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and transition to more circular economies and improved resource efficiency requires initiative and 

coordination across sector, regional, national and international boundaries. 

While some decoupling technologies and techniques (e.g. VRPs) are already commercially available and 

used in both developing/newly industrialized and developed/industrialized economies, increasing the 

dissemination, adoption, and economic viability of these approaches remains a challenge. 

1.2.2 Scope of the IRP Assessment 

This report acknowledges the urgency and magnitude of the sustainability challenge, and the complexity of 

responding appropriately. As described in Figure 2, this report focuses on a specific subset of concepts and 

applied options, necessarily differentiating circular economy motivations and interests from broader 

sustainability motivations and interests (Refer to Section 1.3.1).  

 
Figure 2: Scope of this report in broader context of sustainability and circular economy 

While sustainability priorities are highly relevant and pertinent, circular economy is positioned as one of 

many potential mechanisms for pursuing broader sustainability objectives, particularly in the context of 

industrial economies (Refer to Section 1.3.2). The perspectives, challenges, and opportunities for non-

industrialized economies to engage in circular economy are also incorporated wherever possible. In 

addition, the nature of circular economy necessarily emphasizes primary stakeholders that include 

government, industry, and customers/users within production-consumption systems (Refer to Section 

1.3.3).  
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The circular economy differentiates between biological nutrient (organic) material flows and technological 

nutrient (inorganic or synthetic) material flows (Ellen MacArthur Foundation 2013b, McDonough and 

Braungart 2010). Unlike biological nutrients, technical nutrients can be cycled through a production system 

multiple times without a loss in quality, and as such are a relevant focus for this assessment of production 

and VRPs. This emphasis on technical nutrients guided the selection of case study sectors and products, 

which are predominately made of technical nutrients. Other sectors that are actively engaged in circular 

economy initiatives, such as the textile/apparel industry, produce products that are a mixture of biological 

and technical nutrients. 

In addition to traditional ‘OEM New’ linear production, the VRPs that are specifically assessed in this study 

are:  

• Arranging direct reuse; 

• Repair;  

• Refurbishment (including comprehensive refurbishment); and 

• Remanufacturing. 

The definitions and descriptions of these VRPs are further described in Section 1.5.  

Reflecting geographical scope of sample economies Brazil, China, Germany, and the USA, specific case 

study assessments were performed upon nine products that represented three sectors known to engage in 

VRPs (Please refer to Table 1). These rationale behind the selection of these sectors and products is further 

described in Section 2.3. 

The primary comparative metrics assessed and reported in this study include: 

• New material offset (avoided) (kg);  

• Embodied material energy (MJ/unit); 

• Process energy (MJ/unit); 

• Embodied material emissions (CO2-eq./unit); 

• Process emissions (CO2-eq./unit) 

• Cost advantage ($ USD); and  

• Employment opportunity (Full-time equivalent worker, or FTE). 

While emissions impacts (kgCO2-eq.) reflect direct environmental impacts, additional measures of new 

material use, and energy requirement, are included to account for indirect environmental and sustainability 

impacts. 
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Table 1: Case study products and sectors 

Sector Case Study Products HS92 International Trade Code 
Reference* 

Vehicle Parts 

1. Vehicle engine (Traditional, 
cast iron cylinder block) 840710-90 

2. Vehicle alternator 840991 
3. Vehicle starter motor 840991 
• Vehicle engine (Lightweight, 

aluminum cylinder block)1 n/a 

Industrial Digital Printers 
1. Production printer 

844319 2. Printing press (#1) 
3. Printing press (#2) 

HDOR Equipment Parts 
1. HDOR engine 840820 
2. HDOR alternator 840999 
3. HDOR turbocharger 841480 

*Note: HS92 International Trade Codes are a harmonized commodity description and coding system that allows for participating countries to 
classify traded goods on a common basis for customs purposes. Introduced in 1988, the Harmonized System (HS) has been adopted by most 
countries, worldwide, and enables within-category data collection and comparison. (UN International Trade Statistics Knowledgebase 2018) 

Specifically, this report will contribute to the literature across five key areas: 

1. Increased understanding of the wide range of VRPs that are already prevalent around the world; 

2. Estimated current and potential impacts and material efficiency that result from VRPs at the 

product, market and international levels; 

3. Identified key barriers to increased market penetration and uptake of VRPs within domestic 

economies; 

4. Assessed sensitivity of VRP impacts to the presence of key barriers, with the objective of informing 

corporate and government policy opportunities; and 

5. Examined corporate (design & process) and government (trade, infrastructure, and incentives) 

policy options in support of accelerated transition to circular economy through VRPs. 

The scoped focus of this report is not a commentary on broader and/or potentially conflicting sustainability 

motivations; instead this report offers a scoped assessment of a potential framework for evaluating and 

responding to sustainability challenges within the industrial economy. Further, this report focuses on a 

direct comparison of the traditional linear production system against alternative VRP options that may offer 

                                                      
1 The lightweight vehicle engine is not considered to one of the case study products. To reflect implications of alternate 
sustainable design approaches, this additional product example of a lightweight (vs. traditional) vehicle engine was 
assessed at the material- and product-levels only (See Sections 3.1.2.1 and 3.4.4.4) and is not included as a standard 
part of further analysis or results. 
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reduced negative environmental impacts of production. Given this emphasis on the process innovation 

within the production system, the report acknowledges, but does not go into extended depth on the 

consumption-side of the circular economy. 

Expanding the use of VRP practices can offer substantial and verifiable benefits in terms of resource 

efficiency, circular economy, and protection of the global environment. However, their intensities and 

adoption globally have been limited due to significant technological, market, collection infrastructure, and 

regulatory/policy barriers. This study seeks to quantify the value of each different VRP across a range of 

metrics related to resource efficiency and the circular economy. In addition, barriers that have inhibited the 

growth and scale-up of VRP activities around the world are identified and discussed.  

1.3 Introduction to Circular Economy 

In today’s increasingly globalized and growing industrial economy, traditional linear models of production 

and consumption, often referred to as “take, make and dispose”, are insufficient. They allow the materials, 

components, and embodied value of products to be lost from the industrial system, most notably at the end 

of life (Bocken et al. 2016, McDonough and Braungart 2010, Sundin and Lee 2012). As a result, these 

linear production models require continuously high levels of new (virgin- and recycled-sources) resource 

input and production activity to meet ongoing demand, and thus create negative environmental impacts—

emissions, waste generation, and water consumption (Ellen MacArthur Foundation 2013a, World 

Economic Forum and Ellen MacArthur Foundation 2014). It is becoming increasingly clear that take-make-

dispose models of industrial production are incompatible with the level of sustained social, economic, and 

environmental development to which global communities aspire. 

In the absence of material and product collection and reuse, growing populations and incomes are expected 

to drive dramatically increasing demand for raw material inputs to production. (UNEP 2011, 2014, 2016a) 

While increased production activity can offer economic growth and labor market advantages, it can also 

lead to increased consumption of raw materials and fuels, and increased environmental degradation from 

extraction activities and transportation, increased associated emissions and waste generation. (UNEP 2011, 

2016a) The pursuit of sustainable economic systems must be the long-term objective (United Nations 

2018); however in the short term economic growth remains a central pillar of national objectives and 

strategies  

Accepting the tension between these short-term and longer-term objectives, short-term efforts must seek 

out opportunities for increased material efficiency, resource efficiency and productivity, including marginal 

reduction in the environmental impacts of production. (UNEP 2016b) This must occur in parallel with 

efforts focused on longer-term social and system transformation in pursuit of sustainable economic systems, 
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including the ultimate decoupling of production from negative environmental impacts. The International 

Resource Panel (IRP), an independent scientific panel operating under the United Nations Environment 

Programme (UNEP) parent organization, has published extensively on the implications, challenges, and 

potential to achieve such decoupling, suggesting that decoupling strategies are necessary for meeting the 

United Nations’ Sustainable Development Goals (UNEP 2016a).  (UNEP 2011, 2014) 

In this pursuit, industrial researchers, policymakers, and economic experts alike are beginning to explore 

the concept of a Circular Economy—a framework in which outputs from every stage of the life cycle 

become inputs into another, offsetting the need for new materials and energy-intensive manufacturing 

activities, while reducing waste.  

Current understanding of circular economy has evolved over time to incorporate a range of perspectives 

and concepts that relate to the closing of material and energy flow loops. Relevant theoretical influences 

originate in the concepts of performance economy (Stahel 2010), cradle-to-cradle (McDonough and 

Braungart 2010), industrial ecology (Graedel and Allenby 1995), and the laws of ecology (Commoner 

2014). Additional key perspectives have contributed to the focusing of understanding about circular 

economy even further: Bocken et al. (2016) position the closing of resource loops via circular economy 

within design and business model strategies; Yuan, Bi, and Moriguichi (2006) focus on circular or closed 

flows of materials and energy, and the use of materials and energy over multiple phases in the context of 

China’s implementation of the Chinese Circular Economy Promotion Law; and the Ellen MacArthur 

Foundation (Ellen MacArthur Foundation 2013b, World Economic Forum and Ellen MacArthur 

Foundation 2014) highlights and emphasizes the differences between biological and technical systems, and 

their role within the industrial economy. 

Considering the range and scope of literature on circular economy, Geissdoerfer et al. (2017) propose a 

definition for the Circular Economy that is particularly relevant for this study: “A regenerative system in 

which resource input and waste, emission, and energy leakage are minimized by slowing, closing, and 

narrowing material and energy loops. This can be achieved through long-lasting design, maintenance, 

repair, reuse, remanufacturing, refurbishing, and recycling.” 

The circular economy has been positioned as an essential systemic perspective that can help to mitigate the 

loss of material, function, and embodied value created by traditional consumption (Ellen MacArthur 

Foundation 2013a). However, achieving these benefits requires engaging value-chain stakeholders in 

behavioral and social system transformation, and designing industrial economic and production systems to 

enable, accept, and support system circularity. In this pursuit, accepting the industrial economy focus of 

circular economy, three central needs are emerging as key strategies for enabling increased system 

circularity:  
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Table 2: Contrasted scope, stakeholder roles, and impact emphasis of sustainability and circular economy 

 

It must be acknowledged that any discussion of circular economy emphasizing industrial systems and 

economies is at risk of excluding non-industrial economies, as well as stakeholders outside of government 

and industry roles. These topics, and their integration into this research, are discussed further in Sections 

1.3.2 and 1.3.3, respectively. 

1.3.2 Sustainability and Circular Economy in Non-Industrialized Economies 

In terms of global political economy, economies that fall under the term ‘non-industrial’ refer to those 

economies that do not have highly developed manufacturing infrastructure or enterprise, and in which the 

capital to pursue industrial activity may be in short supply. These economies are often referred to as the 

“majority south”, due to their relative geographic location, and are contrasted with the “industrialized north” 

(Allen and Thomas 2000, Cranston and Hammond 2010, Cranston and Hammond 2012, Hammond 2006). 

The ‘majority south’ accounts for the majority 80% of the world’s population that resides in non-industrial 

economies (Cranston and Hammond 2012, Hammond 2006). 

In the context of sustainability literature, it is more common to emphasize the socioeconomic and political 

conditions of non-industrialized economies; these topics are discussed as an assumed precursor to 

sustainability initiatives and practices, with industrial transition strategies often focused on economic 
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development, and the need for support and technology transfer from richer, more industrialized economies. 

With the majority of the world’s population residing in non-industrialized economies, and the often 

extensive carbon footprints of these economies, it is clear that the adoption of more sustainable practices is 

critical (Cranston and Hammond 2012, Hammond 2006).   

However, the applicability of circular economy and its industrial economy origins to non-industrialized 

economies raises several questions: first and foremost, the circular economy emphasizes the transformation 

of industrial systems; how then to construct circular industrial economies where industrial systems may not 

currently exist? In addition, the absence of industrial systems does not imply the absence of economic 

systems – instead, non-industrial economies may tend towards a greater agricultural base, with limited 

structure in manufacturing and non-farming sectors. (Allen and Thomas 2000, Johnston and Kilby 1975)  

At the very least, strategies for pursuing and implementing circular economy require emphasis, resource 

allocation, and priorities that are appropriate for the conditions of different economies; in other words, the 

mechanisms by which an industrialized economy pursues circular economy may necessarily differ from the 

mechanisms by which a non-industrialized economy pursues circular economy. 

The case study products and sample economies assessed in greater detail in Sections 3, 1.7, and 5.2 are 

most closely focused on commercial/industrial products and activities in industrialized economies. The 

limitations associated with the incorporation of non-industrialized economies into the case studies of this 

report are discussed in greater detail in Section 2.5, and relate primarily to issues of data availability and 

limitations of the models. However, additional discussion of the potential insights, learnings and 

opportunity for non-industrial economies to engage in circular economy practices can be found in 

throughout the discussion in Section 5. 

The assessment and study of circular economy initiatives and opportunities is relatively recent; while there 

is great urgency for stakeholders of all nations to act quickly to mitigate environmental damage, discussion 

of appropriate scope, framework, approach, metrics and indicators, and relevance of circular economy are 

on-going. It is also clear that different approaches to circular economy may be needed depending on the 

unique conditions faced by specific sectors and economies, some of which are discussed in Section 1.7. 

While the emphasis of this assessment is necessarily upon commercial/industrial products, 

commercial/industrial processes, and industrialized economies, this report provides insights into the 

product-, process-, and economy-level implications of pursuing different circular economy strategies under 

a variety of socioeconomic development conditions. 



 

16 

1.3.3  Interests and Innovation: Stakeholders within a Circular Economy 

The broad goal of sustainability requires extensive transformation, not just of the production systems that 

are the emphasis of this report; they also require transformation of consumption patterns, disposal 

behaviors, and society sub-systems including politics, social structures, and physical infrastructure. From 

this perspective, it is understandable that the transformation for sustainability requires the engagement of 

every stakeholder on the planet.  

The term social innovation has been used to describe the innovative activities, behaviors, programs and 

organizations that arise to help society address some unmet need. (Mulgan et al. 2007) In the context of 

sustainability, these innovations can include new ways of viewing and managing ecosystems and ecosystem 

services, new systems and institutions to help facilitate improved environmental performance of producers 

and consumers alike, and even stakeholder engagement and education. (Center for Social Innovation 2018) 

A key example of such innovation is the evolution of the ‘collaborative’ or ‘sharing’ economy, in which 

users share resources with reduced interventions from industry, in the interests of increasing the 

productivity of resources and products (as measured by usage rate). (Milios 2016, Richter, Kraus, and Syrjä 

2015) The emphasis of this social innovation is on utility achieved through renting or borrowing goods, 

rather than owning them, and places less emphasis on the traditional customer-business relationship. (Milios 

2016) 

While the sharing economy may offer innovation that can lead to sustainability objectives of enhanced 

resource efficiency, the transition away from traditional markets may evoke concerns from traditionally-

organized industry stakeholders and producers. Alongside social innovations, business model innovations 

are also being developed by industry stakeholders. These business model innovations offer a new way of 

integrating sustainability interests into the production-consumption system, without diminishing the role of 

industry. (Milios 2016) The product-service system (PSS), discussed in greater detail in Section 5.2.1, 

presents a business model innovation that incorporates more integrated products and services that consider 

both customer needs and product life-cycle considerations (Mont 2002, Tan 2010) Although PSS can vary 

in type, some common approaches include product sales that include additional maintenance services and 

take-back agreements, user-oriented approaches that focus on leasing, rental, sharing, or pooling, and 

results-oriented services that focus on the provision of a service rather than on the product (Milios 2016, 

Tukker 2015a). 

Differentiated from sustainability, stakeholders to circular economy are theoretically broad, but practically 

constrained to three primary groups most directly engaged in either the production or consumption aspects 

of the industrial economy: government, industry (including designers), and customers/users. As highlighted 
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by Zink and Geyer (2017), the additional influences and dynamics of various markets within a circular 

economy create complexity and unpredictability related to preferences, behaviors, and decisions. However, 

as discussed in Section 1.7.2, the unique nature and perspectives of key stakeholders to the industrial 

systems of circular economy are essential considerations of any strategy to pursue circular economy. Thus, 

although the spectrum of stakeholders is appropriately limited for circular economy, the responsibility for 

the necessary social and systems innovation needed to facilitate a transition to circular economy is highly 

relevant. While the limitations of the case studies in this report are outlined in Section 2.5, significant 

discussion related to stakeholder interests, perspectives, resulting barriers, and potential roles and 

responsibilities going-forward, are incorporated into Sections 1.7, 2.4.5.2, and 5. Especially pertinent to 

this report, the evolution of business model innovation alongside social innovation is discussed in greater 

detail in Section 5.2. 

1.4 Market Transformation for Circular Economy 

As noted by York and Paulos (1999, 14), “Market transformation seeks to change markets… [and this] 

requires transformation of the behaviors and preferences of people and organizations”. Blumstein, 

Goldstone, and Lutzenhiser (2000) emphasize the importance of considering the entire market, including 

its vendors, manufacturers, distributors, trade groups, and regulators, when discussing market 

transformation. While much of the literature on market transformation assumes the context of public 

programming as adopted by policy-makers in the pursuit of an established policy goal (Kushler, Schlegel, 

and Prahl 1996, Kunkle and Lutzenhiser 1998, Nelson, Tiedemann, and Henriques 1998, Peach et al. 1996, 

Suozzo and Nadel 1996), this assumption can be limiting and erroneous: market transformation can be, in 

and of itself, a strategic objective established in any area where there is some sort of failure occurring in 

the economic system.  

Given the complexity of the circular economy system with multiple agents, delayed feedback loops, 

imperfect and/or asymmetrical information, and irrational and non-linear behaviors, a holistic, system-wide 

perspective is necessary.  Market transformation offers a strategic framework approach to complex system 

challenges with demonstrated success across a range of energy-efficiency programs in Canada and the 

United States, including Power Smart (Nelson, Tiedemann, and Henriques 1998), Consortium for Energy 

Efficiency (CEE), Northeast Energy Efficiency Alliance (NEEA), and Northwest Energy Efficiency 

Partnerships, Inc. (NEEP) (York and Paulos 1999). The use of a market transformation strategic framework 

to tackle the challenges associated with VRPs and circular economy is a logical extension. This work adopts 

the definition developed by Keating et al. (1998, 13), in which market transformation describes a strategic 

approach to intervening in the market with the objective of increasing the share of VRP products: in the 
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context of policy-makers, this intervention may be associated with targeted programming to accomplish 

this goal; in the context of industry, this intervention may be a coordinated marketing strategy to tackle 

increased customer/consumer awareness and education. 

York and Paulos (2009) go further to clarify that, while the primary objective of market transformation is 

to lower or eliminate market barriers, it would be problematic to assume that the removal of these barriers 

would alone be sufficient to increase demand for the targeted product or service. The analysis and 

discussion related to the IRP Report Model, as presented in Sections 2 and 3, are primarily focused on the 

presence of regulatory, access, technological and market-based barriers to VRPs in different economies, 

and opportunities for barrier alleviation in pursuit of market transformation for circular economy. However, 

consumer behavior literature suggests that, to be effective, customers (in any economy) must also value the 

change being sought: In this case, they must value the targeted product and service attributes offered by 

VRPs for it to result in increased demand and longer-term market transformation (Blumstein, Goldstone, 

and Lutzenhiser 2000, Thaler and Sunstein 1999, York and Paulos 1999). In the case of VRPs, the valued 

attribute may be the discounted price, or the inherent environmental benefit – depending on the consumer’s 

own personal values system, and their level of awareness and knowledge of VRP products. Given this 

extended perspective on the behavioral aspect of market transformation, additional modeling and analysis 

of a more comprehensive and reflective extended adoption (diffusion) model for VRPs is proposed and 

discussed in Section 4. Ultimately, research efforts that target a combination of barrier identification and 

elimination strategies (per York and Paulos (1999)) as well as the often illogical/irrational behaviors and 

decision-making of market stakeholders (per Thaler and Sunstein (1999), Blumstein, Goldstone, and 

Lutzenhiser (2000), and York and Paulos ((1999)) are needed if the transformation of linear-to-circular 

economies is to be accomplished. 

1.5 Introduction to Value-Retention Processes Within a Circular Economy 

Within the circular economy framework, the cycling of technical nutrients falls across several essential 

systems: Recycling systems, refurbishment & remanufacturing systems, arranging direct reuse systems, 

and repair/maintenance systems. With the exclusion of recycling, in which all recovered items are reduced 

to material-level, VRPs serve to maintain all, or part of the integrity of the original product or component 

by keeping the original structural form of the product or component. The VRPs specifically studied in this 

report are: remanufacturing, refurbishment (including comprehensive refurbishment), repair, and arranging 

direct reuse. 
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The preservation of product and/or component integrity serves to further increase the marginal benefits of 

VRPs: By maintaining the original product or component structural form, fewer resources are required for 

production (e.g. electricity), and fewer wastes are generated (e.g. emissions). 

1.5.1 Value-Retention Processes as a Gateway to Material Recycling 

Recycling refers to the reprocessing of waste into products, materials or substances; specifically, the 

reference to recycling throughout this report refers to the reprocessing at the material-level.  (Annex IV B 

to the Basel Convention)  

While material recycling (henceforth referred to simply as ‘recycling’) is not a focus of this study, it remains 

an integral and important aspect of any circular economy. There is a common misperception that VRPs 

may detract from, or compete against recycling; in fact, all VRPs and recycling are essential within the 

context of a circular economy2. From this perspective, and like accepted waste management hierarchies3, 

where VRPs ensure that material value and functionality are retained within the product, once functionality 

has degraded it is the recycling system that ensures that material value is retained within the broader system. 

As described in Figure 3, resources enter into a cascading production loop in which they are used as inputs 

to materials and/or parts that are then incorporated, via manufacturing, into a product; After the product-

stage (e.g. end-of-use or EOU) there is an opportunity for disassembly and reutilization of parts, 

components, and/or modules in cases where sufficient infrastructure and systems exist. In these cases, the 

opportunity to further direct parts/components/modules into a cascading loop and be integrated into new 

production and product-use phases is created via VRPs. However, when it is no longer possible to retain 

these items within the production system, for functional and/or economic reasons, they can flow out of the 

cascading loop into recycling processes that ensure the recapture and retention of associated material value 

within the system.  Implicit in the cascading system is that a product can reach EOU several times 

successively before reaching EOL. This is discussed in greater detail in Section 1.6.1. 

A complementary perspective is that all products will eventually reach a point at which they no longer 

qualify for arranging direct reuse, repair, refurbishment or remanufacturing – either because of the 

                                                      
2 For the purpose of this study, we have defined value-retention processes as those activities, typically production-
type activities that enable the completion of, and/or potentially extend a product's service life beyond traditional 
expected service life. We thus distinguish between value-retention processes and recycling, while in reality recycling 
is part of a circular economy. See also the glossary of key terms.   
3 According to the European Commission’s Waste Framework Directive (Directive 2008/98/EC, Article 4), the waste 
hierarchy is applied as a priority order in waste prevention and management legislation and policy: (a) Prevention; (b) 
Preparing for re-use; (c) Recycling; (d) Other recovery, e.g. energy recovery; and (e) Disposal. The United States’ 
Environmental Protection Agency employs the Waste Management Hierarchy as a ranking approach for sustainable 
materials management strategies in decreasing order from most environmentally preferred: Source reduction and 
reuse; Recycling/composting; Energy recovery; and Treatment and disposal. 



 

20 

associated cost, or because their implicit quality and utility potential has been degraded. At that point, there 

is still an essential need for efficient and effective recycling systems to recover the value of the materials 

contained within the product, and to recirculate those materials back into circular materials economy. 

 

 

Figure 3: Recycling within a cascading material value-retention system 

Recycling, alongside all the VRPs assessed within this report, is focused on the maximization of value 

retention under complex and varied product and infrastructure conditions. While recycling was not a focus 

of this study, this analysis has assumed the imperative presence of recycling systems as an important 

complementary function within the circular economy for recovering material value when a product has 

degraded below the requirements of VRPs. 

One of the main challenges facing VRPs around the world, as corroborated via international market access 

negotiations (World Trade Organization 2009) and the US International Trade Commission (USITC) 
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(2012), is the wide range of definitions and interpretations of reuse and life extension processes. Much of 

the regulation of these governing definitions and interpretations originated out of concern for the protection 

of human health and the environment. 

Gharfalkar, Ali, and Hillier (2016) show in their systematic analysis of peer reviewed literature the 

inconsistencies and lack of clarity that exist between the definitions or descriptions of repair, 

reconditioning, refurbishment and remanufacture. There are often multiple issues at stake, including 

common terminology differentiations made within and across sectors, as well as regulations focused on 

protecting consumer interests in certain countries. For example, while the VRP activity called 

‘reconditioning’ by those in the electronics industry (as preferred by the Professional Electrical Apparatus 

Recyclers League), ‘rebuilding’ by the Federal Trade Commission, and ‘remanufacturing’ under a 

definition as accepted by the WTO, the intent for each of these terms is the same: “…the process of 

returning the electrical product to safe, reliable condition…” (Hardin and Stone 2012). Alternately, the 

medical sector typically uses the term ‘refurbishment’ for the same VRP that the aerospace sector would 

use the term ‘overhaul’ to describe; In fact, both definitions are clearly describing what would be considered 

‘remanufacturing’ in other sectors. 

The concept of waste, as defined in the Waste Framework Directive (Directive 2008/98/EC), offers an 

important starting point for this discussion. As “…any substance or object which the holder discards or 

intends or is required to discard”, the term ‘waste’ may apply to both recovery and disposal activities, it 

may have neutral, positive or negative commercial value, and the act of discard can be intentional, 

unintentional, or can occur with or without knowledge of the holder (European Commission 2012). From 

this perspective, products undergoing one of several of the VRPs assessed in this study may, under certain 

conditions and in EU member states, meet the definition of ‘waste’ and fall under the regulatory purview 

of the Waste Framework Directive.  

Also relevant to the definitions, practice, and oversight of VRPs is the concept of ‘End-of-Waste’ (EOW), 

which refers to the conditions under which certain specified waste shall cease to be waste under the Waste 

Framework Directive. These inclusive conditions require that the substance or object has undergone a 

recovery; that the substance or object is commonly used for specific purposes; that a market or demand 

exists for such a substance or object; that the substance or object fulfills the technical requirements for the 

specific purposes and meets the existing legislation and standard applicable to products; and that the use of 

the substance or object will not lead to overall adverse environmental or human health impacts (European 

Commission 2012). From this perspective, products undergoing one of several of the VRPs assessed in this 

study may, in EU member states, have EOW status under the Waste Framework Directive. Incompatibility 
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1. Vehicle Parts: The vehicle engine, alternator and starter are treated as products themselves. Full 

disassembly and cleaning activities are performed on each component, which then typically go into 

a general inventory to be used in the reassembly of a different remanufactured vehicle parts product.  

2. Industrial Digital Printers: The production printer and printing presses are treated as products 

themselves but consist of many internal modules, parts, and components as well.  Remanufacturing 

includes disassembly to the primary modular-level (e.g. frame, electronics, cartridges), and full 

cleaning. Disassembled parts and components may go into a general inventory; however, all parts 

and components have identifiable serial numbers that are tracked and recorded as they are utilized 

in the remanufacturing of a different industrial digital printer product. 

3. HDOR Equipment Parts: The HDOR engine, alternator and turbocharger are treated as products 

themselves; Full disassembly and cleaning activities are performed, however, given that many 

HDOR parts have high value and durability, they are often designed for remanufacturing. Thus, it 

is typical that the HDOR parts core remains together during the remanufacturing process, with only 

a few newly manufactured parts being integrated during reassembly. 
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1.6 Value Creation through Circular Production Models 

Product markets around the world have begun to shift in recent years, moving away from a focus on sales 

volume, and focusing increasingly on value creation and value retention, often through the extension of 

useful product life (Saelens 2016, Weiland 2014). There are several market forces behind this transition 

including, but not limited to, the increasing importance of revenue-driving customer relationships and 

retention, increasingly volatile input material prices, design capability and innovations in modularization, 

and increasingly efficient collection infrastructure opportunities (Saelens 2016, Weiland 2014) From the 

industry perspective, value creation in this context includes three aspects (Saelens 2016):  

1. Using VRPs to enable greater value realization through repairs, refurbishment or remanufacturing 

(including upgrades); 

2. Reforming product design approaches e towards extended value creation; and 

3. Shifting customer engagement away from passive transactions to proactive relationships. 

While this study focuses on the actual relative impacts of different VRPs (per item #1), this lens also 

highlights the important role of industry in ensuring broad consideration of product design (e.g. design for 

disassembly) as an enabler of VRPs (item #2), as well as the important role of the educated and empowered 

customer relationship (item #3). For efficiency, definitions for VRPs and other relevant 

processes/mechanisms are recalled in the following sections. 

