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Abstract: Research into repair within the circular economy (CE) typically focuses on technical aspects of design, policy, and markets, and often assumes simplified conditions for the user/owner and the product-system to explain the barriers to scaling repair activities. However, factors occurring at pre-use stages of the product’s life cycle can significantly influence whether, and to what extent, repair is viable or possible, i.e., warranty duration, after-sale service provision, and access to necessities. The passing of time can directly and indirectly affect the ability, difficulty, and thus, the likelihood of repair activities being performed at each stage of the product’s life-cycle. Drawing from the literature, and applying inductive systems-thinking tools, we propose a framework for considering the “System of Repairability”. We delineate how the passing of time (temporal dimensions) affects one's ‘ability to repair’, as a product progresses through different life-cycle phases (i.e., breakdown vs. repair vs. disposal), and the point(s) at which the repair is considered or attempted (i.e., year of usage). By integrating life cycle and temporal (time-based) dimensions into a broad System of Repairability framework, we clarify relevant interconnections, iterations, sequences, and timing of decision-points, stakeholders, and necessary conditions to facilitate an outcome of successful repair at the individual level, and thus intervention strategies for scaling repair within CE.  We discuss how a policy mix that can address the life cycle of products and the repair system more holistically. We conclude with a future outlook on how temporal dimensions can inform policy strategies and future research.

INTRODUCTION
Repair is defined as a process through which a specified fault in a product is addressed to restore functionality and prolong product lifetime, thus enabling “slower consumption” and value-retention within a circular economy (CE) (Nasr et al. 2018; Cooper 2005). A new European standard defines repair as ‘a process of returning a faulty product to a condition where it can fulfil its intended use’ (EN 45554 2020).  Systematic study and understanding of repair activities, and the inherent associated economic, social, and environmental opportunities, is lacking in contemporary literature (Cooper and Salvia 2018; Niskanen et al. 2021). The repairability of products is impacted by various factors that depend on the product’s life cycle stage (e.g., before breakage) (McLaren et al. 2020; Svensson-Hoglund et al. 2021), and accordingly, temporal (time-related) dimensions of repair are either determined, or influenced by the “System of Repairability”, which includes but is not limited to: product design choices, manufacturing, warranty coverage, use-conditions, and owner/user locus of control. Meadows (2008, pg. 11) clarified that “…a system is set of interconnected elements that is coherently organized in a way that achieves something.” Accordingly, the system of repairability refers to the diverse range of interconnected elements that, when organized coherently, results in an outcome of successful product repair. 
Repair within a Circular Economy
Repair provides an important opportunity for value-retention within a circular economy (Nasr et al. 2018; Svensson-Hoglund et al. 2021). Right to Repair movements and calls for policies promoting repair have been gaining increasing attention in both the EU and US (Svensson-Hoglund et al. 2021; Almén et al. 2021). However, contemporary academic reflections on repair highlight that, not only is the practice of repair generally understudied, it is also predominantly framed very narrowly as a business operations challenge (e.g., logistics and operating costs), or as an immaterial, nostalgic, and sustaining (vs. transforming) “consumer activity” (McLaren et al. 2020; Niskanen et al. 2021). As such, the literature places  emphasis on the consumer, and on repair as a consumer activity, but misrepresents the important role of repair in the broader realization of sustainable circular systems (McLaren et al. 2020; Svensson-Hoglund et al. 2021). There is general consensus in the literature that the upscaling of repair requires holistic, systems-wide consideration and perspective (McLaren et al. 2020; Svensson-Hoglund et al. 2021). However, there remains  a current lack of a systematic study and understanding of the topic, and the inherent associated economic, social, and environmental opportunities (Parajuly et al. 2021). In particular, there is a need to understand repair beyond a business or consumer activity, and in relation to the life cycle system of products, the constellations of actors involved before, during and after a repair, and the role of timing in influencing system factors and actors. Given the recent rise in repair-focused policy measures (Svensson-Hoglund et al. 2021; Almén et al. 2021), there is a need to identify and understand these temporal “dimensions” and interconnections to ensure that new policy and strategy interventions appropriately consider and address the role of time, and timing, as they relate to successful upscaling of repair engagement. These topics are discussed in greater detail in the following sections.
 Damage, Repair, and Timing
There are several primary reasons that product repair may be needed or pursued (Mashhadi et al. 2016; Woidasky and Cetinkaya 2021): Repair may be needed to address damage to a product that occurred as a result of an unexpected event, such as impact or fall (e.g., a “hazard” event); Repair may be needed to address damage resulting from general, continuous wear-and-tear that occurs over time (e.g., “fatigue”); or, the repair may be undertaken in advance of any damage, in order to prevent or mitigate the risks associated with a hazard or fatigue situation, through regular or scheduled maintenance actions (e.g., “scheduled”). Examples of the latter include an automated indicator light on a vehicle’s dashboard that triggers preventative maintenance to replace an air filter. Depending on the reason for the repair (e.g., due to hazard, fatigue, or scheduled), the timing of the repair event will be different: Repairs that are motivated by damage resulting from wear-and-tear typically occur relatively later in the product’s service life, i.e., multiple months, or even years after purchase.  In contrast, a hazard event, such as a product being dropped and damaged, can occur at any time – whether a few moments after purchase, or many years later. While the nature of the damage may be predictable (e.g., a smartphone screen crack), the time at which the repair is needed is unpredictable (e.g., when the smartphone is dropped). Finally, scheduled maintenance and repair activities may be expected or planned to occur at regular intervals that are anticipated by both the owner and the producer, such as vehicle oil changes, virus scans in electronic devices, and even the seasonal removal of dead leaves from rooftop gutters.

