory frameworks, declining refurbishment 

practices, replacement and installation processes, and sustainability initiatives to improve environmental 

impact and industry standards. 

 

C.1       Water meter classification  

The classification of water meters showcases a range of measurement principles, emphasising accuracy, 

durability, and adaptability to different water distribution environments. A visual representation of the 

water meters is given in Fig. 32. The visual representation is not on scale. The combination meters are 

generally much more prominent in size than their counterparts and are often used for industrial purposes 

(AWWA, 2012).   

 

 
 
Figure 32: Representation of the water meters based on their water measurement mechanism. Source: (Awwa, 2012) 

 

1. Mechanical meters rely on moving components, such as pistons or impellers, to measure water 

flow. The mechanical meters can be classified into: 

 

• Volumetric meters: Known for directly measuring water volume, these meters, like the 

rotary piston and disc meter, excel in accuracy, especially at low flow rates, ensuring 

equitable water billing. They are particularly effective in systems with high water 

quality as they are sensitive to suspended solids (AWWA, 2012). 

• Inferential meters: These meters estimate flow rate based on the velocity of water 

passing through them. Types include single jet and multijet meters, which are adaptable 

to various conditions and are known for their durability and ease of maintenance. The 

Woltmann meters, another subclass, are distinguished by their use in larger pipes and 

higher flow conditions, offering robust performance over a wide flow range (AWWA, 

2012). 

• Combination meters: These are designed to offer a compromise between volumetric 

and inferential water meters. They provide the best characteristics by incorporating a 

primary meter for high flow rates and a secondary meter for lower flow rates. This 

design is applied in settings with fluctuating water consumption, ensuring consistent, 

accurate, and reliable water measurements (AWWA, 2012). 

 

The following meters are known as solid-state meters or static meters, and they measure the flow of 

water based on static sensors (Arregui et al., 2020). An external or autonomous power source is required 

to operate these meters (Arregui et al., 2006). 
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2. Electromagnetic meters: Operating on the principles of electromagnetic induction, these 

meters offer the advantage of having no moving parts, which translates to minimal wear and 

tear and an extended lifespan of the water meter. Ideal for applications requiring high accuracy 

or large pipe diameters, electromagnetic meters are valued for their precision and minimal 

maintenance requirements (Van Zyl, 2011). 

3. Ultrasonic meters: Like electromagnetic meters without moving parts, ultrasonic meters 

measure flow using sound waves. Their high-precision measurement method makes them 

suitable for various specialised applications, ranging from residential to industrial settings (Van 

Zyl, 2011). 

 

C.2       Government and industry regulations 

Government and self-imposed industry regulations regulate the water distribution sector in the 

Netherlands (VEWIN, 2018). The Association of Dutch Water Companies (VEWIN), representing all 

Dutch water distribution companies, is a crucial agency directing the partly self-imposed industry 

regulations (VEWIN, 2018). These members collectively develop and adhere to guidelines detailed in 

the Water Meter Quality Assurance Regulation Manual. Managed by VEWIN’s Commission Regulation 

Quality Assurance for Water Meters, with input from the Water Meter Quality Assurance Guidance 

Group. The manual aims to standardise practices across the sector (VEWIN, 2018). It includes 

guidelines for water meter classification, sampling for condition determination and inspection, and 

protocols for meter removal, transportation, and storage (VEWIN, 2018). 

The Dutch government's involvement in the water sector encompasses various regulatory measures to 

safeguard public health, preserve environmental integrity, and maintain water quality. Central to these 

efforts are key regulations, such as the Drinking Water Law, the Drinking Water Decree, and the 

Regulation of Materials and Chemicals for Drinking and Hot Tap Water Supply (Drinkwaterbesluit, 

2024; Drinkwaterwet, 2024; RIVM, 2016). These measures align with the European Drinking Water 

Directive 98/83/EC, which sets standards for materials and chemicals that meet water, including water 

meters (Directive 98/83, 1998). 

 

C.3       Water meter certifications 

The Ministry of Infrastructure and Water Management is responsible for ensuring compliance with rules 

and standards, working closely with Kiwa Netherlands B.V., the organisation recognised for issuing the 

Kiwa Water Mark (KWM). This mark is required for the certification of all water meters in the 

Netherlands (RIVM, 2016). Kiwa has integrated the regulatory requirements into its Assessment 

Guidelines, matching them with product specifications (BRL-K618 [A1], 2020).  

The Dutch regulatory framework for water meters prominently incorporates ISO 4064 1-5, an 

international standard specifying the metrological and technical requirements for water meters used in 

measuring cold potable water and hot water (ISO 4064-1, 2017). Following these standards ensures that 

WMMs and utilities comply with international and national regulations (Rijksoverheid, 2010). 