1.6.1 End-of-Use and End-of-Life in the Context of Value-Retention Processes 

In the context of VRPs, end-of-use (EOU) must be differentiated from end-of-life (EOL), as these critical 

terms clarify where opportunity for VRPs exist. In the design of new products, specifications for ‘expected 

life’ of the product are established. The expected life determines the designed durability and duration of the 

product: how many cycles, runs, miles, hours, etc. it should perform before maintenance interventions are 

required to ensure performance (e.g. repair, refurbishment), and how many of these can be performed before 

the product will degrade beyond use or reach EOL.  Product EOL signifies that there are no other options 

for the product, but to be recycled or disposed of into the environment. However, if any other option exists 

to keep the product, and/or its components, within the market – via VRPs – then the product has only 

reached EOU. As a reminder, EOU may occur without any product issue at all: The owner may simply no 

longer want or need the fully-functioning product, even though it has not yet fulfilled its entire expected 

service life, creating an opportunity for arranging direct reuse or another VRP. The opportunity for VRPs 

lies in determining and understanding how a seeming product EOL may actually only be product EOU.  In 
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other words, once a product or components has reached EOU, it may be directed into EOL options of 

recycling or disposal – it may also, where infrastructure exists along with consumer and industry will, be 

directed into a secondary market for repair, arranging direct reuse, refurbishment or comprehensive 

refurbishment, or remanufacturing instead. 

For the purposes of this study, VRPs were organized into two categories (See Figure 11): Equivalent full 

service life processes refer to processes that enable the fulfillment of a complete new life for every usage 

cycle of the product, and includes manufacturing (OEM new), comprehensive refurbishment, and 

remanufacturing. These processes take place within factory settings and industrial operations. In contrast, 

partial service life processes refer to processes that enable the completion of, and/or slight extension of, the 

expected product life, through arranging direct reuse of the product, repair, and refurbishment. These 

processes take place within maintenance or intermediate maintenance operations. These categories and 

VRPs are more clearly described in the following sections and are illustrated in Figure 11. 

Please note that the length of the lines in Figure 11 are only intended to reflect relative service life duration 

enabled by different VRPs, and do not suggest quantified actual service life duration. The dotted lines 

reflect potential service life extension enabled by each VRP, as compared to the service life guarantees 

indicated by the solid lines. 
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Figure 11: Summary of value-retention processes differentiation within the context of EOU and EOL 

1.6.2 Equivalent Full Service Life Processes 

 

Manufacturing (OEM New): Manufacturing is the value-added to production of merchandise for use or 

sale, from using labor and machines, tools, chemical and biological processing, or formulation. 

Manufacturing processes are the steps through which raw materials are transformed into a final product. 

The manufacturing process begins with the product design, and materials specification from which the 

product is made. These materials are then modified through manufacturing processes to become the 

required part. Newly manufactured products are designed to have an expected useful lifetime, at the end of 

which they will reach and expected ‘end-of-life’ (EOL). 

 

 

Remanufacturing: Remanufacturing is a standardized industrial process, occurring within industrial 

factory settings, by which cores are returned to same-as-new, or better, condition and performance; and 

therefore, enabled to complete multiple new usage cycles in the market. Depending on the specific product, 

remanufacturing can be performed multiple times before final EOL is reached, with value and utility being 

restored each time, enabling the additional full service life. 

 

 

Comprehensive Refurbishment: Comprehensive refurbishment takes place within industrial or factory 

settings, by which cores are returned fully-functioning, restored performance condition. As such, while 

comprehensive refurbishment restores original performance, value retention and utility are less than would 

be achieved through remanufacturing, and an almost, but not full new service life of the product is enabled.  
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1.6.3 Partial Service Life Processes 

 

Arranging direct reuse: Arranging direct reuse within this study refers to the collection, inspection and 

testing, superficial cleaning, and redistribution of a product back into the market under controlled 

conditions. The significance of this VRP is that only those products that are in sufficient working condition, 

not as far into their service life, not requiring any component replacement or repair, and to which quick and 

easy aesthetic touch-ups can be performed, qualify as arranging direct reuse products.  These products are 

not tested for, or returned to original specifications, and are typically offered to the market at a significant 

price discount, with no, or at least a much-modified product warranty. 

 

 

Repair: Repair activities are performed at the product-level, where a functioning product must have some 

worn or damaged parts removed to be restored or replaced, for it to continue functioning for the duration 

of its expected life. Rather than the entire product being discarded into a waste or recycling stream due to 

a worn or damaged part, repair activities bring the entire product back to its original functioning capacity 

for the continuation of the product’s expected life. 
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1.7 Value-Retention Processes at the Systems-Level 

1.7.1 Market and System Conditions Affecting Current State of Value-Retention Processes 

One of the most significant challenges to increasing the scale of VRPs in economies around the world is 

the complex nature of the system, which—beyond the traditional supply-chain perspective of production—

must consider massive and complex aspects. These include collection infrastructure and incentives, 

regulatory classifications and terminology that can interfere with access and trade, markets and social norms 

that associate ‘new’ with status and quality, and well-entrenched technological and production systems 

oriented towards linear flows and producer responsibility. A description of the economy-level systems-

model that provides the basis for economy-level modeling (See Section 2.4) is presented in Figure 14. 

 

Figure 14: Description of the complex economic system required to support value-retention processes 

The objective of increasing the scale and prevalence of VRPs and products within an economy requires a 

holistic approach that considers the magnitude and cause of barriers throughout the entire system, as well 

as how those barriers may interact to compound or negate one another. To simplify the nature of key known 

barriers to VRPs, Figure 14 enables the organization of the occurrence of the barriers:  
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• Micro-level behavior of firms and customers can be affected by macro-level factors 
such as taxes and regulations11 

Technological 
Barriers 

• Lack of third-party access to original product specifications to support VRP 
production and testing11 

• Lack of third-party access to core location, impeding collection efficiency and 
effectiveness11 

• OE design that inhibits VRP options for the product11 
• R&D and core quality testing technical capabilities11 
• Capital requirement to extend/add VRP production capacity to existing 

manufacturing operations12 
• Cost and overhead burden of core collection infrastructure and logistics11 
• Long-standing organizational systems oriented towards linear production 

activities11 
• Non-traditional labor force skill requirements13 
• Lack of industry standardization and defined standards, which creates an unleveled 

playing field even between VRP producers11(Refer to Section 5.4.5 for extended 
discussion of voluntary standards opportunities) 

Market 
Barriers 

• Increasing presence of new but low-quality imported product options competing 
against domestically-produced VRP products11 

• Lack of customer awareness and understanding of VRP product options11 
• Lack of ‘demand’ or ‘pull’ for VRP products into the marketplace11 
• Complex market signals and indicators, and inconsistent market strategies of VRP 

producers which can lead to customer confusion and misunderstanding14 
• OEM concern for potential cannibalization of new product sales by VRP products14 
• Customer perception of value related to the concept of ‘reuse’ and VRP products11 
• Presence of prohibitive policy that restricts market access to VRP products11 
• Pre-existing market preference for new products (e.g. as status symbol) 11 
• Complex customer preferences for product attributes related to sustainability: 

sometimes attractive, sometimes deterrent12 
Collection 
Barriers 

• Presence and quality of diversion and collection infrastructure, which may prevent 
VRP producers from accessing cores/reuse inputs11 

• Centralized vs. decentralized collection systems (e.g. third-party) which increase 
complexity and magnitude of reverse logistics system costs11 

• Regulated diversion programs enable shared collection cost burden (e.g. Germany), 
versus firm-initiated collection systems for which the entire cost burden falls upon 
the firm11 

• Customer diversion behavior and convenience of diversion vs. disposal options11 

 

                                                      
11 (Organisation for Economic Co-operation and Development 2009) 
12 (European Commission 2004) 
13 (Ashford 1993) 
14 (Atasu, Guide Jr, and Van Wassenhove 2010, Guide and Li 2010) 
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1.7.1.2 Regulatory and system complexity 

Significant and unique policy-related barriers to VRPs exist in certain markets. These policy-related barriers 

often either directly or indirectly create disadvantage, for a variety of reasons that range from consumer 

protection interests (e.g. import restrictions) to environmental protection interests (e.g. product recycling 

targets). As discussed, often these barriers originate in the understanding of, and regulated definition of 

VRPs and VRP inputs, such as cores. Where policy language fails to recognize the embodied value of a 

core, and/or requires cores to be treated as waste materials, the collection and movement of cores to support 

VRP production becomes prohibitively constrained. 

Significant factors affecting the competitiveness of VRP producers include: the availability of low-cost new 

products; customer preferences for new products; shrinking relative demand for VRP products; lack of 

knowledge of foreign markets; transportation costs; availability of cores; and lack of distribution or 

marketing channels (European Remanufacturing Network 2015, U.S. International Trade Commission 

2012). 

1.7.1.3 Market complexity 

In traditional market competition, producers can use distinct and complex strategies to signal quality and 

value to their target customer, using mechanisms of brand, price, advertising, appearance, functionality, 

and other product characteristics. (Atasu, Guide Jr, and Van Wassenhove 2010) In the context of VRP 

products, these traditional signals can become convoluted, as described in a few examples below. The 

diverse, complex, and unique nature of consumer-related barriers to VRP adoption is explored in more 

detail in Section 4 with the proposal of an extended diffusion model for VRP products that considers these, 

and other, factors affecting market adoption. 

1.7.1.3.1 Brand 

Given the requirement for a ‘core’, VRP producers must walk a fine line of using original OEM-branded 

cores in a branded VRP product, and appropriately differentiating them from the ‘new’ version of that same 

product. There is often significant concern from OEMs that remanufacturing, and refurbishment can not 

only cannibalize sales of the new product but can also erode the reputation and confidence that the market 

may have in the brand. Where a strong brand may signal positively to the market about the new product, 

using the same brand for VRP products may have a different outcome. (Guide and Li 2010) For example, 

where the new and VRP product are indistinguishable from one another, the VRP product can become a 

perfect substitute for the new product; whether this creates an advantage or disadvantage to the producer 

depends on whether they are the OEM or the VRP producer (Atasu, Guide Jr, and Van Wassenhove 2010). 

As VRPs can be performed by an OEM, contracted out to a third party, or independently undertaken, the 
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role of branding can have both positive and negative implications.  While the role of brand may be different 

in the context of B2C vs. B2B products, the service reputation and reliability associated with brand is 

particularly important for B2B transactions, particularly those occurring at higher price points (Refer to 

Section  5.2.1) (Brown, Sichtmann, and Musante 2011, Tukker 2015b). 

1.7.1.3.2 Price 

Price has often been used to signal ‘quality’, with higher prices suggesting higher quality, higher-priced 

inputs, and lower prices suggesting lower quality, lower-priced inputs. In this case, VRP producers may be 

motivated to price the VRP product at a discount – because they have higher margins, and because they 

may attract customers with a lower willingness-to-pay for the product. However, the practice of price 

discounting also sends a signal that the market may interpret as indicating a lower-quality product. In the 

case of remanufacturing, where the finished remanufactured product meets or exceeds the same 

performance and quality specifications as the new product, this price signal can actually undermine the 

technological and process investment behind remanufacturing and can misrepresent the product in the 

market place. In the absence of other information, customers must interpret whether the lower-priced VRP 

product is discounted to attract their business or discounted as a result of lower product quality. 

A visual organization of these barriers, including barrier interrelationships, is presented in Figure 15. 

 

Figure 15: Classification of barriers to value-retention processes 

Modified from (Nasr et al. 2017) 
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1.7.2 Key Stakeholders 

Despite its logical appeal, there are significant challenges that inhibit the growth of VRPs alongside 

traditional production activities. These challenges and barriers are presented across a range of key 

stakeholders from essential system perspectives: Market, Production, and Diversion and 

Collection/Recovery.  

1.7.2.1 Producers 

1.7.2.1.1 OEM Refurbishers & Remanufacturers 

While the margin advantage attracts some OEM’s to engage in the side-business activity of VRPs, for 

certain products or product lines, predominant challenges from the perspective of OEM’s include the 

perceived threat of cannibalization and market share loss, and the technical challenge of changing 

established systems and processes. Some firms that have embraced VRPs, such as Caterpillar Inc., argue 

that the lower price remanufactured option actually creates new markets for customers who are able to 

subsequently participate in the market, given the lower price point opportunity. This may be particularly 

true in economies in which VRP products are not accessible, and where the higher price of OEM New 

products may prevent customers from purchasing a product they may need.  

Firms that have effectively differentiated their markets for ‘new’ product and ‘VRP’ product have 

demonstrated the potential to grow overall market share through VRP product lines. (U.S. International 

Trade Commission 2012) OEM’s hold the greatest power within the full service life VRP system; they are 

the owners of the intellectual property, product design specifications, and locational information for core 

collection. Competitive OEMs wishing to limit third-party activity in the market have been known to 

withhold these important types of information, ultimately preventing more comprehensive VRPs from 

happening. The desire by OEM’s to prevent competition from VRP products and third-party VRP producers 

is one of several key factors impacting the growth of VRPs within industry. (Nasr et al. 2016, UNEP IRP 

Beijing Workshop and Nasr 2016, UNEP IRP Berlin Workshop and Nasr 2016) The lack of OEM 

engagement in VRP activities is also a constraint on growth of VRPs in pursuit of improved resource 

efficiency. 

1.7.2.1.2 Third-Party Value-Retention Process Entities 

Third-party repair, refurbishers, and remanufacturers are independent firms that collect available product 

components for the purposes of VRPs in some form, either in collaboration with, or, without the knowledge 

of the OEM. For many products, full service life VRPs cannot be adequately completed without the 

necessary product design specifications; in many cases the third-party VRP producer also faces challenges 
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trying to locate and recover product cores as part of a separate reverse logistics. In cases of OEM reluctance 

to engage in VRPs, some view third-party VRP producers as the primary driver of potential growth of VRPs 

in the industry; however, without access to product specifications from OEM’s and some OEM designs that 

purposefully prevent VRPs or upgradability (e.g. printer cartridges), the production potential of third-party 

VRP producers remains quite constrained. Overcoming the lack of OEM collaboration and engagement is 

key to expansion of VRP products contributing to much greater resource efficiency and circularity. 

1.7.2.2 Market-Level Stakeholders 

1.7.2.2.1 Domestic Customers 

Market demand is always a defining factor for the growth of any industry. The decision by OEM’s and 

third-party producers to engage in VRPs is often dictated by market dynamics: Is there a market for VRP 

versions of a product, and at what price point is the VRP product viable? OEM’s and third-party producers 

typically offer discounted price points for the VRP product, simply to account for the discounted market 

perception: that ‘used’ is equivalent to a higher-risk and lower-quality product. At the right discount, 

however, customers will accept different VRP products. The cost advantage that may exist across VRP 

products is described further as part of the product-level advantages of VRPs in Section 3.2.1. Customers 

may be more open to VRP products under a service business model, in which the customer only leases the 

product, and receives a full-service-for-fee offering from the leasing company. A significant barrier to VRP 

industry growth, is that customers do not seem to be aware and/or sufficiently educated about VRP products 

and their value. Overcoming the perception that ‘VRPs possess higher risk and lesser quality than ‘new’ 

versions of the product through education and awareness and promoting the cost and resource use 

advantages of VRPs must be strategic priorities in the pursuit of resource efficiency within production 

systems. Transitioning the marketplace away from product-oriented offerings, and towards service-oriented 

offerings could significantly impact the acceptability and proliferation of VRPs goods in the marketplace. 

All of these factors are discussed in greater detail in Sections 5.2 and 5.3. 

1.7.2.2.2 International Trade Partners 

Export opportunities for VRP goods are significant for many economies. For the United States, with 

remanufacturing industries accounting for approximately $11.7B USD in 2011,  and especially for foreign 

markets that require lower price points, and/or that have accessibility challenges within their domestic 

markets. (U.S. International Trade Commission 2012) Export opportunities create growth potential for VRP 

producers, however these opportunities are often constrained by regulatory barriers in foreign markets. The 

primary barrier facing international trade and exchange of VRP products and components relates to the lack 

of accepted definitions of what these processes entail, and how VRP are (or are not) differentiated from 
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wastes. Many developing/newly industrialized economies, concerned about the risk of becoming a dumping 

ground for the waste by-products of first-world nations, restrict the movement of non-new products and 

cores (e.g. India, Brazil), and often completely prohibit the import of VRP products or cores for 

remanufacturing (e.g. China). (U.S. International Trade Commission 2012) While the mitigation of 

dumping practices must be a priority, and these measures are helpful in some situations, they may also 

inadvertently impede legitimate trade opportunities for VRP products, and therefore impede the pursuit of 

resource efficiency, globally. 

1.7.2.3 Collection & Recovery Networks 

The size of the VRP industry, and the ability to improve resource efficiency is entirely dependent upon the 

VRP producer’s ability recover product cores from the market in the first place. The logistics of collection 

are well studied, and an unavoidable fact of reverse-logistics and collection is that there is an increased cost 

to the system that must be borne by someone. In the absence of diversion regulations, there is often little 

incentive for OEMs or municipal governments to assume the cost burden of collection. For some VRP 

producers, typically larger OEM’s engaging in remanufacturing, that can justify the business case for 

recovering cores (e.g. where there is a secondary market incentive payment for the core that would be paid 

to the collector), the collection system can be effective, as demonstrated by the high collection rates for 

HDOR equipment parts for remanufacturing, globally (~93%). However, collectors must educate and 

incentivize the user to ensure that the product gets back into the collection system instead of going to 

landfill. In the case of remanufacturing, producers often attempt to accomplish this by offering an incentive 

payment for the return of the product or charging a deposit fee on the product at the time of purchase. With 

the appropriate education and incentives in place, users and agents throughout the system are better 

positioned to increase collection rates and improve the efficiency of reverse-logistics systems to get cores 

back into the VRP system. 
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2. Context and Methodology for the Study 

2.1 Conceptual Framework  

To help facilitate and support more circular economies, it is important to understand the impacts that 

different types of innovation can have upon products, businesses, sectors, and economic systems. Given the 

broad range of innovations that can influence, and are essential to circular economies, a hybrid approach 

utilizing bottom-up (product and process-level) and top-down (economy-level) perspectives enables 

appropriate reflection different VRP impacts across product systems.  

The analysis presented in this report utilizes a hybrid of bottom-up and top-down evaluations to capture 

some of the more significant economic and environmental impacts of both innovation, and barriers to broad 

applications in the circular economy. This approach does not undertake a life-cycle analysis (LCA) method, 

however it does incorporate an attributional approach that identifies and accounts for specific states and 

impacts  of the relevant processes at the product-level (Please refer to Section 3) and at the aggregated 

economy-level (Please refer to Section 1.7). Per Figure 16, an overview of these approaches is provided 

below, and expanded on in more detail in Sections 2.3 and 2.4, respectively.  

 

Figure 16: Overview of conceptual assessment framework 

 

• Product: At the product-level, a bottom-up approach is used to assess production requirements and life 

cycle implications for a single individual product, across each VRP. For example, this includes new material 
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requirement (kg/unit), embodied materials energy requirement (MJ/unit), and embodied materials 

emissions impact (kgCO2-eq./unit)) for every unit produced. Comprehensive empirical data collection for 

a sample of ten products, representing three different sectors is used to highlight the product-level economic 

and environmental impacts of VRPs within the circular economy (See Table 1).  Appendix A describes 

these case study products and sectors in greater detail. (Refer also to Section 2.3) 

• Production: Production-level impacts (or factors) layer on the process-specific impacts of 

production for OEM New and each VRP on a per-unit basis. These impacts include process energy 

requirement (MJ/unit), associated process emissions (kgCO2-eq./unit), the labor requirement (full-

time worker/unit), and the cost advantage (% $ USD/unit). Production impacts are reflected in a 

per-unit basis to support and enable subsequent aggregation at the macro-sector and economy 

scales. Given the differing nature of production across global economies, production impacts are 

reflected in economy-specific impact factors for each of the example production regions: Brazil, 

China, Germany, and the United States of America (USA).  (Please refer to Section 2.4.3) 

• Economy: Product- and production-level impacts per unit are aggregated to the macro-sector and 

economy scales differently, depending on production mix, production facility performance, as well 

as the country of origin. Product-level impact data are incorporated into a top-down aggregation 

approach, based on estimated production volumes for each case-study product and sector in an 

economy. 

To assess the magnitude of impact that current common barriers to VRPs may have upon economic and 

environmental impact measurements, the top-down approach normalizes production levels across four 

sample economies (USA, Germany, Brazil and China) under a Status Quo (current state) scenario. Barriers 

to VRPs are well documented; this analysis extends, through sensitivity analysis, understanding of which 

barriers to VRPs most significantly constrains the transition to circular economy. Where the impacts of 

barriers cause inefficiency and/or negative impacts for different stakeholders and/or to the environment, 

policy approaches may then be used to appropriately and effectively target specific barriers for 

alleviation/mediation of both the barrier, and the resulting impact.  

Two additional barriers-based scenarios are utilized to examine the impact of different barrier alleviation 

initiatives upon each of the four sample economies: these include a Standard Open Market for VRP Products 

scenario, and a Theoretical High for VRP Products scenario. The methodology for this approach is further 

clarified in Section 2.4, and details regarding barrier alleviation scenarios are further described in Figure 

17 and further analyzed in Section 3.4. 
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Figure 17: Overview of barrier alleviation scenarios 

A systems-view of the economy, including production of OEM New and VRP products is essential: 

Understanding the interconnectedness and complexity of relationships between a range of system variables 

and conditions (factors) ensures a better appreciation of current-state impacts, and implications of future 

decision-making and policy direction. At a minimum, this study accounts for some of the primary system 

factors that must be considered in the context of VRP production, as described in Figure 18. 
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Figure 18: Key factors affecting value-retention processes and production systems 

Extensive effort was undertaken to ensure a rigorous empirical approach. The following sections describe 

the model development and methodology for both the bottom-up (product- and production-level) analysis 

(Section 2.3), and the top-down (aggregated economy) analysis (Section 2.4). Included are data collection 

methods, key product/component characteristics used in the model, assumptions used between the various 

VRPs included, and description of the modeling program.  

The following sections provide additional details regarding, but not limited to: non-proprietary data sources 

and approach to data collection; modeling assumptions and rationale; and additional methodological 

insights.  
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2.2 Summary of Notation 

Table 4: Summary of model notation 

Notation Description 

Su
b-

 a
nd

 su
pe

rs
cr

ip
t n

ot
at

io
n t Number of Economy-Level model simulation period (t=7) 

k Sample economy, Brazil, China, Germany, and USA 
j Case study product (3 industrial digital printers; 3 vehicle parts; 3 HDOR equipment parts) 
i Production process: OEM New, arranging direct reuse, repair, refurbishment and remanufacturing 
c Component of the case study product 
m Material type 
s Service life cycle of product (j) via process (i), in a given simulation of the Product-Level model 
h End-of-Life (EOL) routing option for failed components/materials in Product-Level model 
n Number of product simulations used for Product-Level model (n=1000) 

Ex
og

en
ou

s p
ar

am
et

er
s a

nd
 n

ot
at

io
n 

α Total weight by material type (m) for component (c) in product (j) in Product-Level model 
Υ Upstream material intensity, or upstream waste generation gross-up multiplier in Product-Level model 
δ Burden factor for EOL routing option by material (m) for component (c) in Product-Level model 
η Number of expected service life cycles for component (c) in product (j) in service life cycle (s) 
g Compound Annual Growth Rate (CAGR) for product (j) in economy (k) in Economy-Level model (%) 
λ Production mix (or share) for product (j) via process (i) in economy (k) in Economy-Level model (%) 
τ Embodied energy per unit (product (j) via process (i) in economy (k)), global average in MJ/unit 

ω Embodied emissions per unit (product (j) via process (i) in economy (k)), global average in kg. COs-
eq./unit 

φ Process energy/unit (product (j) via process (i) in economy (k)), in MJ/unit 

φ(𝑎) Process energy/unit (product (j) via process (i)) produced in developing/newly industrialized economies, 
in MJ/unit 

φ(b) Process energy/unit (product (j) via process (i)) produced in developed/industrialized economies, in 
MJ/unit 

PEF Process Energy Factor enabling across-economy assessment (Please see Section 2.4.5.5) 
ϐ Process emissions/unit (product (j) via process (i) in economy (k)), in kg. COs-eq./unit 

ϐ(𝑎) Process emissions/unit (product (j) via process (i)) from developing/newly industrialized economies, in 
kgCOs-eq./unit 

ϐ(b) Process emissions/unit (product (j) via process (i)) from developed/industrialized economies, in kgCOs-
eq./unit 

PMF Process Emissions Factor enabling across-economy assessment (Please see Section 2.4.5.5) 
πN Non-recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit 
πR Recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit 

π(𝑎) 
Total production waste/unit (product (j) via process (i)) from developing/newly industrialized 
economies, in kg/unit 

π(𝑏) Total production waste/unit (product (j) via process (i)) from developed/ industrialized economies, in 
kg/unit 

PWF Production Waste Factor enabling across-economy assessment (Please see Section 2.4.5.5) 
ν Process labor req./unit (product (j) via process (i) in economy (k)), in full-time laborer/unit 

ν(𝑎) Process labor req./unit (product (j) via process (i)) from developing/newly industrialized economies, in 
full-time laborer/unit 

ν(𝑏) Process labor req./unit (product (j) via process (i)) from developed/ industrialized economies, in full-
time laborer/unit 

PLF Process Labor Factor enabling across-economy assessment (Please see Section 2.4.5.5) 
ψ Cost advantage (product (j) via process (i), in % $USD relative to OEM New 
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RF Regulatory & Access Factor for product (j) via process (i) in economy (k) used in VRP Barrier Scenarios 
in Economy-Level model 

TF Technological Factor for process (i) in economy (k) used in VRP Barrier Scenarios in Economy-Level 
model 

 

MF Market Factor for product (j) via process (i) in economy (k) used in VRP Barrier Scenarios in Economy-
Level model 

IP Import share of demand for product (j) via process (i) in economy (k) in Economy-Level model 

IP(𝑎) Import share of demand from developing/newly industrialized economies for product (j) via process (i) 
in economy (k) in Economy-Level model (%) 

IP(b) Import share of demand from developed/ industrialized economies for product (j) via process (i) in 
economy (k) in Economy-Level model (%) 

En
do

ge
no

us
 V

ar
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bl
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et
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in
ed

 w
ith
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e 
M
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M New material requirement, by material type (m) for product (j) via process (i), in Product-Level model 
(kg/unit) 

Γ Embodied energy requirement for product (j) via process (i), in Product-Level model (MJ/unit) 
ρ Embodied emissions for product (j) via process (i), in Product-Level model (kgCO2-eq./unit) 
D Estimated demand for product (j) via process (i) in economy (k), in Economy-Level model (# of units) 
F Fall-out rate of product (j) via process (i), based on expected service life, in Economy-Level model (%) 

C Estimated units available for collection at end of service life/failure each period (t) in Economy-Level 
model (# units) 

IB Estimated total installed base of product (j) via process (i) in economy (k) in period (t) in Economy-
Level model (# units) 

X Domestic production quantity of product (j) via process (i) in economy (k) 
I Import quantity of product (j) via process (i) by economy (k) 

I(𝑎) Import quantity from developing/newly industrialized origins of product (j) via process (i) by economy 
(k) 

I(b) Import quantity from developed/ industrialized origins of product (j) via process (i) by economy (k) 

 

2.3 Bottom-Up Modeling: Empirical Data Collection and Product-Level Analysis 

To ensure that the results obtained from this analysis could be properly applied to industry-wide 

conclusions, preliminary product selection considerations were discussed thoroughly with industry experts, 

reviewed in literature, and considered in the context of current market conditions. The resulting case study 

sector and products were selected largely because these sectors are known to engage in VRPs, interested 

collaborating industry members were willing to provide access for on-site data collection and interviews, 

and these products represented sufficient scale within potential sample economies to enable meaningful 

modeling approaches.  

2.3.1 Collection of Data on Case Study Products and Processes 

Where much of the current literature on circular economy and material efficiency relies on assumptions and 

secondary data, of primary interest to this assessment was the collection of first-hand data about case study 

products and production processes. I, and other researchers were engaged in the complete disassembly and 
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classification of constituent components and materials, as well as numerous on-site visits with industry 

collaborators to conduct careful observation of each production process and common practices for each 

case study product, wherever possible (UNEP (in press)). Where on-site assessments were not possible due 

to proprietary concerns, industry collaborators provided detailed Bill of Materials (BOM) data sets for 

product-level materials analysis, as well as comprehensive utilities reports to support and enable process 

energy and labor requirements, for OEM New and each VRP production (UNEP (in press)). Each on-site 

assessment involved me and other researchers making multiple visits, and engaging in direct interaction 

with all levels of the organization, from front-line operators, through to business unit managers and vice-

presidents; It also involved support from across the organization, including operations teams, finance, and 

facility management (UNEP (in press)). Given the substantial scope of this assessment, in some cases 

process-based data could not be collected directly due to the dynamic nature of the process (e.g. repair of 

traditional vehicle engines). In these cases, I collected and utilized secondary data from recent LCA and 

engineering literature, and additional validation was provided through review by supporting industry 

experts.  