“Time” relates to, and can influence stakeholders’ willingness and ability to engage in repair, as well as the performance of repair activities. And yet, ‘time’ remains an implied, but never thoroughly explored element of the existing literature on barriers and facilitators of upscaling repair (Lopez Davila 2021; Svensson-Hoglund et al. 2021). Accordingly, we posit that the effectiveness of the solutions currently presented in circular economy literature and literature regarding barriers to repair will depend on whether implementation actually alleviates the barrier at the ‘time’ that it is experienced, and if it is alleviated for the particular stakeholder experiencing that barrier. This exploration is scoped to the act of repair as a sequence of activities and decisions in which key stakeholders influence, and/or, are engaged, and accordingly maintains a high-level, non-sector-specific view of the repair process. We explore the range and nature of time-related elements of repair, including the product life cycle stages and stakeholder locus of control.

The exploration and insights of this paper primarily address consumer-facing professional and/or consumer-to-consumer (C2C) repair activities, and thus exclude any specific focus on industrial, business-to-business repair activities which are highly relevant to circular economy advancement, but not within the scope of this paper. This paper is presented with the following structure: Section 2 outlines the methods utilized to collect, analyze, and synthesize data regarding the literature on the temporal dimensions of repair and barriers to repair; Section 3 presents our results, organized according to a conceptual framework that incorporates diverse system dimensions, as well as the temporal dimensions of life-cycle phase, time, and timing; and finally, Section 4 presents a discussion of these findings, proposes a new conceptual framework, the “System of Repairability”, and discusses the implications and opportunities for policy. Section 5 concludes with an outlook for future research and development of the framework.
METHODS
[bookmark: _GoBack]To assess the current landscape, time-based issues, barriers, and considerations were identified via a literature review of major academic databases available through Google Scholar and SCOPUS. A detailed description of our review methodology, which was informed by the PRISMA systematic literature review method, is provided in the supplementary information (SI)Supporting Information (SI) file. In addition to the protocol and structure informing this review (Section 1, SI fileSupporting Information, Section 1), keywords included in the search were: “repair” and “time”; “repair” and “process” and “activity”; “repair” and “barriers”; “repair” and “consumer*”;“repair” and “practice” (Section 2, SI fileSupporting Information, Section 2 ). The 190 resulting manuscripts were screened based on abstracts/summaries, as well as the key words and/or analytical constructs that were employed by the researchers (Supporting Information, Figure S1, SI file). The full-text of papers that utilized time-based or process-based conceptual approaches to their analysis of product repair (n=41) were then reviewed comprehensively (Section 2, SI fileSupporting Information, Section 2). In the course of the review, a subsequent search and review of the literature cited by these relevant publications was also completed (e.g., via snowballing iteration). (Section 2, SI fileSupporting Information, Section 2) The same key word and exclusion criteria were applied, and an additional two manuscripts were identified as being relevant for this study.  Based upon the final reviewed set of relevant manuscripts (n=43), the temporal dimensions of repair and barriers to repair were explored and synthesized by organizing time-based insights into themed-groups that pertained to different system dimensions relevant to the scaling of repair (Section 3, SI fileSupporting Information, Section 3). While the review was conducted using an inductive method to identify emerging themes, the organization of barriers into five grouped system dimensions was influenced by the nature and structure of the barriers analysis presented by Svensson-Hoglund et al. (2021, 2020). 
RESULTS
Barriers, motivations, and inherent temporal dimensions related to repair
[bookmark: _Hlk84930171]The time-based elements of repair barriers and motivations were grouped into five system dimensions that were discerned using a conceptual framework: :  1) Market & Economics; 2) Culture & Perceptions; 3) Technological & Design; 4) Infrastructure & System; and 5) Legal & Regulatory. The detailed categorization of barriers and opportunities, by system dimension is provided in Section 3 of the SI fileSupporting Information, Section 3.  