Moreover, the standards play an essential role in harmonising the requirements across borders, allowing 

for the use of universally accepted measurement metrics (ISO Statutes, 2018). 

 

C.4       Decline of water meter refurbishment 

Revising and refurbishing meters, once common among water meter producers, social development 

companies, and DWUs, is now largely abandoned in the Netherlands. The gradual decline in 

refurbishment is attributed to rapid advancements and changes in the water meter industry (source: 

DWU II, IV).  
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Previously feasible refurbishing plans required significant time and effort to put in place (source: DWU 

II). With the transition to volumetric meters in the past, which offered better performance and a longer 

lifespan, adapting the entire refurbishment operation to accommodate this new type became 

economically unfeasible (source: DWU II, IV). Furthermore, the switch to volumetric meters 

refurbishment would have entailed a waiting period of approximately 20 years without an active 

replacement program for these newly installed meters, with no work being done (source: DWU II, IV). 

Inconsistencies in meter supply and demand and frequent changes in management and cost-saving 

strategies made it challenging to maintain a sustainable refurbishment cycle (source: DWU II). As a 

result, all but one DWU has ceased refurbishment operations. 

 

C.5       The continued small-scale practice of refurbishment 

The only remaining one that still practices refurbishing the inferential meters is DWU IV. They have 

tailored their entire process to specialise in this specific type of meter. An interview with the manager 

revealed that this specialisation is feasible due to the company's small size and focus on a single type of 

meter (source: DWU IV). They foresee a bright future in this niche, viewing it as sustainable and an 

opportunity to employ individuals distant from the labour market in their refurbishment operations. 

Additionally, the abandonment of the process by others allows DWU IV to purchase materials needed 

for revising meters at lower prices, providing an economic incentive to continue these practices. The 

Fig. 33 shows their workplace, where the entire refurbishment operation occurs. 

Water meters that are beyond refurbishment and revision are disassembled through a combination of 

manual and mechanical labour. The plastic and metal components are carefully segregated. The plastic 

segments are sent to a nearby waste processing facility, while the metal parts are sold to local recyclers 

(source: DWU IV). The same tools and machinery are being used, as observed during the field trip to 

WoW for their RR and dismantling process. 

 

Figure 33: Water meter refurbishment process (inferential M100 model) 

   

 

C.6       Management of replacing and installing meters 

The replacement and installation of water meters involve installing new meters or replacing defective 

or ageing ones. The following description of this process at BW is based on interviews with the Asset 

Manager. The description below outlines the approach taken within their operations, and Fig. 34 

provides a flowchart representation of the water meter placement process.  
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Figure 34: Flow chart diagram of installing or replacing meters at BW 

C.6.1       Installing new meters 

The installation of water meters in new residential and small commercial buildings begins with a formal 

request from developers to the Quality and Connections Department (K&A). Upon receiving the request, 

K&A collaborates with the purchasing and asset management divisions to review available options and 

determine the timing and pace of execution. Once a plan is established, technicians are assigned to install 

the new water meters. This process involves a singular flow of assets into the field, without the return 

of old assets. 

 

C.6.2       Replacing meters 

Replacing old meters and installing new meters begins again at K&A. The replacement of the old meters 

is driven by two subprocesses: asset management or faults and defects detection. These two processes 

are described here below (source: DWU BW):  

 

• Asset management-driven replacements: These replacement programs are only active when 

assets are nearing EoL. In coordination with the asset management team, purchasing and K&A 

plans are made to replace certain assets during a specified period. 

• Faults and defects-driven replacements: These are done when abnormalities in water usage 

are detected during meter readings, either reported by customers or discovered by BW during 

their sampling check-ups.  

 

This dual approach to water meter replacement varies annually. The faults and defects-driven process 

remains consistently active due to ongoing routine check-ups, sampling, and customer notifications. 

Conversely, asset management-driven replacement may be inactive in some years if the assets do not 

reach their average EoL span (source: BW).  
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C.6.3       End-of-Life water meters  

The collection of the water meters is done similarly across 

all the DWUs examined. Technicians collect all disposed 

EoL water meters in their company vehicles. When they 

accumulate sufficient stock, the meters are collected in 

large volume bins at the nearest DWU warehouse, as 

displayed in Fig. 35. The recyclers then collect the full 

bins and transport them to their facilities for further 

processing, leaving empty bins behind to initiate the 

collection of the next batch of disposed EOL water meters 

(source: DWU BW).  

 

C.7       Sustainability initiatives 

The following two initiatives aim to improve industry regulatory standards and increase the sector's 

sustainability.  