The data collection methodology developed by Kreiss, Nasr, Thurston, and Haselkorn first required an 

assessment of the product and product-platform key characteristics of average length of first service life 

(e.g. up to EOU), and actual useful life of the product-platform (e.g. up to EOL) (UNEP (in press)). In 

addition,  Kreiss, Hilton and I engaged in the collection of primary product and component characteristics 

(e.g., weight, material types, causes of fall-out/failure), types of VRPs available for that product, production 

waste generation, and the potential reusability (or salvage rate, e.g. 96%) of each product component, under 

each different VRP (UNEP (in press)). This also included material requirement gross-up estimates to 

account for production byproduct waste and recycling, substantiated by data from relevant LCA literature. 

2.3.2 Data Collection Methodology 

At the material- and product-level analyses, each product was evaluated separately across the relevant 

metrics. The data collection methodology developed by Kreiss, Nasr, Hilton and Haselkorn required 

working closely on-site with front-line workers and management team members of industry collaborators 

to study both manufacturing processes, as well as standard procedures and practices throughout each VRP 

(UNEP (in press)). Specific product-level data that me and other researchers collected included: 

Component-level Bill of Materials (BOM); component-level product overview and product platform 

assessment; component-level characteristics (e.g., material weight, material type, associated production 

waste generation); The types of VRPs used for each product; component-level reusability assessment (e.g. 
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% of component retained via each VRP); and product-level service life potential (e.g. # of years the product 

is able to be cycled via different VRPs) (UNEP (in press)).  

2.3.2.1 Component Characteristics Collected 

Each product is assessed at the component level, where component characteristics were collected to perform 

the analysis. Some components can be reused for more service lives than other components, as a result of 

their design, the materials they are constructed of, and the nature of the VRP utilized. By focusing on a 

component-level approach, the total material recirculation, on-average, for these components as part of the 

larger product, could be captured. This approach enabled the necessary comparison at a generalizable, but 

detailed and meaningful level. For each case study product, data collection originated with the primary 

components of BOM, and included the minimum following details: component weight, material type, 

reusability mechanism average number of service lives via each VRP, and maximum number of service 

lives via each VRP. 

2.3.2.2 Product Characteristics Collected 

While most of the product-level analysis is performed using component-level data, some product data 

considerations were required to allow for the comparison of each VRP relative to the OEM New version of 

the product. The two product characteristics collected are the average service life and the estimated platform 

life of the product. These two factors are used by Kreiss mainly to determine limits of components 

reusability (UNEP (in press)). Because some VRPs do not extend the product life for an additional complete 

service life, these characteristics allowed for a more accurate comparison of the results across each 

respective VRP. 

2.3.3 Product-Level Model Development and Approach 

As described previously, a selection of products from key sectors that already engage in VRPs to some 

degree were selected for the product-level study. These case study products are described in Table 5. 

Table 5: Summary of case study products and processes assessed 

Sector Case Study Products Commonly-Used VRP Processes 
Industrial Digital Printers • Production printer 

• Printing press (#1) 
• Printing press (#2) 

• All; Comprehensive refurbishment 
• All; Comprehensive refurbishment 
• All; Comprehensive refurbishment 

Vehicle Parts • Traditional vehicle engine 
• Lightweight vehicle engine 

• No significant refurbishment 
• No significant refurbishment 
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• Alternator 
• Starter motor 

• No significant refurbishment 
• No significant refurbishment 

Heavy-Duty & Off-Road 
Equipment Parts (HDOR) 

• Engine 
• Alternator 
• Turbocharger 

• All; Comprehensive refurbishment 
• No significant refurbishment 
• No significant refurbishment 

A more detailed description of model methodology, data collection and validation procedures is included 

in Sections 2.3 and 2.4. 

 

Figure 19: Product-level system and flows for value-retention processes 

The boundaries of the modeled VRPs vs. the traditional linear manufacturing system developed by Kreiss, 

Nasr, and Thurston are illustrated in Figure 19, and comparison is on the basis of a single unit process cycle 

(UNEP (in press)). As discussed previously, the way in which a VRP extends the life of the product or 

components will vary: Where comprehensive refurbishment and remanufacturing can provide a complete 

new service life to the product (or almost complete new service life, in the case of comprehensive 

refurbishment), arranging direct reuse, repair and refurbishment are typically used to enable the completion 

of the original life of the product.  

To capture these relative differentiations, Figure 20 illustrates the product life of a population of each of 

the case study products (assumes normal distribution), in which the products fall-out of the system over the 

typical life span due to a range of reasons, where VRPs may be introduced, and the resulting product life 

implications of each VRP. For example, reuse and repair activities enable the EOU product to complete the 
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original expected service life (hence, shorter usage cycle overlapping with the original OEM New product’s 

expected service life curve); in the case of remanufacturing, the EOU product is typically recovered in the 

later phase of the expected service life (curve) and restored to like-new condition where it will experience, 

at minimum, an additional fully functional service life.   

 
Figure 20: Example model for reutilization of vehicle parts products at EOU through value-retention 

processes 

The parameters affecting product service life and EOU opportunity for VRPs necessarily varies by product 

type, country, and market in several ways: the complexity and designed durability of the product or 

component may affect the length of its technical life and its condition at the typical EOU; depending on the 

economy, and potentially other consumer preferences and norms in different regions, some products may 

be kept ‘in-use’ through repair and reuse activities beyond the original expected life that they were designed 

for, as a result of income and/or other constraints that affect access to OEM New and other VRP products. 

At the material level, a primary advantage of VRPs is the direct related reduction in new material 

requirement15. In other words, rather than meeting one unit of market demand by using 100% new materials 

(OEM New), that market demand may be met via a VRP product that requires as much as 90% less new 

material input, without constraining demand. This effectively reflects the ‘new material offset’ amount that 

                                                      
15 Please refer to the Glossary of Terms. New material includes a mixture of virgin (primary) and recycled (secondary) 
content. Given that the vast majority of materials available for purchase in the global economy consists of some 
mixture of virgin and recycled materials, the assumed ratio of virgin and recycled content used in modeling is based 
on the global average for each material type, in accordance with the Inventory of Carbon and Emissions 
(ICE)((Hammond and Jones 2011) 



 

 

87 

2.4 Top-Down Modeling: Macro-Data and Economy-Level Analysis 

The dynamics of a system model that represents an entire economy are complex and have been reasonably 

simplified to allow for generalization within this model. While the calculation of product-level stocks and 

flows is largely linear, there are calls in the literature highlighting the importance of accounting for some 

of the key factors that influence and affect consumer behavior upon the growth and transformation of 

product markets. (Mylan 2015, c.f.Peres, Muller, and Mahajan 2010, Subramanian and Subramanyam 2012, 

Weitzel, Wendt, and Westarp 2000, York and Paulos 1999). 

In this case, all model simulation begins with the product market: The total quantity and representative 

shares of a product, by each production process type, including OEM New, arranging direct reuse, repair, 

refurbishment or comprehensive refurbishment, and remanufacturing. Because the objective is to simulate 

the influence of different conditions (often barriers) upon the various product stocks and flows within a 

market, all markets are assumed to start with a stock/quantity, or installed base for the specific case study 

product, that reflects the actual size of the reference economy. The conditions of each economy affect how 

that installed base is shared by OEMs (New) and VRP producers, as well as how those market shares are 

expected to evolve over a period of time.  

A simplified descriptive representation of the top-down model is presented in Figure 24, below. To reflect 

growth, market evolution, and compounding complexity in a realistic and meaningful way, these scenario 

projections are simulated over a seven-year period. This simulation period does not reflect a suggested or 

optimal circular economy transformation timeline, as such a comprehensive transformation must be 

grounded in the actual conditions of each individual economy, and must reflect the priorities of each 

individual initiative, some of which may require significantly more (less) time to accomplish.   

Based on expected demand, OEM New and VRP versions of a product are supplied either by domestic 

producers, or via imports (Top-center and top-left of Figure 24). Domestic producers rely on a variety of 

inputs to production, including recycled and virgin materials, as well as domestically- or imported-reuse 

inputs (cores). In addition to the finished product, other production outputs may include materials directed 

into a recycling market, or materials that are disposed into the environment. (Bottom-center and bottom-

left of Figure 24) As described previously, repair activities can take place within the service life of a product 

and return the product to its original owner. The repair process may require virgin and/or recycled material 

inputs (via parts replaced), and results in product waste materials that may be directed into recycling 

markets or disposed into the environment. (Top-center of Figure 24) Alternately, EOU/EOL products may 

fall-out of the in-use product stock (market) becoming available for collection and diversion. (Top-right of 
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Figure 24) These products may be diverted into a secondary market for VRPs, into a recycling market, or 

disposed into the environment. (Bottom-right of Figure 24) 

 

Figure 24: Descriptive economic system model utilized for top-down analysis 

Please note that the arrows within the diagram, reflect presence and directionality of system factors and 

flows only, and do not suggest the magnitude in any way. For example, materials directed into the recycling 

market may later be used in production, however these flows are not quantified by the model. 

An overview of the comprehensive analytical model that was developed for the economy-level assessment 

is provided in Figure 25. As depicted, modeling calculations started with the installed base (stock) of the 

product in the market (top-left orange box) and the estimated market share of product by OEM New and 

VRP process (top-center blue box). From these starting points, other values within the model were derived; 

As impacts of production were assessed on a per-unit basis, the aggregated economy-level results presented 

in Section 2.4.5 are largely based on the Total Finished Domestic Production (center green box), Imports 

from Developed and Developing Economies (center green boxes), and Production Levels of Repair (center-

right green box).  

 



 

 

89 

 

Figure 25: Overview of comprehenive analytical systems-model mechanics for economy-level assessment 

 

2.4.1 Demand and Market Share Modeling 

In the absence of comprehensive micro-data for each economy, a simplified approach was used to model 

the evolution of market share for each product, by OEM New and VRP production. Projected market 

demand for each case study product based was on two key parameters. First, demand was partially estimated 

using the expected implicit growth of the market, based on the historic (2010 – 2015) five-year compound 

annual growth rate (CAGR) performance of the product category, for each respective economy. Second, 

the evolving market share of each product, by process type, was an important consideration that enabled 

the reflection of two different types of demand: new demand, which originates from customers that 

previously had not participated in the product market; and replacement demand, which originates from the 

fall-out of an EOU OEM New or VRP product from the market, for which the customer now requires a 

replacement. This approach enabled the reflection of differentiated value-retention enabled by each VRP. 

The model assumes that the total ‘installed base’ or ‘in-stock’ market for the case study product can be 

divided into relevant ‘market shares’ that reflect each of the available production processes: OEM New, 

arranging direct reuse, repair, refurbishment or comprehensive refurbishment, and remanufacturing. In 

most economies, the practices of traditional OEM New production and repair are commonly accepted and 
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understood: as such, it is assumed that the market share percentage for repair is constant. In contrast, the 

dynamic nature of the model ensures that an increase in demand for VRP products will offset the equivalent 

demand for OEM New. In other words, and especially in the case of new demand, it is assumed that any 

new demand not satisfied by a VRP product will instead be satisfied by an OEM New product, and as such 

the quantity of OEM New product demanded is determined via net-subtraction of VRP demand from total 

case study product demand. 

It is important to note that the model accounts for repair activities differently than other OEM New and 

VRP activities.  OEM New, arranged direct reuse, refurbished and comprehensively-refurbished, and 

remanufactured products require a complex supply chain with extensive infrastructure and stakeholders; in 

contrast, repaired products follow a more simplistic flow (Please refer to Figure 24). It is assumed that the 

repair process only temporarily removes a product from the economy and that the repaired product is 

returned to its original owner once the repair process is completed.  As such, demand for, and associated 

requirements of the repair process are modeled separate from demand for the other VRP products that enter 

the economy via a more complex supply chain. The model assumes that once the repair cycle has been 

completed, the product will fail and be removed from the in-use product stock, to be replaced in the next 

cycle. 

In this economy-level model, the influence of network effect is reflected in a simplified manner:  as the 

number of VRP products in that market increases, it becomes relatively more significant within the 

mathematical function, and can demonstrate some degree of ‘acceleration’. In other words, the larger the 

size of the starting market, the larger the relative market share, and the more significant the absolute impact 

of the growth rate upon actual product volume. While there are many more complex and comprehensive 

ways to model the diffusion of innovation, this approach enables a generalized, but realistic reflection of 

market transformation projections (See Section 2.4.5) 

Within each single-year period of the seven-year simulation, demand is estimated based on real product 

sector growth projections and market-level conditions. Data from the previous period (year) informs 

calculations for the next period (e.g. products that reach EOU and fall-out in period 1, are replacement 

demand in period 2), and the implications of these dynamics are compounded to demonstrate the evolution 

of each product economy over the total seven-year simulation period. 

This form of market share modeling ensures that the sum of all shares does not exceed 100%, and 

accomplishes the need to balance the impact of increasing (decreasing) demand for OEM New or VRP, as 

competing production process options become relatively less (more) attractive in the economy. (Sterman 

2000) The model assumes constant parameter values over time, with the exception of the size of the installed 
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base, or in-use stock of the product, which is determined endogenously by the model, as a function of the 

starting in-use product stock in the economy, plus the addition of new product (demand), minus those 

products that fall-out of the economy due to failure or reaching end-of-use (EOU). Products that fall-out of 

the in-use product stock of the economy are directed to VRPs (EOU), or to recycling or disposal (EOL). 

2.4.2 Modeling the Supply Chain 

All market size and demand estimates within the model reflect conditions of each actual economy, 

determined through economic reports and market research data sets. In the interests of accounting for 

consumption behaviors, the model thus also accounts for the extent to which demand is supplied by 

domestic production, or by imports. A primary implication of imports is that, while they enable the 

satisfaction of domestic demand, they also result in the allocation of both impacts and benefits (as measured 

in this assessment) to the producing economy, or economy of origin. In other words, increased uptake of 

VRP products in an economy only accomplishes domestic impact reduction if at least some of those VRP 

products are produced domestically. From a global perspective, it is important to note that increased 

adoption of VRP products, regardless of origin, can contribute to overall impact reduction, however this 

may not contribute to the accomplishment of domestic objectives, such as carbon emissions reduction. 

 Assumptions regarding the split between domestic production and import are determined exogenous to the 

model, based upon current trade balance conditions for each economy. Import and export rates are held 

constant over the modeling period and are incorporated to reflect the inherent trade-related policies that 

would enable or hinder import of cores and finished VRP products to supply domestic demand and enable 

or hinder export of cores and finished VRP products as a mechanism for increased domestic production 

capacity. It is assumed that domestic supply accounts for the remaining balance of demand (1 – Import 

Rate), that there is no stockpiling in the economy, and that there is no trade of arranged direct reuse or 

repaired products.  

2.4.3 Modeling Production and Production Impacts 

Through the derivation of total domestic production levels, the model approximates production 

requirements (inputs), as well as the generation of by-product materials that are either directed into a 

recycling stream or disposed of into the environment. Although the OEM New and VRP production 

activities can differ significantly, the model simplifies production inputs into three categories: new material 

inputs (inclusive of average recycled content), imported core inputs, and domestically-sourced core inputs. 

The relative shares (% of a single unit) of each of these inputs should vary by product and production 
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process, as well as the economy in which the activity is occurring. As one of the primary objectives of this 

assessment is to quantify the relative impacts of different production processes under different market 

conditions, this generalization is necessary and sufficient. 

To understand the aggregate implications of cumulative economic production, a mass-balance approach is 

utilized. Given that inputs are presented as shares of the finished product, a constraint within the model 

requires that the sum of all production input materials (%) is equal to 1. All material input share parameters 

are exogenous to the model and were derived from the component-level and product-level analyses 

described previously in Section 2.3. 

Similarly, specific environmental and economic impact metrics are calculated using impact factors that 

were determined per unit for each different production process. These impact metrics contribute to greater 

understanding of relative environmental impacts (positive and negative) across OEM New and VRP 

production activities. As described previously, the impact factors of interest to this study include: new 

material offset, production waste generation, embodied material energy, embodied material emissions, 

process energy requirement, process emissions generation, cost advantage, and employment opportunity. 

2.4.4 Modeling End-of-Use & Collection 

The premise of circular economy is the cycling of materials (technical and biological) through a system to 

retain value and mitigate loss. As such, modeling the management of products and materials once they 

reach the end-of-use (EOU) stage is an essential aspect of a circular system model. In this case, the model 

once again starts with the actual installed base of the case study product, by process type, and applies a 

discard or fall-out rate to estimate how many of that particular product (via process type) will reach the 

EOU stage in that period.  The fall-out rate and quantity of product reaching EOU is estimated as a fraction 

of the installed base, in accordance with the methodology of Elshkaki and Graedel (2013). In this case, the 

fall-out rate, reflected as 1/L in which L is the expected lifetime of the product, is multiplied by the total 

size of the installed base of the market for each product and process type. 

It is important to note that EOU may refer to a point at which the product can no longer be used due to 

performance degradation, or that the current owner no longer wishes to retain the product for a variety of 

reasons.  
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When the product becomes ‘available for collection’ the model assumes that it leaves the economic market 

(no EOU product stockpiling33 or storage) and will enter one of three possible flows: 1) routing to secondary 

market for reuse via a VRP application; 2) routing to recycling market; or 3) disposal to the environment.  

The route the product will take is based on collection probabilities which are estimated as a function of 

product- and economy-level factors that are reflective of, but are not limited to: ease of collection, state of 

collection and collection infrastructure, cost of collection and diversion in the market, presence of 

supporting diversion regulations, social norms and attitudes towards diversion, presence of related return 

incentives (e.g. core deposit), and other barriers to diversion such as the prohibition of reuse. The model 

utilizes collection probabilities and a mass-balance approach to determine the quantities of EOU products 

that follow different flows. For simplicity, it is assumed that there is no loss that is not ‘captured’ within 

the model: the ‘disposal to environment’ flow reflects those products that are deliberately directed into the 

garbage stream, as well as those that are ‘lost’ to the system because they do not enter either the secondary 

market or the recycling market. It is also important to note that there is a necessary quality discount that is 

applied to EOU products directed into the secondary market. This discount reflects the common condition 

that some recovered products do not meet the necessary quality standards for VRPs, with the low-quality 

differential being routed into the waste stream instead.  

 

2.4.5 Economy-Level Methodology & Model 

2.4.5.1 Modeling Framework 

To reflect the range of conditions that exist in economies around the world, four representative sample 

economies — Brazil, China, Germany and the USA — were identified, each with differing conditions and 

barriers that affect the adoption and growth of VRPs. Primary barrier categories focus on challenges in 

regulatory policy, technological capability, market conditions, and collection system (reverse logistics) 

infrastructure.  

                                                      
33 Stockpiling refers to the accumulation of goods or materials, potentially for intended future use. Although 
stockpiling is a common practice, it was not possible to adequately reflect the diverse range of stockpiling practices 
and implications within this assessment. 
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Figure 26: Spectrum of barrier-conditions and barrier-alleviation scenarios 

The overarching approach to modeling and accounting for different systemic barriers to VRPs is described 

in Figure 26, which reflects the range from no barriers to VRPs (green), increasingly through to many 

barriers to VRPs (red). For the purposes of this assessment, each representative economy was then 

considered in terms of the policy, technological, and economic literature surrounding its industrial systems, 

and rated on a spectrum of barrier presence and severity. Considered in conjunction with the product-level 

impacts discussed in Section 3.1, these baseline economic models provide the socioeconomic contexts in 

which the impacts of barrier alleviation on VRP performance and adoption potential were projected.  

The potential for arranging direct reuse, repair, refurbishing and remanufacturing is dependent largely on 

product type and design, material composition, and the presence of appropriate technical knowledge and 

infrastructure to support these activities. As such, the potential material efficiency, or ‘reusable share’ of a 

single unit of the product is unlikely to change across markets; and as such, these per-unit material 

efficiency values are held constant across the market economies represented in this report. What may 

change from one economy to another relates to technical production efficiency: the magnitude of production 

waste and associated requirement for new material inputs; the labor required to complete the process for a 

single unit; the associated energy requirement of the production process, reflective of the efficiency of 

infrastructure in that economy; and the emissions associated with that energy consumption. These factors 

are presented in greater detail in Section 2.4.5.5. 

Modified from (UNEP IRP Beijing Workshop and Nasr 2016, UNEP IRP Berlin Workshop and Nasr 2016) 
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2.4.5.2 Barrier Alleviation Scenarios 

As with any form of innovation, a significant determinant of success in VRP adoption is the degree to which 

the barriers precluding the growth of these process innovations (VRPs) are alleviated. To predict how the 

circular economy might be enabled, considering the myriad interactions of inhibiting factors, baseline 

economic models were combined with product-level VRP models to subsequently project the evolution of 

the industrial economy over a seven-year period under three different scenarios for barrier alleviation (See 

Figure 27). These scenarios are modeled as follows: 

• Status Quo for VRP Products: Industrial economies in all representative markets continue 

to grow and adopt VRPs at their current rate, with all inhibiting factors held constant, 

ultimately maintaining current rate of economic and environmental performance. 

• Standard Open Market for VRP Products: Each representative economy is forecasted to 

grow under regulatory, trade, economic, and technological conditions that are equivalent to 

those of the Status Quo United States assessment.34 Moderate existing barrier intensity is met 

with similarly moderate interventions toward alleviation. 

• Theoretical High for VRP Products: Barrier alleviation is projected as a priority in all 

representative markets, reflecting widespread acceptance of and investment in a transition to 

the circular economy. Research and development of technologies, business models, and policy 

initiatives to support VRPs proceed at an increased rate and intensity relative to the 

contemporary U.S. baseline case, and the share of production activity across each VRP is set 

to reflect the Theoretical High U.S. production share. This scenario is deliberately set to 

establish an extreme, positive, scenario for VRPs. 

It is important to note that the use of a seven-year simulation period does not suggest that this is a sufficient 

or optimal transformation period for industrialized or non-industrialized economies. The transformation to 

circular economy is complex and requires comprehensive and integrated engagement of government, 

industry, and value-chain stakeholders, and as such expectations of the transformation timeline must be 

firmly grounded in the individual conditions and priorities of every respective economy. 

                                                      
34 The use of the USA example as Standard Open Market is not a reflection on the reputation and performance of other 
progressive countries, but rather a necessary condition for the some of the required modeling.  This decision was due 
to the Industrial Digital Production Printer case study sector, which is affected by Basel Convention rules that constrain 
(if not volume, then the ease of) the exchange of these units for use in VRPs at the international level. While not a 
commentary on the value of the Basel Convention, the absence of similar constraints made the USA the least-
constrained sample economy within the study.  



 

 

96 

These scenarios reflect the range of market evolution possibilities that may result from different levels of 

conceptual acceptance of and investment in the circular economy concept, as both the industry and the 

demands upon it continue to grow. The results of these projections are thus intended to provide insights 

into how to address barrier factor interactions in pursuit of greater VRP adoption. As previously mentioned, 

to reflect growth, market evolution, and compounding complexity in a realistic and meaningful way, these 

scenario projections are simulated over a seven-year period. This duration period was selected because it 

ensured that systemic changes could be observed over time, without an unrealistic assumption that there 

would be no other significant endogenous changes in an economy.  

 

Figure 27: Overview of barrier alleviation scenarios 

As with any strategic initiative, there are three critical stages: First, establish a baseline to understand the 

reality of the ‘current state’; Second, clearly define the objective or target, so that the vision can be 

articulated; and finally, establish an implementation plan with clearly defined steps and milestones that 

enable progress from the current state toward the desired future.  

In the case of VRPs, the Status Quo and Theoretical High scenarios reflect the first and second stages, 

respectively. The Standard Open Market for VRP products scenario offers some insight into potential 

implementation plans – via policy decisions and system interventions – that may guide policy makers and 

industry decision makers in the development of appropriate strategies for their country’s specific conditions 

and needs. 

Within each of these barrier alleviation scenarios several system-based factors were determined and 

applied: Regulatory Factors, which reflect the presence and relative extent of regulatory-based 

 1 
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differentiation and/or discrimination against case study products produced via VRPs, which also differ 

across case study sectors within each of the represented economies; Market Factors, which reflect relative 

customer-based differentiation and/or discrimination against refurbished and remanufactured products 

across represented economies; and Technological Factors, which reflect the relative degree of systemic 

technological barriers across each of the represented economies. Collection Infrastructure Factors were held 

constant in each economy, across each scenario. 

2.4.5.3 Regulatory & Access Factors 

Regulatory & Access Factors are differentiated by case study sector, as a range of regulatory barriers exist 

specific to different sectors, product types and/or materials. For example, the Basel Convention applies to 

case study industrial digital printers, thus potentially requiring additional procedural requirements for the 

movement of affected repaired, refurbished, and remanufactured industrial digital printers between 

Signatory countries (e.g. U.S.A) and countries that are both Signatory and Party (e.g. Germany)35. 

Regulatory Factors are determined quantitatively based on a combination of the OECD’s Trade Facilitation 

Indicators36 for each represented economy, and the World Bank’s 2015 Ease of Doing Business Index37. 

The OECD Trade Facilitation Indicators were developed to help countries alleviate problematic border 

procedures and reduce trade costs and reflect relative ease of trade across OECD countries across a range 

of trade factors. The World Bank Ease of Doing Business Index ranks economies, relative to each other, on 

the basis and presence of business-friendly regulations: countries are ranked out of a possible 190, with a 

score of ‘1’ reflecting the most business-friendly conditions. These metrics were normalized and multiplied 

to determine appropriate Regulatory & Access Factors for each represented country, by appropriate case 

study sectors. (See Table 34) 

2.4.5.3.1 Market Factors 

Market Factors within the economy-level model reflect a qualitative average ‘discount’ that might be 

applied by customers and businesses to refurbished and remanufactured goods within an economy, and 

which therefore constrains demand for these VRP options. This discount references expectations and 

perceptions about product quality (e.g. products via VRPs as having lesser quality than that of an OEM 

New option), as well as market-based preferences for ‘new’ products as status symbols and indicators of 

affluence or prestige. Economies that have had greater exposure to VRPs and options are assumed to 

                                                      
35 A multilateral agreement under Art. 11 of the Basel Convention (OECD Decision C(2001)107/Final) allows for 
such movements; however, certain procedural requirements, such as a PIC procedure, apply. 
36 OECD. 2015 Trade Facilitation Indicators. http://www.oecd.org/trade/facilitation/indicators.htm 
37 World Bank. 2015 Ease of Doing Business Index. http://data.worldbank.org/indicator/IC.BUS.EASE.XQ.  
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To accommodate the simulation of different VRP barrier conditions within the model via VRP barrier 

scenarios, the calculation of estimated installed base (per Equation 7) was further enhanced to incorporate 

the effect of economy-level regulatory and access factors (𝑅𝐹𝑗,𝑘), technological factors (𝑇𝐹𝑘), and market 

factors (𝑀𝐹𝑖,𝑘), as shown in Equation 8. Please note that Equation 8 is only used in the first simulation 

period (t=1) to establish the demand conditions that are then incorporated into subsequent simulations (T 
= 7). It is also important to note that these VRP barrier factors are assumed to only be relevant for VRP 

processes of refurbishment and remanufacturing and are held constant over time. Although these 

assumptions may not reflect absolute conditions across varied economies and social norms, for the purposes 

of simplification this assumption was necessary and justifiable at the high-level. As repair is a well-

established VRP practice across all economies, research and interviews with industry experts suggest that 

there are few-to-no VRP barriers which, if alleviated, would increase the number of product repairs being 

demanded in an economy during a given period. Similarly, with arranging direct reuse, per research and 

industry experts, there are few-to-no VRP barriers which, if alleviated, would increase the number of 

products demanded for arranged direct reuse in an economy during a given period.  A discussion of the 

VRP barrier factors is included in more detail in Section 1.7. 

𝐼𝐵𝑡
𝑖,𝑗,𝑘 = (𝐼𝐵𝑡−1

𝑖,𝑗,𝑘 + (𝐷𝑡−1
𝑖,𝑗,𝑘 ∗ (1 + (𝑅𝐹𝑗,𝑘 + 𝑇𝐹𝑘 + 𝑀𝐹𝑖,𝑘) − 3) − 𝐶𝑡−1

𝑖,𝑗,𝑘) ∀ 𝑖, 𝑗, 𝑘 Eq.  8 

As shown in Equation 8, regulatory factors reflect conditions specific to the product (j) and the sample 

economy (k); technological factors reflect conditions specific to the sample economy (k); and market 

factors reflect conditions specific to the production process (i = refurbished or remanufactured only) and 

the sample economy (k). As further described in Section 2.4.5.6, and as set out in Table 31 and Table 32, 

these factors are normalized and set to equal 1 (𝑅𝐹𝑗,𝑘 = 1; 𝑇𝐹𝑘 = 1; 𝑀𝐹𝑖,𝑘 = 1) in the Status Quo scenario. 

For subsequent Standard Open Market, and Theoretical High scenarios, these factors are modified 

accordingly to reflect the changing scenario conditions (Please refer to Section 2.4.5.6). 