Upon review, it was clear that the temporal dimensions (time-based elements/aspects) could be further distinguished by whether it was driven by: a) the timing of an event (e.g., when damage occurs; when the design decision is made); or b) the passing of time / temporal distance between events (e.g., time between acquisition and damage warranty duration and status, age of the product,). Accordingly, these different forms of temporal dimensions were further categorized as either being related to the timing of the event in the context of Life Cycle Phases, i.e., Upstream/Design and Downstream/Use of the product (Column 2 and 3 in Table 1), or as being related to Temporal Distance, i.e., the passing of time (Column 4 in Table 1).

--- Insert Table 1 ---

*See SI fileSupporting Information for full details. Synthesized from reviewed sources: 1) Nasr et al. 2018, Lüdeke‐Freund et al. 2019; 2) Jaeger-Erben et al. 2021, Lefebvre 2019; 3) Svensson-Hoglund et al. 2021; 4) Laitala et al. 2021; 5) Jaeger-Erben et al. 2021, Schultz, 2017, McCollough 2020; 6) Brusselaers et al. 2019; 7) Schultz, 2017, Wieser and Tröger 2018, Cooper 2005, Jaeger-Erben and Proske 2017; 8)  Jaeger-Erben and Proske 2017, Wieser and Tröger 2018; 9) Wieser and Tröger 2018, Cooper 2004, Jaeger-Erben and Proske 2017; 10) McCollough 2020; 11) Jaeger-Erben and Proske 2017; 12) Lefebvre 2019; 13) Vinsel 2017; 14) Lefebvre 2019, Davila 2021; 15) Rogers et al. 2021; 16) Cooper 2004; 17) Cooper 2004, Rivera and Lallmahomed 2016; 18) Clapp 2018, Cooper 2004, Laitala et al. 2021, Jaeger-Erben & Proske 2017; 19) Cooper 2004, Jaeger-Erben & Proske 2017; 20) Quinlan et al. 2017; 21) Hernandez et al. 2020, Laitala et al. 2021; 22) Svensson-Hoglund et al. 2021, Jaeger-Erben et al. 2021; 23) Lefebvre 2019; 24) Graziano & Trogal 2016, Svensson-Hoglund et al. 2021; 25) Clapp 2014, Jaeger-Erben et al. 2021; 26) Jaeger-Erben et al. 2021; 27) Wiens 2018; 28) Svensson-Hoglund et al. 2021; 29) Svensson-Hoglund et al. 2021; 30) Svensson-Hoglund et al. 2021; 31) Svensson-Hoglund et al. 2021; 32) Rossman 2020; 33) Svensson-Hoglund et al. 2021; 34) Laitala et al. 2021; 35) Svensson-Hoglund et al. 2021; 36) Svensson-Hoglund et al. 2021.