 

C.7.1       4MS initiative 

The 4MS Initiative is a collaborative effort with the countries listed in Table 12, aimed at harmonising 

national assessment systems for water contact materials across Europe (4MS, 2019). 

The objectives of the 4MS Initiative include using standard or directly comparable practices for (4MS, 

2019): 

 

• Accepting the constituents used in materials that come with drinking water. 

• Testing these materials. 

• Utilizing standard test methods and establishing acceptance levels. 

• Specifying tests to be applied to products. 

• Reviewing factory production control and setting audit testing requirements. 

• Assessing the capabilities of certification and testing bodies. 

 

Using a common approach, the 4MS Initiative would enable the broader recognition of European quality 

certifications, like the Kiwa Water Mark. This expansion would increase the pool of available water 

meters certified under these unified standards (4MS, 2019). 

 
Table 12: MS initiative members and aspiring members 

 

 

Figure 35: Example of bins for EoL water meter 

collection at DWUs 
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C.7.2       Blue Nets initiative 

Sustainability efforts are progressing through various initiatives within the DWU sector, with the Blue 

Nets project as an example. This voluntary initiative, led by MVO Nederland, involves all 10 Dutch 

drinking water companies (MVO, 2022). Blue Nets primarily focuses on implementing a digital material 

passport system that transparently documents product materials. This initiative currently has three 

primary goals (MVO, 2022): 

• To systematically record product information to enable high-quality reuse after the product's 

initial lifespan. 

• To assess and compare the circularity and environmental impact of products. 

• To improve sustainability performance through sustainable procurement practices. 

 

Currently, the project's efforts are concentrated on the first goal, specifically targeting underground pipes 

(MVO, 2022). Water meters, which are installed above ground, are not yet included in the scope of this 

initiative but are planned to be addressed in future phases (MVO, 2022). 
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D       Section: Water meter shredding  

The following sections discuss the shredding and separation process detailed by RRF I for EoL water 

meters, detailing the stages involved in MS. Additional shredder details are provided through online 

videos and outreach to ISC. 

D.1       Shredding and separation process for water meters  

The following MS, illustrated in Fig. 36, was detailed during the field visit to RRF1. Water meters are 

fed into the hammer mill shredder via a conveyor, breaking them into coarse pieces in a pre-shredding 

phase. This stage uses a magnetic band to extract ferromagnetic metals from non-magnetic components. 

Additionally, hand pickers are used to separate non-magnetic stainless steel from the conveyor belt. 

Following the initial shredding, the materials are shredded again in a granulator, reducing them to 

particles several centimetres in size. These particles are sorted on a shaking table based on their specific 

densities, separating plastics from non-ferrous metals. By the conclusion of the process, five distinct 

material streams are produced for EoL water meters: shredder residue consisting of a mix of materials, 

plastics, ferromagnetic metals (collected by the magnet), non-ferromagnetic metals like stainless steel 

(separated manually), and brass.  

 

Figure 36: Flowchart representation of the water meter shredding process (Source: RC1). 

 

D.2       Water meter mechanical shredding  

1. Title: How to get the pure brass from Water Meter Recycling Shredder 

Link: https://www.youtube.com/watch?v=3D4P8Hjynak 

2. Title: Recycling water meters van Vitens door Genius Metal recycling BV 

Link: https://www.youtube.com/watch?v=R8kBUy8Kccs 

https://www.youtube.com/watch?v=3D4P8Hjynak
https://www.youtube.com/watch?v=R8kBUy8Kccs
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Fig. 37 represents the typical shredder layout used in an RRF facility with its various sub-components, 

and Table 13 shows its energy consumption.  

 

 

 

 

Table 13:Energy Consumption Water Meters in the Recycling System. Source: ISC 

Component Energy Consumption (kW) Energy Consumption (MJ) 

Belt Conveyor 2.2 7.92 

Vertical Crusher 110.0 396.0 

Vibrating Screen 3.0 10.8 

Magnetic Separator 1.5 5.4 

Eddy Current Separator 7.7 27.72 

Belt Conveyor 2.2 7.92 

Belt Conveyor 2.2 7.92 

Belt Conveyor 2.2 7.92 

Eddy Current Separator for Stainless Steel 15.6 56.16 

 

  

Figure 37: Shredder assembly layout: Source ISC 
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E       Section: Python codes 

This section details all the codes used for data visualisation or calculations. 

E.1       Sensitivity cost analysis 

 

 

E.2       Dismantling time water meters 
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E.3       Content loss & OPEX  
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E.4       Electricity consumption 
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E.5       Material Contribution 

 

 