The model accounts for the extent to which demand is supplied by domestic production (𝑋𝑡
𝑖,𝑗,𝑘), or by 

imports (𝐼𝑡
𝑖,𝑗,𝑘), per Equations 9 and 10, respectively. A primary implication of imports is that, while they 

enable the satisfaction of domestic demand, they also result in the allocation of both impacts and benefits 

to the economy of origin. In other words, increased uptake of VRP products in an economy only 

accomplishes impact reduction and/or economic opportunity if at least some of those VRP products are 

produced domestically. Assumptions regarding the split between domestic production and import are 



 

 

102 

determined exogenous to the model, based upon current trade balance conditions for each economy39. 

Import and export rates are held constant over the modeling period and are incorporated to reflect the 

inherent trade-related policies that would enable or hinder import of cores and finished VRP products to 

supply domestic demand, and that enable or hinder export of cores and finished VRP products as a 

mechanism for increased domestic production capacity.  

The incorporation of import share of demand (𝐼𝑃𝑖,𝑗,𝑘) enables the simulation of changing access conditions 

within sample economies under the Standard Open Market and Theoretical High VRP barrier alleviation 

scenarios. This is discussed further in the following sections and import share values can be found in Table 

35 and Table 36. It is assumed that domestic supply accounts for the remaining balance of demand ( 1 −

𝐼𝑃𝑖,𝑗,𝑘), that there is no stockpiling in the economy, and that there is no trade of arranging direct reuse or 

repaired products.  

𝑋𝑡
𝑖,𝑗.𝑘 = 𝐷𝑡

𝑖,𝑗,𝑘 ∗ (1 − 𝐼𝑃𝑖,𝑗,𝑘) ∀ 𝑖 , 𝑗, 𝑘 Eq.  9 

 

𝐼𝑡
𝑖,𝑗.𝑘 = (𝐷𝑡

𝑖,𝑗,𝑘 ∗ 𝐼𝑃𝑖,𝑗,𝑘) ∀ 𝑖, 𝑗, 𝑘 Eq.  10 

Finally, the import share of demand is further split within the model to account for the share (quantity) of 

imports coming from developing/non-industrialized/newly industrialized economies (𝐼𝑃𝑎𝑖,𝑗,𝑘), and the 

share (quantity) of imports coming from developed/industrialized economies (𝐼𝑃𝑏𝑖,𝑗,𝑘). This is 

accomplished by incorporating estimated import share (%) by origin, per Equations 11 and 12.39 Import 

share values can be found in Table 35 and Table 36. 

𝐼𝑎𝑡
𝑖,𝑗.𝑘 = (𝐼𝑡

𝑖,𝑗,𝑘 ∗ 𝐼𝑃𝑎𝑖,𝑗,𝑘) ∀ 𝑖, 𝑗, 𝑘 Eq.  11 

 

𝐼𝑏𝑡
𝑖,𝑗.𝑘 = (𝐼𝑡

𝑖,𝑗,𝑘 ∗ 𝐼𝑃𝑏𝑖,𝑗,𝑘) ∀ 𝑖, 𝑗, 𝑘   Eq.  12 

 

                                                      
39 Import and export data was sourced from the Observatory of Economic Complexity for the base year 2015 for Brazil 
(2015a), China (2015b), Germany (2015c), and the USA (2015d). 
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2.4.5.4.2 Aggregating Impacts of Consumption 

The cumulative environmental and economic impacts of consumption reflect the aggregate impact of 

domestic production and the consumption of imports. As all impact factors were normalized to reflect a 

per-product basis, the aggregation of impacts is estimated using a linear function based on the total quantity 

of products. As mentioned previously, environmental and economic impact factors are discussed and 

described in greater detail in the following sections. 

The primary aggregated environmental and economic impacts of consumption, accounting for OEM New 

and VRP production and consumption mix for each sample economy, are outlined in Equation 13 through 

Equation 18. A brief summary of nomenclature used in the aggregation of impact formulas is also provided 

in Table 25. For simulated aggregation the model assumes seven economy-level model simulation periods 

(T = 7). 

Table 25: Summary of Nomenclature for Aggregated Impact Formulas 

Notation Description 

t Model simulation period, 1:7 (Set = T) 

k Sample economy, Brazil, China, Germany, and USA (Set = K) 

j Case study product (3 industrial digital printers; 3 vehicle parts; 3 HDOR equipment parts) 

i Production process: OEM New, arranging direct reuse, repair, refurbishment and remanufacturing 

X Domestic production quantity of product (j) via process (i) in economy (k) 

I Import quantity of product (j) via process (i) by economy (k) 

Ia Import quantity from developing/newly industrialized origins of product (j) via process (i) by economy (k) 

Ib Import quantity from developed/ industrialized origins of product (j) via process (i) by economy (k) 

τ Embodied energy per unit (product (j) via process (i) in economy (k)), global average in MJ/unit 

ω Embodied emissions per unit (product (j) via process (i) in economy (k)), global average in kg. COs-eq./unit 

φ Process energy/unit (product (j) via process (i) in economy (k)), in MJ/unit 

φa Process energy/unit (product (j) via process (i)) produced in developing/newly industrialized economies, in MJ/unit 

φb Process energy/unit (product (j) via process (i)) produced in developed/industrialized economies, in MJ/unit 

PEF Process Energy Factor enabling across-economy assessment (Please see Section 2.4.5.5) 

ϐ Process emissions/unit (product (j) via process (i) in economy (k)), in kgCO2-eq./unit 

ϐa Process emissions/unit (product (j) via process (i)) from developing/newly industrialized economies, in kgCO2-eq./unit 

ϐb Process emissions/unit (product (j) via process (i)) from developed/industrialized economies, in kgCO2-eq./unit 
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PMF Process Emissions Factor enabling across-economy assessment (Please see Section 2.4.5.5) 

πN Non-recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit 

πR Recyclable Production Waste/unit (product (j) via process (i) in economy (k)), in kg/unit 

πa Total production waste/unit (product (j) via process (i)) from developing/newly industrialized economies, in kg/unit 

πb Total production waste/unit (product (j) via process (i)) from developed/ industrialized economies, in kg/unit 

PWF Production Waste Factor enabling across-economy assessment (Please see Section 2.4.5.5) 

ν Process labor req./unit (product (j) via process (i) in economy (k)), in full-time laborer/unit 

νa Process labor req./unit (product (j) via process (i)) from developing/newly industrialized economies, in full-time laborer/unit 

νb Process labor req./unit (product (j) via process (i)) from developed/ industrialized economies, in full-time laborer/unit 

PLF Process Labor Factor enabling across-economy assessment (Please see Section 2.4.5.5) 

 

𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦𝑘 = ∑ ∑ ∑((𝑋𝑡
𝑖,𝑗.𝑘 ∗ 𝜏𝑖,𝑗,𝑘) + (

𝑖𝑗

𝑇

𝑡=1

𝐼𝑡
𝑖,𝑗.𝑘 ∗ 𝜏𝑖,𝑗,𝑘)  ∀ 𝑘 ∈  𝐾 Eq.  13 

 

 𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑘 = ∑ ∑ ∑ ((𝑋𝑡
𝑖,𝑗.𝑘 ∗ 𝜔𝑖,𝑗,𝑘) + (𝑖𝑗

𝑇
𝑡=1 𝐼𝑡

𝑖,𝑗.𝑘 ∗ 𝜔𝑖,𝑗,𝑘) ∀ 𝑘 ∈ 𝐾  Eq.  14 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑛𝑒𝑟𝑔𝑦𝑘 = ∑ ∑ ∑((𝑋𝑡
𝑖,𝑗.𝑘 ∗ 𝜑𝑖,𝑗,𝑘 ∗ 𝑃𝐸𝐹𝑘) + (

𝑖𝑗

𝑇

𝑡=1

𝐼𝑎𝑡
𝑖,𝑗.𝑘 ∗ 𝜑𝑎𝑖,𝑗) + (𝐼𝑏𝑡

𝑖,𝑗.𝑘 ∗ 𝜑𝑏𝑖,𝑗) ∀ 𝑘 ∈ 𝐾 Eq.  15 

 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑘 = ∑ ∑ ∑((𝑋𝑡
𝑖,𝑗.𝑘 ∗ ϐ𝑖,𝑗,𝑘 ∗ 𝑃𝑀𝐹𝑘) + (

𝑖𝑗

𝑇

𝑡=1

𝐼𝑎𝑡
𝑖,𝑗.𝑘 ∗ ϐ𝑎𝑖,𝑗) + (𝐼𝑏𝑡

𝑖,𝑗.𝑘 ∗ ϐ𝑏𝑖,𝑗) ∀ 𝑘 ∈ 𝐾 Eq.  16 

 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑊𝑎𝑠𝑡𝑒𝑘

= ∑ ∑ ∑((𝑋𝑡
𝑖,𝑗.𝑘 ∗ (𝜋𝑁

𝑖,𝑗,𝑘 + 𝜋𝑅
𝑖,𝑗,𝑘) ∗ 𝑃𝑊𝐹𝑘) + (

𝑖𝑗

𝑇

𝑡=1

𝐼𝑎𝑡
𝑖,𝑗.𝑘 ∗ π𝑎𝑖,𝑗) + (𝐼𝑏𝑡

𝑖,𝑗.𝑘 ∗ π𝑏𝑖,𝑗) ∀ 𝑘 ∈ 𝐾 
Eq.  17 

 



 

 

105 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐿𝑎𝑏𝑜𝑟 𝑘 = ∑ ∑ ∑((𝑋𝑡
𝑖,𝑗.𝑘 ∗ ν𝑖,𝑗,𝑘 ∗ 𝑃𝐿𝐹𝑘) + (

𝑖𝑗

𝑇

𝑡=1

𝐼𝑎𝑡
𝑖,𝑗.𝑘 ∗ ν𝑎𝑖,𝑗) + (𝐼𝑏𝑡

𝑖,𝑗.𝑘 ∗ ν𝑏𝑖,𝑗) ∀ 𝑘 ∈ 𝐾 Eq.  18 

2.4.5.5 Factors Enabling Across-Economy and Across-Scenario Assessment 

In addressing increasingly interactive global economies, it is often difficult to inform industrial and policy 

decisions across multiple contexts in a single, uniform manner. Each constituent of the global economy 

exists within a unique space on a broad spectrum of socioeconomic and industrial development. The 

technologies available to, processes used in, and management strategies employed by each therefore 

inherently differ, creating varying degrees of flexibility in and barrier inhibition of the adoption of VRPs. 

Each constituent thus demonstrates a unique profile of economic and environmental performance that must 

be considered when exploring the current role and future potential of VRPs. To better understand the 

implications of these conditions and barriers, four countries representative of different points on this 

spectrum of development—and for whom sound industrial systems data were available—were selected to 

serve as the basis of modeling and analysis: 

• United States of America (USA) 

• Germany (DEU) 

• Brazil (BRA) 

• China (CHN) 

There were two different kinds of factors developed to support and enable economy-level modeling that 

was appropriately reflective of the varied conditions across sample economies, and under each of the barrier 

alleviation scenarios: 

• Environmental and Economic Impact Factors: These factors affect across-economy assessment 

and were applied in each of the VRP barrier alleviation scenarios (see below). These factors were 

applied as multipliers vs. the USA base impact data to reflect differing conditions, and therefore 

environmental and economic impacts, of each economy. These factors include: Process Energy 

Factor, accounting for electricity infrastructure differences by economy; Process Emissions Factor, 

accounting for differing electricity generation grid mix in each economy; Production Waste Factor, 

accounting for differing technical production efficiency conditions and waste diversion 

infrastructure; and Labor Productivity Factor, accounting for differing labor productivity – and 

therefore differing labor requirements – within each sample economy. 
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• VRP Barrier Alleviation Scenario Factors: These factors affect across-scenario assessment and 

were applied to each economy to reflect changing VRP barrier conditions. These factors were 

applied as multipliers to various volume-based parameters within the economy-level model, for 

each sample economy. VRP barrier alleviation scenario factors include regulatory factors, 

technological factors, and market factors that capture high-level barrier conditions for each 

economy, under the Status Quo, Standard Open Market, and Theoretical High barrier alleviation 

scenarios. 

The following sections describe the calculation of these impact and scenario factors, and the way in which 

they were used within the model.  

2.4.5.5.1 Environmental and Economic Impact Factors 

2.4.5.5.1.1 Process Energy Factor 

This analysis deliberately omits consideration of use-phase energy within each economy, as that 

requirement would be equal across each; a new automobile engine produced in the United States, for 

example, would reasonably use the same amount of energy during its use-phase as it would in another 

economy.  Rather, the most significant differences in energy requirements lie in the production process. 

Thus, by mitigating the requirement for 100% new material inputs and instead leveraging already-existing 

components or products, VRPs offer reduced per-unit energy requirements in the production phase. 

In this respect, the differences of efficiency in the generation, transmission, and distribution of energy used 

for industrial production can have significant effects on material efficiency—i.e. how much of a product 

can be made (or re-made) from a given amount of energy input materials—and also on the environmental 

impacts of consuming that energy.  

The interaction between these efficiency measures was examined via the World Energy Council and 

revealed relative energy efficiency factors for each representative economy. These factors were used to 

account for the cumulative energy (generation, transmission, and distribution, including losses) required to 

complete each process within each sample economy. This approach enabled accounting for energy 

infrastructure efficiency with the process, and so that each representative economy may be assessed relative 

to each other on a level platform (See Table 26). 
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Table 26: Production process energy factor and efficiency comparison across scenario economies 

  USA Germany Brazil China 
Efficiency of Power Generation (%)40 42.0% 41.9% 67.9% 41.4% 
Efficiency of T&D (%) 40 93.9% 96.3% 84.9% 93.8% 

Process Energy Factor 2.5370 2.4794 1.7347 2.5751 

 

2.4.5.5.1.2 GWP 100a Process Emissions Factor 

Energy efficiency factors are inherently related to the greenhouse gas (GHG) emissions for which industrial 

producers are responsible. For each unit of energy (here measured in megajoules [MJ]) required for 

manufacturing, a proportional amount of GHG emissions (kilograms [kg] of carbon dioxide-equivalent 

[CO2-e] gases) will be created. These emissions—as well as the amount of energy required to complete 

production processes—are of course related to the particular energy grid and process technology portfolios 

upon which each representative economy relies. Estimated production process emissions are therefore 

calculated based country-specific product and process energy requirement and energy infrastructure data 

from the Ecoinvent 3.3 database41, and similarly normalized to a USA-based baseline, as shown in Table 

27. 

Table 27: Production process emissions factor and generation comparison across scenario economies 

 USA Germany Brazil China 

GWP 100a (kgCO2-e/MJ, IPCC 2013)41  0.1829 0.1870 0.0589 0.3244 

GWP 100a Process Emissions Factor 1 1.02 0.32 1.77 

 

2.4.5.5.1.3 Production Waste Factor 

The generation of production waste byproduct is reflected as a measure of production efficiency; the greater 

the technological development and skill level of a workforce and facility, and the greater the size of the 

operation, the relatively less production waste is generated per unit. It is necessarily assumed that developed 

economies exhibit greater production efficiency, and therefore generate less production waste byproduct, 

than developing economies.  

                                                      
40 World Energy Council. https://www.wec-indicators.enerdata.eu; Accessed 03-15-2017 (World Energy Council 
2015) 
41 Per Ecoinvent 3.3 dataset documentation, Market group for electricity, medium voltage for period 2015-01-01 to 
2016-12-31 using IPCC 2013 method. Accessed 2017-05-08. (Ecoinvent 3.3 2016) 
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Corresponding to these relationships is another convention of material efficiency in manufacturing: the 

more waste byproduct created relative to the material embodied in the final product, the greater the new 

material quantity a process will require to complete that process. In addition, the presence of recycling 

and/or diversion regulations for industrial facilities represents an opportunity to reduce waste byproduct; 

inversely, the absence of recycling and/or diversion regulations for industrial facilities represents the 

potential for higher levels of waste generation. 

Given the existence and viability of secondary recycling markets for primary production materials, 

including steel and aluminum, it is assumed that recyclable production waste factors will be constant and 

equivalent to USA conditions for developed markets (e.g. Germany) (1.0), and increased by 20% for Brazil 

and China (See Table 28). Each of the representative economies considered here are sufficiently 

industrialized to have robust (if not formalized) scrap material markets, and as such it is assumed that 

producers in all economies will be motivated to recycle applicable materials in their production waste 

stream wherever possible. Variation in waste generation is attributed to the presence (or absence) of 

industrial recycling regulations, technological efficiency, and the sophistication of waste and recycling 

infrastructure for industrial production sectors. 

Table 28: Production waste factor comparison across scenario economies 

  USA Germany Brazil China 

Production Waste Factor  1.0 1.0 1.2 1.2 

 

2.4.5.5.1.4 Labor Productivity Factor 

Sufficient access to skilled labor is a well-referenced barrier to cost-effective adoption of circular 

production processes in both developed and developing markets. To adequately reflect the comparative 

productivity of different economies, a labor requirement factor was calculated using the GDP value of 

manufacturing output (in 2014 U.S. Dollars) created per person working in manufacturing. Manufacturing 

Value / Person Employed is a manufacturing sector productivity measure utilized at the international level, 

namely by the Organisation for Economic Co-operation and Development (OECD) and the U.S. Bureau of 

Labor Statistics. This employment productivity factor (See Table 29) represents the relative productivity of 

full-time equivalent employees across different economies and enables the estimation of employment 

potential in different markets based upon their current-state labor pool.  



 

 

109 

Table 29: Labor Requirement factor comparison across scenario economies 

  Economy A 
(USA)42 

Economy B 
(Germany)42  

Economy C 
(Brazil) 43 

Economy D 
(China)44 

Mfg. GDP/ Person Employed in Mfg. 
(2014) (USD)45 $128,560 $100,584 $27,769 $57,833 

Labor Productivity Factor 1 0.78 0.22 0.45 

 

Together, these factors not only provide a baseline understanding of how each representative economy 

currently performs, but also reveal areas in which each economy might need to improve in order to support 

the circular economy and suggest how the adoption of VRPs might unfold, given the particularities of each 

economic context. Brazil, for example, appears to outperform its counterparts in energy efficiency and 

emissions production, but is significantly underperforming in human capital and productivity, relatively. In 

this sense, a focus on VRPs that increase the recoverable value of EOU products through preserving form 

and function while minimizing the intermediate steps required to extract that value may be of greater benefit 

than those that preserve value by avoiding process energy requirements. 

In any case, the potential to address these differences in economic performance through increased scale of 

VRPs hinges entirely upon the myriad barriers that presently constrain the industry’s transformational 

willingness and ability. It is these barriers—and, ultimately, the degree to which they can be alleviated 

through shifts in industrial paradigm and governmental policy—that will either unlock or inhibit the 

transition to a more circular global economy. 

2.4.5.5.2 Environmental and Economic Impacts of Imported Products 

Finally, in assessing the environmental and economic impacts of consumption, the origin of imported 

products was an important consideration. Using import quantity estimates by economy of origin that were 

based on import share of demand (Please refer to Equations 11 and 12), the aggregated environmental and 

economic impacts associated with imported products were determined using average, and representative 

environmental and economic impacts factors (Refer to Table 30). 

                                                      
42 USA and Germany manufacturing sector productivity data from U.S. Congressional Research Service, and 
OECD.(Levinson 2013, OECD 2017)  
43 Brazil manufacturing sector productivity data derived from U.S. Congressional Research Service, and CIA World 
Factbook. (CIA 2015, Levinson 2013) 
44 China manufacturing sector productivity data derived from U.S. Congressional Research Service, and Peterson 
Institute for International Economics. (Lardy , Levinson 2013) 
45 GDP from Manufacturing/ Person Employed in Manufacturing is a Manufacturing Sector Productivity measure 
utilized at the international level, namely by the OECD, and the U.S. Bureau of Labor Statistics. (OECD 2017, U.S. 
Department of Labor 2015) 
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Table 30: Process impact factors for imported products 

Process Impact Factor 
Developing/Newly 

Industrialized Import 
Origin Economy Value 

Developed/Industrialized Import 
Origin Economy Value 

Process Energy Factor (φ) Average (Brazil; China) Average (Germany; USA) 
GWP 100a Process Emissions Factor (ϐ) Average (Brazil; China) Average (Germany; USA) 
Production Waste Factor (πN, πR) Average (Brazil; China) Average (Germany; USA) 
Labor Productivity Factor (ν) Average (Brazil; China) Average (Germany; USA) 

2.4.5.6 Barrier Alleviation Scenario Factors 

The barriers used to reflect current state and alleviation-potential factors are presented in Table 31 and are 

described in further detail subsequently. It is important to note that these Factors are only applied in the 

context of relevant VRPs (e.g. not to OEM New segment): given that repair is a well-established option in 

every economy, these Factors are not applied to the repair segment; in addition, given that there are little to 

no interventions that may yield greater demand for arranging direct reuse products in an economy, these 

Factors are not applied to the arranging direct reuse segment. Please refer to Equation 8 for additional 

clarification. Further description of the approach and sources that inform the factors presented in Table 31 

and Table 32 are included in the following sections. The values in Table 31 inform the simplified 

representation of current state VRP barriers within sample economies, and colors represent relative barrier 

factors similar to the model depicted in Figure 26 of the Report. The values contained in Table 31 are further 

clarified and explained in the following sections. 

Table 31: Overview of relative barrier factors in current state  

Barrier Factor Application Brazil China Germany USA 

Regulatory & Access Factors 

VRP Vehicle Parts 0.28 0.18 0.86 0.91 

VRP Industrial Digital Printers 0.28 0.18 0.66 0.91 

VRP HDOR Equipment Parts 0.28 0.18 0.86 0.91 

Technological Factor All 0.09 0.11 0.5 0.54 

Market Factors 
Refurbished Products 0.8 0.5 0.95 0.95 

Remanufactured Products 0.25 0.25 0.75 0.75 

 

In the Standard Open Market and Theoretical High Scenarios, these relative barrier factors are modified to 

reflect changing VRP barriers in each economy, according to established scenario conditions. A summary 
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of the VRP barrier factors that are incorporated into the model, via Equation 8, are outlined for each VRP 

barrier scenario in Table 32. Please note that the first (most left) data column in Table 32 reflects the current 

state factor estimates as presented in Table 31, with Scenario-based normalizations and prorated values 

presented in the columns on the right side of Table 32. 
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Table 32:  Overview of VRP barrier factors for all VRP barrier alleviation scenarios 

  

Current 
State 

Global Barrier Alleviation Scenarios 

Status           
Quo 

Standard 
Open Market 

Theoretical 
High 

SCENARIO 
TARGET 

Market Factor (Refurbishing) 

    

0.95 1.00 

Market Factor (Remanufacturing) 0.75 1.00 

Regulatory Factor – VRP Vehicle Parts 0.91 1.00 

Regulatory Factor - VRP Ind. Digital Printers 0.91 1.00 

Regulatory Factor – VRP HDOR Parts 0.91 1.00 

Technological Factor 0.54 1.00 

USA 

Market Factor (Refurbishing) 0.95 1.0 1.00 1.05 

Market Factor (Remanufacturing) 0.75 1.0 1.00 1.33 

Regulatory Factor – VRP Vehicle Parts 0.91 1.0 1.00 1.10 

Regulatory Factor – VRP Ind. Digital Printers 0.91 1.0 1.00 1.10 

Regulatory Factor – VRP HDOR Parts 0.91 1.0 1.00 1.10 

Technological Factor 0.54 1.0 1.00 1.85 

Germany 

Market Factor (Refurbishing) 0.95 1.0 1.00 1.05 

Market Factor (Remanufacturing) 0.75 1.0 1.00 1.33 

Regulatory Factor – VRP Vehicle Parts 0.86 1.0 1.05 1.16 

Regulatory Factor – VRP Ind. Digital Printers 0.66 1.0 1.37 1.51 

Regulatory Factor – VRP HDOR Parts 0.86 1.0 1.05 1.16 

Technological Factor 0.50 1.0 1.09 2.01 

Brazil 

Market Factor (Refurbishing) 0.80 1.0 1.19 1.25 

Market Factor (Remanufacturing) 0.25 1.0 3.00 4.00 

Regulatory Factor – VRP Vehicle Parts 0.28 1.0 3.26 3.59 

Regulatory Factor – VRP Ind. Digital Printers 0.28 1.0 3.26 3.59 

Regulatory Factor – VRP HDOR Parts 0.28 1.0 3.26 3.59 

Technological Factor 0.09 1.0 6.16 11.43 

China 

Market Factor (Refurbishing) 0.50 1.0 1.90 2.00 

Market Factor (Remanufacturing) 0.25 1.0 3.00 4.00 

Regulatory Factor – VRP Vehicle Parts 0.18 1.0 5.10 5.62 

Regulatory Factor – VRP Ind. Digital Printers 0.18 1.0 5.10 5.62 

Regulatory Factor – VRP HDOR Parts 0.18 1.0 5.10 5.62 

Technological Factor 0.11 1.0 4.95 9.18 

 

2.4.5.6.1 Technological VRP Barrier Factors 

The factors used to reflect current state and potential technological conditions are reflected in Table 33 and 

similarly, the factors used to reflect current state and applied import share conditions for scenarios are 

presented in Table 35. 
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Technological Factors were determined as a relative measure of the OECD Science, Technology and 

Innovation (STI) industry outlook for each economy46. The benchmarking undertaken by the OECD 

incorporates 23 different measures, categorized into the six core areas of competency, per Table 33 below. 

The scores included in Table 33 reflect the normalized index of 2011 performance of each national STI 

systems relative to the median OECD values, using an index median of 100.  

Table 33: Overivew of technological VRP barrier factors and inputs to calculation46 

 STI Competency Area USA Germany Brazil China 

Universities & Public Outreach 83.3 113.3 25.0 31.7 

R&D Innovation in Firms 112.5 117.5 13.3 52.5 

Innovative Entrepreneurship 145.0 113.3 -10.0 -50.0 

ICT & Interact Infrastructure 141.3 87.5 6.7 -8.3 
Networks, clusters & Transfers 55.0 112.5 46.7 62.5 

Skills for Innovation 125.0 108.0 15.0 60.0 

Average (All) 110.3 108.7 16.1 24.7 

Average (Available) 107.9 99.3 17.5 21.8 
Highest Possible Score 200 200 200 200 

 Technological Factor 0.54 0.50 0.09 0.11 

 

2.4.5.6.2 Regulatory & Access VRP Barrier Factors 

Regulatory Factors were calculated by combining two different metrics, accounting for specific economy-

level conditions of the studied sectors: The OECD Trade Facilitation Performance Indicator, and the World 

Bank Ease of Doing Business Index. The OECD Trade Facilitation Performance Indicators are a set of 11 

different indicators for the range of border procedures from more than 160 countries of varied income 

levels, geographical regions and development stages46. As shown in Table 34, the average indicator score 

for each economy is normalized for use within the calculation of the Regulatory Factor.   

Average trade facilitation performance covers scores across a range of relevant areas including, but not 

limited to: Information availability; involvement of the trade community; advance rulings; appeal 

procedures; fees and charges; documents; automation; procedures; internal border agency cooperation; 

external border agency cooperation; and governance and impartiality. In economies where there are VRP-

specific conditions that reduce the ease of VRP product trade, a Product/Sector VRP Trade Weighting of < 

1.0 is assumed for the Status Quo scenario (Refer to Table 34). 

                                                      
46  Per OECD Science, Technology and Innovation Industry Outlook 2015, scores for USA, Brazil, China and 
Germany. (OECD 2015a) 
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The World Bank Ease of Doing Business Index is a ranking of economies based on their ease of doing 

business, with a high ease of doing business ranking indicating that the regulatory environment is more 

conducive to the starting and operating of a local firm (World Bank 2015). The relative Ease of Doing 

Business is a construct reflecting different operational aspects of business in an economy, including the 

ease of starting a business, dealing with construction permits, getting electricity, registering property, 

getting credit, paying taxes, enforcing contracts, trading across borders, and several other factors. For each 

of these, economies are ranked relative to one another, from 1 – 190 (reflective of 190 economies for which 

there is sufficient data). In economies where there are VRP-specific conditions inhibiting the engagement 

of businesses in VRP-related production activities, a Product/Sector VRP Domestic Business Weighting of 

< 1.0 is assumed for the Status Quo scenario (Refer to Table 34). 