Actions and Decisions for Repair
From this review, it can be assumed that repair takes place as sequential process (see e.g., Lefebvre 2019; Jaeger-Erben et al 2021) (Figure 1-i): First, an event occurs that requires repair (e.g., damage is inflicted, maintenance is scheduled) (Figure 1-i, (1)). For fatigue and scheduled repairs, the timing of this event may be influenced by the extent to which maintenance, proper care, and proper use have been employed. Second, the owner or user decides to repair or not repair the product (Figure 1-i, (2)). There are a variety of factors related to the product, the system, and the user/owner that can influence and motivate whether repair is undertaken. Lefebvre (2019) notes that consumers’ inclination to repair is often a function of their past experience, attitude, knowledge, and personal skills and comfort with repair. Third, when the decision is made to repair the item, the repair (or maintenance) activity takes place (Figure 1-i, (3a)), and leads to a functioning product that can be used again (Figure 1-i, (4a)). Alternatively, when the decision is made to not repair the item, the user/owner may (Figure 1, (4b)) replace the item, (Figure 1-i, (4c)) keep the item as-is, and/or (Figure 1-i, (4d)) dispose of the unrepaired item. The time between each of these events varies depending on whether the product is considered to be essential by the user/owner (e.g., the sense of urgency), access to repair necessities (e.g. skilled labor, spare parts),  and/or the presence of any emotional attachment to the product.
--- Insert Figure 1 ---
Prior to making the repair decision (Figure 1-i, (2)), and if inclined, the user/owner may engage in information-gathering activities needed to identify a qualified repairer, assess the acceptability of the required time for the repair work (e.g., repair can be completed according to the user’s/owner’s needs), assess the acceptability of the estimated cost of the repair (e.g., that the estimate is aligned with the user’s/owner’s budget), and other details to generally inform the user’s/owner’s willingness-to-pay (WTP) model that ultimately leads to the repair-or-not-repair decision outcomes (Figure 1-i, (3a or 3b)).

Users/owners are not the only actors involved in the process of repair (i.e., Do-It-Yourself or DIY activity) depicted in Figure 1. The repair action can be undertaken in a community repair setting called Do-It-Together (DIT); alternately, a commercial repairer may be engaged to perform the task, particularly when it is a more complex product. Commercial repairers can be associated with an OEM, or they may operate independently: Independent repair businesses are not typically affiliated with an OEM, however in some cases they can be authorized (certified) by an OEM to perform repairs on designated products.

What is apparent from this review and synthesis is that the temporal dimension, or time-based elements, are critical for making the System of Repairability – the interconnected elements, coherently organized to facilitate successful product repair -- ultimately work (or not). As an example, even within an imagined ‘perfect’ system having spare parts, repair expertise, accessibility and affordability, these elements are meaningless if no repair is needed at the time that these elements are available (e.g., the time at which damage occurs or maintenance is needed); Similarly, in a situation where spare parts, repair expertise, and accessibility are all in-place, but the timing of the damage or maintenance requirement is outside of the OEM-provided warranty period, these elements also become relatively moot. Thus, temporal dimensions, and a systems-view of product repair are essential, but so far ultimately absent themes within the literature on the upscale of repair within a circular economy.

DISCUSSION
Constructing a System of Repairability
We propose a conceptual framework for considering the so-called System of Repairability, which delineates the temporal dimensions of repair and clarifies the decision-points, stakeholders, and necessary conditions that facilitate a product repair outcome. Integrating insights and findings from the analysis of temporal dimensions of repair barriers and motivations from Table 1, three important elements of the System of Repairability are identified (Figure 2): 1) Timing of and motivation for repair (the event); 2) The conditions and actions taken (the response); and 3) Who has the ability to influence and control the options that are available (locus of control). Each of these three elements has a temporal dimension to it, demonstrated by the literature findings presented in Table 1. The following sections explore these three elements that inform the System of Repairability in greater detail. It is important to note that this framework is largely informed by the repair literature focused on, and derived from industrialized economies.
-- Insert Figure 2 –
1.1.1. Temporal Dimensions of Timing and Motivation for Repair (When?)
Product repair may be needed or pursued for several reasons, each with an impact on timing. Repairs necessitated by wear-and-tear typically occur relatively later in the product’s service life (see Table 1, (1d)). In contrast, a hazard event  can occur at any time. While the nature of the damage may be predictable (see Table 1, (3b)), the time at which the repair is needed is unpredictable (see Table 1, (3d, 5d, and 5i)). Finally, scheduled maintenance and repair activities may be expected or planned to occur at regular intervals, anticipated by both the owner and the producer (see Table 1, (5d)). 

Figure 3 demonstrates two distinct user/owner decision points that logically emerge from the system, and may inform strategic interventions to scale repair: First, a decision to investigate the potential for repair (Figure 3, (2a)), is made after the damage event has occurred, and before any preparation is undertaken. This decision is constrained by various conditions or dimensions associated with time (see Table 1, (2b, 2c, and 2f)). Second, if repair is investigated, and once the necessary information has been gathered and assessed, then a second decision to pursue (or not) repair is made (Figure 3, (2b)). Once again, there are temporal dimensions and time-based conditions affecting this second decision (see Table 1, (2b – 2e, and 3f – 3h)).  
-- Insert Figure 3 –
1.1.2. Temporal Dimensions of Conditions and Actions Taken (What?)
The decision to repair (or not), and subsequent actions taken by the user, will be influenced by the user’s current conditions, as well as their previous repair experiences (Figure 3, ”Repair Attitude and Awareness”).  Across each step in the repair sequence (Figure 3), we can see that the decision to repair (Figure 3, (2b)) may not be viable for the user/owner and/or it may not be possible to complete the repair, even if it is desired (Figure 3, (3b)). Critical issues for these decisions relate to (lack of) access to information (see Table 1, (1b, 3f, 3g, and 3h)) and the (in)compatibility of repair cost, knowledge, comfort, perceived value, and warranty coverage (e.g., preparation - gathering information) (see Table 1, (1b -1e, 2d, 2f, 2g, 3c, 3d, and 4a-4d)). 
Accordingly, depending on when the repair need arises, the conditions of the product, user/owner, product-system, and even OEM may differ. The temporal distance between the time of product purchase and the breakage event can impact the perceived value of the product, and whether warranty coverage is still available to facilitate repair (Figure 4, (B)) (see Table 1, 2a – 2f, 3b, 3d, 4d, 5c, 5d, and 5g- 5h). Further, while the age of the product may negatively impact the likelihood of repair (Laitala et al. 2021) (see Table 1, (1d, 2g, 3a, and 3b)), so too does the constant, annual release of new models touting upgraded technological functionality and compatibility (e.g., fourteen models of iPhone released over four-year period between 2017 and 2020) (Figure 4,(A)) (Apple Inc. 2021; Jaeger-Erben et al. 2021) (see Table 1, (1a, 2a – 2d, 3a, and 3b)). 
-- Insert Figure 4 –
The temporal distance between the time of the model release date and the breakage event (Figure 4, (B)) often matters for the availability of necessities (i.e., spares, repair information and tools) (see Table 1, (1b, 3g, 4a, 4b, and 4d)). Manufacturers eventually cease to manufacture spare parts for older models; however, the likelihood of someone having ‘leaked’ or developed repair manuals increases the longer the product has been on the market (Clapp 2018) (see Table 1, (4d and 5h)). Similarly, there is evidence that access to harvested spare parts from discarded models may also increase with time (Richter et al. 2021). 

1.1.3. Temporal Dimensions and Locus of Control (Who?) 
An expanded life cycle view of the repair scenario, acknowledging the other actors within the proposed System of Repairability (product designers, OEMs, distributors, policymakers, and product owners) shows that the control afforded to product owners is quite limited (see Table 1, (1b, 1e, 2h, 3c, 3f, 3g, 4b, 5c)). This is well documented across the literature (see e.g., Svensson-Hoglund et al. 2021; Jaeger-Erben et al. 2021); However, by applying a temporal view focused on the product owner and the repair sequence undertaken multiple times in their lifetime (Figure 3), we can see that the locus of control is not just limited, but instead is influenced within a reinforcing system in which a single negative repair experience can bias attitude and awareness against repair in the future, and vice-versa. After a repair event occurs (Figure 3, (1)), increased familiarity with repair and with the product may facilitate the product owner’s ease and comfort moving through subsequent pre-repair preparation and decision-making stages for other products  (see Table 1, (1f, 2h, 2i, and 3h)).  Thus, a product owner’s pre-event interest in repair (Figure 3 (2a)), may be influenced by their previous experience with repair, such as exposure to repair during childhood and in social settings may increase propensity for repair prior to a repair event occurring (Lefebvre 2019). It is important to note that the locus of control may not reside with the product owner due to a lack of access to, or due to prohibitive cost of a replacement option; in these cases, the lack of a replacement option may also necessitate repair. From Figure 5, this expanded view of the product repair scenario demonstrates the potentially compounding, systematic influence of, and thus the need for greater design and manufacturer accountability for decisions that negatively impact the System of Repairability.
-- Insert Figure 5 –
Policy Considerations for a System of Repairability 
Policy interventions within a “System of Repairability” should address the plurality of issues identified in the literature that arise prior to, and after the “event” of breakage. Since the decision for “repair” has a clear temporal dimension and depends on the underlying conditions and involved stakeholders, a policy mixing approach would be necessary (Milios 2018), one that takes a life cycle perspective and introduces multiple leverage points. Barriers to repair are often hidden or normalized in the current consumption-oriented production systems established by corporate norms, structures and priorities. 