Table 34: Overview of regulatory & access VRP barrier factors and inputs to calculation 

  USA Germany Brazil China 

OECD Trade Facilitation Performance Avg. Score (2015)47 1.7 1.6 1.5 1.4 
Out of Possible Score 2 2 2 2 

Normalized 0.85 0.80 0.75 0.70 
Product/Sector VRP Trade Weighting         

Vehicle Parts Trade 1 1 0.5 0.5 
Industrial Digital Printers Trade48 1 0.5 0.5 0.5 

HDOR Equipment Parts Trade 1 1 0.5 0.5 

World Bank Ease of Doing Business Index (2015)49 7 14 121 80 
Out of Possible Score 190 190 190 190 

Normalized 0.96 0.93 0.36 0.58 
Product/Sector VRP Domestic Business Weighting         

VRP Vehicle Parts Domestic Business 1 1 0.5 0.01 
VRP Industrial Digital Printers Domestic Business 1 1 0.5 0.01 

VRP HDOR Equipment Parts Domestic Business 1 1 0.5 0.01 

Factor Calculation50         

Regulatory Factor - Vehicle Parts 0.91 0.86 0.28 0.18 
Regulatory Factor - Industrial Digital Printers 0.91 0.66 0.28 0.18 

Regulatory Factor - HDOR Equipment Parts 0.91 0.86 0.28 0.18 

                                                      
47 Per OECD Trade Facilitation Indicators, 2015 scores for USA, Brazil, China and Germany. (OECD 2015b) 
48 Given the impact of Basel Convention definitions upon the movement of case study industrial digital printers by 
exporters, Parties to the Basel Convention have an additional VRP-related barrier to trade of industrial digital printers, 
per interviews with industry experts. As such, the Product/Section VRP Trade Factor for Germany, Brazil and China 
accounts for this additional VRP barrier. 
49 Per The World Bank Doing Business, Economy Rankings for USA, Brazil, China and Germany. (World Bank 2015) 
50 Each normalized OECD Avg. Trade Facilitation Indicators score and normalized World Bank Ease of Doing 
Business Index (2015), was multiplied by the Product/Sector VRP Trade and VRP Domestic Business Weightings, 
respectively, for each case study sector, and then divided by 2 to enable continued normalization.  
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2.4.5.6.3 Import-Based VRP Barrier Factors 

To reflect the implications of VRP product imports within sample economies under the different VRP 

barrier alleviation scenarios, import share of demand (𝐼𝑃𝑖,𝑗,𝑘) is incorporated for each scenario as outlined 

in Table 35. It is important to note that import share of demand is organized by product sector (Industrial 

Digital Printers, Vehicle Parts, and HDOR Equipment Parts), as well as by OEM New, refurbished, and 

remanufactured VRPs, as appropriate in the context of import.  Current state, or Status Quo scenario values 

for import share of demand for OEM New products are based on data for each sample economy from the 

Observatory of Economic Complexity (2015). Current state, or Status Quo scenario values for import share 

of refurbished and remanufactured products are derived from the United States International Trade 

Commission (USITC) (2009, 2012), the European Remanufacturing Network (ERN) (2015), and interviews 

with industry experts.   

In the Standard Open Market scenario, import share of demand for Brazil, China and Germany are set to 

the Status Quo import share of demand of the USA, as established by the conditions of this particular 

scenario. Finally, in the Theoretical High scenario, the import share of demand for Germany is returned to 

its Status Quo state, however those of Brazil and China are increased to 20.0% to reflect conditions for 

which trade of VRP products has reached a greater share of the products reaching the market place.  
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Table 35: Summary of import share assumptions across global barrier alleviation scenarios 

  

Current 
State 

Global Barrier Alleviation Scenarios 

Status           
Quo 

Standard Open 
Market 

Theoretical 
High 

USA 

Import Share – Veh. Parts OEM New 21.4% 21.4% 21.4% 21.4% 

Import Share – Veh. Parts Reman 20.8% 20.8% 20.8% 20.8% 

Import Share – Ind. Print OEM New 91.6% 91.6% 91.6% 91.6% 

Import Share -  Ind. Print Refurb 21.9% 21.9% 21.9% 21.9% 

Import Share -  Ind. Print Reman 21.9% 21.9% 21.9% 21.9% 

Import Share - HDOR Parts OEM New 35.1% 35.1% 35.1% 35.1% 

Import Share - HDOR Parts Refurb 53.0% 53.0% 53.0% 53.0% 

Import Share - HDOR Parts Reman 53.0% 53.0% 53.0% 53.0% 

Germany 

Import Share – Veh. Parts OEM New 57.5% 57.5% 57.5% 57.5% 

Import Share – Veh. Parts Reman 15.8% 15.8% 20.8% 15.8% 

Import Share – Ind. Print OEM New 61.5% 61.5% 61.5% 61.5% 

Import Share -  Ind. Print Refurb 16.9% 16.9% 21.9% 16.9% 

Import Share -  Ind. Print Reman 16.9% 16.9% 21.9% 16.9% 

Import Share - HDOR Parts OEM New 82.0% 82.0% 82.0% 82.0% 

Import Share - HDOR Parts Refurb 48.0% 48.0% 53.0% 48.0% 

Import Share - HDOR Parts Reman 48.0% 48.0% 53.0% 48.0% 

Brazil 

Import Share – Veh. Parts OEM New 12.8% 12.8% 12.8% 12.8% 

Import Share – Veh. Parts Reman 0.0% 0.0% 20.8% 20.0% 

Import Share – Ind. Print OEM New 70.5% 70.5% 70.5% 70.5% 

Import Share -  Ind. Print Refurb 0.0% 0.0% 21.9% 20.0% 

Import Share -  Ind. Print Reman 0.0% 0.0% 21.9% 20.0% 

Import Share - HDOR Parts OEM New 3.4% 3.4% 3.4% 3.4% 

Import Share - HDOR Parts Refurb 0.0% 0.0% 53.0% 20.0% 

Import Share - HDOR Parts Reman 0.0% 0.0% 53.0% 20.0% 

China 

Import Share – Veh. Parts OEM New 11.0% 11.0% 11.0% 11.0% 

Import Share – Veh. Parts Reman 0.0% 0.0% 20.8% 20.0% 

Import Share – Ind. Print OEM New 99.6% 99.6% 99.6% 99.6% 

Import Share -  Ind. Print Refurb 0.0% 0.0% 21.9% 20.0% 

Import Share -  Ind. Print Reman 0.0% 0.0% 21.9% 20.0% 

Import Share - HDOR Parts OEM New 8.1% 8.1% 8.1% 8.1% 

Import Share - HDOR Parts Refurb 0.0% 0.0% 53.0% 20.0% 

Import Share - HDOR Parts Reman 0.0% 0.0% 53.0% 20.0% 

Finally, the import and export factors that are held constant within the economy-level model are presented 

in Table 36. This offers further clarity with regard to the data and implications of Equations 11 and 12, 

which account for the quantity and implications of the origin of imported products. In additon, assumptions 





 

 

118 

2.5 Limitations of the IRP Study 

The objectives of this study are ambitious, and the scope necessarily extensive. The discussion and insights 

presented herein offer new perspective on the pursuit of circular economy through the adoption of VRPs; 

however, there are some limitations to the study that require attention and consideration as future research 

initiatives. 

2.5.1 Impact Constraints Resulting from Case Study Data Availability 

From an impact perspective, the case studies products and sectors, and the sample economies studied are 

not fully representative or reflective of the global marketplace. The availability of sufficient and reliable 

data was a primary driver of case study sector and sample economy selection.  

Regarding product selection, the comprehensive across-process assessment of environmental and economic 

impacts required the selection of sectors and products that met three criteria: (1) the product must be known 

to undergo all (or most) of the VRPs being assessed, in sufficient volumes; (2) VRPs must be undertaken 

for case study products in each sample economy; and (3) researchers must have access to material-, 

component-, and product-level impact data for each of the relevant VRPs. Realistically, much of this data 

is traditionally considered proprietary and confidential, and as such, selection of case study products heavily 

relied upon the willingness of industry collaborators around the world. While many VRPs are undertaken 

for traditional B2C products (e.g. clothing, bicycles, mobile phones), these products were often deemed 

unsuitable because they could not be studied to the necessary extent: Many of these undergo a few, but not 

all VRPs, and as such the necessary across-process comparison would be limited; the practice of VRPs on 

these products occurs in some, but not all economies; detailed material-, component-, and process-level 

impact data was not available and/or is not tracked; and/or VRPs for these processes occur in very low 

volumes, inhibiting sufficient macro-level analysis.  

To mitigate some of the limitations of case study product representativeness, additional discussion on an 

extended selection of less industrial products has been incorporated in Section 3.3 to broaden process-level 

insights alongside market-level representativeness. 

The selection of sample economies was similarly challenging: while care was taken to ensure a reflection 

of both developed (Germany, USA) and developing (Brazil, China) economies, each of these case study 

economies is considered to be industrialized. Regarding sample economy selection, modeling needs 

required that three criteria be met: (1) VRPs must be undertaken for case study products in each sample 

economy; (2) researchers must have access to industry collaborators based in, or with sufficient knowledge 
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performance efficiency-gain was enabled. In other words, the processes were assessed against the exact 

same product, not across upgraded and/or more efficient versions of the product. This was done to ensure 

an appropriate and valid comparison that limited situational uncertainty. It should be noted that many VRPs 

are performed on older versions of products that may not meet current levels of performance efficiency, 

and the implications of these practices are discussed in greater detail in Sections 5.2.4 and 5.3.2. 

The economy-level modeling for this study accounts for a broad systems-perspective, necessarily simplified 

to facilitate the inclusion of all case study products, sectors, and sample economies. Given the range of 

technological capabilities and capacity that exist across organizations, sectors, and economies, the 

economy-level model was unable to account for the implications of advances in robotics, other forms of 

artificial intelligence (AI), and new technologies such as additive manufacturing. However, the role of 

additive manufacturing in VRPs is discussed further in Section 5.2.3.3.3. In addition, technological and 

social innovations have potentially significant roles to play in accelerating the rate of VRP adoption, and 

the potential benefits therein. However, due to the dynamic and diverse nature of system conditions and 

barriers, the dynamic simulations of the economy-level models do not reflect barrier-alleviation pathways 

over time, and do not incorporate transformative pathways of innovation. Instead, the impacts of barrier 

alleviation are assessed via the Status Quo, Standard Open Market, and Theoretical High scenarios which 

reflect varying degrees of barrier presence/absence. 

Finally, although the essential role of customer/consumer awareness, attitudes, and behavior are 

emphasized throughout the discussion in subsequent sections, many of the intricacies of consumer 

psychology and behavioral economies modeling were not possible due to a dearth of required micro-data 

on consumer/customer response to VRP products across each sample economy. While this assessment 

accounts for current attitudes and acceptance via the proxy measure of demand share and production mix, 

there is opportunity to further enhance these models through the incorporation of additional behavioral 

economic data and modeling approaches, with a focus on VRP products. 

This report presents sound insights and perspectives and is among the first studies to present quantified 

estimates of the contribution that VRPs can make towards greater resource efficiency and circular economy. 

However, it must be emphasized that there is urgent need for continued research efforts to further 

investigate highly relevant issues, including: current practices and barriers to VRPs, including material-

flows, within non-industrialized and otherwise constrained economies (e.g. Small-Island Developing 

States); data collection and analysis on the use of VRPs in consumer products and B2C markets; 

comprehensive economic modeling that incorporates both behavioral aspects of VRP product demand, and 

technological innovation capacity aspects of VRP production; and data collection and analysis on the 
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magnitude of less formal/informal repair and direct reuse activities, as contribution to circular economy 

within national economies. 
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3.  Benefits of Value-Retention Processes 

3.1 Impacts of Value-Retention Processes at the Product-Level 

The impacts of VRPs differ by product, material, and market as a result of complexity within the system. 

Material requirement and other impacts were primarily determined based on data from US-based industry 

collaborators, and in some cases existing literature, and were estimated for other sample economies based 

on relevant data and impact factors in subsequent market-level modeling.  

Based on this research and analysis, the material efficiency, embodied and process energy requirement, and 

embodied and process emissions generation associated with US-based production of case study products, 

by OEM New and VRPs are presented in the following sections. Please note that the unit of comparison is 

a single unit process cycle: As such, the results presented in the following sections reflect the requirements 

and environmental impacts of a single unit going through an OEM New, remanufacturing, comprehensive 

refurbishment, refurbishment, repair, or direct reuse process. 

It is important to note that this analysis differentiates embodied material energy of all relevant materials – 

the energy associated with the extraction and processing of raw materials prior to production – from the 

energy required by the actual production process itself. Similarly, embodied material emissions – the CO2-

eq. emissions associated with the extraction and processing of raw materials prior to production – is 

differentiated from emissions associated with the actual production process.  

3.1.1 Industrial Digital Printers 

Material-level analysis results for industrial digital printer sector case study products are reflected in Table 

37 through Table 39. Given the complexity and comprehensive nature of the Bill of Materials associated 

with these case study products, a minimum of 80% of the product’s weight is represented in the analysis; 

in many cases greater than 80% by weight is reflected. The differential between represented product weight 

and the weight of total new material inputs reflects production process waste and recycling; in other words, 

material inputs which are not part of the finished product. 
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3.1.2 Vehicle Parts 

Material-level analysis results for case study products representing the vehicle parts sector are reflected in 

Table 40 and Table 43, with results for the traditional vehicle engine and lightweight vehicle engine 

discussed in greater detail in Section 3.1.2.1.  Given the complexity and comprehensive nature of the Bill 

of Materials associated with these case study products, a minimum of 80% of the product’s weight is 

represented in the analysis; in many cases greater than 80% by weight is reflected. The differential between 

represented product weight and the weight of total new material inputs reflects production process waste 

and recycling; in other words, material inputs which are not part of the finished product. 

Table 40: USA vehicle alternator product-level material efficiency, energy and emissions impacts 

Vehicle Alternator                                                               Represented Product Weight (kg):           4.9 

    

New Material Inputs by Process and Material  
(kg/unit) 

Embodied 
Material 
Energy 
(MJ/kg) 

Embodied Material 
Emissions 

(kgCO2-eq./kg) 

 Steel Cast Iron Copper Aluminum TOTAL TOTAL TOTAL 

OEM New 1.8 1.2 1.3 1.1 5.4 286.1 18.4 

Reman 0.3 0.2 0.3 0.2 1.0 12.7 3.6 

Refurb - - - - - - - 

Repair 0.0 0.0 0.1 0.0 0.1 4.8 0.3 

Arranging direct 
reuse 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 

Table 41: USA vehicle starter motor product-level material efficiency, energy and emissions impacts 

Vehicle Starter Motor                                                         Represented Product Weight (kg):           3.3 

    

New Material Inputs by Process and Material  
(kg/unit) 

Embodied 
Material 
Energy 
(MJ/kg) 

Embodied Material 
Emissions 

(kgCO2-eq./kg) 

 
Steel Cast Iron Copper Aluminum TOTAL TOTAL TOTAL 

OEM New 0.3 1.9 0.9 0.5 3.6 168.4 11.3 

Reman 0.0 0.1 0.2 0.0 0.4 8.9 0.9 

Refurb - - - - - - - 

Repair 0.0 0.0 0.1 0.0 0.1 4.8 0.3 

Arranging direct 
reuse 0.0 0.0 0.0 0.0 0.0 0.0 0.0 



 

 

126 

3.1.2.1 Vehicle Parts Design Tradeoffs in the Context of Value-Retention Processes 

Particularly in the case of vehicles, there has been a design emphasis in recent years on reducing the weight 

of the vehicle in pursuit of greater fuel efficiency. Some economies have progressed further than others in 

terms of market adoption of lightweight options; Of interest to this study is the significant potential 

difference in material-level environmental impacts a lightweight vehicle engine that utilizes a cylinder 

block of cast aluminum, as compared to the material-level environmental impacts of a traditional vehicle 

engine that uses a cast iron cylinder block. Although both are part of the vehicle engine product category, 

this example is used to help demonstrate the substantial impact differential that results from design 

decisions, as discussed further in Section 5.2. It should be noted that this assessment does not include the 

entire life-cycle of the vehicle parts, and therefore does not reflect production-level impacts or fuel-

efficiency related advantages of the cast aluminum engine cylinder block that are further documented in 

life-cycle analysis literature (Kim et al. 2010, Lewis, Kelly, and Keoleian 2014).  

Table 42: USA traditional vehicle engine product-level material efficiency, energy and emissions impacts 

Traditional Vehicle Engine (Cast Iron Cylinder Block)     Represented Product Wt. (kg):    108.5 

    

New Material Inputs by Process and Material  
(kg/unit) 

Embodied 
Material 
Energy 
(MJ/kg) 

Embodied Material 
Emissions 

(kgCO2-eq./kg) 

 
Steel Cast Iron Copper Aluminum TOTAL TOTAL TOTAL 

OEM New 11.2 93.5 - 20.0 124.8 5,669.8 389.8 

Reman 1.8 1.8 - 1.8 5.4 353.7 22.4 

Refurb - - - - - - - 

Repair 0.0 0.2 - 0.3 0.5 50.4 3.1 

Arranging direct 
reuse 0.0 0.0 - 0.0 0.0 0.0 0.0 
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Table 43: USA lightweight vehicle engine product-level material efficiency, energy and emissions impacts 

Lightweight Vehicle Engine (Aluminum Cylinder Block)51   Represented Product Wt. (kg):      89.9 

    

New Material Inputs by Process and Material  
(kg/unit) 

Embodied 
Material 
Energy 
(MJ/kg) 

Embodied Material 
Emissions 

(kgCO2-eq./kg) 

 
Steel Cast Iron Copper Aluminum TOTAL TOTAL TOTAL 

OEM New 11.2 30.7 - 61.4 103.3 10,516.0 641.5 

Reman 1.7 0.7 - 2.4 4.8 417.6 25.5 

Refurb - - - - - - - 

Repair 0.0 0.2 - 0.3 0.5 50.4 3.1 

Arranging direct 
reuse 0.0 0.0 - 0.0 0.0 0.0 0.0 

Based on the averages for the aggregated case study products for the vehicle parts sector, impact reduction 

potential assuming 100% traditional engines (cast iron cylinder blocks) for each process ranges as shown 

in Figure 30.  In comparison, Figure 31 reflects the average material-level impacts for case study vehicle 

parts, assuming 100% lightweight engine (aluminum cylinder blocks). As mentioned previously, rigorous 

life cycle data for production processes and use-phases were not completed for the lightweight vehicle 

engine, and instead the focus is on the material-level impacts of the use of an aluminum cylinder block 

versus a traditional cast iron cylinder block. Please note that process energy and process emissions results 

are inclusive of electricity generation supply chain, including efficiency and losses. 

 

                                                      
51 The lightweight vehicle engine BOM is assumed to be consistent with that of the traditional vehicle engine BOM, 
with the exception of the cylinder block, which was exchanged for an aluminum one (lesser component weight) for 
this illustrative analysis. 
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3.2 Economic Advantages of Value-Retention Processes at the Product-Level 

As discussed in Section 1.6, the absolute product-level benefits achieved through circular production 

models, although clearly demonstrative of the value of VRPs relative to OEM New production, must be 

considered in the context of the value and utility created. The case study product results presented in the 

preceding sections reflect quantified per-unit process benefits in terms of material and energy use, as well 

as emissions generation. 

 In absolute terms, VRPs enable reduction in environmental impacts from 60% to 99% of OEM New when 

looking at a single process cycle. The economic considerations of VRPs at the product level are also highly 

relevant to the discussion of impacts and benefits that become possible through the use of VRPs in the 

pursuit of circular economy. 

However, as emphasized before, full service life and partial service life VRPs are undertaken for different 

reasons and enable different impact opportunities. As such, the product-level labor opportunity, production 

waste (includes scrap recyclable process byproduct), and cost advantages for select case study products 

were assessed and evaluated for case study industrial digital printing press #2 (Refer to Figure 33 and Figure 

34) case study vehicle engine (Refer to Figure 35, and Figure 36), and case study HDOR engine (Refer to 

Figure 37 and Figure 38). Please note the change in scale in the vertical axes across each of these figures. 

These product-level results are presented relative to the OEM New version of the same product. As such, 

the higher relative values for employment opportunity observed for remanufactured, comprehensive 

refurbishment, and refurbishment in Figure 33, Figure 35, and Figure 37 reflect the greater number of labor 

hours, and therefore full-time labor requirement of these VRP processes relative to the OEM New process. 

In contrast, relative cost for VRPs is lower than for OEM New across Figure 33 through Figure 38, 

reflecting the cost reduction (discount) for the customer. 

More detailed discussion and reflection on these product-level findings are presented subsequently in 

Sections3.2.1, 3.2.2, and 3.2.3. 
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3.2.1 Production Cost Advantages of Value-Retention Processes 

Significant cost advantages (reductions) are made possible through VRPs, as a large share of costs to the 

producer are offset by the reduced requirement for new input materials and associated processing costs. In 

addition, for some products and sectors, process energy-related costs can be significantly reduced through 

a reduction in the number of processing stages and activities, which may be offset by more manual 

activities, such as the disassembly and product quality-testing stages required in a remanufacturing process. 

Cost advantages of VRPs range, conservatively, between 15% and 80% of the cost of an OEM New version 

of the product, with the lowest cost option enabled via repair for partial service life VRPs, and 

comprehensive refurbishment for full service life VRPs.  Once again, while every VRP offers a cost 

advantage (reduction) in comparison to the OEM New option, the preferred VRP option may depend on 

the priorities and economic situation of the customer or user. 

 

The cost advantages shown in these figures reflects commercial pricing, and as such represent the most 

conservative cost advantage: Inherent to these prices is additional profit margin that may be built into the 

price by the VRP producer based on their own objectives. Given this, the actual cost advantage to the 

producer may be significantly more than what is passed on to the customer; however, at the very least, price 

discounting remains an effective competitive strategy for VRP producers, as discussed in Section 1.7.1.3 

3.2.2 Employment Opportunities through Value-Retention Processes 

The requirement for potentially more manual VRP production processes, and a necessary level of labor 

force skills, highlights the employment opportunity inherent in VRPs. While the cost of labor remains a 

significant share of total production costs in all manufacturing activity, in the case of VRP labor the 

additional cost is typically more than offset by the relative reduction in materials, utilities, and other 

overhead and operating costs. In the case of remanufactured products, a significant increase in full-time 

labor requirement is observed, and at the same time, remanufacturers are typically able to offer a consistent 

cost advantage to potential customers. In other words, while the cost of labor for remanufacturing may be 

a relatively higher share of the remanufacturer’s total production costs vs. the traditional OEM, the other 

production cost advantages that are created typically more than cover the potential increase in associated 

labor costs. 

It is important to note that the employment opportunity is not equal across all VRPs: In fact, only 

remanufacturing, and to some degree comprehensive refurbishment, offer greater full-time employment 
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opportunity relative to traditional OEM New production. In economies with a relatively higher share of 

arranging direct reuse, and repair activities, there may be a relative reduction in employment opportunity.  

 From the perspective of policy-makers, it is essential to note that, in addition to the per-unit environmental 

benefits described in Section 3.1, and the economic advantages described in Figure 33, Figure 35, and 

Figure 37, , full service life VRPs including remanufacturing and comprehensive refurbishment offer 

significantly higher opportunity to increase employment levels, creating additional direct and secondary 

economic benefits within an economy. Thus, as the production share of remanufacturing and refurbishment 

are increased, a corresponding increase in full-time employment opportunities is possible. 

3.2.3 Production Waste Reduction through Value-Retention Processes 

A corollary to the reduction in new material requirement that can be achieved by VRPs’ is the reduction in 

production wastes and recyclable by-products materials. As can be seen in Figure 33 through Figure 38, 

every VRP offers some degree of reduced production waste for which there is little diversion or collection 

potential: where arranging direct reuse requires no new material inputs, and therefore no additional 

production wastes, even remanufacturing – a process which serves to increases value-retention and product 

utility through a full additional new life – creates production waste reduction potential that ranges between 

90% (industrial digital printers) and 95% (vehicle parts) for these case study sectors.  

The decrease in the volume of production waste and recyclables is first and foremost an economic 

opportunity associated with increased adoption of VRPs: not only do high quantities of production waste 

indicate that there is value within the system that is currently being lost (e.g. not being utilized at its highest 

potential) through design, technological and/or other forms of process inefficiency; but there are also 

operating costs associated with that waste production that must be borne by the producer, including storage, 

hauling and tipping fees. 

While the product-level analysis and insights provide essential information and context for the discussion 

of circular economy potential and implementation, the context of the economies in which these activities 

are undertaken is also significant and integral to the development of strategies for circular economy. The 

following section continues this effort, applying these product-level insights to the aggregate context and 

conditions of actual economies. 

3.3 Product-Level Opportunities in Other Sectors 

As discussed, the intersection of circular economy and VRPs necessitates a focus on case study products 

that consisted predominately of technical (inorganic and synthetic material) nutrients, and for which 
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multiple types of VRPs are undertaken. These scope requirements suggest a bias towards industrial products 

that are sold into business-to-business (B2B) marketplaces. However, VRPs can offer marginal product-

level benefits across other products and sectors that are less industrial in nature, and/or that are more 

consumer-facing (e.g. business-to-consumer, or B2C) 

The following sections discuss the VRP implications for several additional products. It is important to note 

that the products presented here do not represent the entirety of all products; they have been included to 

reflect on a broader range of product types, primary users, markets, as they relate to the potential for 

adopting VRPs. 

These assessments highlight the importance of considering the nature and design of both product and 

product-system prior to engaging in VRPs, as discussed in more detail in Section 5.2.4. 

3.3.1 Inkjet Printer Cartridges 

When products reach EOU some consumers/users/customers may be motivated to pursue options for 

extending the service life of a product. Especially in the case of consumer products, consumers may lack 

the necessary information to know which option to pursue, and the consumer’s behavior can influence the 

magnitude of any environmental savings that might be achieved. (Krystofik, Babbitt, and Gaustad 2014) 

This is particularly true in the case of inkjet printer cartridges, where customer attitudes can affect whether 

an OEM New or remanufactured product is purchased in the first instance; and at EOU, consumer behaviors 

can affect whether cartridge refills are undertaken, and the implications of the subsequent refill 

transportation requirements. 

Although there are several life cycle assessments for printer cartridges in the literature (Four Elements 

Consulting LLC 2008, Gutowski et al. 2011, Krystofik, Babbitt, and Gaustad 2014, Pollock and Coulon 

1996), very few focus on the life cycle impact differential enabled by alternative EOU options. In the case 

of inkjet printer cartridges two VRP options are commonly available in industrialized economies: cartridge 

refilling (arranging direct reuse), and remanufacturing. (International Imaging Technology Council 2006, 

Krystofik, Babbitt, and Gaustad 2014, Pollock and Coulon 1996) 

Krystofik, Babbitt, and Gaustad (2014) observed impact at the service life level rather than the number of 

printed pages, finding that satisfying five service lives (including use-phase energy) using remanufactured 

printer cartridges (vs. five OEM New cartridges) offered a 37% reduction in GWP impact (kgCO2-eq.) and 

~50% reduction in cumulative energy demand (CED, MJ), In contrast, one OEM New cartridge, refilled 

four times offered a 76% reduction in GWP impact (kgCO2-eq.) and ~48% reduction in cumulative energy 

demand (CED) for the first refill. (Krystofik, Babbitt, and Gaustad 2014, 1139 and 1143) In these 
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assessments, uncertainties related to consumer refill transportation requirements and practices were 

considered and incorporated. 

Findings by Four Elements Consulting LLC (2008) presented a slightly different perspective. Looking 

specifically at the production phase of the life cycle, remanufacturing presented a 7% reduction in GWP 

impacts, a 4% reduction in primary energy, and a 7% reduction in total waste when compared to OEM New 

production. However, when incorporated with use-phase performance efficiency changes and EOL, these 

results inverted: the remanufactured printer cartridge incurred a GWP impact increase of 6%, a primary 

energy increase of 9%, and total waste increase of 37.5% compared to the OEM New product. (Four 

Elements Consulting LLC 2008, 13) Findings by Gutowski et al. (2011, 4545) identified similar use-phase 

implications: A refilled toner cartridge offered a 6% energy savings over the OEM New option, assuming 

that the refilled cartridge performed as new; however, accounting for performance changes, this savings 

would be offset, potentially incurring an increase in energy requirements. 

3.3.2 Office Furniture Systems 

Although the purchase transaction of office furniture systems (e.g. interconnected cubicle panels, work 

surface, and cabinet components) typically occurs at the B2B-level, it is the everyday user who interacts 

with the office furniture system. As such, performance expectations of VRP office furniture systems is 

necessarily high. In practice, repair and maintenance of office furniture systems is typically included under 

the OEM warranty; arranging direct reuse is not formally undertaken, however remanufacturing of office 

furniture systems is becoming increasingly common. (Next Manufacturing Revolution 2014, Technavio 

Research 2016) 

Similar to printer cartridges, there are several life cycle assessments for office furniture systems in the 

literature (Dietz 2005), with some of these specifically focused on the comparative environmental impact 

differences between the OEM New and remanufactured options (Center of Excellence in Advanced & 

Sustainable Manufacturing 2016, Krystofik et al. 2017, National Center for Remanufacturing and Resource 

Recovery 2005, Sahni et al. 2010) 

Given the high-share of technical nutrients and low use-phase energy requirement of office furniture 

systems, it is logical that each of these studies found varying degrees of environmental impact reduction 

tied to the remanufacture of office furniture systems: Aligned with findings by Sahni et al. (2010), Krystofik 

et al. (2017) found an 82% reduction in GWP impacts (kgCO2-eq.) and an 83% reduction in CED (MJ) in 

each of the two remanufacturing service lives assessed, relative to the OEM New product. The National 
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Center for Remanufacturing and Resource Recovery (2005) found a 40% reduction in waste generation 

enabled via office furniture remanufacturing. 