From the System of Repairability framework, several key policy opportunities emerge addressing the life cycle of products prior and after the “repair” decision is taken. Several conditions that could enable or impair repair opportunities are influenced by the design, production and distribution of a product, its specifications and its spare parts (see Table 1, (3b, 3c, 4a and 5a)). Thus, forward-looking design requirements for OEMs to ensure the technical possibility of repair, and that repairability information is clearly communicated to consumers prior to purchase are imperative, e.g. through a repairability index (Stone 2021), or requirements by EU eco-design regulations (Dalhammar et al. 2021).

A repairability index, like the one recently introduced in France (Ministère de la Transition écologique 2021), is intended to inform the consumer about the ability to repair the product concerned. The index in this case is displayed on the packaging of a product or next to its sale price at the retailer (or in the retailer’s website) and it is a score from one to ten (ascending the scale means higher repairability). This score is calculated on the basis of five criteria: 1) the duration of availability of product documentation (including the technical manual of instructions relating to the repair); 2) the ease of disassembly of the product, the type of tools required and the characteristics of the fasteners; 3) the manufacturer's commitment to the period of availability of spare parts and the time of their delivery; 4) the relationship between the selling price of spare parts and the price of the product; 5) sub-criteria specific to each product category concerned (HOP 2021). This can build-in the potential for repair as an inherent element of the product life cycle, and improves user/owner knowledge.

Moreover, improvements to transparency and provision of product information to consumers can address issues of information asymmetry in the market (see Table 3 (3f and 3g)), and lead to improved repair propensity (Lefebvre 2019) and trust between users/owners and other stakeholders in the System of Repairability, e.g., through a credible certification scheme ensuring the quality of product repairs (Gåvertsson et al. 2020).

The EU Commission has committed to providing consumers with a “right to repair” (European Commission 2020).  As such, in the recent (as of 2021) eco-design regulations for ten product categories (e.g. televisions, fridges, dish-washers, washing machines etc.), it is required that all new products entering the EU market must provide information for: 
1) The availability of spare parts: Requirement that spare parts be made available (there is differentiation about what parts are available to professional repairers versus end-users) for a minimum period of years after the last unit is placed on the market; 
2) The maximum delivery time of spare parts: Requirements that spare parts must be delivered within 15 working days after having received the order; 
3) The access to repair and maintenance information: Requirement that access to repair and maintenance information be provided to professional repairers. The information requirement also includes information to aid disassembly and recovery of components; and 
4) Requirements for dismantling for material recovery and recycling: Design of products so that components and materials can be recovered with common tools. (European Commission 2019)
Having set in place enabling conditions for increasing the probability of repairs through product design interventions, including the availability of information and spare parts, there is a need to introduce measures directed directly at the use-phase conditions affecting the repair decision (see Table 3, (1a, 1e, 2b, 2c, 2h, 3c, 2f, 4a – 4c, and 5c)). Such measures could include fiscal incentives (e.g. tax-reduction for repair services), and enforcement of consumer law to protect the interests of users/owners who wish to engage in repair, either themselves (DIY) or through a third party repairer. In the case of fiscal restructuring, the goal should be to reduce the price disparities between purchasing new products and conducting repairs, as it is not always evident that merely reducing tax on repairs would lead to upscale of repair operations (Almén et al. 2020). Thus, rethinking the pricing structure to include potential externalities (i.e. environmental, labor etc.) in new production, e.g. through a material or resource consumption tax, could reinforce the decision-taking of repair (Milios 2021a). 

Lastly, pressure from policy interventions at the macro-level could induce economic actors (both public and private) to address the barriers of reparability in a more holistic and orchestrated manner to achieve policy objectives. In this respect, a potential national or sectoral binding target for reuse would incline economic actors to seek solutions that transcend the current disparities and enable higher aggregate repair and reuse levels in the economy (Milios 2021b). Towards this direction, the general way companies are marketing their products would ideally shift away from direct advertisement of new products (replacement), and include the possibility of reuse and repair by providing alternative narratives in their marketing campaigns (HOP 2020) (see Table 3 (2a – 2d)). However, this appears to be rather challenging in the current socio-economic structure of a liberal economy.