3.3.3 Mobile (Cellular) Phones 

Increasingly, consumer electronic products are the focus of environmental impact discussions: not only do 

these products contain toxic, and valuable materials that should be appropriately managed; global demand 

for internet-connected devices, including mobile phones, is increasing dramatically each year. (IDC 2016, 

Waring 2014) Given wide-spread consensus that landfill is not an acceptable form of EOU management 

for mobile phones, as evidenced by e-waste recycling programs around the world, the importance of 

enabling improved EOU options for mobile phones is logical. (Conference of the Parties to the Basel 

Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal 2014, 

Geyer and Blass 2010, Hardin and Stone 2012, King and Burgess 2005, Ontario Electronic Stewardship 

2009) 

Some environmental impact and life cycle assessments of mobile phones exist in the literature with the 

most typical VRP option of refurbishment assessed comparative to an OEM New option (Fehske et al. 

2011, Moberg et al. 2014, Yu, Williams, and Ju 2010, Zink et al. 2014).  Zink et al. (2014, 1106) found that 

in direct comparison (excluding a break-even analysis), the refurbished mobile phone presented the 

potential for a 55% reduction in GWP impact (kgCO2-eq.) relative to the OEM New product. 
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3.4 Economy-Level Analysis & Opportunities via Value-Retention Processes 

3.4.1 Overview of Analysis Approach 

A primary objective of this study is to understand the benefits, through impacts avoided, of increasing the 

adoption of VRPs within economic production activities. As such, results and analysis are presented for the 

most part, in aggregate format contrasting the impacts (and impacts avoided) between OEM New 

production, and the cumulative VRP activity level for each case study sector within each studied economy. 

Where appropriate, and to provide an understanding of the approach, additional clarifying examples of 

simulation over time (e.g. over seven years), and the substantiating data behind aggregated results are 

provided. 

It should be noted that production levels reflect the aggregated production volume in an economy, which 

may be supplied into the domestic market, or may be exported. Total domestic production may be different 

from domestic market demand levels: In some cases, domestic production may be lower than domestic 

demand, with the differential supply requirement being met by imported units; In cases where domestic 

production exceeds domestic demand, the implication is that there is a substantial quantity of finished units 

being exported to other markets. (Please refer to Figure 14) 

The calculation of total environmental impacts includes the direct environmental production impacts that 

result from domestic production levels, including exported units; it also includes the indirect environmental 

production impacts that are associated with the production of OEM New and VRP products in other 

economies. This approach ensures that the environmental impacts are appropriately allocated to the 

consuming economy alongside the direct environmental impacts that contribute to the domestic economy. 

In addition to presenting analysis of the current state impacts (via Status Quo scenario), the additional 

Standard Open Market for VRP Products and Theoretical High for VRP Products scenarios data are 

included to highlight the opportunity and implications of alleviating barriers to VRPs. As each of the 

represented economies face differing conditions and constraints, the opportunities and implications for both 

policy makers and corporate decision-makers will necessarily differ. 

As previously described, the Theoretical High scenario reflects ideal conditions in which adoption of VRPs 

reflects the production shares and market adoption observed for the optimized Theoretical High USA 

scenario. The purpose for this ideal scenario is to demonstrate what might be possible if, through joint-

effort and collaboration, stakeholders in an economy were able to immediately alleviate the primary barriers 

constraining VRP adoption. 
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The following sections illustrate this analysis, organized by case study sector: Industrial Digital Printers; 

Vehicle Parts; and HDOR Equipment parts. It is important to note that some observations, for example, 

those driven by an overarching condition of an economy, may be applicable across all sectors; other 

observations may be sector-specific, and/or even process specific.  

3.4.2 Context of Analysis 

An unavoidable consequence of economic growth is the increased consumption, to some degree, of 

materials and resources. As production levels rise within an economy – either to meet domestic or 

international demand—the requirement for energy, labor, and material inputs, and the generation of 

emissions and solid waste will also rise. The projected growth rates for the represented sectors are based 

on compound annual growth rates (CAGR) of actual past five-year performance within each economy. 

The primary objective of increasing the scale of VRPs within an economy’s production system is to enable 

an increasing rate of economic growth and prosperity, alongside a relatively decreasing rate of materials 

and resource consumption. In the absence of any improvements to material or production process 

efficiency, the rate of input consumption and the rate of waste and emissions generations will parallel the 

rate of change to the production level. Logically, in this way growing customer demand within a specific 

market will require greater quantities of material and energy inputs to production; a shrinking or stagnating 

product market will likewise reduce the quantity of material and energy inputs and wastes generated. 

However, given economic and human prosperity objectives tied heavily to economic growth, the pursuit of 

more sustainable production systems cannot rely on de-growth strategies. This is particularly meaningful 

in the context of developing/newly industrialized markets in which middle class population and associated 

consumption patterns are increasing. 

The pursuit of material efficiency and production efficiency can be achieved by decreasing the per-unit 

requirements and impacts of production where the rate of increase in materials and energy consumption, 

and waste and emissions generation is decoupled from production growth. A key strategy in the pursuit of 

reduced per-unit impacts of production is the increased scale and adoption of VRPs that effectively offset 

input requirement and waste generation, without compromising the ability of the economy to grow.  

The barriers to VRPs discussed in Section 1.7 are complex, interconnected, and vary from one country to 

another. Despite this complexity, it must be acknowledged that the alleviation of these barriers represents 

the proverbial ‘low-hanging fruit’ opportunities when considered in the context of the more massive global 

system overhaul and redesign that will be needed to more fully respond to the reality of finite resources and 

fast-approaching maximum carrying capacity of the planet. Even if all known barriers to VRPs were 
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Figure 57: Estimated aggregated new material avoided via USA remanufacturing of vehicle parts 

 

3.4.4.3 Aggregation of Impacts from Vehicle Parts Production 

From the absolute material, energy and emissions data generated over the seven-year simulation, an 

aggregate value for the entire period is calculated. Figure 58 describes, as an example, the cumulative new 

material that is both used and avoided, when comparing USA vehicle parts production via OEM New vs. 

remanufacturing processes.  

In contrast to the significant material avoidance demonstrated in the case study of industrial digital printer 

products, the relatively smaller production share of VRPs in the vehicle parts sector is highlighted. It is 

important to note, however, that despite the apparently ‘smaller’ magnitude of material avoided, there is 

still a significant benefit created in terms of absolute quantity of new material that is offset through the 

application of VRP production. 

While Figure 58, Figure 59, and Figure 60 reflect aggregated impacts assuming 100% cast iron engine 

block, a brief comparative analysis of the tradeoffs associated with utilizing 100% lightweight aluminum 

engine block (vs. traditional cast iron) is provided in Section 3.4.4.4. 
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Figure 58: Comparison of new material used and avoided via USA remanufacturing of vehicle parts 

The relative level of VRPs in the vehicle parts production mix is smaller than that of industrial digital 

printers, and as such material currently avoided via remanufacturing appears small (See Figure 58). The 

currently high levels of embodied material and process energy (See Figure 59).and embodied material 

emissions (See Figure 60) highlight the potential to reduce environmental impacts through adoption of 

VRPs. 
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Figure 59: Estimated aggregate embodied and process-based energy USA production of vehicle parts 

 

 
Figure 60: Estimated aggregate embodied and process-based emissions USA production of vehicle parts 
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3.4.4.4 Impact Tradeoffs of Lightweight Design in Vehicle Parts Sector 

As presented in Section 3.1.2.1, there are impacts of a product that may differ due to design decisions as 

basic as what material to use. For illustrative example, a simplified assessment of the impact differential at 

the product-level was presented for traditional engines utilizing cast iron cylinder blocks and lightweight 

engines utilizing aluminum cylinder blocks. To clarify the implications of the lightweight material decision 

at an economy-level, Figure 61 reflects the comparative new material use and avoidance enabled by 

production and remanufacturing of lightweight engines instead of traditional engines in the combined case 

study vehicle parts under Status Quo and Theoretical High scenarios. Despite the reduction in material use, 

however, the use of a more energy-intensive material creates negative environmental implications in terms 

of embodied energy and embodied emissions, as shown Figure 62 and Figure 63. 

 
Figure 61: USA aggregated material use and avoidance comparison of traditional vs. lightweight engine mix 
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Figure 62: USA aggregated embodied material energy comparison of traditional vs. lightweight engine mix 

New material use is reduced when all vehicle engines are produced with aluminum cylinder blocks (See 

Figure 61) however, embodied energy and emissions are higher (Figure 62). Under either the traditional or 

lightweight vehicle engine design, the Theoretical High scenario with maximized VRP production offers 

impact reduction in material use, embodied energy, and embodied emissions relative to the Status Quo 

state. 

 
Figure 63: USA aggregated embodied material energy comparison of traditional vs. lightweight engine mix 
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3.4.4.5 Vehicle Parts Sector: Impacts Avoided through Value-Retention Processes 

Using the approach described in Sections 3.4.4.2 and 3.4.4.3, the aggregated impacts that are avoided in 

each economy as a result of VRP vehicle parts produced domestically and imported are estimated and 

presented in Figure 64 (USA), Figure 65 (Germany), Figure 66 (Brazil), and Figure 67 (China).  For each 

of these figures, estimated production and import levels of VRP vehicle parts are depicted in panel (a); 

estimated material use avoided as a result of VRP production are depicted in panel (b); estimated embodied 

and process energy use avoided as a result of VRP production are depicted in panel (c); and estimated 

embodied and process emissions avoided as a result of VRP production are depicted in panel (d). 

In review of these results, it is important to note the differing scales: Not only do production levels vary 

significantly across these economies, but the factors influencing the associated impacts of production (e.g. 

the efficiency of energy production, transmission and distribution, and the energy production grid-mix) also 

vary significantly.  

 
Figure 64: Estimated aggregate impacts avoided via USA vehicle parts production with  

value-retention processes 
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Figure 67: Estimated aggregated impacts avoided via China vehicle parts production with value-retention 

processes 

 

To this end, the complexity of VRPs within a market requires careful consideration of not only the policy 

objectives (e.g. impact reduction), but also the implications of social norms and practices. In addition, while 

these results directly measure impact avoidance in absolute terms, it must be remembered that the value 

and utility created via a full new product life through remanufacturing is significantly greater than the value 

and utility created via arranging direct reuse and repair.  

In the case of vehicle parts, VRPs generally require less per-unit process energy, and therefore relatively 

less associated process emissions. As such, there are net-positive avoided impacts across all measured 

impact categories in every economy. 
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3.4.5 Analysis of HDOR Equipment Parts Sector 

The heavy-duty and off-road sector consists of companies that produce equipment and systems used in the 

commercial trucking, construction, mining, agriculture, and bulk transportation industries. This sector is 

primarily focused on mobile equipment that is highly durable and of high value. These products often 

experience high use over an extended period, and their service life cycles are often many years’ longer than 

general consumer products. Many of the components in the HDOR equipment parts sector, for which VRPs 

are employed, are similar in function and design to vehicle part equivalents; however, given workload 

expectations, rigorous product use, and significant wear-and-tear, they are much larger is size, and are 

designed for greater durability and even scheduled overhaul refurbishment and preventative maintenance 

activities. 

The nature and value of HDOR equipment parts are substantially different that the other case study sectors 

presented in this study: the customer market for HDOR equipment parts is typically highly-specialized and 

educated about VRP options; in addition, many of the major producers of OEM New HDOR equipment 

parts are also actively engaged in some degree of VRP production as well, and as a result there are large 

and relatively efficient reverse-logistics systems in place to enable refurbishment and remanufacturing. 

Often, these processes may be offered as part of a customer service model in which refurbishment activities 

are planned for and scheduled. The rigorous oversight of HDOR equipment in the market, as well as the 

systems supporting active collection and reuse through VRPs, ensures a unique perspective on VRPs for 

the HDOR equipment parts sector.   

3.4.5.1 HDOR Equipment Parts Production Levels 

The estimated production levels of HDOR equipment parts, by OEM New and VRP production types, and 

by economy, are presented in Figure 68 and Figure 71.  Also shown are estimated total domestic market 

demand levels for each economy, which are indicative of the relative levels of imported products to supply 

domestic demand. and/or exported products. 

Recent HDOR equipment industry performance has shown market contraction, particularly in 

developed/industrialized economies such as the USA (See Figure 68); in contrast, developing/newly 

industrialized economies like Brazil and China that offer favorable production incentives as well as growing 

demand from construction and mining industries, are poised for significant market growth (See Figure 70 

and Figure 71). Despite the relatively low production share in the USA, there is great opportunity for 

material efficiency and impact reduction through VRPs. As with the vehicle parts sector, the scale-up of 
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VRPs in the HDOR equipment parts production mix demonstrates net-positive impact avoidance, to varying 

degrees, across each studied economy. 

Please note that, since the Standard Open Market scenario is reflective of some of the USA conditions, 

there is no change to USA production levels and associated production impacts between the Status Quo and 

Standard Open Market scenarios. For example, in the cases of Germany and Brazil (Please see Standard 

Open Market scenario in Figure 69 and Figure 70), overall production level decreases because of an increase 

in the import-ratio, imposed as a condition of the scenario.  

 

 
Figure 68: Estimated USA production of HDOR equipment parts relative to estimated demand in USA 
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Figure 69: Estimated Germany production of HDOR equipment parts relative to estimated demand in 

Germany 

 
Figure 70: Estimated Brazil production of HDOR equipment parts relative to estimated demand in Brazil 
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It is important to note the reduced domestic production levels resulting from the imposed scenario 

conditions. In addition, the displacement of lower-impact partial service life VRPs with higher-impact full 

service life VRPs in the Theoretical High scenarios for Brazil (See Figure 70) and China (See Figure 71) 

reflects an unrealistic transition away from more common repair and direct reuse activities.  The decrease 

in potentially avoided impacts that result from such a transition are demonstrated in  Figure 79 and Figure 

80, and discussed in greater detail in Section 3.4.5.4. 

 
Figure 71: Estimated China production of HDOR equipment parts relative to estimated demand in China 

3.4.5.2 Analysis of Material-Level Impacts from HDOR Equipment Parts Production 

The production level and growth rates of production in each economy and scenario both inform and affect 

the associated impacts that are of interest to this study. The impacts of production are presented in Figure 

72 and Figure 73, however a demonstrative example of the aggregation approach is provided first in this 

section, and in Section 3.4.5.3. 

As with the previous case study sectors, aggregated production is simulated over a seven-year period, and 

the associated impacts are calculated accordingly.  Figure 72 depicts the new materials both used and 

avoided through the incorporation of HDOR equipment parts remanufacturing for each of the seven-years, 

across all three scenarios, while Figure 73 highlights just the quantity of new materials avoided over the 

same period and scenarios.  
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Figure 72: Estimated aggregated new material used and avoided via USA remanufacturing of HDOR 
equipment parts 

Even in the Theoretical High scenario, the lower share of VRPs in the USA production mix (relative to 

OEM New production) constrains the potential for avoided negative environmental impacts, as shown in 

Figure 72 and Figure 73. 
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Figure 73: Estimated aggregate new material avoided via USA remanufacturing of HDOR equipment parts 

 

3.4.5.3 Aggregation of Impacts from HDOR Equipment Parts Production 

From the absolute material, energy and emissions data generated over the seven-year simulation, an 

aggregate value for the entire period is calculated. Figure 74 describes, as an example, the cumulative new 

material that is both used and avoided, when comparing USA HDOR equipment parts production via OEM 

New vs. remanufacturing processes.  

The implications of the relatively smaller production share of VRPs in the HDOR equipment parts sector 

is clearly observable in Figure 74, with a significantly lesser quantity of new material offset. As emphasized 

before, however, it is important to note that despite the apparently ‘smaller’ magnitude of material avoided, 

there is still a significant benefit created in terms of absolute quantity of new material that is offset through 

the application of VRP production. 
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Figure 74: Comparison of new material used and avoided via USA remanufacturing of HDOR equipment 
parts 

The substantial size and designed durability of HDOR equipment parts requires a significant volume of 

material input at the per-unit level; in addition, the production process is quite energy intensive. As such, 

there are opportunities for reduction in material requirement, embodied energy and emissions, and process 

energy and emissions in the USA market through the increased adoption of VRPs in the production mix 

(Refer to Figure 75 and Figure 76). These opportunities increase exponentially for developing/newly 

industrialized markets in which HDOR equipment parts production is substantially higher and/or is 

expected to grow significantly. Please see Brazil (Figure 79) and China (Figure 80). 
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Figure 75: Estimated aggregate embodied and process-based energy for USA production of HDOR 

equipment parts 

 

 
Figure 76: Estimated aggregate embodied and process-based energy for USA production of HDOR 

equipment parts 
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3.4.5.4 HDOR Equipment Parts Sector: Impacts Avoided through Value-Retention Processes 

Using the approach described in Sections 3.4.5.2 and 3.4.5.3, the aggregated impacts that are avoided in 

each economy as a result of VRP HDOR equipment parts produced domestically and imported are estimated 

and presented in Figure 77 (USA), Figure 78 (Germany), Figure 79 (Brazil), and Figure 80 (China).  ).  For 

each of these figures, estimated production and import levels of VRP HDOR equipment parts are depicted 

in panel (a); estimated material use avoided as a result of VRP production are depicted in panel (b); 

estimated embodied and process energy use avoided as a result of VRP production are depicted in panel 

(c); and estimated embodied and process emissions avoided as a result of VRP production are depicted in 

panel (d). 

In review of these results, it is important to note the differing scales: Not only do production levels vary 

significantly across these economies, but the factors influencing the associated impacts of production also 

vary significantly.  
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Figure 77: Estimated aggregate impacts avoided via USA HDOR equipment parts production with value-

retention processes 

In each sample economy the increase in VRP production and imports across the three scenarios is correlated 

to an increase in avoided negative environmental impacts, to varying degrees. In China, where adoption of 

VRPs under the Theoretical High scenario is most significant (See Figure 71), the correlated increase in 

estimated avoided impacts is highlighted (See Figure 80). 
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Figure 78: Estimated aggregate impacts avoided via Germany HDOR equipment parts production with 

value-retention processes 

To this end, the complexity of VRPs within a market requires careful consideration of not only the policy 

objectives. (e.g. impact reduction), but also the implications of trade ratios and balances, as well as social 

norms and practices. Overall, there are net-positive avoided impacts across all measured impact categories 

in every economy. 
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4. Extended Diffusion Model for VRP Products 

A significant aspect of the literature and perspective on market transformation (for any objective) is focused 

on targeted/desired acceptance, adoption, and diffusion behaviors of a particular technology or innovation 

(See Section 4.1.1). Whether or not the innovation is embraced, and/or the rate at which it is embraced, 

directly affects whether the market can or will be ultimately transformed towards the desired objective. As 

such, understanding the complex drivers and factors that affect decision-maker (user/buyer/customer) 

motivations, perceptions, and decision-behaviors is an essential component of market transformation 

research and planning. (York and Paulos 1999) Oversimplified assumptions regarding adoption behaviors 

and drivers can lead to ineffective market strategies by industry decision-makers, uninformed interventions 

by policy-makers, and the ultimate failure of the market to transform towards the desired objective. (Keating 

et al. 1998). In the case of market transformation for circular economy and the scale-up of VRPs within 

economies, enhanced understanding of the relevant drivers and interactions affecting of market behaviors 

and attitudes is a much-needed extension of the current literature. 

Typical diffusion modeling approaches the market from the perspective of a branded ‘new’ product 

competing against other branded new products (Skiadas 1985). However, it has long been proposed in the 

literature that such an approach is not appropriate in the case eco-innovation. Eco-innovation is a term 

generally used to refer to new technologies, processes, and approaches that target improved performance 

across all three pillars (environment, economy, society) of sustainability (Arundel and Kemp 2009, 

Devoldere et al. 2009, de Jesus and Mendonça 2018, Jansson, Marell, and Nordlund 2010, Karakaya, 

Hidalgo, and Nuur 2014, Machiba 2010, Organisation for Economic Co-operation and Development 2009, 

Pujari 2006, Rennings 2000). Under this broad definition, VRPs can clearly be considered eco-innovations 

of technology, product, and process (Arundel and Kemp 2009, Devoldere et al. 2009, de Jesus and 

Mendonça 2018, Organisation for Economic Co-operation and Development 2009). As such, despite the 

approach utilized in the economy-level modeling of VRPs conducted for the IRP (Please refer to Section 

2.4.5) which assumes a generalized sector-growth rate and constant relative market share for OEM New 

and VRP options, it is clear that assessing the diffusion and adoption potential for VRPs using simplified 

and/or traditional modeling approaches may not sufficiently account for some of the relative evaluations 

and considerations specific to the consumer’s decision-making process when non-new products are 

involved (Abbey, Blackburn, and Guide 2015, Agrawal, Atasu, and Van Ittersum 2015, Dimoka, Hong, 

and Pavlou 2011, Guide Jr and Van Wassenhove 2009, Hazen et al. 2017, Jiménez-Parra, Rubio, and 

Vicente-Molina 2014, Pang et al. 2015). Karakaya, Hidalgo, and Nuur (2014) suggest that there is currently 

insufficient evidence to support the assumption that traditional diffusion theory is appropriate for eco-
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the lowering and/or elimination of barriers in a marketplace (York and Paulos 1999, 14).  Keating and 

colleagues extended this definition to incorporate a deliberate strategic objective (what needs to be changed) 

and a strategic approach (what interventions are most effective) (1998, 13). As demonstrated throughout 

discussions in Sections 1.5, 1.6, and 1.7, market transformation for circular economy and VRPs requires a 

comprehensive systems-perspective that can reflect essential stakeholders in the economic system: vendors, 

manufacturers, distributors, trade groups, regulators, buyers, users, designers, and many others (Blumstein, 

Goldstone, and Lutzenhiser 2000). To date, while market transformation can offer a strategic framework 

approach to a range of complex system challenges, it is most often applied and demonstrated in the context 

of energy-efficiency policy and programs in Canada and the United States, including Power Smart (Nelson, 

Tiedemann, and Henriques 1998), Consortium for Energy Efficiency (CEE), Northeast Energy Efficiency 

Alliance (NEEA), and Northwest Energy Efficiency Partnerships, Inc. (NEEP) (York and Paulos 1999). 

These initiatives have also been heavily focused on public-programming that originates with policy-makers 

(Kunkle and Lutzenhiser 1998, Kushler, Schlegel, and Prahl 1996, Nelson, Tiedemann, and Henriques 

1998, Peach et al. 1996, Suozzo and Nadel 1996). 

The use of a market transformation strategic framework to tackle the challenges associated with VRPs and 

circular economy is a logical extension. In this context the objective is to increase the adoption and diffusion 

of VRP products within an economy by means of interventions to alleviate regulatory and access, 

technological, and infrastructure barriers, as assessed in Section 3.4, and discussed in Sections 0 and 5.4. 

However, as also clarified by York and Paulos (2009), while the primary objective of market transformation 

is to lower or eliminate barriers, it would be problematic to assume that the removal of these barriers would 

alone be sufficient to increase demand for the targeted product or service. An enhanced understanding of 

the product and service attributes that a customer/buyer values is an essential consideration when trying to 

influence increased demand and adoption. (Blumstein, Goldstone, and Lutzenhiser 2000, York and Paulos 

1999). In the case of VRPs, the valued attribute may be the discounted price, or the inherent environmental 

benefit – depending on the consumer’s own personal values system, and their level of awareness and 

knowledge of VRP products. Although this demand projection model does not explicitly incorporate a 

parameter reflecting the consumer’s value of environment, the literature notes the important influence of 

consumer values upon willingness to pay and purchase intent, and in particular, the sometimes contradictory 

role of the consumer’s environmental ethics (c.f. Carrigan and Attalla 2001, Carrington, Neville, and 

Whitwell 2010, Chen and Chai 2010, Follows and Jobber 2000, Jansson, Marell, and Nordlund 2010, 

McDougall 1993). 

Where the previous chapters of this dissertation research have focused on a range of barriers that exist 

within the system of VRP capacity and flows, the following section focuses on an enhanced model to assist 
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In comparing the relative product attractiveness shares (See Figure 87 and Figure 88) with the resulting 

demand share projections of the VRP Diffusion Model (See Figure 91 and Figure 92), a slight variance can 

be observed. This is due to the additional implications of the demand formula (Equation 4b) that include 

sector growth rate as well as the changing mix of OEM and VRP products falling out of the market and 

becoming available for collection in each period. 

 
Figure 91: Sensitivity of OEM New and VRP demand share to VRP Diffusion Model parameters in USA 

 

For example, a -20% change to the sensitivity to perceived loss parameter (∂) for in the USA has a positive 

impact of 0.8% increase (from 19.2% - 20.0%) in the relative attractiveness score of the remanufactured 

product options See Figure 87, panel (f)), and a positive impact of 1.6% increase (from 18.5% - 20.5%) to 

the estimated demand share for the remanufactured product (See Figure 88, panel (f)). 
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The same -20% change to sensitivity to perceived loss parameter (∂) for in China has a positive impact of 

0.6% increase (from 2.1% - 2.7%) in the relative attractiveness score for the remanufactured product (See 

Figure 91, panel (f)), and will have a positive impact of 0.6% increase (from 2.0% to 2.6%) to the estimated 

demand share for the remanufactured product (See Figure 92, panel (f)). 

 

 
Figure 92: Sensitivity of OEM New and VRP demand share to VRP Diffusion Model parameters in China 
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5. Discussion of Key Insights 

A primary objective of this dissertation is to evaluate whether innovation within the production process, in 

the form of VRPs, can enable reduced negative environmental impacts of production without compromising 

economic opportunity and the satisfaction of consumer needs. The following sections describe the 

implications of product- and economy-level environmental and economic impacts associated with VRPs.  

The pursuit of a circular economy is focused on improving the retention of value within the system as a 

strategy for reducing the pressures and demands on our natural resources. From this assessment, the 

inclusion of VRPs as part of a product design and business model plan, and as an increasing share of an 

economy’s production mix, presents a viable and essential strategy for circular economy and the inherent 

benefits thereof. It must be noted that the outcomes of these case study products and sample economies do 

not provide universal conclusions and insights about the potential for VRPs and/or circular economy to 

reduce environmental damage and increase economic opportunity. As highlighted previously, the unique 

nature of the product (See Section 3) and complex system conditions (See Section 1.7) can significantly 

impact whether, and to what extent, environmental and economic objectives can be achieved. 

The following sections organize the major findings and insights of this assessment can be organized across 

four main strategic themes:  

1) The net-positive outcomes that can be enabled when VRPs are incorporated into the product-system 

and as an increasing part of an economy’s production mix;  

2) The value and necessity of expanding the boundaries of product-related decisions to consider the 

product within the broader system that it will exist within for its life-cycle (product-system);  

3) The importance of identifying and understanding the range of different systemic barriers that 

constrain the scale-up of VRPs, with the objective of strategically alleviating these to help meet 

national economic and environmental objectives; and  

4) The reality of current system mechanics and dynamics, including the risk of rebound effects, that 

affect the integration of VRPs within a circular economy. 

5.1 Value-Retention Processes Create Net-Positive Outcomes for Circular 

Economy 

Across each of the impact metrics analyzed within this study, a clear and apparent net-positive outcome 

was observed in almost all cases. While the environmental impacts of the use-phase of case study products 
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is beyond the scope of this assessment, there are environmental impact reduction opportunities that can be 

realized in the pre-and post-consumer stages of a product’s lifecycle (c.f.Cooper et al. 2017). 

5.1.1 Value-Retention Processes are not Created Equal 

Studies on the broad-scale potential of circular economy are starting to appear (Cooper et al. 2017, Ellen 

MacArthur Foundation 2013a, 2016, World Economic Forum and Ellen MacArthur Foundation 2014). 

Cooper et al. (2017) assessed global implications of circular economy for industrial energy use, using an 

input-output based model focused on full supply chain embodied energy at the materials level. Although a 

different methodology focused on primary energy extraction and energy dissipation, Cooper et al. (2017) 

utilized many common assumptions necessary for higher-level modeling of circular economy: 

acknowledging flows of materials between national economies, and therefore shared effects of circular 

economy for both producing and consuming societies. Although aggregated via a different method and 

perspective, these findings demonstrated the potential for circular economy to contribute to a reduction of 

supply chain embodied energy of 6% - 11% at the global level. (Cooper et al. 2017) 

As revealed in the review and case studies of this report, the magnitude of environmental impact avoided, 

economic opportunity created, and ultimately the value retained within the system, depends upon the 

specific VRP that is employed. As highlighted in Section 1.6, and in the summary presented in Figure 103, 

VRPs can be divided into two groups or categories: 1) Equivalent full service life processes, which enable 

a full, or almost full new service life of the product; and 2) Partial service life processes, which enable a 

partial extension of the service life of the product.  Associated with the service life and the specific VRP, 

differing degrees of value creation, value-retention, and therefore utility for the customer, can be achieved. 

When considered in the context of the process definitions (See Section 1.5), and the subsequent quality and 

performance of the VRP product, it becomes clear that different VRPs are appropriate for different 

objectives. Remanufacturing and comprehensive refurbishment (Equivalent full service life processes) both 

add and retain relatively greater value in the system in terms of both materials and functional form than 

partial service life processes; however, for some products and economies these relatively more intensive 

industrial processes may increase the relative process energy requirement and associated process emissions 

as well. This was observed in some of the case studies of industrial digital printers. At the same time, the 

rigorous industrial process can lead to greater economic opportunities in the form of increased labor 

requirement, decreased waste management costs, and greater utility, via relative price and quality, for the 

customer. 
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Figure 103: Summary of value-retention process differentiation within the context of EOU and EOL 

As a reminder, the length of the lines in Figure 103 are only intended to reflect relative service life duration 

enabled by different VRPs, and do not suggest quantified actual service life duration. The dotted lines 

reflect potential service life extension enabled by each VRP, as compared to the service life guarantees 

indicated by the solid lines. 

In contrast, arranging direct reuse, repair, and refurbishment (partial service life processes) can be 

undertaken at a relatively lower cost than full service life processes, enabling customers with budget 

constraints to continue participating in the market; and they can be completed with lesser material 

requirement, energy requirement and associated emissions and waste. However, partial service life 

processes offer relatively limited value and utility to the customer and retain less value in the system over 

time.  

The case studies of this assessment show that more significant value-retention opportunities stem from 

remanufacturing and comprehensive refurbishment rather than from direct reuse and repair activities at the 

product-level.  
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Table 62: Summary ranges of product-level process emissions avoidance via VRPs (kgCO2-eq./unit vs. OEM 
New) 

  

Industrial Digital 
Printers Vehicle Parts HDOR Equipment 

Parts 

 
Process Emissions 

Avoided Range 
Process Emissions 

Avoided Range 
Process Emissions 

Avoided Range 
 Low High Low High Low High 

Remanufacturing 56.9% 63.7% 65.0% 86.6% 65.0% 86.6% 

Refurbishment 68.9% 85.1% - - 73.8% 73.8% 

Repair 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
Arranging direct 

reuse 100.0% 100.0% 100.0% 100.0% - - 

 

The magnitude and nature of these impact reduction and impact avoidance ranges can be attributed to two 

key factors: 1) the product type; and 2) the nature of the VRP being employed. (See Section 5.1.3) As the 

numbers of VRP products as part of an economy’s production mix increases, the impact reduction potential 

becomes significant, as highlighted in Sections 3.4.3.4, 3.4.4.5, and 3.4.5.4, respectively. 

The comparative differences between the environmental impacts, enabled by the presence of VRPs within 

an economy’s production mix, are demonstrated in Figure 104 through Figure 109, where example products 

from each sector are shown under USA conditions. It is important to consider that although the full service 

life VRPs (e.g. remanufacturing and comprehensive refurbishment) show relatively greater negative 

impacts than partial service life VRPs, they also retain greater value within the product, and enable greater 

utility for the customer over time. 
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Figure 104: Comparative environmental impacts of VRPs for USA industrial digital printing press 
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Figure 105: Comparative environmental impacts of VRPs for USA traditional vehicle engine 
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Figure 106: Comparative environmental impacts of VRPs for USA HDOR engine 
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Figure 107: Comparative material impacts of VRPs for USA industrial digital printing press 
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Figure 108: Comparative material impacts of VRPs for USA traditional vehicle engine 
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Figure 109: Comparative material impacts of VRPs for USA HDOR engine 

There is often a perception that the pursuit of sustainability must come at an economic cost. While this 

perception may be warranted in a short-term context, this assessment has revealed that, through the adoption 

of VRPs, significant impact reduction can be achieved at the same time that economic opportunity, 

including reduced production costs and potential new customer and consumer segments, is created, albeit 

at different levels for each different VRP (See Figure 107, Figure 108, and Figure 109). 
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5.2 Implications for Industrial Design Strategy and Practice 

(This section on industrial design strategy and practice is the product of significant discussion, 

collaboration, and written contribution from Brian Hilton63 and Kyle Parnell64). 

The design community has identified that there are key differences between design for sustainability (eco-

design), and design for circular economy: most fundamentally, design for sustainability principles are 

typically based within the traditional waste hierarchy, and founded in the assumption that a product will 

inevitably become waste; this contrasts with the ideal circular economy vision that waste does not exist 

(den Hollander, Bakker, and Hultink 2017). Critiques of the waste hierarchy emphasis that has traditionally 

guided eco-design suggest that the inclusion of disposal within the waste hierarchy framework is 

problematic because it legitimizes the option (Van Ewijk and Stegemann 2016); in addition, from a product 

design perspective, the dismantling and destruction of a product’s integrity required by recycling makes 

this the least preferable process in the context of a circular economy (den Hollander, Bakker, and Hultink 

2017). 

As discussed, more circular systems can be created in several ways: By directly reusing products that still 

have useful life; repairing and servicing products to restore quality to diminished life; refurbishing products 

to extend life beyond the traditional end; or remanufacturing products to create an entirely new service life. 

In other words, utilizing product and product-systems design to minimize the need for recycling and 

disposal within the product’s life cycle. 

Ensuring that these approaches can be successful and effective, however, requires both business models 

and product characteristics that make such strategies economically viable. (den Hollander, Bakker, and 

Hultink 2017) Working back from the end-of-life, the greatest influence on a product’s viability for VRPs 

comes invariably from its design, where decisions made early in the design process can dramatically impact 

both the economic viability and sustainability of a product. Huthwaite (1988), for example, found that while 

product design processes are responsible for only five percent of a product’s cost, the design itself 

determines 75-percent or more of manufacturing costs. Similarly, Nasr et al. (2002) suggest that design 

decisions also influence more than 80-percent of a product’s environmental and social impacts. It is thus 

clear that without early design intervention, the value recovered through and benefits created by these VRPs 

cannot otherwise reach a point of economic viability. 

                                                      
63 Brian Hilton is the Director of the Staples Sustainable Innovation Lab, and Sr. Research Engineer at the Golisano 
Institute for Sustainability at the Rochester Institute of Technology, Rochester, NY. 
64 Kyle Parnell is a Research Analyst and Technical Writer at the Golisano Institute for Sustainability at the Rochester 
Institute of Technology, Rochester, NY. 
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Guided by the Inertia Principle, Stahel’s guidelines for circular design (2010, 195) highlight meaningful 

logic for a circular design hierarchy : “Do not repair what is not broken, do not remanufacture something 

that can be repaired, do not recycle a product that can be remanufactured. Replace or treat only the smallest 

possible part in order to maintain the existing economic value of the technical system.” While this approach 

does not embrace the potential for value creation through upgrades and/or exceedance of the functional 

specifications of the original product, it provides a product-centered focus on design principles that can 

help to guide the design decision process. (den Hollander, Bakker, and Hultink 2017) 

It is important to note that product design goals are often dictated by the underlying objectives and 

constraints of the producer, and the conceptual production approach. When the producer framework relies 

on a basis of widely accessible, inexpensive materials and a business model that champions sale volume, 

product design objectives become focused on balancing cost, quality, functionality, and delivery. In this 

context, durability and longevity are often sacrificed willingly, as eventual obsolescence and replacement 

become drivers of continued sales. As such, the pursuit of circular economy depends largely on business 

strategies that recognize the need to decouple economic growth from volume-based prosperity, and the need 

to support decision-makers’ understanding of where to start.  

5.2.1 Integrating Design and Circular Economy Business Model Innovation 

When considering the integration of circular economy business models and product design, Bocken et al. 

(2016) identifies two primary objectives: the objective of slowing flows of materials and resources; and the 

objective of closing loops within the system.  

The closing of material loops is heavily focused on the material level (not the VRP product level), and 

requires radical firm and system changes, and collaboration with other system actors to identify industrial 

symbiosis opportunities, and to extend resource value by exploiting the residual value of materials. (Bocken 

et al. 2016) To close product-loops, design principles targeting the dis- and reassembly of products can 

contribute to the efficiency, effectiveness, and cost-management of VRP systems. (Bocken et al. 2016)  

The slowing of material and resource flows within circular systems requires different product- and business-

design considerations. An overarching sufficiency approach incorporates the objective of reduced 

consumption into product design via durability, upgradability, reparability, the provision of service 

warranties, and a non-consumeristic approach to the market (Bocken et al. 2016). At the product-level, this 

may involve design for long-life (e.g. durability, repair) and design for product-life extension (e.g. design 

or remanufacturing), all oriented at keeping the product in the system for longer, thus slowing the flows of 

materials and resources into and out of the system. For the firm, this may involve a business model focused 
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on providing access and performance (rather than ownership), and systems to enable product value 

extension (e.g. via VRPs) and long-life (e.g. service warranties). (Bocken et al. 2016) 

To design for product integrity (den Hollander, Bakker, and Hultink 2017) a systems-perspective must 

encompasses the expanded life cycle view of the product and product-system, as well as consider the 

various stakeholders that need to be involved in the process. As highlighted by Bocken et al. (2016) circular 

economy business models looks to generate value and profit from the flow of materials and products over 

time. Innovative service-oriented product and business models show promise in minimizing disposal of 

potentially valuable resources by enabling producers to retain ownership of the product; with retained 

ownership comes the additional opportunities (and challenges) to improve and optimize product design and 

delivery, service contracts, and systems to facilitate VRPs at product EOU and/or EOL. 

Product- Service Systems (PPS) are one type of approach that, through different mechanisms, can provide 

access and performance (delivery of service) alongside, or instead of providing just a physical product 

(ownership). (Bocken et al. 2016) . Where ownership by the firm is maintained under some PPS-approaches 

(See 5.2.1.1) , firms are incentivized to design their products for efficiency, durability, serviceability, value-

retention, and multiple service life potential. (Tukker 2015b) There are different types of PSSs, as outlined 

in Section 5.2.1.1. 

One PPS approach that falls into the results-oriented category of PPS offers a pay-per-use or pay-per-unit-

service approach that shifts the firms profit center away from the provision of the product to the provision 

of a result that is valued by the customer. For example, an industrial printer provides the service of printed 

materials, degrading over time with use. Under a pay-per-unit approach, users pay for every printed sheet: 

this approach, by design, helps the user to associate the product degradation from use with a real unit-cost, 

ultimately encouraging the minimization of total costs of ownership and the maximization of product life 

times. (Baker 2006, Lifset 2000) Alongside some critiques of shifted ownership models, Lifset (2000) notes 

that the emphasis on possession and results (instead of the product) does not necessarily change the design 

or impacts of a product and product-system. Implicit for mutual circular economy and sustainability 

objectives to be achieved is the need to integrate these innovate business models with circular economy 

design principles. 

5.2.1.1 Product Service Systems in a Circular Economy 

According to Boehm and Thomas (2013) “…a Product-Service System (PSS) is an integrated bundle of 

products and services which aims at creating consumer utility and generating value.” There are three main 

categories of PSS: Product-oriented PSS, which are mainly focused on sales, with some added services; 
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Use-oriented PSS, in which the product stays owned by the producer, is made available to the user in a 

different form, and may be shared by multiple users (e.g. leasing, renting/sharing, pooling); and results-

oriented PSS, in which the client and the provider agree on a valued result, not necessarily on a product 

(e.g. activity management, pay-per-service unit; pay-per-fractional result). (Tukker 2004, 2015b) 

There is increasing academic interest in PSS, with research and investigation approaching the potential 

opportunity from engineering, business, and environmental perspectives (Tukker 2015b). The design 

perspective requires that PSS integrate additional considerations and steps, including demand identification, 

feasibility analysis, concept development, service model development, realization planning, and service 

testing (Tukker 2015b). Design for modularity, requirement engineering, and economic optimization 

techniques are particularly important design principles within the context of PSS approach (Tukker 2015b). 

Shared- ownership models, involving collaborative agreements between users is often a proposed model 

for reduced total consumption and value creation (Bocken et al. 2016). The communal sharing of services 

(e.g. cleaning, maintenance) and access (e.g. to a product) creates value for stakeholders by helping to 

reduce costs across the network. (Bocken et al. 2016) Additional approaches including the exchange of by-

products enables participating parties to capture value by avoiding costs and engaging the creation of new 

business opportunities generated from former waste materials. (Bocken et al. 2016) Lifset (2000) notes that 

sharing models may create the risk of moral hazard: without appropriate protections and contracts that 

require the individual user to ensure maintenance of the shared good, there is the potential risk that  use-

phase environmental burdens may be increased, and/or product lifespan may be reduced. 

Although much of the current research on PSS demonstrates the opportunity for improved resource 

efficiency (Schmidt-Bleek 1993, Stahel 1982), not all approaches to PSS are equally effective. Per Tukker 

(2015b), the design focus from product- and use-oriented PSS approaches lack clear sustainability outcomes 

and may have unintended consequences: product-oriented PSS is still highly motivated to sell more 

products; careless and/or more intensive use under use-oriented PSS can affect service life and potential for 

VRPs (Tukker 2015b); whereas results-oriented PSS have demonstrated some success at achieving resource 

efficiency – not because of the sustainability motivation, but rather as a result of the built-in business 

incentive for keep costs low, thereby decreasing associated material use and impacts. (Tukker 2015a) 

Not all offerings may be appropriate for a PSS approach, and firms must consider the costs and opportunities 

of PSS vs. product for their particular offering (Tukker 2004). Specific considerations must include the 

market value – including tangible and intangible value to consumers/users,-- the production cost of 

operating the PSS, the inherent capital and investment needs for PSS production, and whether a PSS 

approach will enable a firm to capture value in the current and future value-chain. (Tukker 2004) PSS have 
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been found to work best for products that are expensive, technically-advanced, require maintenance and 

repair within their service life, are easy to transport, are used infrequently by the customer, and are not 

heavily influenced by fashion or branding (Tukker 2015b) (Please refer to Section 5.2.4 for further 

discussion on appropriate use of VRPs). 

In a B2C context, the intangible value created by accessibility and convenience is important but often 

overlooked factor that can affect the success of a PSS initiative; in addition, PSS do not deliver the 

ownership ‘extras’ of status and esteem that may motivate consumers (Tukker and Tischner 2006). In 

contrast, important considerations for B2B relationships included a well-regarded brand reputation, relevant 

service competencies, and strong buyer-seller relationships indicative of the firm’s ability to provide value 

beyond the product (Brown, Sichtmann, and Musante 2011, Tukker 2015b). 

Successful approaches to alternative business models for circular economy involve an appreciation for both 

the functional and non-functional characteristics of a product. (Lifset 2000) Understanding the potentially 

multiple aspects of a product or service that generate value for the user/customer can help firms to envision 

new ways of approaching the marketplace: For example, Interface Inc. may manufacture modular and 

recyclable commercial floor tiles, but what they provide to their customers is a flexible, reliable, 

aesthetically-pleasing, and maintainable floor-covering service that includes environmentally-sound 

management at EOU. (Ceschin 2013, Johansen 1998) Firms that identify and properly integrate these 

customer value perspectives into their business models, alongside other principles outlined in Box 3, can 

potentially achieve greater savings, consume fewer resources, and reduce their net impact on their 

environment.  

A business case and business model focused on maximizing the useful life and utilization rates of a product 

significantly reframes the design objectives and parameters. Accompanying this type of model is an 

incentive to build and enhance effective and efficient product collection systems and networks throughout 

all markets in which the company operates. Some of the successes observed in the industrial digital printer 

and HDOR equipment parts sectors, as analyzed within this study, relate to the willingness of producers in 

those sectors to develop and invest in more innovative business models that not only help to accomplish 

the actual needs of the customer, but which also contribute significantly to circular economy through the 

adoption of VRPs. 

5.2.2 Integrating Product Circularity into Product Development 

Looking specifically at VRPs, design for product integrity as proposed by den Hollander, Bakker, and 

Hultink  (2017) aims to prevent product obsolescence and recover resources at the highest level of integrity. 
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tracked so that the number of cycles can be identified. This documentation and tracking mechanism should 

be available from cradle to grave and could include product documentation, markings or labels, bar code 

identification, or RFID technology. 

5.2.3.3.2 Design for Disassembly / Separability 

Design for disassembly (DfD) is a design approach that considers the future need to disassemble and 

separate a product for VRPs. This design approach starts with structuring the product to make the most 

important components accessible and not buried within the assembly. In the context of VRPs, components 

are “important” if they require processing, such as cleaning, upgrading, material restoration, functional 

restoration, collection, or replacement, and need to be removed from the product. This approach also looks 

to create a modular structure, or co-locate or group similar materials, parts that wear out, or parts with the 

same technology in close proximity so that they can be simultaneously and easily separated, replaced, and 

recycled. Also, the approach looks to design components to be multifunctional to reduce the overall number 

of components since fewer components make disassembly easier and faster. 

Design for disassembly includes designing appropriate fastening and joining methods, access, and ease of 

handling (Bogue 2007, Boothroyd and Alting 1992, Bras 2007). Common practice avoids permanent 

fastening techniques such as welds, adhesives, heat staking, crimping, or rivets between modules or 

components that will be replaced, remanufactured, or recycled. These permanent fastening techniques 

increases the disassembly time and cost. In addition, joint designs should consider all VRP characteristics 

such as load conditions, assembly and disassembly efficiency, operating environment, cleaning, and 

overhaul and maintenance. 

5.2.3.3.3 Design for Restorability & Cleaning 

After the product is assessed and separated, the design should enable restorative processing to bring the 

product back to its original standards of condition and performance. In the case of remanufacturing-focused 

design literature this is sometimes referred to as ‘remanufacturability’, or design for remanufacture (den 

Hollander, Bakker, and Hultink 2017). In so doing, a new, valuable lifecycle may be created from the 

product without the loss of the value embodied in the processes that built it or the materials from which it 

was constructed. The ability to recover value implicitly depends on how well the elements that constitute 

that value—the parts and materials that perform the product’s function—were preserved, how easily they 

can be accessed, how quickly they can be evaluated, how simply they may be processed, and how well they 

can compete with contemporary products once restored .(den Hollander, Bakker, and Hultink 2017). In this 

sense, a product’s restorability is not so much an independent characteristic as a natural function of all the 

design factors that precede.  
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In many cases products may be designed with all the preceding characteristics – from quality and reliability 

to regulatory compliance – without ever being explicitly designed for circularity. What separates a durable 

design from one that is truly circular, is the ability to endure restorative processes that products designed 

for a conventional linear system often neglect to consider might ever be applied. Beyond functional 

restoration and reassembly, such processes primarily include unique cleaning methodologies and material 

restoration techniques that can, in some cases, even enable products to perform better than their 

contemporary virgin counterparts (Bras 2007, Ijomah 2009).  

Cleaning—a generic term used for the removal of a contamination or pollution from a component or 

assembly—occurs throughout refurbishment and remanufacturing processes and is sometimes repeated in 

several stages. Cleaning may be a part of incoming inspection, enabling assemblies to be assessed and 

inspected, or may be done after disassembly to enable individual components to be inspected and sorted. 

Cleaning may also be done prior to reconditioning to prepare surfaces for restoration, or simply after 

reassembly to prepare the entire product for paint and packaging.  

The technical challenge is that the type of contamination (e.g. grease, biologic, dust, rust, paint), the types 

of surfaces (e.g. rough, smooth, blind corners), the sensitivity of the surface to cleaning processes (e.g. 

water resistant, solvent resistant), and the required level of cleanliness (e.g. paintable, particulate free, non-

volatile residue, hygienic) can vary with industry and level of use. The fundamental concept of cleaning 

can be broken down into the basic forces used to remove contamination. These categories of cleaning forces 

are described in Figure 112 (Liu et al. 2013). 
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Figure 112: Categories of cleaning force 

Not only is the diversity of contamination an issue, industry is also challenged with the environmental 

responsibility of cleaning products and systems. All cleaning processes must effectively bring the recovered 

product to a useable or new-equivalent state. In effort to maximize the environmental benefits of VRPs, 

“Green Cleaning” processes must meet required cleaning function cost effectively, as well as perform the 

cleaning process in an environmentally preferable manner. 

Given that cleaning is generally required, products should be designed to withstand the cleaning processes 

that will be specifically used to recover the value. This is done through an understanding of the 

aggressiveness of the cleaning process (time, temperature, chemistry, agitation) and selecting product 

materials that will be stable, will not react, and will resist damage during the cleaning operation. Products 

should also be designed with an understanding of the contamination particle to part surface attraction forces 

and then designed with the best materials or surface treatments to minimize these forces. Product geometric 

features such as corners, ribs, holes, and cavities should be designed to minimize contamination 

accumulation or enhance the cleaning operation. The product design may include features such as drainage 

holes, or removable traps to maximize the cleaning effectiveness. Finally, the product should be designed 

to shield or protect high value modules or components from environmental contamination to minimize 

cleaning requirements. 

Source: B. Hilton, 2017; 
Modified from Liu et al. 

(2013) 
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Like cleaning, material restoration is a process that is unique to the circular model; a product’s ability to 

adapt to different technologies in this space is therefore an imperative design consideration even in the 

earliest stages. Material restoration through advanced additive manufacturing technologies is becoming a 

particularly important consideration. Over the last decade, the industry has seen significant advances in 

additive manufacturing technologies which have led to promising new circular applications such as material 

surface restoration and recoating, improved surface properties for wear resistance, increased corrosion 

resistance, part repair, improved mechanical properties, and complete new or replacement cost-effective 

on-demand part production. It is also likely that this technology will be transformative in the service and 

maintenance sectors, where on-demand part production will eliminate the need for production overrun and 

warranty support inventories.  

Additive manufacturing creates or modifies parts by adding materials in layers with each layer consisting 

of a thin cross-section of material. Various additive manufacturing technologies differ by the materials that 

can be used, how the material layers are created, and how each layer is bonded together. These technology 

differences impact both the accuracy and material and mechanical properties of parts, as well as machine 

size, cost, and processing speed.  

Additive manufacturing can fundamentally change the way products are recovered by restoring worn 

components and surfaces back to the specified dimensions. Directed Energy Deposition (DED) 

technologies such as laser engineered net shaping (LENS), direct metal deposition (DMD), laser 

consolidation (LC), laser cladding, or plasma transferred wire arc (PTWA), use thermal energy (e.g., laser, 

electron beam, or plasma arc) to melt and deposit material onto specified surfaces, where the material 

solidifies. These processes can be used with either powders or wire, with a range of polymers, ceramics, 

and metals. Other technologies such as kinetic or cold spray ballistically impinge non-molten particulates 

upon a surface at supersonic velocities to form a coating.  

Part of designing for VRPs is to understand which parts and materials are going to degrade, and if these 

areas cannot be improved with design as discussed in previous sections, then design these parts with the 

ability to restore the material and surfaces to the desired specifications. Additive manufacturing techniques 

and machines have limitations on materials, part size, and part orientation, and accuracy. Design needs to 

consider these limitations and plan for material application and potential secondary operations. 

Additionally, planning for additive manufacturing techniques can change the way parts are initially 

designed. For example, PTWA is often used to remanufacture and coat aluminum engine block cylinder 

bores, eliminating the need to design in heavy cast iron sleeves. 
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5.2.4 Appropriate Use of VRPs 

As the more intensive VRP processes, comprehensive refurbishment and remanufacturing may not always 

be the optimal strategy within a circular economy, and there are extensive findings in the literature affirming 

that the appropriateness of full service life VRPs, in particular, must be evaluated on a product-by-product 

basis (Gutowski et al. 2011, Matsumoto, Nakamura, and Takenaka 2010, Östlin, Sundin, and Björkman 

2009, Schau et al. 2011).  

Extending the proposed categorization by Gutowski et al. (2011), product characteristics and conditions 

that are needed to optimize the decision to engage in VRPs must include: the nature of the product and its 

sub-system components; its use-phase energy requirement and energy efficiency; the residual value that 

can be retained in the system by keeping the component parts intact via VRPs; and the material composition 

of the product, which can affect extraction, processing and manufacturing-phase energy requirements when 

considering multiple product service lives. 

The interaction between the product and its sub-systems is an important aspect of this approach. For many 

products, it is expected that some sub-system components may last for only a single planned service life. 

In some cases, sub-system components may require replacement during the planned service life due to 

faster degradation from wear-and-tear, or the technological obsolescence of software. In many of these 

cases the unaffected chassis and other mechanical components or sub-systems of the product may still offer 

competitive functionality and have retained significant value. 

5.2.4.1 Optimized VRP Decision Framework Categorization 

Please note that the following discussion emphasizes remanufacturing within a VRP decision framework 

in order to pursue maximized value-retention as the priority of a circular economy. Implicit in this approach 

is that where a product/component may not be suitable for remanufacturing, the other VRP options of 

refurbishment, repair, and arranged direct reuse remain viable value-retention strategies. As 

remanufacturing sets the highest-level of production requirement of all the VRPs, other VRPs can be 

considered for appropriateness on an individual basis, relative to this standard. 

This concept is clarified further in Figure 113 which describes four different example products to support 

the framework categorization. Example products A (e.g. medical imaging equipment), C (e.g. industrial 

digital printer), and D (e.g. mobile phone) reflect products with more complex sub-systems; Example 

product B (e.g. office furniture) reflects a product with a relatively simpler sub-system. These examples are 

provided to highlight the considerations that business decision-makers should assess when evaluating 

whether to engage in remanufacturing and other VRPs. 
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Figure 113: Planned service lives of product sub-systems for example products (A, B, C, and D) 

 

Some complex product sub-systems have the potential for multiple full service lives via VRPs (e.g. moving 

mechanical parts, fixed mechanical parts, and chassis/frame) (See Example Product A in Figure 113). It is 

important to consider whether these multi-service life sub-systems constitute significant retained value, in 

the form of avoided new material requirement. Other considerations should include whether the retained 

value of the remanufactured product exceeds the investment required to remanufacture and return it to as-

new condition, assuming repair and/or replacement of single-life sub-systems (e.g. user interface, software, 

exterior, and fluid systems).  

In other cases, the product sub-systems are more simplified, with the majority having the potential for 

multiple full service lives (See Example Product B in Figure 113). Given that the required investment 

appears to be largely aesthetic in nature, provided that the investment required to bring the product back to 

as-new condition does not exceed its retained value, remanufacturing appears to be a viable option.  
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Some products present very complex considerations for remanufacturing decisions, as a result of the 

number of parts, and/or the number of linkages required for the circular system to function effectively (See 

Example Product C in Figure 113, and refer to Section 5.5 for additional discussion). As the majority of 

product sub-systems last only for the first service life, and some may require a degree of mid-life 

repair/maintenance, remanufacturing may not seem like an ideal investment. However, the chassis/frame 

can still be recovered and incorporated into a remanufacturing process, provided that the current versions 

of the product still use the same design. For product lines that offer upgraded features and enhancements 

with every new version, remanufacturing using the original chassis can reduce the environmental and 

economic impacts of the product, while also enabling upgraded performance potential through replaced 

user interface, software or electrical systems.  

Finally, some products and sub-systems are designed to only last for a single planned service life (See 

Example Product D in Figure 113). In this case, none of the products sub-systems retain value after the 

completion of the first planned service life; the short life of the chassis/frame also negates much of the 

potential for upgrading software and user interface technology through remanufacturing. Refurbishment to 

enable short-term extension of product functionality (only) may be possible.  

Based on these conditions and considerations, the following groups are proposed and summarized further 

in Table 63. 

• Group 1 - Remanufacturing-Appropriate (Example Products A and B): Refers to products which, 

for the relevant time-period being considered, have not generally undergone design modifications that 

significantly affect the product’s use-phase energy requirement, or that significantly affect the material 

composition of the product. Design changes have not resulted in improved use-phase energy efficiency, 

and/or have resulted in the replacement of lower energy-intensive material/components with higher 

energy-intensive materials/components. In addition, the use-phase of the product has not overly 

degraded or diminished the functionality of its primary components. There must be sufficient value 

retained within the functional form of the product that additional investment into remanufacturing does 

not negate the potential for profit. 

• Group 2 - Not Remanufacturing-Appropriate (Example Product D): Refers to products which, for 

the relevant time-period being considered, have generally undergone design modifications that 

significantly affect the product’s use-phase energy requirement, or that significantly affect the material 

composition of the product. Where design changes have resulted in improved use-phase energy 

efficiency or have resulted in the replacement of lower energy-intensive material/components with 

higher energy-intensive materials/components, these products are not generally appropriate for 
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remanufacturing. Alternately, the use-phase of the product has overly degraded and diminished the 

functionality of primary components, requiring extensive investment to return them to as-new 

condition. In this case, the investment required exceeds the value of the product both in the sense of the 

retained value of the functional form, as well as the profit-potential of the product in the market.  

• Group 3 - Complex, Potentially Remanufacturable (Example Product C): In many cases, 

modifications to design may result in a complex outcome of associated life-cycle energy requirements. 