Policymakers looking to scale repair activities must ensure complementary and effective policy interventions that facilitate the alleviation of barriers to repair that are often hidden by oversimplified process-structures, or overshadowed by established corporate systems and priorities. From the System of Repairability framework, several key policy opportunities emerge: First, forward-looking design requirements for OEMs to ensure the technical possibility of repair, and that repairability information is clearly communicated to consumers prior to purchase, e.g., a repairability index (Stone 2021) (see Table 1, (3b, 3c, 4a and 5a)). This can build-in the potential for repair as an inherent element of the product life cycle, and improves user/owner knowledge. Second, the assignment of responsibility via policy mechanisms for assuring viable aftermarkets and supply of spare parts for future models, whether by the OEM or third party agents (see Table 1, (3e, 3g and 4b)). This can build capacity and opportunity for products to remain in-use through repair, addressing some of the “variable” system conditions. Finally, more immediate measures directed at the use-phase conditions, such as tax-reduction for repair services (Milios 2021a) and enforcement of consumer law to protect the interests of users/owners who wish to engage in repair (see Table 1, (5b – 5f)). 

Conclusion and Future Outlook 
This paper has explored the temporal dimensions of repair, taking a lifecycle perspective. Overall, circular economy models must be built-upon a comprehensive understanding of product life cycles, and the potential to retain products and their inherent value within economic systems, for longer. By considering the temporal (time-based) dimensions of repair, this work reveals that scaling repair may be as much a “matter of timing” (e.g., when a decision, need, or activity arises), as it is a technical challenge (e.g., availability of spare parts and infrastructure), and a social challenge (e.g., consumer’s willingness to pay, physical access, awareness, motivation). The challenges of scaling and optimizing for repair within a CE are compounded by factors and conditions determined by value-chain actors (e.g., product designer) who are spatially and temporally distant from the user/owner. Further, there are few effective feedback mechanisms available to enable mitigation of these barriers across the product’s life cycle without the intervention of policymakers. 

In order to meaningfully pursue a vision of a scaled repair, use-phase complexity and conditions that currently inhibit the scaling of repair must be better understood and tackled, including the ease and convenience of a system designed for replacement instead of repair. 

Across the policy opportunities mentioned in section 4 above, the temporal distances and dimensions must be considered to ensure reparability under a wide range of evolving conditions for the user/owner over time. As such, the System of Repairability framework needs to be further developed in future research, as well as applied to processes of developing appropriate policy mix (Milios 2018), and available tools (Svensson-Hoglund et al. 2021). To this effect, this Framework allows for novel insights into the repair process that can be used to create roadmaps, not only for policy interventions, but also to guide future research into repair, sustainable consumption, and circular economy systems.

This article focuses on the temporal dimensions of the System of Repairability framework. While the presented framework has been derived from the literature focused on predominately industrialized economies, the intention is for this framework to be universally applicable.  Future research by the authors will include the exploration and validation of the framework within industrializing and non-industrial economies, as well as the systematic exploration and integration of spatial elements (e.g., jurisdictional policy differences) into the Framework. Further, there is opportunity and need to integrate different stakeholder perspectives and experiences of the system of repairability, i.e., individual consumers and OEMs, in order to deepen the understanding of factors of repair and effective strategic interventions. 
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The supporting information (SI) file included with this submission provides details of the methodology that was used to conduct, structure, and organize the literature review on which much of the insights and contributions of the full manuscript were built. A summary of repair barriers, motivations, and inherent temporal dimensions identified within the review, by source, is also included. 


TABLES
Table 1: Distinguishing life-cycle phase and temporal distance elements affecting the decision to “repair-or-not-repair”*  
	System Dimensions
	Elements Related to Life-Cycle Phase
	Elements Related to Temporal Distance / Time-Based Elements

	
	Upstream/Design
	Downstream/Use
	

	(1) Market & Economics
	a. Product development priorities focus on short-term sales and revenue targets.1 
	b. Repair necessities (tools, skills, parts) can be time-consuming and expensive to acquire.2 
c. Quality of repair services can be sacrificed to reduce time and cost.3 
	d. Product age and condition often have greater influence than price in repair decision-making.4 
e. Inconvenience and costs (i.e., time, effort and money).5
f. Repair reduces cost of living over time.6 

	(2) Culture & Perceptions
	a. High speed of design changes emphasizes newness fixation and perception of obsolescence.7 
	b. Normalization of ‘upgrading’ encourages material-culture and creates social pressure to replace.8 
c. Psychological obsolescence marketing messages that reiterate time-based need to be ‘up-do-date’ or ‘keep-up’.9 
	d. “New” is emphasized as desirable.10
e. Satisfaction derived from having the ‘new’ thing dissipates as time passes.11 
f. Normalized convenience sets an expectation of instant needs-fulfillment - cannot wait for a repair.12 
g. Older products are devalued.13 
h. Time and effort available to engage in repair, and priorities, changes across user/owner lifetime.14
i. As environmental awareness increases, the narrative around who repair is starting to also include more affluent individuals.15 

	(3) Technological & Design
	a. Contemporary aesthetics (e.g., style, color) - products designed for ‘now’ (vs. future).16 
b. Product lifetimes made intentionally short due to planned, premature and technical obsolescence.17
	c. Disassembly and repair prevented by design-choices (e.g., use of adhesives).18
d. Designed product service life (e.g., in years) often exceeds the warranty period, leading to premature product replacement.19 
e. Development in Additive Manufacturing can facilitate access to spare parts.20
	f. Lack of user/owner knowledge needed to assess repair needs and options.21
g. Availability of repair necessities at time of repair.22
h. Familiarity with the functioning of a device increases over time or as use increases.23 

	(4) Infrastructure & System
	a. Aftermarket repair options for products restricted by design (e.g., OEM authorized/certified agents).24
	b. Specialized repair necessities (e.g., third party tools, spares & manuals) typically not publicly available.25
c. Difficult to locate trusted repairer.26 
	d. Access to repair necessities outside of OEM-authorized sphere increases as time passes from the product release date (e.g., development of alternative forms of repair necessities; reverse-engineering of a proprietary fastener).27

	(5) Legal & Regulatory
	a. Copyright, patents, and trademarks designed to hinder availability of spares.28
	b. Contract law used to prevent third party repairs.29 
c. Lack of enforcement of the right to take a product under warranty to a third party repairer without voidance of that warranty.30
d. Initial (early-period) burden of proof for Warranty lies with sellers (e.g., for ‘new’ product, bias towards replacement).31
e. Influence of industry lobby efforts and lack of clarity and consensus regarding an owner’s “right to repair”.32
	f. Policy tools must balance current priorities (e.g. consumer ownership rights) against future priorities (e.g., support for IP laws incentivizing innovation).33
g. Repair undertaken more frequently when warranty is active; expired warranties encourage product replacement.34 
h. With time, intellectual property law protection expires or ceases to be enforced (e.g., trade secrets become too widely known).35 
i. Later-period burden of proof for Warranty shifts to user/owner (e.g., for older products, bias dependent on user/owner).36




FIGURE LEGENDS

Figure 1: A simplified sequence of user-based events and decisions associated with repair, and aligned with the five steps of the repair process.  * .Within this sequence,  preparation activities may occur before or after a decision to repair-or-not-repair is made (Adapted from Lefebvre, 2019).

Figure 2: Overview of the system that influences whether, and the extent to which repair is possible, herein named the “System of Repairability”. Depicts the conventional view of the product lifecycle, and expands upon the “use” phase to clarify the multi-step sequence of events associated with a decision to repair or not, as well as relevant factors including timing and motivation, conditions and actions taken, and the importance of locus of control.

Figure 3: Integrated depiction of the product lifecycle, and the expanded timing and motivation sequence within the System of Repairability, . This figure also reflects the influence that access to information, skills, and other necessities have upon the user’s/owner’s willingness and ability to engage in repair, embedded within this sequence.

Figure 4: Overview of the influence of temporal distance upon the repair decisions, wherein (A) reflects the time that has passed between product release and breakage event, and (B) reflects the time that has passed between the product purchase and the breakage event. As (A) increases, the increasing age of the product and the influence of available new models may negatively impact the likelihood of repair. As (B) increases, the increasing age of the product can impact the perceived value of the product, and whether warranty coverage is still available to facilitate repair.

Figure 5: Overview of the expanded repair scenario, clarifying locus of control for user/owner vs. external repair system stakeholders (e.g., OEM) that influence the decision to repair-or-not-repair.