For example, a design enhancement that increases the share of higher energy-intensive 

materials/components may also be accompanied by a use-phase energy efficiency improvement. In 

these cases, a more comprehensive assessment of the retained value of the product, as well as the costs 

and benefits of engaging in remanufacturing are needed before an informed business decision can be 

made.  

All product examples selected for the IRP Report and this dissertation are considered to belong to Group 1 

or Group 3, as remanufacturable products. This approach was used to enable comparison across the range 

of VRPs, to demonstrate the product-level opportunities, as well as aggregate economy-level insights about 

VRPs within the context of circular economy. 

Table 63: Summary of remanufacturing-appropriate product categories 

Consideration 
Group 1: 
Reman-

Appropriate 

Group 2: 
Not Reman-
Appropriate 

Group 3: 
Complex, Potentially 
Remanufacturable 

Example Product A and B D C 

Product Design Modifications (over the time-period being considered) 

Significantly improve use-phase energy-
efficiency65 No Yes Potentially 

Significantly increase share of high-energy 
materials composition1 No Yes Potentially 

Change the chassis/frame No Yes Potentially 

Product & Sub-Systems 

Chassis/frame has more than 1 service life Yes No Potentially 

Retained value exceeds investment to bring to 
as-new condition Yes No Potentially 

Use-phase has not overly-degraded 
functionality of primary components Yes No Potentially 

                                                      
65 Adapted from Gutowski, Sahni, Boustani, and Graves (2011) 
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As demonstrated, remanufacturing is clearly not appropriate for all products; the decision to engage in 

remanufacturing and/or other VRPs must remain with decision-makers and strategists, with consideration 

of the costs and requirements unique to their product-system. From this perspective, design priorities to 

facilitate the effective employment of different VRPs can be pursued. For example, for products that are 

expected to become obsolete due to functional, psychological, compliance, or economic factors in a short 

time-frame should not be designed for remanufacturing; Instead other design priorities including 

serviceability, modularity, and upgradability should be emphasized to facilitate other VRPs including repair 

and refurbishment.  

5.2.5 Design Strategy Conclusions 

Products can be designed for circularity, but such designs can only be effective if product developers 

identify circularity as central to the broader business and market objectives underlying the purpose for 

product development.  

The entire system of product development must be designed to consider circularity, resource efficiency, 

and regenerative value. To accomplish this, product developers must incorporate three essential concepts 

into product and system design: the need to create value, protect value, and recover value, all in cost 

effective ways. In this context, product quality, durability reliability, separability, assessability, and 

restorability can replace inexpensive materials, low-cost labor, and high-volume sales as the indicators of 

value. Metrics for resource efficiency, product utility, and environmental impact must supplement 

discussions on the cost of quality and return on investment.  

Optimizing design for circular economy requires serious consideration of the nature of the product and 

product-system: Not all products are appropriate for full service life VRPs, and in such cases other design 

principles that facilitate service life completion and extension through partial service life VRPs must be 

incorporated. This highlights the fact that there are inherent deign trade-offs that must be considered in 

order to avoid unintended consequences of design decisions that can interfere with the value-retention 

potential of VRPs, and ultimate recyclability of the product at EOL. 

Finally, it must also be noted that every product, no matter how well it was designed for VRPs, will 

eventually cease to meet the required function. The final disposition of all products should consequently be 

considered during product development and therefore, each part should also be designed to allow for 

efficient recycling opportunities. 
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5.3 The Mechanics of a System Designed for Value-Retention Processes 

Designers of future VRP systems will not have the luxury of having a ‘clean-slate’ on which to start. 

Existing market and social norms must be considered, accommodated in the short-term, and adjusted 

through strategic interventions over time. In industrialized economies, existing production, logistics and 

collection infrastructure are well-entrenched, and the business case for overhauling these systems in pursuit 

of maximum VRP efficiency alone may be difficult, thus requiring an incremental approach. In contrast, 

many non-industrialized economies face the challenge of strategically building-up production, logistics and 

collection infrastructure where none currently exist; there is significant pressure on non-industrialized 

economies to avoid the sustainability-related pitfalls of industrialization by leap-frogging over less efficient 

production systems and technologies (Allen and Thomas 2000, Cranston and Hammond 2012, Hammond 

2006, International Resource Panel 2017) 

Taken at the aggregate, these types of undertakings appear daunting and very costly in the short-term. 

However, true to the value-retention objective of the circular economy, this does not necessarily need to be 

the case. 

There are many existing attributes and aspects of current production systems that can be leveraged in the 

pursuit of a system designed for optimized VRP production. While every economy faces different 

challenges and barriers to VRPs, each also has an already established relationship with the key aspects of 

the VRP system that can inform a policy and implementation strategy. For industrialized and non-

industrialized economies that currently engage in diversion and collection to recycling markets, these 

systems can be adapted, formally or informally, to include diversion to secondary markets for reuse and 

VRP production and can include new value-chain members that can help to facilitate efficiency within 

global flows of EOU products for VRP inputs. For industrialized and non-industrialized economies that do 

not engage in collection or reverse-logistics, expertise in current forward-logistics systems (e.g. trade, sales, 

and distribution) can be leveraged to improve overall logistics system utilization and productivity, alongside 

the application of Best Practices that may have already been established for collection programs in other 

jurisdictions. For economies with technological barriers affecting producer capacity, the learnings about 

technology transfer enabled through improved access and trade in other products categories can be 

employed to the benefit of VRP production. Further, the vast body of knowledge about consumer behavior, 

innovation diffusion, and effective marketing that have been employed in the past to guide consumers away 

from less beneficial products (e.g. CFC-containing aerosols) can be utilized.  

It is important to note that although non-industrialized economies may face technological and infrastructure 

barriers that inhibit the scale-up of full service life VRPs in the short-term, the broader system elements 







 

 

284 

From a value-retention perspective, reliance on recycling alone ultimately leads to lost value for the system 

and customer and reduced economic opportunity. In addition, the value-retention potential of any economy 

is directly tied to the effectiveness and efficiency of reverse-logistics systems: disruption of global and local 

reverse-logistics, whether diverting to recycling or to VRP production, reduces the value retained by the 

system, and ultimately degrades the ability of VRP producers to achieve economies of scale, and the ability 

of the country to pursue a circular economy. 

5.3.2 Rebound Effect & Systemic Implications of Value-Retention Processes 

The effectiveness and appropriateness of circular economy has been questioned in the literature regarding 

the extent that actual primary production is reduced or displaced by circular economy reuse activities and 

VRPs (Allwood 2014, Geyer and Blass 2010, Zink et al. 2014). The actual displacement of primary 

production activities and reduction in absolute impacts is influenced as much by the individual product and 

process attributes, as by the market forces acting within the system (McMillan, Skerlos, and Keoleian 2012, 

Thomas 2003). Zink and Geyer (2017) note that where absolute material and production displacement 

occurs, it cannot be assumed that it is occurring on a 1:1 basis due to the presence of other influences and 

forces acting within the system. 

As emphasized by the results presented in Section 3, VRPs at the product-level provide an opportunity to 

offset or displace new material requirement, and thus the associated embodied material energy and 

emissions implications. This displacement, even if not 1:1, presents an efficiency gain from VRPs that can 

manifest as material efficiency, resource efficiency (energy use, emissions), and cost efficiency.  

The origins of rebound-effect discussion is based in the economic perspective heavily focused on the direct 

price effects of increased efficiency: where increased efficiency contributes to decreased cost of doing or 

receiving, there is the potential that the cost reduction will drive an increase in demand, ultimately 

increasing the absolute impact (Greening, Greene, and Difiglio 2000).  

There have been many calls in the literature to expand on this limited price-effect focused view of rebound, 

drawing from insights on energy efficiency rebound (Berkhout, Muskens, and Velthuijsen 2000, Borenstein 

2013, Sorrell and Dimitropoulos 2008), and unintended positive and negative effects of environmental 

protection measures (Hertwich 2005). A strict environmental perspective on rebound effects tends to focus 

on the many valid environmental implications of increased production and consumption; however, the 

circular economy and broader sustainability perspectives must also acknowledge important market and 

socioeconomic implications that are an important part of sustainability and circular economy transformation 

pathways. 
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is that when less than 1:1 displacement is occurring, there is also some degree of production growth 

occurring. Scitovksy (1994, 37) found that markets for non-new consumer durables “…stimulate the 

economy partly by enabling the well-to-do the sooner to replace their worn out or obsolescing durable 

goods with new ones, and thereby increasing the total demand for them.”(Thomas 2003) While this increase 

in demand for VRP products enables continued economic growth – one important consideration for the 

circular economy – it also necessitates the continued increase in aggregate consumption of new materials 

and energy, as well as the generation of waste and emissions. 

It also raises concerns about socioeconomic divides that may be highlighted through the growth of VRP 

and/or non-new product markets. An implication of growing markets for VRP products is that in some cases 

the reduced price point of the less-efficient technology enables new market demand from those 

users/customers otherwise unable to participate in the market. (Thomas 2003) In many cases, these 

users/customers are in less wealthy and/or non-industrialized economies, and unregulated or unmonitored 

transactions can quickly lead to concerns about dumping, particularly in the case of VRP electric and 

electronic products (Ni and Zeng 2009, Schmidt 2006, Sthiannopkao and Wong 2013, UNEP 2005, Zhang, 

Schnoor, and Zeng 2012). In cases where VRP product quality cannot be guaranteed there exists a concern, 

if not a valid tension, between social (e.g. consumer safety) and environmental (e.g. use-phase energy 

efficiency) interests, and the economic opportunity for otherwise inaccessible lower-priced VRP products. 

As discussed in Sections 1.7.1.2 and 2.4.5.3, many non-industrialized countries have implemented 

regulatory policies that work to mitigate the potential downside of this tension via import restrictions on 

VRP inputs and finished products. (Thomas 2003) 

As with other aspects of circular economy, the broader system must always provide context; for example, 

the case of remanufactured industrial digital printers. (Refer to Product C in Figure 113) Given that 

remanufacturing enables the upgrade and enhancement of the product to as-new or better specification, a 

remanufactured industrial digital printer can meet current functionality and performance requirements. 

Particularly in the case of industrial printers, equivalent performance quality and a lower cost may lead to 

increased printing activity by customers, resulting in higher use-phase impacts of both energy and paper 

consumption. At the same time, this higher consumption still comes at a lower relative cost: a significant 

share of product materials, embodied materials energy, and embodied materials emissions are retained 

within the system, which enables a lower average resource requirement overall. 

5.3.2.2  Substitutability of VRPs and VRP Products 

In many cases, uses/customers will not consider the VRP product to be equivalent or substitutable for the 

OEM New version of the product, often due to perceptions about product quality, and implicitly the risk 
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As expanded on in Section 5.2.3, upgradability is just one design strategy that can enable the creation and 

retention of value within the industrial economic system (Refer to Section 5.2.3.2.2). The economic 

opportunity created via the cost efficiencies of VRPs may serve to motivate more organized and 

standardized design approaches, including design for modularity (Refer to Section 5.2.3.1.1) and design for 

disassembly (Refer to Section 5.2.3.3.2). These design approaches must necessarily exist within a broader 

system designed for VRPs, and implicit in these approaches is transformational change in attitudes and 

systems.  

5.4 Overcoming Barriers to Value-Retention Processes 

All economies have the potential to optimize the role of VRPs within their circular economy strategy. From 

this assessment, there is no evidence that the ‘developing/newly industrialized’ status of an economy affects 

the ability to fully engage in VRPs, and there is confirmation that this is not an issue of 

‘developed/industrialized vs. developing/newly industrialized’ economic standing. Mexico, considered to 

be an advanced developing economy, has demonstrated capability and high-performance in 

remanufacturing, largely enabled through trade and investment collaboration with entities from the USA 

and Canada. (U.S. International Trade Commission 2012) The introduction of remanufacturing as part of 

the production mix can help to enhance technological capacity, know-how, skilled labor opportunities, and 

increased awareness of domestic customers; these economic benefits are in addition to the reductions in net 

material requirement, process energy and process emissions that are achieved by Mexican remanufacturers. 

(Brent and Steinhilper 2004, Lund and Hauser 2010) 

What becomes clear from the case study results, and observation of other non-case study sectors, is that it 

is the presence and nature of the barriers to VRPs within the economic and production systems that 

determine the magnitude of, and speed at which the benefits of both full and partial service life VRPs can 

be realized. A simplified overlay of how these barriers affect different aspects of the VRP system is 

presented in Figure 115. 
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Figure 115: Description of the economic system required to support value-retention process 

 

Barriers that affect forward and reverse flows: Point (A) in Figure 115 highlights the areas of the system 

where regulatory and access barriers can affect flows of finished VRP products from producers to customers 

in domestic and/or international markets; Point (B) highlights the areas of the system where collection 

infrastructure barriers can affect flows of EOU products and components from the customer/user back into 

the secondary markets and/or to the OEM to be used as inputs to VRPs. 

Barriers that affect capacity: Point (C) in Figure 115 highlights where market barriers may create capacity 

constraints for the domestic VRP customer market; Point (D) highlights where technological barriers, may 

create engagement and capacity constraints for domestic VRP producers.  

The presence of barriers in the system not only constrains and limits the potential of VRP production: they 

are also interconnected. As such, further reinforcing the necessity of a systems-perspective, the alleviation 

of these barriers must be considered in the context of the entire system and all interplaying conditions as 

originally discussed in Section 1.7.1. 
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Figure 116: Differentiated barrier alleviation strategies for different economic objectives 

Depending on the specific conditions and priorities of an economy, different policy priorities and 

instruments can be used, in combined environmental-technology approaches as previously discussed. 

Encouraging and enabling stakeholder awareness of the need for circular economy practices, and the 

development of systems and infrastructure to enable basic material and product diversion is a logical 

starting point for any circular economy strategy.  

In non-industrialized economies the rates of formal and informal direct reuse and repair tend to be high: As 

a form of knowledge accumulation this suggests that there is consumer-level awareness of the retained 

value of products, and the opportunity for product-life extension. (Bell and Albu 1999, Weeks 1975) In the 

longer-term evolution towards more complex and sophisticated reverse-logistics systems and production 

technology, an emphasis on partial service life VRPs enables a short-term and transitional opportunity to 

acquire knowledge and advance technological systems necessary for circular economy. (Bell and Albu 

1999) 

5.4.5 Integrated Global Responses to Barrier Alleviation 

As originally discussed in Section 1.3.2, economic growth within the context of circular economy may be 

an option if integrated and coordinated action by both global North and global South is possible: Where 
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chain members in the global South. Government guidance can facilitate an effective and legitimate 

standards-development process; however additional normative pressures from NGOs and social movements 

can help to ensure optimally inclusive and representative interests at the table. (Ponte 2014) 

5.5 The Necessity of a Product-Systems Approach  

System complexity, and the management of that complexity, is a very real concern for both industry 

decision-makers and policy-makers in the context of circular economy. The complexity of a single 

production operation often feels significant to those who try to influence and/or enhance it; so much more 

so the complexity of an interconnected, interdependent, dynamic, and evolving economic system of 

independent producers, third-party value chain parties, consumers, regulators, economics, and socio-

technical factors implicit in a circular economy. In modeling and assessing the circular economy system, 

this is ever-apparent. However, the circular economy system need not be any more complex that other 

systems that have been considered, adopted, and mastered, including human health and global trade. Rather 

than permit complexity to overwhelm and stunt the transition to circular economy, the perspective of Senge 

(1997) supports a strategic approach to assessing and understanding the complexity of circular economy 

that policy-makers and firms must face: detail complexity, which originates in the number of details that 

must be considered and incorporated; and dynamic complexity, which originates in the fact that 

interventions in the system may not produce expected or obvious effects, and these effects may also differ 

between the local vs. global, and the short- vs. long-term experience. Applying complexity perspectives to 

the circular economy, Velte and Steinhilper (2016) note that particularly for firms, the circular economy 

can be both too big and too diverse for any single firm to meaningfully connect all the elements (details and 

linkages) that should ideally be considered. In addition, the dynamic changes within the fast-evolving 

circular economy system can neither be predicted nor controlled by the firm, leading to increased sense of 

risk and potential exposure associated with the pursuit of firm-level circular economy. 

To design both system and product for circular economy effectively, Velte and Steinhilper (2016) 

recommend a complexity-prevention approach: preventing the challenge before it can, or needs to be 

reduced. However, without careful consideration and applied systems-perspective, the traditional approach 

to circular design may actually increase complexity: for example, design for 

reparability/remanufacturing/modularity/serviceability/etc. can actually increase the number of elements 

and connections required at both product- and system-levels. Similarly, the closing of material and/or 

product loops requires an increase in the number of links between stakeholders and system agents, but these 

links can be diverse, crossing a range of differently motivated/oriented stakeholders. As such, the 

performance management of both individual actors and system performance can require significant 
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Coordination between policy-makers and industry is essential: the most efficient systems will still be 

ineffective if products are not designed with VRPs in mind; value retention of the most material-efficient 

products will still be minimal without effective mechanisms for bringing them into the market and 

recovering them at EOU. 

To help guide the evolution of both market attitudes and government policy that is appropriately supportive 

of VRPs, industry must take leadership in the development of industry standards and certifications that can 

help to overcome existing bias in the market. (See Section 5.4.5) Clarification and standardization of the 

practices, processes and qualification that entail different VRPs, can help to support more appropriate 

international definitions.  

There is much need for strong government leadership in overcoming the inconsistent and confusing 

terminology and definitions for VRPs, which remains one of the most significant issues and challenges to 

increased scale and uptake of VRPs in economies around the world. These policy-related barriers often 

either directly or indirectly create disadvantage, for a variety of reasons that range from consumer protection 

interests (e.g. import restrictions) to environmental protection interests (e.g. product recycling targets). 

Policy language that better reflects the potential embodied value of a core, and/or allows cores to be treated 

as non-waste materials, can help to better support the impact reduction potential and economic opportunity 

created through VRPs – including reverse-logistics, value-retention, economies of scale for VRPs, and a 

compelling business case for VRPs. Going forward, policy definitions of VRPs must evolve to align with, 

reflect, and acknowledge what is practiced within industry, and the value that these VRPs create for society 

and the environment alike. 

6.5 Recommendations for Future Research 

The objectives of this study are ambitious, and the scope necessarily extensive. The discussion and insights 

presented herein offer new perspective on the pursuit of circular economy through the adoption of VRPs; 

however, there are some limitations to the study (See Section 2.5) that require attention and consideration 

as future research initiatives. 

There is immense need for the improvement of economic data related to VRP production in economies 

around the world. Collaboration with government agencies, industry members and associations, and other 

relevant stakeholders to gather, aggregate, validate, and disseminate important economic data that, at the 

very least, differentiates OEM production from VRP production, will be essential for meaningful market 

transformation to occur. While proprietary information presents legitimate constraints to such data 

collection, refined trade classification systems (e.g. HS Codes, NAIC) may offer a reasonable starting point, 
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as might collaborations with key industry members and/or representative industry associations in the 

interests of enhanced industry performance and strategy. 

The conflict between comprehensive data requirements and limited access to data was a primary driver 

behind the selection of the case study sectors and products, as well as the sample economies of the IRP 

study and subsequent VRP Diffusion Model. While the application of insights from this study have been 

applied to diverse product categories and represented in the context of industrialized and non-industrialized 

economies, there is still significant potential to expand on and validate the models used for the IRP Report 

and for VRP Diffusion by incorporating extended case study products and sectors, and other economies. 

The challenge of data also constrained the modeling approach, limiting the extent to which formal LCAs 

could be completed and incorporated to reflect product-level insights. As such, future research to 

incorporate more comprehensive LCA approaches, use-phase implications, forward- and reverse-logistics 

stockpiling practices and the risk of shortages, as well as closed-loop modeling perspectives may enhance 

these models and support extended research supporting market transformation for VRPs and circular 

economy. 

While the VRP Diffusion Model incorporates essential behavioral economics perspectives into the 

traditional demand modeling approach for VRPs, there is significant opportunity to further investigate the 

role of environmental values, as well as other potential decision-making model parameters related to VRPs 

that could not be addressed in this study due to data and resource constraints. 

Finally, innovation in sustainable production technologies and practices is expanding at an ever-increasing 

rate, with potentially significant implications resulting from the increased application of robotics, machine 

learning, additive manufacturing, and other technological and social innovations. These innovations may 

potentially revolutionize and overhaul current sustainable product practices and should be thoughtfully 

incorporated into future research extending the work on market transformation for VRPs and circular 

economy. 
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6.6 Final Words 

The current intensity of VRP products around the world is low, but through the adoption of VRPs it has 

been shown that great economic opportunity and environmental benefit are possible. VRPs provide the 

most viable and proven approach to enabling industrial circular economies: It is essential that they form the 

foundation of circular economy strategies of companies, industries, and economies around the world. 

Despite very real implementation challenges that vary across each global economy, a bold and brave change 

is needed if the value of VRPs is to be realized, and the pursuit of circular economies mobilized. This 

change must entail and embrace product development that is for the entire product-system; Flows of global 

forward-and reverse-logistics systems must be connected, and the efficiency of these systems maximized; 

To help spur new levels of interest and adoption, producers and customers alike must be able to have access 

to a greater range of VRP technology and products; And new and innovative business models must be 

developed, tested and deployed to support meaningful market transformation. The pursuit of circular 

economy is a vital and tangible strategy for overcoming the significant environmental and economic 

challenges that we are facing. it is time for all decision makers to engage in, and take conscious action that 

will enable, support and lead to the large-scale adoption of VRPs worldwide. 
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Appendix A: Overview of Case Study Products and Sectors 

This report utilizes results of detailed analysis on the selected three product sectors, and three products for 

each sector, for new production as well as four Value-Retention Processes (VRPs): Arranging direct reuse, 

repair, refurbishment, and remanufacturing. The analysis covers product-level detailed data collection and 

analysis, as well as modeling to reflect aggregated market-level implications for each product and sector, 

across the four sample economies (USA = A; Germany = B; Brazil = C; and China = D). The data required 

to complete this analysis necessarily includes: 

• Volume of sales and trade; and 

• Economic and environmental impacts of each product and process, excluding the use-phase, over: 

• Usage Cycle, which includes the original manufacturing cycle and subsequent value-retention 

processes; and  

• Process Cycle, which reflects only the value-retention processes.  

 

Economic and environmental impacts were collected and/or calculated, by product and process, for key 

metrics:  

• New material requirement (kg/unit); 

• Solid waste generation (kg/unit); 

• Process energy requirement (MJ/unit); 

• Process emissions generation (kgCO2-eq./unit); 

• Relative cost-advantage (% $ USD/unit); and  

• Labor requirement (Full-time worker/unit). 

 

Industrial Digital Printers Sector 

There are three products selected for case studies, representing the Industrial Digital Printers sector: a 

magnetic ink character recognition (MICR) production printing and finishing Production Printer (144 

images/minute), a 4-color electrophotography Printing Press (84 pages/minute), and a 4-color digital color 

press xerography Printing Press (120-150 pages/minute). Specifically, case studies investigate these 

products in the category of digital industrial printers. 
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The industrial printing sector is comprised of both traditional (off-set) and digital print equipment. Offset 

printers rely on a largely mechanical process that utilizes etched metal plates to apply ink onto a sheet of 

paper; this traditional form of printing is typically more time consuming and expensive, often only 

economical when production reaches batch sizes of 2,000+ identical copies.i,ii In contrast, digital printers 

use electrostatic charge in the application and fusing of toner onto a sheet of paper. Digital printing is more 

economical and faster than offset printing and can easily accommodate print batches as small as a single 

page.i, ii  

While the market for digital printers is smaller than for traditional offset printers, this share continues to 

grow slowly: The nature of the market is such that both offset and digital printers are needed for different 

functions.ii (See Table A-1) Where value-retention processes for digital industrial printers take place, the 

specialized nature of the products and the specific electronic parts ensure that it is largely the OEM that is 

conducting the remanufacture, refurbishment or reuse of the device. The lease agreements and part 

exchange programs run by the OEMs largely influence the reuse of industrial digital printers.ii  

National economic reporting on industrial printers often combines offset and digital technology; while 

offset industrial printing presses were the dominant technology in the past, the short-run flexibility and 

economics of digital printers in recent years has indicated technology switching by many firms.iii 

Table A - 1: Estimated 2013 market size for Industrial Digital Printers 

  Economy A 
(USA) 

Economy B 
(Germany) 

Economy C 
(Brazil) 

Economy D 
(China) 

Est. 2013 Total Market Size 
of Industrial Printing 
Equipment (B$ USD) 

 
3.78iv 5.38v 0.43vi 2.3vii 

 

Vehicle Parts Sector 

There are three products selected for case studies, representing the automotive vehicle parts sector: vehicle 

engines, vehicle alternators, and vehicle starters.  

The vehicle engine represented for the case study is a spark-ignition, internal combustion gasoline or diesel 

vehicle engines, which are an essential part of the fuel conversion system of non-electric passenger vehicles.  

A large majority of the vehicles used in United States utilize spark-ignition engines fueled with gasolineviii. 

There are many different types and designs of spark-ignition engines, and the typical application is as a new 

or replacement component in a passenger vehicle. Spark-ignition combustion engines come in 2 and 4-
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stroke categories, can have multiple cylinders, and are commonly referred to as ‘gasoline engines’ in North 

America, and ‘petrol engines’ in the U.K.ix  

Vehicle alternators are used in modern vehicles to power the electrical system and charge the battery while 

the engine is running.  Vehicle alternators are an essential part of the vehicles electrical system, enabling 

the conversion and storage of kinetic energy created by the engine. Vehicle alternators are relatively 

‘standard’ in design and are among the most commonly remanufactured vehicle components.x 

The electric starter motor is an essential sub-component of the vehicle engine that provides the initial charge 

to engage and ignite the vehicle engine, initiated with the ignition key when the vehicle is ‘turned-on’.  

Vehicle starters, also called vehicle crankshafts, are an essential part of the vehicle’s electrical system, 

responsible for ignition of the spark-ignition internal combustion engine. Alongside vehicle alternators, 

starters accounted for 92% of revenues in the North American alternators and starters aftermarket in 2005; 

while this share declined over subsequent years, the remanufacturing of these parts is a dominant process 

in this industry. x 

Spark-ignition internal combustion gasoline and diesel vehicle engines represent the vast majority of 

available vehicle technology options in scenarios markets, as described in Table A-2, with the remainder 

of the market consisting of electric, hybrid-electric and plug-in hybrid vehicle technologies. As the vehicle 

alternator and starter are sub-components of the spark-ignition internal combustion vehicle engine, these 

market shares are assumed for each automotive vehicle part product case study. 

 

Table A - 2: Estimated 2013 market share of internal combusions vehicle engines 

 Economy A  
(USA) 

Economy B 
(Germany) 

Economy C  
(Brazil) 

Economy D 
(China) 

Est. 2013 Market Share of 
Vehicles Using Spark-Ignition 
Internal Combustion Engines 

99.4%xi 98.5%xii 99.8%xiii 99.9%xiv 

 

Heavy-Duty & Off-Road (HDOR) Equipment Parts Sector 

There are three products selected for case studies, representing the HDOR equipment parts sector: HDOR 

engines, HDOR alternators, and HDOR turbochargers. Specifically, case studies investigate these products 

in the category of construction and earth-moving equipment (excludes agricultural applications). 
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According to the U.S. International Trade Commission (USITC) xv and European Remanufacturing 

Network (ERN)xvi, the HDOR segment is typically divided into several industries that include construction 

equipment (back-hoes, excavators), mining equipment (rock-trucks), and agricultural equipment 

(combines, tractors). The HDOR engine represented for the case study is 3,400 horsepower, electronic unit 

injection, turbocharged four-stroke diesel engine, with a tandem unit consisting of two 12-cylinder engine 

blocks. xvii  

HDOR alternators are used to power the electrical system and charge the battery while the engine is running. 

Alternators are an essential part of the electrical system, enabling the conversion and storage of kinetic 

energy created by the engine. Alternators are relatively ‘standard’ in design and are among the most 

commonly remanufactured vehicle components.xviii 

The turbocharger is a forced-induction device that compresses air and oxygen for delivery into the 

combustion chamber of the engine. Turbochargers are credited with increasing the volumetric efficiency of 

the engine, enabling greater power and fuel efficiency, and hence they are both ideal for the extreme 

conditions inside HDOR diesel-combustion engines. xix 

HDOR diesel combustion engines represent the vast majority of available HDOR technology options in 

scenarios markets, as described in Table A-3. As the alternator and turbocharger are sub-components of the 

spark-ignition internal combustion vehicle engine, these market shares are assumed for each HDOR part 

product case study. 

Table A - 3: Estimated 2013 market size for HDOR equipment parts 

 Economy A  
(USA) 

Economy B 
(Germany) 

Economy C  
(Brazil) 

Economy D 
(China) 

Est. 2013 Market Size of HDOR 
Construction & Mining 
Equipment (USD) 

36.7Bxx  11.5Bxxi 48.0Bxxii 59.6Bxxiii 
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